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The results of a study of the compound nucleus *'*Cd by neutron time-of-flight spectroscopy
methods are presented. Targets of both natural cadmium and cadmium enriched in the 113 isotope
were used. The neutron total capture and neutron transmission were both measured. A total of
275 new resonances were located. In addition, 102 other resonances which were previously known
but not assigned to a particular cadmium isotope were definitively assigned to '!*Cd. Resonance
parameters Eo and gI', were obtained for both newly identified and previously known resonances.
Of the 437 resonances now known in *'*Cd, we identify 104 of them as £ = 1 based on their small
widths. Strength functions and level spacings are obtained for both £ = 0 and £ = 1 resonances.
Comparisons of the data with Porter-Thomas reduced width distributions, Wigner nearest neighbor
spacing distributions, and the Dyson-Metha Aj; statistic are given. The linear correlation coefficient
between adjacent spacings is also discussed. The spectroscopic information obtained is of importance
for planning and interpretation of parity violation measurements on the p-wave resonances of '3Cd.

PACS number(s): 25.40.Ny, 27.60.+j

I. INTRODUCTION

Cadmium has been of greater than normal interest in
nuclear physics practically since the discovery of the neu-
tron in the 1930’s. This was primarily due to the presence
of a very strong, near thermal (E, = 0.178 ¢V) resonance
in 113Cd. It was in 113Cd that parity violation in highly
excited nuclear states was discovered by Abov et al. [1] in
an experiment with thermal neutrons. Cadmium also has
many reasonably abundant stable isotopes. This makes
it almost ideal for studies of p-wave resonances near the
3p maximum in the p-wave strength function.

Nonetheless, cadmium as a nucleus has not been often
studied deep into the resonance region. The last major
study of cadmium was of the 110, 111, 112, 113, 114,
and 116 isotopes by Liou et al. [2] using the Nevis syn-
chrocyclotron at Columbia University. That measure-
ment was somewhat limited in that enriched samples
were only available for the even A isotopes. As a con-
sequence only 37 resonances were located in 113Cd up to
E, =~ 2.3 keV. A p-wave resonance in '3Cd (Eq = 7.0
eV) was discovered by Alfimenkov et al. [3] in 1987 using
the IBR-30 pulsed reactor at the Joint Institute for Nu-
clear Research. This resonance is responsible for Abov’s
parity violation effect. More recent work by Frankle et al.
[4] located and characterized 22 additional p-wave reso-
nances up to E,, = 500 eV using the Los Alamos Neutron
Scattering Center (LANSCE) neutron spallation source.
Consequently, parity violation measurements for many p-
wave resonances in '3Cd were initiated by the TRIPLE
Collaboration as reported by Seestrom et al. [5]. How-
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ever, the extraction of the weak matrix elements from
such measurements is impossible without the knowledge
of neutron resonance parameters over a broad neutron
energy range.

In this paper we present the results of a study aimed
at obtaining the detailed spectroscopic information on
neutron resonances in '3Cd. We have performed both
neutron transmission and neutron total capture measure-
ments with natural cadmium samples and with samples
enriched to 94.6% in the 113 isotope. This work was
performed at the Oak Ridge Electron Linear-Accelerator
(ORELA). (See, for example, Dabbs [6] for a description
of the facility.) For practical purposes, the energy range
studied was 10 eV to 3 keV in the capture reaction and
10 eV to 15 keV in transmission. Within the neutron
energy region 10 eV to 15 keV we have located 275 res-
onances, which had not been previously identified [4,7].
In addition, we were able to assign 102 resonances, which
had been listed by Mughabghab et al. [7] as “unassigned”
to 113Cd.

All 437 resonances were analyzed and their parame-
ters (Eo and gI';,) obtained by fitting with the neutron
resonance analysis code SAMMY [8]. Of the total set of
resonances we assign 104 of them to be £ = 1 based on
their small widths. A Bayes’ theorem analysis [9] indi-
cates reasonable agreement with our proposed angular
momentum assignments. Strength functions and level
spacings were computed for both s-wave and p-wave res-
onances. Additional statistical tests showed the generally
high quality of the data set at lower energies. Above sev-
eral keV an increasing fraction of the levels were missed
and, probably, misassigned.
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TABLE I. Time-of-flight (TOF) channel widths for transmission data.

Number of channels Channel width (ns) TOF (us) Energy range (eV)
16384 5 0 — 81.9 4988 —

8192 10 81.9 — 163.8 1241 — 4988

8192 20 163.8 — 327.6 310 — 1241

4096 80 327.6 — 655.3 77.3 — 310

2048 160 655.3 — 983.0 343 - 773

1024 640 983.0 — 1638 12.3 — 34.3

1024 1280 1638 — 2949 3.8 =123

II. EXPERIMENTAL APPARATUS AND
CONDITIONS

The Oak Ridge Electron Linear Accelerator (ORELA)
[6] was used to produce a pulsed source of neutrons. Elec-
trons of energy approximately 150 MeV strike a water
cooled tantalum target producing intense bremsstrahlung
v rays. Such v rays then generate neutrons by (v,n) re-
actions. The neutrons are moderated in the water sur-
rounding the tantalum. A detailed description of the
target-moderator assembly is given by Macklin [10]. The
accelerator was operated at 400 Hz during the experi-
ment.

