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Parity nonconservatiofPNC) was studied irp-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 3p-wave neutron resonances were studiedfin, and statistically significant
asymmetries were observed for nine cases. An analysis treating the PNC matrix elements as random variables
yields a weak matrix element dfl=(0.67"31) meV and a weak spreading width &F,=(1.30"3/9
X107 eV.

PACS numbses): 24.80+y, 25.40.Ny, 27.60tj, 11.30.Er

I. INTRODUCTION metry p is defined by the equation
After the Dubna team discovefit] of large parity viola- o (E)=0,(E)(1£p), 1)
tion for neutron resonances in heavy nuclei, the Time Rever-
sal Invariance and Parity at Low Energi€ERIPLE) Col-  wheres~(E) is the neutron cross section for the and —

laboration initiated a program to study parity violation in neutron helicity states, and,(E) is the p-wave resonance
compound nuclei, using the high neutron flux available at thecross section for unpolarized neutrons. Results from the early
Manuel Lujan Jr. Neutron Scattering Center at the Los Ala-measurements are discussed in the reviews by Bowanhah
mos Neutron Science Cent@rANSCE). A statistical ansatz [2], Frankleet al.[3], and Flambaum and Gribakjd]. After
was adopted: the compound nucleus is considered a statisthe initial measurements we improved the experimental sys-
cal system and the symmetry-breaking matrix elements atem, repeated and improved the early measurements, and car-
random variables. In this approach the result of a parity nonried out experiments with additional targets. The most recent
conservation (PNC) experiment is the root-mean-square review is by Mitchellet al. [5].
symmetry-breaking matrix element which is obtained from a In practice the parity violation measurements are feasible
set of longitudinal asymmetrie§p}z measured for many only near a maximum of thp-wave neutron strength func-
resonances. For a particular resonance at erferthye asym-  tion. The initial TRIPLE measurements wiii°Th and 2%
were near the maximum of thepdeutron strength function,
and thus gave no information concerning any mass depen-
*Present address: Gettysburg College, Gettysburg, PA 17325. dence in the effective nucleon-nucleus weak interaction.
TPresent address: Hiroshima University, Hiroshima-Ken 739-Therefore our attention turned to the mass 110 region,
8526, Japan. where the P neutron strength function maximum is located.
tpresent address: McKinsey and Company, Atlanta, GA 30303.We performed measurements on a number of targets from
Spresent address: Fukui University of Technology, 3-6-1 Gakuenthis region, and results have been published for several nu-

Fukui-shi, 910-8505, Japan. clei: 3Nb [6], %Rh[7],1071%%g [8], **%cd[9], and *%Cs
IPresent address: Institute of Physical and Chemical Researdl0]. This approach was successful; many PNC effects were
(RIKEN), 2-1 Hirosawa, Wako, Saitama, 351-8526, Japan. observed for almost all odd mass targets that we studied near
TPresent address: Institute of Physical and Chemical Researdhe 3 neutron strength function maximum. However, a
(RIKEN), 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan. complication arises in the analysis of these data. As dis-
** Present address: Wake Forest University School of Medicinecussed below, it is important to have spectroscopic informa-
Winston-Salem, NC 27157. tion (including sping for the s- andp-wave resonances. Ab-
Present address: Los Alamos National Laboratory, Los Alamossent such spectroscopic information one can proceed by
New Mexico 87545. averaging over the various possibilities, but this often intro-
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duces a large uncertainty into the value for the rms PNQespectively. The neutron mean capture time in the detector
matrix element. In the present paper we report the PNC studig (416+5) ns. The data acquisition process is initiated with
on ™. These measurements form part of the Ph.D. dissereach proton burst. The detector signals are linearly summed
tation of Lowie[11]. In addition, we present the resonanceand filtered. An analog-to-digital convertehDC) transient
spin assignments from measurements performed at the Instiecorder digitally samples the summed detector signal 8192
tute for Reference Materials and Measuremei®MM).  times in intervals determined by the filtering time. The 8192
These latter measurements form part of the Ph.D. dissertavords are added, as a “pass,” to a summation memory for
tion of Zanini[12]. 200 beam bursts before being stored. The data from 160
In Sec. Il the experimental methods for these two meapasses form a 30-min “run” for the data analysis. For in-
surements are described, while the data analysis is discussdiim 162 runs with a channel width of 100 ns were used in
in Sec. lll. The experimental results are presented in Sec. IMhe final analysis. In addition, 34 runs were measured and
The analysis for the extraction of the PNC matrix elementsanalyzed with a channel width of 200 ns.
and weak spreading widths is described and the results for
indium are given in Sec. V. The final section presents a brief B. Spin determination

