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Parity violation in neutron resonances of palladium
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Parity violation inp-wave neutron resonances of the palladium isotopes 104, 105, 106, and 108 has been
measured by transmission of a longitudinally polarized neutron beam through a natural palladium target. The
measurements were performed at the pulsed spallation neutron source of Los Alamos Neutron Science Center.
The rms weak interaction matrix elements and the corresponding spreading widths were determined for104Pd,
105Pd, and106Pd.
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I. INTRODUCTION

The earlier experimental approach to the study of pa
nonconservation~PNC! in light nuclei involved the measure
ment of a parity violating observable~often a forbidden
g-ray transition!, and the calculation of the strength of th
parity violating transition between two states whose wa
functions are calculated with the nuclear shell model. Unf
tunately the results are very sensitive to the details of
wave functions. This approach is summarized in the cla
review by Adelberger and Haxton@1#. The discovery of very
large parity violation for neutron resonances in La, Sn, a
Br by the Dubna group@2# and the subsequent time revers
invariance and parity at low energies~TRIPLE! measure-
ments@3# in heavy nuclei led to a new, statistical approach
the study of parity violation in heavy nuclei. The symmetr
breaking matrix elements in compound nuclei are assume
be random variables. The goal of the PNC experiments i
determine the root-mean-square symmetry-breaking ma
element. This weak matrix element is obtained from a se
longitudinal asymmetries measured for a number of re
nances per nuclide. The key point is that the value of the
matrix element can be obtained without detailed informat
about the wave functions. For ap-wave resonance at energ
E, the longitudinal asymmetryp is defined by

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

The pulsed spallation neutron source at the Los Alam
Neutron Science Center~LANSCE! was very well suited for
these experiments. Results from the initial TRIPLE measu
ments are discussed in reviews by Bowmanet al. @3# and
Frankle et al. @4#. A general theoretical review of the en
hancement of parity and time-invariance violating effects
compound nuclei is given by Flambaum and Gribakin@5#.
Following the preliminary measurements, the TRIPLE c
laboration improved the experimental apparatus and de
oped an improved data analysis method. The early meas
ments were repeated, and many additional targets w
investigated. A brief review with emphasis on the gene
aspects of the parity violation enhancement is given
Mitchell, Bowman, and Weidenmu¨ller @6#. A recent, compre-
hensive review is given by Mitchellet al. @7#

The parity violation measurements are practical only n
a maximum of thep-wave neutron strength function. Th
TRIPLE measurements on232Th @8# and 238U @9# are near
the maximum of the 4p neutron strength function. To con
sider the possible mass dependence of the effective nucl
nucleus weak interaction, we performed measurements in
A5110 mass region, where the 3p neutron strength function
maximum is located. We have published results for seve
nuclei in this mass region:93Nb @10#, 103Rh @11#, 107,109Ag
@12#, 113Cd @13#, 115In @14#, 117Sn @15#, 121,123Sb and 127I
@16#, and 133Cs@17#. Except for93Nb, parity violation effects
were observed for all of the odd mass targets that we stu
near the 3p neutron strength function maximum. The anal
sis of the parity violation data becomes much more com
cated for targets with nonzero spin. Spectroscopic inform
tion ~including spins! for the s- and p-wave resonances i
very important. In the absence of this spectroscopic inform
tion, averages over the unknown parameters can be
formed, but this averaging often leads to a large uncerta
in the value for the rms PNC matrix element.
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D. A. SMITH et al. PHYSICAL REVIEW C 65 035503
Here we report on our PNC study on the palladium is
topes. Palladium has one odd mass isotope and several
isotopes. The odd isotope105Pd has a high level density a
compared with the even isotopes. A large number of n
resonances were observed in the transmission experim
with a natural target, but their assignment to a specific i
tope required additional measurements. These measurem
were performed with isotopically enriched targets and
g-ray detector array@18#. In addition, many resonances th
were not observed in the natural target due to overlapp
resonances were clearly observed with the isotopically
riched targets. These spectroscopic results are described
recent paper by Smithet al. @19#. Earlier PNC measurement
on enriched106Pd and108Pd using theg-ray detector array
were reported by Crawfordet al. @20#. In this paper we com-
bine these earlier results with the results from the pres
transmission PNC measurement and the extensive spe
scopic measurements.