The transmission data were taken on ORELA flight
path 1. The neutron detector was located 79.710 m
from the neutron production target. Neutrons were de-
tected with a 1 cm thick, 12.7 cm diam NE912 6Li loaded
glass scintillator. The scintillator was viewed edge on
by a pair of 12.7 cm photomultiplier tubes operating
in coincidence. The beam intensity was monitored by
a 235U fission chamber located in the neutron production
target room. The time-of-flight data were acquired in
40960 channels. The breakdown of time-of-flight chan-
nel widths is shown in Table L

Transmission data were taken in three sets, the '3Cd
target, the natural Cd target, and no target. Data were
taken in each of these modes for about 15 min before the
sample changer was moved to a different position. A °B
filter was always present in the beam to remove overlap
neutrons from the preceding beam bursts. In addition,
data were taken with polyethylene and bismuth absorbers
in order to establish the backgrounds, which were then
subtracted. The final data set represents about 3 days of
running time for each target. More details of standard
transmission measurements can be found in the publi-
cations of the ORELA group, e.g., [11] and references
therein.

The capture data were taken on ORELA flight path 7.
The capture sample was located 40.110 m from the neu-
tron production target. 7 rays were detected by a pair of
1£ CgDg detectors positioned on either side of the sam-
ple at 90° to the beam. This liquid scintillator is even
less sensitive to the scattered neutrons than the nonhy-
drogenous scintillators used at ORELA earlier, see, e.g.,
[12]. The sample dimensions were 2.42 cm by 4.97 cm by
0.091 cm thick. The beam tube in the vicinity of the de-
tectors was constructed of graphite in order to minimize
the number of v rays produced by neutrons scattered
from the sample. A 1 mm thick ®Li glass detector was
mounted approximately 1 m upstream from the sample
to monitor the beam intensity and to measure the energy
dependence of the neutron flux as described earlier [13].
The time-of-flight data were acquired in 13 551 channels.
The breakdown of time-of-flight channel widths is shown
in Table II. These spectra were taken with an integral
discriminator threshold of 150 keV. The multiparameter
pulse height vs time-of-flight spectra were measured si-
multaneously for applying off-line pulse height weighting
of capture events. The pulse height weighting procedure
is often used to make the detector efficiency independent
of the details of the y-ray cascades [10]. The neutron
background in our capture experiment was not studied in
detail because the experiment was devised to obtain the
resonance parameters for which the total count rate (the
background and the nonresonance capture) between res-
onances must be taken as “background.” We would like
to remark, however, that the true background was not
readily apparent in the raw data but after the weighting
technique was applied it became obvious that the back-
ground in the low energy region was severe. This is be-
cause the weighting procedure gives more weight to single
~ pulses corresponding to higher energies and therefore
restores the bias in efficiency for registration of low multi-
plicity cascades typical of capture in Al, C, and Be, which

TABLE II. Time-of-flight (TOF) channel widths for capture data.

Number of channels Channel width (ns) TOF (us) Energy range (eV)
7719 16 0 — 123.5 554 —

1720 32 123.5 — 178.5 263 — 554

1173 64 178.5 — 253.6 130 — 263

860 128 253.6 — 363.7 64.0 — 130

665 256 363.7 — 533.9 29.6 — 64.0

411 512 533.9 — 744.3 15.2 — 29.6

294 1024 744.3 — 1045 7.7 > 15.2

709 4096 1045 — 3949 0.5 > 7.7




2776

are common construction materials in standard capture
measurements.

The enriched 3Cd was obtained in the form of solid
metal from the Russian State Pool of Stable Isotopes.
An isotopic and chemical assay was provided for the
113Cd samples. The enriched samples contained <0.01%
106Cd, <0.01% 1°8Cd, 0.12% '1°Cd, 0.16% '1Cd, 1.92%
112Cd, 94.60% ''3Cd, 2.98% !'*Cd, and 0.22% '!'°Cd.
Natural cadmium consists of 1.25% °6Cd, 0.89% %8Cd,
12.51% !°Cd, 12.81% !''Cd, 24.13% ''2Cd, 12.22%
113Cd, 28.72% 1%Cd, and 7.47% '6Cd. In the enriched
samples the largest chemical contaminant was lead at
0.004%. The enriched transmission sample had a thick-
ness of 0.0784 at/b as compared to 0.0886 at/b for the
natural cadmium transmission sample. The enriched
capture sample had a thickness of 0.0042 at/b as com-
pared to 0.0037 at/b for the natural cadmium capture
sample. The mass of the enriched transmission sample
was 30.044 g, and the mass of the enriched capture sam-
ple was 9.452 g.

