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NEUTRON TRANSMISSION AND CAPTURE MEASUREMENTS AND ANALYSIS
OF “Ni FROM 1 TO 450 keV

C. M. Perey, J. A. Harvey, R. L. Macklin, R. R. Winters, and F. G. Perey
ABSTRACT

High-resolution transmission and capture measurements of ®“Ni-enriched targets have been made at
the Qak Ridge Electron Linear Accelerator (ORELA) from a few eV to 1800 keV in transmission and
from 2.5 keV to 5 MeV in capture. The transmission data from [ to 450 keV were analyzed with a
multi-level R-matrix code which uses the Bayes’ theorem for the fitting process. This code provides the
energies and neutron widths of the resonances inside the 1- to 450-keV region as well as a possible
parameterization for outside resonances to describe the smooth cross section in this region. The capture
data were analyzed with a least-squares fitting code using the Breit-Wigner formula. From 2.5 to 450
keV, 166 resonances were seen in both sets of data. Correspondence between the energy scales shows a
discontinuity around 300 keV which makes the matching of resonances at higher energies difficuit.
Eighty-nine resonances were seen in the capture data only. Average parameters for the 30 observed s-
wave resonances were deduced. The average level spacing D, was found to be equal to 15.2_+ 1.5 keV,
the strength function, S,, equal to (2.2 * 0.6) X 10™* and the average radiation width, T, equal to
1.30 = 0.07 eV. The staircase plot of the reduced level widths and the plot of the Lorentz-weighted
strength function averaged over various energy intervals show possible evidence for doorway states. The
level densities calculated with the Fermi-gas model for £ = 0 and for £ > 0 resonances were compared
with the cumulative number of observed resonances, but the analysis is not conclusive . The average
capture cross section as a function of the neutron incident energy is compared to the tail of the giant
electric dipole resonance prediction.

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 recent ENDF/B-V evaluation' of the nickel resonance
parameters is based on measurements taken prior to 1971 and is identical to ENDF/B-IV and
ENDF/B-III versions.

High-resolution total and capture measurements on the nickel isotopes were performed at ORELA
in the resonance region. This report presents the analysis of the ®Ni data and compares the results
with previous measurements.

The experimental procedures used in the transmission measurements are reported in Sect. 2 along
with a discussion of the various background and deadtime corrections. Details on the multilevel R-
matrix analysis of the transmission data are given in Sect. 3. The code MULTI, used in a preliminary
analysis of the data, is compared with the code SAMMY. Both codes make use of the multilevel R-
matrix formalism. However, the code MULTI does a least-squares fit of the data whereas the code
SAMMY uses Bayes’ theorem.



The experimental conditions of the capture measurements are given in Sect. 4 with a discussion of
the various corrections applied to the raw data. The capture data analysis made with a least-squares
fitting code using the Breit-Wigner formalism is reported in Sect. 5.

Section 6 deals with problems encountered in the energy scales of the two sets of data. In Sect. 7,
the resonance parameters obtained from the analysis of both data sets are reported and their uncertain-
ties discussed. Comparisons with previously reported resonance parameters for °Ni are made in Sect.
8. The behavior of the average resonance parameters is analyzed in Sect. 9. Possible evidence for door-
way states is discussed.

2. TRANSMISSION MEASUREMENTS AND DATA PROCESSING

The transmission measurements were made by the time-of-flight technique using neutron pulses
from the ORELA water-moderated tantalum target and a 78.203-m flight path. Measurements were
made on two samples of *Ni enriched to 99.7% with thicknesses of 0.00736 and 0.0744 atoms,/barn.
At the location of the samples 9 m from the neutron target, the neutron beam was collimated to a
diameter of 2.4 cm. A neutron house monitor was used to normalize the sample-in sample-out data to
compensate for variations in the neutron production rate during the runs which were of a few days
duration. Two different neutron detectors and techniques were used to cover the energy region investi-
gated.

For the energy region from 200 eV to 240 keV, transmission data were acquired using a 1.3-cm-
thick, 11-cm-diam ®Li glass scintillation detector. The electron beam burst was 40 nsec wide, producing
a beam power on the target of 40 kW at 800 Hz and the moderator distance (for resolution) was 2.0
cm. Measurements were made on both samples, the thicker one mainly for the higher-energy region
and the thinner one for the low-energy resonances. Two filters were inserted in the beam at 5 m: a
1-g/cm? 9B filter (1/e transmission at ~1 keV) to eliminate low-energy neutrons from preceding
bursts, and a 0.6-cm-thick lead filter to reduce the gamma flash. The SLi glass scintillator was
mounted on an RCA-4522 photomultiplier tube which was gated off during the gamma flash and the
succeeding ~8 usec. During the measurements 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 which has a 17.6-usec half-life time dependence and is the main background at early times
and amounts to ~3%; (2) a time-independent room background which is the dominant background at
long times; and (3) a background produced by neutrons scattered by the detector, air around the detec-
tor, and the concrete walls and floor of the detector station which later return to the detector. This
background is estimated from blacking-out resonances in ®Ni and, at lower energies, from an auxiliary
measurement using 2 >%U sample. Additional details on these backgrounds are reviewed in ref. 2.

By use of a 2-cm-thick, 7.5-cm-diam NE-110 proton recoil scintillation detector,® transmission data
were obtained from 4 to 240 keV, overlapping the ®Li data, and also extended upward to 1770 keV.
The phototube was gated off for ~5 usec during and after the gamma flash to reduce interference from
afterpulsing. The electron beam burst was [0-nsec wide producing a beam power of 16 kW at 1000
Hz. The energy resolution, AE/E, obtained with the NE-110 scintillator was 0.1% below 100 keV and
0.35 VE(MeV) % at higher energies. Both ®*Ni samples were measured under these conditions. Two
filters were inserted in the neutron beam at 5 m: the 1-g/cm? 9B filter and a 0.6-cm-thick 238U filter.
Three sources of background were present: (1) gamma rays in the beam produced by neutron capture in
the water moderator, (2) a constant beam-independent background, and (3) a 478-keV gamma ray from
the '°B(n,ay) reaction produced from the absorption of neutrons by the boron in the Pyrex face of the
photo-multiplier and moderated by the NE-110 plastic scintillator. To aid in the determination of these



backgrounds and to optimize the signal to background ratio, four separate pulse-height spectra were
recorded. The first spectrum is for neutrons <200 keV and the second for neutrons from ~200 to
~600 keV. The 478-keV gamma background from '"B(n,ay) is mostly seen in the third spectrum from
0.6 to 2 MeV. The time-dependent 2.2-MeV gamma rays from the water moderator falls mainly in
spectrum 4. The contribution of these backgrounds to the lower pulse height spectra is determined by
two auxiliary experiments: (1) using a "Be source which emits the 478-keV gamma ray, and (2) by
inserting a thick polyethylene filter which removes neutrons but allows gamma rays from the target to
be transmitted. The contribution of all these backgrounds was <1% over the energy region where the
data are analyzed. Additional details on corrections for these backgrounds are given in refs. 2 and 4.

All time-of-flight data were acquired using an EG&G time digitizer and stored in one of the
ORELA Data Acquisition Computers.5 The data were first corrected for the deadtime (1104 nsec) of
the time digitizer and then corrected for the backgrounds discussed above. The transmission and total
cross section are computed from the background corrected sample-in sample-out ratio normalized to the
same monitor counts. Results, up to 450 keV, are shown in Figs. 1 to 7.

3. TRANSMISSION DATA ANALYSIS

The transmission data were first analyzed with the multilevel R-matrix least-squares fitting code
MULTILS When this analysis and the analysis of the capture data described in Sect. 5 were completed,
the code SAMMY,’ a modified version of MULTI, became available and has been used to obtain the
final fits to the transmission data and the corresponding neutron widths reported here. Because the
results obtained with the code MULTI were used as input to the capture analysis and to the transmis-
sion analysis with the code SAMMY, some details of this preliminary analysis are given below.

In both codes the cross section is Doppler-broadened and resolution-broadened and is expressed as

or = Z oy = 27k72 T g(/)Re(1-UZ) 3.1)
J
— — J
vl = o uu ] Ri(Sy — B{ — iPy) (3.2)

I — R{(Sy — B{ + iPy)

and

R{ = > Yo Tn (3.3)

A EX - £ — 11‘7)\/2

Here Ry is the R matrix; k is the neutron wave number, assuming that the only open channels are elas-
tic neutron scattering and photon emission; and <y, and I',, are the neutron reduced width amplitude
and the radiation width, respectively, for the Ath resonance. The ¢y, Sy, By, and Py represent the usual
hard sphere phase shifts, shift factors, boundary conditions, and neutron penetrability, respectively. The
codes used in this analysis give the neutron width, I',,, for each resonance which is related to the neu-
tron reduced width amplitude, vyg,, by the relation
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T = 2v4Pg

The first excited state at 1332.5 keV is well above the energy range of our analysis so inelastic
scattering channels could be ignored.

In this work, Sy and Bj are set equal to zero as is conventionally done. The channel radius has
been set equal to 6.0 fm from a preliminary analysis up to 150 keV where the radius was adjusted.

3.1 ANALYSIS WITH THE CODE MULTI

The transmission data were analyzed from 1 to 550 keV. In this energy range the original data files
contained 25,000 channels. The uncertainties given are only the statistical ones. Uncertainties due to
background and deadtime corrections were not included. These uncertainties would produce a correla-
tion among the uncertainties in the data which could be handled by the code SAMMY but could not be
handled by the code MULTIL.

The transmission data analyzed between 1 and 50 keV were those obtained with the SLi detector.
Data obtained with the thick sample of **Ni (0.0744 atoms/barn) were used from 1 to 6 keV and from
20 to 50 keV. From 6 to 20 keV, the data obtained with the thin sample (0.00736 atoms/barn) were
analyzed. Above 50 keV, the data obtained with the NE-110 detector and the thick sample were
analyzed.

Data files containing up to 1000 data points were generated through a data reduction averaging
program® in which the averaging factor can be adjusted in any energy interval. This allows us to keep
the minimum number of data points necessary to adequately define the resonances and also to greatly
reduce the number of data points between resonances. Since all the data from 1 to 550 keV, even after
averaging, could not possibly be fitted into a single run of the code MULTI, the data had to be broken
up into data sets of various lengths, and the analysis performed iteratively.

Working with data sets of approximately 150-keV intervals, the parameters of the large s-waves and
outside fictitious resonances were determined in order to approximately reproduce the main features of
the transmission data. The fictitious resonances account for the tail of the unobserved resonances below
1 keV and above 550 keV. The detailed analysis was then conducted using smaller data sets (50 to 100
keV), which overlapped by 15 to 20 keV, in order to obtain a smooth theoretical curve in the complete
range of energy. The energies of the fictitious resonances were kept at the values found earlier. How-
ever, their neutron widths, T, as well as the parameters of the resonances in the interval being analyzed
were adjusted by the code for an optimum fit in each region.

The final set of parameters obtained with the code MULTI reproduced well the transmission data.
However, this set is not unique since some of the uncertainties of these parameters are strongly corre-
lated as shown in a quantitative manner in the results obtained with the code SAMMY and as reported
in Sect. 7.

No attempt was made to determine the spin and parity of & > O resonances in the fitting
process since the data resolution was always much larger than the neutron widths of
the resonances required to fit the data. (See Table 1 for samples of neutron energy
resolution.) Up to 260 keV, we were able to obtain good fits with any resonance having
a statistical weight equal to one (s, and p,; resonances). The shape of the p,, and p;, resonances
are practically symmetrical and are very similar over all this energy range. Therefore the £ > 0 reso-
nances were all fitted as p,, resonances. Above 260 keV, the tails of some resonances were better fit-
ted by introducing d3, resonances. As expected, the number of d;, resonances found necessary for a
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Table 1. Sample values of neutron energy resolution, AE, full width
at half maximum, FWHM, in the transmission and capture experiments

E, Transmission Exp. Capture Exp.
(keV) Detector AE (eV) AE (eV)
10 Li-6 15 10
30 Li-6 75 46
50 Li-6 160 80
Ne-110 50
100 Ne-110 130 173
200 Ne-110 333 390
400 Ne-110 927 949

good fit increases as the energy goes up. Around 400 keV, as many 4 as p resonances are required.
Higher resolution transmission data and measurements of the differential elastic scattering cross
sections>!® would be necessary to assign spin and parity to 2 > 0 resonances.

3.2 THE CODE SAMMY

The code SAMMY was developed to cope with a practical problem encountered in the analysis of
the data with the code MULTI which was reported in the Sect. 3.1. This problem developed because
MULTI is a nonlinear least-squares code and because all the transmission data could not be fitted
simultaneously. When analyzing a particular energy region of the data, if one allows all of the reso-
nance parameters inside and outside the region to be adjusted to obtain a fit to this energy region, one
obtains a good fit for this energy region, but the fit to the previously analyzed energy regions is des-
troyed. There is no way to communicate to MULTI how to vary resonance parameters to improve the
fit in a particular energy region being analyzed in such a way that the fits to the data previously
analyzed will not be destroyed. The code SAMMY solves this problem.

