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Parity nonconservation~PNC! was studied for 24p-wave neutron resonances in238U from 10 to 300 eV by
measuring the helicity dependence of the total neutron cross section with an improved experimental apparatus.
Six resonances show statistically significant~greater than 2.9s) parity violation. An analysis treating the PNC
matrix elements as random variables yields a root-mean-square PNC matrix elementM50.6720.16

10.24 meV. The
corresponding weak spreading widthGw5(1.3520.64

10.97)31027 eV. @S0556-2813~98!03708-X#

PACS number~s!: 25.40.Ny, 24.80.1y, 11.30.Er, 27.90.1b
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I. INTRODUCTION

The traditional view of symmetry breaking in the nucle
is exemplified by the approach to parity nonconservat
~PNC! in light nuclei. Parity doublets~closely spaced, low-
lying states of the same angular momentum and oppo
parity! were studied. A parity-forbidden observable w
measured and the wave functions for the initial and fi
states calculated with the shell model. After the discovery
a very large enhancement of parity violation for neutr
resonances in heavy nuclei~as large as 106) @1#, a new ap-
proach was adopted that considers the compound nuc
~CN! as a chaotic system and treats the symmetry brea
matrix elements as random variables. The experimental
of the PNC experiments in the CN is the determination of
root-mean-square symmetry breaking matrix element.
CN is now considered as an excellent laboratory for
study of symmetry breaking. The difference in approach
illustrated by the differences between the classic review
Adelberger and Haxton@2# ~where the PNC measurements
nucleon-nucleon scattering and the data from light nuclei
compared with the predictions of Desplanques, Donogh
and Holstein@3#! and the recent reviews by Bowmanet al.
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@4#, Frankleet al. @5#, and Flambaum and Gribakin@6#.
In all of the early experiments only one PNC effect w

measured per nuclide, due to the limited sensitivity and
ergy range studied. This is a crucial limitation, since a nu
ber of measurements are required for the statistical analy
In our initial measurements the TRIPLE Collaboration me
sured a number of PNC effects in238U @7,8# and 232Th
@9,10#. Although the results were encouraging, the statisti
quality of the initial data left much to be desired. In238U
only one statistically significant effect was observed~there
were several PNC effects at the 2s level!. Seven statistically
significant PNC effects were observed in232Th. However,
there was an unexpected nonstatistical result observe
232Th: all measured asymmetries have the same sign@9,10#.
This result generated a large amount of interest and theo
ical speculation—see the following paper on232Th @11#. It
was therefore considered very important to repeat the m
surements on uranium and thorium, improving both the qu
ity of the data and the analysis. This paper and the follow
paper on232Th report the results of measurements and ana
sis following these improvements. The present measurem
of 238U shows six statistically significant PNC effects an
gives a matrix element that is consistent with the previo
result but has greater precision. In addition, the six P
effects show both positive and negative signs, indicating t
the sign effect seen in232Th is not a universal phenomenon
The 238U data and analysis are reported in the dissertation
Crawford @12#.

We define the PNC asymmetryp for an l 51 ~p-wave!
resonance fromsp

65sp(11p6), wheresp
6 is the p-wave

resonance cross section for1 and 2 helicities, sp is the
resonance part of thep-wave cross section, and the neutro
polarization is assumed to be 1. The spirit of the analysi
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1226 PRC 58B. E. CRAWFORDet al.
that the resonance parameters are determined from the
of the data from both helicity states~with a multilevel, mul-
tichannel code described below!, and that these resonanc
parameters are then held fixed while the longitudinal asy
metries are determined separately for the1 and 2 helicity
states. Data for both helicity states obtained under sim
conditions are summed in order to provide very good sta
tics. The neutron resonance parameters are determined
these summed data, including the resonance cross sectiosp
for thep-wave resonance in question. The asymmetry par
etersp6 are determined fromsp

6 , and the PNC longitudina
asymmetryp is then determined fromp5(sp

12sp
2)/(sp

1

1sp
2)5(p12p2)/(21p11p2).

The experimental system is described in Sec. II, with e
phasis on the changes since the earlier measurements.
tion III describes the procedure used to obtain the resona
parameters and the PNC longitudinal asymmetries. The
set is described in Sec. IV. The experimental result
resonance parameters and PNC longitudinal asymmetri
are presented in Sec. V. The analysis used to obtain the
PNC matrix element from the asymmetries is discussed
Sec. VI.

II. EXPERIMENT

A. Polarized neutron beam facility

The intense pulsed epithermal neutron beam at the M
uel Lujan Neutron Scattering Center~MLNSC! is produced
by 800-MeV proton pulses from the Los Alamos Neutr
Science Center~LANSCE!. The protons from the LANSCE
linac are accumulated in a proton storage ring with typi
average beam currents of;60 mA and have the shape of a
isosceles triangle with a base of 250 ns. After exiting
proton storage ring, the proton pulses interact with a tungs
spallation target at a rate of 20 Hz. Approximately 17 fa
neutrons are produced for each incident proton. The neut
are then moderated to epithermal energies in a water m
erator and collimated. The neutron energy distribution ha
Maxwellian shape with a tail that falls off approximately
1/E. The distribution peaks at about 40 meV. A detail
description of the target-moderator geometry is given
Lisowski et al. @13#. In addition to the initial pulse width tha
the neutrons acquire from the proton beam, further broad
ing is introduced by the moderation process. This additio
contribution to the neutron beam resolution becomes imp
tant in fitting the line shape of the neutron resonances an
discussed in the next section.

