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ARTICLE INFO ABSTRACT

The (J,T) = (1,1) parity doublet in 2°Ne at 11.26 MeV is a good candidate to study parity violation
in nuclei. However, its energy splitting is known with insufficient accuracy for quantitative estimates
of parity violating effects. To improve on this unsatisfactory situation, nuclear resonance fluorescence
experiments using linearly and circularly polarized y-ray beams were used to determine the energy
difference of the parity doublet AE = E(17) — E(1") = 73.2(:|:0.7)5tat(f?jg)5y5 keV and the ratio of

their integrated cross sections I;B) /Ig_o) = 29(:|:3)5tat(f}4)5y5. Shell-model calculations predict a parity-

violating matrix element having a value in the range 0.46-0.83 eV for the parity doublet. The small
energy difference of the parity doublet makes 2°Ne an excellent candidate to study parity violation in
nuclear excitations.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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effective nucleon-nucleon interaction. Hence, various theoretical
and experimental approaches have been employed to investigate
parity violation in nuclei (Reviews in [3,4]). At the current stage,
the weak meson-nucleon coupling constants deduced from vari-
ous experiments are not consistent [5]. Further investigations of
parity violation in nuclei are desirable.

In particular, studies of parity doublets J* are well suited to
the observation of parity violation in nuclei. Depending on the de-
tails of the nuclear wave functions, the weak interaction matrix
element between states of opposite parity is typically calculated to
be on the order of 1 eV [3,5]. Due to the parity-violating character
of the weak interaction, the physical |¢]i) doublet states contain
an admixture of the opposite parity, e.g.,

1. Introduction

Since 1956, when Lee and Yang postulated a mirror-symmetry
violation in B-decay [1] and 1957 when Wu experimentally ver-
ified the symmetry-violating effect [2], parity non-conservation is
well established. These results are of paramount importance to our
notion and understanding of fundamental symmetries in nature.
While the strong force conserves parity, the effective nuclear force
violates parity due to contributions of the weak interaction to the
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with «? + 82 = 1. Here, | J*) denote the doublet eigenstates with
good parity obtained from the parity-conserving part of the Hamil-
tonian. Within first-order perturbation theory, the contribution of
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the positive-parity eigenstate |JT) to the physical state |¢»]_) is
controlled by the matrix element of the parity non-conserving
(PNC) interaction Vpne and the energy splitting AE of the dou-
blet states:

+V -
(J™1VenclJ >U+>’

AF (2)

67 )~ 1)+
and vice versa for the |¢]+) state. Consequently, the opposite-parity
admixture is enhanced if the energy splitting is small and the ma-
trix element (J¥|Vpnc|J ™) has a large value. Usually, contributions
of the weak interaction to the nuclear effective Hamiltonian are
not well known, comparatively small, and neglected.

In this respect, the J¥ = 1%/1~ parity doublet in 2°Ne at
11.26 MeV excitation energy [6] has been suggested as one of
the best cases for the study of parity violation in isolated nu-
clear eigenstates [7]. Their excitation energies are reported from
different experiments [6] as 11.2623(19) MeV for the 1T state and
11.270(5) MeV for the 1~ state. Consequently, the energy differ-
ence of the doublet states is AE=E(17) — E(1") =7.7£5.3 keV,
with a large relative uncertainty. Since the excitation energies
were taken from different spectroscopic experiments, this differ-
ence may also be subject to additional systematic errors.

Recently, scattering of circularly polarized photons on strongly
excited parity doublets has been proposed [7] as a promis-
ing tool for such studies. Despite the fact that the magnitude
of the effect due to parity violation is small, on the order
of 1077, dynamical and kinematical nuclear enhancements are
expected to allow for its observation. However, as the large
error demonstrates, the effective nuclear enhancement factor
Fe = |Rn/AE| = (670 £ 700) MeV~! is not known to a sufficient
precision® to make quantitative proposals for such investigations
possible. Here, AE denotes the energy splitting of the parity dou-
blet and Ry = /To(11)/Ip(17) is the ratio of ground-state decay
widths of unnatural to natural parity states. The major contribution
to the large uncertainty of the nuclear enhancement factor is due
to the energy difference of the parity doublet, which is measured
with low accuracy: AE =7.7 +5.3 keV [6]. Other contributions to
the uncertainty of §. stem from the ground-state decay widths
To(1%). Previously, the excitation energies E(1¥) and Ip(1%) of
the 17 /1~ states were measured independently using different re-
actions. The 17 state has a significantly larger ground-state decay
width Ip(1%) as compared to Ip(17) for the near-by 1~ state.
Therefore, the 17 state was observed in (e,e’) [8] and (y,y’) [9]
experiments. The 1~ state, however, was observed in %0(a, y)
experiments [10-12].

