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Parity violation in neutron resonances in 115In
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Parity nonconservation~PNC! was studied inp-wave resonances in indium by measuring the helicity de-
pendence of the neutron total cross section in the neutron energy range 6.0–316 eV with the time-of-flight
method at LANSCE. A total of 36p-wave neutron resonances were studied in115In, and statistically significant
asymmetries were observed for nine cases. An analysis treating the PNC matrix elements as random variables
yields a weak matrix element ofM5(0.6720.12

10.16) meV and a weak spreading width ofGw5(1.3020.43
10.76)

31027 eV.

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

After the Dubna team discovery@1# of large parity viola-
tion for neutron resonances in heavy nuclei, the Time Rev
sal Invariance and Parity at Low Energies~TRIPLE! Col-
laboration initiated a program to study parity violation
compound nuclei, using the high neutron flux available at
Manuel Lujan Jr. Neutron Scattering Center at the Los A
mos Neutron Science Center~LANSCE!. A statistical ansatz
was adopted: the compound nucleus is considered a sta
cal system and the symmetry-breaking matrix elements
random variables. In this approach the result of a parity n
conservation ~PNC! experiment is the root-mean-squa
symmetry-breaking matrix element which is obtained from
set of longitudinal asymmetries$p%E measured for many
resonances. For a particular resonance at energyE, the asym-

*Present address: Gettysburg College, Gettysburg, PA 17325
†Present address: Hiroshima University, Hiroshima-Ken 7

8526, Japan.
‡Present address: McKinsey and Company, Atlanta, GA 3030
§Present address: Fukui University of Technology, 3-6-1 Gaku

Fukui-shi, 910-8505, Japan.
i Present address: Institute of Physical and Chemical Rese

~RIKEN!, 2-1 Hirosawa, Wako, Saitama, 351-8526, Japan.
¶Present address: Institute of Physical and Chemical Rese

~RIKEN!, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan.
** Present address: Wake Forest University School of Medic

Winston-Salem, NC 27157.
††Present address: Los Alamos National Laboratory, Los Alam

New Mexico 87545.
0556-2813/2000/61~4!/045501~11!/$15.00 61 0455
r-

e
-

ti-
as
-

a

metry p is defined by the equation

s6~E!5sp~E!~16p!, ~1!

wheres6(E) is the neutron cross section for the1 and2
neutron helicity states, andsp(E) is the p-wave resonance
cross section for unpolarized neutrons. Results from the e
measurements are discussed in the reviews by Bowmanet al.
@2#, Frankleet al. @3#, and Flambaum and Gribakin@4#. After
the initial measurements we improved the experimental s
tem, repeated and improved the early measurements, and
ried out experiments with additional targets. The most rec
review is by Mitchellet al. @5#.

In practice the parity violation measurements are feas
only near a maximum of thep-wave neutron strength func
tion. The initial TRIPLE measurements with232Th and 238U
were near the maximum of the 4p neutron strength function
and thus gave no information concerning any mass dep
dence in the effective nucleon-nucleus weak interacti
Therefore our attention turned to the massA5110 region,
where the 3p neutron strength function maximum is locate
We performed measurements on a number of targets f
this region, and results have been published for several
clei: 93Nb @6#, 103Rh @7#, 107,109Ag @8#, 113Cd @9#, and 133Cs
@10#. This approach was successful; many PNC effects w
observed for almost all odd mass targets that we studied
the 3p neutron strength function maximum. However,
complication arises in the analysis of these data. As d
cussed below, it is important to have spectroscopic inform
tion ~including spins! for the s- andp-wave resonances. Ab
sent such spectroscopic information one can proceed
averaging over the various possibilities, but this often int
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S. L. STEPHENSONet al. PHYSICAL REVIEW C 61 045501
duces a large uncertainty into the value for the rms P
matrix element. In the present paper we report the PNC st
on 115In. These measurements form part of the Ph.D. dis
tation of Lowie @11#. In addition, we present the resonan
spin assignments from measurements performed at the I
tute for Reference Materials and Measurements~IRMM !.
These latter measurements form part of the Ph.D. disse
tion of Zanini @12#.

