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The presence of a J™ = 1/2+-1/2~ doublet (AE ~8 keV) at 2.80 MeV in 2'Ne provides an opportunity to
further investigate parity mixing of nuclear states. The parity mixing in *'Ne introduces an irregular M1, E2
admixture into the regular, but highly retarded, E1, M2 decay of the 1/2~ level to the 3/2% ground state
and can be inferred from the interference between these irregular and regular decays. We consider the
dependence of possible 2'Ne parity-mixing observables on the four electromagnetic matrix elements involved
in the transition and also methods for determining these matrix elements. The first step towards a
measurement of the M2/E 1 mixing ratio is a measurement of the E3/M2 mixing ratio of the 1/2~—5/2%
transition in *'Ne and this is carried out using a -y correlation utilizing the *0O(a,n) *'Ne reaction. A large
basis SU(3) shell-model calculation is performed to give wave functions for 2!Ne (and ?'Na) and predictions
for the electromagnetic matrix elements relevant to studies of the 1/2% parity mixing. The parity-mixing
matrix element is calculated using a one-body approximation to the parity nonconserving interaction. The
calculated matrix elements are compared with the available experimental data on *'Ne and *'Na.

NUCLEAR STRUCTURE 21Ne, %'Na; calculated nuclear wave functions, electro-

magnetic, parity-mixing matrix elements. SU(3) shell-model method. *!Ne;

measured Y-y 3~ —~ 3" —3* angular correlation. Deduced 3~ —~3* E3/M2 mix-

ing ratio. 2!Ne; calculated y-ray CP and asymmetry formulas for polarized and
unpolarized beams.

I. INTRODUCTION

The search for parity mixing in nuclear wave
functions commenced® very soon after the discov-
ery of parity nonconservation in weak interac-
tions,*® and a number of examples of the effects of
such mixing have now been observed in a decay*
(one case, '*0) and in electromagnetic transitions
(see Refs. 5 and 6 for a review). From an analysis
of these results one hopes to learn more about the
detailed form of the weak interaction Hamiltonian.
However, the path from the weak-interaction Ham-
iltonian to parity admixtures in nuclear wave func-
tions is not a direct one. First, a parity-noncon-
serving (PNC) nucleon-nucleon (NN) interaction
must be calculated using meson theory (since the
hard-core in the NN interaction strongly reduces
the effect of a direct weak interaction). Second,
reliable microscopic nuclear wave functions must
be available so that the parity mixing may be cal-
culated once a PNC interaction is specified. Since
PNC interactions have important short-range com-
ponents arising from p exchange, correlated two-
particle wave functions must be used in the calcu-
lations, i.e., the Bethe-Goldstone equation or som
equivalent must be solved. ‘

Unfortunately, most of the existing measure-

ments on PNC electromagnetic transitions have
been made for heavy nuclei where it is most diffi-
cult to make sufficiently detailed nuclear structure
calculations. In fact, the only positive electromag-
netic result amongst the light nuclei (if we exclude
the two-nucleon system for which the experimental
problems are formidable) is for *°F (Ref. 7). Since
the 'F states involved have isospin T =4 both the
isoscalar and the isovector parts of the PNC NN
interaction can contribute to the observed parity
mixing. It would be very desirable to separate the
isoscalar and isovector contributions since neutral
weak currents may strongly enhance the AT =1
parity mixing but are not expected to affect the iso-
scalar term appreciably.®

If the effects of the isoscalar and isovector PNC
interaction are to be separated another measure-
ment is required. One such measurement® on '°F,
which is sensitive to only the isovector PNC inter-
action, provides a limit on the mixing of a 0 T=0
level with a 0* T=1 level. Another possibility is
to study another T, = { nucleus where, due to the
structure of the levels involved, the mixing is sen-
sitive to a different linear combination of isoscalar
and isovector interactions than is the case for !°F,
The presence of a 1*level in *’Ne 8 keV above the
2789-keV 1~ level' (see Fig. 1) together with the
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FIG. 1. The %Ne energy levels and y -ray transitions
pertinent to the present studies. The level energies
(in keV), spins, parities, and vy -ray :branching ratios
(in percent) are from Ref. 10 as is the lifetime limit for
the 2796-keV level. The meanlives adopted for the 351~
and 2789-keV levels are weighed averages as discussed
in the text and summarized in Table II. The four
x(L+1/L) mixing ratios are labeled for easy reference.

strong inhibition of the E1 4~ ~ 2* ground-state
transition [ <9 X 10~® Weisskopf units'! (W.u.)]
makes the 1~ level an attractive candidate for par-
ity-mixing studies to complement the information
obtained from the *F 1~ ~1* transition.'*®

In this paper we shall be concerned with three
topics. First, we wish to display the dependence
of possible parity-mixing experiments on the elec-
tromagnetic decay properties of the 1* doublet of
21Ne. Second, we present a measurement of one of
these properties—namely, the E3/M2 mixing ratio
of the 2789 - 351 $*~ 2* transition (see Fig. 1).
Third, we present the results of a relatively large-
basis shell-model study of the low-lying levels of
2!Ne (and their analogs in ?!Na) with particular
reference to those electromagnetic properties
relevant to the present problem.

