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Total neutron cross-section measurements for niobium, natural silver, iodine, and cesium have been made
using a neutron velocity spectrometer with a resolution of about 0.5 nsec/m near the highest energy. The
measurements were performed in the energy interval of 35 eV to 8 keV for niobium and 100 eV to about
4 keV for the other elements. The energies and neutron widths of about one thousand levels observed in
these nuclei have been determined. The level-spacing distributions of these nuclei were investigated and
found to be compatible with the random-matrix model of Wigner. These elements have 4 values in the
neighborhood of an expected peak in the p-wave strength function and relative minimum in the s-wave
strength function. Histograms of the distribution of values for y=(gI'x%)/2 show a considerable excess of
small widths over the number expected from the Porter-Thomas »=1 distribution. This excess is inter-
preted as being due to the observation of many p-wave levels. In the case of Nb, about § of the observed
levels are probably p wave, while the percentages were much smaller for the other elements. The numerical
values of the correlation coefficients between level spacings, neutron reduced widths, and local spacing have
been determined for all these nuclei. The correlation coefficients, except for the spacing correlation co-
efficients, are found to be consistent with zero within the statistical accuracy of the measurements. The
=0 strength-function values averaged over spin states and isotopes of Nb, Ag, I, and Cs have been de-
termined as (0.36220.06) 1074, (0.48--0.04)X 104 (0.69+0.08)X107%, and (0.70=:0.10)X107%, re-
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spectively.

I. INTRODUCTION

HIS is the fifth in a series'™ of papers reporting
results using the Columbia University Synchro-
cyclotron for time-of-flight neutron spectroscopy.® It is
the third paper reporting the results of total neutron
cross-section measurements using a 200-m flight path
having 0.5 nsec/m resolution for £>1 keV. This recent
substantial improvement in resolution has made
possible a considerable increase in the energy range over
which resonance levels may be resolved and level
parameters obtained for elements having mean level
spacings from a few eV to about 1000 eV.

The present paper presents results for niobium
(Z=41, 4=093), silver (Z=47, A=107, 109), iodine
(Z=53, A=127), and cesium (Z=55, A=133) to
about 8 keV for Nb and 4 keV for the other elements.
Level parameters have been obtained for about 150
levels for Cs, to over 300 levels for Ag which represents
a considerable increase in the number of levels studied
compared with earlier published results for these
elements.?%~* We therefore have been able to obtain
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more precise values of the mean level spacing, the
strength function, and other statistical properties of
levels for which it is essential to have a large statistical
sample for analysis.

The elements studied extend the 4 values beyond the
values of 75-81 for As and Br of the previous paper* into
the region of the p-wave maximum (4 =90 to 110) and
towards the next s-wave maximum (4=140 to 190).
The observed excess of small (gI',%) values, relative to
that expected for the /=0 Porter-Thomas distribution,
offers some estimate of the number of the observed
levels which correspond to /=1. The fraction of such
levels is greatest for niobium and smallest for iodine.

II. EXPERIMENTAL DETAILS AND LEVEL-
PARAMETER ANALYSIS

A. Niobium (Z=41, A=93, I=3)

The neutron-transmission measurements for niobium
were made in three different energy intervals: (1) 30~
200 eV, (2) 200-1800 eV, (3) 1800-8000 eV. Detection
channel widths of 0.4, 0.2, and 0.1 usec, respectively,
were used for the three intervals to give energy resolu-
tions of about 1 eV at 1000 eV, and 5 eV at 5000 eV.
The corresponding Doppler widths for Nb are A=1 eV
at 1000 eV and 2.4 eV at 5000 eV.

The transmission samples were niobium metal sheets.
Four thicknesses, having 1/7=10.6, 28.8, 117, and 470
b/atom, were used above 200 eV. Since the region from
30 to 200 eV has been thoroughly investigated pre-
viously,? only the thick sample, (1/#)=10.6 b/atom,
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Fi1c. 1. The “measured” total neutron cross section of Nb% versus energy from 35 to 7250 eV. The measurements used four sample
thicknesses as indicated, with the cross section between resonances mainly determined from the thick-sample data. At resonance the data
for progressively thinner samples was used. When the resonance cross section exceeds full-scale value an insert scale is shown having
its zero start at the bottom of the page with a factor of 5, 10, or 20, as indicated reduction in the height of the curve. In the region of
resonance the peak cross-section values are distorted by Doppler level broadening, the instrumental energy resolution, and by the (1/x)
value for the thinnest sample. The cross-section values are in barns.



NEUTRON RESONANCE SPECTROSCOPY. V. Nb, Ag, I, AND Cs B 549

Fic. 1. Continued.



B 550 GARG, RAINWATER, AND HAVENS

TasLE L. Resonance parameters for the levels in niobium. g=9/20 and 11/20 for /=4 and 5, respectively. The corresponding values of
(gl'xY) are given in column 6. Resonance parameters for levels below 200 eV are from Ref. 2.

E, AE, A (2eT:0 ALY (gl E, AE, A (26Tn%  A2gTA%)  (gT'yY)
(eV) (eV) (eV) (meV) (meV) (meV) (eV) (eV) (eV) (meV) (meV) (meV)
35.50 0.06 0.21 0.024 0.004 2418.0 1.7 1.7 40.00 4.00
42.50 0.06 0.22 0.02 0.004 127 2448.0 1.7 1.7 0.40 0.40 44
95.00 0.08 0.33 0.038 0.016 108 2464.0 1.7 1.7 1.60 0.40
105.80 0.10 0.35 0.05 0.022 126 2510.0 1.7 1.7 0.70 0.20 75
119.20 0.15 0.38 0.42 0.28 2546.0 1.8 1.7 1.00 0.20 106
193.80 0.20 0.48 2.60 0.20 2577.0 1.8 1.7 0.70 0.20 73
243.70 0.11 0.54 0.14 0.01 2641.0 1.9 1.8 44.00 6.00
319.00 0.16 0.61 0.11 0.01 92 2674.0 19 1.8 0.20 0.08 20
335.50 0.17 0.63 0.80 0.10 2687.0 1.9 1.8 0.80 0.20 80
362.40 0.19 0.65 0.01 0.00 10 2696.0 1.9 1.8 0.30 0.10 30
365.00 0.19 0.66 0.02 0.00 15 2710.0 2.0 1.8 0.60 0.08 60
378.50 0.20 0.67 5.50 0.60 2832.0 2.1 1.8 0.30 0.10 29
392.40 0.22 0.68 0.14 0.02 96 2925.0 2.2 1.9 3.20 0.40
460.30 0.27 0.74 0.36 0.02 2951.0 2.2 1.9 6.00 1.00
500.30 0.31 0.77 0.20 0.02 107 2967.5 2.2 1.9 0.12 0.04 11
599.30 0.41 0.84 0.08 0.04 36 2984.0 2.3 1.9 0.08 0.04 7
603.70 0.41 0.88 0.14 0.02 62 3020.0 2.3 1.9 0.12 0.04 11
617.80 0.43 0.86 0.06 0.06 26 3075.0 24 1.9 0.08 0.08 7
640.70 0.45 0.87 0.20 0.02 84 3187.0 2.5 19 0.06 0.06 S
671.90 0.48 0.89 0.36 0.04 143 3226.5 2.5 2.0 0.30 0.10 25
678.20 0.49 0.90 0.08 0.02 32 3256.8 2.6 2.0 0.30 0.10 25
721.20 0.54 0.92 0.50 0.06 186 3274.0 2.6 2.0 0.60 0.20 49
741.20 0.56 0.94 7.40 1.00 3284.0 2.6 2.0 0.12 0.06 10
757.00 0.58 0.95 0.06 0.02 21 3305.0 2.6 2.0 0.10 0.06 8
911.80 0.76 1.04 0.08 0.02 24 3358.0 2.7 2.0 3.00 0.60
934.10 0.79 1.05 15.00 1.00 3375.0 2.7 2.0 0.40 0.20 32
952.00 0.82 1.06 0.50 0.10 141 3393.2 2.7 2.0 18.00 2.00
1008.50 0.89 1.09 18.00 2.00 ) 3406.8 2.8 2.0 0.10 0.10 8
1016.00 0.90 1.10 0.30 0.10 79 3429.0 2.8 2.0 0.08 0.08 0
1107.00 1.02 1.14 0.28 0.02 68 3442.0 2.8 2.0 0.08 0.08 6
1126.50 1.05 1.15 0.36 0.02 86 3459.0 2.8 2.0 0.08 0.04 6
1147.50 1.08 1.17 5.40 0.40 3500.0 2.9 2.0 0.06 0.06 5
1175.00 1.12 1.18 8.00 0.80 3524.0 2.9 2.0 16.00 2.00
1193.00 1.14 1.19 1.40 0.10 3564.4 3.0 2.1 0.10 0.10 8
1228.00 1.20 1.21 1.20 0.10 3575.0 3.0 2.1 0.10 0.10 8
1233.00 1.20 1.21 0.10 0.10 22 3590.8 3.0 2.1 0.40 0.10 30
1242.50 1.22 1.21 0.40 0.04 86 3608.0 3.0 2.1 1.10 0.20 82
1283.50 1.28 1.23 0.30 0.04 63 3628.0 3.0 2.1 0.12 0.08 9
1349.50 1.38 1.26 0.96 0.04 3650.0 3.1 2.1 0.06 0.06 4
135250 - 1.38 1.27 0.20 0.10 40 3671.7 3.1 2.1 2.80 0.40
1393.00 1.44 1.28 5.00 1.00 3716.0 3.1 2.1 0.10 0.10 7
1451.50 1.54 1.31 22.00 2.00 3732.0 3.2 2.1 0.10 0.10 7
1466.00 1.56 1.32 0.60 0.20 110 3761.5 3.2 2.1 6.60 0.60
1528.50 1.66 1.35 0.28 0.08 49 3841.7 3.3 2.1 1.70 0.20 119
1538.50 1.68 1.35 0.60 0.20 105 3918.0 3.4 2.2 0.20 0.10 14
1555.00 1.70 1.36 0.30 0.08 52 3925.0 3.4 2.2 1.30 0.20 89
1575.50 1.74 1.37 5.40 0.60 3942.0 3.4 2.2 1.00 0.20 68
1615.00 1.80 1.38 0.60 0.20 100 3958.0 3.5 2.2 0.04 0.04 3
1653.00 1.87 1.40 0.80 0.20 130 3975.0 3.5 2.2 8.00 1.00
1710.50 1.97 1.42 1.56 0.20 3985.0 3.5 2.2 0.20 0.20 14
1765.50 2.06 1.45 0.32 0.10 49 4000.0 3.5 2.2 0.40 0.20 27
1809.0 1.1 1.5 1.84 0.10 4024.0 4.0 2.0 0.50 0.20 34
1831.0 1.1 1.5 17.00 2.00 4038.0 4.0 2.0 0.50 0.20 34
1857.0 1.1 1.5 0.06 0.06 9 4066.0 4.0 2.0 12.80 0.80
1980.0 1.2 1.5 0.10 0.06 14 4120.0 4.0 2.0 0.26 0.06 17
1989.1 1.2 1.5 0.42 0.04 57 4138.0 4.0 2.0 0.40 0.20 26
2020.0 1.3. 1.5 15.00 2.00 4190.0 4.0 2.0 0.10 0.10 6
2053.0 1.3 1.6 0.04 0.04 5 4228.0 4.0 2.0 0.20 0.10 13
2066.0 13 1.6 1.00 0.40 130 4252.0 40 2.0 0.20 0.10 13
2072.0 13 1.6 3.00 0.60 4291.0 4.0 2.0 0.60 0.20 38
2099.0 1.3 16 0.04 0.04 5 4320.0 4.0 2.0 0.16 0.10 10
2115.0 14 16 0.82 0.10 104 4346.0 4.0 2.0 0.40 0.20 25
2144.0 14 1.6 0.70 0.10 88 4365.0 40 2.0 0.10 0.10 6
2152.5 1.4 1.6 4.60 1.00 4380.0 4.0 2.0 0.10 0.10 6
22275 15 1.6 3.40 0.60 4401.0 4.0 2.0 0.20 0.10 12
2237.0 1.5 1.6 0.06 0.06 7 4449.0 4.0 2.0 0.30 0.20 18
2310.0 1.5 1.7 0.06 0.06 7 4480.0 4.0 2.0 0.04 0.04 2
2335.0 1.6 1.7 1.00 0.00 115 4539.0 4.0 2.0 0.20 0.20 12
2341.0 1.6 1.7 9.60 1.00 4553.0 40 2.0 4.60 1.00
2361.0 1.6 1.7 0.80 0.10 91 4595.0 4.0 2.0 32.00 6.00
2392.5 1.6 1.7 0.12 0.04 14 4606.0 40 2.0 0.20 0.20 12
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TAaBLE I (continued)
E, AE, A (gl AQ2T.%)  (el'nh Eo AE, A (26T A2 (gTWh)
(eV) (eV) (eV) (meV) (meV)  (meV) (eV) (eV) (eV) (meV) (meV)  (meV)
4647.0 4.0 2.0 0.20 0.10 12 5830.0 6.0 3.0 1.00 0.40
4728.0 5.0 2.0 0.20 0.10 11 5855.0 6.0 3.0 10.00 3.00
4740.0 5.0 2.0 0.30 0.20 17 5874.0 6.0 3.0 0.24 0.00
4780.0 5.0 2.0 0.10 0.10 6 5898.0 6.0 3.0 12.00 4.00
4807.0 5.0 2.0 1.08 0.10 61 5936.0 6.0 3.0 0.10 0.10
4825.0 5.0 2.0 1.08 0.20 60 5999.0- 6.0 3.0 44.00 10.00
4840.0 5.0 2.0 0.10 0.10 6 6044.0 7.0 3.0 8.00 2.00
4868.0 5.0 2.0 0.10 0.10 6 6069.0 7.0 3.0 0.60 0.20
4885.0 5.0 2.0 0.06 0.06 3 6108.0 7.0 3.0 10.00 1.60
4910.0 5.0 2.0 0.10 0.10 6 6145.0 7.0 3.0 0.20 0.20
4932.0 5.0 2.0 0.30 0.10 16 6168.0 7.0 3.0 2.80 0.60
4955.0 5.0 2.0 0.10 0.10 5 6208.0 7.0 3.0 1.60 0.40
5043.0 5.0 2.0 2.40 0.60 6221.0 7.0 3.0 1.80 0.40
5063.0 5.0 2.0 1.60 0.40 6275.0 7.0 3.0 0.70 0.20
5085.0 5.0 2.0 0.30 0.10 6350.0 7.0 3.0 0.30 0.10
5105.0 5.0 2.0 0.20 0.10 6406.0 7.0 3.0 30.00 6.00
5150.0 5.0 2.0 46.00 10.00 6445.0 7.0 3.0 0.60 0.20
5165.0 5.0 2.0 0.40 0.40 6498.0 7.0 3.0 1.30 0.40
5178.0 5.0 2.0 0.20 0.20 6535.0 7.0 3.0 11.00 2.00
5229.0 5.0 2.0 0.40 0.20 6565.0 7.0 3.0 3.00 0.60
5265.0 5.0 2.0 0.10 0.10 6630.0 7.0 3.0 12.00 2.00
5292.0 5.0 3.0 1.40 0.20 6711.0 8.0 3.0 3.00 0.60
5335.0 5.0 3.0 0.20 0.20 6734.0 8.0 3.0 2.80 0.60
5387.0 5.0 3.0 0.20 0.20 6780.0 8.0 3.0 0.90 0.30
5465.0 6.0 3.0 1.50 0.40 6795.0 8.0 3.0 9.00 2.00
5480.0 6.0 3.0 0.20 0.20 6841.0 8.0 3.0 0.60 0.20
5509.0 6.0 3.0 1.00 0.20 6860.0 8.0 3.0 0.20 0.20
5543.0 6.0 3.0 3.80 0.80 6880.0 8.0 3.0 0.40 0.20
5571.0 6.0 3.0 7.00 1.40 6904.0 8.0 3.0 7.00 2.00
5600.0 6.0 3.0 0.20 0.10 6927.0 8.0 3.0 3.00 1.00
5652.0 6.0 3.0 4.00 1.00 7039.0 8.0 3.0 8.00 1.60
5687.0 6.0 3.0 24.00 6.00 7071.0 8.0 3.0 0.50 0.20
5716.0 6.0 3.0 0.20 0.20 7129.0 8.0 3.0 0.70 0.20
5735.0 6.0 3.0 0.40 0.20 7237.0 9.0 3.0 24.00 6.00
5788.0 6.0 3.0 4.60 1.00 7322.0 9.0 3.0 2.20 0.60

