
Physics and Astronomy Faculty Publications Physics and Astronomy

5-1999

Neutron Resonance Spectroscopy of 117Sn from1
eV to 1.5 keV
D A. Smith
Los Alamos National Laboratory

J D. Bowman
Los Alamos National Laboratory

Bret E. Crawford
Gettysburg College

See next page for additional authors

Follow this and additional works at: https://cupola.gettysburg.edu/physfac

Part of the Atomic, Molecular and Optical Physics Commons

Share feedback about the accessibility of this item.

This is the publisher's version of the work. This publication appears in Gettysburg College's institutional repository by permission of
the copyright owner for personal use, not for redistribution. Cupola permanent link: https://cupola.gettysburg.edu/physfac/19

This open access article is brought to you by The Cupola: Scholarship at Gettysburg College. It has been accepted for inclusion by an
authorized administrator of The Cupola. For more information, please contact cupola@gettysburg.edu.

Smith, D. A., Bowman, J. D., Crawford, B. E., Grossmann, C. A., Haseyama, T., Johnson, M. B., Masaike, A., Masuda, Y., Mitchell, G. E.,
Nazarenko, V. A., Penttila, S.I., Roberson, N. R., Seestrom, S. J., Sharapov, E I., Smotritsky, L. M., Stephenson, S., & Yuan, V. W. (1999)
Neutron Resonance Spectroscopy of 117Sn from1 eV to 1.5 keV. Physical Review C, 59(5), 2836–2843. http://dx.doi.org/10.1103/
PhysRevC.59.2836

http://cupola.gettysburg.edu/?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
http://cupola.gettysburg.edu/?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
https://cupola.gettysburg.edu/physfac?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
https://cupola.gettysburg.edu/physics?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
https://cupola.gettysburg.edu/physfac?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/195?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
https://docs.google.com/a/bepress.com/forms/d/1h9eEcpBPj5POs5oO6Y5A0blXRmZqykoonyYiZUNyEq8/viewform
mailto:cupola@gettysburg.edu


Neutron Resonance Spectroscopy of 117Sn from1 eV to 1.5 keV

Abstract
Parity violation has been studied recently for neutron resonances in 117Sn. The neutron resonance
spectroscopy is essential for the analysis of the parity violation data. We have measured neutron resonances in
117Sn for neutron energies from 1 to 1500 eV using the time-of-flight method and the (n,γ) reaction. The
sample was enriched to 87.6% 117Sn. Neutron scattering and radiative widths were determined, and orbital
angular momentum assignments were made with a Bayesian analysis. The s-wave and p-wave strength
functions and average level spacings were determined.

Disciplines
Atomic, Molecular and Optical Physics | Physics

Authors
D A. Smith, J D. Bowman, Bret E. Crawford, C A. Grossmann, T Haseyama, Mikkel B. Johnson, A Masaike, Y
Matsuda, G E. Mitchell, V A. Nazarenko, S I. Penttila, N R. Roberson, S J. Seestrom, E I. Sharapov, L M.
Smotritsky, Sharon L. Stephenson, and V W. Yuan

This article is available at The Cupola: Scholarship at Gettysburg College: https://cupola.gettysburg.edu/physfac/19

https://cupola.gettysburg.edu/physfac/19?utm_source=cupola.gettysburg.edu%2Fphysfac%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages


Neutron resonance spectroscopy of117Sn from 1 eV to 1.5 keV
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Parity violation has been studied recently for neutron resonances in117Sn. The neutron resonance spectros-
copy is essential for the analysis of the parity violation data. We have measured neutron resonances in117Sn
for neutron energies from 1 to 1500 eV using the time-of-flight method and the (n,g) reaction. The sample was
enriched to 87.6%117Sn. Neutron scattering and radiative widths were determined, and orbital angular mo-
mentum assignments were made with a Bayesian analysis. Thes-wave andp-wave strength functions and
average level spacings were determined.@S0556-2813~99!04403-9#

