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Parity violation in charged particle nuclear reactions
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The potential role of charged particle resonance reactions in the study of parity nonconservation
(PNC) in the nucleus is examined in light of recent statistical interpretations of PNC measurements
in neutron resonances. Several PNC observables have been calculated using experimental resonance
parameters for five s-d shell nuclei. Longitudinal analyzing powers in (p, oo) reactions show strong
dependence on energy, angle, and resonance parameters. Measurements of analyzing powers at the
10 level should provide new information on parity violation in the nucleon-nucleus interaction.
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After the first suggestion of parity nonconservation
(PNC) in the weak interaction by Lee and Yang [1], ex-
perimental confirmation followed shortly in both P de-
cay [2] and in vr decay [3,4]. The first positive result for
PNC in a nuclear reaction was provided by Abov et aL

[5] in studies of ~~sCd(n, p). Early PNC measurements
with polarized neutron beams are described in a mono-
graph by Krupchitsky [6], and a comprehensive review of
a wide range of PNC experiznents and their implications
has been given by Adelberger and Haxton [7]. Although
parity violation has been observed in a number of nu-
clear systems, it has proven difficult (due to theoretical
uncertainties in the nuclear wave functions) to separate
nucleon-nucleon PNC effects from nuclear structure ef-
fects. For this reason measurements in the p-p system
[8—12] have been emphasized, although these experiments
require the measurement of analyzing powers at the 10
level.

Recent developments have led to a shift in approach
to PNC measurements in the compound nucleus. Several
authors [13—15] discussed the possibility of large enhance-
ments of PNC observables near / = 1 neutron resonances
in heavy nuclei due to mixing between E = 0 and E = 1
states. Large PNC effects were observed in the helic-
ity dependence of neutron total cross sections in several
nuclides by Alfimenkov et al. [16]. The TRIPLE Col-
laboration [17,18] has observed parity violation for sev-
eral resonances in each of the compound nuclei U and

Th and exnphasized a statistical interpretation. In this
approach, the PNC matrix elements fV) for different res-
onances are independent Gaussian-distributed random
variables with mean zero, and the important quantity
is the root-mean-square parity-violating matrix eleznent
V, , Several recent papers [19—21] have discussed how
to relate V, , to the underlying nucleon-nucleon PNC
interaction.

A znajor goal of these polarized neutron measurexnents
is the determination of the mass dependence of the efFec-
tive nucleon-nucleus weak interaction; Hayes and Towner
[22] have recently examined this issue. Another major
goal is to clarify the reaction mechanism. This latter is-
sue was raised following the unexpected observation of
nonstatistical behavior in the PNC matrix elements in

zssTh by Frankle et aL [18] and has been considered by a
number of authors [22—25]. All of the proposed explana-
tions seem flawed, since they appear to require implausi-
bly large weak matrix elements. As a result, there is ap-
preciable interest in obtaining additional PNC informa-
tion for coxnpound nuclear resonances in light or medium
nuclei. This paper considers PNC effects in charged par-
ticle reactions in light of this new statistical interpreta-
tion. If a number of parity-violating matrix elexnents can
be determined for a given nuclide, then the distribution
of these matrix elements should provide direct informa-
tion concerning the reaction mechaniszn.

There have been few experimental parity-violation
studies with charged particle resonances. The PNC ana-
lyzing powers A, and A have been reported [26—28] for
a single 1+ resonance in the ~sF(J7, no) reaction (only an
upper limit was obtained for A ). Recent measurements
of A, for the z Al(g7, no q) reaction in the Ericson fiuc-
tuation regime by Bohm et aL [29] also yielded only an
upper limit.

At first glance, charged particle resonances would ap-
pear to provide a less suitable laboratory for studying
parity violation than do neutron resonances, since the
neutron resonance studies benefit from several enhance-
ments: "kinematic enhancement" results from the large
difference in 8-wave and p-wave penetrabilities for neu-
trons incident on heavy nuclei; "dynamic enhancement"
results frown the closeness of the interfering 8-wave and
p-wave resonances. These enhancements are not as pro-
nounced for charged particle resonances in light and
medium xnass nuclei, where the levels are generally xnuch
farther apart and the different penetrabilities much closer
in magnitude.