summary. . .
Y Measurements to determine resonance spin$in were

performed at the Geel Linac pulsed neutron source facility
IIl. EXPERIMENTAL METHODS using the time-of-flight(TOF) technique[12]. The experi-
A. Parity violation mental setup was the same as for previous measurements
o , with 10719%g targetd8]. A 75-g sample of indium, enriched
Transmission measurements of PNC asymmepie®re 4 99 99 in119n, on loan from the ORNL Isotope Pool, was
performed at the Manuel Lujan Jr. Neutron Scattering Centef,coq. Neutron capture rays were detected by two coaxial
(MLNSC) pulsed neutron source. This spallation source isintrinsic Ge crystals of 70% efficiendyelative to the®Co
described by Lisowsket al. [13]. The apparatus developed 1333 ey ing. The amplitude information from the Ge de-
by TRIPLE to measure is described in a number of papers: tectors was measured with two 8k fast ADCs over {heay
including the original experimental layoytl4], neutron energy range 0.1—-7.2 MeV, in coincidence with the TOF
monitor [15], polarizer[16], spin flipper[17], and neutron information, measured with z; 25-bit multiple-shot time digi-
detector{18]. The layout of the polarized neutron beam line ;o The data were recorded in an event-by-event mode on

for the present PNC experiments iS. given in F{@ﬁL_The_ a 1-Gbyte hard disk of a PC-based data acquisition system.
measurements were performed on flight path 2, which VieWSha neutron energy range from 3 to 480 eV was covered and

a gadol_inium—poisoned water moderator and has a cadmiun‘);( total of 30 Gbyte of listmode data were collected over a
boron liner to reduce the number of low-energy neUtronfperiod of 800 h.

emerging in the tail of the neutron pulse. After the moderato

the neutrons are collimated to a 10-cm-diam beam inside a

5-m-thick biological shield. The neutrons then pass through a

3He/*He ion chamber systefl5] that acts as a flux monitor. A. Transmission data

T B e € sl g eSonance parametrs were determined b anayssof
' : Hgta summed over both helicity states. Background and dead

detector rates. Next, the neutrons traverse a polarlzed—protq

i ; e e corrections were applied as described by Crawford
spin filter [16] where neutrons with one of the two helicity et al.[19]. The shape anarl))?sis was performed wi>t/h the code
states preferentially scatter out of the beam, leaving a bea i '

Mrxs [20], which was written specifically to analyze the
of longitudinally polarized neutronsvith the value of polar- ' ;
ization f, ~70%). The fast neutron spin revergavery 10 TOF spectra measured by the TRIPLE Collaboration. The

lished b 1a th N b . h multilevel, multichannel formalism of Reich and Modi#1]
was accomplished by passing the neutron béam Wrough g, ,seq for the neutron cross sections, which were convo-
spin flipper consisting of a system of magnetic fidl@ig]. In

I X . luted with the TOF resolution function studied in detail by
addition to frequent spin reversal, the neutron spin was als

flipped by reversing the polarization direction of the protonE:rawford et al.[19]. The final fitting function is written as
spin filter approximately every 2 days. The total effective 3
production time for indium data was 8 days. F(t)= | Bi(t)® ] +2
The PNC effects in indium were measured by transmitting =0
the neutron beam through samples located at the downstream
part of the spin flipper. We used two samples of naturaWwhere op(t) is the Doppler-broadened total cross section,
indium with n=2.88x 10?® atoms/cm and n=5.86x10?®  By(t) is the instrumental response functimhich includes
atoms/cr, respectively. The measurements were performedine broadening due to the initial width of the pulsed beam,
both at room temperature and at 77 K. THB-loaded liquid  neutron moderation, finite TOF channel width, and neutron
scintillation detectof18] is located 56.7 m from the neutron mean time for capture in the detegton/E%*®is an energy
source. The 55-cell segmented detector can handle instantdependent neutron flux as measured by Swital. [22], and
neous counting rates up to 9 MHz per cell with a dead timghe second term represents a polynomial fit to the back-
of about 20 ns. The detector has an efficiency of 95%, 85%ground.(The symbol® indicates a convolutioh.Since the
and 71% at neutron energies of 10 eV, 100 eV, and 1000 eMnitial TOF spectra were taken with unknown detector effi-