PACS number~s!: 25.40.Ny, 24.80.1y, 11.30.Er, 27.60.1j

I. INTRODUCTION

After the discovery of a large enhancement of parity vio-
lation for neutron resonances in heavy nuclei@1#, a new ap-
proach was adopted to the study of symmetry breaking. The
symmetry-breaking matrix elements are treated as random
variables, and the experimental goal is the measurement of
the root-mean-square symmetry-breaking matrix element.
This new approach to nuclear parity nonconservation~PNC!
is discussed in recent reviews@2,3#. The early experiments
were limited in both energy range and in sensitivity. The
TRIPLE Collaboration measured many parity violations in
238U and 232Th and determined rms PNC matrix elements
@4,5#. These measurements were in the vicinity of the 4p
neutron strength function maximum. To determine the mass
dependence of the effective weak nucleon-nucleus interac-
tion, PNC measurements are required in other mass regions.
Our focus has been onA.100, the region of the 3p neutron
strength function maximum. The mean-squared magnitude of
the PNC effects is proportional to the level density, and the
average level density is smaller for the lower massA.100
nuclei than for theA.230 nuclei. From this point of view, it
is preferable in theA'100 region to study odd-mass targets
with their higher level density. However, in order to extract
the rms PNC matrix element from the data, neutron reso-
nance parameters are required for both thes-wave and
p-wave resonances@6#. Thus a prerequisite for the PNC

analysis is knowledge of the relevant neutron resonance
spectroscopy.

Our group had access to an enriched117Sn target, which
seemed an excellent candidate for PNC measurements. The
117Sn nucleus has some special features that made the study
of parity violation interesting. First, the118Sn daughter has a
closed shell of protons. The excitations near the neutron
separation energy are overwhelmingly made up of couplings
of multiparticle-multihole valence neutron configurations.
The matrix elements of the two-body parity-violating part of
the DI 51 pion-nucleon exchange potential vanish. Second,
there are no one-body matrix elements of the weak force
associated with deformation since118Sn is spherical. In prac-
tice a number of parity violations were observed in117Sn@7#.
However, in order to analyze the parity violation data, an
improved understanding of the neutron resonance spectros-
copy was required. The earlier experiments provided rela-
tively little information on most of the weakerp-wave reso-
nances, and the resonance parameters were poorly
determined@8#. With the high epithermal neutron flux avail-
able at the Manuel Lujan Neutron Scattering Center at the
Los Alamos Neutron Scattering Center~LANSCE!, we were
able to improve significantly the neutron resonance spectros-
copy of 117Sn.

In Sec. II the experimental procedure is described. The
analysis to determine the resonance parameters is presented
in Sec. III. The orbital angular momenta, strength functions,
and level densities are discussed in Sec. IV. Results of sta-
tistical tests to evaluate the data quality are presented in Sec.
V. The final section provides a brief summary.

II. EXPERIMENTAL PROCEDURE

The data were measured at flight path 2 of LANSCE,
where neutrons are created by the spallation process from an
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800 MeV proton pulse onto a tungsten target, and are mod-
erated down to low energies using chilled water@9#. The
neutron energy was determined from the time of flight over a
59.4-m distance from source to detector. The detector is an
array of 24 CsI crystals with approximately 3.5p of detec-
tion solid angle. The crystals are packed tightly around the
target in two arrays of 12 crystals each, with a 10-cm cylin-
drical hole through the middle to allow access for the neu-
tron beam@10#. The scintillation light from the CsI crystals is
detected by photomultiplier tubes~PMT’s!. The PMT signals
are converted to logic pulses by constant fraction discrimi-
nators. In order to reduce the rate of the background signal, a
coincidence of two signals from the detector was required for
an event. The event pulses were counted by a multiscaler
attached to an averaging memory. The start time of the mul-
tiscaler spectra is derived from the proton pulse. The multi-
scaler dwell time was set to 100 ns to cover a time-of-flight
range of 0 –0.8196 ms and to 1ms in order to cover a
time-of-flight range of 0 –8.196 ms. The data was analyzed
in the energy interval from 27 eV to 2.1 keV.

The target was an 87.6%-enriched117Sn solid metal tar-
get, in the form of a rectangle of 7.7 cm36.3 cm on aver-
age and 1.3 cm thick. Other nuclides in the target were the
other stable tin isotopes, except for a 0.05% platinum impu-
rity, which we assume came from the crucible used to manu-
facture the target. The target was placed in the center of the
two CsI crystal arrays, where the normal to the 7.3 cm
36.3 cm area of the target was along the beam direction. A
typical spectrum measured in this experiment is shown in
Fig. 1. The number of counts in each 0.1-ms and 1.0-ms
time-of-flight bin is plotted versus neutron energy. On this
plot the longer dwell time spectrum~events below 30 eV!
has been normalized to the shorter dwell time spectrum.