was used in this region to see if any weak levels had been
missed in earlier measurements.

The “measured” curves of total cross section versus
energy for Nb are shown in Fig. 1. The measured
.resonance parameters Eo and (2¢gI'.) and their un-
certainties, and the calculated Doppler widths for the
levels are given in Table I. The parameters (2¢I',°) are
given for the weaker levels for which (2¢T",*) < 300 meV.
These values, which are discussed in more detail in a
later section, are based on an analysis that treats them
as possible /=1 levels. Two examples of area analysis
for resonance parameters are shown in Figs. 5(a)
and 5(b). A detailed discussion of the area analysis
method used for the determination of neutron widths
has been given previously.>¢ In Fig. 5(b), curves of
gl versus I' have been shown for three different choices
of transmission between resonances (7',) in order to give
some idea of the uncertainty in the values of I' and T',0
for possible choices of T'. It is evident from the figure
that the relative uncertainty in the values of gI', is
much smaller than the uncertainty in the value of T\
Moreover, the value of gI',? is not greatly affected by
the choice of I'. We have given the values of gI',? and
not T, since the latter are not determined very precisely
by this method. For economy of space we have not

quoted the values of I'y, since these can be determined
by using the expression I',=2gI",2(E)'2,

The parameters in Table I for the’Nb levels below
200 eV are from earlier 35-meter flight path self-
indication measurements? using our spectrometer
system. The listing of (2¢T",%) values ends at 7300 eV
because the analysis for higher energy levels did not
seem to be sufficiently reliable to be included.

B. Silver (Z=47, ~509, Each A=107 and 109,
I=1% for Each)

The total-cross-section measurements for natural
silver used foils of the metal. The energy intervals
90-300 eV, 300-1200 eV, and 1200-4000 eV were
studied using detection channel widths of 0.4, 0.2, and
0.1 pusec, respectively. The energy resolution and
Doppler broadening values were nearly the same as
for Nb.

Transmission samples having (1/%)=7.4, 34.4, 103.3,
and 360 b/atom were used for the lowest energy
interval. The three thickest samples were used for the
intermediate energy region. Samples having (1/7)=18
and 50 b/atom were used for the highest energy region.

Figure 2 shows curves of the “measured” cross
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Fi1G. 2. The “measured” total neutron cross section for natural silver versus energy from 80 to 4000 eV.
The considerations for the curves are similar to those described in the caption of Fig. 1.
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F16. 2. Continued.
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F16. 2. Continued.

section versus energy. It should be noted that thickest
sample used above 1200 eV was undesirably thin. It is
likely, therefore, that more very weak levels in this
energy range were missed than if the thicker sample
had been used. Most of these weaker levels are probably
due to /=1 interactions. The cross-section values are for
the natural element which consists of nearly equal
amounts of Ag'” and Ag!®. The resonance cross sections
should thus be doubled to give the isotopic cross section.

Table I1 lists the resonance energies and the measured
values of (4agTl',%) for the silver resonances. The isotopic
abundance factor @, is approximately % for both isotopes,
so 4a=2. Since I=1%, the spin weight factor (2g) for
s-wave levels is 1 or £ for J=0 or 1. The /=1 level

could have J=0, 1, or 2, and (4agT',!) is shown for a
few of the weaker levels on the assumption that they
may be due to /=1 interactions.

The parameters for levels below 100 eV are from the
earlier? self-indication measurements of Ag using a
35-m flight path. Those measurements revealed many
weak levels which were interpreted as the detection of
part of a p-wave level population. The present measure-
ments, because of the greatly improved energy resolu-
tion, also show most of the weak “levels” previously
reported. We believe that a few of the weak “levels”
previously reported were due to spurious statistical
fluctuation effects and we include in Table II a few
weak levels which were not included in the earlier
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TasLE II. Resonance parameters for the levels in natural silver. g=$ and § for /=1 and 0, respectively. a=~0.5 for both Ag'®" and Ag!®,
The parameters for levels below 100 eV are from Ref. 2. The levels marked with asterisk are considered as p-wave levels.