SAMMY is a constrained least-squares code which, in principle, produces an output of a sequential
analysis of all the energy regions of the data the same as if all the energy regions had been analyzed
simultaneously. SAMMY achieves this result by solving Bayes’ equation which makes use of the
covariance matrix of the parameters being varied (obtained as the output of the previously analyzed
energy regions) to vary the parameters of the resonances to fit a new energy region. In contradistinc-
tion to MULTI where only the parameters of the resonance in the energy region being analyzed can
safely be allowed to vary, in SAMMY the parameters of all the resonances are always adjusted when
analyzing a particular energy region. The different energy regions need not overlap — in fact they
must not — since this would amount to twice as much weight to the overlapped data. The major differ-
ence between the two codes from an operational point of view is that in SAMMY one must input not
only a resonance parameter file but also a covariance matrix for these resonance parameters. It is this
covariance matrix of the input parameters that allows SAMMY to vary the resonance parameters to fit
a new energy region without destroying the fit to previously analyzed energy regions.
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The other major improvement of SAMMY over MULTI is the option to handle off-diagonal ele-
ments in the covariance matrix of the data. These off-diagonal elements would be the correlation
among the uncertainties due to background and deadtime corrections usually referred to as "systematic"
uncertainties. These uncertainties, properly included and propagated in the data file, would give much
more realistic uncertainties on the final resonance parameters adjusted by the code. The off-diagonal
uncertainties were not computed for these transmission data; therefore, the uncertainties given in Table
2 for the neutron widths of the resonances seen in the transmission data and for the energies of the
large s-wave resonances are not more realistic than the ones obtained with the code MULTI. How to
deal with the off-diagonal uncertainties is shown in ref. 11,

3.3 ANALYSIS WITH THE CODE SAMMY

When the analysis with the code SAMMY was initiated, it was intended to cover the same energy
range from 1 to 550 keV as previously analyzed with MULTI and to include the information obtained
in the capture analysis from 2.5 to 450 keV.

The input parameter file was composed of 273 resonances: three fictitious outside resonances located
at —50 keV (T, = 14 keV), —0.5 keV (T, = 15 eV), and 607 keV (I', = 71 keV); 41 s-wave reso-
nances; and 229 £ > O resonances. A total of 203 parameters were allowed to be adjusted by the code
during the analysis: two of the three energy parameters of the fictitious resonances, as well as their
three neutron widths (the energy of the resonance at —350 keV was kept fixed); 30 of the 41 energy
parameters of the s-wave resonances; all of their 41 neutron widths; and the neutron widths of the 127 ¢
> 0 resonances well defined in the transmission data.

All of the resonances already analyzed with the code MULTI and defined in the transmission data
were also seen in the capture data whose analysis had been completed up to 450 keV and is reported in
Sect. 5. For the resonances seen in both data sets, the radiation widths are known without ambiguity
and were included in the input parameter file of SAMMY, but they were not adjusted by the code. For
most of these resonances, the neutron widths are much larger than the radiation widths. Therefore, the
capture area was not affected by a small readjustment of I';, However, when I', and I'y are of the
same order of magnitude, if I', is readjusted by the code, I', must be corrected in order to keep the
capture area at the value found in the capture analysis.

The input parameter file included 101 small resonances, but none of these parameters were allowed
to vary. Eighty-nine of these 101 resonances were seen only in the capture data. By including those 89
resonances in the parameter file a check could be made to see if the values assigned to T, and T, were
also consistent with the transmission data. Some were not and had to be readjusted by trial and error.
For some of these resonances we were able to estimate the upper limit of I',. For example, we can see
in Fig. 3 that the parameters given in Table 2 for the resonances at 50.927, 56.880, 71.370, 78.217, and
84.990 keV give the maximum acceptable dip in the theoretical transmission to stay compatible with the
data. It should be understood that the set of values for I', and T, assigned to the resonances seen only
in the capture data is not unique since only the capture area is well defined. When possible, a value of
0.5 eV was assigned to the radiation width of these resonances.

Above 450 keV, where no capture analysis was performed, an arbitrary value of 2 eV was assigned
to the radiation widths of all resonances.

The input covariance matrix of the parameters has only diagonal elements. The starting uncertain-
ties on all the neutron widths were 10%. The default uncertainty on the energy of the resonances is
given by half the sum of the radiation, neutron, Doppler, and resolution widths. For the large s-wave
resonances, the neutron width is the dominant term and would give too large uncertainties on the start-
ing energy parameters which are already well defined from the previous analysis with MULTI. Instead,
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Table 2. Resonance parameters for SONi + n from 1 to 450 keV

(Columns are fully identified in Sect. 7.1.)

E,? (keV)
grnT,/T gy r, C 3 Ty(car)
Si P1p d 3 (eV) (eV) (eV) (10 7) (eV)
-50 14,800(70)
0.15 (11) 0.86 (25) 1.5
2.253 (1)° 0.053 (1) 1.20 (8)
5.532 (1) 0.043 (3) 0.045 (3) 1.0 (6)
12.220 (1) 0.201 (4) 0.34 0.50%
12.487 (1) , 4.3 (2) 2358 (3) 43(2) 0.72 2.6 (9)
13.624 (1) 0.353 (6) 1.20 0.50¢
21.274 (2)° 0.022 (2) 0.023 0.50¢
23.788 (1) 0.24 (1) 45(2) 0.25 (1)
23.898 (1) 0.54 (1) 1.17 (4) 1.0 (1)
28.458 () 0.04 (2)F 0.05 0.50¢ -
28.497 (2) 0.11 (2) 0.14 0.50¢
28.709 (1) 1.6 (1) 698 (1) 1.6 (1) 1.3 0.7 (5)
29.480 (2)° 0.061 (5) 0.069 0.50¢
30.262 (1) 0.39 (1) 1.0 (3)° 0.63 (2)
33.017 (2) 0.56 (1) 7.7 (3) 0.60 (1)
33.393 (2) 0.29 (1) 10.0 (3) 0.30 (1)
39.534 (1) 0.57 (1) 23 (1) 0.76 (2)
42.705 (1) 0.35 (5) 1.6 (2)° 0.45 (3)
42,985 (2)° 0.37 (4) 2 0.507
43.105 (1) 0.26 (2) 104.4 (6) 0.26 (2) 0.58 0.20 (4)
47.567 (5)? 0.08 (1)° 0.1 0.50¢
47.621 (3) 0.63 (6)° 1.1 (2)° 1.5
47.637 (5) 0.31 (3)° 0.64 (10)° 0.60
49.801 (1)° 0.36 (1) <0.6 0.90
50.927 (2)° 0.185 (7) <0.29 0.50¢
51.594 (1) 0.50 (1) 0.85 (5)° 1.21 (5)
52,658 (3)° 0.110 (7) <0.14 0.50¢
56.290 (1) 0.32 (1) 0.69 (5)° 0.60 (2)
56.880 (1)° 0.52 (1) <0.62 3.2
64.918 (10)° 0.05 (2)° 0.05 0.50%
65.053 (6) 0.24 (7) 0.47 0.504
65.228 (1) 1.10 (5) 443.0 (8) 1.10 (5) 0.35 0.94 (9)
65.573 (2) 1.09 (8) <24 20
71.370 (2)° 0.41 (1) <0.75 0.93
73.206 (1) 0.61 (1) 2.0 (1) 0.87 (3)
78.217 (2)° 0.24 (1) <0.80 0.34
80.048 (2)° 0.52 (1) <0.90 1.2
81.974 (3)° 0.27 (1) 0.45 0.66
84.990 (10)° 0.52(2) <1.0 11
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Table 2. (Continued)

E, % (keV)
gT,T,/T g, T, c 3 Ty(cor)
S P dyp (eV) (eV) (eV) (0™ (eV)
86.170 (2) 1.49 (10) 3.0 (2 2.9 (4)
86.837 (1) 0.80 (5) 398 (1) 0.80 (5) 0.46 0.62 (10)
87.891 (2) 0.9 (2) 11.6 (3) 1.0 (2)
89.751 (5)° 0.28 (1) <0,50 0.64
91.662 (5) 0.40 (1) 6.5 (2) 0.43 (1)
93.773 (5) 0.73 (2) 2.7 (5 1.01 (3)
95.504 (5)? 0.18 (1) 0.28 0.50¢
97.059 (5) 0.62 (9) 2.9 (1) 0.8 (2)
98.085 (1) 1.5 (1) 1002 (2) 1.5 (1) 0.60 0.9 (3)
99.405 (5) 1.1 (1) 7.4 (3) 1.3 (1)
102.064 (7)? 0.25 (2) <0.5 0.50%
107.85 (<1) 1.15 (6) 649 (1) 1.15 (6) 0.58 0.8 (2)
108.453 (5)° 0.98 (10) <0.5 1.2
111.47 (1) 2.00 (5) 4.0 (5)° 4.0 (1)
112.00 (1) 0.39 (3) 2.5 (5)° 0.46 (4)
112.24 (1) 0.56 (3) 3.5 (5 0.66 (5)
113.320 (5) 0.90 (3) 3.0 (5)° 127 (1)
113.87 2y 0.08 (2)° 0.10 0.504
120.52(1) 0.98 (3) 1.5 (3) 1.13 (8)
120.85 (1) 1.25 (3) 2.6 (2) 2.39 (8)
123.618 (5) 0.78 (4) 315 (5) 0.80 (4)
127.66 (1) 0.48 (2) 67.4 (5) 0.49 (2) 0.48 0.46 (3)
129.77 (1) 1.02 (3) <25 1.7
133.52 (1) 0.63 (3) 20.9 (4) 0.65 (3)
135.46 (2)° 0.12(2) 0.16 0.50%
136.03 (1) 1.34 (5) 15.5 (4) 1.45 (8)
136.29 (1) 1.93 (8) 6.7(3) 27(1)
[137.21 ) 0.10 (1) <1.0 0.11
137.47 (1) 0.58 (3) 5.6 (3) 0.65 (5)
139.03 (<1) 1.14 (6) 307 (5) 1.18 (6)
139.56 (2) 1.22 (6) 26.2 (5) 1.28 (7)
140,01 (1) 2.23 (6) 31.6 (5) 2.4 (1)
145.72 (1)% 0.50 (2) 1.0 1.04
147.53 (2)? 0.09 (2)° 0.1 0.50¢
148.80 (1) 1.13 (4) 8.5 (3) 1.30 (5)
151.40 (1) 0.49 (2) 14.6 (4) 0.51 (2)
152.78 (5)¢ <0.05 59 (5
154.35 (1) 0.62 (3) 162.6 (8) 0.62 (3) 0.32 0.57 (4)
156.36 (<1) 0.5 (1)° 472 (1) 0.5 (1) 0.31 0.35 (13)
156.48 (2)° 0.2 (1 0.3 0.50¢
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Table 2. (Continued)

E, ° (keV)
gr,ry/T el Ty C 3 Tocor)
Sy P12 dsp (eV) (eV) (eV) (1077 (eV)
160.22 (1) 0.67 (15) 20.4 (5) 0.70 (16)
161.74 (<1) 09 (1) 1325 (2) 0.9’}1) 0.33 0.46 (25)
162.15 (2)° 1.4 (2) 10 1.7
166.22 (1) 1.34 (4) <3 2.5
[167.21 (N 2.60 (5) 7.4 (8)° 40(1)
167.69 (2) 0.35 (2) 1.2 0.50¢
170.57 (1) 1.82 (5) 41y 33(2)
172.10 (2)° 0.22 (2) 0.39 0.507
172.63 (2)° 0.53 (3) 1.1 1.07
174.59 (2) 0.46 (4) 12.3 (5) 0.48 (4)
174.99 (2) 0.93 (4) 2.0 (5)° 1.7 (1)
179.90 (2)° 0.62 (3) 1.6 1.0%
182.92 (2) 0.91 (8) 172 (8) 0.92 (8)
183.52 (2) 0.83 (6) 12.7(5) 0.89 (1)
r186.51 (<1) 40 (5)° 5237 (6) 4.0 (5) 0.21 2.9 (8)
186.67 (1) L1(D) < 24
191.07 (10)? 0.13 (6)° 0.25 0.254
192.59 (2) 0.78 (6) 62.2 (8) 0.79 (6)
194.19 (1) 1.65 (7) 19.9 (6) 18 (1)
194.54 (3)0 0.25 (10)° 0.5 0.50
196.58 (1) 1.7 (2) <5 2.5
197.64 (<1) 1.8 (2) 3025 (5) 18 (2) 0.205 12 (4)
199.87 (6)° 0.2 (1) 0.4 0.50¢
200.59 (3) 0.6 (2) 9.8 (3) 0.6 (2)
201.02 (3) 0.10 (5)° 7.4 (5) 0.10 (5)
201.50 (3) 2.0 (3) 156 (2) 21(3)
202.54 (3) 0.43 (14) 3 0.504
205.93 (3) 0.64 (5) 36 (1) 0.65 (6)
206.51 (3) 0.56 (5) 141 (1) 0.56 (5) 0.20 0.53 (5)
208.93 (5)° 0.20 (3) 0.33 0.50%
209.68 (5)° 0.18 (3) 0.29 0.50¢
212.89 (5)° 0.21 (3) 0.35 0.50%
214.10 (3) 0.76 (5) 120 (1) 0.77 (5) 0.19 0.75 (5)
214.69 (2) 1.36 (6) 4(1)° 2.0 (1)
220.03 (3) 0.28 (5) 76 (1) 0.28 (5) 0.19 0.26 (5)
220.60 (2) 1.85 (9) 33 (1) 1.96 (10)
220.93 (2) 0.67 (1) 65 (1) 0.68 (7)
226.28 (2)° 0.65 (4) <2 0.96
229.20 (2) 2.62 (8) 16.0 (8) 32(1)
230.15(2)  2.64 (8) 106 (1) 1.35 (4)
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Table 2. (Continued)

