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Parity violation inp-wave neutron resonances of121Sb, 123Sb, and127I has been measured by transmission
of a longitudinally polarized neutron beam through natural antimony and iodine targets. The measurements
were performed at the pulsed spallation neutron source of the Los Alamos Neutron Science Center. Five
statistically significant parity violation effects were observed in121Sb, one effect in123Sb, and seven effects in
127I. The weak interaction rms matrix elements and the corresponding spreading widths were determined.
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I. INTRODUCTION

Following the discovery of very large parity violation for
neutron resonances in heavy nuclei by Alfimenkovet al. @1#,
the time reversal invariance and parity at low energies
~TRIPLE! collaboration was formed to study parity violation
in compound nuclei. The high neutron flux available at the
Manuel Lujan Jr. Neutron Scattering Center~MLNSC! at the
Los Alamos Neutron Science Center~LANSCE! was very
well suited for these experiments. A statistical ansatz was
adopted: the compound nucleus is considered to be a chaotic
system and the symmetry-breaking matrix elements are ran-
dom variables. In this approach the result of a parity viola-
tion experiment is the root-mean-square symmetry-breaking
matrix element, which is obtained from a set of longitudinal
asymmetries$p%E measured for many resonances. The cru-
cial point is that the value of the rms matrix element can be
obtained without detailed information about the wave func-
tions. For a particular resonance at energyE, the asymmetry
p is defined by

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

wheres6(E) is the neutron cross section for the1 and2
neutron helicity states, ands p(E) is the p-wave resonance
cross section for unpolarized neutrons. Results from the early
measurements by our group are discussed in reviews by
Bowman et al. @2#, Frankle et al. @3#, and Flambaum and
Gribakin@4#. After the initial measurements we improved the
experimental system, repeated and improved the early mea-
surements, and carried out experiments with many additional
targets. The most recent reviews are by Mitchell, Bowman,
and Weidenmu¨ller @5# and by Mitchellet al. @6#.

In practice the parity violation measurements are feasible
only near a maximum of thep-wave neutron strength func-
tion. The TRIPLE measurements with232Th @7# and 238U @8#
were near the maximum of the 4p neutron strength function,
and gave no information concerning any mass dependence of
the effective nucleon-nucleus weak interaction. Our attention
next turned to theA5110 mass region, where the 3p neutron
strength function maximum is located. We performed mea-
surements on a number of targets in this region and results
have been published for several nuclides:93Nb @9#, 103Rh
@10#, 107,109Ag @11#, 113Cd @12#, 115In @13#, and 133Cs @14#.
Parity nonconserving~PNC! effects were observed for all but
one of the odd mass targets that we studied near the 3p
neutron strength function maximum. However, for targets
with nonzero spin the analysis of the parity violation data is
complicated. As discussed below, it is important to have
spectroscopic information~including spins! for the s- and
p-wave resonances. In the absence of such spectroscopic in-
formation one can average over the various possibilities, but
this averaging often introduces a large uncertainty into the
value for the rms PNC matrix element.

In the present paper we report our PNC study on anti-
mony and iodine. Iodine is monoisotopic. Natural antimony
is 57.3% 121Sb and 42.7%123Sb. We took advantage of the
approximately equal abundance and moderate level densities
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to study both isotopes simultaneously. A similar approach
for silver ~which has an approximately equal abundance of
107Ag and 109Ag) worked very well@11#. One complication
was that an additional measurement was required to assign
newly observed resonances in natural antimony to a specific
isotope. This measurement was performed with an enriched
target (99.48%121Sb) and ag-ray detector array@15#.

In Sec. II the experimental methods for the parity viola-
tion measurements are described. The experimental data and
the analysis to obtain the longitudinal asymmetries are dis-
cussed in Sec. III. The extraction of the PNC matrix ele-
ments and the weak spreading widths is described in Sec. IV.
The results and conclusions are given in Sec. V.