E, AE, {4agl',0) Aldagl'®)  (4aglal) Eoy AE, {4agl',%) A(daglyY)  (dagl'y))
(eV) (eV) (meV) (meV) (meV) (eV) (eV) (meV) (meV) (meV)
5.20 0.01 8.16 0.06 607.93 0.42 2.60 0.20
16.30 0.03 1.48 0.06 622.17 0.43 5.60 1.20
30.50 0.06 2.00 0.18 625.59 0.43 0.64 0.08
40.20 0.08 1.36 0.16 *634.27 0.44 0.04 0.02 32
41.50 0.08 1.32 0.16 648.21 0.46 0.04 0.02
44.80 0.08 0.27 0.04 653.50 0.46 1.00 0.08
51.40 0.10 4.48 0.40 609.45 0.48 1.68 0.20
55.70 0.10 2.56 0.20 674.50 0.49 3.00 0.28
70.80 0.11 4.76 0.44 681.50 0.49 0.16 0.04
83.50 0.20 0.003 0.0007 687.40 0.50 0.08 0.02
87.67 0.20 1.00 0.08 695.89 0.51 1.08 0.12
*91.50 0.20 0.005 0.001 27 703.51 0.52 0.26 0.02
106.29 0.06 0.012 0.004 713.87 0.53 0.07 0.02
110.88 0.06 0.008 0.001 *721.26 0.54 0.04 0.01 33
128.04 0.08 0.008 0.004 726.08 0.54 1.04° 0.12
133.90 0.09 10.40 0.80 730.39 0.55 0.07 0.01
139.70 0.09 0.18 0.02 *734.70 0.55 0.04 0.01 52
© 14420 0.10 0.76 0.08 747.49 0.57 5.20 0.40
162.40 0.11 0.02 0.01 752.57 0.57 4.00 0.40
*167.10 0.12 0.016 0.004 48 764.00 0.59 0.13 0.04
169.80 0.12 0.028 0.008 779.94 0.61 0.80 0.16
173.10 0.13 5.00 0.40 784.74 0.61 11.60 1.20
*183.60 0.14 0.012 0.004 32 792.65 0.62 0.20 0.08
202.50 0.16 1.12 0.12 803.80 0.63 1.80 0.40
209.60 0.17 2.48 0.20 813.00 0.64 0.24 0.06
218.20 0.18 0.012 0.012 822.00 0.65 0.16 0.06
251.29 0.22 2.20 0.16 831.39 0.67 0.20 0.08
258.89 0.23 0.18 0.02 844.04 0.68 0.24 0.06
264.47 0.24 0.24 0.02 848.78 0.69 1.00 0.20
272.44 0.25 0.12 0.01 861.83 0.70 0.52 0.08
*274.90 0.25 0.02 0.008 36 872.34 0.72 0.64 0.12
*283.90 0.27 0.016 0.008 28 878.75 0.72 0.52 0.12
290.86 0.28 0.76 0.08 882.33 0.73 4.00 0.60
293.00 0.28 0.02 0.008 34 886.67 0.73 0.40 0.12
300.64 0.29 0.08 0.02 902.84 0.75 0.60 0.12
310.92 0.15 10.00 2.00 908.82 0.76 0.52 0.12
316.40 0.16 14.00 2.00 914.87 0.77 0.24 0.04
*322.10 0.16 0.02 0.008 31 923.29 0.78 0.32 0.04
327.80 0.16 0.40 0.06 933.39 0.79 18.00 2.00
347.34 0.18 0.02 0.008 945.24 0.81 2.00 0.20
356.20 0.19 0.02 0.008 949.25 0.81 0.36 0.08
361.83 0.19 1.80 0.08 960.59 0.83 0.72 0.12
*382.10 0.21 0.02 0.008 26 975.48 0.85 3.20 0.40
387.00 0.21 3.32 0.12 981.40 0.85 0.02 0.02
391.60 0.22 0.016 0.004 989.86 0.87 4.00 0.40
398.00 0.22 1.52 0.08 1008.94 0.89 4.00 0.40
*401.70 0.22 0.024 0.012 30 1016.91 0.90 0.52 0.08
404.40 0.23 5.00 0.20 *1027.69 0.92 0.01 0.01
*410.01 0.23 0.016 0.008 20 1036.79 0.93 0.84 0.16
428.40 0.25 0.88 0.08 1047.87 0.94 2.80 0.40
444.60 0.26 1.80 0.20 1056.31 0.95 1.60 0.20
461.40 0.28 1.08 0.12 1061.04 0.96 1.60 0.20
466.80 0.28 4.60 1.20 1067.71 0.97 3.20 0.40
469.61 0.28 2.00 0.80 1078.33 0.98 0.07 0.02
472.20 0.29 0.72 0.08 1087.00 1.00 0.04 0.04
*476.10 0.29 0.16 0.02 168 1092.00 1.00 0.05 0.02
479.54 0.29 0.12 0.02 1102.00 1.02 0.05 0.02
487.72 0.30 1.16 0.08 1115.23 1.03 2.16 0.16
495.20 0.31 0.04 0.02 1134.91 1.06 2.20 0.20
500.60 0.31 10.00 1.00 1147.62 1.08 1.32 0.20
512.27 0.32 0.68 0.08 1159.45 1.10 0.14 0.04
515.47 0.33 4.40 0.40 1173.60 1.12 0.24 0.04
*524.90 0.33 0.02 0.008 19 1178.10 1.12 5.60 0.80
526.60 0.34 0.04 0.02 *1199.50 1.15 0.40 0.40
532.20 0.34 0.07 0.02 1203.3 0.6 6.80 0.80
554.51 0.36 10.00 1.00 1218.9 0.6 7.60 0.80
560.66 0.37 6.00 0.80 1226.0 0.6 0.20 0.04
565.43 0.37 8.00 0.80 1235.5 0.6 3.80 0.20
576.67 0.38 3.04 0.40 1254.2 0.6 1.00 0.20
587.47 0.40 6.40 0.60 1270.8 0.6 0.24 0.04
605.06 0.41 0.10 0.02 1276.4 0.6 0.76 0.08




B 556 GARG, RAINWATER, AND HAVENS

TaBLE I (continued)

E, AE, (4agl's" A(daglys")  (4aglnh) E, AE, (4agl's") A{dagl,®)  (4agl,h)
(eV) (eV) (meV) (meV) (meV) (eV) (eV) (meV) (meV) (meV)
1283.3 0.6 0.20 0.04 1937.0 1.2 12.00 4.00
1299.3 0.7 3.20 0.24 1945.0 1.2 0.08 0.04
1303.1 0.7 0.16 0.04 1957.0 1.2 1.32 0.12
1310.3 0.7 0.72 0.08 1968.0 1.2 2.52 0.28
*1332.0 0.7 0.04 0.04 1987.0 1.2 3.20 0.40
1341.0 0.7 0.12 0.04 *1993.0 1.2 0.04 0.02
1346.5 0.7 0.92 0.12 *2000.0 1.2 0.04 0.04
1352.0 0.7 0.32 0.08 2022.0 1.0 2.00 0.60
1363.0 0.7 0.08 0.04 2026.0 1.0 0.80 0.40
1371.0 0.7 0.60 0.20 2036.0 1.0 0.20 0.08
1373.0 0.7 0.60 0.20 2045.0 1.0 8.00 2.00
1382.5 0.7 2.20 0.20 2059.0 1.0 0.08 0.08
*1394.0 0.7 0.02 0.02 2067.0 1.0 0.16 0.08
1398.5 0.7 0.48 0.04 2072.0 1.0 0.40 0.20
*1402.0 0.7 0.02 0.02 2080.0 1.0 0.08 0.08
1410.0 0.7 0.08 0.04 2090.0 1.0 3.60 0.80
1414.5 0.7 10.00 2.00 2093.0 1.0 0.20 0.20
1423.0 0.7 0.18 0.04 2099.0 1.0 0.08 0.08
*1433.0 0.8 0.04 0.04 2103.0 1.0 0.64 0.08
1438.5 0.8 1.28 0.20 2110.0 1.0 0.64 0.08
1446.5 0.8 2.00 0.20 2114.0 1.0 0.16 0.08
1461.0 0.8 1.44 0.16 2128.0 1.0 7.20 1.60
1473.5 0.8 0.64 0.08 2139.0 1.0 0.56 0.20
1483.0 0.8 1.28 0.12 2150.0 1.0 1.52 0.32
1496.0 0.8 0.56 0.08 2156.0 1.0 0.16 0.08
1504.0 0.8 0.48 0.08 2163.0 1.0 0.24 0.16
1511.0 0.8 3.60 0.40 2167.0 1.0 0.60 0.20
1519.0 0.8 0.36 0.08 2174.0 1.0 7.20 1.60
1529.5 0.8 0.28 0.08 2185.0 1.0 0.08 0.08
*1534.5 0.8 0.12 0.08 2190.0 1.0 0.24 0.00
1542.0 0.8 0.24 0.08 2197.0 1.0 0.16 0.08
1553.0 0.9 0.04 0.04¢ 2216.0 1.0 0.12 0.12
1561.0 0.9 0.24 0.08 2225.0 1.0 0.20 0.20
1566.0 0.9 0.04 0.04 2244.0 1.0 0.08 0.08
1568.5 0.9 0.44 0.08 2253.0 1.0 0.60 0.20
1577.0 0.9 0.02 0.02 2262.0 1.0 0.08 0.08
1586.0 0.9 10.40 2.00 2269.0 2.0 0.08 0.08
1613.5 0.9 0.08 0.04 2273.0 2.0 0.24 0.08
1621.0 0.9 0.80 0.20 2290.0 2.0 0.08 0.08
1626.5 0.9 3.20 0.60 2300.0 2.0 0.20 0.08
1634.0 0.9 0.08 0.08 2311.0 2.0 3.80 0.80
1638.0 0.9 0.60 0.20 2317.0 2.0 2.00 0.40
1642.0 0.9 2.80 0.60 2326.0 2.0 2.00 0.40
1655.5 0.9 0.12 0.04 2338.0 2.0 0.40 0.00
1677.0 1.0 3.00 0.60 2349.0 2.0 1.24 0.12
1686.0 1.0 0.04 0.04 2369.0 2.0 0.60 0.20
1695.0 1.0 0.16 0.04 2378.0 2.0 0.12 0.12
1705.0 1.0 1.32 0.20 2390.0 2.0 14.00 2.00
1713.0 1.0 0.20 0.04 2431.0 2.0 2.20 0.40
1718.0 1.0 3.60 0.80 2441.0 2.0 0.40 0.20
1726.0 1.0 1.40 0.20 2454.0 2.0 1.80 0.20
1740.0 1.0 0.08 0.08 2464.0 2.0 0.40 0.20
1745.0 1.0 0.20 0.08 2470.0 20 0.20 0.12
1754.0 1.0 0.48 0.04 2479.0 2.0 0.20 0.12
1767.0 1.0 0.12 0.04 2495.0 2.0 1.60 0.40
1772.0 1.0 0.04 0.02 2505.0 2.0 7.20 1.20
1776.5 1.0 0.72 0.16 2522.0 2.0 2.80 0.60
*1793.0 1.1 0.08 0.08 2538.0 2.0 0.80 0.40
1806.0 1.1 0.72 0.08 2543.0 2.0 0.08 0.08
1818.0 1.1 0.12 0.08 2554.0 2.0 0.64 0.20
1831.0 1.1 0.80 0.20 2558.0 2.0 0.40 0.20
1835.0 1.1 0.92 0.20 2574.0 2.0 6.40 1.60
1841.5 1.1 0.20 0.08 2595.0 2.0 0.08 0.08
1853.0 1.1 1.60 0.24 2608.0 2.0 1.00 0.20
1863.5 1.1 0.08 0.08 2617.0 2.0 0.48 0.16
1870.0 1.1 0.12 0.04 2628.0 2.0 0.20 0.20
1874.5 1.1 0.20 0.04 2636.0 2.0 0.80 0.20
1881.5 1.1 0.40 0.16 2645.0 2.0 0.12 0.12
1904.5 1.2 8.00 2.00 2658.0 2.0 10.00 2.00
1913.5 1.2 8.80 2.00 2677.0 2.0 1.00 0.20
1926.0 1.2 0.28 0.08 2683.0 2.0 1.20 0.40
1934.5 1.2 8.00 2.00 2698.0 2.0 0.96 0.20
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TasLE II (continued) -
E, AE, {4agl',0) Aldagly®  (dagla) E, AE, (4agl ) Aldagls®  (dagl'al)
(eV) (eV) (meV) (meV) (meV) (eV) (eV) (meV) (meV) (meV)
2711.0 2.0 2.80 0.40 3301.0 3.0 0.80 0.40
2724.0 2.0 1.60 0.40 3306.0 3.0 0.40 0.40
2731.0 2.0 . 0.24 0.12 3311.0 3.0 0.08 0.08
2739.0 2.0 0.08 0.08 3324.0 3.0 0.60 0.20
2749.0 2.0 0.80 0.20 3332.0 3.0 0.20 0.20
2753.0 2.0 0.80 0.20 3349.0 3.0 0.08 0.08
2767.0 2.0 0.08 0.08 3365.0 3.0 5.20 1.20
2777.0 2.0 6.40 1.20 3378.0 3.0 0.60 0.20
2791.0 2.0 0.08 0.00 3391.0 3.0 2.00 0.40
2805.0 2.0 0.60 0.20 3405.0 3.0 0.40 0.20
2813.0 2.0 0.20 0.20 3423.0 3.0 1.20 0.40
2824.0 2.0 2.80 0.60 3432.0 3.0 0.60 0.20
2831.0 2.0 2.80 0.60 34440 3.0 0.08 0.08
2846.0 2.0 4.40 0.80 3457.0 3.0 0.40 0.20
2860.0 2.0 0.08 0.08 3471.0 3.0 0.20 0.20
2869.0 2.0 1.60 0.40 3485.0 3.0 4.40 0.80
2875.0 2.0 0.08 0.08 3505.0 3.0 2.20 0.40
2887.0 2.0 0.08 0.08 3511.0 3.0 0.08 0.08
2901.0 2.0 1.20 0.20 3522.0 3.0 6.00 1.20
2915.0 2.0 2.80 0.40 3540.0 3.0 2.40 0.80
2937.0 2.0 0.20 0.20 3562.0 3.0 0.20 0.20
2944.0 2.0 2.00 0.40 3578.0 3.0 0.80 0.40
2958.0 2.0 8.00 2.00 3586.0 3.0 0.80 0.08
2978.0 2.0 0.08 0.08 3610.0 3.0 20.00 4.00
2989.0 2.0 0.08 0.08 3620.0 3.0 0.08 0.08
3000.0 2.0 0.08 0.08 3643.0 3.0 5.20 1.20
3016.0 2.0 1.00 0.40 3658.0 3.0 0.40 0.40
3028.0 2.0 4.80 0.92 3664.0 3.0 6.40 1.60
3039.0 2.0 0.08 0.08 3676.0 3.0 0.08 0.08
3046.0 2.0 6.80 1.40 3692.0 3.0 12.00 2.80
3058.0 2.0 0.20 0.20 3714.0 3.0 0.20 0.20
3079.0 2.0 6.00 1.20 3726.0 3.0 2.00 2.00
3100.0 2.0 2.00 0.40 3733.0 3.0 6.00 2.00
3112.0 2.0 4.80 1.20 3751.0 3.0 0.40 0.20
3120.0 2.0 0.08 0.08 3757.0 3.0 0.20 0.20
3131.0 2.0 2.40 0.60 3780.0 3.0 1.00 0.40
3148.0 2.0 1.20 0.40 3790.0 3.0 2.80 1.20
3153.0 2.0 0.60 0.20 3815.0 3.0 2.40 0.80
3160.0 2.0 0.40 0.20 3832.0 3.0 6.40 2.00
3175.0 2.0 0.60 0.20 3848.0 3.0 0.20 0.20
3185.0 2.0 0.20 0.20 3855.0 3.0 0.08 0.08
3192.0 3.0 4.40 1.20 3864.0 3.0 0.80 0.20
3207.0 3.0 0.40 0.20 3870.0 3.0 0.08 0.08
3214.0 3.0 5.20 1.20 3887.0 3.0 14.00 4.00
32240 3.0 0.20 0.20 3904.0 3.0 17.20 4.00
3234.0 3.0 0.40 0.20 3917.0 3.0 0.20 0.20
3242.0 3.0 9.20 2.00 3942.0 3.0 0.08 0.08
3260.0 3.0 0.08 0.08 39358.0 3.0 0.40 0.20
3265.0 3.0 0.08 0.08 3972.0 3.0 0.20 0.20
3273.0 3.0 2.80 0.80 3989.0 3.0 14.00 4.00
3280.0 3.0 0.40 0.20 3996.0 40 0.40 0.40