E, % (keV)
gl’,,lﬂ,/l' ar, r, 93 Ty(cor)
Sip Pip dsy (eV) (eV) (eV) (1077 (eV)
[233.51 (3) 1.04 (T) 15.0 (7) 1.12 (8)
233.85 (3) 0.93 (7) 9 (2)° 1.04 (12)
235.03 (3)° 0.67 (4) <2 1.0
236.62 (2) 1.73 (6) 12 (2)° 2.0 (1)
237.84 (3Y 0.73 (7) <2 1.15
238.16 (3) 1.29 (8) 16 (2)° 1.4
244.07 (3) 0.71 (4) 2.5 1.04
246.62 (5)° 0.13 (3) 0.25 0.25%
248.72 (3) 233 (9) 75 (1) 2.4 (1)
251.99 (<1) 1.37 12) 536 (4) 1.37 (12) 0.17 1.28 (13)
252.32 (5) 0.59 (8) 501 0.66 (10)
253.07 (5) 1.03 (7) 264 (3) 1.04 (7) 0.17 1.00 (7)
254.35 (5) 0.34 (5) 32 (5)° 0.34 (5)
255.84 (5)° 0.77 (8) 3.3 1.0¢
256.12 (<1) 0.70 (7)° 870 (6) 0.70 (1) 0.165 0.56 (10)
256.27 (5) 1.21 (9) 11 (1) 1.32 (10)
257.49 (5) 0.20 (4)° 23 (3) 0.20 (4)
257.63 (<1) 0.68 (15) 1826 (7) 0.68 (15) 0.165 0.38 (21)
258.42 (5) 1.06 (7) 13 (1) 1.14 (9)
260.0 (1)° 0.40 (5) 2 0.50¢
260.77 (5) 0.79 (5) 52 (2) 0.80 (5)
262.61 (5)° 0.37 (4)° <6 0.39
263.11 (5) 1.37(7) 44 (4)° 1.42 (8)
[265.30 (5 0.08 (4) 0.10 0.50%
265.94 (5) 0.80 (6) 56 (1) 0.81 (6)
268.35 (5)° 0.59 (5) 1.5 1.0¢
269.09 (5) 1.89 (8) 98 (1) 0.97 (4)
273.55 (5)° 0.25 (4) 0.5 0.50%
276.63 (5)° 0.54 (9) 1.2 1.0¢
277.05 (5) 277 (12) 17.2 (8) 3.4 (2)
278.18 (5) 1.01 (9) 367 (3) 1.01 (9) 0.16 0.95 (10)
278.93 (1) 0.45 (7) 225 (2) 0.45 (7) 0.16 0.41 ()
280.05 (5) 1.27 (1) 145 (2) 1.28 (7)
281.85 (5) 0.28 (6) 15.1 (6) 0.28 (6)
282.74 (5) 27(2) 175 (3) 2.8 (2)
283.15 (5) 1.15 (13) 108 (1) 0.58 (6)
285.28 (5)° 0.42 (4) 0.7 1.04
288.30 (5)° 0.64 (4) 1.7 1.0¢
290.60 (5) 1.30 (6) 35 (4)° 1.35 (6)
291.92 (1) 0.70 (6) 140 (3) 0.71 (6) 0.155 0.69 (6)
292.65 (5) 1.21 (7) 142 (3) 1.22(7)
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Table 2. (Continued)

E, 7 (keV)
gryr,/T gly ry €3 Ty(cor)
S1 dyp (eV) (eV) (eV) (107%) {eV)
294.35 (7) 0.62 (7) 15 (2)° 0.65 (1)
294.75 (7) 0.20 (6) 9(1) 0.20 (7)
295.60 (7) 0.81 (6) 136 (2) 0.41 (3)
297.2 (1) 0.12 (4) 130 (3) 0.12 (4) 0.15 0.10 (4)
297.5 (1) 0.20 (5) 22(2) 0.10 (4)
299.80 (7)° 0.40 (5)° 2 0.50¢
300.40 (7) 1.44 (7) 52 (1) 0.74 (4)
302.11 (5) 213 (7) 16 (2) 1.23 (5)
306.6 (1) 1.46 (9) 400 (4) 1.47 (9) 0.15 1.4 (1)
307.36 (5) 3.10 (11) 210 (1) 157 (6)
308.7 (1) 0.75 (8)° 3 1.04
311.3 (1) 0.60 (8) 127(7) 0.61 (9)
313.5 (1) 2.26 (13) 10 (2)° 2.9 (2)
317.02 (<1) 1.5 2F 2788 (9) 1.5 (2) 0.15 1.1 (3)
317.2 (1) 28 (1) <12 3.6
321.5 (1) 1,22 (12) 20 (5)° 1.3 (1)
322.8 (1) 1.01 (10) 5.2(5) 1.25 (14)
324.6 (1)° 0.67 (10) 2 1.0¢
325.52 (<1) 2.5 (5)° 7084 (17) 2.5 (5) 0.14 1.5 (7)
326.5 (1) 0.75 (8)° 3 1.0¢
327.4 (1) 27(1) 16 (1) 1.6 (1)
329.0 (1), 0.94 (11) 40 (2) 0.96 (1)
329.6 (1) 0.69 (7)° 2.2 1.0¢
1311 ()P 0.57 (4)° 13 1.0
334.1 (1) 1.2(1) 230 (2) 1.2 (1)
336.1 (1) 2.2(1) 162 (3) 112 (5)
[338.48 (<1) 3.0 (5)° 3563 (14) 3.0 (5) 0.13 2.5 (6)
338.9 (1) 0.41 (7) <7 0.44
341.4 (1) 1.00 (10) 105 (3) 1.01 (10)
342.7 (1) 0.20 (3)° 110 (10)° 0.20 (3)
343.1 (1), 1.01 (12) 210 (4) 1.0 (12)
344.1 (1) 1.49 (10) 4 2.59
145.4 (1) 0.86 (8)° 2 1.5¢
348.17 (1) 52(2) 94 (3) 5.5 (2)
349.1 (1) 23 (1) 27 (1) 26 (2)
350.0 (1) 1.5 (1) 20 (5)° 0.81 (8)
352,37 (7) 1.62 (10) 9 (3)° 1.0(1)
354.27 (10) 1.82 (13) 493 (4) 0.91 (6) 0.13 0.87 (6)
355.4 (1) 1.14 (8) 30 (10)° 0.60 (6)
357.65 (<1) 3.0 (5)° 1619 (10) 30(5) 0.13 2.8 (5)
358.7 (1)° 1.34 (12) 10 5
359.3 (1) 2.0 2 1256 (7) 1.0 (1) 0.13 0.9 (1)
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Table 2. (Continued)

an (keV)
er,r, /T gly ry c 3 Ty(cor)
S1p Pip dyn (eV) (eV) (eV) (107°) (eV)
361.1 (1) 0.88 (13) 7 1.0¢
365.6 (1) 0.8 (2) 60 (5)¢ 0.8 (2)
366.1 (1) 3.7(2) 15 (2)° 2.5(2)
369.7 (1)? 1.22 (11) <7 1.5
370.48 (1) 1.37 (11) 56 (15)° 0.7(1)
37168 (12 31(2) 65 3.0
373.4 (1) 0.17 (11) 30 (5)° 0.18 (11)
3746 (1) 037 (3)° 1.4 0.50¢
376.8 (1) 1.39 (11) 7 1.6%
376.84 (<1) 3.5 (5)° 3865 (18) 3.5(5) 0.13 3.0 (6)
378.0 (2)° 0.45 (10) 4.5 0.504
379.4 (1) 2.7(2) 478 (7) 2.7(2) 0.13 2.6 (2)
381.1 (1) 2.07 (13) 30 (2) 222 (15)
381.8 (1)° 2.6 (2) <10 3.5
383.13 (5) 1.86 (13) 370 (5) 1.87 (13) 0.13 1.82 (13)
386.2 (1) 1.85 (1) <5 29
388.2 (1) 0.78 (13) 260 (5) 0.39 (6) 0.13 0.37 (6)
388.8 (1) 2.82 (13) 160 (5) 2.88 (13)
393.0 (1) 1.60 (11) 375 (5) 0.80 (6) 0.13 0.78 (6)
394.8 (1)? 0.48 (9) 0.9 1.o?
397.0 (1)? 0.57 (7) 1.3 104
8 398.1 (1) 0.40 (14) 460 (4) 0.20 (7) 0.12 0.17 (7)
1399.2 (1) 1.27.(11) 40 (6)° 1.38 (13)
[101.0 (1)° 0.43 (10) 3 0.507
401.6 (1) 0.54 (8) 5.4 0.607
L 402.8 (1) 3.3(2) 443 (5) 1.65 (8)
404.0 (1) 1.10 (11) 4 1.54
[407.9 (1) 1.4 (3) 30 (6)° 1.5 (3)
 408.3 (1) 0.8 (2) 15 (5) 0.9 (3)
409.9 (1) 0.6 (3) 220 (5) 0.30 (14)
410.2 (1) 1.0 (3) 13(1) 11 (3)
413.44 (5) 0.97 (14) 344 (6) 0.97 (15) 0.12 0.93 (15)
[4:5.4 (1 1.5(3) 400 (6) 0.77 (16) 0.12 0.75 (16)
415.7 (1) 2.3(3) 34 (3) 1.2 (2)
418.3 (1) 1.28 (10) 68 (3) 1.30 (1)
419.9 (1) 2.29 (12) 20 (5)° 2.6 (2)
42249 (<1) 2.3(3)F 1861 (15) 2.3(3) 0.12 2.1(3)
424.6 (1) 2.32(12) 70 (14)¢ 1.20 (7)
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Table 2. (Continued)

E, % (keV)
gr, T, /T gln r, 93 Ty(cor)
Sip P2 dsp (eV) (eV) (eV) (107% (eV)
426.1 (1) 0.84 (8) 5 1.0¢
427.0 (1! 1.5 (2)° 10 1754
429.1 (1) 0.7(2) 600 (10) 0.7(2) 0.12 0.6 (2)
4299 (1) 1.84 (14) 27 (2) 0.99 (8)
431.9 (1) 1.3(2) 240 (10) 1.3(2)
432.4 (1) 1.2(2) 180 (8) 0.63 (8)
435.3(2) 0.6 (2) 510 (5) 0.31 (9) 0.12 0.28 (9)
- 436.5 () 0.43 (15)° 3 0.50¢
[437.73 (1) 1.5 (3)° 1219 (4) 1.5 (3) 0.12 1.35 (30)
438.9 (1) 3.1(2) 30 (6)° 1.72 (12)
440.9 (1) 3.3(2) 180 (5) 1.68 (10)
[443.9 (2) 20(2) 177 (T) 2.0(2)
| 4444 (2)° 1.0 (2)° 3 1.5
445.5 (2) 0.25 (5)° 95 (4) 0.25 (5)
r 447.1 2)° 0.5 (2) 1.0 1.0¢
| 448.00 (1) 2.0(5) 2733 (36) 2.0(5) 0.12 1.7 (5)
4489 (1) 1.7(2) 24 (2) 1.8 (2)
451.2 (1) 1.9 (2) 150 (10) 0.95 (9)
454.19 (7) 788 (80)
463.5 (1) 1600 (200)
4859 (1) 3100 (400)
498.6 (1) 3400 (400)
522.2 (1) 3600 (500)
527.0 (1) 2800 (300)
540 (2) 79,000 (1000)
555 (3) 1700 (200)

%Resonance energy after all corrections discussed in Sect. 6 were applied. Within parentheses are statistical uncertain-
ties. The notation is such that -0.15 (11) stands for -0.15 = 0.11. Same notation is used elsewhere in the table.
Resonance seen in capture only. If an upper bound of gI', is given, it is clearly scen as such on the theoretical fit to
the transmission data and must be kept associated with the corresponding value of I‘.Y,
“Parameter adjusted by trial and error. The uncertainty was estimated from the sensitivity of the fit to the variation of
this parameter.
Assigned value of I (see Sect. 3.3 for details).
¢Resonance seen in transmission only.
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an uncertainty of 0.02% was adopted for the starting energy parameters of the large s-wave resonances
between 10 and 550 keV. On the contrary, the energies of the fictitious resonances are uncertain.
Starting uncertainties for these parameters were chosen at 40% and 2% for the two resonances at —0.5
keV and 607 keV, respectively.

Running the code SAMMY with these input parameter and covariance files (or similar ones
obtained at the end of each run) and with data files of about 300 points (~50-keV range) took an aver-
age of 1 h of computing time on the ORELA PDP-10. As new information was fed to the code through
the data, the resonance parameters became better known and more correlated. The covariance matrix
of the parameters increased in size (up to 13 print-out pages) as more non-diagonal elements were
determined. Because of its size, the complete covariance matrix of the parameters cannot be given here.
The main results are discussed in Sect. 7.

Above 300 keV the smooth behavior of the transmission between the sharp resonances is due mostly
to the tail of the large fictitious resonance originally set at 607 keV. As the analysis was progressing
from the lowest energy regions to the highest, the energy of this resonance was readjusted by the code
towards lower energies. At the end of the 400- to 450-keV region analysis, the parameters of this reso-
nance were E, = 540 £ 2 keV and I, = 79 + 1 keV. At that point, difficulties in fitting the data
up to 550 keV were anticipated. However, a satisfactory fit to the data up to 500 keV was obtained
because the three s-wave resonances at 522, 527, and 555 keV acted as fictitious resonances beside the
large one which, in the process of fitting this region, moved from 540 to 567 keV. Too many
constraints were built in the system and a fit to the 500- to 550-keV region could not be achieved.
More than one resonance above the range of energy to be analyzed is probably necessary. In view of
this problem and since the capture data was not analyzed above 450 keV, it was decided to limit the
transmission data analysis at 450 keV. In addition to the large resonance at 540 keV, the seven reso-
nances reported in Table 2 above 450 keV also contribute to the calculated theoretical transmission
below 450 keV and must be kept as part of the parameter file obtained from the analysis of the
transmission data from 1 to 450 keV. Therefore, our final parameter file contains 257 resonances
between 1 and 450 keV, two negative resonances, and eight fictitious resonances above 450 keV.

3.4 CONSISTENCY TEST ON SAMMY

The claim was made in Sect. 3.2 that SAMMY produces as output of a sequential analysis of all the
energy regions of the data the same result that would have been obtained if all the energy regions were
analyzed simultaneously. That is to say, the end results of two analyses proceeding through two dif-
ferent sequences of data regions should be identical, or at least equivalent, over the complete range of
data analyzed. Such a test has been performed for the 6- to 150-keV energy range. The interval of
energy was broken up into four regions: (1) Region A from 6 to 20 keV, (2) Region B from 20 to 50
keV, (3) Region C from 50 to 100 keV, and (4) Region D from 100 to 150 keV.