To illustrate the dependence of one possible 2'Ne
parity-mixing measurement on the electromagnetic
decay properties we note that if the parity-mixed
+" level is produced polarized in a nuclear reac-

tion the angular distribution of ¥ rays for the
ground-state transition will not in general be iso-
tropic [Eq. (19)]. The coefficient (A,) of cosé in
the angular distribution is a measure of the parity
admixture and the expression for A, involves the
quadrupole/dipole mixing ratios of the £~ ~ 2* and
1%~ 3* transitions [see Fig. 1 and Eq. (15)]. Thus
experiments are necessary to determine the rel-
evant mixing ratios and transition rates. Indeed
A, could conceivably vanish due to E1-M2 inter-
ference effects independent of the parity mixing

in the ™ wave function. Although the important
M2/E1 mixing ratio for the $~ — * transition can-
not be measured easily, it can be measured by
comparing the circular polarizations of the 3~ - 3*
and 1~ -~ 3* transitions following formation via a
polarized beam, provided the E3/M2 mixing ratio
for the latter transition is known. As described in
Sec. III, this E3/M2 mixing ratio may be obtained
from the directional correlation between the ¥ rays
in the 4~ —~$%*- 2* cascade and the measured E2/M1
mixing ratio of the $* - £* transition. A more gen-
eral reason for measuring the E3/M2 mixing ratio
of the 1~ - 3* transition is that the circular polar-
ization of this transition is expected to provide the
best measurement of the polarization of the 3~
state and the mixing ratio is needed to make this
calibration quantitative in any measurements using
a polarized beam.

All the formulas relevant to the experimental
measurement of the mixing ratios and the parity
mixing effects are given in Sec. II. The experi-
mental measurement of the E3/M2 mixing ratio for
the 1" - 2* transition, the first step in the series
of experiments proposed above, is presented in
Sec. III. Section IV is devoted to the mass 21
shell-model study and a comparison of these calcu-
lations with the available experimental data includ-
ing the present measurement. Finally, Sec. V
contains a summary and discussion.

II. RELEVANT FORMULAS

It is, of course, important to insure phase con-
sistency in the definitions of mixing ratios appear-
ing in the different experiments and in the compar-
ison of these experiments with model calculations.
Therefore, the Y-y correlation, circular polariza-
tion, and asymmetry formulas presented here were
all calculated from the same general relationship;
namely, Eq. (3.32) of Rose and Brink.'® The y-ray
transitions of interest here are all indicated in
Fig. 1.

v -Y directional covrelation. The directional cor-
relation, W(0), between 7, and 7, in the cascade

-7 Y234 . .
3 43+23* is written as



1880 MILLENER, WARBURTON, SNOVER, VON LINTIG, AND IKOSSI 18

W(6)=A[1+a,P,(cosb) +aP,(cosh)], (1)

where A, is an arbitrary normalization and 6 is the
angle between the directions of emission of 7, and
¥;. In the present case it is convenient to write

a, and a, in the form

a, =—0.2000QQ2F (x,) £, (x,) , @)

where the Q¥ are the usual solid angle attenuation
coefficients for v,(i=1) and ¥,(:=2), and the f,(x,)
are functions of the mixing ratios of the two trans-
itions: x, =x(E3/M2) and x,=x(E2/M1). The func-
tions f, are given by '

folx,) = (1+1.4142% +1.5000%,%)/(1 +x,%), (3a)
fo(%,) = (1+5.0709x, — 0.5102x,2)/(1 +x,%), (3b)
falx,)=(1-3.5355%, — 0.2500x12)/!(1 +%,%), (4a)
Fal6,) =2.1769x,2/(1+x,2) . (4b)

The mixing ratio of the 351-keV £*~32* transi-
tion can be obtained with relatively high precision
by combining Coulomb excitation measurements
of the B(E2) value with mean life T measurements
of the 351-keV level:

T/T(E2)=x,2/(1+%,%), (5a)
where
7(E2)=816.1E,"/B(E?2), (5b)

with 7 in ps, E, in MeV, and B(E2) in e*m®*,

The B(E2) value of the §*— 3* transition has
recently been measured as 71+ 10 ¢® fm* and
93 +13 e fm* from Coulomb excitation of 3'Ne by
325 (Ref. 14) and protons (Ref. 15) respectively.
We adopt 82+ 11 ¢? fm* as the best value of B(E2)
from these two measurements.