In Sec. II the experimental methods for the parity vio
tion measurements are described. The experimental re
are presented in Sec. III, while the analysis to obtain
longitudinal asymmetries is discussed in Sec. IV. The extr
tion of the PNC matrix elements and the weak spread
widths is described in Sec. IV and the results for the pa
dium isotopes are given in Sec. V. The final section prese
a brief summary and conclusions.

II. EXPERIMENTAL METHOD

Measurement of the PNC asymmetries was performe
the Manuel Lujan Jr. Neutron Scattering Center. The pul
spallation neutron source is described by Lisowskiet al.
@21#. The initial experimental system to measure PNC effe
at LANSCE was developed by the TRIPLE Collaborati
@22#. The flux monitor@23#, the polarizer@24#, the spin flip-
per @25#, and the neutron detector@26# are described in sepa
rate papers. The polarized epithermal neutron beam line
the present PNC experiments is described in Ref.@12#. 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 neutrons
the tail of the neutron pulse. The neutrons are then co
mated to a 10-cm diameter beam inside a 5-m thick biolo
cal shield. A3He/4He ion chamber system@23# is used as a
flux monitor. The neutron flux is measured for each neut
burst. These flux measurements are used to normalize
detector rates. The neutrons then pass through a polar
proton spin filter@24#. Due to the difference in the single
and tripletn-p cross sections, neutrons with one of the tw
helicity states are preferentially scattered out of the be
The longitudinally polarized neutron beam has a polarizat
of f n.70%. The neutron spin was reversed~every 10 s! by a
spin reversal device consisting of a system of magnetic fie
@25#. Approximately every two days the overall neutron sp
direction was changed by reversing the polarization direc
of the proton spin filter.

PNC effects in palladium were measured by transmitt
the neutron beam through a sample located at the do
stream part of the spin flipper. The cylindrical sample
03550
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natural palladium had an areal density of 5.
31023 atoms/cm2. The measurements were performed bo
at room temperature and at 77 K. The10B-loaded liquid
scintillation detector@26# was 56.7 m from the neutron
source. This detector has an efficiency of 95%, 85%, a
71% at neutron energies of 10 eV, 100 eV, and 1000
respectively. The neutron mean capture time in the dete
is 41665 ns.

The data acquisition process is initiated with each pro
burst. After the detector signals are linearly summed a
filtered, an analog to digital converter~ADC! transient re-
corder digitally samples the summed detector signal 8
times in intervals determined by the filtering time. The
8192 words are added to a summation memory for 200 be
bursts before being stored. This process is repeated
times. This data set is treated as a unit for data analysis
corresponds to about a 30-minute ‘‘run.’’ For palladium 2
runs with a channel width of 100 ns were used in the fi
analysis.

III. EXPERIMENTAL DATA

The natural palladium time-of-flight~TOF! spectrum in
the energy region approximately 60–160 eV is shown in F
1. Many new resonances were observed in the transmis
spectrum of the natural target and the assignment of th
new resonances to a particular palladium isotope was a c
lenge. The stable isotopes of palladium are102Pd (1.02%),
104Pd ~11.14%!, 105Pd ~22.33%!, 106Pd ~27.33%!, 108Pd
~26.46%!, and 110Pd ~11.72%!. Isotopic identification was
achieved by a combination of measurements on isotopic
enriched targets using theg-ray detector. The details of thi
procedure and the final spectroscopic results are given
Smithet al. @19#. Resonance parameters were determined
analysis of the data summed over both helicity states. Ba
ground and dead time corrections were applied as descr
by Crawford et al. @9#. The shape analysis was performe
with the codeFITXS @27#, which was written to analyze the
TOF spectra measured by the TRIPLE collaboration. T

FIG. 1. The experimental neutron time-of-flight transmissi
spectrum for natural palladium for the energy region 60 eV to 1
eV.
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PARITY VIOLATION IN NEUTRON RESONANCES OF . . . PHYSICAL REVIEW C 65 035503
TABLE I. Resonance parameters and PNC asymmetriesp for 104Pd. The parameterAJ has
dimensions eV21.