III. ANALYSIS OF THE DATA

After subtraction of the background and correction for
dead time losses, the transmission was calculated for both
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the enriched and natural cadmium data. The data were
then analyzed using the neutron resonance analysis code
SAMMY [8]. The code SAMMY uses the Reich-Moore ap-
proximation [14] in the application of the R-matrix for-
malism. An implementation of Bayes’ theorem is used to
fit the requested resonance parameters to the data.

The transmission data were fit in the interval 6.3 eV
to 15 keV. All other known cadmium resonances were in-
cluded in the resonance analysis, a total of about 1000
resonances. Isotopic abundances were included based on
the results of the aforementioned assay and were not var-
ied. The option in the SAMMY code for the ORELA “re-
alistic resolution function” was utilized, and the standard
parameters were not varied. The Doppler width of a res-
onance was calculated using a free gas model with the
value T.g = 306 K for the effective temperature of the
sample. The data for the '3Cd target and the accom-
panying fit are displayed in Figs. 1 (0-5 keV) and 2 (5-
15 keV). The resonance parameters extracted from the
transmission data assume the values of I'y, = 100 meV
and I'y, = 160 meV for the total radiative widths of
the s-wave and p-wave resonances, respectively, and are
listed in Table III. Note that the published table contains
resonance parameters only up to 1 keV. The remainder
of the table may be found in the Physics Auxiliary Publi-
cation Service (PAPS) edition of Physical Review C [15].
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FIG. 1. *'3Cd transmission data and fit from 0 to 5 keV.
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FIG. 2. '3Cd transmission data and fit from 5 to 15 keV.

TABLE III. Neutron resonance parameters of *3Cd from transmission and capture up to 1 keV.

En (eV) gl'n (meV) (transmission) gT'n (meV) (capture)
18.365+0.004 0.141 +0.001 0.140 +0.004
21.8311+0.007 0.0071+0.0002 a
43.38 +0.03 0.0047+0.0004 a
49.77 +0.01 0.0154+0.0006 0.014 +0.001
56.23 +0.01 0.0404+0.0006 0.039 +0.003
63.70 £0.01 2.60 +0.03 b
81.52 +0.03 0.00560.0009 0.0053+0.0005
84.91 +0.02 224 0.1 b
98.52 +0.02 0.042 +0.001. 0.040 +0.003
102.30 +0.02 0.038 +0.001 0.034 +0.002

106.56 +0.02 0.032 +0.002 0.026 +0.003
108.33 +0.02 8.52 +0.06 b
143.07 +0.03 2.34 =$0.03 b
158.76 +0.03 6.47 +0.06 b
166.60 +0.13 0.021 +0.003 0.019 +0.002
192.85 +0.04 45.8 $0.1 b
196.15 +0.04 0.100 +0.005 0.091 +0.005
203.51 +0.04 0.065 +0.004 0.068 +0.004
211.88 +0.05 0.081 +0.004 0.074 +0.005
215.23 +0.05 20.2 0.1 b
232.41 +0.05 1.04 +0.01 1.07 +0.01

237.87 £0.05 0.122 +0.006 0.128 +0.006
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TABLE III. (Continued).