In Sec. II the experimental methods for these two m
surements are described, while the data analysis is discu
in Sec. III. The experimental results are presented in Sec.
The analysis for the extraction of the PNC matrix eleme
and weak spreading widths is described and the results
indium are given in Sec. V. The final section presents a b
summary.

II. EXPERIMENTAL METHODS

A. Parity violation

Transmission measurements of PNC asymmetriesp were
performed at the Manuel Lujan Jr. Neutron Scattering Cen
~MLNSC! pulsed neutron source. This spallation source
described by Lisowskiet al. @13#. The apparatus develope
by TRIPLE to measurep is described in a number of paper
including the original experimental layout@14#, neutron
monitor @15#, polarizer @16#, spin flipper @17#, and neutron
detector@18#. The layout of the polarized neutron beam lin
for the present PNC experiments is given in Ref.@8#. The
measurements were performed on flight path 2, which vie
a gadolinium-poisoned water moderator and has a cadm
boron liner to reduce the number of low-energy neutro
emerging in the tail of the neutron pulse. After the modera
the neutrons are collimated to a 10-cm-diam beam insid
5-m-thick biological shield. The neutrons then pass throug
3He/4He ion chamber system@15# that acts as a flux monitor
The neutron flux is measured by the monitor for each n
tron burst, and these measurements are used to normaliz
detector rates. Next, the neutrons traverse a polarized-pr
spin filter @16# where neutrons with one of the two helicit
states preferentially scatter out of the beam, leaving a b
of longitudinally polarized neutrons~with the value of polar-
ization f n.70%). The fast neutron spin reversal~every 10 s!
was accomplished by passing the neutron beam throug
spin flipper consisting of a system of magnetic fields@17#. In
addition to frequent spin reversal, the neutron spin was a
flipped by reversing the polarization direction of the prot
spin filter approximately every 2 days. The total effecti
production time for indium data was 8 days.

The PNC effects in indium were measured by transmitt
the neutron beam through samples located at the downst
part of the spin flipper. We used two samples of natu
indium with n52.8831023 atoms/cm2 and n55.8631023

atoms/cm2, respectively. The measurements were perform
both at room temperature and at 77 K. The10B-loaded liquid
scintillation detector@18# is located 56.7 m from the neutro
source. The 55-cell segmented detector can handle insta
neous counting rates up to 9 MHz per cell with a dead ti
of about 20 ns. The detector has an efficiency of 95%, 85
and 71% at neutron energies of 10 eV, 100 eV, and 1000
04550
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respectively. The neutron mean capture time in the dete
is (41665) ns. The data acquisition process is initiated w
each proton burst. The detector signals are linearly summ
and filtered. An analog-to-digital converter~ADC! transient
recorder digitally samples the summed detector signal 8
times in intervals determined by the filtering time. The 81
words are added, as a ‘‘pass,’’ to a summation memory
200 beam bursts before being stored. The data from
passes form a 30-min ‘‘run’’ for the data analysis. For i
dium 162 runs with a channel width of 100 ns were used
the final analysis. In addition, 34 runs were measured
analyzed with a channel width of 200 ns.

B. Spin determination

Measurements to determine resonance spins in115In were
performed at the Geel Linac pulsed neutron source fac
using the time-of-flight~TOF! technique@12#. The experi-
mental setup was the same as for previous measurem
with 107,109Ag targets@8#. A 75-g sample of indium, enriched
to 99.9% in115In, on loan from the ORNL Isotope Pool, wa
used. Neutron captureg rays were detected by two coaxia
intrinsic Ge crystals of 70% efficiency~relative to the60Co
1333-keV line!. The amplitude information from the Ge de
tectors was measured with two 8k fast ADCs over theg-ray
energy range 0.1–7.2 MeV, in coincidence with the TO
information, measured with a 25-bit multiple-shot time dig
tizer. The data were recorded in an event-by-event mode
a 1-Gbyte hard disk of a PC-based data acquisition syst
The neutron energy range from 3 to 480 eV was covered
a total of 30 Gbyte of listmode data were collected ove
period of 800 h.