IIl. DATA ANALYSIS
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FIG. 1. Sample multilevel fit to the natural indium time-of-flight f Sr ]
spectrum in the energy region 30—90 eV. :
[0
. N = i
ciency and neutron flux, a normalization procedure was per- g
formed using well-known parameters of the 39.62-eV, 2
46.40-eV, and 62.97-eV indium resonan¢28]. Details of o l

the fitting procedures are given by Crawfoed al. [19].
From this analysis the neutron resonance energigs,
widths, and radiative widths can be obtained. A sample of a
multileve_l fit to the natu_ral indium TO_F spectrum in the en- FIG. 2. Top: sample fit near the 29.68-eV resonance. Bottom:
ergy region 30__9,0 eV is shown in Fig. 1. . histogram of the asymmetries for the 29.68-eV resonancé®in.
After determining the resonance parameters and fixing
them, the additional parameter§,p)” and (f,p)~ in the  pique exploits the fact that the population of the low-lying
equations excited states reached througtray cascades from a neutron
. . resonance depends strongly on the resonance spin and the
Tpt, = opl 1+ (Tap) ] (3) spin of the excited state: the smaller the spin difference be-
tween the neutron resonance and a given final state of the
were fit separately for the- and — helicity TOF spectra.  cascade, the larger the population of the final state. The rela-
Hereo; is the experimental neutron cross section forthe  tive populations of the excited states are determined by mea-

and — neutron helicity stategwhich is dependent on the suring the intensities of the-ray transitions that deexcite
beam polarization andf,, is the absolute value of the neu- them. In order to increase the sensitivity of the method and
tron beam polarization. Because thevalue is the same for also to avoid normalization problems for the different reso-
the+ and— cases, the quantitie$p) * and (f,p) ~ should  nances, it is convenient to measure the intensity ratio of two
differ only by a sign, although statistical and systematic undransitions depopulating levels of different spin. Usually a
certainties may introduce further differences. The asymmetriarger spin difference leads to a larger effect. In the past, as

p defined by Eq(1) was calculated as reviewed in[23], this method was successfully applied to a
number of nuclei to determine the spins sfvave reso-
[(fap) " —(fp) 7] nances. This method has been successfully extended to
:f [2+(fp) +(fp) 1 (4 p-wave resonances for the nuclid&2u [24], i%cd [24],
n n n 107Ag [8], and 1°9Ag [8]

From the recorded indium data, 140 capttreay spectra

with the use of thef,, value obtained for each run from a : , ot
corresponding to the TOF intervals of indium resonances or

proton magnetic resonance measurement. The NMR me

surement is normalized to the result of a separate study of t ackground regioijs(j)ver\? _sortrv]ad. The I;I-.OFBSE’I_?]Ctmm in_the f
well-known longitudinal asymmetry of the 0.74-eV reso- ENErAy rangé 5—4ct vV IS shown in Fig. 5. 1he energies o

nance in lanthanum. The analysis to determine the PN(I,he resonances analy;ed are indicated, wﬂ}‘ptlmave reso-
asymmetries in indium was performed on a run-by-run basig1ance energies underlined. In order to obtain the pure capture

A sample fit near the 29.6-eV resonance and the histogram GiPECtrum of a given resonance, thespectrum correspond-
the p values obtained for this resonance are shown in Fig. Ing to one or more nearby background regions was sub-
tracted from the raw data. For unresolved resonances, the
_ ) yield was fit with the shape prograraNAC [25]. For each
B. Spin assignments resonance the contribution of the nearby resonance in the
In order to determine the resonance spins, the low-leveliven TOF interval was determined and the corresponding

population method of spin assignment was used. This techy-ray spectrum subtracted. This procedure was applied to
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FIG. 3. Time-of-flight spectrum fot'9n(n, y). Thep-wave resonance energies are underlined. Resonance energies greater than 320 eV
are from Ref[29].

the p-wave resonances at 145.64, 146.78, 194.47, 282.3hows the ratios of the intensities of these transitions for the
302.6, and 304.1 eV. s andp-wave resonances. As expected, the resonances sepa-