Two sets of runs were conducted, both starting from the same parameter and covariance files
described in Sect. 3.3. The sequences were B1, Al, Cl, and D1 in the first series of runs; C2, B2, D2,
and A2 in the second series. The neutron widths up to 200 keV of the s-wave resonances obtained at
the end of these two sequences of runs are given in Table 3 along with the parameters of the large ficti-
tious resonance around 600 keV. The uncertainty of the neutron width of this large fictitious reso-
nance is strongly correlated to the uncertainties of the parameters of the resonances at —50, 186.51,
and 197.64 keV [cor (1, 76) is 0.72 in set D1, 0.35 in set A2; cor (25 or 27, 76) are about —0.30 in
both sets of parameters].
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Table 3. Consistency test on SAMMY*

T, (eV) of s-wave resonances

1 to 450 keV analysis

6 to 150 keV analyses Variable
E, Final set as in identification

(keV) D1 A2 Table 2 number
-50. 10870 (130) 12450 (90) 14800 (70) !

-0.31 6.3 (8) 5.2(8)

-0.15 0.9 (3) 3
12.487 2380 (3) 2374 (3) 2358 (3) 5
28.709 696 (1) 695 (1) 698 (1) 7
43.105 103.1 (6) 103.1 (6) 104.4 (6) 9
65.228 438.6 (8) 443.1 (8) 443.0 (8) i
86.837 394 (1) 395 (1) 398 (1) 13
98.085 995 (2) 991 (2) 1002 (2) 15
107.85 650 (1) 641 (1) 649 (1) 17
139.03 31.5(5) 38.2 (6) 30.7 (5) 19
156.36 481 (38) 535 (41) 472 (1) 21
161.74 1400 (92) 2807 (97) 1325 (2) 23
186.51 7649 (183) 413 (74) 5236 (6) 25
197.64 1849 (210) 3727 (278) 3025 (5) 27

¢ { { |

600 27600 (2700)
557 79900 (3400) 76
540 79000 (1000)

9Neutron widths of s-wave resonances up to 200 keV and of the large fictitious resonance are
obtained from the analysis of the transmission data from 6 to 150 keV through two different

sequences (see Sect. 3.4 for details).

Also given are the corresponding neutron widths obtained

from the complete analysis of the data from 1 to 450 keV (see Sect. 3.3). The last column gives
the numbers associated in the code with the T',’s and used for notation purposes in Sect. 3.4 when
discussing the correlations between neutron widths. The uncertainties on the last significant figures
are given in parentheses.
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The variations in the energy parameters between sets Di, A2, and the final set (from Table 2) were
less than 2 eV except for the small negative resonance at —0.15 keV and the large resonance around
600 keV as shown in the first column in Table 3. The other energy parameters are the same as in
Table 2.

The parameters of the £ > 0 resonances were very similar, and their correlations with the nearest s-
wave resonance parameters were identical in both sets. The resonances at 139.56 and 140.01 keV were
the only £ > 0 resonances with discrepancies in their neutron widths larger than the sum of the respec-
tive uncertainties in I',. This results from a slightly different smooth average theoretical transmission
in this region.

Table 3 shows the s-wave resonance parameters of the final set (from Table 2) in the region where
the consistency tests were conducted to illustrate how the parameters and their uncertainties were read-
justed when more data were included in the analysis. In fact, the final set is obtained through the con-
tinuation of the first sequence given above: the energy regions above 150 keV were analyzed succes-
sively up to 450 keV, and the parameter and covariance files of run D1 were progressively readjusted
and completed up to the final set. It should be pointed out that in sets D1 and A2 all the resonances
above 150 keV are fictitious resonances relative to the small energy region analyzed. There are many
more fictitious resonances than the four s-wave resonances given here, but these four are the ones which
are the most correlated to the resonances inside the analyzed energy region in addition to the two large
ones at —50 and 600 keV. The neutron widths of these four resonances have large uncertainties which
are very strongly correlated. For example, cor (21, 23) is —0.80 in both sets D1 and A2 compared to
0.02 in the final set. This sharp difference is not always true. For example, cor (25, 27) is 0.30 in the
three sets, but, in general, parameters of outside resonances are more correlated than the ones of the
better defined inside resonances.

The discrepancies between the neutron widths given in parameter sets D1 and A2 for the resonances
at 65.228 and 107.85 keV were about four times larger than was expected from the uncertainties on
these parameters given by the code. This can be partially justified by the fact that the uncertainties of
these resonances are correlated by 0.07 to 0.19 to the 186.51-keV resonance whose neutron width is 18
times smaller in set A2 than in set D1. The resonance at 12.487 keV is similarly correlated to this reso-
nance but much more (0.40) to the large fictitious resonance at —350 keV. The small s-wave resonance
at 139.03 keV shows a different situation where the uncertainties on I', are undoubtedly unrealistic.

The theoretical transmissions calculated with the parameter sets D1 and A2 were plotted on the
same graph and compared to the data. Up to 70 keV, the two lines are indistinguishable from one
another. The fit to the data is the same as the fit shown in Figs. 1 and 2 and in part of Fig. 3 (slightly
better in the 20- to 27-keV region). Above 70 keV and up to 148 keV, the discrepancy between the
theoretical transmissions is less than 1%. These transmissions are always smaller than the ones
calculated with the final parameter set; therefore they give a better fit to the data than the one shown
in Figs. 3 and 4 where the fit is slightly too high. From 148 to 150 keV, the theoretical transmission
calculated with the parameter set A2 becomes too large. This is an "edge" effect, probably due to the
drastic change in the parameters of the nearby fictitious resonances, especially the one at 186.51 keV.

The uncertainties in the theoretical transmissions calculated by the code are 10 to 20 times smaller
than the differences between the transmissions calculated with the parameter sets D1 and A2, Can we
still claim that this consistency test is conclusive? Here we must point out again that these high-
resolution neutron transmission measurements have small uncertainties and the code calculates the
theoretical uncertainties as if these thousands of data points had no systematic uncertainties (as if they
were totally uncorrelated). As a result, the uncertainties given in the theoretical transmissions and on
the resonance parameters are unrealistically small.
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In conclusion, this test showed (1) that the set of resonance parameters and their correlations inside
the range of energy analyzed is fairly well reproduced when two different sequences are followed in the
analysis, and (2) that the fits to the data obtained with each parameter set, D1 and A2, are less than
1% apart, are well inside the spread of the data points, and give as good or better fit than the one
obtained with the final parameter set shown in Figs. 1 to 4.

This test would probably have been even more conclusive if it had been conducted on a larger range
of energy so that the "edge” effects would have been relatively less important. It would also be interest-
ing to see the effects of taking data regions of various sizes.

4. CAPTURE MEASUREMENTS

Neutron capture measurements made from 2.5 keV to ~5 MeV were based on 4.955- and 49.11-g
enriched metal samples containing 99.79% %°Ni. While the capture yield depends primarily on weight
and purity, the resonance self-protection and multiple-scattering corrections depend on the dimensions of
the samples which were approximately 26 mm by 52 mm with a thickness of 0.50 mm for one and 4.65
mm for the other. These thicknesses correspond to 0.00368 and 0.0372 atoms/barn, respectively.

The samples were exposed to the collimated ORELA neutron flux at 40.12 m from the electron tar-
get and moderator. Capture gamma rays were detected by a pair of C4Fg-based liquid scintillators, one
on each side of the sample, outside the beam. Accelerator conditions were 1000 pulses of 4 ns each per
second and an average power of 7 kW. The run was completed in 78 hours with partial results
recorded four times during the run for consistency checks. The time resolution of the scintillation
detectors and associated electronics, as determined with coincident ®Co gamma rays, was 2.1 ns full
width at half maximum flux (FWHM). More important at most energies was the neutron slowing-
down time in the moderator. Expressed as an equivalent spread in flight path, this was found to be
about 28 mm FWHM by fitting the narrowest resonance peaks.

The total gamma-ray energy emitted as a function of neutron time-of-flight was derived by pulse-
height weighting'? and was corrected for a calculated 2.0% energy loss in the thin sample and 12.4% in
the thick sample. The neutron flux was monitored by a 0.5-mm SLi glass scintillator'? located 0.4 m
upstream from the sample position. Above 70 keV this monitor had been calibrated against a 23U fis-
sion chamber.!* The capture efficiency was calibrated at 4.9 eV with a 50-micron gold foil sample
using the saturated resonance technique.!”

The raw capture data were corrected for electronic deadtime losses, amplifier gain standardization,
environmental backgrounds, average scattered-beam background, and the excitation energy reached in
8INi. The time-of-flight data were rebinned to a set of neutron-energy scales, and the capture yield was
expressed as millibarns per nucleus of ®*Ni in the target. The estimated various systematic uncertainties
reported in Table 4 give a global systematic uncertainty of 3.4 to 4% on the capture yield in the range
of energy analyzed in this report.
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Table 4. Systematic uncertainties on the capture yield in percent

Saturated resonance calibration 3
Shape of the ®Li(n,a) cross section at 50 keV 1
Shape of the ®Li(n,a) cross section at 250 keV 2
Shape of the ®Li(n,a) cross section at =500 keV 3
Pulse height weighting technique I
Gamma-ray self absorption of thin sample 0.4
Gamma-ray self absorption of thick sample 1.0
Detector bias extrapolation (Ep,, = 153 keV) 0.4
Misalignment of sample or neutron beam <0.2

Uncertainty in detector efficiency from gain drifts of electronics  <0.4

5. CAPTURE DATA ANALYSIS

The capture data have been analyzed with a least-squares fitting program'® LSFIT using the Breit-
Wigner formula

gl 1y (5.1
(E — E.P + (T2)?

where g is the statistical weight factor; I',, I',, and I' are the neutron, radiation, and total width,
respectively, for each resonance; and E. is the resonance energy.

5.1 METHOD OF ANALYSIS

A field encompassing up to 500 data points and up to 16 resonances is evaluated at one time. The
program iterates upon trial parameters applying corrections for systems resolution, Doppler width, reso-
nance self-protection, and multiple scattering.

Analysis of the thin sample data was conducted from 2.5 to 82 keV. The thick sample data were
analyzed starting at 32 keV and going up to 450 keV. The capture kernels reported in Table 2 are
from the thin sample data analysis up to 50 keV and from the thick sample data at higher energies.

If the resonance has not been previously seen and analyzed in the transmission data, the neutron
width, I, is not known and only the capture area 4, = (21r2/k2)(gI‘,,I‘.Y/I‘) is determined. About
30% more resonances are seen in capture than in transmission. Therefore, after the capture data
analysis was completed, we went back to the transmission data. Knowing now, from the capture
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analysis, where the resonance should be seen, it was possible to adjust the neutron width to a reasonable
value which would show a small resonance on the theoretical curve fitting the transmission data where
there was none before. These small resonances in transmission are smaller than the statistical spread of
the data points, and the corresponding neutron widths given in Table 2 are probably close to the max-
imum acceptable value of T,

The parameters of the overlapping resonances were not all adjusted by the code simultaneously but
were adjusted separately in successive runs until the best set of parameters was obtained which would
give the most satisfactory fit to the capture and transmission data simultaneously.

5.2 ASYMMETRIC RESOLUTION FUNCTION

Since these data showed a small low-energy (i.e., time delayed) tail on the usual Gaussian resolution
function, a resolution shape modification was added to the code. The fraction of the neutrons which
shows an asymmetric resolution function (up to 40% at 145 keV) is plotted in Fig. 8 as a function of
the neutron incident energy. The asymmetric part is convoluted with a negative exponential whose time
constant is given as a fraction of the Gaussian resolution (FWHM). Here the decay constant is 68% of
the resolution and corresponds to about 7 ns.

5.3 OFF-RESONANCE SCATTERING

In order to evaluate properly the part of the multiple scattering due to the attenuation of the neu-
tron flux in the sample, one needs to know the off-resonance scattering cross section, o,, in the region
of each resonance. For s-wave resonances and for > 0 resonances not on top of s-wave resonances,
o,5f is equal to the effective potential scattering which decreases smoothly from 8 to 3 b as the neutron
energy increases from 12 to 450 keV. At low energy (below 100 keV) for resonances which are on top
of large s-wave resonances, o,¢ can vary drastically. For example, for the £ > O resonances at 12.220
and 13.624 keV on top of the large 12.487-keV s-wave resonance, o, is as large as 200 b and 120 b,
respectively. These resonances as well as the § > 0 resonances at 28.497, 29.480, and 65.573 keV have
been analyzed individually using the proper o, given by the transmission data and taking as
background the capture cross section of the s-wave resonance at the corresponding energy. The fit of
the data for the resonance at 12.220 keV is shown in Fig. 9. The value of gT',T",/T given by the code
is 0.201 + 0.004 eV. To illustrate the importance of choosing the correct o,/ in this energy region,
this resonance was reanalyzed using different values of o,r. All the fits were equivalent to the one in
Fig. 9. The values of gI',T",/T obtained for five different values of o,/ are given in Table 5. The
40% increase seen in the capture kernel when the value of the non-resonant scattering varies from 8 to
200 b is due to the neutron attenuation in the sample because of its finite size. The corresponding
correction factors for the multiple scattering, which vary from 3 to 52% of the capture area, are also
given in Table 5.

5.4 BACKGROUND CORRECTION

A background term having a E~Y? energy dependence can be adjusted by the code if necessary.
This background term includes the direct capture, if any, and the capture in the tails of the faraway s-
wave resonances as well as the incompletely subtracted background from various sources. For these
%Nj capture data, the optimum background for good fits to well-isolated resonances appeared to be
roughly uniform — about 5 £ 2 mb up to 50 keV where the data taken with the thin sample (0.00368
atoms/barn) were analyzed, and 2.5 + 1 mb above 50 keV. The optimum value of the background can
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Fig. 9. The resonance at 12.22 keV. The code readjusted the various parameters to give this fit
with any of the off-resonance scattering values given in Table 5.
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Table 5. THustration of the effect of the value of 5,/ used in
the code on the kernel gT', T, /T and on the multiple scattering
correction factor f, for the £ > 0 resonance at 12.220 keV

aofr (b) V) fo (%)
200 0.201 + 0.004 52
150 0.186 = 0.004 42
100 0.170 = 0.003 31
50 0.155 £ 0.003 17

8 0.144 = 0.003 3

be checked on a few well-separated individual resonances up to 250 keV. At higher energy, the overlap
of the resonances does not permit picking up the background between the resonances. Satisfactory fits
were obtained using the uniform value of 2.5 mb found earlier, but above 250 keV a 2-mb uncertainty
on the background is more realistic. Figures 1 to 7 show the capture data before the background
corrections were applied, whereas these background corrections have been subtracted from the capture
data shown in Figs. 10 to 15.