III. DATA ANALYSIS

A. Transmission data

Resonance parameters were determined by analysis o
data summed over both helicity states. Background and d
time corrections were applied as described by Crawf
et al. @19#. The shape analysis was performed with the co
FITXS @20#, which was written specifically to analyze th
TOF spectra measured by the TRIPLE Collaboration. T
multilevel, multichannel formalism of Reich and Moore@21#
was used for the neutron cross sections, which were con
luted with the TOF resolution function studied in detail b
Crawfordet al. @19#. The final fitting function is written as

Ft~ t !5H Bt~ t ! ^ F a

E0.96
e2nsD(t)G J 1(

i 50

3
ai

t i
, ~2!

where sD(t) is the Doppler-broadened total cross sectio
Bt(t) is the instrumental response function~which includes
line broadening due to the initial width of the pulsed bea
neutron moderation, finite TOF channel width, and neut
mean time for capture in the detector!, a/E0.96 is an energy
dependent neutron flux as measured by Smithet al. @22#, and
the second term represents a polynomial fit to the ba
ground.~The symbol^ indicates a convolution.! Since the
initial TOF spectra were taken with unknown detector e
1-2
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PARITY VIOLATION IN NEUTRON RESONANCES IN115In PHYSICAL REVIEW C 61 045501
ciency and neutron flux, a normalization procedure was p
formed using well-known parameters of the 39.62-e
46.40-eV, and 62.97-eV indium resonances@23#. Details of
the fitting procedures are given by Crawfordet al. @19#.
From this analysis the neutron resonance energies,gGn
widths, and radiative widths can be obtained. A sample o
multilevel fit to the natural indium TOF spectrum in the e
ergy region 30–90 eV is shown in Fig. 1.

After determining the resonance parameters and fix
them, the additional parameters (f np)1 and (f np)2 in the
equations

sp fn
6 5sp@11~ f np!6# ~3!

were fit separately for the1 and 2 helicity TOF spectra.
Heresp fn

6 is the experimental neutron cross section for the1

and 2 neutron helicity states~which is dependent on th
beam polarization!, and f n is the absolute value of the neu
tron beam polarization. Because thef n value is the same fo
the1 and2 cases, the quantities (f np)1 and (f np)2 should
differ only by a sign, although statistical and systematic u
certainties may introduce further differences. The asymm
p defined by Eq.~1! was calculated as

p5
@~ f np!12~ f np!2#

f n@21~ f np!11~ f np!2#
, ~4!

with the use of thef n value obtained for each run from
proton magnetic resonance measurement. The NMR m
surement is normalized to the result of a separate study o
well-known longitudinal asymmetry of the 0.74-eV res
nance in lanthanum. The analysis to determine the P
asymmetries in indium was performed on a run-by-run ba
A sample fit near the 29.6-eV resonance and the histogra
thep values obtained for this resonance are shown in Fig

B. Spin assignments

In order to determine the resonance spins, the low-le
population method of spin assignment was used. This te

FIG. 1. Sample multilevel fit to the natural indium time-of-fligh
spectrum in the energy region 30–90 eV.
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nique exploits the fact that the population of the low-lyin
excited states reached throughg-ray cascades from a neutro
resonance depends strongly on the resonance spin an
spin of the excited state: the smaller the spin difference
tween the neutron resonance and a given final state of
cascade, the larger the population of the final state. The r
tive populations of the excited states are determined by m
suring the intensities of theg-ray transitions that deexcite
them. In order to increase the sensitivity of the method a
also to avoid normalization problems for the different res
nances, it is convenient to measure the intensity ratio of
transitions depopulating levels of different spin. Usually
larger spin difference leads to a larger effect. In the past
reviewed in@23#, this method was successfully applied to
number of nuclei to determine the spins ofs-wave reso-
nances. This method has been successfully extende
p-wave resonances for the nuclides238U @24#, 113Cd @24#,
107Ag @8#, and 109Ag @8#.