Robersonet al. @14# discuss the experimental setup as u
lized by the TRIPLE Collaboration in the original exper
ment on238U. Although we have since made major chang
to the apparatus, the experimental philosophy is the sa
Here we focus on the changes adopted since the earlier w
An overview of the polarized neutron beam facility is show
in Fig. 1.

As the neutron beam exits the spallation source, the flu
monitored by a pair of ionization chambers@15#. The first
chamber is filled with3He gas and the second with4He gas.
The first chamber is sensitive to neutrons via t
3He(n,p)3H reaction, while both chambers are sensitive tog
rays through the photoelectric effect and pair producti
um
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The difference between the counts in the two chamb
yields the neutron flux. This monitor system is used not
an absolute measurement of the neutron flux, but rather
sensitive (1024 level! measure of the beam stability. In pra
tice we reject neutron pulses for which the monitor cou
~for a given time! vary beyond an accepted standard.

The neutron beam is polarized by transmission throug
polarized proton target. Then-p elastic cross section has
strong spin dependence—the cross section for neutron
proton spins parallel~antiparallel! is 3.7 b~37.2 b!—and the
cross section is constant over a large energy range, fro
eV to several keV. The protons in ammonia are polarized
the dynamic nuclear polarization~DNP! method at 1 K in a
5-T magnetic field@16,17#.

The DNP technique uses microwave pumping to popu
the nuclear states of interest. With two different microwa
transition frequencies one can obtain protons polarized
allel or antiparallel to the magnetic field direction, so th
only the microwave frequency needs to be changed and
the magnetic field direction. Changing the proto
polarization direction provides a convenient way to check
possible systematic errors. However, since this change t
1–2 h, it is performed only a few times during the 1–
weeks it takes to study a typical target. The proton polari
tion is monitored with nuclear magnetic resonance~NMR!.
Since the NMR measurement does not probe the entire ta
volume equally, it may not provide a reliable absolute me
surement. Instead it provides a rapidrelative determination
of the proton polarization. The NMR measurement can
calibrated by comparing the neutron transmission throu
the target while it is polarized and unpolarized, or by ado
ing the large PNC effect at 0.74 eV in139La as a standard
and determining the neutron polarization from the measu

FIG. 1. Overview of polarized neutron flight path at LANSCE
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PRC 58 1227PARITY NONCONSERVATION IN NEUTRON . . .
asymmetry. These methods are discussed in detail by Pe¨
et al. @16# and Yuanet al. @18#. The typical neutron polariza
tion was about 70%.

To reverse the spin direction of the neutrons rapidly
‘‘spin flipper’’ consisting of a series of longitudinal an
transverse magnetic fields was designed and fabricated@19#.
The longitudinal coils form a solenoidal field that poin
along the beam direction for the first half of the length of t
spin flipper and opposite to the beam direction for the sec
half. The transverse field is produced by Helmholtz coils
both sides of the spin flipper and is perpendicular to
beam direction. As a function of distance along the be
direction, the longitudinal field follows a sine function, an
the transverse field has a cosine dependence. Therefore
addition of the two components produces a field with co
stant magnitude that rotates 180° over the length of the
flipper.

With the transverse coils off, the neutrons pass throug
magnetic field that reverses direction at the center of the
flipper and which has very small transverse components.
neutrons of interest travel too fast to have their spins
versed. With the transverse coils on, the magnetic field
tates 180° over the length of the spin flipper. The neutr
adiabatically follow the magnetic field and emerge with th
spins reversed. Effects of radial field components on off-a
neutrons and the energy dependence of the spin-flipping
ficiency are discussed in detail by Bowmanet al. @19#.

At room temperature Doppler broadening is a signific
effect; at 10 eV the Doppler width is roughly 3 times larg
than the natural width of a typical238U p-wave resonance
To reduce this effect on the resonance line shape, the238U
target was cooled to 77 K. The target was situated at the
of the spin flipper~approximately 9.7 m from the neutro
source! such that the solenoidal magnetic field served a
guide field for the neutron spins as they interacted with
target.

The neutron detector system consists of a10B-loaded liq-
uid scintillator (C11H101C3H9BO) viewed by 55 photomul-
tiplier tubes~PMT’s! @20#. The scintillator is segmented int
55 cells arranged in a honeycomb pattern with each
coupled to a PMT on the downstream side of the detec
The detector is located 57 m from the spallation source.
segmented nature of the detector allows very high insta
neous counting rates~as high as 500 MHz!, while the thick-
ness of the scintillator~4 cm! is such that most of the neu
trons are thermalized and captured, giving the detector a
high and nearly energy-independent efficiency.

Since transmission experiments require a large amo
~kilograms! of target material, they are often not feasible f
isotopically pure samples. Therefore, an alternate detec
system was developed. Forp-wave neutron resonances
heavy nuclei the capture width is almost equal to the to
width. Therefore, measuring the capture cross section
equivalent to measuring the total cross section. A cap
g-ray detector was designed and fabricated that consiste
24 CsI detectors forming two annular rings that subten
3.3p solid angle. The initial design was discussed by Fran
et al. @21# and a description of the working system given
Crawford et al. @22#. For the capture experiment the targ
was located at 59 m, and solenoidal guide fields preserve
neutron polarization along the entire beam line@12#. In the
tila
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present experiment the capture detector system was
only to determine the shape of the resolution function.