5.5 NEUTRON SENSITIVITY OF THE DETECTOR

A correction for the capture in the detector environment of neutrons scattered from discrete reso-
nances in the sample is required.!” This prompt neutron sensitivity can be formulated as a correction to
I, such that

Lyeory = I'y — CIy, (5.2)

where C is dependent on the amounts and distribution of absorber in the vicinity of the detector. This
correction factor is energy dependent and varies from 1073 to 1074 over the energy range of this
analysis as shown in Fig. 16. Values of C are considered accurate to ~50%. This correction has been
applied and C is given in Table 2 if CT, is 3% or more of I',. Below 200 keV, this correction is
responsible for most of the uncertainty on the capture width of large s-wave resonances where CT,, can
be as large as half of the capture width given by the code.

6. ENERGY SCALE CALIBRATION

The energies of the resonances in the transmission data are systematically larger than those in the
capture data. The difference between the two energy scales, E; - E,, varies smoothly from 0.01 to
0.06% of the neutron-incident energy from 20 to 300 keV but at a much higher rate above 300 keV as
shown by the points plotted in Fig. 17. When the resonances are well separated in both sets of data, it
is possible to match them with good confidence. This is true up to 250 keV as shown in Figs. 2 to 5
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Fig. 10. Fits to the transmission and capture data in the region of the 43.1-keV s-wave resonance.
The dashed curve is the s-wave resonance contribution to the capture cross section.
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Fig. 11. Fits to the transmission and capture data in the 132- to 141-keV region. The shift between
the two energy scales corresponds to the correction (Er - E,) discussed in Sect. 6.
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Fig. 13. Fits to the transmission and capture data in the 250- to 267-keV energy region. The
dashed curve is the s-wave resonances contribution to the capture cross section. The shift between the
two energy scales corresponds to the correction (Er - E,) discussed in Sect. 6.
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Fig. 14. Fits to the transmission and capture data in the 332- to 346-keV energy region. The
dashed curve is the s-wave resonance contribution to the capture cross section. The shift between the
two energy scales corresponds to the correction (E7 - E.) discussed in Sect. 6.
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Fig. 15. Fits to the transmission and capture data in the 416- to 432-keV energy region. The
dashed curve is the s-wave resonance contribution to the capture cross section. The shift between the
two energy scales corresponds to the correction (E7 - E_) discussed in Sect. 6.
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Fig. 17. Corrections in percent applied to the energy scales as a function of the square root of the
incident neutron energy. E, and Ep stand for the energy of resonances in the capture and transmission
data respectively; E, for the final energy scale given in Table 2. The shaded area shows the +0.015%
uncertainty on the 0.035% correction on the transmission data energy scale,
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and in more detail in Figs. 11 and 12. The shift which must be applied to the energy, E., of a reso-
nance observed in the capture data to match the energy, Er, of the corresponding resonance in the
transmission data is obtained from £ > O resonances seen in both sets of data. The uncertainties associ-
ated with the points in Fig. 17 depend on how many resonances can be seen in both data sets in a given
region and how well separated, and how sharp, these resonances are. For example, in the 75-keV region
(Fig. 3) enclosed between the two s-wave resonances at 65.228 and 86.837 keV, eight sharp and well-
separated resonances can be seen in the capture data. Only two of them are scen in transmission and
only one, the resonance at 73.206 keV, has a well-defined energy in both sets of data. (The resonance
at 86.170 keV is overlapping too much with the s-wave resonance.) Therefore, the point at 75 keV on
Fig. 17 (plotted at 8.7 on the JE, scale) has an uncertainty of about 50%. Above 250 keV, the reso-
nances in the transmission data are still fairly well separated but the resonances in the capture data
become progressively more overlapping (Fig. 13). We start having difficulty in matching the resonances
around 300 keV which explains the large uncertainties in the last four points plotted in Fig. 17. We
were able to get fits similar to the ones shown in Figs. 14 and 15 only with a sharp increase in the
difference between the two energy scales. Here we need again to stress the point that, especially above
300 keV, we do not claim that the fits and the corresponding set of resonance parameters are in any
way unique. We probably could obtain satisfactory fits as well with a slightly different energy shift but
we would need more resonances to fit the same data.

As reported earlier, the flight path and the burst width in the transmission experiment using the
NE-110 detector are 78 m and 10 ns respectively, compared to a 40-m flight path and 4-ns burst width
in the capture experiment. Therefore, the resolutions in both experiments are nearly the same and can-
not justify the choice of one energy scale over the other. Typical values of the resolution (FWHM) are
given in Table 1. Below 50 keV, the transmission data analyzed here are the data using the lithium
glass detector with a burst width of 40 ns which explains the larger resolution of the transmission in this
energy region.

A transmission experiment similar to the one analyzed in this report was conducted by D. C.
Larson!! on a natural nickel target at the 200-m flight-path station with an 8-ns burst width. Because
of the better resolution and the attention paid to the energy calibration, we believe that the energy scale
of these data is more accurate. Six well-separated € > O resonances in the natural nickel data can be
identified with resonances in the presently analyzed ®Ni data. In both sets of data, the energy of these
resonances was determined by the first-moment method. This is reported in columns 1 and 2 of Table
6. These energy parameters are systematically larger in the natural nickel data by a percentage given
in the third column. The average discrepancy is 0.033%.

In the transmission spectrum of the open neutron beam (through the overlap filter only), one can
identify four resonances due to the sulfur content of the filter. These resonance energies are compared
in Table 6 with values from an ENDF publication'® and with neutron total and capture cross-section
measurements on >2S by Halperin et al.'® Here it can be seen that the energy scale of the present
transmission experiment is systematically too low by 0.037%.

A normalization factor of 0.035 + 0.015% (shaded area in Fig. 17) was applied to the resonance
energies of the transmission, Ey, to obtain the parameter E, in Table 2. This correction is in good
agreement with the 0.025% estimated systematic uncertainty on the transmission data energy scale
given in ref. 19. Up to 300 keV, this renormalization factor is very similar to the corrections, (Ey -
E.), applied to the energy scale of the capture data to match the energy scale of the transmission data
as shown in Fig. 17.

The difference between energy scales is associated primarily with the uncertainties on the time of
flight and on the flight path. To find approximate values of these uncertainties, the following simple
nonrelativistic relation between the neutron energy E, in keV, the flight path L in mm, and the time of
flight ¢ in ns can be used:
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E, = 1073%72.297 L)Yx™* 6.1)
from which
% ~ 04374 —2— JE, . (6.2)

From the partial derivative of Eq. (6.1) with respect to L and ¢, and using Eq. (6.2), we obtain

AL, AL At (6.3)
= 2=~ — 08748 — JE, . :
E, 277 L "

The correction, (E, - E)/E,, in percent, applied to the transmission data energy scale is shown in Fig.
17. Since the renormalization is independent of the energy, it should be associated entirely to a shift in
the flight path. From Eq. (6.3), with AE,/E, = (0.035 * 0.015) X 1072 and L = 78,203 mm, we
obtain

AL = 14 mm =+ 6 mm . (6.4)

Although large, this correction is less than the NE-110 scintillator thickness which was 20 mm.

Recent Monte Carlo calculations of the ORELA moderator time distribution vs neutron energy®
indicate a correction of 10 mm at 10 keV, rising to 29 mm at 400 keV for °Ni transmission data which
used only the moderated flux. The flux for the 200-m flight path data is dominated by direct yield
from the tantalum target rather than the water moderator.

The cumulative corrections, (E, - E.)/E,, applied on the energy scale of the capture data are plot-
ted in Fig. 17 as a function of /E,. The slope of the straight line is positive since the energy of the
capture data is systematically smaller than the final energy £,. From Eq. (6.3), with L = 40,123 mm,
the slope corresponds to a shift in the time of flight of —2.1 + 0.3 ns and the intercept to a shift in the
flight path of 4 + 3 mm. These values are well within the range of the expected uncertainties in the
capture experiment.

The Monte Carlo calculations of moderation time for ORELAZ reproduce quite closely the observed
slope of (Er - E.)}/E, up to 250 keV. However, this slope disagrees with the calculations by two stan-
dard deviations at 400 to 450 keV. This suggests that there may be misidentifications of capture peaks
with resonances seen in transmissions above 300 keV.

7. RESULTS AND DISCUSSIONS OF THE UNCERTAINTIES

7.1 RESONANCE PARAMETERS AND FITS

The final resonance parameters obtained in the combined analyses of the “Ni transmission and cap-
ture data from 1 to 450 keV are given in Table 2. Well-separated resonances are spaced by one blank
line; strongly overlapping resonances are grouped; and resonances forming a multiplet are grouped and
joined by a bracket. There is not a clear cut between what is called "strongly overlapping” resonances
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and what is called a "multiplet”; therefore, this classification should not be taken too seriously.
Nevertheless, it was adopted since we found it useful in spotting at a glance a group of resonances on
the plots and the corresponding group of parameters in Table 2.

The resonance energy E, reported in the first three columns is the corrected neutron energy as dis-
cussed in Sect. 6. The criteria for assigning an angular momentum of 1 or 2 to an £ > 0 resonance
were based only on the shape of the resonances as discussed in Sect. 3.1. Within parentheses are the
statistical uncertainties on the energy parameters given by the search codes.

The capture kernels with their statistical uncertainties are given in the fourth column. When the
capture area was adjusted by trial and error, the uncertainty was estimated from the sensitivity of the
fit to the variation of this parameter and the subscript ¢ is used.

Neutron widths and statistical uncertainties are given in column 5. For some small resonances, the
neutron widths were adjusted by trial and error and the uncertainties quoted were estimated from the
sensitivity of the fit to the variation of this parameter. The capture kernel is the only well-known
parameter associated with the 89 resonances seen only in the capture data. However, the neutron and
radiation widths of these resonances are not totally arbitrary. Estimated values of these parameters are
given but without uncertainty.

The radiation widths reported in column 6 are defined only for resonances seen in both sets of data
with the exception of the resonance at 2.253 keV. This small resonance, analyzed only in transmission
because our capture data does not go below 2.5 keV, is best fitted with the set of parameters reported in
Table 2. The calculated capture kernel corresponding to these parameters is 0.051 eV, therefore, this
resonance would probably have been seen in capture if data were available since the resonance at 5.532
keV is well defined and has a capture kernel of only 0.043 eV.

The correction factor C for the neutron sensitivity of the detector and the corrected radiation widths,
T'y(cor)» are shown in the next two columns. The uncertainties associated with the corrected radiation
widths are the quadratic combination of the 50% uncertainty on the correction factor C with the statist-
ical uncertainties on T',.

In Figs. 1 to 7 the transmission data are compared to the theoretical transmission calculated with all
the resonance parameters given in Table 2. The capture data (Figs. 1 to 7) show the many resonances
seen in capture but not in transmission and show how the chosen neutron and radiation widths for these
resonances affect the theoretical transmission. The fits to both kinds of data are shown in detail in
Figs. 10 to 15 for six small energy regions. The theoretical transmission is the same as in Figs. 1 to 7.
The fits to the capture data are typical of the fits obtained in the other energy regions. The top (Ep)
and bottom (E,) energy scales have been shifted by the proper correction (Ep - E.), as discussed in
Sect. 6, so that the resonances seen in both sets of data are aligned. Around 40 keV (Fig. 10), the
correction is too small to be seen (less than 10 eV). The shift in Fig. 11 is 50 ¢V; 90 eV in Fig. 12; and
160 eV in Fig. 13. It jumps to about half of a keV around 340 keV (Fig. 14) and to almost 1 keV
above 400 keV (Fig. 15).

The dashed lines in Figs. 10, 12, 13, 14, and 15 are the capture cross-section contributions of the
large s-wave resonances present in these regions.

7.2 ESTIMATED UNCERTAINTIES AND THEIR CORRELATIONS

The search codes give us the statistical uncertainties and their correlations. Here some of the sys-
tematic uncertainties and, in a few examples, the various contributions to the covariance of the parame-
ters of two resonances will be estimated.
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The correlation matrix given by the code SAMMY at the end of the procedure described in Sect.
3.3 gives the correlations between the statistical uncertainty of all the 203 adjusted parameters inside
and outside of the 1- to 450-keV energy range, whereas the correlation matrices for the parameters
obtained in the capture analysis are relevant only to small energy ranges as shown in Figs. 10 to 15.

For conciseness, "correlations between parameters" will be referred to from now on instead of "corre-
lations between statistical uncertainties of parameters” when this simplification does not lead to confu-
sion,

7.2.1 Resonance Energies

The statistical uncertainties on the energies of the s-wave resonances given in Table 2 were deter-
mined by the code SAMMY from the transmission data analysis except for the three narrow resonances
at 200.59, 418.3, and 443.9 keV which were better defined in the capture data. The systematic uncer-
tainty of 0.015% on the renormalization of the energy scale discussed in Sect. 6 is the main source of
uncertainty on the energies of the s-wave resonances as illustrated in Table 6. The contribution to the
covariance due to the statistical uncertainties given by the code SAMMY will always be negligible com-
pared to the contribution from the systematic uncertainties which are dominant and 100% correlated.

The statistical uncertainties of the energies of all the other resonances are obtained mostly from the
LSFIT code used in the fitting of the capture data. Some energies of very small or very strongly over-
lapping resonances were adjusted by trial and error. In addition to the statistical uncertainties given in
Table 2, the two sources of systematic uncertainties discussed in Sect. 6 must be considered. Final
estimated uncertainties on E, are given in Table 7 for six £ > 0 resonances. This shows that up to 300
keV the three sources of uncertainties contribute about equally to AE,, but above 300 keV the large
uncertainty on the shift between the two energy scales, Ep - E,, is the dominant factor.