From the recorded indium data, 140 captureg-ray spectra
~corresponding to the TOF intervals of indium resonances
background regions! were sorted. The TOF spectrum in th
energy range 3–480 eV is shown in Fig. 3. The energies
the resonances analyzed are indicated, with thep-wave reso-
nance energies underlined. In order to obtain the pure cap
spectrum of a given resonance, theg spectrum correspond
ing to one or more nearby background regions was s
tracted from the raw data. For unresolved resonances,
yield was fit with the shape programFANAC @25#. For each
resonance the contribution of the nearby resonance in
given TOF interval was determined and the correspond
g-ray spectrum subtracted. This procedure was applied

FIG. 2. Top: sample fit near the 29.68-eV resonance. Botto
histogram of the asymmetries for the 29.68-eV resonance in115In.
1-3
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FIG. 3. Time-of-flight spectrum for115In(n,g). Thep-wave resonance energies are underlined. Resonance energies greater than
are from Ref.@29#.
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the p-wave resonances at 145.64, 146.78, 194.47, 28
302.6, and 304.1 eV.

Low-energyg-ray spectra for five resonances of differe
spin and parity are shown in Fig. 4. The top two spectra
for s-wave resonances, while the others are forp-wave reso-
nances. The spin effect in the relative intensities is obser
for several transitions; because of their large intensities
convenient to use the 186.2-keV transition that depopula
the 313.5-keV level (41,51) and the 273.0-keV transition
that depopulates the 273.0-keV level (21) of 116In. Figure 5
04550
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d
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shows the ratios of the intensities of these transitions for
s- andp-wave resonances. As expected, the resonances s
rate into several groups. The lowest group with ratios arou
0.1 contains onlyp-wave resonances and are accepted as
J53 resonances. The second group has values of the in
sity ratio around 0.4. This group is identified as resonan
with J 5 4; it containss-wave as well asp-wave resonances
A third group shows a larger variation of the ratio around 0
and also containss-wave andp-wave resonances. These a
identified as resonances with spinJ55. No group of reso-
1-4
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FIG. 4. Low-energyg-ray spectra for five115In resonances of different spin and parity; the energies of the strongest transitions a
spins and parities of their initial levels are indicated.
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nances with higher values of the ratio, as expected for s
J56 p-wave resonances, has been observed.

Fluctuations of the intensity ratios are observed ins
each group for both thes- andp-wave resonances, with th
p-wave resonances displaying larger fluctuations. Bes
contributions due to an imperfect background subtraction
which thep-wave resonances are particularly sensitive, th
fluctuations may be due to nonstatistical effects in the de
of the 116In compound nucleus. The low-level populatio
technique is based on the assumption that theg decay from
the capturing state is statistical. In the case of115In(n,g) this
assumption may not be completely justified since for so
resonances rather strong primary transitions are observe
04550
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the low-lying levels used in the spin assignment. Two n
table examples are theg rays following capture at the
29.7-eV and 282.2-eVp-wave resonances. These resonan
have a 5–10% primary transition of 6470.4 keV to the 313
keV level. Such direct feedings are subtracted before
ratio I (186)/I (273) of the intensities of the 186.2- an
273.0-keVg-ray transitions are determined.

Monte Carlo simulations of level populations based on
DICEBOX @26# code have been performed. Resonances w
the same spin but different parities show equal values for
ratios in these simulations. In addition, the simulations p
dict an increase of the ratioI (186)/I (273) with spin. The
simulations also predict a larger value of this ratio for 62
1-5
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S. L. STEPHENSONet al. PHYSICAL REVIEW C 61 045501
resonances. There are no 62 p-wave resonances observe
One possible reason might be that such resonances can p
late the 82 isomeric state at 289.7 keV of116In easier than
the lower-spinp-wave resonances. Therefore, a large fract
of the decays after neutron capture would be lost; that is,
selected low-energy transitions do not occur for 62 reso-
nances.

Other intensity ratios have been studied, nota
I (376)/I (385) and I (186)/I (1711174). A comparison of
I (186)/I (273) with I (376)/I (385) in Fig. 6 fors-wave reso-
nances shows two groups of clustering values; one is rel
to J54 and the other group toJ55 resonances. These in
tensity ratios cannot be used systematically for thep-wave
resonances, because of the lower intensities of theg-ray
transitions. However, for the strongerp-wave resonance
they can be used to support theJ assignment based on th
ratio I (186)/I (273). For instance this is the case for the re
nance at 302.6 eV, which has a higher value ofI (186)I (273)
compared to the otherJ54 resonances; theJ54 assignment
is strengthened on the basis of theI (376)/I (385) ratio.