listing? even though they are in the energy region
previously studied. The parameters in Table II for
levels below 100 eV are from the 35-m flight-path
studies.?

C. Iodine (Z=53, A=127, I=})

The total-cross-section measurements for iodine were
performed in the energy intervals 100-300 eV, 300-1200
eV, and 1200-4000 eV using detection channel widths
of 0.4, 0.2, and 0.1 usec, respectively.

Transmission samples of solid elemental iodine having
1/2=10.76, 50, and 283 b/atom were used. The
container faces consisted of 0.00025-in.-thick Mylar
and 0.018-in. thickness of 25 aluminum.

Figure 3 presents curves of the “measured” cross
section versus energy. Table III lists the resonance
energies and the measured values of (2gT',%. The
results for the resonances below 150 eV are from our
earlier 35-m flight path self-indication measurements.?
The value of 2gis 5/6 or 7/6 for J=2 and 3, respectively
@=0).

D. Cesium (Z=55, A=133, I=1%)

Total-cross-section measurements for Cs were made
in the energy intervals 100-300 eV, 300-1200 eV, and
1200-4000 eV, using detection interval widths of 0.4,
0.2, and 0.1 usec respectively. The samples were in the
form of CsySOy in containers having thin Al windows.
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s

F16. 3. The “measured” total neutron cross section for iodine versus energy from 124 to 4000 eV. The considerations are
similar to those discussed in the caption of Fig. 1.
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F16. 3. Continued.



F16. 3. Continued.

Two different thicknesses corresponding to (1/#)=350
and 400 b/atom of Cs were used for each energy interval.
Corrections were made for the transmission effects of
the sulfur and oxygen components of the samples so
the curves in Fig. 4 present the “measured” cross
section of Cs as a function of energy.

The measured values of the resonance energies and
values of (2gI',0) are presented in Table IV. The thickest
transmission sample (1/#=350 b/atom) was much
thinner thandesirable to obtain precise values for the
cross section between resonances and to observe very
weak resonances. Further measurements on this

GARG, RAINWATER, AND HAVENS

nucleus will be made when a thicker sample is available.
The values of (2gI'.%) for the first five levels are from
Ref. 6.

III. DISCUSSION OF THE RESULTS

A. Mean Level Spacings, Distribution of gT,°
Values, and the =0 Strength Functions

Figures 6-9 show the number of observed levels N (E)
versus the neutron energy E for Nb, Ag, I, and Cs,
respectively. The straight lines through the origin which
give best fits to the initial parts of the curve fit relatively
up to E~6 keV for Nb, 2 keV for Ag, 3 keV for I, and
3 keV for Cs. The corresponding mean level spacings
(including all observed levels) are

D=(32.5:£1.5) eV for Nb®%,
D= (8.75+0.4) eV for Ag,
D= (13.0£0.5) eV for I27,
D=(20+1) eV for Cs.

Figures 10-13 show histograms of the reduced neutron
widths for the four elements for equal intervals of
y={gT" D2 except y={(agl'.>)"/* for natural silver. The
Porter-Thomas single-channel (v=1) theoretical distri-
bution corresponds to a Gaussian with its maximum at
y=0 while a two-channel (v=2) distribution is of the
form of y times a Gaussian and is zero at y=0. The
plots are highest in the first interval, which corresponds
to the region of the weakest levels. The greatest effect of
this kind occurs for Nb where the first four intervals
contain 120, 14, 9, and 7 levels, respectively, for
intervals of width y=0.8 (meV)"?.. When a choice
y=0.2 (meV)¥? is made, the first eight intervals have
27, 53, 25, 15, 5, 2, 4, and 3 levels, respectively. Since
Nb is known to be near the peak of the p-wave strength
function, most of these weak levels are probably due to
I=1. The excess of weak levels is less pronounced for
Ag, I, and Cs, but the first one or two intervals of the
histograms are still well above the values (near 27 to
31 for silver, 32 to 36 for iodine, or 21 to 24 for cesium)
that one would select as the reasonable extrapolation
for the =1 (Gaussian) curves which give best fit to all
but the first one or two intervals.

Before attempting to draw detailed conclusions from
Figs. 10-13, it is well to review briefly the experimental
shortcomings of the data which are apt to cause the
observed distributions to differ from the true ones.
These include:

(a) The “observation” of a weak level involves
noting a small dip in the thick-sample transmission
curve relative to the values for the adjacent time-of-
flight channels. A “threshold” is always set which
hopefully, but not certainly, prevents the false identifi-
cation®as levels of those dips which are due merely to
statistical fluctuations in the data. It is unlikely that we
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TasLE I11. Resonance parameters for the levels in iodine. g="7/12 and 5/12 for J =3 and 2, respectively. The levels marked with asterisk
are most probably p wave or spurious. Resonance parameters for levels below 150 eV are from Ref. 2.

Ey AE, (2410 A(2gT,0) o AE, (2gT'2% AQ2gT2%)
(eV) (eV) (meV) (meV) (eV) (eV) (meV) (meV)
20.40 0.00 0.31 0.02 901.35 0.75 0.75 0.10
31.20 0.06 3.40 0.36 914.87 0.77 0.74 0.06
37.70 0.08 7.20 0.81 927.15 0.78 0.04 0.01
45.40 0.08 3.70 0.74 942.86 0.80 1.40 0.10
66.00 0.10 0.27 0.03 954.89 0.82 4.50 0.40
78.50 0.20 3.90 0.34 960.59 0.83 0.86 0.10
90.25 0.20 2.90 0.31 : 987.30 0.86 0.04 0.01
139.50 0.09 5.70 0.51 1006.30 0.89 4.80 0.60
145.70 0.10 0.012 0.0017 1029.50 0.92 0.50 0.08
*153.61 0.11 0.015 0.002 1067.00 0.97 0.06 0.03
168.40 0.12 8.00 1.00 1069.50 0.97 0.09 0.04
173.80 0.13 0.20 0.02 1078.30 0.98 9.00 1.00
#178.03 0.13 0.07 0.01 1088.10 1.00 0.04 0.01
195.23 0.15 7.40 0.20 1095.10 1.01 0.80 0.10
206.10 0.16 2.40 0.20 1115.20 1.03 4.40 0.60
237.05 0.20 2.60 0.20 1156.20 1.09 0.10 0.03
244.64 0.21 0.70 0.10 *1165.30 1.10 0.02 0.02
264.95 0.24 2.20 0.20 *1169.00 1.11 0.02 0.02
270.97 0.25 0.40 0.10 1172.50 1.12 1.20 0.10
274.50 0.25 0.02 0.01 1183.50 1.13 0.04 0.02
291.96 0.28 0.03 0.01 1195.90 1.15 0.02 0.02
299.21 0.29 0.70 0.10 1202.1 1.2 2.20 0.20
310.60 0.15 1.00 0.10 1213.7 1.2 2.90 0.40
324.37 0.16 0.02 0.005 12219 1.2 0.02 0.02
325.34 0.16 0.028 0.005 12271 1.2 0.40 0.05
328.70 0.17 0.14 0.02 1234.2 1.2 0.10 0.02
362.20 0.19 0.30 0.02 *1239.6 1.2 0.02 0.02
374.50 0.20 6.40 0.20 1248.0 1.2 0.06 0.02
385.83 0.21 10.70 0.70 *1252.9 1.2 0.02 0.02
392.70 0.22 0.02 0.02 1256.6 1.2 0.62 0.10
420.00 0.24 1.14 0.10 *1262.7 1.2 0.02 0.02
426.93 0.25 5.10 0.40 1268.2 1.3 0.28 0.04
434.78 0.25 2.10 0.20 1278.2 1.3 0.52 0.08
*439.81 0.26 0.02 0.02 1283.3 1.3 0.04 0.02
448.29 0.26 2.20 0.20 1287.7 1.3 0.06 0.02
454.61 0.27 0.05 0.01 1309.6 1.3 0.02 0.02
475.82 0.29 0.40 0.04 1314.8 1.3 0.16 0.05
480.12 0.29 0.56 0.04 1326.6 1.3 3.40 0.60
499.16 0.31 1.70 0.30 1346.1 14 0.05 0.02
515.47 0.33 1.70 0.20 1352.2 1.4 2.30 0.20
518.25 0.33 1.60 0.20 1364.6 1.4 0.65 0.10
532.93 0.34 3.30 0.20 1367.4 1.4 1.05 0.15
550.24 0.36 0.05 0.02 1377.1 1.4 0.56 0.15
565.80 0.37 5.60 0.60 . 14042 1.5 0.03 0.03
569.14 0.38 0.80 0.15 1410.7 1.5 3.50 0.50
583.96 0.39 0.10 0.02 1420.2 1.5 3.20 0.40
588.64 0.40 0.02 0.01 1435.8 1.5 0.44 0.05
619.20 0.43 2.30 0.10 1479.3 1.6 0.08 0.04
623.88 0.43 0.02 0.01 1490.3 1.6 0.03 0.02
632.00 0.44 1.36 0.04 1515.1 1.6 4.80 0.40
644 .48 0.45 0.36 0.08 1535.6 1.7 0.02 0.02
658.64 047 0.20 0.04 1548.9 1.7 6.60 1.00
668.97 0.48 1.68 0.08 1558.1 1.7 0.18 0.08
689.38 0.50 0.04 0.02 1574.3 1.7 1.80 0.40
701.98 9.52 3.70 0.20 1578.6 1.7 0.30 0.20
708.50 0.52 11.00 2.00 1582.0 1.7 0.82 0.15
730.93 0.55 3.60 0.20 1600.3 1.8 0.28 0.05
736.39 0.56 0.02 0.02 1605.6 1.8 0.08 0.04
744.13 0.56 5.80 0.40 1617.2 1.8 1.60 0.20
757.69 0.58 0.03 0.01 1630.6 1.8 0.04 0.02
762.30 0.58 6.40 0.40 1642.5 1.8 2.50 0.30
779.34 0.60 0.26 0.06 1660.9 1.9 1.90 0.10
790.20 0.62 0.64 0.10 1675.9 1.9 0.40 0.05
805.00 0.63 0.02 0.02 1714.2 2.0 0.03 0.03
813.00 0.64 240 0.50 1723.0 2.0 0.15 0.05
828.11 0.66 0.36 0.06 *1728.9 2.0 0.03 0.03
833.37 0.67 5.20 0.40 1741.8 2.0 4.20 0.60
*839.35 0.68 0.02 0.02 1768.0 2.1 1.30 0.16
861.83 0.70 0.34 0.04 1787.6 2.1 1.36 0.20
866.71 0.71 0.04 0.01 1795.9 2.1 0.38 0.08
889.58 0.74 0.50 0.10 1813.8 2.1 0.04 0.02
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TasBLE III (continued)