For T we take the weighed average of the most
recent five measurements quoted by Rowe et al.*®
The pre-1975 measurements are not considered
reliable enough for inclusion. The result is
10.18+0.16 ps, in excellent agreement with the
most accurate two measurements—both obtained
via the recoil distance method—of 10.1+0.3 ps
(Ref. 17) and 10.23 £0.20 ps (Ref. 16).

From Eq. (5) we then have

x,=+0.0739+0,0048 , (6)

where we have used E, =350.72+0.006 keV (Ref. 18)
and the plus sign for x, is taken from the results of
Pronko et al.*® In addition, as will be shown in
Sec. III, the present y-Y correlation results elim-
inate the minus sign alternative. Inserting the val-
ue of x, from Eq. (6) into Egs. (3b) and (4b), we
have, from Eq. (2),

a,= =(0.2717 £ 0.0046)Q4QL'f, (x,) (7a)

and

;z4=-(o.ooz4¢o.oooa)le’Qg2v4(x1). ()

v-ray civculay polarvization with a polarized in-
itial state. If the *Ne 4~ state is polarized by for-
mation via a nuclear reaction initiated by a polar-
ized beam then, in general, the y rays corres-
ponding to the 3° -3 * and 4~ — £* transitions will
be circularly polarized.

With P%(k) defined'® as the probability per unit
time and unit solid angle that the nucleus emits a
7 ray in the direction 2 with polarization ¢, the
fractional degree of y-ray circular polarization is
defined as

P, = (P = P)/(P' + P) | ®)

where g=+1 and -1, for right- and left-handed
circular polarization, respectively. Similarly,
the polarization magnitude Py(J,) of the J, = in-
itial state is defined as

Py(3)=[W(3) -W(- HIIW(E) +W(-1)], (9)

where W(m) is the relative population of the mth
substate along the axis of quantization, which is
chosen in the direction of polarization 8,. With
these definitions, and assuming parity conserva-
tion, the degree of y-ray circular polarization,
P(J,,J,), for the £~ —J, transition is related to the
polarization of the initial (J, =4 ) state by

P, (},7,)=Py(3)11(3,7,)P,(cosh), (10)

where cosf=28,°k/k.
For the 3~ = 3* and }~ - 2* transitions we have

f1(3,3)=-0.3333(1 - 5.6569x, —x,%)/(1+x,%),
(11a) -

where %, =x(E3/M2) and

fi(%, $)==0.5000(1 - 3.4641x, - x.%)/(1+x,?),
(11b)

where x,=x(M2/E1). With ¥, obtained from a y-y
correlation measurement via Eq. (7), the most
straightforward method of measuring x, would ap-
pear to be from the ratio P, (3, 3)/P,(3,%) which
from Eq. (10) is just f,(3, 3)/7.(3, ).

Y-ray civculay polavization from an unpolarized
initial state. If the 1 initial state is unpolarized
then any y-ray circular polarization must arise
from parity admixtures in the initial orfinal states.
Assuming, in the present case, that the only sig-
nificant parity admixture arises from interaction
of the 3* doublet at 2.80 MeV in 2'Ne, the circular
polarization of the 3~ - £ * transition is given by

P;(%v %)=2€1f0’(%,%), (12)

where the primes denote an unpolarized initial
state and parity nonconservation. €, =x(M 1/E1)



gives a direct measure of the parity admixture.
The function f, (4, $) contains the dependence of
the circular polarization on the quadrupole admix-
tures in the 3~ ~3*and $*~2* transitions, i.e.,

fo3,8)=Q+x2)/[1+2,.2+€2(1+2,2)], (13)

where x,=x(M2/E1) and x,=x(E2/M1) are indicated
in Fig. 1.

Y-ray asymmetry from a polarized initial state.
If the - initial state is polarized by formation via
a nuclear reaction initiated by a polarized beam
then the angular distribution of the 3"~ $* transi-
tion relative to the polarization direction &, also
provides a measure of the parity admixture via
€, =x(M1/E1):

W(6)=1+4, P,(cosb) =1 -Py(})e,f,(§, )P, (cosh),
(14)

where A, is the asymmetry, Py(3) is given by Eq.
(9), and

_[1-1.7321(x +%,) —x5%,]
1+x.2+€%(1+x,%)

G %)

(15)