E, (eV) gl'n (meV) (transmission) gl (meV) (capture)
252.68 +0.05 0.133 +0.006 0.146 +0.006
261.07 +0.06 26.3 0.2 b
269.35 +0.06 175 £0.1 b
271.50 +0.06 0.26 =£0.01 0.26 =£0.01
281.83 +0.06 0.477 +0.008 0.49 =£0.01
289.64 +0.09 0.060 +0.008 0.06 =£0.01
291.61 +0.06 4.40 =+0.07 b
312.30 +0.07 0.492 +0.009 0.49 =£0.01
343.79 +0.07 0.16 =£0.01 0.17 =£0.01
351.61 +0.19 0.028 +0.008 0.037 +0.003
359.32 £0.08 0.26 =+0.02 0.28 =£0.01
376.82 £0.08 0.82 =£0.01 0.86 =+0.02
385.01 +0.12 0.08 =+0.01 0.093 £0.007
414.05 +0.09 945 +0.4 b
422.73 £0.09 0.99 +0.02 1.00 +0.02
432.01 +0.09 18.3 +0.2 b
447.11 +0.09 2.10 +0.02 2.11 +£0.03
457.75 £0.10 1.61 +0.02 1.64 +0.03
489.89 +0.10 0.70 +0.02 0.75 =+0.03
495.08 +£0.10 0.90 =+0.02 0.92 +0.02
501.0 =+0.1 36.9 £0.3 b
518.3 =+0.1 0.17 =+0.03 0.21 =£0.01
524.8 0.1 26.1 +0.3 b
527.4 =+0.1 0.72 =£0.02 0.71 40.02
533.0 +0.1 0.77 +0.02 0,73 +0.03
537.5 +0.2 0.19 =+0.03 0.18 =+0.01
543.3 +0.3 0.15 =£0.03 0.18 +0.01
551.9 0.1 79.3 0.5 b
577.6 0.1 0.35 =£0.04 0.37 =+0.02
584.7 0.1 0.41 =£0.04 0.48 +0.02
592.5 +0.1 0.84 +0.03 0.86 =+0.03
613.0 0.1 0.59 +£0.03 0.58 +£0.02
623.7 0.1 15.4 0.2 b
629.9 +0.1 1.18 +0.03 1.21 +0.03
661.3 =£0.1 1.01 +0.03 1.07 +0.03
662.9 +0.1 1.50 =+0.04 1.42 +0.04
677.1 =£0.3 149 +0.2 b
687.6 +0.2 0.05 +£0.03 0.06 =+0.01
709.3 0.2 0.32 £0.04 0.34 =£0.02
718.2 0.2 11.6 0.2 b
723.6 0.2 14.7  £0.2 b
754.0 +0.2 0.31 =£0.03 0.37 +0.03
759.3 0.2 3.60 =£0.05 3.62 £0.05
768.9 0.2 0.75 +0.05 0.78 +0.02
782.2 0.2 0.34 +0.05 0.39 =£0.02
789.8 0.2 144 0.3 b
824.6 0.2 2.65 =£0.07 2.68 +0.06
829.4 0.5 0.15 =+0.04 0.12 +0.01
841.7 =+£0.2 57.5 +0.6 b
851.7 +£0.2 401 *1 b
870.6 +0.2 0.85 +0.08 0.87 +0.03
901.4 0.2 14.6  £0.2 b
911.7 +£0.2 20.0 +0.3 b
919.7 0.2 0.90 =£0.08 1.03 +0.03
939.7 0.2 5.1  =£0.3 b
965.5 =+0.2 13.4 0.2 b
976.0 =£0.2 9.1 +0.4 b
998.0 +0.2 1.7 0.1 1.56 +0.05

2Not observed.
ng‘?l > 0.15 meV.



The new parameters should be considered a revision of
the previously published ones [4], for resonances where
old and new values do not agree.

The capture data were fit in the interval 6 eV to 3 keV.
The broadening and resolution parameters for the fit were
the same as those used for the transmission data, allowing
for the difference in flight path and different detectors.
The energy scale is adopted from the 80 m transmission
data. The single scattering and finite size correction fea-
tures of SAMMY were utilized. As was expected, the cap-
ture data are more sensitive to weak resonances than the
transmission data, at least until the poorer resolution of
the capture data removed the advantage. Data and fit for
the capture reaction are shown in Fig. 3. The resonance
parameters from the capture data are also listed in Table
ITII. The background obscured some of the weak reso-
nances below 100 eV. Parameters for those resonances
are only from the transmission data. Though the data
in between resonances in Fig. 3 were partially corrected
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by applying a background model to the fit within the
SAMMY code, nevertheless these data do not correctly
represent the off-resonance capture cross section, espe-
cially in the neutron energy region up to 300 eV, where
the background is severe. In neither the transmission nor
the capture data was the 7 eV resonance observed due to
the use of a boron filter in the beam. Additionally, due
to the difficulties in properly accounting for -y-detector
saturation effects in the large resonances, widths were
not extracted from the capture data for resonances with
g% > 0.15 meV. While this is a somewhat arbitrary
cutoff, all resonances with smaller widths are properly
fit. As a practical matter these are essentially the s-wave
resonances. The weighted average neutron widths from
both measurements and the reduced widths are given in
Table IV. Note that the published table contains reso-
nance parameters only up to 1 keV. The remainder of the
table may be found in the Physics Auxiliary Publication
Service (PAPS) edition of Physical Review C [15]. Note
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TABLE IV. Neutron resonance parameters of ''*Cd up to 1 keV.

E. (eV) £ gl'n (meV) g% (meV)
0.178*+  0.002 0 049 =+ 0.03 1.15 % 0.05
7.00° £ 0.01 1 0.00031+ 0.00003 8.2 =% 0.8
18.365 £ 0.004 0 0.141 =+ 0.001 0.0329+ 0.0002