The aim of this work is to establish the energy splitting AE
of the 1% /1~ parity doublet of 2°Ne and to simultaneously de-
termine the ratio of decay matrix elements Ry from a single
dedicated experiment which is designed to be sufficiently sensi-
tive to both states. To this end, a unique combination of Nuclear
Resonance Fluorescence (NRF) measurements using circularly and
linearly polarized y-ray beams was employed. Photon beams are
maximally sensitive to nuclear dipole excitations. Its different po-
larization states allow to uniquely discriminate the parity of the
nuclear wave functions with a close-to-ideal polarization sensitiv-
ity of ~90%.

The experimental setup is outlined in Section 2 and the data
analysis in Section 3. In Section 4, shell-model calculations to es-
timate the parity-violating transition matrix element in Eq. (2) are
presented making use of two different effective interactions [13,14]
and the parity-violating Desplanques, Donoghue, Holstein potential

5 The uncertainty was given erroneously in Ref. [7] as 7000 MeV~'.

[3,5]. In Section 5 experimental requirements for the measurement
of the parity violation are discussed.

2. Experiment

Linearly and circularly polarized y-ray beams of energy
E, =11.26(35) MeV were provided by the HIyS facility at Tri-
angle Universities Nuclear Laboratory in Durham, NC, USA [15].
Electron bunches injected into the Duke storage ring pass a wig-
gler system of the Duke free electron laser (FEL) and emit FEL
photons. Depending on the orientation of the wiggler magnets
(linear or helical) the FEL photons can be either linearly or cir-
cularly polarized. The FEL photons are reflected by a mirror and
Compton-backscattered from subsequent electron bunches. Comp-
ton back-scattering at a scattering angle of & = 180° conserves the
polarization of the photons and boosts the eV photon energies to
the MeV range. Variation of the electron energy and the wiggler
magnet current makes it possible to tune the y-ray energy to the
required energy of 11.26 MeV.

The detector setup was placed 60 m downstream of the colli-
sion point. A lead collimator limited the Compton back-scattered
y-ray beam to a small angular range and, therefore, to a narrow
spectral distribution (AE ~ 3%).

The target nuclei were excited by resonant absorption of pho-
tons. The target consisted of natural Ne gas (90.48% 29Ne) pressur-
ized to 170 bar. The gas was stored in a container [16] consisting of
an aluminum core wrapped in carbon fiber which was orientated
along the beam axis. Its effective length was 11.4 cm resulting in
an effective target thickness of 1.73 g/cm?. The target holder was a
5 cm thick Pb ring which also shielded the downstream end of the
container including the filling valve made of brass. A 28Si target
was attached to the upstream end of the target container for use
in a simultaneous energy-calibration measurement. The de-exciting
y-ray transitions at energies

Ex
E, =E[1- % 3
4 X( 2Mc2> ®)

were studied with four high-purity germanium (HPGe) detectors
surrounding the target at a polar angle © = 90° relative to the
beam axis, where Ey is the intrinsic excitation energy and the sec-
ond term on the RHS of Eq. (3) represents the recoil correction.
Two detectors were positioned parallel and two perpendicular to
the horizontal polarization plane. Each of the detectors has an ef-
ficiency of 60% relative to a 3” x 3” standard Nal detector.