III. RESONANCE STRENGTHS

The time-of-flight spectra were analyzed using the fitting
codeFITXS @11#. This code was developed for the analysis of

neutron resonances, where the neutrons were created with a
moderated pulsed neutron beam. The code can analyze reso-
nances measured by neutron transmission or radiative cap-
ture. In the present work, we analyzed neutron resonances
measured via radiative capture. The code includes all major
resolution effects on the neutron time-of-flight spectra. Ef-
fects of moderation time, detector efficiencies, flight path
length, target temperature, proton pulse width, etc., are in-
corporated in the code so that the resonance parameters~neu-
tron energy, neutron width, and total gamma-ray width! can
be determined directly from the data. Application of this
analysis program is described in our recent papers@4,12#.

A sample fit to a time-of-flight region is shown in Fig. 2.
In the figure neutron counts per 0.1-ms time-of-flight bin are
plotted versus time of flight, with the fit to the data shown as
a solid curve. The main difficulties in the analysis are illus-
trated in this section of the data. There are threep-wave
resonances in117Sn in this energy range, and also resonances
from five other tin isotopes and two platinum isotopes, plus
background. In order to determine the resonance parameters
accurately for the117Sn resonances, resonances from other
nuclides had to be fit along with thep-wave resonances of
interest. In this section of the spectrum, additional capture
peaks after multiple scattering are visible as broad bumps on
the high-energy side of resonances. Multiple-scattering cor-
rections will be discussed later in this section.

In the course of the PNC study, conditions were opti-
mized for a high count rate. As a consequence, dead-time
corrections are important. The detector count rate efficiency
appeared to be different in resonance and background re-
gions for the first 200ms in the time-of-flight spectrum. We
attribute this change to detector overloading in response to
the prompt flash ofg rays and fast neutrons. Corrections
were made by comparing the high count rate run with a run
which was taken at one-tenth of the normal beam intensity.
The maximum dead-time corrections for resonances were
about 35%.

The true start of the time-of-flight spectrum was measured
directly as the position of the promptg-ray peak in the spec-
trum obtained at a low beam intensity, yielding a time offset
of 1.5560.05 ms. This offset was constant for all subse-
quent data; the error quoted here is one-half the multiscaler
dwell time. The flight path length of 59.3960.02 m was
determined by fitting peaks to known neutron resonance en-
ergies in samples of103Rh, 117Sn, 127I, and 232Th @13#,
which were studied during the same run cycle. The232Th
resonances provided the highest accuracy for this calibration
@13,5#. The errors in determining the flight path length and
time offset are the dominant systematic errors in the mea-
sured energies of the neutron resonances, where the statisti-
cal error of an energy measurement was about 0.001%.

In order to extract resonance parameters from the capture
data, knowledge of the neutron flux and detector efficiency is
required. These were obtained by fitting the detector count
rate to known resonance parameters for many resonances in
117Sn. However, several resonances were partially obscured
by peaks from trace amounts of manganese and copper in the
vacuum windows and other material in the beam. Correc-
tions due to manganese of 40% and 5% were made to the
342-eV and 358-eV resonances, respectively. The copper
contamination occurred at the same energy as the 580-eV

FIG. 1. Neutron time-of-flight spectrum for117Sn. The spectrum
from 1 to 30 eV has been relatively normalized to the data from 30
to 1500 eV, and plotted here on the same scale.
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resonance in117Sn and distorted this state beyond our ability
to correct effectively. No resonance parameters could be de-
termined for the 580-eV resonance, although the nearby
573.2-eVp-wave resonance was unaffected.

The energy dependence of the neutron flux is known to be
a power law in neutron energy,F(E)5cE2a @14#. From
fitting the data to known neutron resonance parameters, there
was an 11% uncertainty inc and a 7% uncertainty ina,
primarily determined by the accuracy of the resonance pa-
rameters in117Sn. To reduce the uncertainty in the flux cali-
bration we used flux data from a3He scintillation detector,
obtained on our flight path during that year with the same
beam configuration@15#. The efficiency of this detector ver-
sus neutron energy is very well known, and the measure-
ments with the3He scintillation detector provided an accu-
rate determination of the power law exponent in the neutron
flux: a50.95660.001. The neutron flux could then be fit to
the known 117Sn data, yielding a final error of 5% in the
neutron flux. We were concerned that there could be differ-
ent detector efficiencies fors-wave andp-wave resonances.
Therefore the normalization fitting was performed separately
for s-wave andp-wave resonances. Within the 6% uncer-
tainty, the analysis gave the same efficiency for thes-wave
andp-wave resonances. The calibration uncertainty produces
the dominant error in the measured neutron widths, since the
statistical error was about 0.1%.