Low-energyy-ray spectra for five resonances of different rate into several groups. The lowest group with ratios around
spin and parity are shown in Fig. 4. The top two spectra ar®.1 contains onlp-wave resonances and are accepted as spin
for swave resonances, while the others aregfavave reso- J=3 resonances. The second group has values of the inten-
nances. The spin effect in the relative intensities is observesdlity ratio around 0.4. This group is identified as resonances
for several transitions; because of their large intensities it isvith J = 4; it containss-wave as well ap-wave resonances.
convenient to use the 186.2-keV transition that depopulatea third group shows a larger variation of the ratio around 0.8
the 313.5-keV level (4,5") and the 273.0-keV transition and also contains-wave andp-wave resonances. These are
that depopulates the 273.0-keV level"(2of 118n. Figure 5 identified as resonances with spls5. No group of reso-
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FIG. 4. Low-energyy-ray spectra for five'*In resonances of different spin and parity; the energies of the strongest transitions and the
spins and parities of their initial levels are indicated.

nances with higher values of the ratio, as expected for spithe low-lying levels used in the spin assignment. Two no-
J=6 p-wave resonances, has been observed. table examples are the rays following capture at the
Fluctuations of the intensity ratios are observed inside29.7-eV and 282.2-eyp-wave resonances. These resonances
each group for both the- and p-wave resonances, with the have a 5-10% primary transition of 6470.4 keV to the 313.5-
p-wave resonances displaying larger fluctuations. BesidekeV level. Such direct feedings are subtracted before the
contributions due to an imperfect background subtraction, teatio 1(186)/1(273) of the intensities of the 186.2- and
which thep-wave resonances are particularly sensitive, thes@73.0-keV y-ray transitions are determined.
fluctuations may be due to nonstatistical effects in the decay Monte Carlo simulations of level populations based on the
of the 8n compound nucleus. The low-level population DICEBOX [26] code have been performed. Resonances with
technique is based on the assumption thatjthdecay from  the same spin but different parities show equal values for the
the capturing state is statistical. In the casé'din(n,y) this  ratios in these simulations. In addition, the simulations pre-
assumption may not be completely justified since for somalict an increase of the ratib(186)/1(273) with spin. The
resonances rather strong primary transitions are observed gimulations also predict a larger value of this ratio for 6
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L L A S R T o ) High-energy primary transitions are also considered. In
[ O prresonances | some cases the primary transitions help to assign spin and
! ;}» ] parity values to resonances. In addition, for 5 p-wave
oo 4. } *e o . . . resonances, it is of interest to have information from primary
08 - '{' * s ® ¢ ] transitions to ensure that ilo=6 resonances are included in
:§ ] the same group. This is confirmed for the resonances at 6.85,
06 % ] 13.46, 73.06, 120.64, 144.07, 174.15, and 211.9 eV, for
[ % which direct transitions to levels with"=4" are observed.
b * For the other resonances the statistics available is in general
] too low to allow the observation of high-energy transitions.
2T 5 g % ] In Table | the valued (186)/(273) are given for the
. [ . . L {’ L ] resonances. Also the energies of the observed primary tran-
0 100 200 300 400 500 sitions, and the spin and parity of the final states, are indi-
E,(eV) cated. Besides providing information on the resonance spins,
they are useful for the resonance parity assignment, as dis-

cussed in the next section.

1(186)/1(273)

0.4 ;o oo ® 5% %§.0°%§0 o ® .

FIG. 5. Intensity ratios between the indicateeray transitions
plotted versus neutron energy fewave (solid circles andp-wave
(open circlep resonances it*9n.

IV. EXPERIMENTAL RESULTS

resonances. There are no f-wave resonances observed. A. Neutron spectroscopy data