II. EXPERIMENTAL METHOD

Transmission measurements of the PNC asymmetriesp
were performed at the MLNSC pulsed neutron source at
LANSCE. This spallation source is described by Lisowskiet
al. @16#. The apparatus developed by the TRIPLE Collabo-
ration to measurep is described in a number of papers, in-
cluding the original experimental layout@17#, the neutron
monitor @18#, the polarizer@19#, the spin flipper@20#, and the
neutron detector@21#. The layout of the polarized neutron
beam line for the present PNC experiments is given in Ref.
@8#. The measurements were performed on flight path 2,
which views a gadolinium-poisoned water moderator and has
a cadmium/boron liner to reduce the number of low-energy
neutrons emerging in the tail of the neutron pulse. After the
moderator the neutrons are collimated to a 10-cm diameter
beam inside a 4-m thick biological shield. The neutrons then
pass through a3He/4He ion chamber system@18# that acts as
a flux monitor. The neutron flux is measured by the monitor
for each neutron burst, and these measurements are used to
normalize the detector rates. Next, the neutrons pass through
a polarized-proton spin filter@19# where neutrons with one of
the two helicity states are preferentially scattered out of the
beam, leaving a beam of longitudinally polarized neutrons
~with polarizationf n.70%). Fast neutron spin reversal~ev-
ery 10 s! was accomplished by passing the neutron beam
through a spin reversal device consisting of a system of mag-
netic fields @20#. In addition to the frequent and fast spin
reversals, the neutron spin direction was also changed by
reversing the polarization direction of the proton spin filter.
Since this latter process takes several hours, it was only per-
formed approximately every 2 days. For the experimental
data on antimony and iodine, approximately half of the data
were taken with ‘‘positive’’ direction of the spin filter and
about half with ‘‘negative’’ direction.

The PNC effects in antimony and iodine were measured
by transmitting the neutron beam through samples located at
the downstream part of the spin flipper. The cylindrical
sample of natural antimony had an areal density of 3.67
31023 atoms/cm2 of 121Sb and 2.7431023 atoms/cm2 of
123Sb. The natural crystalline iodine target had an areal den-
sity of 7.2431023 atoms/cm2. The 10B-loaded liquid scintil-
lation neutron detector@21# was located 56.7 m from the
neutron source. This 55-cell segmented detector can handle
instantaneous counting rates up to 9 MHz per cell with a

dead time of about 20 ns. The detector has an efficiency of
95%, 85%, and 71% at neutron energies of 10 eV, 100 eV,
and 1000 eV, respectively. The neutron mean capture time in
the detector is (41665) ns. The data acquisition process is
initiated with each proton burst. The detector signals are lin-
early summed and filtered. An analog-to-digital converter
transient recorder digitally samples the summed detector sig-
nal 8192 times in intervals determined by the filtering time.
The 8192 words are added, as a ‘‘pass,’’ to a summation
memory for 200 beam bursts before being stored. The data
from 160 passes form a 30-min ‘‘run’’ for the data analysis.

III. EXPERIMENTAL DATA

Several new resonances were observed in the transmis-
sion spectrum of the natural antimony target. The assignment
of these new resonances to a particular isotope of antimony
was achieved using theg-ray detector array and a sample
enriched to 99.48%121Sb. Most of the new resonances be-
long to 121Sb—the level density for121Sb is more than twice
as large as the level density for123Sb. Resonance parameters
were determined by analysis of the data summed over both
helicity states. Background and dead time corrections were
applied as described by Crawfordet al. @8#. The shape analy-
sis was performed with the codeFITXS @22#, which was writ-
ten specifically to analyze the time-of-flight~TOF! spectra
measured by the TRIPLE Collaboration. The multilevel,
multichannel formalism of Reich and Moore@23# was used
for the neutron cross sections, which were convoluted with
the TOF resolution function studied in detail by Crawford
et al. @8#. The final fitting function is written as

Ft~ t !5FBt~ t ! ^ S a

E0.96
e2nsD(t)D G1(

i 50

3
ai

t i
, ~2!

where sD(t) is the Doppler-broadened total cross section,
Bt(t) is the instrumental response function~which includes
line broadening due to the initial width of the pulsed beam,
neutron moderation, finite TOF channel width, and mean
time for neutron capture in the detector!, a/E0.96 is the en-
ergy dependent neutron flux, and the second term represents
a polynomial fit to the background.~The symbol̂ indicates
a convolution.! Details of the fitting procedures are given by
Crawfordet al. @8#. From this analysis the neutron resonance
energies andgGn widths were obtained.