The energy parameters of € > O resonances are correlated only in the case of strongly overlapping
resonances. Take, for example, the doublet in Fig. 12. The energies of the resonances are 194,19 and
194.54 keV with statistical uncertainties of 10 and 30 eV, respectively. The correlation between these
uncertainties is 0.26. The systematic uncertainties are 23 ¢V for A(Ey - E,) and 29 ¢V for A(E, - ET),
similar to what is given in Table 7 for the resonance at 192.59 keV. Therefore, the covariance of the
energy parameters due to the statistical uncertainties is 78 eV? compared to 1370 eV? for the covariance
due to the fully correlated systematic uncertainties. It can be seen that even for a doublet the contribu-
tion to the covariance of the energy parameters due to the statistical uncertainties is negligible.

7.2.2 Neutron Widths

Since the systematic uncertainties in the transmission experiment were not parameterized, they could
not be included in the SAMMY input. Therefore, an estimate of the systematic uncertainties on the
neutron widths cannot be given. The various sources of systematic uncertainties on fluorine transmis-
sion measurements were investigated and reported in ref. 2. A similar investigation on %°Ni transmis-
sion measurements leads to an estimated 2% systematic uncertainty. This 2% systematic uncertainty
should be added to the statistical uncertainties of cross sections calculated with the resonance parame-
ters given in this report.

In the transmission data, most s-wave resonances are well separated. The largest correlation coeffi-
cient between the neutron widths of two s-wave resonances is —0.36. This is between the 256.12-keV
resonance (I, = 870 * 6 eV) and the 257.63-keV resonance (I'y, = 1826 + 7 eV) which gives a
covariance due to statistical uncertainties on neutron widths of —15 eV2
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Table 7. Sample of uncertainties on the final energy parameter £,

AEror AE, AlEr - E;) A(E, - ET)

E, statistical from Fig. 17 0.015% of E, AE,
(keV) Y (eV) (eV) (eV) (eV)
12.487 0 1 2 2.2
13.624 >0 1 (0.01%) 1.4 2 2.6
65.228 0 1 10 10
65.573 >0 2 {0.007%) 5 10 11

139.03 0 <10 21 21
139.56 >0 20 (0.011%) 15 21 33
186.51 0 <10 29 29
192.59 >0 20 (0.012%) 23 29 42
251.99 0 <10 38 38
252.32 >0 50 (0.012%) 30 38 63
422.49 0 <10 64 64
424.6 >0 100 (0.05%) 200 64 - 233

®In column 3 are the statistical uncertainties as given in Table 2. In columns 4 and 5 are sys-
tematic uncertainties from Fig. 17 and as discussed in Sect. 6. AE, is the quadratic combination of
the statistical and systematic uncertainties. Er and E, stand for the energy of resonances in the
transmission and capture data respectively.

Covariances due to statistical uncertainties on the neutron widths of an £ > 0 resonance on top of an
s-wave resonance are also quite small. Take, for example, in Fig. 13 the p-wave resonance at 253.07
keV (T, = 264 + 3 eV) on top of the s-wave resonance at 251.99 keV (I', = 536 + 4 eV). These
two resonances are strongly anti-correlated. The correlation coefficient between the two neutron widths
given by the code SAMMY is —0.7 which leads to a covariance of —8 eV Similar calculations
applied to £ > O resonance parameters forming a doublet also give very small covariances due to the
small statistical uncertainties on the neutron widths. These small statistical uncertainties are due to the
great number of data points and because the energy parameter of the £ > O resonances were not
adjusted in the code SAMMY.

7.2.3 Capture Kernel

A systematic uncertainty on the capture yield of 3.4 to 4% was reported in Sect. 4. An additional
systematic uncertainty of 0.5% is associated with the multiple scattering and self-protection corrections
in the data reduction.?! This uncertainty is certainly larger than 0.5% for the large s-wave resonances.
Finally two sources of systematic uncertainty arise from the data analysis. One is related to the fitting
of the shape of the resonances by the code. This uncertainty is hard to estimate. The shape of a reso-
nance is affected by the spin assignment and by the energy resolution. In ref. 21 this uncertainty is
estimated to be less than 3%. All these uncertainties, when combined, add up to 4.6% below 100 keV
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and 5% above 100 keV, which means 5% or less in the energy range considered in this analysis. Exam-
ples of these relative uncertainties are shown in the fourth column of Table 8 (Syst. i). The other
source of systematic uncertainty associated with the data analysis is in the subtraction of the back-
ground discussed in Sect. 5.4. Since the shape of the £ > 0 resonances can be approximated by a trian-
gle and the widths are given by the resolution function, the systematic uncertainty on the capture area
due to the uncertainty on the background can easily be estimated for well-separated £ > O resonances
not on top of s-wave resonances. For > 0 overlapping resonances, the total uncertainty on the capture
kernel due to the uncertainty on the background is calculated with an estimated width at the base equal
to the width due to the resolution plus the energy separation of the resonances.

This last relative systematic uncertainty increases with neutron energy and varies drastically from
one resonance to another, depending on the capture area of the resonance. Examples of these relative
systematic uncertainties are given in the fifth column of Table 8 (Syst. 2) and the total relative sys-
tematic uncertainties in the last column. Table 8 shows that the uncertainty due to the subtraction of
the remaining background during the capture data analysis is the main source of systematic uncertainty
above 250 keV.

Table 8. Uncertainties on the capture kernel X

AK/K AK/K systematic (%)
E, K statistical
(keV) (eV) (%) Syst. 1 Syst. 2 Total syst.
21.274  0.022 10 4.6 2.7 53
23.788  0.24 4 4.6 0.3 4.6
136.03 1.34 4 5.0 0.9 5.1
226.28 0.65 6 5.0 7.5 9
341.4 1.0 10 5.0 25 26
431.9 1.3 15 5.0 20 21
432.4 1.2 17 5.0 20 21

“K = gI',T',/T.

To give an example of correlations between the uncertainties of two strongly overlapping resonances,
we chose two resonances for which the neutron widths are much larger than the capture kernels. For
such resonances the correlation coefficient between the radiation widths given by the code LSFIT is the
same as the correlation coefficient between the capture kernels.

From Table 2 the resonance parameters of the doublet at 432 keV are:

Eo = 431.9keV, Ky = 1.3 + 0.2V, g, = 240 + 10 eV
Eoq = 4324 keV, K, = 1.2 + 0.2¢V, gT, = 180 % § eV

where K denotes the capture kernel gI',T",/T. The correlation coefficient given by the code is —0.88;
consequently, the statistical contribution to the covariance of K| and K is
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<dK\dK;>ym = —0.035 eV?

The total relative systematic uncertainties are both 21% and are fully correlated. Therefore the sys-
tematic contribution to the covariance of K| and K is

<dKdKy>g,; = 0.068 eV?

The two contributions to the covariance are of opposite signs; therefore, the total covariance of the
capture kernels is equal to +0.033 eV2. By definition the correlation coefficient C is given by

<dK,dK,> (7.1)

J<dKkI><dK3>

where <dK?> are the variances of the capture kernels. The final correlation coefficient for these reso-
nances is +0.31.

C(K\.Ky) =

This illustrates that the combined effect of the statistical and systematic uncertainties should be
carefully studied before drawing a conclusion on the final correlation coefficient.

Some systematic uncertainties discussed earlier in this section apply only to narrow resonances. The
3% maximum contribution to the systematic uncertainty from the finite resolution and the lack of
knowledge of the spin of the resonances does not apply to large s-wave resonances. On the other hand,
the relative uncertainty associated with the multiple scattering and self-protection corrections can be as
much as 5% (compared to an estimated 0.5% for narrow resonances). Also, for large s-wave reso-
nances, even at low energy the subtraction of the background during the data analysis is a major source
of systematic uncertainty.

8. COMPARISON WITH OTHER WORKS

Some resonance parameters in Table 2 will be compared with parameters reported in earlier publica-
tions referred to in Table 9. The range of energy analyzed is given for each reference. Up until now,
there were no *°Ni capture measurements above 200 keV and the total cross-section measurements of
Farrel et al.?? were the only data available above 340 keV.

8.1 s-WAVE RESONANCES

In Table 10, parameters for s-wave resonances are compared with values given in earlier publica-
tions. Resonance energies are generally in good agreement with ref. 23 but systematically higher than
the two other works.2*?5 Above 150 keV, the discrepancies with the energy parameters of Frohner? are
as large as 2 keV. The neutron widths are in better agreement with ref. 24 than with ref. 23 for the
first five s-wave resonances (up to 90 keV). Between 100 and 200 keV, it is the reverse. Above 200
keV, the uncertainties on the neutron widths given by Stieglitz et al.2> are large but do not explain the
factor of 2 to 3 found between their reported values and ours for three of the five s-wave resonances.
Farrell et al.?2 neutron widths are compared with ours above 338 keV. The agreement is fair (better
than 25%) only with the four larger resonances (T', > 1 keV) above 370 keV.
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Table 9. Ni-60 resonance parameter sources

Transmission data analysis Capture data analysis
Author Ref. range in keV range in keV

This work 1 < E, <450 25< E, <450
(ORELA)
Syme et al. 24 =0, 10 < E, < 200
(Harwell) 20, 30 < E, < 300
Frohner 25 10 < E, <200
(KFK)
Stieglitz et al. 23 =0, 10 < E, < 340 =0, 10< E, <70
(RPI) 20,1 < E, <140
Farrell et al. 22 £=0, 10 < E, < 600
(Duke) 2>0, 120 < E, < 600
Mughabghab et al.® 26 I < E, <600 10 < E, <200

9Recommended neutron widths are based on refs. 22, 23, 24, 27, and 28. Recommended radiation
widths are based on refs, 23, 25, 29, 30, and 31.

The radiation widths of the first two s-wave resonances at 12.487 and 28.709 keV are in good agree-
ment with the values reported by Frohner® because in this low-energy region the p-wave resonances on
top of these two s-wave resonances are resolved in Frihner’s analysis as well as here. All other radia-
tion widths for s-wave resonances reported in earlier publications are larger than the values obtained
from this analysis. As illustrated by the first two examples in Table 11 at 43 and 65 keV, the
unresolved & > 0 resonances on top of the s-wave resonances are responsible for these discrepancies. In
each case two large € > O resonances were included in the s-wave resonance capture area reported in
earlier works. Figure 10 illustrates how well these resonances are separated in the ORELA capture
data in the 43-keV region.

In Table 11 the resonance parameters are also compared to the recommended values given in "Neu-
tron Cross Sections" by S. F. Mughabghab et al.26

8.2 £ > 0 RESONANCES

The level density of £ > 0 resonances in this transmission data analysis is three times higher than in
ref. 24 and six times higher than in ref. 22. Also, the capture data analyzed in this report made possi-
ble the separation of many levels which could not be resolved before. Since a detailed comparison of
our resonance parameters of the £ > 0 resonances with previously published results would be too
cumbersome, comparison was made only for resonances below 40 keV (Table 12) and for two small
energy regions shown in Fig. 11 (Table 11) and in Fig. 12.
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Table 11. Comparison of parameters obtained in this work for some overlapping resonances
with parameters reported in earlier publications
(a, b, ¢, d, and parentheses, same as in Tgble 2.)
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E, % (keV)
gl gT,T,/T T,
512 D12 (eV) (eV) (eV) Reference
42.705 (1) 1.6 (2)¢ 0.35 (5) 0.45 (3) This work
42.985 (2) 2 0.37 (4) 0.50¢ and Fig. 10
43105 (1) 104.4 (6) 0.26 (2) 0.20 (4)
0.98 (7)
43.050 (4) 84.1 (1) 24
42.92 (11) 0.98 (16) 25
43.08 (23) 77 (15) 1.73 (18) 23
43.050 (15) 90 (4) 1.4 (3) 26
64.918 (10)° 0.05 0.05 (2)° 0.50¢
65.053 (6) 0.47 0.24 (1) 0.50¢
65.228 (1) 443.0 (8) 1.10 (5) 0.94 (9) This work
65.573 (2) <24 1.09 (8) 2.0
24(1)
65.11 (2) 459.9 (8) 24
65.12 (16) 1.9 (3) 25
65.13 (40) 390 (30) 2.43 (25) 23
65.110 (13) 460 (30) 2.3 (3) 26
135.46 (2) 0.16 0.12 (2) 0.50%
136.03 (1) 15.5 (4) 1.34 (5) 1.45 (8) This work
136.29 (1) 6.7 (3) 1.93 (8) 2.7 (1) and Fig. 11
3.4 (1)
135.7 (5) 3.3(5) 25
136.5 (14) 4.3 (9) 23
136.8 (5) 3.1(6) 26
139.03 (1) 30.7 (5) 1.14 (6) 1.18 (6) This work
139.56 (2) 26.2 (5) 1.22 (6) 1.28 (1) and Fig. 11
140.01 (1) 316 (5) 2.23 (6) 24 (1)
46 (1)
141.9 41.5 (2.6) 24
139.0 (6) 3.0 (5) 25
139.6 (14) 4.0 (9) 23
139.7 (6) 3.0 (6) 26
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The capture kernels reported by Stieglitz et al.?? for the two first resonances at 2.25 and 5.53 keV
are higher than our values but almost within the uncertainties. For the two resonances at 12.22 and
13.62 keV, which are on top of a large s-wave resonance, the capture kernels found in this analysis are
in good agreement with the values reported by Frohner?> but are in complete disagreement with the
reported values of Stieglitz. No resonance around 17 keV (reported by Frohner) could be seen either in
our transmission or in our capture data obtained with the thick or the thin sample. Above 23 keV our
values are systematically higher than those of Frohner.