E (eV) l J gGn (meV) AJ p (%) upu/Dp

109.7a 1 0.06260.006 1.7 0.0860.10 0.8
156.7a 1 0.02460.002
182.4 0 0.5 29764
266.6a 1 1.0760.10 0.45 20.1260.03 4.0
294.5a 1 1.3060.13 0.33 0.0160.18 0.06
347.3a 0 0.5 15.761.5
522.0a 1 4.360.4
524.4a 1 2.060.2
607.5a 1 4.560.5
638.7a 1 7.860.8
678.9a 1 2.460.3
738.2a 1 2.760.3
769.2a 1 0.2160.02
888.1a 1 7.260.7
935.0a 1 13.061.2
944.5a 0 0.5 700665
994.9a 0 0.5 35.063.2
1178a 1 0.860.3

aNew resonances.
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multilevel, multichannel formalism of Reich and Moore@28#
was used for the neutron cross sections, which were con
luted with the TOF resolution function developed by Cra
ford et al. @9#. The final fitting function is

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 me
time for neutron capture in the detector!, a/E0.96 is the
energy-dependent neutron flux, and the second term re
sents a polynomial fit to the background.~The symbol ^

indicates a convolution.! The fitting procedure is described
length by Crawfordet al. @9#. The neutron resonance ene
gies,gGn widths, and radiative widths are obtained from th
analysis. Resonance parameters for104,105,106,108Pd are listed
in Tables I–IV.

After determining the resonance parameters, the exp
mental asymmetries (f np)1 and (f np)2 in equations

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

were fitted separately for the1 and2 helicity TOF spectra.
Heresp fn

6 is the experimental neutron cross section for the1

and2 neutron helicity states, andf n is the absolute value o
the neutron beam polarization. The value off n was deter-
mined in a separate study of the well-known longitudin
asymmetry of the 0.75-eV resonance in lanthanum@31#. Al-
though the quantities (f np)1 and (f np)2 should differ only
03550
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,
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l

by a sign, statistical or systematic uncertainties may int
duce an additional difference. The asymmetryp defined by
Eq. ~1! was calculated as

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

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

The PNC amplification parameters ApJ

5A(s4(gGnJ
s /gGnJ

p )/(EsJ2EpJ)
2 ~see Sec. IV! are listed

for those p-wave resonances for which the longitudin
asymmetry was measured. The amplification factors dep
on the spinJ because the weak interaction mixes only tho
p- and s-wave resonances with the same spinJ. For 105Pd
there are two entries forAJ for all resonances for which the
longitudinal asymmetry was measured, corresponding to
two possible spins for which the ‘‘weak mixing’’ is possible
~The spins of thep-wave resonances are unknown.! For the
spin-zero isotopes, the amplification factors are listed o
for the spin-1/2p-wave resonances, since in this case we
mixing is possible only for spin-1/2 resonances. The analy
to determine the PNC asymmetries in palladium was p
formed on the summed data. The values of the longitud
asymmetriesp are listed for four palladium isotopes i
Tables I–IV.

IV. ANALYSIS

A detailed description of the analysis of the PNC cro
section asymmetries is given by Bowmanet al. @32#. An ex-
ample of the application of this analysis method forI 50
targets is given in our study of uranium@9# and an example
of the method forIÞ0 targets in our study of silver@12#. A
key point is that the observed PNC effect in thep-wave
3-3
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TABLE II. Resonance parameters and PNC asymmetriesp for 105Pd. The parametersAJ have
dimensions eV21.

