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High-resolution transmission and capture measurements of Ni-enriched targets have
been made from a few eV to 1800 keV in transmission and from 2.5 keV to 5 MeV in cap-
ture. The transmission data from 1 to 452 keV were analyzed with a multilevel R-matrix
code which uses Bayes' theorem for the fitting process. This code provides the energies and
neutron widths of the resonances inside the 1- to 452-keV region as well as a possible
parametrization for outside resonances to describe the smooth cross section in this region.
The capture data were analyzed from 2.5 to 452 keV with a least-squares fitting code using
the Breit-Wigner formula. Average parameters for the 30 observed s-wave resonances were
deduced. The average level spacing, Do, was found to be equal to 15.2+1.5 keV; the
strength function, SD, equal to (2.2+0.6) )& 10;and the average radiation width, I ~, 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
1=0 and for l g 0 resonances were compared with the cumulative number of observed reso-
nances, but the analysis is not conclusive. The correlation coefficient p between I „and I ~
is equal to 0.53+0.18. The average capture cross section as a function of the neutron in-
cident energy is compared to the tail of the giant electric dipole resonance prediction.

NUCLEAR REACTIONS Ni(n, n), E„=1—452 keV; Ni(n, y),
E„=2.5—452 keV; measured a„t,t(E„),o„~(E„);deduced 'Ni resonance
parameters Eo, gI „, I ~ 1, J, and average properties Do, S0 I y calculat-

ed level density for 1=0 and 1&0 resonances and correlation p(r'„,ry).

I. INTRODUCTION

The cross sections of structural materials in the
iron region are important in reactor applications be-
cause of the stainless steels that are used. In the
Evaluated Nuclear Data File (ENDF), the current
evaluation of the nickel resonance parameters'
(ENDF/B-V) 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 the Oak
Ridge Electron Linear Accelerator (ORELA) in the
resonance region. In this paper we present the
analysis of the 6 Ni data and compare the results
with previously published resonance parameters.

In this work we emphasize the features of the
analysis specific to a recently available multilevel
8-matrix code, to be described later, which uses

Bayes' theorem for the fitting process of the
transmission data. Even though the transmission
and capture data were analyzed with two different
codes, the final resonance parameters were obtained
through an iterative process between the two analy-
ses in order to ensure consistency and to optimize
the use of the information available in both data
sets. A fully documented Oak Ridge National Lab-
oratory (ORNL) report has been published and
should be consulted for more details.

The average resonance parameters of the s-wave
resonances have been studied, and their behavior
shows possible evidence of doorway states.

II. TRANSMISSION MEASUREMENTS
AND DATA PROCESSING

The transmission measurements were made by the
time-of-flight technique using neutron pulses from

2556 Q~1983 The American Physical Society



RESONANCE PARAMETERS OF Ni+n FROM. . . 2557

the ORELA water-moderated tantalum target and a
78.203-m flight path. Measurements were made on
two samples of Ni enriched to 99.79% with
thicknesses of 0.007 36 and 0.0744 atoms/barn.
Two different neutron detectors and techniques were
used to cover the energy region investigated. (See
Ref. 2 for more details. }

For the energy region from 200 eV to 240 keV,
transmission data were acquired using a 1.3-cm-
thick, 11-cm-diameter Li glass scintillation detec-
tor. The electron beam burst was 40 ns wide, pro-
ducing a beam power on the target of 40 kW at 800
Hz. The equivalent spread in flight path due to the
moderator was 20 mm full width at half maximum
(FWHM). Two filters were inserted in the beam at
5 m: a 1-g/cm ' B filter (1/e transmission at —1

keV} to eliminate low-energy neutrons from preced-
ing bursts, and a 0.6-cm-thick lead filter to reduce
the gamma flash.

By use of a 2-cm-thick, 7.5-cm-diameter NE-110
proton recoil scintillation detector, transmission
data were obtained from 4 to 1770 keV. The elec-
tron beam burst was 10-ns wide, producing a beam
power of 16 kW at 1000 Hz. The energy resolution
hE/E obtained with the NE-110 scintillator was
0 1% b. elow 100 keV and 0.35 [E (MeV)]'~ % at
higher energies. (See Table I for sample values of
neutron energy resolution. ) Two filters were insert-
ed in the neutron beam at 5 m: the 1-g/cm ' B fil-
ter and a 0.6-cm-thick U filter. The detectors
were gated off during the gamma flash and the
succeeding -5 ps to reduce interference due to af-
terpulsing.

During the measurements three sources of back-
grounds were monitored: (1) a background arising
from 2.2-MeV gamma rays produced by neutron
capture in the water moderator of the target; (2) a
time and beam independent room background; and
(3) a background produced by neutrons scattered by
the detector which, with the NE-110 detector, arises

III. TRANSMISSION DATA ANALYSIS

The transmission data were first analyzed with
the multilevel R-matrix least-squares fitting code
MULTI. When this analysis and the analysis of the
capture data described in Sec. V were completed, the
code SAMMY, a modified version of MULTI, became
available and was used to obtain the final fits to the
transmission data and the corresponding neutron
widths reported here.

(.0
l

Ni TRANSMISSION DATA AND FIT

0.8

0.6

mainly from 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 pho-
tomultiplier. To aid in the determination of these
backgrounds and to optimize the signal to back-
ground ratio for the NE-110 detector, four separate
pulse-height spectra were recorded. The contribu-
tion of all of these backgrounds was & 1% over the
energy region where the data were analyzed. Addi-
tional details on corrections for these backgrounds
are given in Refs. 4 and 5.

All time-of-flight data were acquired using an
EGAG time digitizer and stored in one of the
ORELA Data Acquisition Computers. The data
were first corrected for the deadtime (1104 ns) of the
time digitizer and then corrected for the back-
grounds discussed above. The transmission and to-
tal 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.
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TABLE I. Sample values of neutron energy resolution,
LEE (full width at half maximum), in the transmission and
capture experiments.
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FIG. 1. Ni transmission data and fit shown with the
capture data from 5 to 20 keV.
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FIG. 2. Ni transmission data and fit shown with the capture data from 20 to 50 keV.

In both codes Doppler- and resolution-broadening
are calculated. The cross section is expressed as

az =Xonz =2trk gg(J)Re(1 —U„„), (3.1)
J and

2;y, 1 Rt (SI BI—tP()— —
Unn =e J J

1 —R( (S( Bt +iPI)—
(3.2)
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FIG. 3. Ni transmission data and fit shown with the capture data from 50 to 100 keV.
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FIG. 4. Ni transmission data and fit shown with the capture data from 100 to 150 keV.

(3.3}

Here R1 is the reduced R matrix; k is the neutron
wave number, assuming that the only open channels
are elastic neutron scattering and photon emission;
and yg and I &~ are the neutron reduced width am-

plitude and the radiation width, respectively, for the
A,th resonance The .$1, S), B(, and P( represent the
usual hard sphere phase shifts, shift factors, boun-

dary conditions, and neutron penetrability, respec-
tively. The codes used in this analysis give the neu-

tron width I „~ for each resonance which is related
to the neutron reduced width amplitude yI~ by the
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FIG. 5. Ni transmission data. and fit shown with the capture data from 150 to 250 keV.
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IG. 6. Ni transmission data and fit showi shown with the capture data from 250 to 350 keV.
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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 solv-

ing Bayes' equation which makes use of the covari-
ance matrix of the parameters being varied (obtained
as the output of the previously analyzed energy re-

gions) to vary the parameters of the resonances to fit
a new energy region. The major difference 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 en-

ergy regions.
The transmission data analyzed between 1 and 50

keV were those obtained with the Li 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.

All resonances showing the characteristic poten-
tial interference of s waves were assigned as s waves.
Up to 230 keV, all other resonances could be fitted
assuming they were p~/2 resonances but they are
essentially /&0 resonances. Above 230 keV, all
non —s-wave resonances were first fitted assuming
they were p i&2 resonances. If a satisfactory fit could
not be obtained, the assignment of d3/2 was tried
and adopted if the fit was improved. Above 230
keV, because of increasing potential scattering, the
transmission data show some sensitivity to p-wave
assignment through the interference term. Only in
some instances was this sensitivity large enough that
the resonances assigned as d3/2 are very hkely nei-
ther p)/2 nor p3/2. However, the situation is more
complex in the case of multiplets because the data
may only have been sensitive to level-level interfer-
ence rather than to the potential interference.
Therefore, in case of multiplets the assignment of
levels as p~/2 or d3/2 may be very misleading be-
cause it may be that the data could have been fitted
just as well with a p3/2 assignment for the level as-
signed d3/2 or other combination of J"values. As
expected, the number of d3/2 resonances found
necessary for a good fit increases with energy.
Around 400 keV, as many d as p resonances were as-
signed. Higher resolution transmission data and
measurements of the differential elastic scattering
cross sections ' would be necessary to assign spin
and parity to I & 0 resonances.

The set of parameters obtained in a preliminary
analysis with the code MULTI reproduced well the
transmission data from 1 to 550 keV. The results of
this preliminary analysis were combined with the re-
sults of the capture analysis reported in Sec. V to
obtain the input parameter file of the code SAMMY.

This input file contained 273 resonances. A total of
203 parameters was allowed to be adjusted by the
code during the analysis. Four of the 273 reso-
nances were outside the 1 to 550 keV energy region
and 89 were seen in the capture data only. The
parameters of these 89 resonances were not adjusted
by the code. They were included in the parameter
file in order to check that the values assigned to I „
and I

&
were also consistent with the transmission

data, Some were not and had to be readjusted by tri-
al 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 II 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 I r 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 analysis of the capture data was per-
formed, an arbitrary value of 2 eV was assigned to
the radiation widths of all resonances. The input
covariance matrix of the parameters had only diago-
nal elements.