The angular distribution function for a 0+ - 1= —¥5 0+ NRF
cascade using 100% linearly polarized y-rays, as it occurs in the
case of 2ONe, is given by [17-19]

W _ 1 1 @
0, p)=1+ 3 Py(cos ) + 571 cos (2¢p) P, (cos ) |, (4)

where 7 denotes the parity of the excited | =1 state, and ¢ and
¢ denote the polar and azimuthal angle, respectively. The terms
P»(cos®) and Péz)(cos ©) denote the second order ordinary and
unnormalized associated Legendre polynomials. The angular distri-
bution for excitation using circularly polarized y -rays is given as

Wo(®) =1+ %Pz(cos ?). (5)

The angular distribution functions for E1 (x = —) and M1 (7 =+)
transitions as given by Eq. (4) along with a schematic plot of the
detector arrangement are shown in Fig. 1. Photons emitted in the

ot 5 1+ X5 0+ cascade are preferentially detected within the
polarization plane defined by the electric field vector of the y-ray
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Fig. 1. (Color online.) Schematic view of the NRF setup. The incoming beam is hor-
izontally polarized and hits the target in the middle of the detector setup. The
dashed red curve shows the emission in case of an M1 transition and the solid
blue curve illustrates the emission in case of an E1 transition.

beam. The decay photons of a 0F 25 1= 5 0* cascade are pref-
erentially emitted in the direction perpendicular to the polariza-
tion plane. Thus, by measuring the NRF intensities in both planes
it is possible to separate J™ = 1% states with respect to their par-
ity.

Since the states of the parity doublet have different parities,
they can be separated by this method. Due to the finite target and
detector sizes, the separation will, of course, not be complete. In-
deed, the polarization sensitivity

iy =1

6

1+ 1% ©
of the setup has been reported to be 0.9 in previous experiments
(e.g., see [20]). Here, I;‘, (I)%) denote the actual experimental yields
in the (finite) detectors for a 0t — 1* — 0% cascade parallel (per-
pendicular) to the polarization plane. Thus, the y-ray intensity of
the 0t — 17 — 07 (0* — 1~ — 0T) cascade will be suppressed

pected to be about 44 times stronger [6], an identification of the
0t — 1~ — 07 cascade is possible in the vertical spectrum.

Two measurements were performed on *°Ne at a y-ray beam
energy of 11.26 MeV and a spectral width of 3%. In one measure-
ment a linearly polarized photon beam was used to separate the
parity doublet. A second measurement with circularly polarized
photon beams was performed to obtain a consistent energy and ef-
ficiency calibration for all detectors. Here, the angular distributions
of the scattered y rays have no azimuthal dependence and the de-
exciting transitions of the parity doublet and of the excited states
in the calibration target have the same intensities in every detec-
tor. The obtained spectra are shown in Fig. 2. The HPGe detectors
have an energy resolution of 7.5 keV at 11.4 MeV. The simultane-
ously irradiated 28Si target has a 11 state at 11.45 MeV [21], which
is exploited to extract the polarization sensitivity of the setup and
the peak shapes of the individual detectors. In addition, the 17
state of 28Sj at 11.45 MeV together with its single-escape peak de-
liver a consistent energy calibration for each detector.

3. Analysis

The parity-doublet states are too close in energy to resolve
them individually within the detector resolution of 7.5 keV. There-
fore, only summed peaks are observed. However, the positions and
peak areas of the centroids of the parity doublet change when
switching from circularly to linearly polarized photon beams be-
cause of their dependence on the azimuthal observation angles
with respect to the polarization plane of the incident y-ray beam.
Consequently, the intensities of the 17 — OTEl or M1 transition
will be enhanced or suppressed in a different way. The circularly
polarized y-ray beam cannot induce any azimuthal anisotropy and
is perfectly suited for the production of an azimuthal calibration
point. The analysis was performed assuming that the y-ray beam
was 100% circularly polarized. Small deviations would deliver addi-
tional systematic uncertainties which are not considered here. The
observed energy centroid for linear polarization in the polarization
plane is given by