E (eV) l Ja gGn (meV) A2 A3 p (%) upu/Dp

26.07a 0 3 0.95AE
3.91b 1 0.0004660.00003
11.78a 0 3 0.10560.001
13.22 0 2 1.3360.05
24.49b 0 0.08060.05
25.10 0 3 1.7960.05
27.59b 1 0.003260.0003
30.05a 0 2 0.18060.002
38.43 0 3 0.18960.009
41.19b 1 0.005360.0002 2.9 7.5 20.0660.24 0.3
42.56 0 0.03360.001
44.39b 1 0.007960.0003 2.4 5.5 0.2560.16 1.6
49.93b 1 0.002160.0001
55.23 0 3 3.960.1
68.3 0 3 0.9260.03
72.5b 1 0.013960.0006 9.1 5.8 0.5960.066 9.8
77.7 0 2 7.860.2
79.5b 1 0.013960.0007 27.2 7.7 20.07260.043 1.7
80.5b 1 0.03360.001 11.1 5.8 20.0260.078 0.3
82.9b 1 0.03260.001 6.2 9.4 0.2160.05 4.2
83.3b 1 0.03960.002 5.1 9.4 0.1860.047 4.5
86.7 0 3 10.260.3
94.3b 1 0.00860.001
101.2 1 0.02860.001 2.2 4.7 20.15460.093 1.7
104.0 0 3 0.7260.03
113.5b 1 0.00760.001
116.9 1 0.03660.002 2.3 2.2 20.1460.11 1.3
126.2 0 3 1.8860.06
130.5 1 0.04460.002 3.6 3.3 0.2160.12 1.8
132.5b 1 0.02560.001 5.4 3.2 0.2760.31 0.9
134.1 1 0.12260.005 2.8 1.2 20.0760.70 0.1
136.5 1 0.02660.001 8.2 2.3 0.4060.30 1.3
141.1a 0 2 5.7560.5
144.4b 1 0.01960.001 18.1 2.7 0.1760.50 0.3
147.8b 1 0.15860.007 13.2 1.2 0.3060.25 1.2
150.0 0 2 32.661.0
154.6 0 3 2.0760.08
158.70 0 2 3.560.1
161.0b 1 0.02660.001 12.3 3.4 0.06160.60 1.6
165.9b 1 0.04060.002 4.9 4.3 20.1160.35 0.3
168.2 0 3 0.8760.04
170.7 1 0.08260.004 2.8 2.7 0.0860.20 0.4
183.9 0 2 7.760.4
202.5 0 2 5.660.2
208.3 1 0.05760.002 3.8 1.3 20.2460.27 0.9
215.4 1 0.10360.004 1.6 1.4 20.2060.21 1.0
222.6b 1 0.04960.002 2.0 4.5 0.9060.52 1.7
226.8 0 3 4.060.1
230.4b 1 0.05060.002 2.0 5.3 0.0660.50 0.1
251.4 0 2 3.060.1
252.4a 0 3 19.860.25
260.0 0 2 22.460.7
268.3b 1 0.11660.005 3.4 1.8 20.3060.29 1.0
286.8a 0 3 3.1560.10
305.1 0 2 53.361.7
311.0b 1 0.05760.003
313.3 0 2 2.0560.09
322.1a 1 0.07260.003

aValues from Ref.@29#.
bNew resonances that are not listed in the latest compilation@30#.
035503-4



PARITY VIOLATION IN NEUTRON RESONANCES OF . . . PHYSICAL REVIEW C 65 035503
TABLE III. Resonance parameters and PNC asymmetriesp for 106Pd. The parameterAJ has dimensions
eV21.