Eo AE, (24T A(26T,9) Eq AE, (2T, A2gT0)
(eV) (eV) (meV) (meV) (eV) (eV) (meV) (meV)
1825.6 2.2 3.40 0.60 2806.0 2.0 0.16 0.06
1860.0 2.2 0.20 0.10 *2813.0 2.0 0.02 0.02
1865.0 2.2 5.60 0.60 2825.0 2.0 2.20 0.40
1882.0 2.3 0.20 0.05 2846.0 2.0 1.00 0.20
1895.0 2.3 0.34 0.10 2859.0 2.0 0.38 0.10
1899.0 2.3 0.20 0.05 2869.0 2.0 0.03 0.03
1912.0 2.3 0.85 0.10 2893.0 2.0 15.00 5.00
1923.0 2.3 1.36 0.20 2908.0 2.0 0.30 0.10
1940.0 24 0.88 0.06 2919.0 2.0 0.30 0.10
1954.0 2.4 1.40 0.20 2925.0 2.0 0.05 0.05
1965.0 2.4 0.46 0.10 2930.0 2.0 0.05 0.05
1972.0 2.4 2.20 0.30 2943.0 2.0 6.40 0.60
1988.5 2.5 0.92 0.06 2967.0 2.0 0.60 0.10
1997.0 2.5 4.50 0.50 2988.0 2.0 0.65 0.15
2007.0 1.0 0.12 0.04 3002.0 2.0 0.70 0.05
2015.0 1.0 7.00 0.50 3035.0 2.0 0.15 0.05
2027.0 1.0 0.04 0.02 3048.0 2.0 0.35 0.10
2042.0 1.0 0.02 0.02 3053.0 2.0 0.65 0.20
2053.0 1.0 2.00 0.20 3071.0 2.0 0.35 0.10
2068.0 1.0 0.04 0.02 3090.0 2.0 2.00 0.40
2079.0 1.0 1.80 0.20 3109.0 2.0 0.15 0.05
2092.0 1.0 4.20 0.40 3128.0 2.0 2.50 0.50
2109.0 1.0 0.30 0.10 3143.0 2.0 1.50 0.40
2121.0 1.0 0.58 0.12 3162.0 2.0 0.06 0.06
*2133.0 1.0 0.02 0.02 3172.0 2.0 3.00 0.50
2145.0 1.0 2.10 0.10 3190.0 3.0 0.15 0.05
2188.0 1.0 7.00 0.50 3197.0 3.0 0.20 0.10
2199.0 1.0 0.80 0.20 3204.0 3.0 0.20 0.10
2204.0 1.0 0.80 0.20 3234.0 3.0 1.00 0.20
2212.0 1.0 0.40 0.10 3244.0 3.0 0.75 0.20
2231.0 1.0 0.42 0.10 3267.0 3.0 7.00 1.50
2237.0 1.0 0.36 0.10 3296.0 3.0 2.50 0.50
2245.0 1.0 0.70 0.10 3335.0 3.0 0.15 0.05
2278.0 2.0 4.60 0.60 3348.0 3.0 4.00 0.80
2285.0 2.0 1.30 0.50 3364.0 3.0 1.00 0.30
2290.0 2.0 1.00 0.20 3375.0 3.0 0.40 0.10
2303.0 2.0 0.12 0.05 3391.0 3.0 0.40 0.10
2317.0 2.0 0.10 0.05 3405.0 3.0 0.10 0.05
2336.0 2.0 0.70 0.10 3416.0 3.0 0.14 0.05
2349.0 2.0 1.50 0.20 3432.0 3.0 2.00 0.40
2363.0 2.0 0.70 0.10 3443.0 3.0 1.00 0.30
2377.0 2.0 0.08 0.02 3468.0 3.0 3.00 0.50
2389.0 2.0 3.20 0.20 3480.0 3.0 0.90 0.20
2407.0 2.0 2.90 0.20 3497.0 3.0 1.00 0.30
2423.0 2.0 5.00 0.40 3522.0 3.0 2.60 0.60
2434.0 2.0 0.08 0.02 3534.0 3.0 0.08 0.05
2446.0 2.0 0.70 0.10 3557.0 3.0 2.00 0.40
2468.0 2.0 1.00 0.22 3569.0 3.0 1.60 0.40
2475.0 2.0 1.50 0.50 3595.0 3.0 0.60 0.20
2486.0 2.0 0.10 0.05 3613.0 3.0 1.70 0.40
2495.0 2.0 0.20 0.05 3634.0 3.0 1.60 0.40
2508.0 2.0 0.20 0.05 3658.0 3.0 5.00 1.00
2517.0 2.0 0.10 0.05 3680.0 3.0 2.00 0.40
2530.0 2.0 1.40 0.40 3701.0 3.0 2.00 0.40
2538.0 2.0 1.40 0.40 3713.0 3.0 0.70 0.15
2549.0 2.0 1.40 0.40 3726.0 3.0 0.10 0.05
2566.0 2.0 0.56 0.15 3732.0 3.0 0.05 0.05
2583.0 2.0 0.08 0.02 3742.0 3.0 0.10 0.05
2600.0 2.0 1.50 0.40 3754.0 3.0 0.80 0.30
2614.0 2.0 0.05 0.02 3764.0 3.0 0.05 0.05
2632.0 2.0 0.07 0.02 3786.0 3.0 0.20 0.10
*2643.0 2.0 0.03 0.03 3812.0 3.0 5.00 1.00
2655.0 2.0 1.50 0.40 3821.0 3.0 0.15 0.05
2664.0 2.0 0.10 0.10 3838.0 3.0 0.10 0.10
2671.0 2.0 0.18 0.10 3844.0 3.0 2.50 0.50
2685.0 2.0 0.02 0.02 3861.0 3.0 13.00 4.00
2693.0 2.0 1.04 0.08 3874.0 3.0 0.05 0.05
2717.0 2.0 0.04 0.02 3890.0 3.0 3.00 0.50
2730.0 2.0 1.50 0.50 3914.0 3.0 11.00 3.00
2734.0 2.0 0.80 0.20 3924.0 3.0 1.50 0.50
2753.0 2.0 1.50 0.20 3937.0 3.0 0.15 0.05
2765.0 2.0 0.40 0.10 3948.0 3.0 4.00 1.00
2773.0 2.0 0.80 0.20 3972.0 3.0 0.04 0.04
2791.0 2.0 6.20 0.60 4003.0 4.0 18.00 5.00
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have entirely excluded such “false levels” from Tables This latter effect should cause the experimental
I-IV, but we believe that relatively few are included. histogram to be below the »=1 theoretical curve if the
Since the peak in the /=0 Porter-Thomas distribution (gI',%) values are not too different for the levels asso-
for y={(gI'.%''2 occurs for y=0, we are probably missing ciated with compound nuclear levels corresponding to
a small, but unknown number of weak s-wave levels. J=I—1 and J=I+4%. For Ag there is the additional

F16. 4. The “measured” total neutron cross section for cesium versus energy from 100 to 3460 eV. The accuracy of the cross section

between resonances is much poorer than usual since the thickest Cs;SO4 sample was too thin for best results. Otherwise the considerations
are similar to those described in the caption of Fig. 1.
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F16. 4. Continued.
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TABLE IV. Resonance parameters for the levels in cesium. g=9/16 and 7/16 for J =4 and 3, respectively. The levels marked with asterisk
are most probably spurious. The resonance parameters for levels below 100 eV have been taken from BNL 325, Suppl. 1 (unpublished).

E, AE, A Q¢T  A2gT,0) Eq AE, A QeT.Y ARl
(eV) (eV) (eV) (meV) (meV) (eV) (eV) (eV) (meV) (meV)