21.831 £ 0.007 1 0.0071 + 0.0002 33.7 =+ 0.9
43.38 = 0.03 1 0.0047 + 0.0004 8.0 =« 0.7
49.77 = 0.01 1 0.0150 + 0.0005 20.8 &+ 0.7
56.23 £+ 0.01 1 0.0403 + 0.0006 46.5 =+ 0.7
63.70 = 0.01 0 2.60 = 0.03 0.326 + 0.004
81.52 + 0.03 1 0.0054 + 0.0004 36 = 0.3
8491 £ 0.02 0 22.4 + 0.1 2.43 =+ 0.01
98.52 =+ 0.02 1 0.042 =+ 0.001 209 = 0.5
102.30 = 0.02 1 0.037 =+ 0.001 174 =+ 0.5
106.56 =+ 0.02 1 0.030 =+ 0.002 13.3 =+ 0.9
108.33 = 0.02 0 8.52 & 0.06 0.819 =+ 0.006
143.07 £+ 0.03 0 2.34 0.03 0.196 £ 0.003
158.76 =+ 0.03 0 647 0.06 0.514 £ 0.005
166.60 + 0.13 1 0.020 =+ 0.002 45 = 0.5
192.85 + 0.04 0 45.8 + 0.1 3.30 = 0.01
196.15 + 0.04 1 0.100 =+ 0.005 176 + 0.9
203.51 = 0.04 1 0.067 =+ 0.003 11.2 =+ 0.5
211.88 + 0.05 1 0.078 =+ 0.003 123 =+ 0.5
215.23 £ 0.05 0 20.2 + 0.1 1.377 £ 0.007
232.41 = 0.05 0 1.06 =+ 0.01 0.069 =+ 0.001
237.87 + 0.05 1 0.125 =+ 0.004 16.6 * 0.5
252.68 x 0.05 1 0.140 =+ 0.004 170 0.5
261.07 + 0.06 0 26.3 + 0.2 1.63 =+ 0.01
269.35 = 0.06 0 17.5 + 0.1 1.066 =+ 0.006
271.50 = 0.06 1 0.26 0.01 283 0.8
281.83 + 0.06 0 0.482 =+ 0.006 0.0290+ 0.0004
289.64 =+ 0.09 1 0.060 =+ 0.005 59 = 0.6
291.61 + 0.06 0 440 =+ 0.07 0.258 =+ 0.004
31230 £+ 0.07 1 0.491 =+ 0.007 433 =+ 0.6
343.79 £+ 0.07 1 0.17 =< 0.01 13.0 &+ 0.8
35161 + 0.19 1 0.036 =+ 0.003 2.7 £ 0.2
359.32 = 0.08 1 0.28 =+ 0.01 20.0 =+ 0.7
376.82 + 0.08 1 083 =+ 0.01 59.3 &+ 0.7
385.01 £ 0.12 1 0.089 =+ 0.006 5.7 <+ 0.4
414.05 + 0.09 0 94.5 + 0.4 464 =+ 0.02
422.73 £+ 0.09 1 1.00 =+ 0.02 56 + 1
432.01 + 0.09 0 18.3 + 0.2 0.88 =+ 0.01
447.11 £ 0.09 0 2.10 =+ 0.02 0.099 =+ 0.001
457.75 + 0.10 0 1.62 =+ 0.02 0.076 + 0.001
489.89 + 0.10 1 0.72 + 0.02 32.3 + 0.9
495.08 + 0.10 0 091 =+ 0.01 0.041 + 0.001
501.0 =+ 0.1 0 36.9 + 0.3 1.65 =+ 0.01
5183 <+ 0.1 1 021 =+ 0.01 8.7 =+ 0.4
5248 <+ 0.1 0 26.1 + 0.3 1.14 + 0.01
5274 £ 0.1 1 0.72 =+ 0.01 28.9 &+ 0.4
533.0 <+ 0.1 1 0.75 + 0.02 29.7 + 0.8
537.5 + 0.2 1 0.18 + 0.01 7.0 + 0.4
5433 + 0.3 1 0.18 + 0.01 6.9 + 0.4
551.9 =+ 0.1 0 79.3 + 0.5 3.38 £ 0.02
5776 =+ 0.1 1 0.37 + 0.02 13.0 + 0.7
584.7 + 0.1 1 047 =+ 0.02 16.2 & 0.7
5925 + 0.1 1 0.85 &+ 0.02 28.7 &+ 0.7
613.0 =+ 0.1 1 0.58 * 0.02 18.6 + 0.6
623.7 + 0.1 0 15.4 + 0.2 0.617 + 0.008
629.9 £ 0.1 0 1.20 =+ 0.02 0.048 + 0.001
661.3 + 0.1 1 1.04 + 0.02 29.8 + 0.6
662.9 £ 0.1 0 1.46 =+ 0.03 0.057 + 0.001




50 NEUTRON RESONANCE SPECTROSCOPY ON !'*Cd TO E, =15 keV

2781

TABLE IV. (Continued).