Running the code SAMMY with these input
parameter and covariance files (or similar ones ob-
tained at the end of each run) and with data files of
about 300 points (-50 keV range) took an average
of 1 h of computing time on the ORELA PDP-
10(KA). 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 nondiagonal elements were
determined. Because of its size, the complete co-
variance matrix of the parameters cannot be given
here. The main results are discussed in Sec. VII.

Above 300 keV the smooth behavior of the
transmission between the sharp resonances is strong-
ly influenced by the tail of the large fictitious reso-
nance originally set at 607 keV. As the analysis pro-
gressed from the lowest energy regions to the
highest, the energy of this resonance was readjusted
by the code towards lower energies. At the corn-
pletion of the 400- to 450-keV region analysis, the
parameters of this resonance were E=450+2 keV
and 1„=79+1keV. At that point, difficulties in



2562 PEREY, HARVEY, MACKLIN, PEREY, AND WINTERS

TABLE II. Resonance parameters for Ni+n from I to 452 keV. (Columns are fully identified in Sec. VII A.)

Ep' (keV)

27

$1/2

—50
—0.15(11)

d 3/Q

gr„r, /r
(eV)

gr„
(eV)

14 800(70)
0.86(25)

r,
(eV)

1.5

C
(10 ')

Iy( )

(eV)

12.487(1)

28.709(1)

43.105(1)

65.228(1)

86.837(1)

98.08S(1)

107.8S( & 1)

2.253(1)'
5.532(1)

12.220(1)b

13.624(1)
21.274(2)
23.788(1)
23.898(1)
28.458{2)
28 497(2)

29.480(2)b
30.262(1)
33.017(2)
33.393(2)
39.534(1)
42.705(1)
42.98S(2)'

47.S67(5)b
47.621(3)
47.637(5)

49.801(1)
S0.927(2)b
51.594(1)
52.658(3)b
56.290(1)
56.880(1)
64.918(10)
.65.053(6)

65.573(2)
71.370(2)b

73.206(1)
78.217(2)
80.048(2)
81.974(3)b
84 990(10)
86.170(2)

87.891(2)
89.751(5)
91.662(5)
93.773(5)
95 504(5)
97.059(5)

99.405(5)

102.064(7)b

108.453(5)
111.47(1)

0.043(3)
0.201(4)
4.3(2)
0.353(6)
0.022(2)
0.24(1)
0.54(1)
0.04(2)'
0.11(2)
1.6(1)
0.061(5)
0.39(1)
0.56(1)
0.29(1)
0.57{1)
0 35(5)
0.37(4)
0.26(2)
0.08(1)'
0.63(6)'
0.31(3)'
0.36(1)
0.185(7)
0.50(1)
0.110(7)
0.32(1)
0.52(1)
0.05(2)'
0.24(7)
1.10(5)
1.09(8)
0.41(1)
0.61(1)
0.24(1)
0.52(1)
0.27(1)
0.52(2)
1.49(10)
0.80(5)
0.9(2)
0.28(1)
0.40(1)
0.73(2)
0.18(1)
0.62(9)
1.5(1)
1.1(1)

0.25(2)

1.15(6)
0.98(10)
2.00{5)

0.053(1)
0.045(3)
0.34

2358(3)
1.20
0.023
4.5{2)
1.17(4)
0.05
0.14

698.(1)
0.069
1.0(3)'
7.7(3)

10.0(3)
2.3(1)
1.6(2)'
2

104.4(6)
0.1
1.1(2)'
0.64(10)'

&0.6
&0.29

0 85(5)c
& 0.14

0.69(5)'
&0.62

0.05
0.47

443.0(8)
& 2.4
&0.75

2.0(1)
& 0.80
&0.90

0.45
& 1.0

3.0(2)'
398(1)

11.6(3)
& 0.50

6.5(2)
2.7(S)
0.28
2.9(1)

1002(2)
7.4(3)

&0.5
649(1)
&0.5

4 0(5}c

1.20(8)
1.0(6)
0.50
4.3(2)
0.50
0.50"
0.25(1)
1.0(1)
0.50
O.sod
1.6(1)
0.50
0.63(2)
0.60(1)
0.30(1)
0.76(2)
0.45(3)
0.50
0.26(2)
0.50
1.5
0,60

0.90
0.50"
1.21(5)
0.50~

0.60(2)
3.2
0.50
O.sod
1.10(5)
2.0
0.93
0.87{3)
0.34
1.2
0.66
1.1
2.9(4)
0.80(5)
1.0(2)
0.64
0.43(1)
1.01(3)
o.so'
o.8(2)
1.5(1)
1.3(1)

o.so'
1.15(6)
1.2
4.0(1)

0.72

1.3

0.58

0.35

0.46

0.60

0.55

2.6(9)

0.7(5)

0.20(4)

0.94(9)

0.62(10)

0.9(3)

0.8(2)
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$1/2

139.03( & 1)

156.36( & 1)

161.74( & 1)

186.51( & 1)

197.64( & 1)

2oo.s9(3)

P 1/2

»2.00{1)
»2.24(1)
113.320(5)
»3.87(2)'
120.52(1)
120.85(1)
123.618(5)
127.66(1)
129.77(1)b

133.52(1)
135.46(2)'
136.03(1)
136.29(1)

137.21(2)
137.47(1)

139.56(2)
140.01(i)
145.72(1)
147.53(2)b

148.80(1)
151.40(1)
152.78(5)'
154.35(1)

156.48(2}

160.22(1)

162.15(2)"
166.22(1)
167.21(1)
167.69(2)"

170.57(1)
172.10{2)
172.63(2)b

174.59(2)
174.99(2)
179.90{2)"
182.92(2)
183.52(2)

186.67(1)

i9i.o7{io)'
192.59(2)

194.19(1)
194.54(3}
196.58(1)~

199.87{6)

201.02(3)
,201.50{3)
202.54(3)b
205.93(3)
206.51(3)
208.93(5)
209.68(5)

d 3/2

gr„r, yr
(eV)

0.39(3)
0.56(3)
0.90(3)
0.08(2)'
0.98(3)
1.25(3)
0.78(4)
0.48(2)
1.02(3)
0.63(3)
0.12(2)
1,34(5)
1.93(8)

0.10(1)
0.58(3)
1.14(6)
1.22(6)
2.23(6)
0.50(2)
0.09(2)'
1.13(4)
0.49(2)

&0.05
0.62(3)
0.5(1)'
0.2(1)'

0.67(15)
0.9(1)'
1.4(2)
1.34(4)
2.60(5)
0.35(2)

1.82(5)
0.22(2)
0.53(3)
0.46(4)
0.93(4)
0.62(3)
0.91{8)
0.83(6)
4.0(5)'
1.1(1)

0.13(6)'
0.78(6)

1.65(7)
0.25(10)'
1.7(2)
1.8(2)
o.2(1}
0.6(2)
0.10(5)'
2.0(3)
0.43(14)
o.64(s)
0.56(5)
0.20(3)
0.18(3)

gr„
(eV)

2.5{5)'
3.5(5)'
3.0(5)'
0.10
7.5(3)
2.6(2)

31.5(5)
67.4(5)

& 2.5
20.9(4)
0.16

15.5(4)
6.7(3)

& 1.0
5.6{3)

3o.7(s)
26.2(5)
31.6(5)

1.0
0.1

8.5(3)
14.6(4)
s.9(s)'

162.6(8)
472(1)

0.3
20.4(5)

1325(2)
10
(3

7.4(8)'
1.2
4(1)'
0.39
1.1

12.3{5)
2.0(5)'
1.6

77.2(8)
12.7(5)

5237(6)
&2

0.25
62.2(8)

19.9(6)
0.5

&5
3025(5)

0.4
9.8(3)
7.4(5)

156(2)
3

36(1)
141(1)

0.33
0.29

r,
(eV)

0.46(4)
0.66(5)
1.27(7)
o.so'
1.13(4)
2.39(8)
0.80(4)
0.49(2)
1.7
0.65(3)
o.so'
1.45(8)
2.7(1)

0.11
0.65(5)
1.18(6)
1.28(7)
2.4(1)
i.o"
0.50
1.30{5)
0.51(2)

0.62(3)
0.5(1)
0.50d

0.70(16)
0.9(1)

7d

2.5
4.0(1)
0.50

3.3(2)
0.50
1 06

0.48(4)
1.7(1)
1.0
0.92(8)
0.89(7)
4.0(5)
2.4

0.25
0.79(6)
1.8(1)
0.SO'

2.5
1.8(2)
0.50
o.6(2)
0.10(5)
2.1(3)
0.50
0.65(6)
0.56(5)
0.50d
o.so"

C
(io-')

0.48

0.32
0.31

0.33

0.21

0.205

0.20

Iy(o )

(eV)

0.46(3)

0.57(4)
o.3s(i3)

0.46(25)

2.9(8)

1.2(4)

o.s3(s)
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E'( eV)

TABLE II. (Continued. )

$1/2

251.99( & 1)

256.12( & 1)

257.63( & 1)

278.93(1)

291.92(1)

Pi/2

212.89(5)b

214.10(3)
214.69(2)

220.03(3)
220.60(2)
220.93(2)

226.28(2)"
229.20(2)

233.51(3)
Z33.8S(3)

235.03(3)"
.236.62(2)
237.84(3)b
238.16(3)

244.07(3)
z46.6z(s)b
248.72(3)

252.32(5)
253.07(5)

254.35(5)
255.84(5)

256.27(5)
257.49(5)

258.42(5)
260.0(1)b
260.77(5)
262.61{5)
263.11(5)

265.30(5)b
265.94(5)
268.35(5)b

273.S5(5)
276.63(5)b
277.05{5)
278.18(5)

280.05(5)
281.85(5)
282.74(5)

285.28(s)"
288.30(5)b

290.60(5)

292.65(5)
294.35(7}
,294.75(7)

297.2(1)

d3/2 .