II. EXPERIMENTAL RESULTS FOR THE E3/M2 MIXING
RATIO OF THE 1/27 - 5/2* TRANSITION

Here we describe the results of angular correla-
tion measurements for the 3"X& 5*7% 3* y_y cas-
cade (E, =2.44 MeV and E, =0.35 MeV). The 3
level was populated in the *0O(a, ) 2'Ne reaction
[@,=-696 keV (Ref. 10)] at E, =5.10 MeV. This
a energy corresponds to a maximum excitation
energy of 3.47 MeV in 21Ne, so that the only levels
above the 3~ which were populated were the 3*,
2796-keV and 3*, 2866-keV levels.!® A 70-nA o*
beam was produced by the University of Washing-
ton FN tandem Van de Graaff and stopped in a tan-
talum target of thickness 0.012 cm, with an oxi-
dized '®0 surface layer of '°0 areal density ~220
ug/cm? A 4.45-cm-diam by 5.08-cm-long cylin-
drical Nal crystal mounted on an RCA 8575 photo-
tube was used to detect the 351-keV ¥ rays, and an
ORTEC coaxial Ge(Li) detector of 15% efficiency
(relative to a 7.5% 7.5-cm Nal detector) was used
to detect y rays between energies of 0.75 and 3.0
MeV. The front face of the Nal detector was loca-
ted 8.3 cm from the target, while that of the Ge(Li)
detector was at 8.9 cm. The Nal detector was fixed
at an angle of —135° with respect to the beam axis,
and the Ge(Li) detector—coplanar with the beam
axis and the Nal detector—was set at angles of 45°
15° -15° and -45°to thebeam axis, corresponding
tothe relative v-y correlationangles 6 =180°, 150°,
120° and 90°. This arrangement insured that the
Ge(Li) detector would view the same beam-related
background (and the same Doppler- related effects)

’
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for 6=180° and 90°~the most important correlation
angles.

Signals corresponding to fast coincidences be-
tween the two detectors were produced in a time-
to-amplitude converter (TAC) using leading edge
timing for the short rise time Nal signals and ex-
trapolated zero strobe timing for the Ge(Li) sig-
nals. Three-parameter coincidence events (para-
meters E,(Nal), E,[Ge(Li)], and TAC amplitude)
were recorded in a computer, along with Ge(Li)
singles recorded in a separate analyzer. A gain
stabilizer centered on the 351-keV ¥ ray was used
with the Nal detector.

Coincidence data analysis was performed in two
stages. First, Nal spectra were generated corres-
ponding to windows set on the 2.44-MeV peak in the
Ge(Li) spectrum and on the TAC peak; an example
is shown in Fig. 2. These spectra are dominated
by the 351-keV line, with no evidence for other
significant contributions. Centroids calculated
from these spectra were used to compute small
residual gain correction factors (which were
~10.3%) which were applied to the results dis-
cussed below. Second, Ge(Li) difference spectra
were generated corresponding to a window centered
on the 351-keV line in the Nal spectrum and (reals
plus random) minus (random) TAC windows (the
random correction was ~3%)—an example is shown °
in Fig. 3 (lower). A substantial reals continuum
background is apparent in this spectrum, along with
some apparent reals contribution from the 2.8 -0
v decays presumably arising from n-y coinciden-
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FIG. 2. Nal coincidence spectrum generated from a
TAC reals window and an energy window centered on
the 2.44-MeV Ge(Li) peak. The Nal energy window used
in subsequent analysis is indicated by vertical lines.
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FIG. 3. Coincidence (lower) and singles (upper)
Ge(Li) v -ray spectra for 2.2<E, <3.0 MeV at 6=150°
(6 poam=15°) from the 180 (ar, wy )*!Ne reaction at E,
=51 MeV.

ces in which the neutron was detected in the Nal
detector. Coincidence yields for the 2.80~0.35-0
cascade were then extracted from these spectra by
summing counts above a symmetric background
determined from regions above and below the cen-
troid of the 2.44-MeV Ge(Li) peak.

Care was taken in the choice of background win-
dows here and in the singles analysis to minimize
the effect of a possible 3*—32* branch. There is no
evidence from the present data for such a branch.
A proper accounting of the uncertainty in back-
ground shape in the region where such a peak is
expected leads us to an upper limit of 3% for this
decay relative to the 3*~3* decay. This limit is
similar to that obtained previously.®

The Ge(Li) singles spectra [see Fig. 3 (upper)]
were analyzed with a similar background subtrac-
tion to determine the intensities of the y-ray peaks
at 2.44 and 2.80 MeV; the latter containing the
ground-state transitions of both the 3* and 3" levels.
Since these peaks arise from decays of J = % initial
states, the angular distributions of their intensities
should be isotropic. However, smail systematic
variations as a function of angle and fluctuating
variations independent of angle were present in
these yields when normalized to total integrated
beam current. These variations could arise from
a small geometrical misalignment, and an inac-
curacy in beam-current integration, respectively.