E, (eV) £ gT's (meV) gl (meV)
6771 £ 0.3 0 14.9 + 0.2 0.573 + 0.008
6876 <+ 0.2 1 006 =< 0.01 1.6 = 0.3
709.3 <+ 0.2 1 0.34 =+ 0.02 88 =+ 0.5
7182 £ 0.2 0 11.6 + 0.2 0.433 %= 0.008
7236 £ 0.2 0 14.7 + 0.2 0.547 + 0.008
7540 =+ 0.2 1 034 =+ 0.02 8.0 = 0.5
759.3 =+ 0.2 0 3.61 =+ 0.04 0.131 + 0.002
7689 + 0.2 1 0.78 =+ 0.02 178 =+ 0.5
782.2 £ 0.2 1 038 =+ 0.02 85 =% 0.4
789.8 + 0.2 0 14.4 + 0.3 0.51 =+ 0.01
8246 <+ 0.2 0 2.67 =+ 0.05 0.093 * 0.002
8294 £ 0.5 1 0.12 = 0.01 24 = 0.2
841.7 £+ 0.2 0 57.5 + 0.6 1.98 + 0.02
851.7 <+ 0.2 0 401 + 1 13.74 =+ 0.03
8706 <+ 0.2 1 0.87 =+ 0.03 16.5 =+ 0.6
901.4 £ 0.2 0 14.6 + 0.2 0.486 =+ 0.007
911.7 £ 0.2 0 20.0 + 0.3 0.66 =+ 0.01
919.7 £ 0.2 1 1.01 &+ 0.03 176 * 0.5
939.7 + 0.2 0 5.1 + 0.3 0.17 =+ 0.01
965.5 + 0.2 0 13.4 + 0.2 0.431 + 0.006
976.0 <+ 0.2 0 9.1 + 0.4 0.29 =+ 0.01
998.0 <+ 0.2 1 1.59 = 0.05 245 =+ 0.8

®Parameters of this resonance taken from Ref. [7].
PParameters of this resonance taken from Ref. [3].
that for resonances above 4 keV the reduced widths are 1 5.7 x 108
calculated as if the resonances were £ = 0. c(B)= W
and
IV. STATISTICAL TESTS OF THE DATA 0 1
c(E) = ===
E(eV)

The choice of which levels to assign as £ = 1 as op-
posed to £ = 0 is very difficult in an experiment such as
this, where no direct evidence is obtained for the angular
momentum of a particular resonance. In addition, as one
moves to higher neutron energies the relative strength of
the £ = 1 resonances approaches that of the £ = 0 res-
onances. Consequently, whereas at low energy one may
be able to assign a resonance as £ = 1 simply because it
is far too weak to be £ = 0 at higher energies, this dis-
tinction is blurred. We have attempted to assign levels
to either £ = 0 or 1 based on their widths. As an aid we
have used the Bayes’ theorem approach of Bollinger and
Thomas [9].

The approach relies on the validity of the Porter-
Thomas distribution for neutron widths and on the pre-
liminary information on the strength functions S, and
the level spacings D,. In order to calculate the prelimi-
nary strength functions we use the following relations for
the reduced neutron widths:

pe _ [L+ (KR)*)gTn
"~ (kR)2\/E(eV)

where k is the neutron wave number and R is the nuclear
radius. The ¢! parameters are

= cY(E)gT

for 113Cd. For the level density we have used the (2J+1)
scaling law such that D; = 4/9D,. The Bayes probabil-
ity P(E,gl'n, So,S1, Do) for a level with energy E and
neutron width gI';, to be p-wave is then given by

-

P=

4 4c°(E) st T, c°!E! 3 cl(E :
1+ §/3 55 & exp [—”z— Do (?16 ~ 387 (8) (E))]
1)

This probability is the relative probability normalized
to the sum of s-wave and p-wave probabilities. With
equal Porter-Thomas s-wave and p-wave probabilities,
the Bayesian probability is P = 0.69 due to the a prior:
factor of 9/4 in favor of the p-wave assignement. There-
fore, we have chosen to label resonances, which have a
Bayesian probability of being £ = 1 greater than 0.69, as
£ = 1. Of course, the assignment is not reliable for cases
with the probability values near 0.69. In such cases we
have used additional information on the observed distri-
butions of neutron width and level spacings. Above 4
keV it became impossible to follow this procedure, and
we have therefore not assigned any angular momentum
values.
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FIG. 4. Cumulative level count for resonances assigned as
£=0.

Figures 4 and 5 give plots of the cumulative number of
levels for the s-wave and p-wave resonances, respectively.
Levels between 4 keV and 15 keV are shown in Fig. 6 to
illustrate the observed level density in that region. We
have used the interval 0 to 1.5 keV to calculate the level
density. The number of observed s-wave levels was cor-
rected by the missing fraction obtained from the Porter-
Thomas distribution. The p-wave level spacing was then
calculated from the s-wave level spacing using the ratio
of 4:9. The calculated level spacing of (Do) = 24.8 + 2.6
eV for the s-wave resonances is in agreement with the
the value of 22.1 & 3.8 eV given by Liou et al. [2]. It is
obvious from inspection that a greater number of levels
is missed as the neutron energy increases. Similarly, the
p-wave level spacing of (D;) = 11.0+1.2 eV is in reason-
able agreement with the earlier work [4] on the p-wave
resonances.