E (eV) l J gGn (meV) AJ p (%) upu/Dp

63.47a 1 0.01360.001 1.6 0.0760.07 1.0
146.4a 1 0.6060.03 0.4 0.0260.08 0.3
156.9a 1 0.2760.01 0.7 20.1660.046 3.5
281.5 0 0.5 515614
299.8a 1 0.2460.01 5.8 0.0960.15 0.6
406.4a 1 0.8360.03 0.5 20.0760.12 0.6
461.9a 1 1.1660.04 0.3 20.0460.12 0.3
521.9a 1 6.060.3 0.1 20.0660.06 1.0
562.5a 1 5.560.2 0.1 20.0460.07 0.6
593.4a,b ~1! 12.560.6 0.1 20.1760.04 4.2
644.9a 1 0.5260.05 0.5 0.6060.38 1.6
870.6a 0 0.5 877630
922.0a 0 0.5 705626
967.5 1 1661 0.4 0.1260.07 1.7
1005a 0 0.5 5864
1148a 1 4.060.4 0.2 0.5860.24 2.4
1206a 1 10.060.7 0.1 20.1160.15 0.7
1306a 1 3.460.3 0.2 0.3660.40 0.9
1323a 1 7.860.8 0.2 20.1760.21 0.8
1377a 1 2.260.2 1.0 20.5360.66 0.8
1398a 0 0.5 231617
1511a 1 2862 0.1 0.0960.12 0.8
1557a 1 1.760.2 0.7 21.261.2 1.0
1585a 0 0.5 158616
1597a 1 1261 0.6 20.1760.22 0.8
1624a 1 1061 0.2 20.1260.28 0.4
1764a 1 1862 0.2 20.1560.21 0.7
1839a 0 0.5 914667

a
New resonances.

bPossible doublet.
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resonance in question is due to contributions from a num
of neighborings-wave resonances. Since there are sev
mixing matrix elements but only one measured asymme
one cannot obtain the individual matrix elements. Howev
if the weak matrix elements connecting the opposite pa
states are random variables, then the longitudinal asymm
is also a random variable. The varianceM2 of the weak
matrix elements—the mean square matrix element of
PNC interaction—can be determined from the distribution
the asymmetries. The analysis depends on the spectros
parameters. Our approach to the likelihood analysis is to
clude all available spectroscopic information and then to
erage over any remaining unknowns. Additional spect
scopic information reduces the uncertainty in the rms va
of the weak matrix element. However, in practice the ma
contribution to the uncertainty in the rms weak matrix e
ment arises from statistical limitations—the small sam
size. Since we usually observe only a very few PNC effe
per nuclide, the resulting likelihood distribution is broad.

The observed asymmetry for a givenp-wave levelm has
contributions from a number ofs-wave levelsn, and the
PNC asymmetry is
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Vnm

En2Em

gngm1/2

Gmn

, ~5!

wheregm1/2
andgn are the neutron decay amplitudes of le

els m and n (gm
2 5gm1/2

2 1gm3/2

2 [Gmn
and gn

2[Gnn
), Em and

En are the corresponding resonance energies, andVnm is the
matrix element of the PNC interaction between levelsm and
n. In the following we assume that the total neutron widt
and the resonance energies are known.

For targets withI p501, thes-wave resonances have 1/21

and thep-wave resonances 1/22 or 3/22. Only the 1/2 reso-
nances can mix and show parity violation. First consider
likelihood function whenI 50 and the spins of thep-wave
resonances are known. Therefore one analyzes only the
for spin J51/2 resonances. The values of the asymmet
measured for differentp-wave resonances are assumed
have mean zero and to be statistically independent. The l
lihood function for several resonances is therefore the pr
uct of their likelihood functions.

The mean square matrix elementMJ
2 is the variance of the
3-5
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TABLE IV. Resonance parameters and PNC asymmetriesp for 108Pd. The parameterAJ has
dimensions eV21.

