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Parity violation in partial neutron capture reactions
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We point out that, in the standard resonance theory of parity violation in the compound nucleus, the
longitudinal parity violating asymmetry in partial neutron capture cross sections is essentially independent of
the partial gamma widths involved. Thus, the same asymmetry is expected for each partial cross section
involving the samep-wave resonance. The asymmetries are expected to be enhanced (;10%), and asymmetry
measurements for several partial capture cross sections from a givenp-wave resonance would provide a very
strong test of the theory. In particular, such a measurement could shed light on the origin of the sign problem
observed in232Th and could provide more accurate determinations of the parity violating matrix elements
between compound resonances. We propose a class of experiments and examine their feasibility.
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In neutron transmission experiments on heavy nuc
the parity violating asymmetries, which are defined
the fractional difference of the resonance cross section
neutrons polarized parallel and antiparallel to their mom
tum,

AL
n5

s12s2

s11s2
, ~1!

can be as large as 10%. These represent by far the la
parity violating asymmetries observed in nuclei. The m
surements have been carried out by the TRIPLE Collab
tion @1# on p-wave resonances in compound nuclear syste
such as238U, 232Th, 133Cs, 127I, 115In, 113Cd, natural Ag,
108,106Pd, 103Rh, and93Nb. In these systems the energy sep
ration between opposite paritys-wave andp-wave reso-
nances ranges from 0.1 to 100 eV. The parity violating m
ing of s-wave states into ap-wave state leads to
longitudinal asymmetry

AL
n52(

s

^fsuVPNCufp&
Es2Ep

AGs
n

Gp
n
. ~2!

HereAGs
n andAGp

n are the neutron partial width amplitude
for the p- ands-wave resonances, and^fsuVPNCufp& is the
matrix element of the two-body parity nonconservati
~PNC! NN interaction between these resonances. The la
size of the PNC asymmetries in compound systems arise
part because of the small energy denominators involved
because of the very favorable ratio ofs-wave top-wave neu-
tron widths.

One of the main advantages of the TRIPLE program w
the ability to measure PNC asymmetries on several re
nances in the same nucleus, thus allowing a likelihood an
sis of the data to extract the mean squared PNC matrix
ment, M25uVPNCu2. The mean-squared matrix element
defined asM2[(1/NpNs)(s,p^fsuVPNCufp&, whereNp and
Ns are the number ofp- ands-wave resonances occurring
a specified energy window. Here we examine the possib
of a complementary systematic study of PNC in compou
nuclear resonances using the (n,g) reaction. In particular we
emphasize the advantages of partial capture cross se
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measurements, where PNC asymmetries could be meas
for several gamma-decay branches of the samep-wave reso-
nance.

The general expressions for parity-odd (P-odd! correla-
tions in the (n,g) reaction have been derived by Flambau
and Sushkov~FS! @2#. We concentrate on theP-odd correla-
tion in the (n,g) cross section that depends on the neut
helicity and direction of the neutron’s momentum: name
sW n•kWn . The dominant contribution to parity violation in neu
tron capture is usually assumed to arise from mixing betw
the p- ands-wave resonances in the entrance channel. Th
are twoP-odd amplitudes that contribute to the asymmet
In the first~denotedV3 by FS! the neutron is captured by a
s-wave resonance and the photon is emitted by aP-odd
p-wave component in the resonance wave function. In
second~denotedV4) the neutron is captured by ap-wave
resonance and the photon emitted by aP-odd s-wave com-
ponent. The amplitudes for both of these involves a prod
of matrix elements for a strong interaction neutron capture
weak interaction parity mixing, and electromagnetic intera
tion photon emission. The full expressions forV3 andV4 and
the correspondingP-even amplitudes fors-(p-) wave neu-
tron capture with emission of the photon from the sa
s-(p-) resonance@V1(V2)# are given in FS. ThesW n•kWn

P-odd correlation in the cross section is then 2Re(V2V3*
1V1V4* ). Starting with these four amplitudes, we obtain
expression for the helicity asymmetryAL

g i in partial neutron
capture,

AL
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s i
12s i

2

s i
11s i

2

52(
s

^fsuVPNCufp&AGp
n

Gs
nS E2Ep1

Gp
g i

Gs
g i

~E2Es!D
~E2Ep!21

Gp
2

4
1

Gp
n

Gs
n

Gp
g i

Gs
g i

S ~E2Es!
21

Gs
2

4 D
.

~3!