One possible reason might be that such resonances can popu-Neutron resonance parameters, including spins, are listed
late the 8 isomeric state at 289.7 keV df®n easier than in Table Il. The energy scale was calibrated using the indium
the lower-spim-wave resonances. Therefore, a large fractiorresonance energies from the compilation by Mughabghab
of the decays after neutron capture would be lost; that is, thet al.[23]. The orbital angular momentuhmwvas assigned by
selected low-energy transitions do not occur for feso- two indirect methods: one uses a Bayesian probabilistic ar-
nances. gument[27] and the other uses the decay properties of pri-
Other intensity ratios have been studied, notablymaryy rays[12]. The first method applies Bayes’ theorem to
[(376)/1(385) andl(186)/1(171+174). A comparison of the Porter-Thomas distributions of neutron widths $oand
[(186)/(273) with1(376)/1(385) in Fig. 6 forswave reso- p-wave resonances. This method was extensively used in our
nances shows two groups of clustering values; one is relatgglwave neutron spectroscopic studies, e.g., by Smithl.
to J=4 and the other group td=5 resonances. These in- [22]. The second method is based on the observation of pri-
tensity ratios cannot be used systematically for phwave  mary y transitions to low-energy levels of known spin and
resonances, because of the lower intensities of thray  parity. The ratio between thEl andM1 photon strength
transitions. However, for the strong@rwave resonances functions for high-energy transitions fol'fn is about 6
they can be used to support thieassignment based on the [28]; thereforeE1 transitions are more likely to be observed
ratio | (186)/1(273). For instance this is the case for the resothanM 1. As shown in Table I, only high-energy transitions
nance at 302.6 eV, which has a higher valué(dB6)I (273)  to levels with positive parity are observed fowave reso-
compared to the othek=4 resonances; the=4 assignment nances, which is consistent with the 1 assignment.
is strengthened on the basis of tH&76)/1(385) ratio. The neutron widthgthe gI", parameternsshow general
agreement with those obtained by Fran&teal. [29]. There
are a few casege.g., for the resonances at 58.76 eV, 86.3

;n=5 ' ' eV, and 146.78 eVYwhere the widths differ by as much as a
]
: +
f

0.3

factor of 2. The origin of this discrepancy is unknown. How-
ever, these resonances are not important for our PNC study.
] The dominant uncertainties in tigd",, andI’, values shown
02 9 in Table Il are systematic, arising from the uncertainty in the
S count rate normalization and from the difference in our re-
0.5 [ ] sults for the two samples. Since the present results are in
general agreement with the previous TRIPLE measurements
[29], one expects the average resonance parameters to be
little changed. Theswave level spacing isDy=11.0
+0.6 eV. Assuming a ratio of 2+1 for the densities of
005 1 1  swave spinsl=4 andJ=5, 45% of thes-wave resonances
03 od  os  os o7 TTos s . should havel=4 and 55%J=5. This leads to the result
\(186)/1273) D(q=4):24.4i1.3 eV and D(J=5)=20.0+1.1 ev,
which we will use in Sec. V. Because of the new spin as-
FIG. 6. Correlation between intensity ratibg376)/(385) and  signments, we obtained new information on theave neu-
1(186)/(273) for 11%n s-wave resonances. tron strength function—namely, separate values for he

1(376)/1(385)

0.1 |

o Qe g
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TABLE I. Spin and parity assignment éf%n p-wave resonances from high- and low-enesgsays. The
lye andJyg are parity and spins on the basis of the observed high-energy transitiond, rlbelumn gives
spins based on the intensity rati(l86)/(273) (second column

v primary observed

E (eV) 1(186)/1(273) (3™ of final leve) e Jue Jie
6.853 0.94-0.10 5955.2 (4) 1 3,45 5
13.46 0.713*0.036 5814.0 (3,4,5), 6358.4 (4), 6656.3 (5) 1 45,6 5
29.68 0.76:0.15 6470.4 (4,5) 1 5
73.06 0.826:0.047 5752.8 (4) 1 34,5 5
100.81 0.3730.019 4
103.70 0.9%0.13 5
110.86 0.15#0.023 6276.1 (3) 1 3,4 3
120.64 0.656:0.038 6559.3 (4) 1 3,45 5
144.07 0.788:0.027 5713.3 (3,4,5), 6358.4 (4'), 6470.4 (4,5) 1 3,45 5
145.64 0.124:0.027 6039.5 (3) 1 34 3
146.78 0.4210.049 4
158.53 0.368:0.034 4
174.15 0.792:0.060 6048.4 (4,5), 6559.3 (4) 1 345 5
192.29 0.698:0.020 5
194.47 0.146:0.075 3
198.6 0.430.11 4
2119 0.806:0.025 5971.0 (4), 6470.4 (4,5) 1 3,45 5
214.0 0.356:0.035 6656.3 (5) 1 4,56 4
282.2 0.930.42 6470.4 (4,5) 1 45,6
302.6 0.531+0.048 4
304.1 0.726:0.062 5
308.1 0.76:0.14 5
329.5 0.07&0.048 5834.8 (4,5) 1 3
431.2 0.4560.072 4
437.2 0.32&0.026 4

=4 andJ=5 states:S]_,=(0.18+0.07)x10 % and S)_,  are nine statistically significant PNC effects. The longitudi-

=(0.22+0.07)x 10" 4.