A major problem in the data analysis was the presence of
neutron capture after multiple scattering in the sample. In our

13-mm-thick target, approximately 19% of incoming neu-
trons were scattered in the first interaction due tos-wave
potential elastic scattering. Numerical estimates of the
multiple-scattering contribution performed with a Monte
Carlo code@16# gave typical values of 25% relative to the
primary resonance capture. The neutron energy loss averaged
over all scattering angles isDE.2E/A, and neutrons with
an energyE5E01DE higher than the resonance energyE0
are effectively captured after scattering. Multiple scattering
produces an additional peak or shoulder at the higher-energy
side of a resonance in the time-of-flight spectrum depending
on whether theDE value is larger or smaller than the reso-
nance width~in our case, the widths were determined by the
Doppler width belowE.200 eV and the instrumental width
above 200 eV!. For most of the117Sn resonances below 1
keV, secondary peaks could be fitted separately from the
resonance peaks and subtracted from the data. We used this
procedure to correct for the multiple-scattering effects, ex-
cept for the 38-eVs-wave resonance, where the distortions
due to multiple scattering could not be effectively corrected
and the resonance parameters could not be determined from
these data.

Our results for the neutron resonance parameters are listed
in Table I. For completeness, some results from earlier ex-
periments@8,13# are also included. We identified 23 new
resonances in117Sn up to 1500 eV. Most of these new reso-
nances arep-wave resonances, which were not observed be-
fore because of lower neutron fluxes in eariler experiments.

FIG. 2. Fit to a section of the time-of-flight spectrum. The data are plotted as points, and the fit obtained with the codeFITXS is shown
as a line.
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TABLE I. Neutron resonance parameters for117Sn.

Energy~eV! J l B.P. gGn ~meV! Gg ~meV! gGn
l ~meV!

229.2 0 5.55 a
1.32760.001 1 0.99 0.00013860.000007 148610 42.862.1 b

15.38560.016 1 0.99 0.00009260.000005 136618 0.7260.04 c
21.39060.025 1 0.99 0.00020660.000011 113616 0.9960.05 c
26.21560.034 1 0.98 0.0020760.00010 12968 7.3260.4 c
34.04460.017 1 0.96 0.018760.0009 11969 44.862.2 b
38.8060.05 1 0 0.00 3.1060.15 100615 0.5060.02 a
74.3960.04 1 0.96 0.03460.002 25.2061.3 b

120.5460.06 1 0 0.00 4.9560.25 107612 0.4560.02 b
123.9060.07 0 0 0.00 2.160.1 0.1960.01 b
158.3360.09 1 0.96 0.002560.0001 0.6060.03 c
166.3260.09 1 0.93 0.16060.008 35.461.8 b
196.2060.11 1 0 0.00 12.260.6 104613 0.8760.04 b
200.7860.12 1 0.84 0.4860.02 79.664.0 b
221.1760.13 1 0.92 0.2260.01 31.161.6 b
275.2160.17 1 0.93 0.1760.01 17.360.9 b
297.3660.18 1 0.90 0.4360.02 40.162.0 b
341.6360.22 0 0.00 15.960.8 0.8660.04 b
357.6060.23 0 0.00 12.063.5 0.6360.2 b
400.0360.27 0 0.23 3.760.2 110619 0.1960.01 b
420.7360.28 1 0 0.00 62.567.5 105620 3.060.4 d
423.2960.28 1 0.77 1.5560.08 84.564.2 c
458.9960.32 0 0 0.00 12.561.5 0.5860.07 d
488.4660.34 1 0.93 0.03660.002 1.5960.09 c
526.3460.38 1 0.87 0.9660.07 37.962.6 b
532.6260.38 1 0.83 1.4660.10 56.664.0 b
554.5760.40 1 0.89 0.7460.06 27.062.1 b
573.2460.42 1 0.89 0.7860.06 27.262.2 c
580.861.0 0 0 0.00 3063 1.2560.1 a