6- 1 |

-05 0 0.5 1.0

P, (cos8)

FIG. 4. Results for the Ne 3 ~—3*—3* relative y -y
correlation W(6) of Eq. (1) Versus'Pz (cosf). The solid
line is the best fit allowing only 4, and a, to vary (a,
=0) and is indistinguishable from a fit in which a, was
also free to vary.

Since such variations should affect equally the sin-
gles and coincidence yields, our best values for
the normalized relative coincidence yield W(6) are
given by the ratio of measured coincidence counts
to 2.44-MeV singles counts. This ratio, which in-
cludes small (s1%) relative dead time corrections,
is plotted against P,(cos®f) in Fig. 4. '

A fit to all the data points in Fig. 4 yields a,
=-0.2127+0.0088 and a,=+0.004+0.011, with
x?=1.3. A fit with a, constrained to be zero [see
Eq. (7)] produces the straight line shown in Fig. 4,
with a,=-0.2106 +0.0065 and x*=1.2. A fit exclud-
ing the 120° and 150° data gives essentially the
same a,.

Various other analyses were performed to in-
vestigate effects of systematic errors in the anal-
ysis. Different types of coincidence background
subtraction were performed; normalizations were
also calculated relative to the 2.80-MeV singles
yields, which were found to be less sensitive to
background subtraction than the 2.44-MeV singles
yields. From fits to all of these results with a,
constrained to be zero we arrive at a best value of
a,=-0.2130+0.0076, where the above error con-
tains a contribution of +0.004 folded with the statis-
tical error to represent the variation observed
from the different analysées. Fits in which a, was
allowed to vary produced values which ranged over
+lo (0=0.011) for the different analyses; hence our
best value is a,=0.00+0.015. The x® for all of
these fits were <1.3. Attenuation coefficients were
calculated from the known geometry of the detect-
ors; the result is @,(NaI)@,(GeLi)=0.931 and Q,
(NaI)@,(GeLi)=0.79. Hence from Eq. (7a) we find
f2(x,)=+0.842+0.033 and x, = -0.12 +0.03 based on
the measured a, (this result supersedes an earlier
preliminary value®). The other solution is x,=-2.03
+0.14 which is ruled out since it would correspond
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to an E3 strength of ~870 W.u.; a value which ex-
ceeds the recommended upper limit® of 100 W.u.
The expected a, based on the above x, and Eq. (7b)
is well within the experimental uncertainty of the
measured value. Our value for x, is in agreement
with an earlier, less accurate result? of x, =-0.02
+0.14 (the corrected uncertainty quoted here is
based on the measured a, quoted in Ref. 22).
Although the sign of x,, the 0.35~0 E2/M1 mix-
ing ratio, was fairly well determined as even by
Pronko et al.,'® it is useful to note that the above
a, also rules out the opposite (odd) sign, since the
minimum ¥, solution for x,=-0.0739 +0.0048 cor-
responds to an unreasonably large®* E3 strength
of 350 +100 W.u. in the 3~ —2* transition.

IV. SHELL MODEL STUDY

A. Introduction

The %‘ -—%" transition is of interest for either of
the two possible parity mixing experiments dis-
cussed above. We write the initial and final wave
functions as (see the level scheme in Fig. 1)

Qb;:‘/’(i-)— AE™ (%.I Vpnc ‘ z >‘p(%.) ’ (16)
lpf = ll)(%*) ’

where AE =7.6+0.7 keV (Ref. 10) and Vpyc is the
PNC interaction. The wave functions on the right-
hand side are taken to be eigenfunctions of the
dominant parity conserving part of the Hamiltonian
which, for our purposes, is the shell model Ham-
iltonian. Since AE is very small it may be safely
assumed that the only significant parity mixing is
between the 3* and 3 levels.

The experimentally observable quantities which
give a measure of the parity admixture are the cir-
cular polarization (P}) of Eq. (12) and the asym-
metry (4,) of Eq. (14). Both of these are propor-
tional to the E1/M1 mixing ratio, €, in the 3" =3
transition. Using Eq. (16), €, may be expressed as

MUY (5 Vexe | ¥

R €515V V-V R an

where the initial wave functions in the electromag-
netic matrix elements are written on the left to
emphasize our adherence to the conventions of Rose
and Brink,'® i.e., the electromagnetic matrix ele-
ments are given by [42/(2L + )]/ 2(J TN J,)

with 7%} defined in Eq. (3.20) of Ref. 13.