230.15(2)

269.09(5)

283.15(5)

295.60(7)

297.5(1)

gr„r, yr
(eV)

0.21(3)
0.76(5)
1.36(6)

o.z8(s}
1.85(9)
0.67(7)

0.65(4)
2.62(8)
2.64{8)
1.04(7)
0.93(7)

0.67(4)
1.73(6)
0.73(7)
1.29(8)

0.71(4)
0.13(3)
2.33(9)
1.37(12)
0.59(8)
1.03(7)

0.34(s)
0.77(8)
0.70(7)'
1.21(9)
0.20(4)'
0.68(15)
1.06(7)
0.40(5)
0.79(5)
0.37(4)'
1.37(7)

0.08(4)
0.80(6)
0.59(5)
1.89(8)
o.zs(4)
0.54(9)
2.77(12)
1.01(9)
0.45(7)
1.27(7)
0.28(6)
2.7(2)
1.15(13)

0.42(4)
0.64(4)
1.30(6)
0.70(6)
1.21(7)
0.62(7)
0.20(6)
0.81(6}
0.12(4)
0.20(5)

g~n
(eV)

0.35
120(1)

4(1)'
76(1)
33(1)
65(1)

&2
16.0(8)

106(1)
15.0(7)
9(2)'

&2
12(2)'

&2
16(2)'

2.5
0.25

75(1)
536(4)

5(1)'
264(3)
32(5)'
3.3

870(6)
11(1)
23(3)

1826(7)
13(1)
2

52(2)
&6
44(4)~

0.10
56(1)

1.5
98(1)
0.5
1.2

17.2(8)
367(3)
225(2)
145(2)
15.1(6)

175{3)
108(1)

0.7
1.7

35(4)'
140(3)
142(3)
1S(2)'
9(1)

136(2)
130(3)
22(2)

r,
(eV)

0.50
0.77(5)
2.0(1)

o.z8(s)
1.96(10)
0.68(7)

0.96
3.2(1)
1.35(4)
1.12(8)
1.04(12)

1.0
2.0(1)
1.15
1.4
1.O'

o.zs'
2.4(1)
1.37(12)
0.66(10)
1.04(7)

0.34(5)
1.0
0.70(7)
1.32{10)
0.20(4)
0.68(15)
1.14(9)
0.50
0.80(5)
0.39
1.42(8)

0.50
0.81(6)
1 Pd

0.97(4)
0.50
1.0d

3.4(2)
1.01(9)
0.45(7)
1.28(7)
0.28(6)
2.8(2)
0.58(6)

1.0
1.O'

1.35(6)
0.71(6)
1'.22(7)
0.65(7)
0.20(7)
0.41(3)
0.12(4}
0.10(4)

C
( 1.0 )

0.19

0.19

0.17

0.17

0.165

0.165

0.16
0.16

0.155

0.15

Iy( )

(eV)

0.75(5)

0.26(5)

1.28(13)

1.00(7)

0.56(10)

0.38(21)

0.95(10)
0.41(7)

0.69(6)

0.10(4)
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Ep' (keV)

P1/2

299.80(7)b

306.6(1)

308.7(1)
311.3(1)
313.5(1}

317 2(1)
321.5(1)
322.8(1)
324.6(1)

326.5(1)b

329.0(1)
329.6(1)

331 1(1)
334.1(1)

338 9(1)

341.4(1)
342.7(1)
343.1(1)
344.1{1)
345 4(1)
348.17(1)
349.1(1)

358 7(1)

361.1(1)"
365.6(1)

369.7(l)

373.4(1)
374.6(1)
376.8(1)

378.0(2)

379.4(l)
381.1(1)
381.8(1)

386.2(1)

388.8(1)

300.40(7)

302.11(5)

3O7.36(5)

327.4(1)

336.1(1)

3so.o(1)

352.37(7)
354.27(10)
355.4(1)

3s9.3(1)

366.1(1)

370.48(1)
371.68{1)

388.2(1)

TABLE EI.

gr„r, rr
(eV)

0 40(5)'
1.44(7)

2.13(7)
1.46(9)
3.10(11)
0.75(8)'
0.60(8)
2.26(13)
1.5(2)'
2.8(1)
1.22(12)
1.01{10)
0.67(10)
2.5(5)'
0.75(8)'
2.7(1)

0.94(11)
0.69(7)'

0.57(4)'
1.2(1)
2.2(1)
3.0(5)'
0.41(7)

1.00(10)
0.20(3)'
1.01(12)
1.49{10)
0.86(8)'
s.2(2}
2.3(1)
1.5(1)
1.62(10)
1.82(13)
1.14(8)
3.0(5)'
1.34(12)
2.0(2)'
0.88(13)
0.8(2)
3.7(2)

1.22(11)
1.37(11)
3.1(2)

0.17(11)
0 37(3)'
1.39(11)
3.5{5)'
0.45(10)

2.7(2)
2.07(13)
2.6(2)

1.86(13)
1.85(11)
0.78(13)
2.82(13)

(Continued. }

In
(eV)

2
52(1)
16(2)

400(4)
210(1)

3
12.7(7)
10(2)'

2788(9)
&12

20(5)'
5.2{5)
2

7084(17)
3

16(1)
4o(2)
2.2
1.3

230(2)
162(3)

3563(14)
&7
105(3)
110(10)'
210(4)

4
2

94(3)
27(1)
20(5)'
9(3)'

493(4)
30(10)'

1619(10)
10

1256(7)
7

60(s)'
15(2)'

&7
56(15)'
6.5

30(5)'
1.4
7

3865(18)
4.5

478(7)
30(2)

&10
370(5)
&5
260(5)
160(5)

O.sod
0.74(4)

1.23(5)
1.47(9)
1.57(6)
l.o"
0.61(9)
2.9(2}
1.5(2)
3.6
1.3(1)
1.25(14)
l.od

2.5(5)
1.O'

1.6(1)

0.96(11)
1.O'

1.O'

1.2(1)
1.12(5)
3.0(5)
0.44

1.01(10)
0.20(3)
1.01(12)
2.5d

1.5
5.5(2)
2.6(2)
0.81(8)
1.0(1)
0.91(6)
0.60(6)
3.0(5)
1.S'
1.0(1)
1.0
0.8{2)
2.5(2)

1.5
0.7(1)
306

0.18(11)
o.so"

3.5(5)
o.so'

2.7(2)
2.22(15)
3.5
1.87(13)
2.9
0.39(6)
2.88{13)

C
(10 ')

0.15

0.15

0.14

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

I y(corr)

{eV)

1.4(1)

1.1(3)

1.5(7)

2.5(6)

0.87(6)

2.8(5)

0.9(1)

3.0(6)

2.6(2)

1.82(13)

0.37(6)



2566

Ep' (keV)
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TABLE II. (Continued. )

S 1/2

413.44(5)

418.3(1)

422.49( ( 1)

437.73(1)

443.9(2)

448.00(1)

454.19{7)
463.5(1)
485.9(1)
498.6(1)
522.2(1)
527.0(1)
540(2)
555(3)

P 1/2

394.8(1)b

397 0(1)

399.2(1)

401.0(1)
401.6(1)

'4o4.o(1)"
407.9(1)
408.3(1)

410.2(1)

419.9(1}

426.1(1)"
427.0(1)

429.1{1)

431.9(1)

436.5(2)

444.4(2)"
445.5(2)

447.1(2)b

448.9(1)

d 3/2

393.0(1)

398.1(1)

402.8(1)

409.9(1)

415.4(1)
415.7(1)

424.6(1)

429.9(1)

432.4(1)
435.3(2)

438.9(1)
440.9(1)

451.2(1)

gr„r, /r
(eV)

1.60(11)
0.48(9)
0.57(7)
0.40(14)
1.27(11)

0.43(10)
0.54(8)
3.3(2)
1.10(11)
1.4(3)
0.8(2)

0.6(3)
1.o(3)

0.97(14)
1.5(3)
2.3(3)

1.28(10)
2.29(12)
2.3(3)'
2.32(12)
0.84(8)
1.5(2)'

0.7(2)
1.84(14)

1.3(2)
1.2(2)
0.6(2)
0.43(15)'
1.5(3)'
3.1{2)
3.3(2)
2.0{2)
1.0(2)'
0 25(5)'

0.S(2)
2.0(5)
1.7(2)
1.9(2)

gr„
(eV)

375(5)
0.9
1.3

460(4)
40(6)'

3
5.4

443(5)

30(6)'
ls(s)'

220(5)
13(1)

344(6)
400(6)

34(3)

68(3)
20(5)'

1861(15)
70(14)'

5
10

600(10)
27(2)

240(10)
180(8)
510(5)

3
1219(4)

30(6)'
180(5)
177(7)

3
9s(4)

1.0
2733(36)

24(2)
150(10)

788(80)
1600(200)
3100(400)
3400(400)
3600(500)
28oo(3oo)

79000(1000)
1700(200)

r,
(eV)

0.80(6)
1.0d

1.0
0.20(7)
1.38(13)

o.so'
o.6o'
1.65(8)
1.S'
1.5(3)
0.9(3)

0.30(14)
1.1(3)

0.97(15)
0.77(16)
1.2(2)

1.30(11)
2.6(2)
2.3(3)
1.20(7)
1.0
175
0.7(2)
0.99(8)

1.3(2)
0.63(8)
0.31(9)
o.so'
1.5(3)
1.72(12)
1.68(10)
2.0(2)
1.S'
0.25(5)

1.O'

2.0(5)
1.8(2)
0.95(9)

C
(10 ')

0.13

0.12

0.12
0.12

0.12

0.12

0.12

0.12

0.12

ry(corr)
(eV)

0.78(6)

0.17(7)

0.93(15)
0.75(16)

2.1(3)

0.6(2)

0.28(9)

1.35(30)

1.7(5)

%.esonance energy after all corrections discussed in Sec. VI were applied. %ithin parentheses are statistical uncertainties.