A TOF spectrum for the natural antimony target in the
energy region 150 to 210 eV is shown in Fig. 1. The reso-
nances that are readily observable are alls-wave resonances.
A sample multilevel fit to twop-wave resonances in anti-
mony near 260 eV is shown on an expanded scale in Fig. 2.
These resonances are both in121Sb. A TOF spectrum for the
iodine target is shown in Fig. 3 in the energy region 150–210
eV. Again thes-wave resonances dominate. A fit for two
iodine p-wave resonances near 135 eV is shown on an ex-
panded scale in Fig. 4.

Due to normalization issues, the precision of our mea-
sured resonance parameters is no better than the published
values. Therefore for the parity violation analyses we used
the energies, neutron widths, and spins for thes-wave reso-
nances from evaluated nuclear data file~ENDF! evaluations

Y. MATSUDA et al. PHYSICAL REVIEW C 64 015501

015501-2



@24# for iodine and from Japanese evaluated nuclear data
library ~JENDL! evaluations@25# for antimony. We used our
measured values for thep-wave resonances.

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

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

were determined separately for the1 and 2 helicity TOF
spectra. The data were fit on a run-by-run basis. Heresp fn

6 is

the experimental neutron cross section for the1 and2 neu-
tron helicity states~which is dependent on the beam polar-
ization!, and f n is the absolute value of the neutron beam
polarization. The value off n was determined in a separate
study of the well-known longitudinal asymmetry of the
0.75-eV resonance in lanthanum@26#. Because thef n value

is very nearly the same for the1 and2 helicities, the quan-
tities (f np)1 and (f np)2 should differ only by a sign, al-
though statistical and systematic uncertainties may introduce
further differences. 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 areApJ

5A(4(gGnJ
s /gGnJ

p )/(EsJ2EpJ)
2, where the sum is over the

s-wave resonances~see Sec. IV!. These parameters are called
amplification factors or enhancement factors, and depend on
knowledge of the spinJ because the weak interaction only
mixes p- and s-wave resonances with the same spinJ. The
resonance parameters, enhancement factors, and longitudinal

FIG. 1. Neutron time-of-flight spectrum for transmission in
natural antimony in the energy range 150–210 eV. The resonances
indicated are alls-wave resonances.

FIG. 2. Neutron time-of-flight spectrum for transmission in
natural antimony shown on an expanded energy scale near 260 eV.
The solid line represents the fit obtained with the analysis code
FITXS. Note that the asymmetric line shapes of the twop-wave
resonances are well reproduced.

FIG. 3. Neutron time-of-flight spectrum for transmission in io-
dine in the energy range 100–220 eV. The resonances indicated are
all s-wave resonances.

FIG. 4. Neutron time-of-flight spectrum for transmission in io-
dine shown on an expanded energy scale near 135 eV. The solid
line represents the fit obtained with the codeFITXS. The shapes of
the twop-wave resonances are well reproduced, although they are
distorted by the presence of a nearby larges-wave resonance.
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asymmetries are listed for121Sb in Table I and for123Sb in
Table II ~see also Figs. 5 and 6!. Since the spins of the
p-wave resonances are unknown, there are two possibleAJ
values corresponding to the two possible spins for which the
levels can mix and show parity violation. The resonance pa-
rameters, enhancement factors, and longitudinal asymmetries
are listed for127I in Table III.