The neutron strength functions S, are defined as

— (9T'7) _ 1 al ¢
Se = (2¢+1)D, ~ (2¢+1)AE ;g’rni’ 2)

where the summation is over the N resonances with the
proper £ value in the interval AE. Such strength func-
tions were found for both the £ = 0 and ¢ = 1 resonances.

o
=N ' ' N ]
g8t ]
o. . L . -
0 2 4

E_ (keV)

FIG. 5. Cumulative level count for resonances assigned as
£=1.
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FIG. 6. Cumulative level count for resonances between 4
keV and 15 keV.

The s-wave strength function to Ep.x = 15 keV is given
in Fig. 7 and the p-wave strength function to Epax = 1
keV is given in Fig. 8. The strength functions are com-
puted from the slopes of the fitted lines. Note that the
levels between 4 keV and 15 keV are included in the com-
putation of the s-wave strength function, since the levels
that contribute significantly in this case will be predom-
inantly s-wave. The s-wave strength function is found
to be 1045, = 0.32 + 0.02, while the p-wave strength
function is 10%S; = 3.0 £ 0.5. The uncertainties are cal-
culated as +1.4/,/n. Both are in agreement with earlier
work [2,4].

The neutron reduced widths are expected to obey the
Porter-Thomas [16] distribution

¥
e2

V2ry’

where y = 77 /+2,, 77 is the neutron reduced width for
the ith resonance in either the s-wave or p-wave sequence,
and v2, is the average neutron reduced width in the same
sequence. In the absence of information on resonance
spins, we believe that S; does not depend on spin and
use 72 = gT¥ and 72, = (gT¢). In order to avoid the
confusion associated with the choice of bin widths in a

P(y) = 3)
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FIG. 7. 3 gI'% vs neutron energy for the '*Cd s-wave
levels.
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FIG. 8. Egl"}, vs neutron energy for the '*Cd p-wave
levels.

histogram distribution, we choose to consider the cumu-
lative reduced width distribution. The experimental dis-
tributions for the s-wave resonances up t6 4 keV and the
p-wave resonances up to 1 keV are shown in Figs. 9 and
10 along with the integral of the Porter-Thomas distribu-
tion. Examination of the figures reveals that a number of
levels are missed in both sequences and that in both cases
there is a clear minimum reduced width that is observ-
able. A bootstrap analysis [17] of the missing fraction
of s-wave levels indicates that approximately 13% of the
s-wave levels are missed up to 1.5 keV. A simple compar-
ison between the number of p-wave levels observed up to
1.5 keV and the number expected by scaling the number
of s-wave levels by % would indicate that greater than
50% of the p-wave levels are missed.

Nearest neighbor spacing distributions for levels of the
same symmetry are expected to obey the Wigner [18]
distribution

P(z) = gze'”f . (4)

The spacing parameter z = D;/(D), where D; =
(Ei+1 — E;) and (D) is the average level spacing. For
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2
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FIG. 9. Cumulative reduced width distribution compared
with the integral of the Porter-Thomas distribution for the
s-wave sequence (0-4 keV).
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FIG. 10. Cumulative reduced width distribution compared
with the integral of the Porter-Thomas distribution for the
p-wave sequence (0-1 keV).

sequences with more than one J value, the appropriate
mixed distribution must be constructed. The s-wave se-
quence consists of J = 0 and 1 and the p-wave sequence
consists of J = 0, 1, and 2. The appropriate mixed distri-
bution is composed of two (three) pure Gaussian orthog-
onal ensemble (GOE) sequences for J = 0 and 1 (and
2) with relative level densities of 1 and 3 (and 5) for the
s-wave (p-wave) sequence. In Figs. 11 and 12 the cumu-
lative spacing distributions are shown for the s-waves up
to 4 keV and for the p-waves up to 1 keV. The predic-
tions for the Poisson, Wigner, and mixed distributions
are also shown for comparison. The s-wave sequence lies
between the Poisson distribution and the mixed distri-
bution, indicating that the sequence is not perfect. For
the p-wave sequence the agreement is clearly with the
Poisson distribution.