628.5960.47 1 0.92 0.14160.013 4.2560.4 c
646.6860.49 1 0.87 1.2060.12 34.663.3 b
658.5060.50 1 0.81 2.260.2 60.866.0 b
685.7460.53 1 0.87 1.1560.12 30.563.2 b
694.4360.54 1 0.92 0.1960.02 5.060.5 c
698.3160.54 1 0.90 0.7260.08 18.562.0 c
705.7660.55 ~0! 0.78 2.660.3 0.1060.01 b
789.4160.64 0 0.16 11.061.3 0.3960.05 b
812.9260.66 1 0 0.00 6566 91627 2.2860.2 d
852.5860.71 1 0.89 0.7960.10 15.061.9 c
864.5160.72 0 0.26 10.562.1 0.3660.07 b
882.3160.74 1 0.77 3.660.5 65.368.70 b
939.2260.80 0 0.03 2062 0.6560.07 d
983.2960.85 1 0.89 0.9260.13 14.162.0 c
989.3760.86 0 0.00 200630 6.461.0 d
996.1360.87 0 0.00 90615 2.960.5 d

1044.9760.93 1 0.90 0.4260.06 5.960.9 c
1078.5660.97 1 0.89 0.6660.10 8.861.4 c
1116.561.0 1 0.90 0.3760.06 4.760.7 c
1150.161.1 1 0.88 1.1460.18 13.962.2 c
1164.561.1 0 0.27 15.662.5 0.4660.07 b
1189.161.1 0 0.57 9.761.6 0.2860.05 b
1220.761.1 0 0.62 8.861.5 0.2560.04 b
1277.161.2 0 0.67 8.161.4 0.2360.04 b
1285.061.2 1 0.85 2.360.4 23.964.1 c
1300.761.3 1 0.86 1.960.3 19.863.4 c
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With our longer flight path, we have determined resonance
energies with uncertainties about 50% smaller than earlier
work. For the majority of resonances the parametergGn was
determined using an averageGg value obtained at low en-
ergy. For such cases there is no entry listed in Table I. The
shape analysis of good-resolution low-energy data enabled
the determination of the radiative widths for 12 resonances,
of which five were p-wave resonances and seven were
s-wave resonances. Average radiative widths fors-wave and
p-wave resonances are listed in Table II; the uncertainties are
the average of the errors on individual resonance widths.
These values are consistent with the systematics of radiative
widths @13#.

We note that a single-target capture cross section mea-
surement cannot provide precise determination ofgGn when
the neutron width is of the order of the radiative width or
larger, unless the resonance spin is known as well as an
accurate value ofGg . Qualitatively this is clear from the
equation for the limiting case of a thin sample:

1

Ag
5

1

~gGn!
1

1

gGg
. ~1!

HereAg is the properly normalized capture area andg is
the statistical factor:

g5
~2J11!

~2i 11!~2I 11!
, ~2!

whereJ is the total spin of thes-wave resonance,I is the spin
of the target nucleus, andi is the spin of the captured neu-
tron. For smallgGn values the first term dominates which
allows the determination ofgGn nearly independent of other
parameters. On the other hand, for largegGn and reasonably
well knownGg , Eq.~1! can be used to determineg, and thus

obtainJ ~for 117Sn, g51/4 for J50, andg53/4 for J51).
This was the case for the 812-eV resonance.

IV. ORBITAL ANGULAR MOMENTUM

After the neutron resonance parameters were determined,
the probability that a resonance wass wave orp wave was
estimated. The estimates were calculated with a Bayesian
analysis developed by Bollinger and Thomas@17# with the
use of the Porter-Thomas distribution as a probability density
for the reduced neutron widths. Using the notation of Frankle
el al. @18#, the probability of a resonance beingp wave is

P5H 11
4

9
A4S1c0~E!

3S0c1~E!

3expF2
gGnc0~E!

2D0
S 1

S0
2

3c1~E!

4S1c0~E!
D G J 21

, ~3!

whereS0 and S1 are thes-wave andp-wave strength func-
tions, respectively,D0 is the averages-wave level spacing,
and Gn is the neutron width for the state. A resonance was
assumed to bep wave if the probabilityP was greater than
the a priori probability 69% ands wave if the probability
was less than 69%. Of course the assignment is less reliable
when the probabilityP is close to thea priori value. The
functionscl(E) are

cl~E!5
@11~kR!2l #

~kR!2lAE
~4!

and in the case of117Sn, for l 50 and 1,

TABLE I. ~Continued!.