5.90 0.04 0.07 2.10 0.30 1423.2 0.7 1.1 3.80 0.60
22.60 0.30 0.13 1.40 0.20 1429.1 0.8 1.1 0.32 0.10
47.80 0.60 0.19 2.80 0.40 1443.3 0.8 1.1 0.10 0.08
83.10 1.50 0.25 1.00 0.30 1453.1 0.8 1.1 5.40 1.00
94.80 1.80 0.27 2.00 0.60 1464.6 0.8 1.1 0.32 0.10
126.07 0.08 0.31 9.80 1.00 1480.9 0.8 1.1 0.14 0.08
142.16 0.09 0.33 0.50 0.10 1524.9 0.8 1.1 2.20 0.20
145.86 0.10 0.34 2.30 0.20 1533.1 0.8 1.1 0.44 0.10
181.47 0.14 0.38 0.16 0.04 1545.5 0.8 1.1 1.00 0.10
192.50 0.15 0.39 0.02 0.01 1583.8 0.9 1.1 0.10 0.10
200.90 0.16 0.39 2.00 0.40 1594.2 0.9 1.1 10.00 2.00
207.30 0.17 0.40 0.20 0.04 1616.3 0.9 1.1 3.00 0.60
220.35 0.18 0.41 1.50 0.10 1627.0 0.9 1.1 0.08 0.08
234.40 0.20 0.43 26.00 4.00 1664.6 0.9 1.1 2.20 0.20
238.40 0.20 0.43 0.90 0.10 1682.5 1.0 1.1 10.00 2.00
259.00 0.23 0.45 0.02 0.02 1705.5 1.0 1.2 3.00 0.40
295.60 0.28 0.48 5.30 0.50 1726.0 1.0 1.2 0.04 0.04
304.90 0.15 0.49 0.02 0.02 1734.8 1.0 1.2 1.20 0.12
*315.88 0.16 0.50 0.02 0.02 1760.9 1.0 1.2 3.00 0.40
359.01 0.19 0.53 2.00 0.10 1809.6 1.1 1.2 0.80 0.20
377.43 0.20 0.54 0.96 0.10 1828.6 1.1 1.2 0.10 0.06
401.16 0.22 0.56 12.00 2.00 1843.0 1.1 1.2 0.12 0.06
413.50 0.23 0.57 2.90 0.50 1849.3 1.1 1.2 0.70 0.20
415.53 0.24 0.57 0.20 0.10 1853.7 1.1 1.2 0.30 0.20
430.83 0.25 0.58 3.10 0.20 1899.5 1.1 1.2 0.10 0.12
437.50 0.25 0.58 0.02 0.02 1915.5 1.2 1.2 0.30 0.20
469.89 0.28 0.60 4.70 0.60 1934.4 1.2 1.2 0.08 0.10
511.63 0.32 0.63 5.50 0.60 1954.0 1.2 1.2 2.00 0.20
519.67 0.33 0.64 4.70 0.30 2000.0 1.2 1.2 0.06 0.06
560.30 0.37 0.66 3.30 0.20 2051.0 1.0 1.0 0.70 0.20
568.39 0.38 0.66 0.80 0.04 2060.0 1.0 1.0 11.00 2.00
585.52 0.39 0.67 7.00 1.00 2090.0 1.0 1.0 0.10 0.10
622.59 0.43 0.70 0.04 0.04 2099.0 1.0 1.0 2.60 0.60
646.28 0.46 0.71 2.00 0.10 2114.0 1.0 1.0 0.04 0.04
684.44 0.50 0.73 0.10 0.04 2122.0 1.0 1.0 6.60 1.40
712.31 0.53 0.74 0.12 0.04 2133.0 1.0 1.0 0.10 0.10
726.61 0.54 0.75 4.40 0.40 2161.0 1.0 1.0 0.20 0.10
738.00 0.56 0.76 0.04 0.04 2172.0 1.0 1.0 0.50 0.10
762.87 0.59 0.77 2.80 0.20 2182.0 1.0 1.0 2.80 0.60
795.72 0.62 0.79 10.80 1.00 2197.0 1.0 1.0 1.00 0.20
807.56 0.64 0.79 0.40 0.08 2261.0 1.0 1.0 7.00 1.40
821.00 0.65 0.80 0.06 0.06 2280.0 2.0 1.0 4.80 1.00
832.71 0.67 0.80 0.20 0.06 2295.0 2.0 1.0 1.40 0.40
863.92 0.71 0.82 6.20 0.40 2312.0 2.0 1.0 4.60 1.00
872.34 0.72 0.82 0.66 0.06 2343.0 2.0 1.0 0.04 0.04
906.57 0.76 0.84 3.50 0.20 2352.0 2.0 1.0 0.04 0.04
914.11 0.77 0.84 0.08 0.04 2376.0 2.0 1.0 22.00 6.00
*917.16 0.77 0.84 0.08 0.06 2387.0 2.0 1.0 0.20 0.20
970.48 0.84 0.87 0.20 0.10 2392.0 2.0 1.0 0.30 0.20
986.44 0.86 0.87 1.20 0.40 2429.0 2.0 1.0 4.00 0.80
994.15 0.87 0.88 2.50 0.60 2447.0 2.0 1.0 0.10 0.10
1018.69 0.90 0.89 0.20 0.20 2458.0 2.0 1.0 0.04 0.04
1021.38 0.91 0.89 5.30 1.00 2474.0 2.0 1.0 1.08 0.30
1038.62 0.93 0.90 1.20 0.20 2492.0 2.0 1.0 0.10 0.10
1069.63 0.97 0.91 1.60 0.24 2503.0 2.0 1.0 0.60 0.20
1118.30 1.04 0.93 6.00 1.20 2524.0 2.0 1.0 0.04 0.04
1134.91 1.06 0.94 3.40 0.70 2537.0 2.0 1.0 0.70 0.20
1156.21 1.09 0.95 0.70 0.08 2561.0 2.0 1.0 2.40 0.60
1176.99 1.12 0.96 2.00 0.30 2570.0 2.0 1.0 0.70 0.20
1187.04 1.14 0.96 0.60 0.06 2591.0 2.0 1.0 0.30 0.10
1239.7 0.6 1.0 6.60 1.20 2604.0 2.0 1.0 1.40 0.30
1249.3 0.6 1.0 1.20 0.20 2623.0 2.0 1.0 0.10 0.10
1267.6 0.6 1.0 10.00 2.00 2683.0 2.0 1.0 2.40 0.60
1272.6 0.6 1.0 0.08 0.08 2705.0 2.0 1.0 0.04 0.04
1280.1 0.6 1.0 5.00 1.00 2723.0 2.0 1.0 11.00 2.00
1306.3 0.7 1.0 0.06 0.04 2733.0 20 1.0 0.04 0.04
1312.8 0.7 1.0 0.06 0.04 2755.0 2.0 1.0 12.00 2.00
1322.0 0.7 1.0 4.40 0.80 2777.0 2.0 1.0 0.10 0.10
1329.3 0.7 1.0 4.00 0.80 2794.0 2.0 1.0 5.20 1.00
1345.4 0.7 1.0 0.04 0.04 2838.0 2.0 1.0 0.10 0.10
1389.8 0.7 1.0 1.00 0.10 2876.0 20 1.0 0.04 0.04
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TaBLE IV (continued)

E, AE, A 2T AQeLY Eo AFy A gl AQ2gT,0)

(eV) (eV) (eV) (meV) (meV) (eV) (eV) (eV) (meV) (meV)
2892.0 2.0 1.0 0.04 0.04 3150.0 2.0 2.0 0.60 0.20
2898.0 2.0 1.0 3.60 - 1.00 3190.0 3.0 2.0 20.00 4.00
2910.0 2.0 2.0 2.70 0.60 3306.0 3.0 2.0 13.00 3.00
2925.0 2.0 2.0 0.04 0.04 3335.0 3.0 2.0 3.70 0.80
2943.0 2.0 2.0 5.60 1.00 3354.0 3.0 2.0 4.60 1.00
2982.0 2.0 2.0 1.80 0.40 3373.0 3.0 2.0 1.80 0.40
3007.0 2.0 2.0 1.60 0.40 3402.0 3.0 2.0 0.40 0.20
3016.0 2.0 2.0 4.80 1.00 3422.0 3.0 2.0 6.00 1.00
3071.0 2.0 2.0 0.70 0.20 3444.0 3.0 2.0 1.00 0.20
3095.0 2.0 2.0 0.30 0.10 3480.0 3.0 2.0 26.00 6.00
3114.0 2.0 2.0 0.40 0.10 3500.0 3.0 2.0 2.00 1.00
3120.0 2.0 2.0 6.00 2.00

requirement that (gI',%) be not too different for the two resolution width eventually increases approximately as
isotopes. 3%, so one is less certain of resolving closely spaced
(b) At higher neutron energy the experimental levels or of observing weak levels. This effect explains
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Fi16. 5. Some examples of area analysis for obtaining the resonance level parameters. The numbers on
the right of each curve represent the thickness of the sample in b/atom.
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the decreased slopes of the experimental N(E) versus E
curves at the upper ends of Figs. 6-9. Since Figs. 10-13
are based on the levels observed up to the energy regions
where Figs. 6-9 were reasonably linear, they should
correspond to fairly uniform high-quality data regions.
The cesium results, and the silver results above 1200 €V,
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Fic. 6. A plot of the cumulative number of levels observed
versus energy for niobium. The value of D= (32.5+1.5) eV is
for all of the observed levels belonging to different spins and
parities.
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Fic. 7. A plot of the cumulative number of levels observed
versus energy for natural silver. D= (8.7540.40) eV is for all
levels belonging to two isotopes and different spins.
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Fi1c. 8. A plot of the cumulative number of levels observed versus
energy for iodine. D= (13.040.5) eV is for all levels.
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F1c. 9. A plot of the cumulative number of levels observed versus
energy for Cs. D= (2041) eV is for all levels.

are of poorer quality because an optimum sample
thickness was not used for the “thick sample.”

(c) I, as is probably the case, we are observing
many of the stronger /=1 levels (in spite of the extra
centrifugal force barrier effect which tends to drastically
reduce the I',, values for these resonances), it is highly
unlikely that we are including all /=1 levels. Measure-
ments with better resolution or better statistical
accuracy would probably reveal many more still-weaker
I=1 levels. Eventually of course, one would expect to
observe levels belonging to still higher angular momen-
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Emux = 5KeV
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y=,/agly (meV)s

Fi1c. 10. A histogram of the observed experimental distribution
of y={(gI'x%12 values for niobium. The theoretical distributions of
v=1and »=2 normalized to the number of levels within brackets
are shown for a comparison. In this case the vertical scale is
chosen in such a way that the large number of cases for ¥<0.8
(meV)12 are not plotted directly but indicated with the number of
such levels widths observed. The Porter-Thomas distribution
(»v=1) normalized for 50 and for 60 widths seem to bracket the
region of best agreement with the experimental data for (I',%)/2
>0.8. This predicts an excess of about 100 small observed widths
in the experimental data. The »=2 curve gives a poor fit.
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Fic. 11. A histogram of the observed distribution of y=(agI',?)1/2
for natural silver. The theoretical distributions of »=1 and »=2
normalized to number of levels within brackets are shown for a
compagson. Best agreement for y>0.35 is for a »=1 curve with
N=190.

tum (I=2, I=3, etc.) as the experimental ability to
observe weak levels is increased indefinitely. Thus one
must be somewhat careful in deciding what one means
by “the true situation” when examining Figs. 6-13.
For example, in the case of Nb (Fig. 10) the distribution
27, 53, 25, 15, 2, 4, 3 for the first eight intervals of
y=0.2 (meV)Y? shows a decrease for the first channel
relative to the second while the opposite effect would
be expected to occur if all widths and spacings were
equally likely to be detected. This suggests that at
least 40 levels have been missed for Nb, or their strength
has been added to that of other levels when two or more
unresolved levels are treated as one.
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F1c. 12. A histogram of the observed distribution of N versus
y for iodine. The theoretical distributions of »=1 and »=2
normalized for 216 levels are also shown for a comparison. An
additional »=1, N =210 curve is also shown.
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F1G. 13. A histogram of the observed distribution of N versus y
for cesium. The theoretical distributions of »=1 and »=2 normal-
ized for 120 levels are shown for a comparison. A bracketing v=1,
N =110 curve is shown to test the sensitivity of the fit for y>0.30.
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Fic. 14. A plot of ZgI',? versus E for niobium. The slope of the
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F16. 15. A plot of Zagl',® versus E for natural silver.
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TaBLE V. S-wave strength functions for Nb, natural Ag, I,
and Cs. The weighted mean value for Nb has a 109, estimated
deduction for the contribution of p-wave levels, and all weighted
mean values give slightly greater weighting to the first half of

the energy region.

Energy
interval Nb# Ag 127 Csl
(V) SoX10* SoX10¢ SoX 104 SoX10*
0-1000  0.17+£0.08  0.57+0.10  0.76:£0.13  0.70-£0.15
0-2000 0.324+0.12  0.48240.16 0.6430.08 0.6140.09
0-3500 0.424-0.10 0.4320.04 0.58%+0.06 0.664-0.07
0-4000 0.41+0.10 045X0.04 0.614-0.06
0-7500  0.46-0.08
Weighted
mean  04040.09 045+0.05 0.6240.09  0.68-+0.09

In view of the above considerations, the most reason-
able interpretation seems to be that the experimental
excess of weak levels (i.e., in the first one or two boxes
in the histograms) in Figs. 10-13 represents the excess
of observed p-wave plus spurious ‘“levels” over the
missed weak /=0 levels.