IV. ANALYSIS

The details of the analysis to obtain the weak matrix ele-
ments and spreading widths from the PNC cross section
asymmetries are given by Bowmanet al. @27#. Specific ap-
plications have been described in a number of our previous
papers, e.g., our study of PNC effects in silver@11# illustrates
the analysis forIÞ0 targets. The essential argument is that
the observed PNC effect in thep-wave resonance in question
is due to contributions from a number of neighborings-wave
resonances. Since there are several mixing matrix elements
and one measured asymmetry, one cannot obtain the indi-
vidual matrix elements. Assuming that the weak matrix ele-
ments connecting the opposite parity states are random vari-
ables leads to the result that the longitudinal asymmetry is

also a random variable. From the distribution of the asym-
metries one can infer the varianceM2 of the individual ma-
trix elementsVnm—the mean square matrix element of the
PNC interaction. The details of the analysis depend on
knowledge of the spectroscopic parameters. The essence of
our approach to the likelihood analysis is to include all avail-
able spectroscopic information and to average over remain-
ing unknowns. The net result is that more information re-
duces the uncertainty in the rms value of the weak matrix
element.

In general the observed asymmetry for a givenp-wave
level m has contributions from severals-wave levelsn, and
the PNC asymmetry is

pm52(
n

Vnm

En2Em

gngm1/2

Gmn

, ~5!

wheregm1/2
andgn are the neutron decay amplitudes of lev-

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.

TABLE I. Resonance parameters and PNC asymmetries forp-wave resonances of121Sb.

E ~eV! gGn ~meV! A2
a (eV21) A3

a (eV21) p ~%! upu/Dp

37.9 0.008560.0009 2.8 4.8 0.01860.016 1.1
55.21 0.01460.002 10.2 2.3 20.13360.018 7.3
92.10b 0.01760.002 2.2 20.2 -0.5160.05 10.2

110.7b 0.03760.005 17.6 3.1 2.1560.06 35.8
141.2b 0.008160.0008 18.4 12.5 1.2660.12 10.5
174.5b 0.005460.0005 10.7 5.3 0.04560.033 1.4
176.9 0.04360.004 0.0360.07 0.4
184.7 0.12660.012 20.05160.033 1.5
200.3b 0.005460.0005 20.02960.076 0.4
228.6 0.04460.004 20.07260.075 1.0
235.9 0.01960.002 20.0560.16 0.3
245.9 0.23560.022 0.01760.045 0.4
249.0 0.12860.012 0.13860.052 2.7
261.6 0.18160.018 20.02960.036 0.8
265.8 0.16760.017 0.08060.048 1.7
270.0 0.20860.021 0.17960.046 3.9
274.8 0.15360.015 0.12860.050 2.6

aValues above 174.5 eV are not listed; see text for explanation.
bNew resonances.

TABLE II. Resonance parameters and PNC asymmetries forp-wave resonances of123Sb.

E ~eV! gGn ~meV! A2 (eV21) A3 (eV21) p ~%! upu/Dp

176.4 0.17660.017 1.5 0.9 20.07660.042 1.8
186.1 0.15460.015 4.2 0.8 20.01260.035 0.3
197.7 0.24360.024 3.3 0.6 20.0260.035 0.6
202.0a 0.16060.016 2.4 0.7 20.4660.12 3.8
225.2 0.16060.016 1.3 1.1 20.01460.045 0.3

aNew resonance.
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For targets withI p50, 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. We assume that
the values of the asymmetries measured for differentp-wave
resonances have mean zero and are statistically independent.
The likelihood function for several resonances is therefore
the product of the individual likelihood functions.

The mean square matrix elementMJ
2 is the variance of the

distribution of the individual PNC matrix elementsVnm . The
quantitypm in Eq. ~5! is a sum of Gaussian random variables
Vnm each multiplied by fixed coefficients, and is itself a
Gaussian random variable@28#. The variance ofpm is
(AmMJ)

2, where

Am5A(
n

Anm
2 and Anm

2 5S 2

En2Em
D 2 Gn

Gm
. ~6!