Two types of neutron absorbers were used in these exp
ments; both were located at the upstream end of the
flipper. The purpose of the absorber is to remove low-ene
neutrons from the beam in order to prevent them from rea
ing the detector after the next neutron pulse has occur
The usual material is natural Cd, which has a large ther
cross section and a very large resonance at 0.178 eV. Un
tunately there is a resonance at 89.5 eV in110Cd that ob-
scures the 89.2-eV resonance in238U. For this reason natura
boron, which also has a large thermal cross section, was
as the absorber for about half of the uranium measureme

B. Data acquisition

The data acquisition process is initiated with each pro
burst. An inductive pickup on the proton beam line~before
the spallation target! provides a time-zero signalt0.

The detector signals are fed to discriminators and the o
puts are linearly summed and filtered to 100, 200, or 10
ns, where the filter time depends on the digital sampl
interval ~dwell time!. ~The choice of dwell time depends o
what energy region of the time-of-flight spectrum is bei
studied. A 1-eV neutron takes;4 ms to reach the detector!
A transient recorder digitizes the summed detector sig
8192 times in intervals determined by the dwell time. T
8192 words are added to a summation memory for 200 be
bursts before being stored in computer memory. Since
neutron pulse rate is 20 Hz, there are 50 ms between pu
which permit a measurement of the background and e
tronic noise. One-sixtieth of a second after the initialt0, a
second electronic pulset08 is generated to initiate anothe
sweep of the detector signal. Thet08 pulse also triggers the
summation memory to subtract this second sweep from
stored data. In this way, the data from each neutron pulse
corrected for background and electronic noise. This corr
tion is also applied to the monitor signal. The significance
1/60 s is that most of the electronic noise is from 60
pickup. This process is followed for 200 beam bursts, a
then the 8192-channel spectrum is transferred to comp
memory.

The state of the spin flipper is changed according to
eight-step sequence designed to reduce the effects of
drifts and residual transverse magnetic fields on the PM
@14#. The transverse field of the spin flipper is off or o
according to the sequence 01102002, where 0 indicates
that the transverse field is off and6 that the transverse field
is on in the6 transverse direction. Each spin flipper sta
lasts 10 s~200 t0 pulses!. The data are stored in separa
spectra, one for theNOFLIP state~0! and one for theFLIP state
(1 or 2). At the end of each eight-step sequence the be
monitor data are averaged, and the entire eight-step sequ
is considered ‘‘bad’’ if the flux from any beam burst deviat
from the mean value by more than 8%. If the flux is stab
the data are considered ‘‘good.’’ Both data sets~good and
bad! are stored~separately! in computer memory. After 20
eight-step sequences have been performed, the data co
tion is stopped and the data from this approximately 30-m
collection period are stored as a ‘‘run’’ for later analysis. T
result is a large number of small data sets, ‘‘runs,’’ duri
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1228 PRC 58B. E. CRAWFORDet al.
which the experimental conditions should be sufficien
constant. These runs are analyzed separately.

III. DETERMINATION OF PNC LONGITUDINAL
ASYMMETRIES

The fitting codeFITXS @23# was developed specifically t
fit the epithermal neutron time-of-flight spectra measured
LANSCE by the TRIPLE Collaboration. One chooses a p
ticular time-of-flight~TOF! region and a set of fitting param
eters, and then minimizesx2 to obtain the optimum set o
values for these parameters. The fitting function depends
the target areal densityn, the multilevel cross sections, an
broadening due to three sources: the time structure of
neutron beam, the Doppler broadening due to the rela
motion between neutrons and target nuclei, and the time
sponse of the detector system. The broadening due to
beam and the detection system can be combined analyti
to form a response functionB(t).

For this transmission experiment, the fitting function c
be written as

Ft~ t !5Bt~ t ! ^ @N0~ t !e2nsD~ t !#1B, ~1!

where

sD~ t !5@D~v ! ^ s~v !#v→t , ~2!

N0 is the neutron flux,D(v) is the Doppler response func
tion, B is the background function, and thev→t symbol
indicates that after the convolution in velocity space,
function is converted to a function of time. Thê symbol
indicates a convolution.

Note that the convolutions in Eq.~1! do not commute. In
order to extract correct resonance parameters and PNC a
metries, the convolutions must be performed separately
in the proper order. The use of a generic fitting function t
does not properly separate the effects of Doppler broade
from those of the beam and detection responses may y
incorrect asymmetries for strong resonances~large ns) or
for resonances where the intrinsic resonance width is sm
compared with the response width. This was one of the
jor problems with our earlier fitting program, in which a
resolution effects were simulated by one effective Gauss
The other major limitation in the earlier approach was
empirical determination of the off-resonance line shape. T
tended to work well when a resonance was isolated and
nearby cross section smooth, but not for more complica
resonance structures.