FIG. 5. Intensity ratios between the indicatedg-ray transitions
plotted versus neutron energy fors-wave~solid circles! andp-wave
~open circles! resonances in115In.

FIG. 6. Correlation between intensity ratiosI (376)/I (385) and
I (186)/I (273) for 115In s-wave resonances.
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High-energy primary transitions are also considered.
some cases the primary transitions help to assign spin
parity values to resonances. In addition, for theJ55 p-wave
resonances, it is of interest to have information from prima
transitions to ensure that noJ56 resonances are included
the same group. This is confirmed for the resonances at 6
13.46, 73.06, 120.64, 144.07, 174.15, and 211.9 eV,
which direct transitions to levels withJp541 are observed.
For the other resonances the statistics available is in gen
too low to allow the observation of high-energy transition

In Table I the valuesI (186)/I (273) are given for thep
resonances. Also the energies of the observed primary t
sitions, and the spin and parity of the final states, are in
cated. Besides providing information on the resonance sp
they are useful for the resonance parity assignment, as
cussed in the next section.

IV. EXPERIMENTAL RESULTS

A. Neutron spectroscopy data

Neutron resonance parameters, including spins, are li
in Table II. The energy scale was calibrated using the indi
resonance energies from the compilation by Mughabg
et al. @23#. The orbital angular momentuml was assigned by
two indirect methods: one uses a Bayesian probabilistic
gument@27# and the other uses the decay properties of p
maryg rays@12#. The first method applies Bayes’ theorem
the Porter-Thomas distributions of neutron widths fors- and
p-wave resonances. This method was extensively used in
p-wave neutron spectroscopic studies, e.g., by Smithet al.
@22#. The second method is based on the observation of
mary g transitions to low-energy levels of known spin an
parity. The ratio between theE1 and M1 photon strength
functions for high-energy transitions for116In is about 6
@28#; thereforeE1 transitions are more likely to be observe
thanM1. As shown in Table I, only high-energy transition
to levels with positive parity are observed forp-wave reso-
nances, which is consistent with thel 51 assignment.

The neutron widths~the gGn parameters! show general
agreement with those obtained by Frankleet al. @29#. There
are a few cases~e.g., for the resonances at 58.76 eV, 86
eV, and 146.78 eV! where the widths differ by as much as
factor of 2. The origin of this discrepancy is unknown. How
ever, these resonances are not important for our PNC st
The dominant uncertainties in thegGn andGg values shown
in Table II are systematic, arising from the uncertainty in t
count rate normalization and from the difference in our
sults for the two samples. Since the present results ar
general agreement with the previous TRIPLE measurem
@29#, one expects the average resonance parameters t
little changed. Thes-wave level spacing isD0511.0
60.6 eV. Assuming a ratio of 2J11 for the densities of
s-wave spinsJ54 andJ55, 45% of thes-wave resonances
should haveJ54 and 55%J55. This leads to the resul
D(J54)524.461.3 eV and D(J55)520.061.1 eV,
which we will use in Sec. V. Because of the new spin a
signments, we obtained new information on thes-wave neu-
tron strength function—namely, separate values for theJ
1-6
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TABLE I. Spin and parity assignment of115In p-wave resonances from high- and low-energyg rays. The
l HE andJHE are parity and spins on the basis of the observed high-energy transitions. TheJLE column gives
spins based on the intensity ratioI (186)/I (273) ~second column!.

E ~eV! I (186)/I (273)
g primary observed

l HE JHE JLE(Jp of final level!