The PNC

amplification

nal asymmetries are plotted versus energy in Fig. 7.

parameters A,
=249l /ol P))/(Esy—Epy)? are listed for those

V. PNC ANALYSIS AND RESULTS

p-wave resonances for which the longitudinal asymmetry

was measured. They depend on knowledge of the 3§pin
because the weak interaction mixes oplywave ands-wave
resonances with the same spin When the spins of the
p-wave resonances are unknown, there are two entries f
A;, corresponding to the two possible spihs 4 andJ=5
for which the “weak mixing” of levels is possible. Tha,
values are zero for spind=3 and J=6 because such
p-wave resonances cannot exhibit parity violation.

B. Longitudinal asymmetries

The details of the analysis of the PNC cross section asym-
metries are given by Bowmeet al.[30]. The specific appli-
é:ration has been described in a number of our previous pa-
pers, e.g., our study of PNC effects in silv8]. The
essential argument is that the observed PNC effect in the
p-wave resonance is due to contributions from neighboring
s-wave resonances. Assuming that the weak matrix elements
connecting the opposite parity states are random variables
leads to the result that the longitudinal asymmetry is also a
random variable. From the distribution of the asymmetries

As discussed in Sec. llI, the histograms of the PNC asymene can infer the variandd? of the matrix elements — this
metry values for individual runs were plotted for each reso4s the mean square matrix element of the PNC interaction.
nance. From these histograms a mean value of the asymmehe practical details of the analysis depend on knowledge of
try and its error were determined. The uncertainty in thethe spectroscopic parameters. The essence of our approach to
mean value op is the variance of the histogram divided by the likelihood analysis is to include all available spectro-
N2, In this approach all errors contribute to the width of thescopic information and to average over remaining unknowns.
histogram; as a result the histogram width gives a realistidhe net result is that more information reduces the uncer-
estimate of uncertainty in the value. Thep values for the tainty in the rms value of the matrix element. We provide an
resonances which were analyzed are listed in Table II. Therexplicit example of this below.

045501-7



S. L. STEPHENSONet al.

TABLE II. Longitudinal asymmetries and related resonance parametersiar

PHYSICAL REVIEW C61 045501

E(eV) N g’y (meV) I, (meV) p (%) As—s (VY Ajs(evTh
1.4572 0 5 1.670

3.850 0 4 0.170

6.853-0.009 1 5  0.000220.00002 —1.45+0.11 67.4
9.12+0.01 0 5 0.86-0.08

12.10:001 0 4 0.04% 0.005

13.46+0.02 1 5 0.000920.00009 0.6%+0.07 20.3
2273002 0 5 0.4490.045

29.68+0.02 1 5 0.001120.00011 0.440.04 12.4
39.62:002 0 5 2.02:0.10 848

40.68+0.02 1 0.003% 0.0009 —0.55+0.04 2.7 44.6
46.40-0.03 0 4 0.1280.011 9120

48.17-003 0 5 0.2640.032 85-18

58.76+0.03 1 0.00032 0.00002 —-0.52+0.38 17.0 16.5
62.97-0.03 0 4 0.358 0.026 97-14

66.40-0.12° 1 0.000046: 0.000002

69.53r0.03 0 5 0.158 0.008 12327

73.06+0.03 1 5 0.012-0.001 0.046:0.023 43
77.81x0.04 1 0.0016:0.0001 —~0.63+0.16 13.7 17.6
80.87-0.04 0 4 0.65:0.05 104-19

8331004 0 5 3.330.19 75+ 7

85.46-0.04 1 0.003%0.0008 0.130.23 6.8 31.0
86.32-0.04 1 0.002-0.001 —0.025+0.024 2.3 8.9
88.44-0.04 1 0.00085: 0.00016 —~0.22+0.65 8.8 2.9
9437004 0 5 1.46:0.07 78+10