The notation is such that —0. 15(11)stands for —0.15+0.11. The same notation is used elsewhere in the table. See Sec.
III for explanation of spin assignments.
Resonance seen in capture only. If an upper bound of gl „ is given, it is clearly seen 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 y (see Sec. III for details).

'Resonance seen in transmission only.
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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
in addition to 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 were not
analyzed above 452 keV, it was decided to limit the
transmission data analysis also at 452 keV. The fi-
nal set of resonance parameters is reported in Table
II. In addition to the large resonance at 540 keV,
the seven s-wave resonances given above 452 keV
also contribute to the calculated theoretical
transmission below 452 keV and must be kept as
part of the parameter file obtained from the analysis
of the transmission data from 1 to 452 keV. Calcu-
lations were performed with fictitious 1=1 and l=2
resonances; however, due to penetrabilities, they did
not contribute to the smooth background. Only the
four resonances seen in the transmission data above
450 keV were slightly affected. Therefore, our final
parameter file contains 257 resonances between 1

and 452 keV, two negative energy resonances, and
eight fictitious s-wave resonances above 452 keV.

tant 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 resonances
below 20 keV.

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 calculat-
ed 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 Li glass scintillator' located 0.4 m
upstream from the sample position. Above 70 keV
this monitor had been calibrated against a U fis-
sion chamber. ' The capture efficiency was calibrat-
ed at 4.9 eV with a 50-pm gold foil sample using the
saturated resonance technique. '

The raw capture data were corrected for electron-
ic deadtime losses, amplifier gain standardization,
environmental backgrounds, average scattered-beam
background, and the excitation energy reached in
'Ni. 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 uncertain-
ties reported in Table III give a global systematic
uncertainty of 3.4% to 4% on the capture yield in
the range of energy analyzed in this report.

IV. 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 di-
mensions 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 0.003 68 and 0.0372 atoms%am,
respectively.

The samples were exposed to the collimated
ORELA neutron flux at 40.12 m from the electron
target and moderator. Capture gamma rays were
detected by a pair of C6F6-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 h 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 FWHM. More impor-

V. CAPTURE DATA ANALYSIS

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

gr„ry
o„y——mk

(E —E, ) +(I /2)
(5.1)

where g is the statistical weight factor, I „, I'r, and
I are the neutron, radiation, and total width, respec-
tively, for each resonance, and E, is the resonance
energy.

A field, encompassing up to 500 data points and
up to 16 resonances, is analyzed at one time. The
program iterates upon trial parameters applying
corrections for systems resolution, Doppler width,
resonance 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 up to 452 keV. The
capture kernels reported in Table II are from the
analysis of the thin sample data up to 50 keV and
from the thick sample data at higher energies. Al-
though resonance structure was observed well above
the inelastic threshold of 1355 keV, the complexity
of the spectrum and the increasing uncertainty in
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TABLE III. Systematic uncertainties on the capture yield in percent.

Saturated resonance calibration
Shape of the Li(n, a) cross section at 50 keV

Shape of the Li(n, a) cross section at 250 keV

Shape of the Li(n, a) cross section at E„&500 keV
Pulse height weighting technique
Gamma-ray self-absorption of thin sample
Gamma-ray self-absorption of thick sample
Detector bias extrapolation (Eb; ——153 keV)

Misalignment of sample or neutron beam

uncertainty in detector efficiency from gain drifts of electronics

3
1

2
3
1

0.4
1.0
0.4

&0.2
&0.4

matching resonances in capture data with reso-
nances in transmission data (see Sec. VI) made
analysis of single resonances unrealistic above 450
keV.

If a resonance has not been previously seen and
analyzed in the transmission data, the neutron width
I „ is not known and only the capture area

Ar (2n /k )——(gl „Ir/I )

is determined. About 30%%uo 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 from the capture
analysis what the resonance energy is, it becomes
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 for some of them the neutron
widths given in Table II are the maximum accept-
able values.

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.

Since these data showed a small low-energy (i.e.,
time delayed) tail on the usual Gaussian resolution
function, a resolution shape modification is included
in the code. The fraction of the neutrons which
showed an asymmetric resolution function was 10%
at 5 keV increasing up to 40%%uo for 145 keV neu-
trons. 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%%uo of the resolution.

In order to evaluate properly the part of the mul-

tiple scattering due to the attenuation of the neutron
flux in the sample, one needs to know the off-
resonance scattering cross section O.,~g in the region
of each resonance. For s-wave resonances and for
l & 0 resonances not on top of s-wave resonances, ooff
is equal to the effective potential scattering which
decreases smoothly from 8 to 3 b as the neutron en-
ergy increases from 12 to 450 keV. At low energy
(below 100 keV) for resonances which are on top of
large s-wave resonances, O.,~g can vary drastically.
For example, for the l~ 0 resonances at 12.220 and
13.264 keV on top of the large 12.487-keV s-wave
resonance, 0.,~~ is as large as 200 b and 120 b, respec-
tively. These resonances, as well as the l&0 reso-
nances at 28.497, 29.480, and 65.573 keV, have been
analyzed individually using the proper 0.off given by
the transmission data and taking as background the
capture cross section of the s-wave resonance at the
corresponding energy.

A background term having a E '
energy depen-

dence 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 Ni
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 (0.003 68
atoms/barn) were analyzed, and 2.5+1 mb for the
thick sample data above 50 keV. The optimum
value of the background can 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
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subtracted from the capture data shown in Figs. 8 to
11.

A correction for the capture in the detector envi-
ronment 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

&32
0.9

08 t—l

I Pg

0,7

&33 &34 &35 )36 337 &38 339 140

I I I I I I I I

I y(„)——Fy—CI'„, (5.2)

VI. ENERGY SCALE CALIBRATION

where C is dependent on the amount and distribu-
tion of absorber in the vicinity of the detector. This
correction factor is energy dependent and varies
from 10 to 10 over the energy range of this
analysis as shown in Fig. 12. Values of C are con-
sidered accurate to -50%. This correction has
been applied and C is given in Table II if CI „ is 3%
or more of I &. Below 200 keV, this correction is re-
sponsible for most of the uncertainty in the capture
width of large s-wave resonances where CI „can be
as large as half of the capture width given by the
Qode.

0.)5

O

O O. I0
4J
M
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V)
O 0.05
QJ
0

0 0
O

005 I I I I I I I I I

)32 f33 334 $35 336 337 )38 &39 $40
NEUTRON ENERGY (keV)

FIG. 9. Fits to the transmission and capture data in
the 132- to 141-keV region. The shift between. the two en-

ergy scales corresponds to the correction (ET—E, ) dis-
cussed in Sec. VI.

The energy of a resonance, Er, seen in the
transmission data is systematically larger than the
energy E, of the corresponding resonance seen in the

).0
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the region of the strong s-wave resonance at 186.51 keV.
The dashed curve is the s-wave resonance contribution to
the capture cross section. The shift between the two ener-

gy scales corresponds to the correction (ET—E, ) dis-
cussed in Sec. VI.

capture data. The differences between the two ener-

gy scales, ET —E„ increases smoothly from 0.01%
of the neutron-incident energy at 20 keV to 0.06%
of the neutron-incident energy at 250 keV. When
the resonances are well separated in both sets of
data, it is possible to match them with good confi-
dence. This is true up to 250 keV, as shown in Figs.
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2 to 5, and in more detail in Figs. 9 and 10. Above
250 keV, the resonances in the transmission data are
still fairly well separated but the resonances in the
capture data become progressively more overlap-
ping. We start having difficulty in matching the
resonances around 300 keV. We were able to get fits
similar to the ones shown in Fig. 11 only with a
sharp increase in the difference between the two en-

ergy scales (0.14% of the neutron-incident energy at
340 keV). The uncertainty on the shift between the
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FIG. 12. Detector neutron sensitivity as a function of
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FIG. 11. 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 corre-
sponds to the correction (E~—E, ) discussed in Sec. VI.

two energy scales, b (Er E—, ), is about 0.01% of the
neutron incident energy below 300 keV and 0.05%
above 300 keV. Here we need 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 reso-
nances to fit the same data.

The resolutions in both experiments are nearly the
same and cannot justify the choice of one energy
scale over the other. Typical values of the resolution
are given in Table I. Below 60 keV, the transmis-
sion data analyzed are the data using the Li glass
detector with a burst width of 40 ns which explains
the larger resolution of the transmission in this ener-

gy region.
A high resolution transmission experiment on a

natural nickel target (200-m flight path, 8-ns burst
width) is reported in Ref. 17. Based on the compar-
ison of the energies of six Ni resonances in both
transmission data sets, the energy scale of the Ni
transmission data is found to be systematically
lower than the energy scale of the natural nickel
transmission data by 0.033%. Also, the energies of
four sulfur resonances seen in the transmission spec-
trum of the open beam (due to the sulfur content of
the filter) are systematically lower than the energies
of the corresponding resonances of Refs. 18 and 19
by 0.037%. A normalization factor of 0.035
+0.015% of the neutron incident energy was applied
to the resonance energies of the transmission data,
Er, to obtain the energy parameters Eo of Table II.
Since this normalization factor is independent of the
energy, it should be associated only with a correc-
tion to the flight path length of 14 mm +6 mm (see
Ref. 2 for more details).

Recent Monte Carlo calculations of the ORELA
moderator time distribution vs neutron energy are
in good agreement with this possible shift in the
flight path since it indicates 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 cumulative corrections Eo —E, applied on
the energy scale of the capture data are energy
dependent and therefore could be associated to shifts
in both the flight path and the time of flight of the
capture experiment of 4+3 mm and —2.1+0.3 ns,
respectively.