The key element in the analysis is that the neutron cr
section data are fit to determine the resonance parame
which are then held fixed while the longitudinal asymmetr
are determined for each run. The multilevel, multichan
neutron cross section is calculated with the formalism of R
ich and Moore@24#. Since this formalism is widely used i
the analysis of neutron resonances@25#, using the same for-
malism and notation provides maximum consistency with
literature. For 238U there is no fission and the ratio of th
total resonance widthG to the average level spacingD is
small (G/D;0.005!. However, the multilevel formalism is
essential to reproduce level-level interference effects.
t
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Thes-wave elastic cross section for total angular mome
tum J is

ss:J
el 5p|2gJU12e22ikRF11

2i f J

12 i f J
GU2

, ~3!

with

f J5(
s:J

Gn
s/2

Es2E2 iGg
s /2

, ~4!

wheregJ5(2J11)/2 is the statistical weighting factor fo
targets with spinI 50, | is the neutron wavelength divide
by 2p, andR is the neutron channel radius. The experime
tally determined potential scattering radius@26# is used for
R. The resonance energy isEs,p , the neutron widthGn

s,p , the
g-ray width Gg

s,p , and the total widthGs,p, all for s- and
p-wave resonances, respectively.

The s-wave capture cross section is

ss:J
g 54p|2gJ

Im$ f J%

@11Im$ f J%#21Re$ f J%
2

. ~5!

With Gn!Gg!D, and thep-wave hard sphere phase sh
neglected@27#, thep-wave elastic cross section is

sp:J
el 5p|2gJ(

p:J

Gn
pGn

p

~Ep2E!21~Gp!2/4
. ~6!

Similar simplifications can be used for thep-wave capture
cross section@24#, yielding

sp:J
g 5p|2gJ(

p:J

Gn
pGg

p

~Ep2E!21~Gp!2/4
. ~7!

The neutron widths are calculated at energyE according to

Gn
s,p~E!5Gn

s,p~Es,p!@E/Es,p# l 11/2. ~8!

The total cross section for boths- andp-wave resonances i
simply the sum of the elastic and capture cross sections

Initial investigations into the resolution function were pe
formed by Yenet al. @28#. They obtained fits to Monte Carlo
simulations of the beam time response for the TRIPLE be
line by convoluting a Gaussian with offsett8 and widthh,
with an exponential with characteristic decay timet:

M ~ t !5
1

A2ph2
expF2

~ t2t8!2

2h2 G
^

1

t
expF2~ t2t8!

t
Gu~ t2t8!

5
1

2t
expF2~ t2t8!

t
1

h2

2t2G @12erf~Z!#, ~9!

where u(t) is a unit step function, andZ5@h/t2(t
2t8)/h#/A2. In the energy range 1–1000 eV the three p
rameters were found to be given byt852.79E20.48 ms, h
50.65E20.51 ms, andt50.99E20.37 ms.-
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There are two more sources of broadening that are c
mon to both the CsI capture detector and the transmis
system: the proton beam shape from the proton storage
and the electronic shaping before the transient digitiz
These can be approximated by Gaussian functions and
voluted with the Gaussian function from the beam respon
The width of the resulting Gaussian isk25h21sPSR

2

1selec
2 .

For neutron resonances above 400 eV most of the
served width is from the neutron beam. A number of re
nances were studied with the capture detector in orde
determine the actual beam response in detail. Since we
studied parity violation via the capture reaction with sm
isotopic samples of106Pd and108Pd @12#, we used these dat
to determine the beam response function. The fits at th
energies were not especially sensitive to the Gaussian w
but were quite sensitive to the exponential tail. Initial fits
the 106Pd and 108Pd capture data with Eq.~9! were inad-
equate because of a long, low-energy~high-TOF! tail. We
adopted a functional form found by convoluting the abo
expression with a second exponential with characteristic
cay timet2:

Bc~ t !5
1

2t
expF2~ t2t8!

t
1

k2

2t2G @12erf~Z!#

1
e

2t2

expF2~ t2t8!

t2

1
k2

2t2
2G @12erf~Z2!#,

~10!

where Z25@k/t22(t2t8)/k#/A2. From fitting resonance
in 106Pd and108Pd, we founde50.20 andt253.9E20.38 ms.

The transmission data showed an additional broaden
from the neutron detector. The moderation process in
hydrogen-containing liquid scintillation detector is given
an exponential with characteristic decay timetd . The final
result for the response function is

Bt~ t !5
1

2~t2td!
$e2~ t2t8!/td1k2/2td

2
@12erf~Zd!#

2e2~ t2t8!/t1k2/2t2
@12erf~Z!#%

1
e

2~t22td!
$e2~ t2t8!/td1k2/2td

2
@12erf~Zd!#

2e2~ t2t8!/t21k2/2t2
2
@12erf~Z2!#%, ~11!

where Z5@k/t2(t2t8)/k#/A2, Zd5@k/td2(t2t8)/k#/
A2, andZ25@k/t22(t2t8)/k#/A2. The average value o
td5416 ns was determined from fitting nine resonances
108Pd. The details are given by Crawford@12#.

Including an energy-dependent flux and a backgrou
function ~described by a polynomial in time!, the final fitting
function can be written as

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

Eb
e2nsD~ t !D G1(

i 51

3
ai

t i
, ~12!
-
n

ng
r.
n-
e.

b-
-
to
ad
l

se
th,

e-

g
e

n

d

wheresD(t) is the Doppler-broadened total cross section
s- andp-wave resonances. Thes- andp-wave cross sections
are calculated for all resonances present~including contami-
nants! and summed to form the total elastic and capture cr
sections.