The plots in Figs. 14-17 show the experimental
values of 3 ;(gl'.?); for all levels having E;<E. In the
case of silver the ordinate is > ;(egl'.%);. The mean
slopes of these plots give the /=0 strength functions .Sy
averaged over compound nuclear spin states. The
silver results also include an average over isotopes for
A=107 and 109. If the contributions are assumed to be

_essentially all due to /=0 levels, the corresponding
averaged /=0 strength functions are as indicated on
the figures. Slightly different values from those indicated
on the figures are the selected “best values” as discussed
below.

One expects to find considerable fluctuation in the
slope of the curves of Y_;(gl',?); versus E due to statis-
tical effects. An inspection of Table I and Fig. 14 shows
that Nb has only relatively weak levels below 900 eV,
so measurements limited to that region would give a
value for Sy which is several times smaller than that
obtained using the full 8-keV region. A best straight line
through the data would have its zero at E,=700 eV.
The silver, iodine, and cesium curves, Figs. 15, 16, and
17, have the opposite shapes with a slightly greater
than average slope in the first 800 eV. It is thus expected
that a value of Sy averaged over our entire energy
regions will differ significantly from values based only
on the parameters for a few levels observed in a small
energy interval.

Table V shows the dependence of the strength
functions So on the size of the energy region starting at
E=0. The weighted mean values, So= (0.40=-0.09)
X 10~ for Nb, (0.462-0.05)X 10~ for Ag, (0.624-0.09)
X 10~ for I, and (0.6840.09)X 10~ for Cs, represent
our “best judgment” values based on the data. The
results give greater weighting to the first part of the
energy region, and the indicated uncertainties are a
little greater than those due to statistical considerations
alone and correspond to standard deviations. The Nb
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Fic. 16. A plot of ZgT',? versus E for iodine.

value has been decreased by 109, to take account of the
estimated fractional contributlon to the apparent S,
value due to p-wave levels. Figure 10 shows an excess of
about 102 weak Nb levels in the first interval which is
probably due to /=1 levels. This means that, of the
154 total levels, an estimated 52 are due to /=0 inter-
actions. Note that the statistical uncertainty in Sois
based on the estimated number of /=0 levels rather than
the total number of levels.

An examination of Figs. 10-13 suggests that the
number of excess weak levels, relative to a best Porter-
Thomas fit to the upper parts of the curves, is about
102 out of 154 for Nb, about 40 out of 220 for Ag,
about 14 out of 225 for I, and about 11 out of 125 for
Cs. This does not, however, yield a best value of D for
1=0 levels due to missed small level spacings.

Figures 18-21 show the distribution of nearest-
neighbor level spacings for niobium to 5 keV, natural
silver to 2 keV, iodine to 3 keV, and cesium to 2.5 keV.
For Figs. 19-21, the starred levels in Tables II-IV
were not included. This represents an attempt to
exclude many of the levels which are most apt to be
p-wave levels for those elements. The theory was
discussed in the preceding papers.?* For a single popula-
tion orthogonal (Wigner) distribution, denoted P¢’(1)
on the theoretical curves in the figures, the level
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Fic. 17. A plot of ZgI',? versus E for cesium.
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Fic. 18. Histogram of the observed distribution of nearest-
neighbor level spacings for niobium. The theoretical distributions
of random, Wigner (orthogonal ensemble) single and two equal-
level populations are also shown.

repulsion effect predicts an absence of very small
spacings. For a large enough mixture of independent
populations one eventually expects to obtain a best fit
to the “random” curve. In the case of the Nb, there are
two s-wave populations and four p-wave populations
corresponding to the various J and parity states
accessible to the incoming neutron. It is thus not
surprising that a best fit in Fig. 18 is to the ‘“random”
curve. The P’(2) curve is for the case of two equal
independent merged orthogonal distributions.

In examining Fig. 18 one notices the relatively small
numbers (8 and 14) of spacings for the first two intervals
in the histogram. The value 38 for the third interval is
extra large. If, in fact, many small spacings are missed,
the effect is to count the sum of two (or more) adjacent
level spacings as a single spacing equal to their sums.
According to this reasoning perhaps =18 to 22 of the
spacings in the third interval of the histogram of Fig. 18
should eack be split into two smaller intervals. The same
effect may apply to a lesser extent for the fourth and
fifth intervals. The missed levels do not significantly
alter the s-wave strength functions since the (gI'.%)
values for the “two levels counted as one” cases are
about equal to the sums of the two separate (gI's%)
values in each case. We estimate that about five /=0 Nb
levels were missed relative to the estimate based on
Fig. 10. (Many more /=1 levels are missed.) We choose
(D)= (96=£8) eV and {gI'.%)=(3.841.0) meV as our
best estimated values for the /=0 levels of Nb®%.

For natural silver Fig. 19 shows a best fit to the
P°(1) single population curve for small spacings, but
to the P°(2) two equal population curves for the larger
spacings. Since silver has approximately equal abund-
ances of the Agl®” and Ag'®® isotopes, both with /=%,
there are four /=0 level populations plus a number of
observed p-wave levels. For /=0 one has J=0 or 1 for
the spin of the compound nucleus. There may be many
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times more J=1 than J=0 levels* in which case a
distribution near that for two equal merged populations
might be expected to give a fair fit. The behavior of the
histogram in Fig. 19 for the first few intervals suggests
that =15 to 30 /=0 silver levels were missed to 2 keV.
We choose (D)=(9.4+0.8) eV and {(2a¢T",%)=(0.86+0.12)
meV as our best estimates for the parameters for the
I=0-level distributions for natural silver. The value (D)
= (18.841.6) eV is the average /=0 spacing per isotope
of silver.

For iodine (Fig. 20) one would expect a best fit for
1=0 levels for the theoretical case of two approximately
equal independent merged orthogonal populations since
the compound nuclear states of J=2 and J=3 are
expected to have comparable level densities. In Fig. 20
the best fit is for the P(1) single population case.
We have, however, made plots of the number of
observed level spacings having D2, 4, 6, 8, 10, and
12 eV versus the total number of level spacings. These
curves all show a pronounced decrease in slope at
higher energies suggesting that 15-30 small level
spacings have been missed. A somewhat similar result
is obtained if one assumes that a P’(2) curve should
apply in Fig. 20 and notes the implied number of
missed small spacings in the first three intervals of the
histogram. When this is done a value of 15-30 is also
obtained as an estimate of the number of missed small
level spacings. On the basis of these considerations,
together with those discussed earlier, we select as the
final results for the /=0 iodine levels (D)= (13.5+0.8)
eV and (gT",%)= (0.84-0.15) meV.

Cs'® has =% so /=0 interactions produce states of
J=3 and J=4 which should have comparable level
densities. One expects a best fit for the P(2) two-
population curve rather than for the P°(1) curve. The
first part of Fig. 21 gives a better fit for the P¢°(1) shape,
but it cannot explain the high end of the histogram. If
one uses the first three histogram intervals in Fig. 21
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F1c. 19. Histogram of the observed distribution of nearest-
neighbor spacing for natural silver. The curves are the theoretical
distributions as indicated.
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and assumes that the P¢’(2) curve should apply, then
~12 small spacings seem to be missing. Some of these
will combine in pairs to give spurious larger spacings
such as those in the fifth and sixth intervals of the
histogram. A net loss of ~8 s-wave levels is estimated
as due to missing small level spacings. On the basis of
all of the above considerations we give (D)= (20.54-1.2)
eV and (gl',%)= (1.440.2) meV for the /=0 levels of
Cs'3,

The preceding values for (D) have been averaged
over spin states for the compound nucleus. Without
implying that (D) is equal to the two spin states of each
isotope, or for the Ag'” and Ag!®® isotopes, the average
(D) per spin state (and per isotope for silver) are
(188+16) eV for Nb%, (37.6+3.2) eV for Ag, (27-41.6)
eV for 1% and (414-2.4) eV for Cs'* for /=0 neutron
interactions.

The above results are in reasonable agreement with
the results of earlier measurements for these elements if
one considers the greater resolution of the’ present
measurements and restricts comparison to the corre-
sponding energy region of our present data.

Saplakoglu ef al.® obtained S¢=0.10X10"* for Nb
for an energy region to about 800 eV. We find many
weak levels in this region which were missed in their
measurements with ~40 nsec/m resolution, but we
obtain So=0.11)X10"* for the same energy region.

Hughes et al.”'® obtained S¢=0.98X10~* for iodine
to 100 eV and So= (1.020.2) X104 for Cs to 250 eV.
Their iodine results were based on 7 levels, and the Cs
results were based on 12 levels. On statistical grounds
alone? their results should be stated as So= (0.984-0.6)
X 10~ for iodine and So= (1.040.4)X 10~ for Cs. (It
should be noted that the uncertainties in Sy values
tended to be grossly understimated during the period
before about 1959.) These results compare with our
values of So= (0.8540.25)X 102 for Cs to 500 eV, and
So= (0.68+0.09) X 10~* for Cs using all of our data.
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Fic. 20. Histogram of the observed nearest-neighbor level
spacing distributions for iodine. The curves are the theoretical
distributions as indicated.
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Fic. 21. Histogram of the observed nearest-neighbor level
spacing distributions for cesium. The curves are the theoretical
distributions as indicated.

B. The I=1 Strength Function

The earlier self-indication studies? of silver using a
35-m flight path showed an excess of weak levels which
were interpreted as due to /=1. An analysis gave
S1=(1.740.8) X 10~ If a level is due to /=1 one defines
a I';! for the level as

Il=T,°(1+K2R?) /(K2R ~T,0(515 keV+E)/E
for Nb,

where I',0=T',(1 eV/E)"? as usual, K= neutron momen-
tum (relative motion), and R=effective nuclear radius
where the centrifugal force barrier terminates near
the nuclear surface owing to the greater attractive
effect of nuclear forces. The extra factor for I relative
to ' is the inverse of the centrifugal barrier penetration
factor. Similarly,

1 1
== 2y (or— Sagra))
AE i AE i

defines the /=1 strength function. Here AE is the energy
interval of the summation, and (2[41)=3 for /=1 is
the coefficient multiplying St.

Saplakoglu et al.? obtained a value Si=(5.5£2.8)
X 10~ for Nb on the basis of seven low-lying weak
levels which were somewhat arbitrarily taken to be
p wave because of the excess of weak levels in this
region. The indicated uncertainty is based only on the
number (7) of assumed levels and does not take into
account the possibility of error in identification. On the
basis of a similar arbitrary classification of certain weak
Nb levels as due to /=1, Desjardins ef al.?2 obtained
S1=(6£2)X10~* for Nb using our 35-m path for
self-indication studies over a larger energy range.