The structure of the isoscalar, isovector, and
isotensor PNC interactions comes from using the
standard nonrelativistic approximations to obtain
a one-meson-exchange PNC interaction. However,
the strength of each isospin component depends
on the weak interaction model. In particular, neu-
tral currents may strongly enhance the strength

of the isovector PNC interaction over its strength
in the standard Cabibbo model. The main purpose
of parity-mixing experiments in nuclei is to use
the experimental data together with nuclear struc-
ture calculations to obtain information on the iso-
spin character of Vpye. To extract the parity-mix-
ing matrix element from an experimental measure-
ment of the circular polarization or the asymmetry
we need to know the E1 and M1 matrix elements
and to some extent both the signs and magnitudes
of the M2/E1 and E2/M1 mixing ratios in the 3"~ 3*
and £*—~2* transitions. The E2/M1 mixing ratio
(x,) is predicted to be, and surely is, small where-
as the M2/E1 mixing ratio (x,) could be large. Un-
der these circumstances A, may depend sensitively
through f; [Eqs. (14) and (15)] on the sign and mag-
nitude of x;. In fact there is a critical value of x,
near +0.58 for which A, vanishes regardless of the
amount of parity mixing.

On the other hand, Eq. (13) shows that since x, is
small the extraction of the magnitude of the parity-
mixing matrix element from a circular polariza-
tion measurement is much less sensitive to our
knowledge of the mixing ratios. The magnitude of
the M1 matrix element may be directly determined
from the lifetime of the 3* level whilst, in contrast,
%4> may significantly influence the extraction of the
E1 matrix element.

The signs of the dipole matrix elements only have
meaning within the context of our nuclear model.
Since the M1 transition is predicted to be quite
strong the sign may be reliably calculated. On the
other hand, the E1 matrix element is so weak that
its calculated sign cannot be trusted. Instead, to
obtain the sign of the E1 matrix element, the sign
of x; from an experimental measurement must be
combined with the sign of the theoretical M2 ma-
trix element. This estimate may still not be very
reliable since in our model there is a cancellation
between the isoscalar and isovector contributions
to the M2 matrix element which results in a rather
small matrix element. However, it is the only es-
timate we can make. Since it is important to know
the sign of the parity-mixing matrix element for
comparison to weak interaction theories it is nec-
essary, whichever parity-mixing experiment is
attempted, to measure x, to help fix the sign of the
E1 matrix element. ;

We next discuss in general terms the structure
of the four levels shown in Fig. 1. We describe
our shell-model calculations and compare our pre-
dictions for the electromagnetic properties of the
four levels with the available experimental data in-
cluding the present measurement. The evaluation
of the parity-mixing matrix element using the two
body PNC interaction is beyond the scope of our
present shell-model code. However, we do use the
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one body approximation to the PNC interaction to
demonstrate the sensitivity of the parity-mixing
matrix element to the structure of the 1~ level.
This sensitivity is important since the ultimate.
objective of the studies described in this paper is
to help isolate the strengths of the isoscalar and
isovector PNC interactions.

B. Positive parity states

The full (sd)® basis is used in the shell-model
calculation. There is a choice amongst a number
of different effective interactions, e.g., Kuo- '
Brown®® (KB), Kuo,* Preedom-Wildenthal®® (PW),
Chung-Wildenthal®® (CW), etc. Since they all give
similar wave functions for the lowest 3*, 3*, and
$* levels our results will not depend strongly on
the particular choice of the sd shell interaction.
(The interactions differ mainly in the predicted
excitation energy of the 3* bandhead. The KB in-
teraction puts it lowest at 1.5 MeV and the CW in-
teraction, which includes the 3* level in a fit to en-
ergy level data, highest at 2.7 MeV.) For consis-
tency we quote our results for the KB interaction
since this interaction is used in the calculation of
the negative parity wave functions.

In the Nilsson model the 3* and 2* states are de-
scribed as members of a band built on an intrinsic
state with four particles filling the No. 6 orbit
(with asymptotic quantum numbers [220]3*) and one
particle in the No. 7 orbit ([211]3*).?" In the asym-
ptotic limit such states correspond to pure shell-
model basis states with [41] supermultiplet sym-
metry, (81) SU(3)symmetry and K;=3. For a typ-
ical deformation and spin orbit strength the single
particle orbits are not asymptotic. The tables of
Chi®® show that the orbits involved contain about
93% of the asymptotic orbit at a deformation of
6=+0.3. We therefore expect the shell-model
wave functions for the ground-state band members
to contain approximately 70% of the (81) repre-
sentation. - This is evident from Table I, as is the
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clear band relationship of the 3* and $* states.
Furthermore, as demonstrated by Draayer (Table
I of Ref. 29), the (81) components correspond to
an essentially pure K; =3 structure.