When final satisfactory fits are obtained for all ener
regions, all of the resonance parameters are consid
known and are held fixed in subsequent analyses. At
point fits are obtained in each energy region for each heli
state for every run, varying only the longitudinal asymmet
As described in the Introduction, once the cross sectionssp

6

are determined, the PNC longitudinal asymmetries are ea
obtained. A detailed description of the codeFITXS is given by
Matsuda@23#.

IV. DATA

The 238U target was a cylinder 6.32 cm long and 9.79 c
in diameter that was depleted of235U. For a density of 18.9
g/cm3, this corresponds to an areal density of 3.02531023

atoms/cm2. From fitting known resonances in235U, the
amount of 235U contamination was determined to be (0.2
60.01)%.

The 238U experiment was run in transmission with th
apparatus described in Sec. II. Preliminary examination
the data consisted of numerous checks for possible diffi
ties, such as fluctuations in peak height for selected re
nances~indicating unstable timing! or a large number of
‘‘bad’’ spectra~indicating significant beam variation!. All of
the runs were also checked for asymmetric flux, wh
would lead to false asymmetries. This check was perform
by calculating the ratio of the counts in theNOFLIP to theFLIP

spectra for selected regions throughout the time-of-fli
spectrum. No flux asymmetries were observed. After th
checks, there were 157 good runs from which to determ
the PNC effects in238U.

The initial energy calibration was performed using t
energies of known resonances in235U and 238U. This initial
calibration was then used with the fitting codeFITXS de-
scribed in Sec. III and known resonances to fit the spectr
while varying the beam line length and the time-of-flig
offset. The resulting values were beam lengthL556.736 m
and channel offsetC052.71 channels.

The statistical uncertainty in these values is very sm
but the total error is undetermined since the uncertaintie
the ENDF/B-VI @29# energies are unknown. Our data we
also compared with the results of a measurement at ORE
@30# and appear to agree better with the ORELA values.
using the above energy calibration, the resonance ener
were converted to time-of-flight channels and related to
ORELA resonance energies byE51.3083105 L2/(C
1C0)2. Including the uncertainty in the energies from th
ORELA experiment, a least squares fit was used to de
mine a new lengthL556.73960.002 m and a new channe
offset C052.8560.05 channels. From this calibration th
resonance energies and their uncertainties were determ
Differences between the energies extracted from the Cd-
B-absorber data were included in the uncertainty~these dif-
ferences were noticeable primarily for the low-energys-
wave resonances!. Our values have smaller uncertainties f
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TABLE I. Resonance parameters for238U.

E ~eV! BPa l Jb gGn ~meV! Gg ~meV! Ai ~1/eV!

10.234960.0007 0.99 1 1.5 0.001 6860.000 05

11.308960.0008 1.00 1 0.5 0.000 4160.000 01 46.9
19.52160.001 0.99 1 1.5 0.001 5060.000 05
20.86660.006 0.00 0 0.5 10.660.3 21.160.8
36.6760.02 0.00 0 0.5 34.861.1 20.360.9
45.15860.004 0.99 1 0.5 0.002 0560.000 07 35.7
49.61360.004 0.99 1 0.001 0860.000 02 37.7
63.49660.005 0.99 1 0.5 0.009460.0003 41.1
66.0260.02 0.00 0 0.5 24.760.9 21.960.9
72.37360.006 0.99 1 0.001860.0002 42.3
80.74160.007 0.00 0 0.5 1.760.2 26.863.7
83.67260.007 0.99 1 0.5 0.009060.0003 15.6
89.21860.008 0.84 1 0.5 0.08560.003 5.03
93.08160.008 0.99 1 1.5 0.006260.0002
97.97560.009 0.99 1 1.5 0.004460.0002
102.6060.08 0.00 0 0.5 71.762.2 23.861.0
111.1860.01 0.99 1 0.006760.0005 33.1
116.8960.02 0.00 0 0.5 25.361.0 23.361.3
124.9460.01 0.99 1 1.5 0.019660.0007
133.1860.01 0.99 1 0.007860.0003 12.0
145.6460.02 0.00 0 0.5 0.7460.02 26.961.0
152.3960.02 0.98 1 1.5 0.05260.002
158.9460.02 0.99 1 1.5 0.016460.0005
165.2660.03 0.00 0 0.5 3.260.2 22.962.2
173.1860.02 0.98 1 0.5 0.04860.002 7.96
189.7060.06 0.00 0 0.5 174.265.2 29.662.0
208.4760.02 0.00 0 0.5 51.061.7 23.861.7
214.8560.02 0.98 1 0.05560.002 10.9
218.3360.02 0.98 1 0.03660.004 9.85
237.3460.05 0.00 0 0.5 25.860.9 23.461.3
242.6760.03 0.93 1 0.5 0.20360.009 4.63
253.8460.03 0.97 1 1.5 0.11660.004
257.1760.03 0.98 1 0.02560.002 6.58
263.8960.03 0.92 1 1.5 0.25960.008
273.6160.04 0.00 0 0.5 24.360.7 24.661.0
282.4160.03 0.97 1 1.5 0.11260.004
290.9660.04 0.00 0 0.5 16.160.5 23.361.0

aBayesianp-wave probability.
bJ values forp-wave resonances from Gunsinget al. ~Ref. @42#!.
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the smallp-wave resonances than the ORELA experim
due to the higher statistics of the present measurement
resonance energies agree with the ORELA results within
ror. The energies and their uncertainties are listed in Tab
It should be noted that not all of the resonances in the EN
B-VI and ORELA tabulations were seen in the present m
surements due to finite energy resolution and the effec
very strong and broads-wave resonances, which is the res
of using a thick target optimized for the study of parity no
conservation, not resonance analysis.