However, there are some potentially significant advan-
tages in studying charged particle resonances. Differen-
tial cross sections are generally xnuch easier to measure
with charged particles, allowing the possibility of an-
gular enhancements. Charged particle resonances with
E ) 1 are relatively coxnmon, allowing the study of PNC
with more than just 8-p resonance pairs. The greater
ease of measuring difFerential cross sections, as well as
the possibility of easily studying several reaction chan-
nels, makes determination of the nuclear spectroscopy

0556-2813/94/49(2)/616(4)/$06. 00 49 R616 1994 The American Physical Society



49 PARIS VIOLATION IN CHARGED PARTICLE NUCLEAR REACTIONS R617

much simpler; this spectroscopic information is essential
for extracting a PNC matrix element. Charged particle
resonances also oH'er the possibility of measuring either
difFerential or angle-integrated cross sections; for difFer-
ential cross sections, one can measure either elastic scat-
tering or reaction channels and use either longitudinally
or transversely polarized beams. Each of these combi-
nations yields an observable which is first order in the
PNC matrix element. The greater ease of spectroscopic
measurements is especially important, since one needs
to determine the relevant spectroscopic information for
enough resonances to perform a statistical analysis. We
believe that a statistical interpretation of these highly
excited resonance states is appropriate; this conclusion
is based on spacing distributions for a range of nuclei in
this mass region [30,31] and spacing distributions of shell
model states in this mass region [32]. In each case, there
is general agreement of the fiuctuation properties with
random matrix theory.

To determine the feasibility of such experiments, we
have examined a large collection of high resolution proton
resonance data measured at Triangle Universities Nuclear
Laboratory in the s-d shell. Using experimentally deter-
mined resonance parameters, we have calculated A, and
A under the various circumstances listed above. Here
we focus on measurements of A, as a function of angle
for (p, ao) reactions, since these measurements are the
most promising and illustrate the important features of
our results.

The model we employ is a standard two-state model
and assumes a Hamiltonian H = Ho + Hpv, where Ho
is the parity-conserving term and Hpv is a small parity-
violating term. The matrix elements of Hpv are denoted
by V. Only internal mixing is considered, since that is the
process in which the large enhancements occur. Although
only two states are included in the present calculations,
extension to the n-state mixing problem should parallel
the method adopted in the analysis of n-state mixing in
the neutron parity violation studies [17,18), allowing the
determination of V, , First-order perturbation theory
is used to derive the reduced width amplitudes; details
of such derivations have been discussed by Bizzetti and
Maurenzig [33] for (p, o.) reactions and by Adelberger,
Hoodbhoy, and Brown [34] and Bizzetti [35) for (p, p)
scattering. DifFerential cross sections for polarized beams
were derived following the procedure of Heiss [36]. The
resulting expression for the longitudinal analyzing power
A, is a complicated function of resonance energies, par-
tial width amplitudes, and the angular momenta of the
target and resonance pair; it is too long to be included
here for any of the specific cases under consideration. We
note that within this xnodel A, is proportional to V to
first order.

High resolution (p, no) resonance data exist for five tar-
gets in the s-d shell: 2sNa [37], Al [38], P [39], Cl
[40), and K [41,42]. Each of these data sets covers all
or part of the incident energy range Ez——1—4 MeV; par-
tial widths are typically known within 10—2070. These
data were searched for adjacent resonances which had the
same angular momentum but different parities. Sixty-
two pairs of resonances were identified which met this
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FIG. 1. The ratio A, /V (A, is the longitudinal analyzing
power and V the parity-violating matrix element) as a func-
tion of energy and angle for a resonance pair (J = 2 and
2+) in p+ K —& a+ Ar. The arrows along the energy axis
mark the locations of the two resonances.

criterion and had a measured alpha width for the natu-
ral parity resonance of the pair. The analyzing power A,
was calculated as a function of both energy and angle for
each resonance pair using the experimentally measured
resonance parameters. These resonance parameters in-

clude the resonance energy, total angular momentum and
parity, proton entrance channel widths for each channel
spin for a given orbital angular momentum value (includ-
ing the relative sign of the channel-spin mixing), and the
alpha width. These parameters were determined by high-
resolution resonance elastic and reaction scattering [43].
To simulate the effect of finite beam-energy resolution,
the cross sections were convoluted with a Gaussian func-
tion of FWHM 500 eV before A, was calculated. Since
V is unknown and A, oc V, it is convenient to use A, /V
as a measure of the relative enhancement of PNC efFects.

The behavior of A, /V as a function of energy and an-

gle for a typical resonance pair (J = 2 and 2+ in the
compound nucleus 4oCa) is shown in Fig. 1. In this case,
the largest magnitudes of A, /V are observed near the
lower energy (unnatural parity) resonance. A strong an-

gular dependence is also observed, with the largest mag-
nitude of A, /V occurring at 8, = 180'. Although
the specific behavior of A, /V differs for each resonance
pair, strong dependence on both energy and angle is a
generic feature. We have also observed similar strong de-
pendence on energy, angle, and resonance pair in a study
of detailed-balance tests of time-reversal invariance with
interfering resonances [44].