The Monte Carlo calculations of moderation time
for ORELA (Ref. 20) reproduce quite closely the
observed slope of (Er E, ) in percent of the —in-
cident energy up to 250 keV. However, this slope
disagrees with the calculations by two standard devi-
ations at 400—450 keV. This suggests that there
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may be misidentifications of capture peaks with res-
onances seen in transmission above 300 keV.

VII. RESULTS AND DISCUSSIONS
OF THE UNCERTAINTIES

A. Resonance parameters and fits

The final resonance parameters obtained in the
combined analyses of the Ni transmission and cap-
ture data from 1 to 452 keV are given in Table II.
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 distinction
between what is called "strongly overlapping" reso-
nances 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 II. The first two and the last eight resonances
in this table are fictitious resonances.

The resonance energy, Eo, reported in the first
three columns is the corrected neutron energy as dis-
cussed in Sec. VI. Within parentheses are the sta-
tistical uncertainties.

The capture kernels and neutron widths are given
in the next two columns. Within parentheses are the
statistical uncertainties except if the superscript c is
used. 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 the sixth column
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 parame-
ters reported in Table II.

The correction factor C for the neutron sensitivity
of the detector and the corrected radiation widths
I y(zo ) are shown in the next two columns. The un-

certainties associated with the corrected radiation
widths are the quadratic combination of the 50~o
uncertainty on the correction factor C with the sta-
tistical uncertainties on I y.

In Figs. 1 to 7 the transmission and capture data
are shown, and the transmission data are compared
to the theoretical transmission calculated with all
the resonance parameters given in Table II. The fits

to both kinds of data are shown in detail in Figs. 8
to 11 for four 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 (Er) and bottom
(E, ) energy scales have been shifted by the proper
correction (ET E, )—as discussed in Sec. VI, so that
the resonances seen in both sets of data are aligned.
Around 40 keV (Fig. 8), the correction is too small
to be seen (less than 10 eV). The shift in Fig. 9 is 50

eV and 90 eV in Fig. 10. It jumps to approximately
0.5 keV around 340 keV (Fig. 11). The dashed lines
in Figs. 8, 10, and 1 1 are the capture cross-section
contributions of the large s-wave resonances present
in these regions.

B. Estimated uncertainties and their correlations

The search codes give the statistical uncertainties
and their correlations. The correlation matrix given

by the code sAMMY at the end of the procedure
described in Sec. III gives the correlations between
the statistical uncertainties of all the 203 adjusted
parameters inside and outside of the 1- to 452-keV
energy range, whereas the correlation matrices for
the parameters obtained in the capture analysis are
relevant only to small energy regions as shown in
Figs. 8 to 1 1 ~

For conciseness, "correlations between parame-
ters" will be used from now on instead of "correla-
tions between statistical uncertainties of parameters"
when this simplification does not lead to confusion.

1. Resonance energies

The statistical uncertainties on the energies of the
s-wave resonances given in Table II were determined
by the code SAMM Y from the transmission data
analysis except for the three narrow resonances at
200.59, 418.3, and 443.9 keV which were better de-
fined in the capture data. The systematic uncertain-
ty of 0.015% on the renormalization of the energy
scale discussed in Sec. VI is the main source of un-
certainty on the energies of the s-wave resonances as
illustrated in Table IV. The contribution to the co-
variance due to the statistical uncertainties given by
the code SAMMY will always be negligible compared
to the contribution from the systematic uncertainties
which are dominant and 100% correlated.

The statistical uncertainties on the energies of all
the other resonances are obtained mostly from the
I.SFIT code used in the fitting of the capture data.
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TABLE IV. Sample of uncertainties on the final energy parameter Ep. ET and E, stand for
the energy of resonances in the transmission and capture data, respectively.

Ep
(keV)

12.487
13.624
65.228
65.573

139.03
139.56
186.51
192.59
251.99
252.32
422.49
424.6

0
&0

0
&0

0
&0

0
&0

0
&0

0
&0

bET or bE,
statistical

(eV)

1

1

1

2
&10

20
&10

20
&10

50
&10
100

b(ET —E, )

(eV)

1.4

15

23

30

Systematic
5(Ep —Ez )

0.015% of Ep
(eV)

2
2

10
10
21
21
29
29
38
38
64
64

bEp

(eV)

2.2
2.6

10
11
21
33
29
42
38
63
64

233

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 II, the two sources of systematic uncertainties
discussed in Sec. VI must be considered. Final es-
timated uncertainties on Eo are given in Table IV
for six I&0 resonances. This shows that up to 300
keV the three sources of uncertainties contribute
about equally to AEO, but above 300 keV the large
uncertainty on the shift between the two energy
scales, ET E„is the do—minant factor.

The energy parameters of l&0 resonances are
correlated only in the case of strongly overlapping
resonances. Take, for example, the doublet in Fig.
10. 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 eV for b(ET E, ) and 29eV fo—r b, (EO Ez), —
similar to what is given in Table IV for the reso-
nance at 192.59 keV. Therefore, the covariance of
the energy parameters due to the statistical uncer-
tainties is 78 eV compared to 1370 eV for the co-
variance due to the fully correlated systematic un-
certainties. It can be seen that even for a doublet the
contribution to the covariance of the energy parame-
ters due to the statistical uncertainties is negligible.

2. Neutron widths

Since the systematic uncertainties in the transmis-
sion experiment were not parametrized, they could
not be included in the SAMMY input. Therefore, an

estimate of the systematic uncertainties on the neu-
tron widths cannot be given. The various sources of
systematic uncertainties on Auorine transmission
measurements were investigated and reported in
Ref. 4. A similar investigation on Ni transmission
measurements led to an estimated 2% systematic
uncertainty. This 2% systematic uncertainty should
be added to the statistical uncertainties of cross sec-
tions calculated with the resonance parameters 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 res-
onances is —0.36 which will, most certainly, give
covariance contributions negligible compared to the
ones due to the systematic uncertainties.

Covariances due to statistical uncertainties on the
neutron widths of an l&0 resonance on top of an s-
wave resonance or on l&0 resonances forming a
doublet are also quite small even when the correla-
tion coefficient is as large as 0.7. This is because the
statistical uncertainties are small due to the large
number of data points.

3. Capture kernel

A systematic uncertainty on the capture yield of
3.4—4% was reported in Sec. IV. An additional
systematic uncertainty of 0.5% is associated with
the multiple scattering and self-protection correc-
tions in the data reduction. ' Finally, two sources of
systematic uncertainty arise from the data analysis.
One is related to the fitting of the shape of the reso-
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TABLE V. Uncertainties on the capture kernel E (E=g j. „I~/I ).

Eo
(keV)

E
(eV)

AE/E
statistical

(%) Sys. 1 Sys. 2 Total sys.

5E/E systematic {%)

21.274
23.788

136.03
226.28
341.4
431.9
432.4

0.022
0.24
1.34
0.65
1.0
1.3
1.2

10
4
4
6

10
15
17

4.6
4.6
5.0
5.0
5.0
5.0
5.0

2.7
0.3
0.9
7.5

25
20
20

5.3
4.6
5.1

9
26
21
21

nances by the code. This uncertainty is hard to esti-
mate. The shape of a resonance 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 and 5% above 100 keV.
Examples of these relative uncertainties are shown
in the fourth column of Table V (Sys. 1). The other
source of systematic uncertainty associated with the
data analysis is in the subtraction of the background
discussed in Sec. V which is the main source of sys-
tematic uncertainty above 250 keV and for reso-
nances with small capture kernel. Examples of these
relative systematic uncertainties are given in the
fifth column of Table V (Sys. 2).

Some systematic uncertainties discussed above ap-
ply 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 uncer-

tainty associated with the multiple scattering and

self-protection corrections can be as much as 5%
(compared to an estimated 0.5% for narrow reso-
nances). Also, for large s-wave resonances, even at
low energy the subtraction of the background during
the analysis is a major source of systematic uncer-

tainty.
As an example of the final correlation between the

uncertainties on the capture kernels 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 I.SFIT) is the same as the correlation coeffi-
cient between the capture kernels. Let us consider
the two following resonances:

Ep, ——431.9 keV, E) ——1.3+0.2 eV,

gI „=240+10eV;

Eo ——432.4 keV, K2 ——1.2+0.2 eV,

gI „,=180+8 eV,

where K denotes the capture kernel gI „Iz/I . The
correlation coefficient between the statistical uncer-
tainties of K& and K2 is —0.88. Consequently, the
statistical contribution to the covariance of K~ and

E2 is equal to —0.035 eV . The relative systematic
uncertainties are 21% for K~ and K2 (Table V) and
are fully correlated. Therefore the systematic con-
tribution to the covariance is 0.068 eV . Since the
two contributions are of opposite signs, the total co-
variance (dK~, dK2) is equal to + 0.033 eV . By
definition, the correlation coefficient C(K&,Kz) is
given by

(dK, dK, )
C E),Kp) =

((dK, ')(dK '))'" '

where (dK& ) and (dK2 ) are the variances of the
capture kernels. The final correlation coefficient for
these resonances is + 0.31. This illustrates that the
combined effect of the statistical and systematic un-

certainties should be carefully studied before draw-

ing a conclusion on the final correlation coefficient.

VIII. COMPARISON WITH OTHER WORKS

The results of this analysis are compared with the
Harwell transmission analysis by Syme et al. and
with the Karlsruhe capture analysis of Frohner.
Both analyses were reported in 1977. Also given for
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comparison are the resonance parameters of Stieglitz
et a/. which were the main source of data used in
the ENDF evaluations. Reference 2 should be con-
sulted for more details and for a complete listing of
references of previous publications on Ni reso-
nance parameters.