As the next step in the data analysis the transmiss
spectra were corrected for electronic and detector dead t
@12# and for theg-ray background in the neutron beam@31#.
At this stage the data are ready for analysis with the fitt
programFITXS.
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V. DATA REDUCTION

A. Neutron resonance parameters

To determine the resonance parameters, ten runs w
summed as a compromise between obtaining very good
tistics and maintaining uniform experimental condition
Since the cadmium and boron absorbers affected the sha
the flux differently ~especially in the low-energy region!,
data from the two absorbers were analyzed separately.
238U target was sufficiently thick that many of thes-wave
resonances absorbed all of the neutrons~such resonances ar
said to be ‘‘black’’ resonances!. After the standard back
ground correction@31# was applied, there were still som
counts under the black resonances. The background pa
eters used in the programFITXS were determined by fitting
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FIG. 2. Sample multilevel fit to the238U transmission spectrum in the energy region 6–26 eV. The data are from a sum of both h
states for 10 half-hour runs. The very large dips are from thes-wave resonances at 6.6720 eV and 20.866 eV. In addition to the238U p-wave
resonances at 10.2349 eV, 11.3089 eV, and 19.521 eV, there are many235U s-wave resonances visible in the figure, such as the resona
at 11.67 eV, 12.40 eV, and 19.29 eV.
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these remaining counts to a polynomial function of 1/TO
These parameters were then held fixed for the remainde
the fitting process.

The many larges-wave resonances dominate the sp
trum. The procedure was first to fit a large energy reg
with known s-wave parameters and to allow the flux and
energy dependence to vary. The energy dependence wa
termined to beE20.948 and was then held constant. Then,
smaller energy region with a fews-wave resonances was fi
allowing Es , gGn

s , andGg
s to vary. Then, this process wa

repeated while including a higher-energy region with a f
additionals-wave resonances. The initial resonance para
eters were held fixed, and the parameters for the new r
nances varied. The process was then repeated until all o
s-wave parameters were stable. Then, thep-wave resonance
in isolated regions were fit, while allowing only the flux an
thep-wave resonance parameters to vary. The flux showe
2% fluctuation which contributes to the resonance width
certainties. This analysis was performed on the data from
experiments with the Cd absorber and the B absorber.
resulting fits were normally very good, as illustrated by
sample fit shown in Fig. 2.

The final values for the resonance parameters are give
Table I. The errors ongGn andGg include statistical uncer
tainty, the error from averaging results from the Cd-absor
data and the B-absorber data, and an additional 3% un
tainty from the fitting process. This final 3% is an attempt
include systematic uncertainties from the fitting process
the effect of uncertainty in the response parameters. H
ever, since this analysis relies heavily on the238U resonance
data of ENDF/B-VI and ORELA, there is the possibility th
systematic errors in those data are present in the curren
sults. In that sense, the present determinations of the r
nance parameters~energies and widths! cannot be viewed as
completely independent of the ORELA results and END
B-VI evaluation, but rather as an increase in the precision
.
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the previous results. In general our results agree with
previous results except for many of the smallp-wave reso-
nances, where the present measurement has much highe
tistics.

Since the measurement determines the value ofgGn , and
not the value of the orbital angular momentuml , there is the
possibility of ambiguity between a strongp-wave resonance
and a weaks-wave resonance. We used the Bayesian an
sis procedure of Bollinger and Thomas@32# to determine~in
a probabilistic sense! the orbital angular momentum of eac
resonance. The Bayesian analysis uses the measured w
together with strength functions and level densities. The
to the method is simply that due to the large difference
penetrabilities, most of the small resonances arep-wave and
most of the large resonances ares-wave. The probability of
being ap-wave resonance can be written as

P~p,gGn!5H 11
ps

pp

A3
ps

pp

S1C0~E!

S0C1~E!

3expF2gGn

2

C0~E!

D0

3S 1

S0

2
pp

3ps

C1~E!

C0~E!S1
D G J 21

, ~13!

whereps andpp are thea priori probabilities of forming an
s- or p-wave resonance,D0 is the s-wave level spacing,S0
andS1 are thes- andp-wave strength functions, and

Cl~E!5
11~kR! l

~kR!2lAE~eV!
. ~14!
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FIG. 3. Top:238U transmission spectra for two helicity states near the 63.4-eV resonance. The parity violation is apparent by ins
Bottom: histogram of the asymmetries obtained for each of 157 runs for the resonance shown at the top of the figure.
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The strength functions are given by

Sl5
1

2l 11

^gGn
l &

Dl

, ~15!

wheregGn
l is the reduced neutron width given by

gGn
l 5Cl~E!gGn . ~16!