L Ey (DI -9+ E, DI (0 +q)

by a factor (1 —q)/(1+¢q)~ 1/20 in the vertical (horizontal) spec- Ej= (7)
trum. Therefore, even though the 0% — 1t — 0% cascade is ex- IE_O)(l —q)+ IiJB)(l +q)
150 20. .- -
~ 150 -1 to pol. plane 00 Ne 1/1° | Ne(7,v) 4300 =
2 E.=11.26(35) MeV | _ &
.: 100 ZSSi l+ SE » i ( ) 1% g
E 0 28 4200 &
> - >
< st ! Sil ZSSI 1+ 710 %
‘E < 100 ‘g
8 0 50 8
| | | | | | | | P 0
~ 1600 ||| to pol. plane 1300 =
E 28+ - 250 &
£ 100 p Sil SE circular polarization - &
> . 175
£ sor linear polarization *'Ne 171 BSi1t s £
% 400 + 100 §
) 450 ©
0
, n i = 0
10900 10950 11000 11050 11100 11150 11200 11250 11300 11350 11400 11450
Energy / keV

Fig. 2. (Color online.) The summed spectra for the detectors positioned vertical (top) and horizontal (bottom) to the polarization plane. For a better comparison between
spectra obtained either with linear polarization or with circular polarization two different scales are used to account for varying count rates and data acquisition time periods.
The spectra obtained with an incoming linearly polarized beam (purple) use the left axis, while the spectra obtained with an incoming circularly polarized beam (green)
use the right axis. The energy difference between the 2°Ne doublet states is determined from the small energy shift between linear and circular polarization in the vertical
detectors which is enlarged in the inlay.
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Table 1
Measured y-ray centroids and peak areas for the 1% parity doublet of 2°Ne at
11.26 MeV for different azimuthal angles and beam polarizations.

Beam pol. Observable Horizontal Vertical

Circular E, [keV] 11255.2(2) 11255.1(2)

Circular Area A, 2014(51) 2139(53)

Linear Ey/1 [keV] 11255.2(1) 11253.6(2)

Linear Area Aj/1 16272(150) 1291(46)
Table 2

Results and comparison to literature for the deduced level energies of the 1t and
1~ states, their energy splitting AE, their ratio of integrated cross sections, and
their nuclear enhancement factor §e.

Observable This work Ref. [6]
E(1T) [keV] 11258.6(2)° 11262.3(19)
E(17) [keV] 11255.4(£0.7)scat (T3 2)sys 11270(5)
AE [kev] —3.2(£0.7)stac (T sys 7.7455
189 /155 29(E3)star (5 sys 44£13

Fe [keV 1 1.4(2£0.3)sar (££0.2)sy5" 0.67 +0.70¢

2 Relative to 1+ state of 28Si.
b Correcting for the known decay ratios I'p/I" [6].
¢ Taken from Ref. [7] in which the uncertainty was erroneously given as 7 keV~!.

and when perpendicular to the polarization plane, it is given by

E, (IS A+ +E, IS 1 —g)

L= (8)
150+ +10a -9
The case of circularly polarized beam is given by
(+)
_Ey(” )IE) + Ey (151
o= , 9)

( ) (+)
Is,O + Is,O
where Ii‘g’_) indicate elastic photon-scattering cross sections of

the 1t and 1~ states, respectively. A and A are the peak area of
the parity doublet in the parallel and horizontal detectors obtained
using the linearly polarized y-ray beam. Their ratio amounts to

A g
AL el (1+q>1 +(1

(10)

The relative detector efficiency is directly proportional to the rel-
ative peak areas observed with circularly polarized y-ray beam
€)/€1L x A'J,/Ai and amounts to 0.956(34) taking the different de-
tector live times into account. The polarization sensitivity of our
setup was derived from a geometrical analysis to ¢ = 0.92(2). The
effective angular distribution due to the extended target was in-
tegrated over the detector opening angles. The associated uncer-
tainties generate a systematical error in the determination of the
energy splitting and of the ratio of the integrated cross sections of
the parity doublet.

The primary observables of our measurement are four peak
centroids and their respective peak areas for the cases of linear
and circular polarized beams with observations in both the hor-
izontal and vertical directions. They are given in Table 1. These
observables enable us to determine the recoil-corrected excitation
energies of the parity doublet E(1%), their difference AE, the ratio
of the integrated cross sections 1§,+o) /Igf), and the nuclear enhance-
ment factor F.. These values are given in Table 2.