The maximum values of A, /V also vary strongly from
pair to pair. The pair shown in Fig. 1 has a maximum

~A, /V~ of 0.012 eV . Maximum magnitudes for the
other 61 pairs range Erom 10 to 10 eV . The
difFerences occur due both to the different spacings be-
tween the resonances and to the specific resonance pa-
rameters.

Since the relative enhancements vary so strongly with
energy, angle, and resonance parameters, any experiment
of this type requires careful evaluation to ensure that the
measurement is made at an appropriate energy and an-
gle. Knowledge of the resonance paraxneters is a neces-
sity, both to determine the most appropriate measure-
xnent and to extract a value of V &om any measurexnent.

The quantity A, /V provides a measure of relative en-
hancement. However, a large value of A, /V can occur
either because of a large difference in cross sections for
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different helicities or because of a sxnall cross section.
Since a smaller cross section increases the time to reach
a given statistical accuracy, the value of the cross sec-
tion also must be considered in evaluating a proposed
experixnent. The appropriate figure of merit which com-
bines the requirements of a measurable cross section and
a measurable A, is given by P~ = (A, /V) do'/dO. A

larger value of P~ indicates a shorter time to establish
a specific statistical uncertainty on V. The quantities
A, /V, do/dO, and P~ are plotted as a function of en-

ergy in Fig. 2 for the same resonance pair shown in Fig.
1. In this particular case, the optimal energy for mea-
surement is slightly less than the resonance energy of the
unnatural parity resonance. The maximum values of P~
also vary strongly &om pair to pair, ranging from 10
to 10 4 mb/sr eV2.

Since the actual measurement is of A„not A, /V, the
size of A., is the real quantity of interest. Since V is as-
sumed to be a randoxn variable, one cannot determine A,
directly. However, one can estimate V, , and then use
the product (A, /V) V, , as an estimate for both the an-

alyzing power and the experimental sensitivity needed to
detect nonzero effects in A, . An estimate for V, , can be
obtained &om the spreading width: I'pv = 2m'(V2)/D,
where D is the average spacing. Spreading widths are
known to be "nearly independent of mass number and
excitation energy" for isospin violation [45]. We assume
that this independence is also true for parity violation
and use the average spreading width found for parity vi-

olation in heavy nuclei [17,18] for these light nuclei as
well; this assumption is consistent with the recent sug-
gestion by Auerbach [46) that I'pv increases as A~ where
b 1—1.3. The average spacing D was determined &om
the resonance data as a function of J and E. Knowing
both I'p~ and D then yields an estimate of V, , for each
resonance pair.

The predicted values of V, , range from 50 to 140 mev.
[These values are in agreement with the only experimen-
tal resonance information available in this mass region.
Antonov et al. [47] studied the helicity dependence of the
ssCl(n, p)ssS reaction and observed parity violation. As-

suming two-state mixing, a weak matrix element of 60
+ 20 meV was extracted. ] The estimates of A, range in
magnitude Rom 2 x 10 s to 6 x 10 s; approximately 80%
of the pairs have predicted values of A, larger than 10 4.
Therefore, measurements of A, at the 10 4 level could
allow determination of V, , for one or more of these light
nuclides. This seems feasible, since several previous ex-
periments of a similar nature [26—29] have reported seri-
sitivities of about 10 . Discussion of soxne of the sys-
tematic errors inherent in such measurements is given in
[29]

In summary, the recent measurements of parity viola-
tion in neutron resonances in heavy nuclei have led to a
different approach to the study of PNC effects in nuclei.
These new results (and new questions) make the deter-
mination of PNC matrix elements in other mass regions a
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FIG. 2. The quantities A, /V, da/dO, and Pz as a function
of energy at 8, = 180' for the same resonance pair shown

in Fig. 1. The quantity Pz is a figure of merit; a maximum
value of Pz indicates the "best" energy at which to perform
the experiment. The vertical arrows at the top indicate the
locations of the two resonances.

high priority. We have considered parity violation in the

(p, ao) reaction and used experimental values for the res-
onance parameters in five s-d shell nuclei. We obtained
explicit predictions for 62 resonance pairs for the values

of the ratio of the longitudinal analyzing power to the
parity-violating matrix element V. The values of this ra-
tio show a striking sensitivity to energy, angle, and the
specific resonance pair. A figure of merit involving both
the ratio A, /V and the magnitude of the cross section
was calculated to determine the "best" energy and angle
at which to study each resonance pair. Using the value

of the parity violating spreading width from the neutron
xneasurements in heavy nuclei and the experimental value

of the level spacing, a local V, , was estimated for each
resonance pair in each nuclide. Since the large majority
of the predicted A, values are & 10 4, these measure-
ments seem well within the range of experixnental fea-
sibility. Determination of a number of parity-violating
matrix elements in a given nuclide should provide valu-

able new information about both the mass dependence
and the mechanism for parity violation.
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