Resonance parameters of the 132- to 140-keV region are given in Table 11. In this energy region
(Fig. 11), neither the resonances at 133.52 keV nor the doublet around 137.4 keV were seen in any
other total cross sections or capture measurements, even though Syme et al.2* claim a better energy
resolution (0.075 ns/m) than the one obtained at ORELA in this transmission experiment (0.12 ns/m).
Around 136 keV, the small resonance followed by the two large overlapping resonances were seen, in
earlier publications, as a single resonance in capture data and not at all in any total cross-section meas-
urements. It is shown in Table 11 that the sum of the capture kernels of the three resonances reported
in this work is equal to the capture kernel given by Frohner?® and is smaller than but in the range of
the possible values given by Stieglitz.2> Even the three resonances around 139 keV, which are separated
by half a keV, were not resolved before. In the present work, these three resonances are fairly well
separated in both sets of data. The sum of the capture kernels is slightly higher than the single value
given in refs. 23 or 25. The large discrepency between the energy parameters reported in refs. 24 and
25 couid lead to confusion if more resonances were identified, but this resonance around 140 keV is the
only one reported between 128 and 154 keV in ref. 24 and the only one between 136 and 148 keV in
ref. 25,

In the 180- to 195-keV energy region, shown in Fig. 12, none of the five > O resonances clearly
seen in the capture data (four of which are also identified in the transmission data) were reported in
any previous publications.

8.3 RESONANCE PARAMETERS STATUS IN ENDF/B-V

In the most recent documentation on the nickel neutron-induced reaction cross-section evaluation for
ENDF/B-V,! it is reported that "From 1.0 X 107° eV to 690.0 keV, the resonance parameters along
with the smooth background cross sections have been taken from the ENDF/B-IV Ni evaluation
(MAT=1190), which, in turn, were adopted from ENDF /B-III Ni (MAT=1123) evaluation."

The ENDF/B-III Ni resonance parameter evaluation was based on an evaluation by Stieglitz et
al.3 which made use of refs. 22, 31, and 33. Garg’s paper?® on natural nickel became available after
this evaluation was completed but confirmed some s-wave resonance energy assignments. This means
that, in the °Ni resonance region, ENDF/B-V is based on experiments prior to 1971. The evaluation
above 340 keV is based on ref. 22 which reports measurements of neutron total cross sections up to 650
keV, but the data were analyzed only up to 600 keV. Nevertheless, resonance parameters for Ni in
ENDF are given up to 652 keV. Forty-one s-wave resonances are reported from 12 to 652 keV but
only 49 £ > 0 resonances from 1 to 553 keV. The radiation widths given in ENDF/B-V are average
values based, for s-wave resonances, on the four values of T', obtained for resonances between 12 and 65
keV and given in Table 8.2> For £ > 0 (or p-wave) resonances I', is based on an unspecified number of
radiation widths of resonances below 140 keV. The average radiation width of 2.14 eV given for s-wave
resonances is large compared to our average value of 1.30 * 0.07 eV. The reason for this discrepancy
is shown in the first two examples in Table 11 which were discussed earlier. On the other hand, the
average value of 0.6 eV given for the radiation width of the £ > 0 resonances is only half of our average
I, calculated with all the non s-wave resonances reported in Table 2 and seen in both data sets.
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This new set of resonance parameters between 1 and 450 keV with the set of outside resonances
necessary to describe the smooth background cross section is a definite improvement over the resonance
parameters given presently in ENDF/B-V.

9. DISCUSSION AND AVERAGE PARAMETERS

9.1 REDUCED NEUTRON WIDTH DISTRIBUTION OF S-WAVE RESONANCES

Thirty s-wave resonances were identified in the range of energies analyzed, but some s-wave reso-
nances of small widths could have been missed. On the assumption that the reduced neutron widths of
s-waves follow a Porter-Thomas distribution,? an estimate of missed s-wave resonances was made.

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

re = 1, /1eV/E, (9.1)

where T'9, T',,, and E,, are in eV.

The normalized Porter-Thomas density function is
P(x) = (Qmx)~12 ¢=*/? (9.2)

where x = I‘,‘:/-I-‘-g and _fﬂ is the average reduced neutron width.

The average of the 30 identified s-wave resonances reduced neutron widths is equal to 3.6 + 0.4 eV.
Since only resonances of small widths could have been missed, the value of T'g is possibly too large and
the number of missed levels could be underestimated. The histogram giving the normalized reduced
neutron widths, I'J/Ty, for 29 of the 30 resonances identified as s-waves in the analyzed region is given
in Fig. 18. (Tg/T; of the first s-wave resonance at 12.487 keV is equal to 5.9 and is not shown.) The
smooth curve in Fig. 18 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 0.1 to 3.6. The
normalization factor for the Porter-Thomas density function is 7.1 and, as it should be, is insensitive to
the cut-off value of x used since when it is raised by a factor of 4 to 0.4, this normalization factor is
7.2.  Comparing the number of levels observed with x values below 0.1 or below 0.4 with the
corresponding area under the normalized Porter-Thomas density function yields the estimate that
between three and four s-wave resonances having small neutron widths could have been missed.

9.2 LEVEL DENSITIES

It is of some interest to determine within the framework of a model of level densities the consistency
between the number of levels of different angular momentum observed in these experiments at high
excitation energies in $'Ni and the number of low-lying levels. The model used is the one of Gilbert
and Cameron® 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 possibly 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
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wJ) = exp[2VaU] (2J+1) exp[—(J +1/2)*/20%] (9.3)
e 12¢YA0%* 22 o ’

where a is the Fermi-gas constant and o? is called the spin cut-off parameter. The effective excitation
energy U is measured from a fictitious ground state shifted by an amount A, the energy shift parameter,
from the actual ground state of the compound system. Thus, the effective excitation energy U is related
to the actual excitation energy E above the ground state by the relation U = E - A.

The spin cut-off parameter o° is not a free parameter in the Fermi gas model since it is related to
the distribution of the projections of the total angular momentum J. More specifically, the spin cut-off
parameter is given by

o = % <m®> aU (9.4)
T

where <m?> is the mean-square magnetic quantum number for single-particle states. From the shell
model it is expected that

<m®> = 0.146 A¥ | (9.5)

where A is the atomic mass number of the compound system. This value of <m?> will fluctuate some-
what due to shell effects. Combining those results we obtain

o? = 0.0888 A¥*\VaU . (9.6)

This value of ¢? corresponds approximately to the compound system having a moment of inertia
equal to 75% of its rigid moment of inertia.%

If one adopts the above expression for ¢°, the Gilbert and Cameron level-density formula contains
only two parameters: the Fermi-gas constant a and the energy shift factor A. The derivation of the
above level density formula contains a number of approximations, and it is customary to treat the
parameters ¢ and A as free parameters which are adjusted to fit the data. It is within this framework
that the level density formula above is being used.

Because of barrier penetrability effects we cannot use the number of £ > 0 resonances observed in
this experiment in the fitting process to determine if there are values of a and A that are consistent with
all the data since one does not know which J values they correspond to. However, one can use the
number of s-wave resonances observed in the experiment together with the known3? low-lying levels of
®INi. Then using these values of a and A in the level density formula, one can compare its prediction
for various £ values with the observations made in this experiment for levels with £ > 0.

In the range of neutron energy from 10 to 450 keV, 30 s-wave resonances were observed, but, due to
the possibly missed levels discussed in the previous section, this number of resonances is considered unc-
ertain by three to four levels. We cannot expect that the level-density formula will reproduce correctly
the density of very low-lying levels in $!Ni due to the energy gap and collective effects which were not
incorporated into the formula, Since the energy gap in ®“Ni extends to at least 2.1 MeV of excitation,
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we did not consider the levels below 2.1 MeV in $!Ni as data that should be reproduced by the level-
density formula. Also as the excitation energy in ®'Ni increases it is more likely that levels have been
missed. On the basis of the data in the Nuclear Data Sheets,” it was decided that the level density for-
mula should only be constrained to match the 13 levels observed in the range of 2.4 to 2.9 MeV with an
uncertainty of +2 levels.

The values of the Fermi-gas constant a and the energy shift parameter A were obtained using the
computer code LEVDEN.*® LEVDEN is a fitting code that solves Bayes’ equation. Using as prior
values 6 + 20 MeV ™! for the Fermi gas constant and 0 + 2 MeV for the energy shift parameter, the
code was required to produce 13 * 2 levels of all values of J in the excitation energy interval 2.4 to 2.9
MeV above the ground state of 8'Ni and 30 = 3 s-wave levels in the energy interval 10 to 450 keV
above the neutron binding energy of 7.817 MeV in %!Ni. This corresponds to a mean observed level
spacing for s-wave resonances, D,, equal to 15.2 = 1.5 keV. The posterior values for the Fermi-gas
constant and the energy shift parameter, with their standard deviations, were found to be

a = 588 * 0.24 MeV™! 9.7)

A = =077 £ 0.34 MeV

with a correlation coefficient of 0.93.

The integral of the theoretical level density formula from 10 to 450 keV for £ = 0 with the above
parameter values and their uncertainties is shown compared to the observed cumulative sum for s-wave
resonances in Fig. 19 (bottom staircase and curve). Using the above parameter values and assuming
that due to centrifugal barrier penetrabilities only £ = 1 and R = 2 resonances were observed, the
predictions of the model are compared to the cumulative sum of observed levels with > 0 also in Fig.
19. More 2 > 0 levels have been observed than were predicted by the model using the above parameter
values. We should not conclude that this disagreement indicates that we must be observing many reso-
nances for which £ > 2 because it is possible to fit simultaneously the s-wave cumulative sum and the
cumulative sum for ¢ > O resonances assuming that they contain only € = 1 and £ = 2 levels at the
expense of the fit to the number of low-lying levels in ®'Ni. For instance, the set of parameter values a
= 6.5 MeV ™! and A = 0 MeV in the level-density formula gives a very good fit to the observed cumu-
lative sum of > 0 levels and gives 34 s-wave resonances from 10 to 450 keV, which is consistent with
the observations if one includes the estimated missing levels. But it gives only nine levels in the energy
range 2.4 to 2.9 MeV above the ground state of $'Ni instead of 13. It is not clear to which extent one
should reproduce the low-lying levels in 8'Ni due to collective effects that are ignored in the level den-
sity formula used. Another set of parameter values that reproduces well the cumulative sum of £ > 0
levels, assuming that they are onty 8 = 1 and & = 2 levels, is @ = 6.8 MeV ™! and A = 0.5 MeV.
This set of parameters also gives 34 s-wave resonances in the energy range from 10 to 450 keV but
‘r;educes to seven the number of levels in the 2.4 to 2.9 MeV energy range above the ground state of
INi.

In view of the above, there seems to be little that one can conclude on the basis of the data obtained
in these experiments concerning the validity of the Gilbert and Cameron level-density formulae treated
as an empirical model.
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Fig. 19. Cumulative number of resonances for £ = 0 and = 1 and 2 as a function of the neutron
incident energy. The dashed lines are fits to the data using the Fermi-gas model as discussed in Sect.

9.2.
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9.3 s-WAVE STRENGTH FUNCTION AND DOORWAY STATES

When discussing strength functions, it is useful to look at a plot of the cumulative sum of the
reduced neutron widths of the observed resonances as a function of energy since the strength function
defined as

| 4 (9.8)

is the slope of such a plot. A plot of the cumulative sum of the s-wave resonances as a function of
energy is shown in Fig. 20.

There is no ambiguity in obtaining the s-wave strength function from a staircase plot such as the one
in Fig. 20 when it can be reasonably well approximated by a straight line over the complete energy
range analyzed. When this is the case, the cumulative strength of the resonances being a linear func-
tion of the energy, the strength function is a very well defined entity and is independent of any method
used for averaging. However, in many instances, as is the case for %°Ni, the staircase plot shows consid-
erable structure and it is necessary to consider the averaging procedure in some detail.

In Sect. 9.1, the distribution of the s-wave resonance reduced widths was analyzed within the frame-
work of the Porter-Thomas distribution. It was found that for the 30 s-wave resonances observed up to
450 keV, the reduced widths were consistent with such a distribution. In Sect. 9.2, the level density
from 0 to 450 keV was found to be consistent with a Fermi-gas model. The above indicate that the
data are not inconsistent with the statistical assumptions that underlie these models. Assuming the vali-
dity of these statistical assumptions, the structure of the staircase plot in Fig. 20 is to be interpreted in
terms of statistical fluctuations. A likelihood estimate could be made for the distribution of strength
among pairs of nearest levels that are observed, for instance using a runs test. Although such a test was
not made since the structure is clearly evident to the naked eye, it seems quite likely that a small proba-
bility would be found for the actual distribution observed. However, because the widths of these struc-
tures are rather small, the probability for the occurrence of these structures would not be so small as to
compel us to reject the hypothesis of the statistical assumption with a null test.

In view of the above, the usual procedure for extracting the s-wave strength function could be fol-
lowed. One notes that

Iy = It ©2

1 N
N = ’

1

and

D, = (ExN—EDAN—1) (9.10)

where E; is the energy of the first resonance analyzed and Ey the energy of the last one. From these
observations, one obtains

N
o (9.11)
N~1 El ™
N EN~E1
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Fig. 20. The sum of the reduced neutron widths for s-wave resonances as a function of the neutron
incident energy. The strength function is given by the slope of the full straight line or by the slope of
the straight portion of the dashed line obtained by 1ntegratmg, from 0 to 450 keV, the Lorentzian-
averaged strength function, Spor, with I = 90 keV.
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If one considers the uncertainties in the quantities that appear on the right-hand side of the expres-
sion, there 1s a very small uncertainty in the value of S, from the analysis of the data. However, as is
well known,* if NV levels are drawn randomly from a Porter-Thomas distribution having mean value_ I‘
the expectation value in the sum of these N levels is N I“’ and the variance in this sum is 2NV (I“’)2
Therefore, even though we may have obtained with great accuracy the total strength in the energy
interval 0 to 450 keV, there is a relative standard deviation of V2/N or 26% in the numerator of S,. In
comparison the uncertainty in Ey - E; 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, D,, should be added at each end of the energy interval Ey - E,. The maximum
uncertainty on the denominator would still be only 3%. The strength function calculated with relation
(9.11) is equal to (2.38 = 0.62) X 1074

Relation (9.11) can be considered as determining the average value of the strength function at the
energy which is the midpoint of the energy range analyzed, and a rectangular weighting function is used
whose width is equal to the energy range analyzed. As is well known, such sharp weighting functions
have very unpleasant mathematical properties. This can be illustrated in our case by eliminating the
lowest and highest resonance analyzed. One now obtains a nominal value for S, of 1.9 X 1074 It can
be observed from Fig. 20 that subsequent reductions in the width of the rectangular weighting function
will produce much smaller changes. A compromise value is suggested for the nominal value of the "sta-
tistical" strength function. It is given by the slope of the "best line" fit that goes through two rectangu-
lar boxes centered at the energies of the lowest and highest resonance analyzed as shown in Fig. 20.
The widths of these boxes are equal to the average level spacing and the heights to the reduced widths
of these resonances. The value so found is 2.18 X 1074 with a standard deviation of 0.09 X 107%
This line appears suggestively to be a good straight-line approximation to the staircase plot over the
complete energy range. This value of 2.18 X 107* represents a minimal attempt at mitigating the
sharpness of the weighting function.