The newly derived ratio Igz)/lgz)) is in fair agreement with pre-
vious data obtained from separate measurements (see Table 2).
With this we obtain from Egs. (7)-(9) the energy difference of the
doublet states as

AE=E(17)—E(1%)
(1 + 1;ql—)(bl —Ep
1+ql
= —3.2(£0.7)sac( 5 2)SyS keV. (11)

This value is more precise than previous literature. It was ob-
tained from a single measurement and suffers less from systemat-
ical errors. In addition, it can clearly be inferred that the energetic
ordering of those two states was incorrectly given in the litera-
ture. The 1~ state is lower in energy by about 3 keV than the
1+ state. This level ordering is evident in the spectra (compare
Fig. 2 and Table 1). The doublet peak observed perpendicularly to
the polarization plane is shifted to lower energies when switch-
ing from circular to linear polarization. Since the signal from the
1~ state is enhanced at this observation angle in the measurement
with linearly polarized y-ray beam as compared to circularly po-
larized y-ray beam, the 1~ state must be located below the 1T
state. This observation is owed to the fact that in the present mea-
surement both states were excited simultaneously and, therefore,
a high-precision relative measurement could be performed. Finally,
we obtain a more precise value for the nuclear enhancement fac-
tor .

4. Theory

We estimate the parity-violating matrix element (J¥|Vpnc|J ™)
using the valence-space shell model. These shell-model calcula-
tions are challenging since it is necessary to describe both positive-
and negative-parity states in the same valence space. We employ
two different interactions, the traditional zBm interaction [13] and
the more recent PSDPF interaction [14]. This allows us to check the
robustness of the matrix element with respect to different choices
of the valence space. The zBM interaction uses a '*C core and
a valence space comprising the 1p1/2, 1ds;2 and 2sq2 orbitals.
This interaction was adjusted to reproduce the structure of nu-
clei around 60 including the coexistence between spherical and
deformed states. Since the zBM interaction does not allow for ex-
citations from the 1p3/, orbit to the sd shell, we probe the effect
of these excitations on the matrix element by comparing to re-
sults obtained using the PSDPF interaction. This interaction is based
on a *He core and includes the full p, sd and pf shells into the
valence space. It provides a good reproduction of the observed co-
existence in sd-shell nuclei between natural parity states, assumed
to be Ohw, and intruder states, assumed to be 1hw. The eigenstates
have been computed with our newly developed shell-model code
[22], which is capable of calculating matrix elements of two- and
many-body operators. We have benchmarked all shell-model cal-
culations versus the Antoine code [23-25]. When using the pSDPF
valence space, we have investigated the impact of possible center-
of-mass contaminations by including a Lawson-type center-of-mass
Hamiltonian AH¢y with A =1 and 10 for the solution of the eigen-
value problem. The effect of center-of-mass contaminations on the
energies and the matrix element is negligible. We obtain a devia-
tion of less than 0.5% for the matrix element for the two choices
of A.

In the shell-model calculation using the zBM interaction, we
obtain the 1* and 1~ states at an excitation energy of 10.966
MeV and 10.457 MeV, respectively, with an energy splitting of
509 keV. For the psDPF interaction, the corresponding excitation
energies are 11.196 MeV and 11.428 MeV and the energy differ-
ence is 226 keV. For the two interactions considered here, the
positive- and negative-parity eigenstates, respectively, have similar
structure. For the positive-parity eigenstate, the leading configura-
tions including the core orbits are (151/2)%(1p3/2)*(1py2)(1ds/2)?
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Table 3

Individual components of the parity-violating matrix element of the 1" /1~ parity doublet of 2°Ne computed in the shell model using the zem [13] and PspPF [14] interaction.
The second column gives the “best values” for the coupling constants as proposed by Desplanques et al. [26]. The matrix elements for the different components of the DDH
interaction have been computed including and neglecting short-range correlations. See text for additional information.