Values of S1= (5.04£0.5) X 10~4for Nb, S;= (2.5+0.5)
X10~* for Ag, and Si1=(1.320.25)X10™* for I were
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several methods of attempting to estimate the value of
S1 we have finally chosen the value S;=(3.0£1.5)
X104,
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s T T LI L T TasrLE VII. The observed values of the correlation coefficients
L NIOBIUM - between adjacent spacings for Nb, Ag, I, and Cs excluding starred
- 5 levels for Ag, I, and Cs.
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L o Energy Nb
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20— —
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Fi1c. 22. Histogram of the experimental distribution of next-
nearest-neighbor level spacings for niobium. The curves are the
theoretical distributions for the cases of a random distribution
of energy levels and the predictions of the random-matrix model
for four equal-level populations as calculated by Leff.
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reported by Seth ef /. based on the behavior of the
average total cross sections in the 3-650-keV energy
region. It is difficult for us to assess what systematic
effects may be present in such measurements. They also
obtained So= (0.8020.05)X10~* for Nb, (0.4024-0.05)
X107 for Ag, and (0.55+0.2)X 10 for I. The silver
and iodine Sy values agree with our results, but the Nb
value is about double our value for S,.

In attempting to evaluate Sy for Nb from the present
data, we are confronted with the problem that we know
that about 100 of our weak Nb levels to 5 keV are
probably due to /=1, but we do not know which of
these observed levels are p wave. Furthermore, there
are probably ~50 missed /=1 levels. If a cut-off
method is used that excludes the stronger p-wave levels
one is apt to greatly underestimate the value of Si.
Figure 1 lists values of 2gT',! for all Nb levels for which
a computed value of 2gT',! is <300 meV. A certain
number of these are s-wave or ‘“spurious” levels. The
fraction of the levels which are s-wave should increase
for the region of largest gI',! values which contribute

most strongly to the calculation of Si. After trying®

TasLE VI. Results of the modified x2 analysis for the agreement
of the experimental data for nearest-neighbor spacing distributions
of Nb, Ag, I, and Cs with the various theoretical distribution
functions.

Energy No. of
interval levels (D) x* values
Element (eV) assumed (eV) |Random P¢°(1) PP(2) P.°(1)
Nb 0-5000 154 32.0 53.3 475 429 86.5
Ag 0-2000 200 10.0 101 320 3525 101
I 0-3000 220 13.6 | 131 32.8 68.5 40
Cs 0-2500 125 20.0 48.2 308 323 68

VK. K. Seth, R. H. Tabany, E. G. Bilpuch, and H. W. Newson,

It should be pointed out that the values of So and
S1in the optical model are energy-dependent and can,
in principle, change appreciably in going from the
energy region 1-5 keV to the energy region 100-500
keV. The model does not, however, predict gross
changes for a few keV change in neutron energy.

C. Further Analysis of Level-Spacing
Distributions

We have already discussed above the nearest-neighbor
spacing distributions for Nb, Ag, I, and Cs from the
point of view of estimating the number of missed small
level spacings on the assumption that the currently
favored theories on level-spacing distributions should
apply. The preceding discussions were relative to the
facts that (a) we are probably detecting varying
numbers of p-wave levels relative to s-wave levels for
the different nuclei, and (b) we are probably missing
some weak levels and some small level spacings. We now
consider the results of various statistical tests for the
level-spacing distributions. The results of these analyses
should be examined with a full consideration of the
previously discussed shortcomings of the data.
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F1c. 23. The histogram of the observed next-nearest-neighbor
level spacing distribution for natural silver. The curves are the
theoretical distributions as indicated.

Bull. Am. Phys. Soc. 9, 167 (1964). More detailed results are
tabulated in the Proceedings of the Gatlinburg Conference on
Compound Nuclear States, 1963 (unpublished).
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F16. 24. The histogram of the observed next-nearest-neighbor
level spacing distribution for iodine. The theoretical distributions
are also shown for comparison.

Table VI lists the results of x? tests of ‘“goodness of
fit” of the various theoretical curves of Figs. 18-21 to
the experimental histograms. The results of Table VI
show that the curve P—*>(2) for two equal merged
orthogonal® populations agrees best with the experi-
mental results for Nb, but the single orthogonal P¢’(1)
distribution agrees best with the experimental results
for the remaining elements. The P,°(1) theoretical
curve is for a single unitary population.

Table VII shows the correlation coefficient between
adjacent spacings for various energy intervals starting
from E=0. The theory and the expected effect of the
limitations of the experimental data were discussed in
earlier papers.3* For a single orthogonal ensemble
Porter obtained the value —0.253 using a Monte Carlo
method involving random NXN matrices. Leff!t
investigated the expected value for two independent
merged orthogonal populations having a ratio R of
level densities. The predicted values are —0.24, —0.19,
—0.20, —0.24, —0.26, and —0.29 for R=0, §, 4, 3, &,
and 1, respectively.

Figures 22-25 show the next-nearest-neighbor spacing
distributions for the four elements, again omitting the
starred levels for Ag, I, and Cs. The notation Py*(m)
for a theoretical curve means that s independent or-
thogonal populations with same average spacing have
been merged, and one examines the distribution for the
spacings between levels having # intermediate levels.
There are (r+1) dependent spacing series for a given »
depending on whether one starts with the first level, the
second level, etc., up to the (n-+1)st level. This should
be considered when noting the ordinate values on the
histogram. The P,°(1) shape is for the nearest-neighbor

1L H. S. Leff, State University of Towa Report, 1963 (unpub-
lished).
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TasLE VIIL. Results of the x? analysis for the agreement of
the experimental data for the next-nearest-neighbor spacing
distribution of Nb, Ag, I, and Cs with the various theoretical
distribution functions. The least value of x* corresponds to the

best agreement.

Energy No. of x* values
Ele- interval levels (D) Porter Leff  Leff
ment (eV) assumed eV Random Kahn (2 seq) (4 seq) P!Unitary
Nb 0-5000 154 32.0 27.1 75.3 36.5 24.6 201
Ag 0-2000 200 10.0 74.5 21.4 16.4 30.5 77.3
I 0-3000 220 13.6 116.5 16.0 28.0 55.3 40.0
Cs 0-2500 125 20.0 39.5 36.3 18.9 18.9 90.0

spacing distribution for a single unitary population.
It has been shown? by Gunson that P,°(1) is the same
as Po1(2) except for the absissa scale. It should be noted
in comparing the theoretical curves with the experi-
mental histograms that the effect of missed levels is to
cause some of our ‘“‘observed” next-nearest-neighbor
spacings to be actual next-next-nearest neighbor spac-
ings, etc. Thus a few extra observed spacings at the
high end of the distribution which appear to be in-
compatible with the a priori favored theoretical curves
should not be given too much weight.

Table VIII shows the modified® x® test results for
the fit of the experimental histograms of Figs. 22-25
with various theoretical curves appropriate to the
next-nearest-neighbor spacing distributions. The Porter-
Kahn® distribution is for the case of a single orthogonal
ensemble. Leff® has extended the results of Monte Carlo
calculations for two and four merged independent
populations.

In the case of iodine we have also prepared plots of
the histograms for D?, D3, - - -, D7 corresponding to the
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F1G. 25. The histogram of the observed next-nearest-neighbor
level spacing distribution for cesium. The theoretical curves are

also shown for comparison.

2 P, B. Kahn and C. E. Porter, Nucl. Phys. 48, 385 (1963).
BH. S. Leff (private communication). We wish to thank Dr.
Leff for communicating these results prior to publication.
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F1c. 26. The experimental histograms of the higher order of
spacings of iodine. The theoretical distributions of random occur-
rence of energy levels (broken curves) and the random matrix

model as calculated by Porter (solid curves) are also shown for
comparison.

spacing distribution for levels having 2, 3, - - -, 7 levels
between a given pair. The D? and D7 distributions are
shown in Fig. 26(a) and 26(b) along with the appro-
priate theoretical curves for the cases of a random level
spacing distribution and a single-population orthogonal
distribution. The theoretical functions for the orthog-

GARG, RAINWATER, AND HAVENS

TasLE IX. The experimental results of the correlation coefficient
between adjacent neutron reduced widths of Nb, Ag, I, and Cs.

Energy

interval

(eV) Nb Ag I Cs
0-1000 —0.184-0.23 0.0240.10 0.014+0.12 —0.11+£0.14
0-2000 —0.0940.15 0.0820.07 —0.04-£0.08 —0.1140.10
0-3000 —0.1340.12 0.04:£0.06 —0.08-:0.07 —0.164-0.08
0-4000 —0.0840.10 —0.074-0.07

0-5000 —0.064-0.09

onal distribution were obtained by Porter on the
basis of Monte Carlo calculations using 10 000, 10X 10
matrices. The experimental cases should correspond to
two or more merged orthogonal populations and thus
be intermediate between the two theoretical distribu-
tions. The histogram for D? is matched surprisingly
closely by the theoretical single population orthogonal
distribution curve.

In conclusion one can say that the experimental
results are in reasonable agreement with the favored
theoretical curves when one takes account of the
shortcomings of the experimental data.

D. Other Correlation Coefficients

In the interests of completeness we have also investi-
gated the correlation coefficients between adjacent-level
(gT'?) values and between a given (gI',?) value foralevel
and the average of its spacing from its adjacent levels on
either side. The results are shown in Tables IX and X.
As far as we know, the theoretically expected values
are zero. Experimental values are near zero and are
probably consistent with the value zero.

CONCLUSION

Total neutron cross-section measurements have been
made on Nb, Ag, I, and Cs with a much higher energy
resolution than previously available. Much more precise
values of average level spacings and s-wave strength
functions have been obtained. The statistical properties
of levels, for example, the level-spacing and neutron
reduced-width distributions, have been tested much
more stringently. The results on the level-spacing dis-

TaBLeE X. Correlation between the neutron reduced widths
(gTx%) of a level and the average of the spacing of its nearest-
neighbor levels as a function of the energy interval.

Energy

interval

(eV) Nb Ag I Cs
0-1000 —0.6040.16 —0.05+0.10 —0.02+0.12 —0.05+0.14
0-2000  0.0340.15 0.024+0.07 —0.012+0.08 —0.054-0.10
0-3000 0.02+0.11 0.144+0.06  0.1040.07 —0.03+0.08
0-4000  0.08+-0.10 0.124:0.06

0-5000  0.04-0.09

14 C. E. Porter, Brookhaven National Laboratory Report No.
BNL 6763 (unpublished).
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tributions seem to be compatible with the predictions of
the random-matrix model and the width distributions
favor a Porter-Thomas distribution as opposed to the
exponential distribution in I',’. An excess of weak
levels over that predicted by the Porter-Thomas
distribution has been observed in all nuclei studied.
These are most probably p-wave levels.
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F16. 1. The “measured” total neutron cross section of Nb® versus energy from 35 to 7250 eV. The measurements used four sample
thicknesses as indicated, with the cross section between resonances mainly determined from the thick-sample data. At resonance the data
for progressively thinner samples was used. When the resonance cross section exceeds full-scale value an insert scale is shown having
its zero start at the bottom of the ;i'»age with a factor of 5, 10, or 20, as indicated reduction in the height of the curve. In the region of
resonance the peak cross-section values are distorted by Doppler level broadening, the instrumental energy resolution, and by the (1/x)
value for the thinnest sample. The cross-section values are in barns.






T o)1

e

F16. 2. The “measured” total neutron cross section for natural silver versus energy from 80 to 4000 eV.
The considerations for the curves are similar to those described in the caption of Fig. 1.




F1c. 2. Continued.




Fi16. 2. Continued.



- The “measured” total neutron cross section for iodine versus energy from 124 to 4000 eV. The considerations are
similar to those discussed in the caption of Fig. 1.




T16. 3. Continued.




F16. 3. Continued.
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F1c. 4. The “measured” total neutron cross section for cesium versus energy from 100 to 3460 eV. The accuracy of the cross section
between resonances is much poorer than usual since the thickest Cs;SO, sample was too thin for best results. Otherwise the considerations
are similar to those described in the caption of Fig. 1.



F16. 4. Continued.