The 3* level has been interpreted as a bandhead
in which the odd nucleon is promoted from the No.
7 orbit to the No. 9 orbit ([211]3*); see the dis-
cussion in Ref. 30. This is a natural interpretation
to make based on the Nilsson diagram and in the
asymptotic limit such a state corresponds to a
shell-model state with [41](81) K; =% quantum
numbers. However, in the shell-model calcula-
tions this configuration dominates the second %*
state for all effective interactions. As can be seen
from Table I the principal component of the %; state
has [41](62) K; =% quantum numbers. The structure
of the (62) intrinsic state in terms of asymptotic
Nilsson orbits is 75% (No. 6)* No. 11, the remain-
der being equally (No. 6)° (No. 7)?, (No. 6)° (No. 9)?,
and (No. 6)® No. 7 No. 9. This structure makes for
a natural explanation of the strong excitation of the
2" level in the ®Ne(d, p)®'Ne reaction® and the
large shift of the é: analog levels in Ne and #Na
since the No. 11 orbit ([200]3*) is asymptotically
67% s,/, (58% for 6=+0.3). In fact the (d,p) spec-
troscopic factor is well reproduced by the full
shell-model calculation.®® On the other hand, an
interpretation in terms of the No. 9 orbit requires
an unusually small deformation to explain the data.
It is not difficult to understand why the (81)3* state
has a moderately high excitation energy (~5.8 MeV
for the CW interaction); the state must have or-
bital angular momentum L =1 and as such it cannot
have a parentage to the dominant L =0 component
of the **Ne ground state.

C. Negative parity states

The calculations for the negative parity states
are part of a series of calculations® made for neg-
ative parity states in the nuclei A=18-21. The
‘bases include 1Zw configurations of the type p*

TABLE I. Summary of wave functions (% intensities).

3 3
] Au) 4* 3+ 4t (37 Small basis Large basis
[41] (81) 74.05 67.86 12.41 (83) 50.96 42,58
62) 7.50 10.85 61.67 (91) 31.63 31.42
43) 1.89 2.25 0.00 (64) 4.91 5.02
(51) 2.18 2.03 0.15 45) 3.55 4.38
(24) 0.86 2.37 12.19 (72) 8.48 9.62
[32) 62) 7.06 6.59 243 (11,0) 0.48 0.26
43) 0.74 0.67 3.50 (53) 4.46
[311] (70) 3.20 2.97 0.17 (80) 2.26
43) 0.36 0.42 3.74
Total 97.17 96.01 96.26 100 100
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(sd)" and (sd)2(pf). For A =18 the complete 1w
basis is used but for A =19-21 truncations are
made according to SU(3) symmetry. The interac-
tions used are the KB interaction for the sd shell
matrix elements, the Millener-Kurath® (MK) in-
teraction for the particle-hole matrix elements
and the Kuo bare G matrix for the remaining ma-
trix elements which involve the pf shell orbits.
The A =21 nuclei provide an important reference
point in calculations for negative parity states at
the beginning of the sd shell. This is because the
%; (4.73 MeV) and 3 (5.69 MeV) levels in *'Ne are
thought to have a rather pure (sd)*(pf) structure
based on the No. 14 Nilsson orbit ([330]37). Thus
the energies of these levels help to determine the
pf single particle energies to be used in the calcu-
lations. When the single particle energies are
chosen in this way levels in A =19 and A =20 which
are expected to have appreciable pf components
are well described by the model.

The SU(3) representations included in the basis
for A=21 are listed in Table I together with the
percentage intensities of each in the %; wave func-
tion. Actually, wave functions for two calculations,
which we refer to as small and large basis calcu-
lations, are given. All possible SU(3) representa-
tions for (sd)® and (sd)* which can couple to a p
shell hole or a pf shell particle to form an SU(3)
representation in the list of overall SU(3) symme-
tries are included. The most important configura-
tions for the lowest eigenstates are

p71(01) X (sd)®[42](82) - (83)(91),

p7H(01) % (sd)*[411](90) ~ (91),
and . )
(sd)*[4](80) X pf(30) - (11, 0)(91). (18)

A number of spurious (91), (72), (80), and (53)
states are eliminated from the basis before diag-
onalization. Configurations with total intrinsic
spin S=$§ are omitted, a restriction which elimin-
ates only some states of low spatial symmetry.
The resulting matrices for /=% and J =% in the
small basis calculation are of dimension ~100 and
~200, respectively.