Component Coupling m.e. ZBM m.e. PSDPF

(107%) Without SRC With SRC Without SRC With SRC
Fo 1.59 0.438 MeV 0.128 MeV 0.672 MeV 0.230 MeV
Fr 133 0.019 MeV 0.006 MeV 0.020 MeV 0.010 MeV
Go 0.80 0.114 MeV 0.028 MeV 0.160 MeV 0.045 MeV
Total 0.81 eV 0.23 eV 122 eV 042 eV
Constraint from Ref. [5] 148 eV 0.46 eV 242 eV 0.83 eV

(251/2)° and (151/2)*(1p3/2)*(1p1/2)*(1d5/2)" (251/2)" for both pro-
tons and neutrons. The configurations contributing to the negative-
parity eigenstate are more evenly distributed. The main contribu-
tion consists of one particle-hole excitation on top of the positive
parity wave function, with one particle excited from the 1p,,, or-
bit to the 1ds/, or 2s1,, orbit. We do not observe significant differ-
ences in the eigenstates for the different valence spaces and inter-
actions. Using these eigenstates, we calculate the matrix element
of the parity-violating Desplanques, Donoghue, Holstein (DDH) po-
tential [26,3] which arises from single- and multi-pion and vector
meson exchanges. The potential contains several isoscalar, isovec-
tor and isotensor components, each associated with a coupling
constant. As the 17 and 1~ states of 2°Ne have isospin T =1 and
T, =0, only the isoscalar and isotensor components contribute.
The relevant DDH “best values” [26] of the coupling constants are
given in Table 3. We use the same numerical two-body matrix
elements as done in Ref. [3] and have cross-checked our imple-
mentation against results for 18F and !°F reported there.

Short-range correlations can be potentially important for the
isoscalar and isotensor components of the matrix element. They
correspond to p- and w-meson exchanges in the DDH poten-
tial, and thus involve momentum scales significantly above those
included in the shell model wave functions. We have evaluated
the effects of short-range correlations (SRC) using the function of
Miller and Spencer [27] We found that it suppresses the matrix
elements by a factor of 3 (see Table 3). An additional source of
uncertainty is related to the value of the coupling constants. A re-
cent analysis by Haxton and Holstein [5] of the available PNC data
- including the asymmetries at various energies for p + p, the p+
4He asymmetry, and results from '8F and !°F - indicate that the
isoscalar couplings that dominate the matrix elements of interest
fulfill the following constraint

Fo+0.23Go = (3.6 £ 0.8) x 107°. (12)

Neglecting the small contribution of the isotensor component F,
the parity violating matrix element of 2°Ne can be written as:

(1 Venc[17) = FofV ) + Go(v )

(V)

~ (Fo +0.23 Go)(v o), (13)

where in the last expression the factor 0.23 represents an av-
erage of the ratio of matrix elements obtained by the zBm and
PSDPF interactions that is almost not sensitive to the inclusion of
a SRC. The numbers shown in the last row of Table 3 have been
evaluated using Eq. (13). We conclude that the current “best esti-
mate” for the 2°Ne matrix element is ~0.46-0.83 eV, based on the
zBM and psDPF results of Table 3. The individual contributions and
the total matrix element are of the same order of magnitude as
the other parity doublets considered in Ref. [3]. In particular the

18F 19 and 2%Ne doublets are very similar in their PNC mixing
strengths. Similar to the other doublets discussed in Ref. [3], we
observe a slight increase in the PSDPF matrix element compared to
that for the zBm interaction. The former includes a very limited set
of multi-hw excitations, but employs a larger single-particle space
that is separable, which allows us to project center-of-mass motion
exactly. Based on treatments of '8F and '°F that used even larger
separable spaces of the psDPF type that included all 2hw config-
urations, one might expect a substantial reduction in the PSDPF
matrix elements when such configurations are included. In fact,
we have done a preliminary calculation of this type, using an in-
teraction that very successfully reproduced the spectrum of 160 in
a full (04 2+ 4)hw calculation [28]. (This interaction differs in
some important respects from those that were used in earlier 18F
and !9F calculations [3].) We do find some reduction in the matrix
elements when the positive-parity shell-model space is increased
from Ohw to (0 + 2)hw, but the reduction is modest compared to
the reductions found in '8F and !9F, a factor of ~0.87. While fur-
ther study of both the 2°Ne matrix element and its relationship to
those in '8F and !°F is needed, our present conclusion is that the
matrix element is likely in the range of 0.46-0.83 eV.