E (eV) l J gGn (meV) AJ p (%) upu/Dp

2.96a 1 1.5 0.0050460.00005
32.98 0 0.5 12364
90.98 0 0.5 21466
112.7 1 1.0360.05 1.4 0.0460.04 1.0
149.8 1 0.06060.006 2.6 0.0660.30 0.2
302.7 1 3.7060.15 0.22 0.0360.06 0.5
410.6 1 0.6960.02 2.9 20.2260.25 0.9
426.6 0 0.5 371611
480.3 1 0.6260.02 1.0 0.0360.30 0.1
544.4 1 5.660.3 0.25 20.0460.09 0.4
635 0 0.5 396612
642 1 1.360.1 5.1 0.3760.34 1.1
797 1 6.360.4 0.21 0.1260.14 0.8
843 1 1.360.1 0.69 20.4560.65 0.7
905 0 0.5 585629
955 0 0.5 877637
962a 0 0.5 47.160.4
1082 1 1761 0.15 0.0960.12 0.7
1121b 1 0.5160.05 0.86 0.762.3 0.3
1140b 1 0.0860.02 2.4 25.065.7 0.9
1215 0 0.5 418642
1359 1 2862 0.10 0.0360.14 0.2
1433 0 0.5 148615
1456 1 4.560.5 0.54 0.4560.54 0.8
1505b 1 0.3360.05 1.1 21.265.2 0.2
1523 1 2.860.3 0.39 20.1160.93 0.1
1652 0 0.5 12696127
1710 0 0.5 7768
1743b 1 0.4760.07 1.5 28.764.9 1.8
1815b 1 2.460.2 0.37 1.261.8 0.7
2010 0 0.5 696670
2118 1 7.560.8 0.19 0.2360.81 0.3
2165b 1 2.660.3 0.24 0.462.5 0.2
2287 1 3764 0.04 20.3160.29 1.1

aResonance parameters from@29#.
bNew resonances.
es
a

e-

e is
distribution of the individual PNC matrix elementsVnm . The
quantitypm in Eq. ~5! is a sum of Gaussian random variabl
Vnm each multiplied by fixed coefficients, and is itself
Gaussian random variable@33#. The variance ofpm is
(AmMJ)

2, where

Am5A(
n

Anm
2 , Anm

2 5S 2

En2Em
D 2 Gn

Gm
. ~6!

The probability density function of the longitudinal asymm
try p is

P~puMJA!5
1

A2pMJA
expS 2

p2

2MJ
2A2D [G„p,~MJA!2

…,

~7!
03550
whereG represents a Gaussian function.
If the experimental asymmetry ispm and thea priori dis-

tribution of the rms matrix element isP0(1/2), then

L~M1/2!5P0~1/2! )
m51

N

P~pmuM1/2Am ,sm!, ~8!

and one obtains the final expression

L~M1/2!5P0~1/2! )
m51

N

G„pm ,~M1/2Am!21~sm!2
…. ~9!

If the p-wave resonance spins are unknown, then ther
one term for the spin-1/2 resonances thatcan show parity
violation and one term for the spin-3/2 resonances thatcan-
3-6
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not show parity violation. One weights the two terms acco
ing to the level density. The likelihood function is the sum
the two terms:

L~M1/2!5P0~1/2! )
m51

N

@p~1/2!G„pm ,~MJ51/2Am!21sm
2
…

1p~3/2!G~pm ,sm
2 !#, ~10!

where p(1/2) and p(3/2) are the probabilities thatJ51/2
andJ53/2, respectively. The relative probabilitiesp(J) are
estimated using the standard statistical model prescription
the J dependence; see, for example, the discussion by B
man et al. @32#. Of course whenJ is known then the prob-
ability vanishes except for the one knownJ value.

The likelihood function in Eq.~10! is not normalizable
unlessPMJ

(MJ) goes to zero for largeM1/2. This difference

is due to theJ53/2 terms, which are independent ofM1/2
and lead to a divergent normalization integral. 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
weak spreading width is unlikely to be more than abou
31027 eV. For the present calculations we used a cons
prior below 1031027 eV and zero above this value. In th
method one directly determines the rms matrix element.

The uncertainties onGw were obtained by the method o
Eadie et al. @33# of evaluating the confidence interval b
solving the equation

lnFL~Gw
6!

L~Gw* !
G52

1

2
, ~11!

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

dence range.
The problem forIÞ0 targets is much more complicate

For 105Pd with I 55/2, s-wave resonances can be form
with spin 2 or 3, while thep-wave states can have spins 1,
3, or 4. Only the spin 2 and 3 states can show parity vio
tion. Since the rms PNC matrix elementM may depend onJ,
we label the matrix element asMJ . In the absence of spin
information we assume that the spreading width is indep
dent ofJ and fit directly to the spreading width.