Nuclear level sequences of very high quality have fluc-
tuation properties, which agree with the predictions of
the Gaussian orthogonal ensemble (GOE) of random ma-
trix theory [19-21]. The s-wave sequence should be ex-
pected to give reasonable agreement with the GOE if the

———r ——r — .
e
of sl 1
o A -
- - -4
= | A ]
o - II’ -
Irs} X
Ny -.-.Poisson]
Lk —GOE d
vy Mixed
o K 1 P PR B
0 1 2 3
x=D/<D>

FIG. 11. Cumulative nearest neighbor spacing distribu-
tions compared with the Wigner, Poisson, and mixed GOE
sequences for the s-wave resonances up to 4 keV. Note that
there are two sequences combined (J = 0,1) with relative
densities of 1 and 3.
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FIG. 12. Cumulative nearest neighbor spacing distribu-
tions compared with the Wigner, Poisson, and mixed GOE
sequences for the p-wave resonances up to 1 keV. Note that
there are three sequences combined (J=0,1,2) with relative
densities of 1, 3, and 5.

sequence is sufficiently pure. Almost certainly too many
levels are missed in the p-wave sequence for it to be ex-
pected to agree with the GOE. The most used simple
test of the fluctuation properties is the Dyson-Metha Aj
statistic [22]. The Aj statistic for a sequence of levels
with the same J, 7, and £ (in general all quantum num-
bers should be the same; in practice J, m, and £ suffice)
between energies Fnin, and Fpay is

. 1
A3 (L) - I}’%l Emax - Emin

Em.x
x / [N(E)— AE — B'dE,  (5)
Emin

where N(E) is the number of levels in the interval
[Emin, Fmax| with energies less than or equal to E, and
L is an integer. For a given L the energy region is sub-
divided into intervals of length L{D), which overlap by
L{D)/2. A value for Aj is calculated for each interval,
and the value of Aj for a given L is then the average
of Az for all intervals of size L(D). For the GOE the
expected value is approximately

1
Asgon = — InL —0.068], (6)

while for Poisson statistics the expected value is L/15.
As with the previous test, one must consider the data for
Aj with a mixed sequence of two (three) sequences com-
bined for the s-wave (p-wave) resonances. Such mixed
sequences were constructed using the same relative level
densities mentioned above. The data for the s-wave lev-
els up to 4 keV are shown in Fig. 13, along with the
computed Az for Poisson, GOE, and mixed sequences.
There is clear agreement between the data and the mixed
sequence computation. For the case of the p-wave reso-
nances up to 1 keV (Fig. 14) the errors are sufficiently
large that they could be said to agree with either the
mixed or the Poisson distributions, though the trend is
toward the Poisson distribution. Because of the large
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FIG. 13. The Aj; statistic for the s-wave resonances up to
4 keV. The solid curve is for one pure GOE sequence, the
dashed curve for a Poisson sequence, and the dotted curve for
two GOE sequences mixed with relative densities of 1 and 3.

number of missed levels in the p-wave sequence, one
would expect the A3 data to agree with a Poisson distri-
bution.

An additional statistic one may consider is the linear
correlation coefficient between adjacent spacings. The
linear correlation coefficient is defined as

2 (@i — (=) (v — (v)
p(z,y) = : 7z (7)
zm—mf;m—mf

3

The value of the correlation coefficient ranges between
—1 and +1. For GOE spacing the expected value is
—0.27 [23], while for Poisson no correlation is expected
(p =0). The correlation coefficient for both the s-wave
and p-wave sequences was investigated as a function of
energy. Each sequence was considered in larger and larger
regions, starting with 0-500 eV and going until the se-
quence ended. The coefficients are displayed in Table V.
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FIG. 14. The Aj statistic for the p-wave resonances up to
1 keV. The solid curve is for one pure GOE sequence, the
dashed curve for a Poisson sequence, and the dotted curve
for three GOE sequences mixed with relative densities of 1,
3, and 5.



TABLE V. The linear correlation coefficient p for s-wave
and p-wave sequences as a function of energy region.

Energy region (keV) Ps-wave Pp-wave

005 —0.16¥5:30 +0.21*533
0—10 —0.277037 +0.34+514
020 -0.26*0:13 +0.25%9:18
030 ~0.2510:08 +0.00*3:18
0—40 ~0.19%5:57 +0.1610:12

Note that the s-wave sequence starts out being consis-
tent with the GOE but starts to diverge slightly after a
few keV. This can be ascribed to missing a larger and
larger fraction of the levels as the energy increases. The
correlation coefficient for the p-waves is generally consis-
tent with zero. However, the large indicated errors do
not allow one to make a definite conclusion.

V. SUMMARY

We have investigated the neutron resonances in '3Cd
up to E, = 15 keV. A total of 377 levels have been added
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to those known in 13Cd. Resonance parameters have
been extracted for all 437 known levels. Various statisti-
cal tests of the data indicate the high quality of the data
at low energies with virtually no missed levels, while at
higher energies the quality of the data deteriorates. The
measured strength functions and level spacings are con-
sistent with earlier measurements and have significantly
greater accuracy.

The spectroscopic information obtained on the '3Cd
neutron resonance parameters is indispensable in obtain-
ing the weak matrix elements from the corresponding
parity violation effects recently found in some p-wave res-
onances of this nucleus. The results obtained encourage
the experimenters to perform the parity violation mea-
surements in a broader energy region. Moreover, the
agreement of the data with the statistical tests gives con-
fidence in applying the statistical model to the parity
violation phenomenon in highly excited states of '3Cd.
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