Energy~eV! J l B.P. gGn ~meV! Gg ~meV! gGn
l ~meV!

1318.561.3 1 0.77 5.560.9 54.469.4 b
1342.361.3 1 0.89 0.3560.06 3.460.6 b
1358.661.3 1 0 0.00 8869 81630 2.460.2 d
1388.761.4 1 0.88 0.8060.14 7.461.3 c
1397.761.4 1 0.88 0.5360.09 4.860.9 c
1442.061.4 1 0.74 7.361.3 63.5611.45 b
1472.861.5 1 0.88 0.8860.16 7.561.4 c
1488.561.5 0 0.00 7467.5 1.9160.2 d

aResonance parameters from Ref.@13#.
bNew resonance parameters from this work.
cNew resonance identified in this work.
dOnly new energy from this work; other resonance parameters from Ref.@8#.

TABLE II. Average radiative widths, level spacings, and strength functions for117Sn.

Values ^Gg0& ~meV! ^Gg1& ~meV! D0 ~eV! S0 (1024 eV) S1 (1024 eV)

Currenta 10366 130610 59.364.0 0.1760.05 3.461.0
Previousb 80620 4866 0.2160.04 3.061.6

aValues from this work.
bValues from Mughabghabet al. @13#.
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c0~E!5
1

AE
and c1~E!5

1

AE
S 4.753105

E D , ~5!

where the energyE is in eV and the nuclear radius is as-
sumed to beR51.35A1/3 fm.

The probabilities depend on thes- and p-wave strength
functions and the averages-wave level spacing. The strength
functions were determined from the data in the usual way, by
summing the reduced width over a range of energies,

Sl5
1

~2l 11!DE ( gGn
l , ~6!

and the reduced widths were calculated from

gGn
l 5cl~E!gGn . ~7!

The values for the strength functions change as the orbital
angular momentum assignments are made. This process—of
assigning resonances with this probabilistic argument, and
then determining the strength functions and level densities—
was iterated until the values stabilized. At the end, the values
for the strength functions and level spacings were unchanged
if one or two resonance assignments were changed. The final
probabilities are listed in Table I under the column labeled
B.P., along with the neutron resonance parameters. An ex-
ception was made for the 705.76-eV resonance which we
assign l 50 to avoid a very large spacing~between the
580.8-eV and 789.4-eV resonances! in compliance with the
Wigner distribution discussed in Sec. V.

From these assignments, plots of the cumulative number
of states as a function of energy were prepared. These are
shown in Figs. 3 and 4. Although both plots can be fit with a
linear function, this does not ensure that all levels are ob-
served in the experiment. To estimate the missing fraction of
levels one must consider the distribution of neutron widths.
This is discussed in the next section. After applying an 8%
correction to the value of 64 eV extracted from the linear fit
in Fig. 3 ~see Sec. V for determination of missing fraction!,
we obtained thes-wave spacingD05(59.3)64.0 eV. De-
termining thep-wave average spacing is more involved. As a
result of a large fraction of missing levels, the uncorrected
value of 39.4 eV extracted from Fig. 4 forp-wave levels is
only an upper limit forD1 . A plot of the cumulative reduced
neutron widths fors-wave resonances is shown in Fig. 5; a
linear fit yields the strength function value 104S050.17
60.05. A similar plot forp-wave resonances in Fig. 6 indi-
cates a reduction of the observed strength above 700 eV
because of decreasing experimental resolution. A linear fit to
the resonances below 700 eV and application of Eq.~6! in
the same energy region yield 104S1 values of 3.060.9 and
3.461.0, respectively. The latter value is reported in Table
II. The values of the average resonance parameters in the
present work are consistent with values determined from pre-
vious measurements@8,13#.

V. STATISTICAL TESTS

The distribution of the reduced neutron widths is expected
to agree with the Porter-Thomas distribution@19#:

FIG. 3. Cumulative number ofs-wave resonances. The line is a
linear fit used to extract thes-wave level spacing.

FIG. 4. Cumulative number ofp-wave resonances. The line is a
linear fit as discussed in Sec. V.

FIG. 5. Cumulative reduced neutron width for117Sn s-wave
resonances with a linear fit used to extract thes-wave strength func-
tion.

FIG. 6. Cumulative reduced neutron width for117Sn p-wave
resonances with a linear fit below 700 eV~see discussion in Sec.
V!.