Mughabghabet al. @33# give D05(20.961.1) eV, S0
5(1.260.1)31024, S15(1.760.3)31024, andR59.6 fm.
From our data we determined the values for the spacing
the strength functions to beD05(2163) eV, S05(1.6
60.6)31024, and S15(1.260.4)31024, all of which
agree with the values given by Mughabghabet al. We used
the values from Mughabghabet al. in determining the Baye-
sian probability from Eq.~13! ~see Table I!. Our results forl
agree very well with the ENDF/B-VI assignments except
nd

r

the 257.22-eV resonance, for which our analysis yield
probability of 0.98 of havingl 51, as opposed to the quote
value of l 50.

B. PNC longitudinal asymmetries

The asymmetries were obtained by using the codeFITXS

to fit each run, varying the asymmetry parameter while ho
ing all other parameters constant. First, the sum of the
helicity states~NOFLIP1FLIP! was fit to determine the flux for
a single run. Then, with all parameters held fixed except
asymmetry parameter, the data for each helicity state wer
separately to determinep1 andp2 for each run. The asym
metry p is then determined. The neutron polarization w
determined for each run and the correction made.~The ob-
served asymmetry is the product of the neutron polariza
times the true asymmetry.! The asymmetries for a sampl
resonance are shown in Fig. 3. The averagep values and
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PRC 58 1233PARITY NONCONSERVATION IN NEUTRON . . .
their uncertainties were determined separately for each
sorber and for each polarization orientation. These four v
ues were then combined to yield the final observed value
the PNC longitudinal asymmetry for each resonance. T
asymmetry values for all resonances were then corrected
the spin-flipping efficiency, which is a function only of neu
tron energy. These final asymmetry values are shown
function of energy in Fig. 4 and are listed in Table II.

Significant information can be obtained directly from t
PNC longitudinal asymmetries. For example, the aver
value ofp is 0.160.9 % (0.0260.24 %) when only effects
with greater than 2s statistical significance are considere
~all effects are considered!. This is consistent with the valu
of zero expected when the signs are random.

The general form for the magnitude of the longitudin
asymmetry implies an energy dependence ofE21/2. The
productpAE is also included in Table II.

The magnitude of the difference in cross sections for
two helicity states is also of interest and has been explic
considered by Carlsonet al. @34#. For the 238U data the av-
erage value

Ds5~s12s2!52p~2.6083106/E!~gGn /G!565

686 mb

for greater than 2s effects and 20679 mb for all effects.
The uncertainties are dominated by the distribution ofDs
values rather than the measurement precision. Therefore
above averages were not weighted by the measuremen
certainty. Again the average value is consistent with zero
expected for random signs.

VI. ANALYSIS

A. Method

For a target withI p501, the s-wave resonances hav
1/21 and thep-wave resonances 1/22 or 3/22. Only 1/22

resonances mix with the 1/21 resonances to show parity vio
lation. The two-level approximation has been obtained
many authors@35–39#. The observed PNC asymmetrypm for
p-wave resonancem is due to an admixture from a number
s-wave resonancesn @7#,

pm52(
n

Unm

En2Em

gn1/2
gm1/2

Gn
m

, ~17!

FIG. 4. Longitudinal asymmetriesp versus energyE for 238U.
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where gm1/2
and gn1/2

are the neutron decay amplitudes

levelsm andn (gm
2 5Gn

m andgn
25Gn

n), andUnm is the matrix
element of the PNC interaction between levelsn and m.
According to the statistical model of the compound nucle
the signed quantitiesUnm , gm , andgn are statistically inde-
pendent random variables with mean-zero Gaussian distr
tions. One cannot obtain the individual matrix elements
there are too few equations and too many unknow
However, one can determine thevarianceof the distribution
of these matrix elements. The common varianceM2 of the
PNC matrix elements is the mean-square matrix elemen
the PNC interaction.

The quantitypm is the sum of Gaussian random variabl
and therefore is itself a Gaussian random variable. The v
ance ofpm is M2Am

2 , where

Am
2 5(

n
Anm

2 and Anm
2 5S 2

En2Em
D 2

Gn
n

Gn
m

. ~18!

Since there are only a limited number of data points
each nuclide, a maximum likelihood approach to the analy
seems suitable@40,41#. The probability density function
~PDF! of the PNC asymmetry pm is a Gaussian
G(pm ,M2Am

2 ) with mean zero and varianceM2Am
2 . Includ-

ing the experimental errorsm yields a Gaussian PDF with
varianceM2Am

2 1sm
2 :

G~p,M2Am
2 1sm

2 !. ~19!

TABLE II. PNC asymmetries for238U.

E ~eV! p ~%! p/Dp pAE(%AeV)

10.2349 0.03460.016 2.1 0.11
11.3089 0.72860.038 19.3 2.45
19.521 20.01660.018 20.9 20.07
45.158 23.1560.18 217.1 221.2
49.613 20.06660.26 20.3 20.46
63.496 4.4160.10 44.9 35.1
72.373 0.0960.38 0.2 0.77
83.672 20.09060.079 21.1 20.82
89.218 20.35160.078 24.5 23.32
93.081 0.10860.080 1.4 1.04
97.975 20.02460.081 20.3 20.24
111.18 0.2260.27 0.8 2.32
124.94 0.2860.18 1.5 3.13
133.18 0.1060.31 0.3 1.15
152.39 20.08560.080 21.1 21.05
158.94 20.0460.22 20.2 20.50
173.18 0.39860.064 6.3 5.24
214.85 20.8560.67 21.3 212.5
218.32 20.1860.43 20.4 22.66
242.67 0.1260.26 0.4 1.87
253.84 20.0760.18 20.4 21.12
257.17 21.2260.42 22.9 219.6
263.89 0.1260.17 0.7 1.95
282.41 0.1160.19 0.6 1.85
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If all spectroscopic information is known, then the like
hood function for a givenp-wave resonancem is