HereE is the neutron energy,Gp
n , Gs

n are the neutron partia
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widths, andGp , Gs are the total resonance widths. The ind
i appearing in Eq.~3! refers to thei th gamma transition from
the p-wave resonance under consideration. The par
gamma widthsGp

g i are for individual gamma transitions from
the samep-wave resonance to different final states. Expr
sion ~3! is completely symmetric inp and s and is exactly
analogous to the corresponding expression for neutron tr
mission @see Eq. ~28! in Bunakov and Gudkov@3##. If
Gp

g i/Gs
g i>1, a good approximation toAL

g i is obtained by set-
ting E5Ep and neglecting the total widthsGs andGp , in the
denominator, in which case the longitudinal asymmetry
neutron capture becomes

AL
g i5AL

g52(
s

^fsuVPNCufp&AGs
n

Gp
n

~Es2Ep!
. ~4!

The average ratio of theE1 strength fromp-wave resonance
to the M1 strength froms-wave resonances for primar
gamma rays is typically greater than 1. In such cases Eq~4!
is a good approximation, andAL

g is independent of the partia
g widths involved. The longitudinal asymmetry correspon
ing to the observablesW n•kWn takes on thesamevalue in both
partial neutron capture and transmission measurements
is quite enhanced in both cases. The TRIPLE Collabora
usually quote cross section asymmetries as a fraction of
parity conservingp-wave cross sectionsp(E), as opposed to
as a fraction of the total cross section atEp . In this case the
expression forAL

g is simpler than Eq.~3! and is not symmet-
ric in p ands. However, Eq.~4! is remains a good approxi
mation.

There have been a few successful measurements of p
violation in the (n,g) reaction, where thetotal capture cross
section was measured. In139La an asymmetryAL

g of 9.5%
60.3% has been measured@4#. Seestromet al. @5# developed
a neutron capture detector, consisting of 24 CsI scintillat
for parity violation studies at LANSCE. A measurement@6#
of parity nonconservation in neutron capture on111Cd and
113Cd observed large asymmetries, and a PNC mean-squ
matrix elementM52.920.9

11.3 meV was obtained from theJ
51 levels in 114Cd. These sets of measurements showed
the (n,g) reaction could be used to obtain the same leve
information as the TRIPLE neutron transmission expe
ments, but on thinner targets. In the present paper we ex
ine the advantages that can be gained by using h
resolution gamma detectors, allowing measurements
individual gamma rays.

Measurements of asymmetries for partial gamma dec
to individual final states would provide several measu
ments ofAL

g from a givenp-wave resonance. The require
ment that the asymmetries be independent of the final s
and all have the same value is a very strong test of the
derlying theory. An observation of deviations from this pr
diction would imply that contributions from other neglecte
amplitudes may not be as small as previously assumed; t
are some hints from the TRIPLE measurements that o
reaction mechanisms may play a role.
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In the case of232Th the measured asymmetries were
observed to have positive sign. The statistical nature of
compound nucleus and the assumption that the neutron w
amplitudes and PNC matrix elements are independent v
ables makes theoretical interpretation of this common s
very difficult @7–9#. The assumptions made in deriving e
pression~4! for AL

g are the same as those used in derivi
expression~1! for AL

n . The main approximation made is th
assumption that parity mixing all takes place when the n
tron is captured into ap-wave resonance, i.e., that thep-wave
resonance that is formed has a parity violatings-wave com-
ponent. Within this approximation, once a neutron is ca
tured into a parity-mixed resonance, the asymmetry aris

from theP-odd sW n•kWn correlation no longer depends on th
decay channel of the resonance. This assumes, for exam
that there is no parity violation in the final state. While this
very physically reasonable, it cannot explain the sign cor
lation observed in232Th.

Here we are proposing a set of experiments measu
parity violation in partial neutron capture in both232Th and
in the better-understood compound nuclei to resolve the
sue. A measurement of the asymmetries in the (n,g) reaction
for the same resonances studied by the TRIPLE Collab
tion would test the validity of the theory and shed light o
the origin of the sign problem. An additional advantage
such measurements is that they could provide a more a
rate determination of the parity mixing matrix elementM,
since several independent measurements ofAL could be
made for each resonance.

We now turn to the question of the feasibility of the
experiments. In theg decay of the compound nucleus, th
primary transitions of known multipolarity that can give in
formation on PV are usually of high energy (E
'5 –7 MeV), because they correspond to transitions fr
the capturing states to low-lying levels of known spin a
parity. In contrast, the lower-energyg rays fall in the unre-
solved energy region of excitation, where no spectrosco
information is available on the individual energy levels.

Restricting ourselves to these higher-energyg rays, the
E1 transitions are on the average 7 times stronger than
M1 transitions@10#, and severalE1 transitions from a given
p-wave resonance have been seen from resonances as
ated with enhanced parity violating asymmetries. Partial
diation widths exhibit strong fluctuations as described by
Porter-Thomas distribution; thus, the relative intensity
specificE1 andM1 g transitions of similar energy can diffe
considerably from the average value of 7 and in some ca
can be very large.