If the spins of alls-wave resonances are known, but n
the spins of thep-wave levels, then the factorAm can be
evaluated if thep-wave spin is assumed.Am5Am(J) depends
on the spin sequence assumed because only thoses-wave
levels with the same spin as thep-wave level mix to produce
parity violation. The likelihood function is obtained by sum
ming overp-wave level spins, which parallels the procedu
for I 50.

The entrance channel neutronj 53/2 and j 51/2 ampli-
tudes are essentially always unknown. This uncertainty
accounted for statistically by using the average value of
ratio of S3/2

1 and S1/2
1 strength functions, which is describe

by the parametera (a51.00 for palladium@34#!.
Due to the different level densitiesDJ , the rms PNC ma-

trix element may be different forJ5I 61/2 states. We as
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sume thatGw is independent ofJ. The likelihood function
can be expressed as a function of the weak spreading w

L~Gw!5P0~Gw! )
m51

N F (
J5I 61/2

p~J!Pp
I
„pmuMJAm~J!,a,sm…

1 (
J5I 63/2

p~J!G~pm ,sm
2 !G , ~12!

where MJ should be written as a function of the wea
spreading width

Gw52p~MJ!
2/DJ . ~13!

OnceGw is determined, the weak matrix elementM is ob-
tained directly from this equation. Since the level densit
for J52 and J53 are not very different and have appr
ciable uncertainties, we use the average level density
quote only one value ofM.

In order to be consistent, one should use the weak spr
ing width as the variable throughout, and transform theprior
according to P0(Gw)5P0

„MJ(Gw)…dMJ(Gw)/d(Gw). The
change of the argument and theprior does not change the
final ~most likely! value of the matrix element, but doe
change the corresponding errors because of the nonlinea
lationship of the variablesMJ andGw . Thus for IÞ0, usu-
ally onemustformulate the problem in terms of the sprea
ing width, and then determine the weak matrix element fr
the spreading width.~The only exception is when there i
complete spin information.! This contrasts with the approac
for I 50, where one determines directly the most likely val
of the rms matrix element, and then calculatesGw from the
known matrix element and the level density.

V. RESULTS

Parity violating asymmetries were observed
104,105,106Pd. For the even-even palladium isotopes, the le
spacings are about 200 eV, or about 10 times larger than
spacings for the heavy even-even nuclides232Th and 238U
that we studied earlier@8,9#. Therefore one expects the siz
of the PNC effects to be correspondingly smaller.104Pd
showed one statistically significant PNC asymmetry,106Pd
two asymmetries, and108Pd no asymmetries.

The results for106Pd require special consideration. The
is a 3.5s asymmetry in a weakp-wave resonance at 156.
eV and a 4s asymmetry in a strong resonance at 593.4
The orbital angular momentum of the latter resonance is
certain, since it has nearly equal probability to occur
Porter-Thomas distributions of neutron widths fors- and
p-wave resonances. The PNC asymmetry~assuming the
p-wave assignment! for this resonance alone yields a wea
matrix element of 10.9 meV@35# and a weak spreading
width nearly an order of magnitude larger than any obser
in 15 other nuclei. The experimental results forM andGw are
listed in Table V for the nuclei studied by the TRIPLE Co
laboration. The PNC asymmetry in the 156.9-eV resona
alone gives a smaller and more reasonable value ofMJ . The
simplest explanation is the existence of a doublet ofp- and
3-7
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s-wave resonances at 593 eV. Since there is no informa
concerning the energy separation and the strengths of
doublet components, the PNC information obtained from
593-eV resonance was omitted from the subsequent anal

For the even-even palladium isotopes the analysis
straightforward and one can determine the weak matrix
ment directly. However, since there are only a few stati
cally significant effects, the uncertainties are large. The w
matrix elements are (2.321.1

13.1) meV for 104Pd and
(1.920.9

11.8) meV for 106Pd. The corresponding spreadin
widths are Gw5(1.521.1

16.8)31027 eV for 104Pd and Gw

5(1.020.7
12.8)31027 eV for 106Pd.