The probability density function of the longitudinal asymme-
try p is

P~puMJA!5
1

A2pMJA
expS 2

p2

2MJ
2A2D [G„p,~MJA!2

…,

~7!

whereG represents a Gaussian function.
If the p-wave resonance spins are unknown, then one

needs two terms, one for the spin 1/2 resonances that can
show parity violation and one for the spin 3/2 resonances
that cannot show parity violation. If the measurement uncer-
tainty in p is sm , and thea priori distribution of the rms
matrix element isP0(1/2), then the likelihood function is

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

N

@p~1/2!G„pm ,~MJ51/2Am!21sm
2
…

1p~3/2!G~pm ,sm
2 !#, ~8!

where the relative probabilitiesp(J) are estimated using the
statistical model.

The problem forIÞ0 targets is much more complicated.
For example,121Sb hasI 55/2, and therefores-wave reso-
nances can be formed with spin 2 or 3, while thep-wave
states can have spins 1, 2, 3, or 4. Only the spin 2 and 3
states can mix and show parity violation.

Suppose that the spins of alls-wave resonances are
known. If the spin of thep-wave level is assumed, then the
factor Am can be evaluated, butAm5Am(J) depends on the
spin assumed because onlys-wave levels with the same spin
as thep-wave level mix to produce parity violation. The
likelihood function is then obtained by summing over
p-wave level spins as in the corresponding situation whenI
50.

The entrance channel neutronj 53/2 and j 51/2 ampli-
tudes are also unknown. This factor is accounted for statisti-
cally by using the average value of the ratio of the S3/2

1 and
S1/2

1 strength functions. The parametera is defined bya2

5S3/2
1 /S1/2

1 . We useda50.65 for both antimony isotopes and
iodine @29#.

Due to the level density effect, the rms PNC matrix ele-
ment may be different forJ5I 61/2 states. In the absence of
spin information we assume that the spreading width is in-
dependent ofJ and fit directly to the spreading widthGw
52p(MJ)

2/DJ . The likelihood function can be written

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 , ~9!

whereMJ should be written as a function ofGw . The uncer-
tainties onGw were obtained using the method described by
Eadie et al. @28#: the confidence interval is determined by
solving the equation

FIG. 5. Likelihood plot for 121Sb. A total of 17p-wave reso-
nances were analyzed and five statistically significant PNC effects
observed. The data were fit directly to the weak spreading width.

FIG. 6. Likelihood plot for 123Sb. A total of fivep-wave reso-
nances were analyzed and only one statistically significant PNC
effect was observed. The data were fit directly to the weak spread-
ing width. The likelihood plot is extremely broad.
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lnFL~Gw
6!

L~Gw* !
G52

1

2
, ~10!

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

dence range.
The likelihood function is not normalizable unless the

prior tends to zero for largeM1/2 ~or Gw). This difference is
due to the terms that cannot cause parity violation and lead to
a divergent normalization integral. From previous measure-
ments we know that the weak spreading width is unlikely to
be more than about 531027 eV. For the present calcula-
tions we used a constantprior below 1031027 eV and zero
above this value.

Note that the expression of Eq.~9! is inconsistent. One
should use the weak spreading width as the variable through-
out, and transform theprior according to P0(Gw)
5P0(MJ„Gw…)dMJ(Gw)/d(Gw). The change of the argu-
ment and theprior does not change the final~most likely!
value, but does change the corresponding errors because of
the nonlinear relationship between the variablesMJ andGw .
Thus forIÞ0, unless there is complete spin information one
mustformulate the problem in terms of the spreading width,
and then determine the weak matrix element from the
spreading width. This contrasts with the approach forI 50,
where one determines directly the most likely value of the
rms matrix element and then obtains the spreading width.

V. RESULTS AND CONCLUSION

Previous neutron resonance measurements had identified
all of the s-wave resonances and most of thep-wave reso-

nances. All of the newly observed resonances in the three
nuclides~five new resonances in121Sb, one new resonance
in 123Sb, and 11 new resonances in127I) are weak. These
resonances are assigned asp-wave resonances based on the
Bayesian analysis of the neutron widths described in several
publications, e.g.,@10,13#. The observation of statistically
significant PNC effects for three of the new resonances in
121Sb, the one new resonance in123Sb, and four of the new
resonances in127I is consistent with this assignment. Since
there was no information about thep-wave spins for any of
the three nuclides studied, the likelihood analysis was per-
formed by fitting directly to the weak spreading width.