In the case of many of the nuclei studied by the TRIP
Collaboration, e.g.,106Pd, 108Pd, 232Th, and 238U, several
E1 transitions fromp-wave capture states to low-energy le
els with opposite parity have been observed. The study
139La would be more difficult, however, since all the low
energy states have the same parity as thep resonances. Thus
only M1 transitions could be observed, making PNC me
surements more difficult.

Previously measured captureg-ray spectroscopy studie
on p resonances give some indications of the feasibility
1-2
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TABLE I. Absolute intensities in photons per 100 neutron captures of high-energy transitions in107Ag for
neighboringp-wave ands-wave resonances with the same spin. Statistical uncertainties only are indic
The transitions from thep-wave (s-wave! resonances areE1 (M1) in character. Several strong primaryg
rays from a givenp-wave resonance are observed, suggesting that systematic studies of high-precisio
measurements may be possible.

Eg ~keV! E0 p-wave ~eV! I g
p (%) E0 s-wave ~eV! I g

s (%)

6450.4 64.2 0.3660.05 51.6 0.007160.0012
6590.5 73.2 0.4260.09 51.6 Not observed
6690.4 0.3760.06 0.01860.001
6760.8 0.2160.06 0.08760.002a

6803.5 0.3560.09 0.01660.002
6890.1 0.2160.06 Not observed
6760.8 107.6 0.6860.15 51.6 0.01160.002a

6590.5 125.1 2.260.4 144.2 0.02260.005
6803.5 183.5 0.3760.06 202.6 0.00360.001
6309.3 259.9 0.2260.04 251.3 Not observed
6504.0 0.2360.04 0.02060.003
7190.0 0.9360.05 0.01560.003
6803.5 269.9 0.4460.08 251.3 Not observed
6890.1 422.5 1.760.4 444.0 Not observed

aClose to the single escape line from the 7269.4 keV transition.
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the class of experiments we are proposing. To explore
potential for parity violation studies using the (n,g) reaction,
we consider the example ofE1 andM1 g rays from neutron
capture on107Ag, which have been studied at Geel@11#.
Gamma rays from severalp resonances in the energy regio
of interest for PNC asymmetries@12# were studied. The em
phasis in these experiments was on measurements of
energyg transitions, and thin samples were used to av
absorption of low-energyg rays from the sample itself. Thi
meant that data in the high-energy region of theg spectrum
were available with good statistics for manys-wave reso-
nances, but for only a few of thep-wave resonances. Neve
theless, from these data we can estimate the ratio of pa
radiation widths for a number of different pairs ofE1 and
M1 transitions.

The absolute intensity of a transition can be obtained
dividing the measured number of observed counts by
sum of the intensities of all the transitions directly feedi
the ground state and the isomeric states@13#. In Table I the
absolute intensities of high-energy transitions from ei
p-wave resonances in thep1107Ag system are listed. Four o
thesep-wave resonances, at 125.1, 259.9, 269.9, and 4
eV, exhibit PNC effects in transmission experiments, and
the observedg transitions are ofE1 character. We compar
these with intensities ofM1 transitions of the same energ
from the close-lyings-wave resonances with the same sp
our assumption being that parity mixing is dominated
mixing between neighboring opposite-parity resonances
can be seen from Table I, the observed ratio of transit
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intensities fromp-wave versuss-wave resonances can be
large as 100. In the cases where theM1 transitions froms
resonances were not observed at all, despite the high st
tics available fors resonances, theGp

g/Gs
g ratio cannot be

determined. Nonetheless, it is clear from Table I that
requirement for an enhanced PNC asymmetryAL

g—namely,
thatGp

g/Gs
g>1—is met. Then detailed knowledge of the pa

tial gamma widths is not necessary to extract a value ofM2

from a set of measurements ofAL
g i .

We note that several other nuclei have been studied,
in particular, similar results to the ones presented have b
obtained for232Th @14#, proving that a measurement with
radioactive target is possible.

As noted by Flambaum and Sushkov, parity-odd corre
tions in radiative neutron capture can be very enhanced
the eight possibleP-odd correlations that can occur in th
(n,g) reaction we have concentrated here on the correla
sW n•kWn . To a good approximation this leads to an asymme
that is the same as the longitudinal asymmetry measure
neutron transmission experiments. A measurement of
correlation in total neutron capture cross sections have fo
asymmetriesAL

g of the order of 10%. We emphasize that th
asymmetry can be measured in the (n,g) reaction for several
individual g transitions from the samep-wave resonance
Partial neutron capture measurements would allow hi
precision measurements of^VPNC& and would provide an
independent probe of important theoretical issues raised
observations and analyses of the sign problem in232h.
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