The s-wave neutron strength function recommended in ref. 26 for *Ni in the 0 to 600 keV energy
range is (2.7 + 0.6) X 10™* Frshner? reports a value of (2.6 + 0.8) X 1074 and Stieglitz et al.?* a
value of (2.95 + 1.04) X 10~ %from their analyses up to 340 keV.

There are three conspicuous large steps in the staircase plot in Fig. 20 occurring at 15, 190, and 325
keV. They arise because two consecutive levels have relatively large reduced widths in the first two
steps and three in the third step. These steps account for 63% of the total s-wave strength in the energy
region analyzed but span only about 10% of the energy range. Although as pointed out, it is not
unlikely that these steps arise from purely statistical sources, they could be the manifestation of some
physical mechanism modulating the strength of the levels in this energy region. They could indicate the
presence of particle vibration doorway states and, if this were so, one should find such modulations of
the s-wave strength function in the nuclides of this mass region. Such modulations have been observed
before. In 3*Fe where the level spacing is also large*® - of the order of 20 keV - two large steps occur in
the cumulative s-wave strength as a function of energy. They are located around 192 and 330 keV. In
the zinc isotopes, %%7°Zn, where level spacing is of the order of 5 keV, these modulations also occur
but are spread over many more levels.#! Preliminary calculations*? indicate that these modulations could
be due to particle vibration doorway states.

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.*> The poles of the
Teichman-Wigner reduced R-function* are necessarily below the energy axis, and we have

2

Yni (9.12)
R = :
) .E E,— E — iv3i/2
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where in our case 'yf,i’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, should include the poles outside 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 + il, where I is a posi-
tive number, one is calculating an average value of the R functions at the energy £. The amount of
averaging that one performs is controlled by the size of I. In the statistical model, one makes I every
large compared to the average level spacing in order to completely average over the statistical fluctua-
tions. If the level widths have a Porter-Thomas distribution, I must also be very large in order to effec-
tively average over the fluctuations. The value of the R function at a complex energy £ + il where I
>> 42, is usually denoted by

R(E+il) = R(E,]) + i=S(E,]) , (9.13)
where
— _ 'Y;Zz,i (E; — E) {9.14)
RED = 2 75 - EP + 2
and
1 Y (9.15)
SED =T 2 TE - gr+p

Because of the factor E; - E in the numerator, R(E,I) is often called the contribution of the distant lev-
els, 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.

We show in Fig. 21 the value of S(E,I} for several values of I, from twice the average level spacing
D, to six times D, over the range of energy the data were analyzed. The cumulative sum of the
reduced level widths and the reduced level widths for the levels in the region analyzed are also shown
for comparison. In Fig. 22, the contributions of the levels inside the energy region analyzed, S;yr, and
those of the levels outside of the energy region, Sgyr, are shown. In Fig. 21, only the total sums,
corresponding to Stor in Fig. 22, are shown. [t 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. Frequently the statistical assumption is made concerning the
levels outside the energy range analyzed. That is to say, one assumes that in the external regions there
is a uniform density of states having the same average strength as in the region analyzed. If such were
the case, the contribution to S(E,I} of these levels would give the curve labelled Scpr in Fig. 22 which,
added to Syyr, gives the total estimated strength Sggr. As is seen in Fig. 22, since S¢op is smaller
than Sgxr there seems to be more strength in the levels just outside the energy region analyzed than
such a model would predict. This was investigated and will be discussed later.
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Fig. 21. From top to bottom: the Lorentz-weighted strength function of the reduced level widths of
the observed s-wave resonances averaged over various energy intervals; the reduced level widths of the
observed s-wave resonances; summations of the reduced level widths of the s-wave resonances as a func-
tion of the neutron incident energy. The three doorway states are clearly seen on each of these
representations of the s-wave resonances reduced level widths.
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The integral from O to 450 keV of the total Lorentz-weighted strength function averaged with 7 =
90 keV (six times the average level spacing) is given by the dashed line in Fig. 20. The slope of the
straight part of this line gives also an estimate of S, in the middle of the range of energy analyzed and
is found to be equal t0 2.25 X 1074,

In Fig. 23, _the value of R(E,J) corresponding to the value of S(E,l) in Fig. 22 is shown. How-
ever, because R(E,I) is more sensitive to far away levels, due to the term (E;,—E) in the numerator,
there is very little that one can infer about its behavior. The pole expansion used for the contribution of
the levels outside the energy region analyzed is largely insensitive to the faraway levels,

Figure 21 displays very graphically the modulation of strength of the levels in the energy region
analyzed and is suggestive of possible doorway states at least around 190 and 325 keV. There is very
little that can be done with our data to investigate the possibility that there may be additional structure
below the energy range analyzed. However, this can be done above 450 keV. In our preliminary
analysis using the code MULTI (Sect. 3.1), the analysis of the transmission data had been carried out
to 550 keV. As is evident from the capture data above 450 keV, there is a high density of levels in this
region, and it is judged that a large part of subjectivity entered in the analysis, in particular concerning
the smaller levels. However one can be fairly confident in this analysis above 450 keV concerning the
large s~-wave resonances. In Fig. 24, we give the cumulative sum of the reduced level widths for s-wave
resonances up to 550 keV and the corresponding integral of S(E,I) for I = 45 keV. It is quite clear
from this figure that there is another structure in this staircase plot around 510 keV. For comparison
purposes, we show in Fig. 25 the values of S(E,Z), for a value of / = 45 keV, for the two analyses. In
the region of overlap these two analyses are fairly consistent and if some s-wave resonances above 450
keV were missed, as is now more likely, the differences in the two analyses in the region of overlap are
in the right direction.

We conclude that even though the distribution of reduced level widths follows the Porter-Thomas
distribution, there may be particle-vibration doorway states responsible for the modulation as a function
of energy of the strengths of the s-wave levels. This will be investigated theoretically and an attempt
made to see if such particle-vibration doorway states can provide a coherent explanation of the behavior
of the reduced level width distributions as a function of energy observed for nuclides in this mass region.

9.4 CORRELATION BETWEEN I'; AND I, FOR S-WAVE RESONANCES

Because a correlation between the reduced neutron widths and the radiative capture widths of the
observed resonances might indicate nonstatistical effects, such correlation coefficients are frequently cal-
culated for s-wave resonances.

A survey of correlation coefficients for nuclei in the mass region 40 < A < 64 was made by Beer
and Spencer®® in 1975. Only a few resonances were available for each isotope. For ®Ni the reported
correlation coefficient of 0.8 + 0.28 was based on nine s-wave resonances below 170 keV, and it was
shown that this correlation was due entirely to the single large resonance at 12.5 keV.

Since then analyses of high-resolution ORELA data for medium-range nuclei were completed and
correlation coefficients were calculated for a large number of resonances. These correlation coefficients
are given in Table 13 for eight nuclei in the mass region 54 < 4 < 68 for a total of 223 resonances.
The correlation coefficients given for the iron isotopes were calculated from the recommended parame-
ter values of ref. 47. The uncertainties quoted include uncertainties in the neutron and radiation widths
and the effect of finite sample size.
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Table 13. Correlation coefficients, p(I's, I'.), for
some medium range nuclei

No. of s-wave

Element J resonances o(Ty, T') Reference
SMn 2,3 47 0.64 * 0.14 46
S4Fe 1/2 16 0.94 + 0.49 47
S6Fe 1/2 15 0.34 + 0.20 47
¥Co 34 35 0.33 * 0.06 48
ONi 1/2 30 0.53 + 0.18  This work
%Zn 1/2 32 0.47 = 0.08 49
Zn 1/2 26 0.59 + 0.10 41
%Zn 1/2 22 0.5 4]

The correlation coefficient for the 30 s-wave resonances of ®Ni analyzed in this report is now 0.53
+ 0.18. As expected the parameters of the large resonance at 12.487 keV are no longer dominant.
Without the parameters of this resonance the correlation coefficient is 0.48 + 0.15.

The 50% uncertainty on the neutron sensitivity correction factor is the major source of uncertainty
on the radiation widths of large s-wave resonances as discussed in Sect. 5.5. In other
publications*#64%% smaller uncertainty on this correction factor was assumed which explains the
smaller uncertainties on the correlation coefficients reported for Mn, ¥Co, and zinc isotopes than we
have for Ni.

We investigated the sensitivity of the correlation coefficient to the absolute normalization of the neu-
tron sensitividy curve used for the detector in the capture measurements (Fig. 16). If the neutron sensi-
tivity coefficients, C, in Table 2 are lowered systematically by a factor of 2, the correlation coefficient
would increase from 0.53 to 0.68 £ 0.17. If they are systematically increased by a factor of 1.5, then
the correlation coefficient decreases to a value of 0.38 + 0,18,

It seems that in this mass region the correlation coefficients are of the order of 0.5. This result
could be considered evidence for nonstatistical effects in these nuclei as well as the structure observed in
the reduced width staircase plots.

9.5 AVERAGE CAPTURE CROSS SECTIONS

The average capture cross sections given in Table 14 in lethargy intervals up to 450 keV were
obtained by summing the capture areas of the resonances in each interval. The "narrow resonance"
approximation was made; that is to say, that all the capture area of the resonance was assumed to fall
in the energy interval where the resonance energy lies. This approximation is very poor only for the
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large s-wave resonance at 12.487 keV. The uncertainties given in Table 14 include the statistical uncer-
" tainties as well as the uncertainties from the correction for the detector neutron sensitivity. The uncer-
tainties in the correction for the detector neutron sensitivity were treated as uncorrelated, a poor
approximation when the correction curve is smooth. To the uncertainties given in Table 14, the sys-
tematic uncertainties discussed in Sect. 7.2.3 should be added and treated as fully correlated. The aver-
age capture cross section given in the 2.0 to 2.5 keV interval was calculated from the resonance parame-
ters obtained in the transmission data analysis of the 2.253-keV resonance.

From 400 keV to the threshold of the inelastic scattering to the first 27 state in *Ni (1355 keV),
the thick sample data were corrected for average resonance self-protection and scattering of neutrons in
the sample before capture using strength functions. While this is admittedly a poor substitute for indi-
vidual resonance parameterization as was done below 450 keV, the corrections to the data were small,
2.4% at 450 keV dropping to 0.4% at 1250 keV. The 2.5-mb background found between resonances at
lower energies, discussed in Sect. 5.4, was subtracted. The uncertainty in this background correction is
the dominant uncertainty and should be considered fully correlated. The average capture cross sections
above 400 keV are also given in Table 14 and the uncertainties in the table are the statistical uncertain-
ties only.

The average cross sections up to 1 MeV are shown in Fig. 26, together with a theoretical calcula-
tion. The theoretical calculation was provided by C. Y. Fu and obtained using the code TNG.?° The
code TNG calculates the capture cross sections by using transmission coefficients for gamma rays
derived from the width of the E1 giant dipole resonance.’! Only El transitions were considered and the
gamma ray partial 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 and Cam-
eron formula. The parameters of the giant dipole resonance for ®*Ni were taken from the photonuclear
reaction data®? (¢, = 90 mb,E, = 19.0 MeV, and the Lorentzian width of 5.5 MeV). This model usu-
ally predicts the capture cross sections within a factor of two.’! In this case, the capture cross section
was overpredicted and the theoretical predictions in Fig. 26 were normalized by a factor of 0.40.

For comparison with our results, the average capture cross section was calculated with the parame-
ters given in ENDF/B-V. Since ENDF/B-V does not have an isotopic evaluation of *°Ni, the reso-
nance parameters were taken from the elemental evaluation of nickel. In ENDF, the capture cross sec-
tion is calculated using the resonance parameters to which is. added a smooth background. In the
evaluation of elemental nickel, the smooth background is of the order of 6 mb. If we assume that this
6-mb background is to be added to all the isotopes of nickel, we can calculate the ENDF/B-V average
capture cross section which when compared to our results indicates that the ENDF/B-V infinitely dilute
capture cross section for °Ni above 20 keV is approximately 20 to 25% smaller than our results shown
in Fig. 26.

The first s-wave resonance at 12.487 keV contributes 1.5 + 0.5 b to the thermal capture cross sec-
tion. Summing the contributions of the other 29 s-wave resonances at positive energies, we have
obtained up to 450 keV gives only 0.03 b. The latest evaluation of the thermal capture cross section?®
gives 2.9 + 0.2 b. The difference could be attributed to the direct capture component and to bound
levels but the data analyzed in this report are not sensitive to these contributions.
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Fig. 26. Ni-60 average capture cross section from 2 keV to 1 MeV as a function of the neutron
incident energy. The smooth curve is given by the tail of the giant dipole at 19 MeV normalized by

0.40.
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10. CONCLUSIONS

The complete set of resonance parameters from this analysis, including those outside the energy
region analyzed, is consistent with both the transmission and the capture data between 2.5 and 450 keV.
Although the distribution of the s-wave resonance reduced neutron widths is in good agreement with a
Porter-Thomas distribution, the strength of the s-wave resonances from 2.5 to 450 keV is modulated in
a way that is suggestive of doorway states as observed in other nuclides in this mass region.
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