For 105Pd the longitudinal asymmetries were measu
for 23 p-wave resonances. There are three statistically
nificant PNC asymmetries. The 9s effect at 72.5 eV is

FIG. 2. Neutron resonances in105Pd. There is ap-wave doublet
near 83.1 eV and a singlep-wave resonance at 72.5 eV. All three
thesep-wave resonances show parity violation.

TABLE V. TRIPLE results on level spacings, weak matrix el
ments and spreading widths.

A DJ ~eV! MJ (meV) Gw (1027eV) Reference

93Nb 190616 <0.6 <0.1 @10#
103Rh 6065 1.220.4

10.5 1.420.6
11.2 @11#

104Pd 220665 2.321.1
13.3 1.521.1

16.8 a
105Pd 2462 0.620.2

10.3 0.820.5
11.3 a

106Pd 217661 1.920.9
11.8 1.020.7

12.8 a
107Ag 3364 1.220.3

10.5 2.721.2
12.6 @12#

109Ag 2863 0.820.3
10.5 1.320.7

12.5 @12#
113Cd 3364 1.320.4

10.6 3.221.6
13.4 @13#

115In 2261 0.720.1
10.2 3.221.6

13.4 @14#
117Sn 7966 0.620.2

10.4 0.320.2
10.6 @15#

121Sb 2563 1.420.5
10.9 4.822.9

18.6 @16#
123Sb 6067 1.320.7

12.7 1.921.4
115 @16#

127I 2363 0.520.2
10.3 0.620.4

10.9 @16#
133Cs 4164 0.0620.02

10.25 0.00620.004
10.018 @17#

232Th 1762 1.120.2
10.3 4.721.8

12.7 @8#
238U 2163 0.720.2

10.3 1.320.6
11.0 @9#

aPresent work.
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straightforward. However, near 83.1 eV there are twop-wave
resonances, as is clear in Fig. 2. The width of the transm
sion dip near 83.1 eV is wider than the width of the res
nance at 72.5 eV. The results listed in Table II are obtain
assuming resonances at 82.9 and 83.3 eV. The spins o
s-wave resonances are known, but the spins of thep-wave
resonances are not. Since there was no information abou
p-wave spins, the likelihood analysis was performed us
Eq. ~12!. The likelihood function for105Pd is shown in Fig.
3. The value for the weak spreading width isGw5(0.820.5

11.3)
31027 eV, which corresponds to a weak matrix eleme
MJ5(0.620.2

10.3) meV.

VI. SUMMARY AND CONCLUSION

PNC asymmetries were measured via the transmis
method on a natural palladium target. Many new resonan
were observed in the transmission spectrum, prima
p-wave resonances. Many of the new resonances are in
odd mass isotope105Pd, due to its higher level density. How
ever, since there are four primary even-even isoto
(104,106,108,110Pd) the assignment of these new resonances
quired studies of isotopically enriched targets. Measureme
on these targets were performed with ag-ray detector array,
and the resulting spectroscopy of the palladium isotopes
discussed by Smithet al. @15#.

For the even isotopes that showed PNC effects (104Pd and
106Pd), the data were analyzed directly in terms of the r
weak matrix element and the weak spreading width de
mined from Eq.~13!. For the odd mass nuclide105Pd the
asymmetries were fitted with the weak spreading width
the free parameter using Eq.~12!. The rms weak matrix ele-
ment was then determined from the spreading width.
104Pd, 105Pd, and 106Pd the matrix elements are of orde
;1 meV and the weak spreading widths are of ord
;131027 eV. As shown in Table V, the values for th

FIG. 3. Plot of the likelihood function for105Pd. A total of 23
p-wave resonances were analyzed and three statistically signifi
PNC effects were observed. A value ofGw5(0.820.5

11.3)31027 eV
was obtained.
3-8
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palladium isotopes are typical for this mass region. Exc
for one anomalously small value~for 133Cs) the set of mea
sured weak spreading widths are consistent with a cons
value. A least squares fit yields a best value of;1.8
31027 eV. Therefore the PNC results for the palladiu
isotopes agree with the larger body of parity violati
measurements.
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