100.81-0.04 1 4 0.031+0.002 0.00%0.019 1.1

103.70:02° 1 5 0.0004-0.0002

110.86:0.05 1 3 0.02%0.002 0.04-0.03 0 0
114.410.05 0 4 0.067%0.004

120.640.05 1 5 0.02%0.002 0.11%0.031 1.9
125.970.05 0 4 1.5¢-0.08 93+ 20

132.94-0.05 0 5 1.9%+0.27 130+ 40

144.07-0.06 1 5 0.0840.009 —0.045+0.019 1.8
145.64-0.06 1 3 0.028:0.003 0.022-0.037 0 0
146.78-0.06 1 4 0.023:0.005 0.084:0.044 2.2
150.24-0.064 0 5 1.740.14 90 13

156.42:0.07 1 0.005%0.001 -0.10+0.17 9.9 7.3
158.530.07 1 4 0.046:0.004 0.54-0.03 4.4

162.23-0.07 1 0.072-0.007 —0.014+0.025 8.5 1.7
164.65-0.07 0 4 7.5@:0.47 93-13

168.1:-0.07 0 5 0.96:0.12 100+ 18

174.15-0.08 1 5 0.0840.009 —0.034+0.028 1.6
177.90-0.08 0 4 1.20.2 116-42

186.79-0.08 0 4 9.85:0.50 98+ 14

190.91x0.09 1 0.021-0.002 0.05:0.13 10.8 4.0
192.29:0.09 1 5 0.18-0.03 0.03-0.03 1.4
19447009 1 3 0.035:0.008 —~0.03+0.06 0 0
198.6+0.1 1 4 0.0310.004 0.04-0.07 35

205.6+0.1 0 5 14.2-1.7 74+27

211.9-0.1 1 5 0.24-0.03 —0.058+0.026 2.7
214.0-0.1 1 4 0.076:0.010 0.15-0.04 1.6

219.9+0.1 1 0.00770.0004 1.06:0.62 6.4 19.0
224.0+0.1 0 5 10.1-2.0 89+ 19

226.9+0.1 0 4 2.1#+1.3 7717
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TABLE II. (Continued.

E(eV) I3  glh(meV) T, (meV) p (%) Ajs (VY Ajs(evh
246701 1 0.05%0.012 ~0.11+0.13 8.6 3.0
249.0:01° 0 45  0.46:0.02 838

250.8:0.1° 0 45 17.260.86  72-11

264.5:05° 1 0.04+0.02

266802 0 5  22#011 9746

275.6:02 1 0.0070.003 1.0%-0.60 8.6 9.5
276.6:02 1 0.048-0.011 ~0.06+0.10 3.3 3.6
282.2:02 1 0.056:0.003 0.0320.098 5.0 4.8
285.1+02 1 0.0270.014 ~0.23+0.35 10.5 8.2
288.9-02 0 4  80%0.88 13121

204.1+02° 0 45 15.060.75

2047:02° 0 45 421021

3026:02 1 4 0.17%0.019 —0.46+0.06 2.6

304102 1 5  0420.24 —0.0610.045 2.2
308.1+02 1 5 0.0730.006 0.06-0.13 3.7
313.4:06 1 0.11-0.09

3162:02 1 0.05:0.03 ~0.11+0.25 7.2 3.1
3194:02 0 4 5.8 1.4

8 rom Mughabghalet al. [23].
®From Frankleet al. [29].
‘Components of doublet.

Since the rms PNC matrix elemekt may depend o,
we label the matrix element ad ;. If the spins are known
(such as for the resonances witk 5), one can fit the Baye-
sian posterior probability functioh (M ;) separately to the
matrix elementsvl ; using the equation

L(My=P°(Mp)II P'(pMA,;.00,), (B
Y23

whereP%(M ) is the assumegrior probability density func-
tion for M5, P' is the appropriate probability density func-
tion [Eqg. (16) in Ref. [30]] with experimental asymmetry

p., ando, is the corresponding uncertainty. The normaliza-
tion is discussed below. Even in this favorable case, with all
spins known, there is still the problem that the entrance chan-
nel neutronj=3/2 andj=1/2 amplitudes of resonances are

=]

— T

\Li L .ﬂ =* Fo 13 ® T it
o TF ] reert 1 jT ]
o

1 ]
1 ]
R VT T T (N O YOO T DU Y SO PR N W HN S

0 100 200 300

E_ (eV)

FIG. 7. Longitudinal asymmetrigs versus neutron energiés,
for p-wave resonances ihdIn.

unknown. This factor is accounted for statistically by using
the average value of the ratio 8%, and S, strength func-
tions, which is described by the paramete(a=0.58 for
indium [31]).