6.853 0.9460.10 5955.2 (41) 1 3,4,5 5
13.46 0.71160.036 5814.0 (3,4,51), 6358.4 (41), 6656.3 (51) 1 4,5,6 5
29.68 0.7660.15 6470.4 (4,51) 1 5
73.06 0.82060.047 5752.8 (41) 1 3,4,5 5
100.81 0.37360.019 4
103.70 0.9160.13 5
110.86 0.15760.023 6276.1 (31) 1 3,4 3
120.64 0.65660.038 6559.3 (41) 1 3,4,5 5
144.07 0.78860.027 5713.3 (3,4,51), 6358.4 (41), 6470.4 (4,51) 1 3,4,5 5
145.64 0.12460.027 6039.5 (31) 1 3,4 3
146.78 0.42160.049 4
158.53 0.36860.034 4
174.15 0.79260.060 6048.4 (4,51), 6559.3 (41) 1 3,4,5 5
192.29 0.69860.020 5
194.47 0.14660.075 3
198.6 0.4360.11 4
211.9 0.80060.025 5971.0 (41), 6470.4 (4,51) 1 3,4,5 5
214.0 0.35660.035 6656.3 (51) 1 4,5,6 4
282.2 0.9360.42 6470.4 (4,51) 1 4,5,6
302.6 0.53160.048 4
304.1 0.72660.062 5
308.1 0.7660.14 5
329.5 0.07860.048 5834.8 (4,51) 1 3
431.2 0.45660.072 4
437.2 0.32860.026 4
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54 and J55 states:SJ54
0 5(0.1860.07)31024 and SJ55

0

5(0.2260.07)31024.
The PNC amplification parameters ApJ

5A(s4(gGnJ
s /gGnJ

p )/(EsJ2EpJ)
2 are listed for those

p-wave resonances for which the longitudinal asymme
was measured. They depend on knowledge of the spJ
because the weak interaction mixes onlyp-wave ands-wave
resonances with the same spinJ. When the spins of the
p-wave resonances are unknown, there are two entries
AJ , corresponding to the two possible spinsJ54 andJ55
for which the ‘‘weak mixing’’ of levels is possible. TheAJ
values are zero for spinsJ53 and J56 because such
p-wave resonances cannot exhibit parity violation.

B. Longitudinal asymmetries

As discussed in Sec. III, the histograms of the PNC asy
metry values for individual runs were plotted for each re
nance. From these histograms a mean value of the asym
try and its error were determined. The uncertainty in
mean value ofp is the variance of the histogram divided b
N1/2. In this approach all errors contribute to the width of t
histogram; as a result the histogram width gives a reali
estimate of uncertainty in thep value. Thep values for the
resonances which were analyzed are listed in Table II. Th
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are nine statistically significant PNC effects. The longitu
nal asymmetries are plotted versus energy in Fig. 7.

V. PNC ANALYSIS AND RESULTS

The details of the analysis of the PNC cross section as
metries are given by Bowmanet al. @30#. The specific appli-
cation has been described in a number of our previous
pers, e.g., our study of PNC effects in silver@8#. The
essential argument is that the observed PNC effect in
p-wave resonance is due to contributions from neighbor
s-wave resonances. Assuming that the weak matrix elem
connecting the opposite parity states are random varia
leads to the result that the longitudinal asymmetry is als
random variable. From the distribution of the asymmetr
one can infer the varianceM2 of the matrix elements — this
is the mean square matrix element of the PNC interact
The practical details of the analysis depend on knowledg
the spectroscopic parameters. The essence of our approa
the likelihood analysis is to include all available spectr
scopic information and to average over remaining unknow
The net result is that more information reduces the unc
tainty in the rms value of the matrix element. We provide
explicit example of this below.
1-7
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TABLE II. Longitudinal asymmetries and related resonance parameters for115In.

E~eV! l J gGn ~meV! Gg ~meV! p ~%! AJ54 ~eV21) AJ55 ~eV21)