The resonance parameters and longitudinal asymmetries
for 121Sb are listed in Table I. In121Sb 17p-wave resonances
were analyzed below 275 eV and five statistically significant
PNC effects were observed. For121Sb no AJ values are
quoted above 170 eV because the spins of many of the
s-wave resonances are unknown. The likelihood function for
121Sb is shown in Fig. 3. The most likely value of the weak
spreading width isGw54.822.9

18.631027 eV. The level spac-
ing DJ for 121Sb is 25 eV. From the values forGw and DJ

one obtains a weak matrix elementMJ51.420.5
10.9 meV.

The resonance parameters and longitudinal asymmetries
for 123Sb are listed in Table II. The likelihood function for
123Sb is shown in Fig. 4. The most likely value of the weak
spreading width isGw51.921.3

11531027 eV. The level spac-
ing DJ for 123Sb is 60 eV. From the values forGw and DJ

one obtains a weak matrix elementMJ51.320.7
12.7 meV. Since

there is only one PNC effect the likelihood function is

TABLE III. Resonance parameters and PNC asymmetries forp-wave resonances of127I.

E ~eV! gGn ~meV! A2
a (eV21) A3

a (eV21) p ~%! upu/Dp

7.51b 0.0001260.0001 37.6 22.5 0.1360.14 0.9

10.34b 0.002860.0003 9.0 5.2 20.00560.03 0.2

13.93b 0.001460.0001 15.3 9.0 0.0160.04 0.3

24.63b 0.0006460.0006 51.7 19.3 1.6560.16 10.3

52.20b 0.0008560.0008 47.8 13.1 0.1060.18 0.5

53.82 0.01960.002 8.8 2.9 0.2460.02 12.0

64.04 0.00860.001 13.5 6.8 0.0660.02 3.0

85.84 0.017460.002 4.7 13.6 0.2460.02 11.0

101.1b 0.01460.002 5.8 6.6 0.1060.03 3.2

126.0b 0.002160.0002 22.3 16.5 20.4860.16 3.0

134.1 0.02560.003 7.9 10.9 0.0260.02 1.0

136.9b 0.04060.004 6.8 17.1 0.73160.016 45.7

145.7 0.03360.003 10.5 9.0 0.0060.03 0.0

153.6 0.09660.003 9.4 2.4 0.0160.02 0.5

223.4b 0.01160.001 20.0160.13 0.1

256.8 0.05260.005 0.0460.04 1.0

274.7b 0.02260.002 20.3260.15 2.1

282.1b 0.004560.0005 20.4760.53 0.9

352.0 0.08860.009 20.53960.064 8.4

353.3 0.08960.009 0.0560.064 0.8

aValues above 153.6 eV are not listed; see text for explanation.
bNew resonances.
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broader and the resulting values for the spreading width and
the weak matrix element have larger uncertainties.

The resonance parameters and longitudinal asymmetries
for 127I are listed in Table III. For iodine a total of 20p-wave

resonances were analyzed. Since above 220 eV the spins of
thes-wave resonances are unknown, noAJ values are quoted
above this energy. The likelihood function for127I is shown
in Fig. 7. The most likely value of the weak spreading width
is Gw50.620.4

10.931027 eV. The level spacingDJ for 127I is
23 eV. From the values forGw andDJ one obtains a weak
matrix elementMJ50.520.2

10.3 meV.
The values of the weak spreading widths and the weak

matrix elements are consistent with those observed in other
nuclei. If all of the data measured by the TRIPLE Collabo-
ration are considered, one obtains an average value ofGw

51.820.3
10.331027 eV @6#. The present results agree well with

the existing data. Overall the PNC measurements are consis-
tent with a ~global! constant value for the weak spreading
width. However, there is evidence that there are local fluc-
tuations. For example,133Cs has an anomalously low value
of the weak spreading width@9#.
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FIG. 7. Likelihood plot for127I. A total of 20p-wave resonances
were analyzed and eight statistically significant PNC effects were
observed. The data were fit directly to the weak spreading width.
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