In Table VI, parameters for s-wave resonances are
compared up to 200 keV with values given in earlier
publications. Resonance energies are generally in
good agreement with Ref. 24 but systematically

higher than the two other works. ' (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. 22 than
with Ref. 24 for the first five s-wave resonances (up
to 90 keV). Between 100 and 200 keV it is the re-
verse. The radiation widths of the first two s-wave
resonances at 12.487 and 28.709 keV are in good
agreement with the values reported by Frohner be-
cause in this low-energy region the p-wave reso-
nances on top of these two s-wave resonances are
resolved in Frohner's analysis as well as here. All
other radiation widths for s-wave resonances report-
ed in earlier publications are larger than the values
obtained from this analysis. As illustrated by the
first two examples in Table VII, around 43 and 65
keV, the unresolved l & 0 resonances on top of the s-
wave resonances are responsible for these discrepan-
cies. In each case two large l & 0 resonances were in-
cluded in the s-wave resonance capture area reported
in earlier works. Figure 8 illustrates how well these
resonances are separated in the ORELA capture
data in the 43-keV region.

The level density of the l&0 resonances in this
transmission data analysis is three times higher than
in Ref. 22. Also, these new ORELA capture data
made possible the separation of many levels which
could not be resolved before. Since a detailed com-
parison of our resonance parameters of the l ~ 0 res-

onances with previously published results would be
too cumbersome, comparison was made only be-

tween the capture kernels of resonances below 40
keV (Table VIII) and for a small energy region be-

tween 132 and 140 keV. In Table VIII 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
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higher than those of Frohner. In the 132- to 140-
keV region (see Fig. 9), neither the resonances at
133.52 keV nor the doublet around 137.4 keV were
seen in any other total cross section or capture mea-
surements, even though Syme et al. claim a better
energy resolution (0.075 ns/m) than the one obtained
at ORELA in this transmission experiment (0.13
ns/m). Around 136 keV, the small resonance fol-
lowed 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
measurements. It is shown in Table VII 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 smaller but in the range of
the possible values given by Stieglitz et a/. Even the
three resonances around 139 keV which are separat-
ed 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 cap-
ture kernels is slightly higher than the single value
given in Refs. 23 or 24.

In the most recent documentation on nickel
neutron-induced reaction cross-section evaluation
for ENDF/B-V, ' it is reported that "From
1.0X10 eV to 690.0 keV, the resonance parame-
ters along with the smooth background cross sec-
tions have been taken from the ENDF/8-IV Ni
evaluation which, in turn, were adopted from
ENDF/8-III Ni evaluation. " The END F/8-III

Ni resonance parameter evaluation was based on
an evaluation by Stieglitz et al. Forty-one s-wave
resonances are reported from 12 to 652 keV but only
49 l&0 resonances from 1 to 553 keV. The radia-
tion widths given in ENDF/8-V are average values
based, for s-wave resonances, on the four values of
I'& obtained for resonances between 12 and 65 keV
given in Table VI (Ref. 24). For l&0 (or p-wave)
resonances I r 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 value of
1.30+0.07 eV. The reason for this discrepancy is
shown in the first two examples in Table VII which
were discussed earlier. On the other hand, the aver-

age value of 0.6 eV given for the radiation width of
the I & 0 resonances is only half of our average I z of
1.2 eV which was calculated with all the non —s-
wave resonances seen in both data sets and reported
in Table II.

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/8;V.

IX. DISCUSSION AND AVERAGE PARAMETERS

A. 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 width could have been missed. On
the assumption that the reduced neutron widths of s
waves follow a Porter-Thomas distribution, an es-
timate of missed s wave resonances was made.

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

I „=I„+1eV/E„, (9.1)

P(x)=(2~x) 'ne "n (9.2)

where x =I „/I „and I'„ is the average reduced
neutron width.

The average of the 30 identified s-wave reso-
nances reduced neutron widths is equal to 3.6+0.4
eV. Since only resonances of small widths could
have been missed, the value of I „ is possibly too
large and the number of missed levels could be un-
derestimated. The histogram giving the normalized
reduced neutron widths, I'„/I „ for 29 of the 30
resonances identified as s waves in the analyzed re-
gion is given in Fig. 13. (I „/I „ofthe first s-wave
resonance at 12.487 keV is equal to 5.9 and is not
shown. ) The smooth curve in Fig. 13 is the Porter-
Thomas density function normalized to give the
same number of levels under the curve as the ob-
served 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 is, as it
should be, insensitive to the cutoff 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 normal-
ized Porter-Thomas density function yields the esti-
mate that between three and four s-wave resonances
having small neutron widths could have been

missed.

B. Level densities

It is of some interest to determine within the
framework of a model of level densities the con-

where E„ is in eV.
The normalized Porter-Thomas density function

1s
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TABLE VII. Comparison of parameters obtained in this work for some overlapping reso-

nances with parameters reported in earlier publications.

E„' (keV)

$1/2

43.105(1)

43.050(4)
42.92(11)
43.08(23)

P 1/2

42.705(1)
42.985(2)

gIn
(eV)

1.6(2)'
2

104.4(6)

84.1(1)

77(15)

gI „I~/I
(eV)

0.35(5)
0.37(4)
0.26(2)

0.98(7)

I&
(eV}

0.45(3)
'

o.5o'
0.20(4)

0.98(16)
1.73(18)

Reference

This work.
See Fig. 8

22
23
24

65.228(1)

65.11(2)
65.12(16)
65.13(40)

64.918(10)
65.053(6}

65.573(2)

0.05
0.47

443,0(8)
&2,4

459.9(8)

390(30)

0.05(2)'
0.24(7)
1.1o(s)
1.09(8)

2.4(1)

1.9(3)

0.50
0.50
0.94(9}'

2.0

2.43(25)

This work

22
23
24

135.46(2)
136.03(1)
136.29(1)

135.7(5)
136.5(14)

0.16
15.5(4)
6.7(3)

0.12(2}
1.34(5)
1.93(8)

3.4(1)

3.3(5)
4,3(9)

0.50
1.45(8) '

2.7(1) .

This work
See Fig. 9

23
24

139.03(1)
139.56(2)
140.01(1)

141.9
139.0(6)
139.6(14)

30.7(5)
26.2(5)
31.6(5)

41.5(2.6)

1.14(6)
1.22(6)
2.23(6)

4.6(1)

3.0(5)
4.0(9)

1.18(6)'
1.28(7),~

2.4(1}

This work.
See Fig. 9

22
23
24

'Resonance energy after all corrections discussed in Sec. VI were applied. Within parentheses
are statistical uncertainties. The notation is such that —0. 15(11) stands for —0. 15+0.11.
Same notation is used elsewhere in the table. See Sec. III for explanation of spin assignments.
'Resonance seen in capture only. If an upper bound of gI'„ is given, it is clearly seen as such
on the theoretical fit to the transmission data and must be kept associated with the corre-
sponding value of I z.
'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 Sec. III for details).

sistency 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 Gil-
bert and Cameron where the Fermi-gas constant a
and the energy shift parameter 6 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 densi-

ty of levels of total angular momentum J at an ef-
fective excitation energy U is given by
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TABLE VIII. Ni l & 0 resonance capture kernels below 40 keV.

E„
(keV)

Present work

gr„r, /r
(eV)

Frohner, Ref. 23E„gr„r,/r
(keV) (eV)

Stieglitz et al. , Ref. 24
En gI „I~/I

(keV) (eV)

2.253(1)
5.532(1)

12.220(1)
13.624(1)

21.274(2)
23.788(1)

.23.898(1)
28.458(2)

,28.497(2)
29.480(2)
30.262(1)
33.017(2)
33.393(2)
39.534(1)

0.051'
0.043(3)
0.201(4)
0.353(6)

0.022(2)
0.24(1)
0.54(1)
0.04(2)
0.11(23
0.061(5)
0.39(1)
0.56(1)
0.29(1)
0.57(1)

12.23(3)
13.62(3)
17.20(5)

23.89(6)

28.47(7)

29.46(8)
30.25(8)
33.04(8)
33.42(83
39.52(103

0.22(5)
0.34(5)
0.06(2)

0.72(12)

0.10(3)

0.04(1)
0.34(5)
0.40(7)
0.23(43
0.43(7)

2.257(9)
5.53(2)

12.2(4)
13.6(5)

23.8(1)

30.1(1)
32.9(1)
33.3(1)
39.4(2)

0.068(11)
0.056(9)
0.042(7)
0.090(13)

0.92(14)

0.32(5)
0.35(6)
0.19(3)
0.57(10}

'Calculated with the parameters obtained from the transmission data analysis.

exp[2''aU] (2J+1)
12a &x4U5x4

momentum J. More specifically, the spin cutoff
parameter is given by

exp[ —(J+1/2) 1'2a ]X (9.3)
o'= (m )v'aU,z

m2
(9.4)

where a is the Fermi-gas constant and 0. is called
the spin cutoff parameter. The effective excitation
energy U is related to the actual excitation energy E
above the ground state by the relation U =E —A.