1.457a 0 5 1.670
3.850 0 4 0.170a

6.85360.009 1 5 0.0002360.00002 21.4560.11 67.4
9.1260.01 0 5 0.8060.08
12.1060.01 0 4 0.04960.005
13.4660.02 1 5 0.0009260.00009 0.6160.07 20.3
22.7360.02 0 5 0.44960.045
29.6860.02 1 5 0.0011260.00011 0.4460.04 12.4
39.6260.02 0 5 2.0260.10 8468
40.6860.02 1 0.003760.0009 20.5560.04 2.7 44.6
46.4060.03 0 4 0.12860.011 91620
48.1760.03 0 5 0.26460.032 85618
58.7660.03 1 0.0003360.00002 20.5260.38 17.0 16.5
62.9760.03 0 4 0.35860.026 97614
66.4060.12b 1 0.00004060.000002
69.5360.03 0 5 0.15860.008 123627
73.0660.03 1 5 0.01260.001 0.04660.023 4.3
77.8160.04 1 0.001660.0001 20.6360.16 13.7 17.6
80.8760.04 0 4 0.6560.05 104619
83.3160.04 0 5 3.3360.19 7567
85.4660.04 1 0.003160.0008 0.1360.23 6.8 31.0
86.3260.04 1 0.00260.001 20.02560.024 2.3 8.9
88.4460.04 1 0.0008560.00016 20.2260.65 8.8 2.9
94.3760.04 0 5 1.4060.07 78610
100.8160.04 1 4 0.03160.002 0.00760.019 1.1
103.7060.2b 1 5 0.000460.0002
110.8660.05 1 3 0.02160.002 0.0460.03 0 0
114.4160.05 0 4 0.06760.004
120.6460.05 1 5 0.02760.002 0.11560.031 1.9
125.9760.05 0 4 1.5960.08 93620
132.9460.05 0 5 1.9160.27 130640
144.0760.06 1 5 0.08460.009 20.04560.019 1.8
145.6460.06 1 3 0.02860.003 0.02260.037 0 0
146.7860.06 1 4 0.02360.005 0.08460.044 2.2
150.2460.064 0 5 1.7460.14 90613
156.4260.07 1 0.005160.001 20.1060.17 9.9 7.3
158.5360.07 1 4 0.04660.004 0.5460.03 4.4
162.2360.07 1 0.07260.007 20.01460.025 8.5 1.7
164.6560.07 0 4 7.5060.47 93613
168.1160.07 0 5 0.9060.12 100618
174.1560.08 1 5 0.08460.009 20.03460.028 1.6
177.9060.08 0 4 1.260.2 116642
186.7960.08 0 4 9.8560.50 98614
190.9160.09 1 0.02160.002 0.0560.13 10.8 4.0
192.2960.09 1 5 0.1960.03 0.0360.03 1.4
194.4760.09 1 3 0.03560.008 20.0360.06 0 0
198.660.1 1 4 0.03160.004 0.0460.07 3.5
205.660.1 0 5 14.261.7 74627
211.960.1 1 5 0.2460.03 20.05860.026 2.7
214.060.1 1 4 0.07660.010 0.1560.04 1.6
219.960.1 1 0.007760.0004 1.0060.62 6.4 19.0
224.060.1 0 5 10.162.0 89619
226.960.1 0 4 2.161.3 77617
045501-8
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TABLE II. ~Continued!.

E~eV! l J gGn ~meV! Gg ~meV! p ~%! AJ54 ~eV21) AJ55 ~eV21)

246.760.1 1 0.05760.012 20.1160.13 8.6 3.0
249.060.1c 0 4,5 0.4060.02 8368
250.860.1c 0 4,5 17.2660.86 72611
264.560.5b 1 0.0460.02
266.860.2 0 5 2.2160.11 97646
275.660.2 1 0.00760.003 1.0760.60 8.6 9.5
276.660.2 1 0.04860.011 20.0660.10 3.3 3.6
282.260.2 1 0.05060.003 0.03260.098 5.0 4.8
285.160.2 1 0.02760.014 20.2360.35 10.5 8.2
288.960.2 0 4 8.0560.88 131621
294.160.2c 0 4,5 15.0660.75
294.760.2c 0 4,5 4.2160.21
302.660.2 1 4 0.17760.019 20.4660.06 2.6
304.160.2 1 5 0.4260.24 20.06160.045 2.2
308.160.2 1 5 0.07360.006 0.0660.13 3.7
313.460.6 1 0.1160.09
316.260.2 1 0.0560.03 20.1160.25 7.2 3.1
319.460.2 0 4 5.861.4

aFrom Mughabghabet al. @23#.
bFrom Frankleet al. @29#.
cComponents of doublet.
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Since the rms PNC matrix elementM may depend onJ,
we label the matrix element asMJ . If the spins are known
~such as for the resonances withJ55!, one can fit the Baye-
sian posterior probability functionL(MJ) separately to the
matrix elementsMJ using the equation

L~MJ!5P0~MJ!)
m

PI~pmuMJAmJ ,a,sm!, ~5!