L~M !5G~pm ,M2Am
2 1sm

2 !PM~M !, ~20!

wherePM is the a priori probability density,pm is the ex-
perimental value of the PNC asymmetry, andsm is the un-
certainty inpm . In order to obtain a normalizable functio
the simplest assumption is that the priorPM is constant from
M50 to Mmax and zero aboveMmax. For a number of inde-
pendent resonances the likelihood function is the produc
the functions for the individual resonances. One inserts
values of the experimental asymmetriespm and their uncer-
taintiessm , determines the spectroscopic termsAm from the
known resonance parameters, and calculates the likelih
function. The location of the maximum gives the most like
value mL of the parameterM . The choice of a confidenc
interval for an asymmetric distribution is the subject of a
preciable discussion. In practice it is usually sufficient
solve the equation

lnFL~m6!

L~mL!
G5

1

2
, ~21!

wherem6 are the corresponding upper and lower values
which this equation is satisfied.

If the p-wave spins are not known, then we consider
likelihood function as the sum of two terms. One term is
before@Eq. ~20!#, and one term is a Gaussian containing on
the experimental error,

L~M !5@a~1/2!G~pm ,M2Am
2 1sm

2 !

1b~3/2!G~pm ,sm
2 !#PM~M !, ~22!

wherea andb are the probabilities thatJ51/2 or 3/2.~Since
the p1/2 andp3/2 states have different average strengths, a
there is a finite threshold for observability, the number
resonances actually observed does not have the expecte
tistical ratio. The relative probability is determined empi
cally from the data.! Thea priori probability PM is common
to both terms. Note that since the second term is indepen
of M , the function is not normalizable without the fact
PM . In practice we assume thatPM is constant up to some
maximum value and zero above this value. The justificat
for this form of the likelihood function is discussed in ge
eral by Bowmanet al. @40# and in detail by Bowman, Lowie
and Sharapov@41#.

This discussion assumes that all spectroscopic infor
tion is known. This is not true in general, and especia
when the target spin is nonzero. We have developed
analysis approach suitable for targets with nonzero spin@40#.
Our philosophy is to permit inclusion of partial informatio
since one almost always has some information but rarely
of the relevant spectroscopic information. Although t
analysis becomes much more complicated, it can alway
performed by inclusion of the available spectroscopic inf
mation ~and averaging over the unknown parameters!. The
price of averaging is to increase the uncertainty in the va
of M .
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B. Results for the rms matrix element

The approach described above treats the lack of kno
edge concerning the spins in a straightforward fashion. Ho
ever, for 238U the spins of most of thep-wave resonances
studied in this paper have been measured by Gunsinget al.
@42# via neutron capture measurements~see Table I!. This
provides an opportunity to test the validity of the assum
form for the likelihood function@Eq. ~22!#. First, we in-
cluded the seven knownp1/2 resonances, excluded the sev
knownp3/2 resonances, and treated the remaining seven r
nances as unknown, following the prescription of Eq.~22!.
The resulting maximum likelihood plot for238U is shown in
Fig. 5. Then, the analysis was repeated, assuming that a
the resonances have unknown spins. The relative proba
ties for observingp1/2 andp3/2, a andb, respectively, were
determined to bea50.39 andb50.61 by following the pro-
cedure described by Frankleet al. @10#.

The value for the rms PNC matrix element isM
50.6720.16

10.24 meV for the first case~using the maximum in-
formation! and M50.6920.17

10.26 meV for the second case~all
resonances treated as unknowns!. Both of these values agre
with our previous resultM50.5620.20

10.41 meV @8#. There is
very little difference when the maximum available inform
tion is used or when the purely statistical approach
adopted. The physical reason for this is that resonances
show no statistically significant parity violation~whetherp3/2
states thatcannotdisplay parity violation orp1/2 states that
accidentallyhave only a small parity violation! have very
little effect on the final value ofM. From the value ofM and
DM obtained using the first method, the value of the spre
ing width Gw52pM2/D5(1.3520.64

10.97)31027 eV.

VII. SUMMARY

PNC longitudinal asymmetries have been measured fo
p-wave resonances in238U with an improved experimenta
system. Sixp-wave resonances show parity violation wi
greater than 2.9s statistical significance. These new resu
demonstrate a dramatic improvement in the data quality r
tive to our earlier measurement, which showed only one
tistically significant PNC effect. The data are consistent w
the expectation that onlyp-wave resonances with the prop
angular momentum value show parity violation. A method
determining the longitudinal asymmetry has been develo
that properly incorporates the several resolution convo
tions, as well as correctly describing the multilevel, mul

FIG. 5. Maximum likelihood plot for238U.
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channel cross sections. The value of the rms PNC ma
elementM50.6720.16

10.24 meV, which agrees with the earlie
result. Since the spins of most of thep-wave resonances hav
been measured in a separate experiment, these data also
firm the Bayesian analysis adopted by TRIPLE. With an
erage level spacing ofD520.9 eV, the weak spreadin
width Gw5(1.3520.64

10.97)31027 eV.
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