The spin cutoff parameter o is not a free param-
eter in the Fermi gas model since it is related to the
distribution of the projections of the total angular

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

(m )=0.1463 ~ (9.5)

where A is the atomic mass number of the com-
pound system. This value of (m ) will fluctuate
somewhat due to shell effects. Combining those re-
sults we obtain

10--
(0
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UT ION

0
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r„'/~r„

FIG. 13. The neutron reduced width distribution for
the observed s-wave resonances. The smooth curve is the
Porter-Thomas distribution normalized to the area of the
histogram between I „/ I „=0.1 and 3.6.

o 00gggg v'aU . (9.6)

This value of o 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 o ~, the Gil-
bert and Cameron level-density formula contains
only two parameters: The Fermi-gas constant a and
the energy shift factor h. The derivation of the
above level density formula contains a number of
approximations, and it is customary to treat the
parameters a and 6 as free parameters which are ad-
justed to flt the data. It is within this framework



2578 PEREY, HARVEY, MACKLIN, PEREY, AND %INTERS 27

that the level density formula above is being used.
Because of barrier penetrability effects we cannot

use the number of I & 0 resonances observed in this
experiment in the fitting process to determine if
there are values of a and b, that are consistent with
all the data since one does not know which J values
they correspond to. However, one can use the num-
ber of s-wave resonances observed in the experiment
together with the known low-lying levels of 'Ni.
Then, using these values of a and b in the level den-
sity formula, one can compare its prediction for
various I values with the observations made in this
experiment for levels with I & 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 previ-
ous section, this number of resonances is considered
uncertain 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 ex-
citation, 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 en-

ergy 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 formula 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 b were obtained using the
computer code LEYDEN. 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 '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 corre-
sponds to a mean observed level spacing for s-wave

resonances, Do, equal to 15.2+1.5 keV. The posteri-
or values for the Fermi-gas constant and the energy
shift parameter, with their standard deviations, were
found to be

a =5.88+0.24 MeV

mula from 10 to 450 keV for l=0 with the above
parameter values and their uncertainties is shown
compared to the observed cumulative sum for s-
wave resonances in Fig. 14 (bottom curve and stair-
case plot). Using the above parameter values and as-
suming that due to centrifugal barrier penetrabilities
only /=1 and l=2 resonances were observed, the
predictions of the model are compared to the cumu-
lative sum of observed levels with /&0 also in Fig.
14. More l &0 levels have been observed than were
predicted by the model using the above parameter
values. We should not conclude that this disagree-
ment indicates that we must be observing many res-
onances for which l & 2 because it is possible to fit
simultaneously the s-wave cumulative sum and the
cumulative sum for l &0 resonances assuming that
they contain only 1=1 and l=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 6=0 MeV in the level-density formula
gives a very good fit to the observed cumulative sum
of 1& 0 levels and gives 34 s-wave resonances from
10 to 450 keV, which is consistent with the observa-
tions 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 6'Ni instead of
13. It is not clear to which extent one should repro-
duce the low-lying levels in 'Ni due to collective ef-
fects that are ignored in the level density formula

200
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6= —0.77+0.34 MeV

with a correlation coefficient of 0.93.
The integral of the theoretical level density for-

FIG. 14. Cumulative number of resonances for 1=0
and I= I and 2 as a function of the neutron incident ener-

gy. The dashed lines are fits to the data using the Fermi-
gas model as discussed in Sec. IXB.
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used. Another set of parameter values that repro-
duces well the cumulative sum of I)0 levels, assum-
ing that they are only l=1 and l=2 levels, is a =6.8
MeV ' and 6=0.5 MeV. This set of parameters
also gives 34 s-wave resonances in the energy range
from 10 to 450 keV but reduces to seven the number
of levels in the 2.4 to 2.9 MeV energy range above
the ground state of 'Ni.

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 Gil-
bert and Cameron level-density formulas treated as
an empirical model.

C. s-wave strength function and doorway states
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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 func-
tion of energy since the strength function defined as

r'„
Sp —— (9.8)

Dp

is the slope of such a plot. A plot of the cumulative
sum of the s-wave resonances as a function of ener-

gy is shown in Fig. 15.
There is no ambiguity in obtaining the s-wave

strength function from a staircase plot such as the

one in Fig. 15 when it can be reasonably well ap-
proximated by a straight line over the complete en-

ergy range analyzed. When this is the case, the cu-
mulative strength of the resonances being a linear
function of the energy, the strength function is a
very well defined entity and is independent of any
method used for averaging. However, in many in-
stances, as is the case for Ni, the staircase plot
shows considerable structure and it is necessary to
consider the averaging procedure in same detail.

In Sec. IXA the distribution of the s-wave reso-
nance reduced widths was analyzed within the
framework of the Porter-Thomas distribution. It
was found that for the 30 s-wave resonances ob-
served up to 450 keV, the reduced widths were can-
sistent with such a distribution. In Sec. IXB the
level density from 0 to 450 keV was found to be
consistent with a Fermi-gas model. The above indi-
cate that the data are not inconsistent with the sta-
tistical assumptions that underlie these models. As-
suming the validity of these statistical assumptions,
the structure of the staircase plot in Fig. 15 is to be
interpreted in terms of statistical fluctuations. A
likelihood estimate could be made for the distribu-
tion of strength among pairs of nearest levels that
are observed, for instance, by using a runs test. Al-

though such a test was not made since the structure
is clearly evident to the naked eye, it seems quite
likely that a small probability would be found for
the actual distribution observed. However, because
the widths of these structures 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 ex-

tracting the s-wave strength function could be fol-
lowed. One notes that

50

40
So—-2.25x10 (I =90 kev) (9.9)
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FIG. 15. 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 integrating, from 0 to 450
keV, the Lorentz-averaged strength function, SToT, with
I=90 keV.

and

Dp (EN E, ) l(N———1),— (9.10)

Ngr'„,
N —1 a=i

E~ —Ei
(9.1 1)

where E& is the energy of the first resonance
analyzed and E~ the energy of the last one. From
these observations, one obtains
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If one considers the uncertainties in the quantities
that appear on the right-hand side of the expression,
there is a very small uncertainty in the value of So
from the analysis of the data. However, as is well

known, ' if N levels are drawn randomly from a
Porter-Thomas distribution having mean value I „0
the expectation value in the sum of these E levels is
N I „and the variance in this sum is 2N( I „) .
Therefore, even though we may have obtained with
great accuracy the total strength in the energy inter-
val 0 to 450 keV, there is a relative standard devia-
tion of &2/N or 26% in the numerator of So. In
comparison the uncertainty in E~ —E~ is small even
though one could argue that since the full strength
of the first and last resonances is taken in the sum-
mation of the reduced neutron widths, half of the
average level spacing Dp should be added at each
end of the energy interval E~ E&. Th—e 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) )& 10

Relation (9.11) can be considered as determining
the average value of the strength function at the en-

ergy 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 prop-
erties. This can be illustrated in our case by elim-
inating the lowest and highest energy resonances
analyzed. One now obtains a nominal value for So
of 1.9X 10 . It can be observed from Fig. 15 that
subsequent reductions in the width of the rectangu-
lar weighting function will produce much smaller
changes. A compromise value is suggested for the
nominal value of the "statistical" strength function.
It is given by the slope of the "best line" fit that
goes through two rectangular boxes centered at the
energies of the lowest and highest resonance
analyzed as shown in Fig. 15. 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&(10 with a standard
deviation of 0.09&(10 . This line appears sugges-
tively to be a good straight-line approximation to
the staircase plot over the complete energy range.
This value of 2. 18X10 represents a minimal at-
tempt at mitigating the sharpness of the weighting
function.

The s-wave neutron strength function recom-
mended in Ref. 32 for Ni in the 0 to 600 keV ener-

gy range is (2.7+0.6))&10 . Frohner reports a
value of (2.6+0.8)X10 and Stieglitz et al. a
value of (2.95+1.04) &&10 ~ from their analyses up
to 340 keV.

There are three conspicuous large steps in the

staircase plot in Fig. 15 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 ac-
count for 63% of the total s-wave strength in the en-
ergy 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 nu-
clear physical mechanism modulating the strength
of the levels in this energy region. They could indi-
cate 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 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, ' ' 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
I.orentzian weighting function. The poles of the
Teichman-Wigner reduced R function are neces-
sarily below the energy axis, and we have

2

R(E)= g
i. Ei. E ir„i.-'»- (9.12)

where in our case r, 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 re-
gion analyzed. Because the poles of the reduced R
function are below the real axis, if one calculates the
R function at an energy E+iI, where I is a positive
number, one is calculating an average value of the R
function at the energy E. The amount of averaging
that one performs is controlled by the size of I. In
the statistical model, one makes I very large com-
pared to the averaged level spacing in order to com-
pletely average over the statistical fiuctuations. If
the level widths have a Porter-Thomas distribution,I must also be very large in order to effectively aver-
age over the fluctuations. The value of the R func-
tion at a complex energy E+iI where I &&y, ~ is
usually denoted by
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R(E+iI)=R (E,I)+imS(E,I),

where

(9.13) 0.20
I I I I I I I

4=0
2

S(E,I)= ~ X
(E),-E) + I

l'. ,'«» E—)
R (E,I)=

~ (E~ E)'—+I'

and

(9.14) 0.&0

5
Cl

hl

2

S(E,I)=—
~ ~ (E. E)'+-I' (9.15)

. A. ' ill
40

30

, Il,)i, I,j

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

We show in Fig. 16 the value of S(E,I) for
several values of I, from twice the average level
spacing Do to six times Do 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. 17, the contributions of the
levels inside the energy region analyzed, S;„„and
those of the levels outside of the energy region, S,„„
are shown. It should be noted that the levels outside
the energy region analyzed are not "physical levels"
in the sense that we expect actual resonances or
states to be observed there. These external levels are
merely an expansion of the contribution of the levels
outside the energy region to the R function inside
the energy range analyzed. These contributions
must be included in any analysis in order to fit the
data but are often not represented by a pole expan-
sion except for a single negative energy resonance.

The integral from 0 to 450 keV of the total
Lorentz-weighted strength function averaged with
I=90 keV (six times the averaged level spacing) is
given by the dashed line in Fig. 15. The slope of the
straight part of this line gives also an estimate of So
in the middle of the range of energy analyzed and is
found to be equal to 2.25' 10

In Fig. 18, the value of R (E,I) corresponding to
the value of S(E,I) in Fig. 17 is shown. However,
because R (E,I) is more sensitive to far away levels,
due to the term (E~ E) in the numerat—or, there is

very little that one can infer about its behavior. The
pole expansion used for the contribution of the lev-

els outside the energy region analyzed is largely in-
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FIG. 17. Lorentz-weighted s-wave strength function of
the reduced level widths averaged with I=45 keV be-
tween 0 and 450 keV. S~Nq is the contribution of the 30
observed s-wave resonances inside the 0- to 450-keV re-
gion. SEx~ is the contribution of the ten outside reso-
nances. S~o~AL is the sum of SINT and SEx~.