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

I,=27M3/D(J), (6)

assuming thal',, is independent ad. In this case the expres-
sion for the posterior probability function is

L(T=PTHII| X p)P(p.IMA,; a0,
w | I=r+1/2

2
+ 2 PGP, ™

where M is written as a function of’,, from Eq. (6), and
D(J) is a known parameter for spils=4 andJ=5. Addi-
tional quantities entering Eq7) are the relative probability
p(J) of spinJ and a Gaussias, which is the probability
density function for resonances with spis | = 3/2 that can-

not exhibit parity violation. The relative probabilitiggJ)

are estimated using the standard statistical model forJthe
dependence; see, for example, the discussion by Bowman
et al. [30]. Of course whenl is known, then the probability
vanishes for all except the one knowrvalue.

The remaining issue is the normalization. In practice we
assume that the prid?®(T",,) is a constant up to some value
and zero above this value. Since we have measured weak
spreading widths in a number of nuclei, we know that the
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o) +0.761

77 n . —_
/ r, = 1303777 (1077 eV) | » T, = 1.407 " (1077 &) |

1.0
1.0

-0.581

Lr,)
Lr,)

{

< . 1 . I . I .

r, (1077 eV) r, (1077 ev)
FIG. 8. Likelihood functionL versus the weak spreading width

I,, for p-wave resonances ilIn with all available spin informa-
tion.

FIG. 9. Likelihood functionL versus the weak spreading width
I',, for p-wave resonances ihIn without the spin information.

weak spreading width is unlikely to be more than aboutv_vezazk i/pr_?ﬁ(.jlng' width ?Smgﬂ qu%?%t% D(J)VZZDO
(5—-6)x 107 eV. For the present calculations we used the ™ ev. This gives a value a1 =(0.67¢,;) meV.

constant prior below 1810 7 eV and zero above this
value. We have determined empirically that the results are VI. SUMMARY
insensitive to the cutoff value chosen. Since the expression
of Eq. (7) with a constant prior is a likelihood function, the
uncertainties inl",, were obtained by the method of Eadie
et al. [32] of the evaluation of the confidence interval by
solving the equation

PNC longitudinal asymmetries have been studied for 36
p-wave resonances if'In. A total of nine p-wave reso-
nances show parity violation with greater tham Statistical
significance. Of these nine resonances five have positive
signs and four have negative sigmslative to the sign of the

1 PNC effect at 0.74 eV in lanthanupi]). These results are
=—Z, (8)  consistent with a statistical distribution of the signs of the

2 PNC effects. The value of the weak spreading widih;—

=(1.30'3/9 X107 eV—is comparable to the values
whereT'y, is the most likely value and';, gives the confi-  gptained in23%U and 232Th, and thus consistent with a con-
dence range. . ~stant weak spreading width. However, our other measure-
u OU_V information on the spins qﬁ-\{vav_e resonances In- ments indicate the presence of local fluctuations in the weak
9In is not complete. Therefore, the likelihood analysis wasspreading widths. The large spread in valuedgfin this

performed using Eq.7) with the data from both thé-known  mass region makes it difficult to provide a definitive state-
sets and the remainingtunknown set. The resulting likeli- ment about a global mass dependence.
hood function is shown in Fig. 8. This case of maximum
available spin information gives a value Bf,=(1.30"37
X107 eV. As an example of the importance of the reso-
nance spin assignments, Fig. 9 shows the likelihood func- This work was supported in part by the U.S. Department
tions for *3n with all p-wave spin information omitted. of Energy, Office of High Energy and Nuclear Physics, un-
Note that for this case the second term in each factor in Eqlder Grant Nos. DE-FG02-97-ER41042 and DE-FG02-97-
(7) is always present and is independentfor I',)). This  ER41033. The work was performed at the Los Alamos Neu-
makes clear that it is the prior that ensures normalizibility.tron Science Center at the Los Alamos National Laboratory.
The width of the likelihood function for this case is a factor This facility is funded by the U.S. Department of Energy,
of 2 larger. Since there is little difference in the two values ofOffice of Energy Research, under Contract No. W-7405-
D(J) for J=4 andJ=5, one can infer tht/ value from the ENG-36.

L(Ty)
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