PRC 59 2841NEUTRON RESONANCE SPECTROSCOPY OF117Sn . . .



P~x!5
e2x/2

A2px
, where x5

gGni
l

^gGn
l &

. ~8!

Because of the limited number of resonances, the cumu-
lative number of resonances is compared with the integrated
distribution. Also, because states of smaller size are assumed
to be missed, the integral of the distribution is shown from
larger to smaller values. The corresponding cumulative re-
duced width distributions fors and p levels are compared
with the integral of the Porter-Thomas distributions in Figs.
7 and 8. Such a comparison assumes the use of unbiased
averaged̂ gGn

l & values. Since a significant number of weak
p-wave resonances are expected to be missed, we obtain an
estimate for this average value indirectly. We used the ex-
perimental value ofS1 , since the missingp-wave levels
should be very weak and have relatively little effect on the
strength function. However, the spacing is strongly affected
by missing levels. Therefore we obtained the value ofD1
527 eV by scaling the valueD0 according to the (2J11)
statistical factor:D15(4/9)D0 . From the strength function
S1 and the level spacingD1 we obtained an unbiased^gGn

l &,
which was used in the analysis. The normalization constant
of the Porter-Thomas distribution—the total number of
levels—was obtained by fitting the distribution to the histo-
gram in the interval 0.7,x,7.0 where the missing strength
should be minimal. We note that the total number of levels
under the full theoretical distribution is 8% larger than the
number of levels in the theoretical distribution above they

51022 cut. Comparison with the histograms indicates that
below 1.5 keV we miss about 8% of thes-wave and 35% of
the p-wave resonances.

For a sequence of compound nuclear states with the same
symmetry, the level spacings are expected to obey predic-
tions of the Gaussian orthogonal ensemble~GOE! version of
random matrix theory@20,21#. To a good approximation, the
nearest-neighbor spacing distribution should obey the
Wigner distribution

P~x!5
p

2
xe2px2/4, where x5

Dli

^Dl&
. ~9!

The other extreme, corresponding to no level repulsion or
long-range correlations, is the Poisson distributione2x. In
our experiment there are two spins for thes-wave resonances
and three spins for thep-wave resonances. Therefore we ex-
pect to observe a linear combination of twos-wave GOE
sequences and threep-wave GOE sequences. The relative
weight is determined by the relative level densities. For this
target nuclei with spin 1/2, the appropriate relative densities

FIG. 9. Nearest-neighbor spacing distribution for thes-wave
resonances up to 1.5 keV. The experimental distribution is com-
pared with the Wigner distribution, the mixed two-sequence distri-
bution ~see text!, and the Poisson distribution.

FIG. 10. Nearest-neighbor spacing distribution for thep-wave
resonances up to 700 eV. The experimental distribution is compared
with the Wigner distribution, the mixed three-sequence distribution
~see text!, and the Poisson distribution.

FIG. 7. Cumulative reduced width distributions fors-wave reso-
nances compared to the Porter-Thomas distribution.

FIG. 8. Cumulative reduced width distributions forp-wave reso-
nances compared to the Porter-Thomas distribution.
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are 1/4 and 3/4 for thes-wave resonances and 1/9, 3/9, and
5/9 for the p-wave resonances. The numerical results are
plotted in Figs. 9 and 10, for the Wigner distribution, the
Poisson distribution, and the mixed Wigner distribution,
along with the data. The distributions are normalized to the
data such that they agree at infinity. Considering the fraction
of levels missed the agreement with the GOE prediction is
reasonable.

VI. SUMMARY

Neutron resonances were measured in117Sn from 1 eV to
1.5 keV using the radiative capture method. A total of 23
new resonances were identified in this energy region. We
also have increased the accuracy in the determination of the
resonance energies, most of the neutron widths, and the ra-
diative widths for 12 of these resonances. The orbital angular
momentum assignment was performed with a Bayesian
analysis, and from this analysis 23 resonances ares wave and
39 p wave. The experiment below 1500 eV observed about
92% of thes-wave resonances expected in this region and

about 65% for thep-wave resonances. From these data new
values were determined for the average level spacings and
strength functions for boths-wave andp-wave resonances.
These results are consistent with past measurements. Knowl-
edge of the117Sn resonance parameters permits the extrac-
tion of the rms weak matrix element from the observed par-
ity nonconserving asymmetries@7#, which will be published
in a forthcoming paper.
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