FIG. 16. From top to bottom: the Lorentz-weighted
strength function of the reduced level widths of the ob-
served s-wave resonances averaged over various energy in-
tervals; the reduced level widths of the observed s-wave
resonances; summations of the reduced level widths of the
s-wave resonances as a function 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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sensitive to the faraway levels.
Figure 16 displays very graphically the modula-

tion 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, the analysis of the transmis-
sion 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 the 450—550 keV re-
gion, 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 the analysis concerning the large s-wave reso-
nances. Plots similar to the ones shown in Figs. 15
and 17 were made for l =0 resonances up to 550
keV and are given in Ref. 2. Indeed, another possi-
ble doorway state is evident around 510 keV.

We conclude that even though the distribution of
reduced level widths follows the Porter-Thomas dis-
tribution, 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.

D. Correlation between I'„and I „
for s-wave resonances

Because a correlation between the reduced neutron
widths and the radiation widths of the observed res-

0.5
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0.2

- 0.2

-0.3
0

I I I I I I I

50 )00 &50 200 250 300 350 400 450
NEUTRON ENERGY ( keV)

FIG. 18. Lorentz-weighted R function of the s-wave

reduced level widths averaged with I=45 keV between 0
and 450 keV. R&~q is the contribution of the observed 30
s-wave resonances inside the 0- to 450-keV region. REx~
is the contribution of the ten outside resonances. R~o~AL
is the sum of R)Ng and REX'.

onances might indicate nonstatistical effects, such
correlation coefficients are frequently calculated for
s-wave resonances. The relationship between the I „
and I'r correlation coefficients and the results given
by the valence model calculations were discussed by
Allen et al. in the case of Fe.

A survey of correlation coefficients for nuclei in
the mass region 40&3 &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.

TABLE IX. Correlation coefficients p (I „I ~ ) for some medium-weight nuclei.

Element

"Mn
'4Fe

56Fe

59Co

~Zn

Zn

"Zn

23
1

2
1

2

3,4
1

2
1

2
1

2
1

2

No. of s-wave
resonances

47

16

15

35

30

32

26

22

p(r'„,r, )

0.64+0. 14

0.94+0.49

0.34+0.20

0.33+0.06

0.53+0.18

0.47+0.08

0.59+0.10

0.5

Reference

40

41

41

42

This work

43

34

34
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Since then analyses of high-resolution ORELA
data for medium-weight nuclei were completed and
correlation coefficients were calculated for a large
number of resonances. These correlation coeffi-
cients are given in Table IX for eight nuclei in the
mass region 54&2 &68 for a total of 223 reso-
nances. The correlation coefficients given for the
iron isotopes were calculated from the recommended
parameter values of Ref. 41. The uncertainties
quoted include uncertainties in the neutron and radi-
ation widths and the effect of finite sample size.
The results of Allen and Macklin for 5sFe are not
given in this paper because of difficulties in identify-
ing which of the resonances are s waves and because
of problems with other isotopes in the samples. "

The correlation coefficient for the 30 s-wave reso-
nances of Ni analyzed in this work is 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 coeffi-
cient is 0.48+0.15.

The 50%%uo 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 Sec. V. In other publica-
tions ' ' ' a smaller uncertainty on this correc-
tion factor was assumed which explains the smaller
uncertainties on the correlation coefficients reported
for ' Mn, ' Co, and zinc isotopes than we have for

We investigated the sensitivity of the correlation
coefficient to the absolute normalization of the neu-
tron sensitivity curve used for the detector in the
capture measurements (Fig. 12). If the neutron sen-
sitivity coefficients C in Table II are lowered sys-
tematically by a factor of 2, the correlation coeffi-
cient 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.

E. Average capture cross sections

The average capture cross sections given in the
first two sections of Table X in lethargy intervals up
to 450 keV were obtained by summing the capture
areas of the resonances in each interval. The "nar-
row resonance" approximation was made; that is to
say, the entire capture area of the resonance was as-
sumed to fall in the energy interval where the reso-
nance energy lies. This approximation is very poor
only for the large s-wave resonance at 12.487 keV.
The uncertainties include the statistical uncertainties
as well as the uncertainties from the correction for
the detector neutron sensitivity. The uncertainties in

TABLE X. Average capture cross sections. Up to 450 keV, the average capture cross sec-
tions were calculated from the resonance parameters obtained in this analysis. Uncertainties
due to the prompt neutron sensitivity of the detector combined with the statistical uncertain-
ties are given. From 400 keV, and up to the inelastic threshold, 0.

& was estimated directly
from the thick sample capture data. Statistical uncertainties are given. Corrections applied to
the data in this energy range and systematic uncertainties are discussed in Sec. IXE.

Energy
range
(keV)

Average capture Energy
cross sections range

(mb) O eV)

Average capture Energy Average capture
cross sections range cross sections

(mb) (keV) (mb)

2.0—2.51
5.0—6.3
6.3—7.9
7.9—10.
10—12.6

12.6—15.8
15.8—20
20.—25. 1

25.1—31.6
31.6—39.8
39.8—50.1

188 + 4
25.3+ 0.6

366 %114
34.3+ 0.6

28.0+ 0.5
292. 11

20.7+ 0.4
19.4+ 0.9

50.1 +63.1

63.1—79.4
79.4—100.
100—126
126—158
158—200
200—251
251—316
316—398
398—450

9.8+0. 1

13.7+0.5
19.4+0.8
12.8+0.3
13.6+0.2
14.2+0.4
9.3+0.2

10.0+0.2
11.8+0.3
9.6+0.2

400—500
500—600
600—700
700—800
800—900
900—1000
1000—1100
1100—1200
1200—1300

8.5+0. 1

7.8+0. 1

8.0+0. 1

7.4+0. 1

8.4+0. 1

7.8+0. 1

8.0+0.2
9.6+0.2

10.6+0.2



2584 PEREY, HARVEY, MACKLIN, PEREY, AND WINTERS

the correction for the detector neutron sensitivity
were treated as uncorrelated, a poor approximation
when the correction curve is smooth. To these un-

certainties, the systematic uncertainties discussed in
Sec. VIIB3 should be added and treated as fully
correlated. The average capture cross section given
in the 2.0 to 2.5 keV interval was calculated from
the resonance parameters obtained in the transmis-
sion data analysis of the 2.253-keV resonance.

From 400 keV to the threshold of the inelastic
scattering to the first 2+ state in Ni (1355 keV),
the thick sample data were corrected for average res-
onance 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 parametrization 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 Sec. V, was subtract-
ed. 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 given in the third section of
Table X and the uncertainties are the statistical un-
certainties only.

The average cross sections up to 1 MeV are shown
in Fig. 19, together with a theoretical calculation.
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 E 1 giant dipole resonance.
Only E1 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 distribu-
tions were obtained from the Gilbert-Cameron for-
mula. The parameters of the giant dipole resonance
for Ni were taken from the photonuclear reaction
data (o 0

——90 mb, Eo 19.0 MeV, —a—nd the
Lorentzian width of 5.5 MeV). This model usually
predicts the capture cross sections within a factor of
2. In this case, the capture cross section was over-
predicted and the theoretical predictions in Fig. 19
were normalized by a factor of 0.40.

For comparison with our results, the average cap-
ture cross section was calculated with the parame-
ters given in ENDF/8-V. Since ENDF/8-V does
not have an isotopic evaluation of 6 Ni, the reso-
nance parameters were taken from the elemental
evaluation of nickel. In ENDF, the capture cross
section is calculated using the resonance parameters
to which is added a smooth background. In the
evaluation of elemental nickel, the smooth back-
ground is of the order of 6 mb. If we assume that
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FIG. 19. Ni 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 a factor of 0.40.

X. CONCLUSION

The number of analyzed resonances for Ni re-
ported in this paper between 1 and 452 keV is more
than three times the number of resonances previous-
ly identified in this energy region. A total of 255
resonances is given, of which 166 were seen in both
sets of data and 89 were seen in the capture data
only. The radius parameter of 6.0 fm and the ten

this 6-mb background is to be added to all the iso-
topes of nickel, we can calculate the ENDF/8-V
average capture cross section, which, when com-
pared to our results indicates that the ENDF/8-V
infinitely dilute capture cross section for Ni above
20 keV is approximately 20—25% smaller than our
results shown in Fig. 19.

The first s-wave resonance at 12.487 keV contri-
butes 1.5+0.5 b to the thermal capture cross section.
Summing the contributions of the other 29 s-wave
resonances at positive energies up to 450 keV gives
only an additional 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 cap-
ture component and to bound levels but the data
analyzed in this report are not sensitive to these con-
tributions.
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fictitious s-wave resonances must be kept associated
to this set of resonance parameters to properly
describe the transmission data below 452 keV.
From the 30 observed s-wave resonances, the aver-

age level spacing was found to be equal to 15.2+1.5
keV, the strength function to (2.2+0.6) X 10 and
the average radiation width to 1.30+0.07 eV. Al-
though the distribution of the s-wave resonance re-

duced neutron widths is in good agreement with a
Porter-Thomas distribution, the strength of the s
wave resonances is modulated in a way that is sug-

gestive of doorway states as observed in other nu-

clides in this mass region. The correlation coeffi-
cient of 0.53+0.18 observed between the reduced
neutron widths and the radiation widths of the s
wave resonances is also suggestive of nonstatistical
e ects.
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