5. Discussion

The observation of parity-violating effects in nuclei is an exper-
imental challenge. Based on the measured splitting of the parity-
doublet states of 2°Ne and the calculated parity-violating matrix
element, we expect a parity admixture 8 according to Egs. (1) and
(2) of the order of 1074,

One possibility to measure such a small admixture is to ex-
cite exclusively the 1~ state using a 100% linearly polarized y -ray
beam with a sufficiently small bandwidth i.e., about a hundred
times better than what is available today. Using an Hly S-like setup
one could measure the M1 admixture of the de-excitation process

(0*|T(M1) + T(ED)|¢7)
=0T |T(ED[17)+ B0 |T(MD)|17). (14)

However, the E1 (M1) NRF photons are emitted preferably perpen-
dicular (parallel) to the polarization plane, see Eq. (4). Therefore,
it would be possible to disentangle the E1 and M1 contribution
of the ground-state decay of the 1~ state using known angular
distributions. Placing detectors perpendicular and parallel to the
polarization plane at ©» = 90° relative to the incoming beam, num-
bers of events

Nt =NrNye((1+ eIy + (1 - p2 1Y) (15)
———
~0
and

NI =NrNye(( = a?ily + (1 +qp2ILy) (16)
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would be measured depending on the experimental polarization
sensitivity q of the setup and, due to the opposite parity admix-
ture, on B. Here, Nt denotes the number of target nuclei, N, the
time-integrated y -ray flux, and € the detector efficiency. Combin-
ing Egs. (15) and (16) yields

(+)

N — (ﬁ_z I?O) " l;q)Ni
at g 1+4
2, 1-q\ 1
= | R(PNC) +m N (17)
with the abbreviations
(+)
g 50 /AEZZ(FO/F)r 2 (18)
1) (To/T)+ °°
and
(PNC) = (] " |VenclJ ™) = BAE. (19)

It allows to measure the parity-violating matrix element (PNC) di-
rectly.

By performing the same experiment on a different | =1 state
which is not part of a parity doublet the polarization sensitivity q
can be determined to a sufficient precision. This way, systematical
errors such as the polarization sensitivity or detector efficiencies
are reduced drastically.

The total number of events needed to achieve an observation
of parity mixing of this doublet with a 99.95% confidence limit
(“50 -measurement”) is given by

1y (1-9/0+9
4932 (PNC)2 A (PNC)?

Using the values given in Table 2, /& amounts to 2.8(£1.2)gtat
(£0.9)sys keV~2. However, we may safely assume that a facility
which can deliver intense and monochromatic y-ray beams one
hundred times better than today could improve this value to an
uncertainty of less than 2%. For an experimental sensitivity of
q =0.99, a parity mixing of (PNC) =1 eV, and a required accuracy
of A(PNC) =0.2 eV a total of N1 =3 x 10° counts are required.

(20)

6. Conclusion

A combination of linearly and circularly polarized y-ray beams
enabled us to study the 1t/1~ parity doublet of 2°Ne and to
measure the energy splitting AE, the level ordering, and the ra-
tio of integrated cross sections I;JB) /Iif), simultaneously. The en-
ergy splitting of about 3 keV combined with the shell-model esti-
mate of parity violating matrix-element in the range 0.46-0.83 eV,
make 2Ne an intriguing candidate to study parity violation in nu-
clear excitations. The 2°Ne PNC doublet probes a combination of
isoscalar couplings very similar to that tested in previous p + p
asymmetry measurements, but without the significant isotensor

contribution that affects the p 4+ p asymmetry analysis. That con-
tribution has typically been estimated using the DDH isotensor
“reasonable range”. But there is no guarantee that range is reason-
able, as it is not constrained experimentally. In 2°Ne the isotensor
contribution plays a much smaller role, a consequence of the aver-
aging of the potential that comes with summing over core nucle-
ons. Thus in principle, if 2°Ne nuclear structure uncertainties could
be reduced, this doublet could provide a cleaner test of isoscalar
PNC. This same argument is currently motivating lattice QCD stud-
ies of the isotensor meson-nucleon coupling.
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