whereP0(MJ) is the assumedprior probability density func-
tion for MJ , PI is the appropriate probability density func
tion @Eq. ~16! in Ref. @30## with experimental asymmetry
pm , andsm is the corresponding uncertainty. The normaliz
tion is discussed below. Even in this favorable case, with
spins known, there is still the problem that the entrance ch
nel neutronj 53/2 and j 51/2 amplitudes of resonances a

FIG. 7. Longitudinal asymmetriesp versus neutron energiesEn

for p-wave resonances in115In.
04550
-
ll
n-

unknown. This factor is accounted for statistically by usi
the average value of the ratio ofS3/2

1 andS1/2
1 strength func-

tions, which is described by the parametera (a50.58 for
indium @31#!.

If there is incomplete information on theJ values, one can
fit to the weak spreading width

Gw52pMJ
2/D~J!, ~6!

assuming thatGw is independent ofJ. In this case the expres
sion for the posterior probability function is

L~Gw!5P0~Gw!)
m

F (
J5I 61/2

p~J!PI~pmuMJAmJ ,a,sm!

1 (
J5I 63/2

p~J!G~pm ,sm
2 !G , ~7!

whereMJ is written as a function ofGw from Eq. ~6!, and
D(J) is a known parameter for spinsJ54 andJ55. Addi-
tional quantities entering Eq.~7! are the relative probability
p(J) of spin J and a GaussianG, which is the probability
density function for resonances with spinJ5I 63/2 that can-
not exhibit parity violation. The relative probabilitiesp(J)
are estimated using the standard statistical model for thJ
dependence; see, for example, the discussion by Bow
et al. @30#. Of course whenJ is known, then the probability
vanishes for all except the one knownJ value.

The remaining issue is the normalization. In practice
assume that the priorP0(Gw) is a constant up to some valu
and zero above this value. Since we have measured w
spreading widths in a number of nuclei, we know that t
1-9
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weak spreading width is unlikely to be more than abo
(5 –6)31027 eV. For the present calculations we used t
constant prior below 1031027 eV and zero above this
value. We have determined empirically that the results
insensitive to the cutoff value chosen. Since the expres
of Eq. ~7! with a constant prior is a likelihood function, th
uncertainties inGw were obtained by the method of Ead
et al. @32# of the evaluation of the confidence interval b
solving the equation

lnFL~Gw
6!

L~Gw* !
G52

1

2
, ~8!

whereGw* is the most likely value andGw
6 gives the confi-

dence range.
Our information on the spins ofp-wave resonances in

115In is not complete. Therefore, the likelihood analysis w
performed using Eq.~7! with the data from both theJ-known
sets and the remainingJ-unknown set. The resulting likeli
hood function is shown in Fig. 8. This case of maximu
available spin information gives a value ofGw5(1.3020.43

10.76)
31027 eV. As an example of the importance of the res
nance spin assignments, Fig. 9 shows the likelihood fu
tions for 115In with all p-wave spin information omitted
Note that for this case the second term in each factor in
~7! is always present and is independent ofM ~or Gw). This
makes clear that it is the prior that ensures normalizibil
The width of the likelihood function for this case is a fact
of 2 larger. Since there is little difference in the two values
D(J) for J54 andJ55, one can infer theM value from the

FIG. 8. Likelihood functionL versus the weak spreading widt
Gw for p-wave resonances in115In with all available spin informa-
tion.
-
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weak spreading width using Eq.~6! with D(J)52D0

522 eV. This gives a value ofM5(0.6720.12
10.16) meV.

VI. SUMMARY

PNC longitudinal asymmetries have been studied for
p-wave resonances in115In. A total of nine p-wave reso-
nances show parity violation with greater than 3s statistical
significance. Of these nine resonances five have pos
signs and four have negative signs~relative to the sign of the
PNC effect at 0.74 eV in lanthanum@1#!. These results are
consistent with a statistical distribution of the signs of t
PNC effects. The value of the weak spreading width—Gw

5(1.3020.43
10.76)31027 eV—is comparable to the value

obtained in238U and 232Th, and thus consistent with a con
stant weak spreading width. However, our other measu
ments indicate the presence of local fluctuations in the w
spreading widths. The large spread in values ofGw in this
mass region makes it difficult to provide a definitive sta
ment about a global mass dependence.
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