When states with (80) and (53) symmetries are
added to the J = ; basis the total number of states
rises to ~250 with 80% of the increase coming
from states with (53) symmetry. Out of these
~250 states only 15 and 6 occur with intensities
21% in the %;, and 3~ wave functions, respectively.
Indeed a few states with (83) and (91) symmetry
dominate the %; wave function whilst the single
(sd)*(pf) (11, 0) state accounts for ~71% of the 3]
wave function. The intensity of pf configurations
in the %; wave function is small and varies between

14% and 2% depending on the size of the basis and

the precise values chosen for the pf single particle
energies. About 80% (20%) of the -;-'1' wave function
consists of a hole coupled to six sd shell particles
coupled to T =1(0); this is to be compared with the
simplest model (see, e.g., Ref. 35) of a p,,, hole
coupled to the lowest 0* T'=1 state of A =22,

We must ask how adequate our truncation of the
basis is for the uses to which we wish to put the 3~
wave function. We wish to calculate E1, M2, and
E3 strengths for transitions to the positive parity
levels. The E1 operator and the spin part of the
M2 operator transform as (10) +(01) SU(3) tensors;
the E3 and the orbital part of the M2 operator
transform as (21)+(12) SU(3) tensors. Thus the E1
operator can connect the dominant (81) component
of the 3* and £* wave functions to those 17w repre-
sentations which occur in the product

(81)x (10)—(91)('72)(80) . (19a)

Similarly for the dominant (62) component of the
+* wave function

(62)x (10)—~ (72)(53)(61) . (19b)

Hence it is desirable to include all states belonging
to representations appearing in Eq. (19) in the neg-
ative parity basis, even if the admixtures are
small, as they generally will be, since it is just
such small admixtures which contribute the bulk of
the E1 matrix elements. In the case of the large
basis calculation only states from the (61) repre-
sentation have been omitted from the basis. Whilst
it is possible to expand the basis further the effect
of adding additional representations could certainly
be studied in perturbation theory. In fact since the
vast majority of states in the large basis calcula-
tion contribute minute fractions of a percent to the
wave function they could also be treated in pertur-
bation theory; e.g., although inclusion of the (53)
representation doubles the size of the basis only
two states contribute as much as 1% to the wave
function.

An advantage of the SU(3) basis is that it can be
systematically expanded to meet requirements
such as the one suggested above for E1 operators.
At each stage spurious center-of-mass states can
be eliminated exactly. Another advantage is that
all the orbits of a major shell are treated on an
equal footing, e.g., in evaluating the matrix ele-
ments of spin dependent operators it is important
to include both partners of a spin orbit doublet in
the basis.

D. Electromagnetic matrix elements

We use oscillator wave functions with the size
parameter b fixed at 1.784 fm to calculate the
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TABLE II. Comparision of the shell-model predictions to experiment for electromagnetic transitions in 2Ne and
21
Na.

Transition sNe %Na

JT—=J% Quantity 2 Theory : Exp. Theory Exp.

4t -4t B (M1) 0.084 0.072+ 0.001P 0.110 0.083+ 0.001°
B (E2) 28 24:3P 32 36  +£20°
x (E2/M1) +0.074 +0,074+ 0.005P —0.065 -0.08 + 0,039
T (ps) 8.7 10.18 + 0.16° 7.8 10.42 + 0,12°

1+ -3+ B (M1) 0.27 0.34 0.80 + 0.22f
B(E2) 1.3 2.5
% (E2/M1) —0.071 +0.075
T (fs) 5.3 =204 6.5 2.8 =+ 088

4t —~4* B(E2) 0.74 0.85 <20 o+ 6n
T (ps) 3.7 6.9 >0.14 + 0,041

4 -4t B(E1) 9.5% 1075 9.5 x1075 2.3 =+ 0.5)x1073h
T (ps) 3 x10° 11+ 2h

4" -4 B (M2) 0.37 0.48 = 0,02° 0.26 =1.2 =+ 04h
B(E3) 8.0 12 +5¢ 9.3 =@2.2 = 0.7)x10%h
% (E3/M2) —0.11 " —0.12 =+ 0.03) +0,14
T (ps) 184 141 =x8t 243 54 220

3 -4 B(E1) 7.1x107° =(8.5%0.5)x 10-8¢ 7.1 X1078 =@3.2 = 0.8)x107°¢h
B (M2) 8.5x 10" =0.050% 0.003° 0.19 =19 =+ 04"
| x(M2/E1)| 0.137 ses 0.337
T (ps) 696  %50! 18 & 4b

2The transition strengths, B (EL) and B (ML), are in Weisskopf units (Ref. 11), the mixing ratios x (L +1/L) are

dimensionless, and the units for the mean lifetimes, 7, are given.

) bSee text.
¢Calculated from T and the mixing ratio.
dReference 10.
®Reference 15.

fAssuming negligible contribution from the E2 component, a 100 % branch (see Ref. 10), and the listed mean life,
8Unweighed average of 2.1+0.5 fs (Ref. 15) and 3.9+ 1.1 fs[A. Anttila, J. Keinonen, and M. Bister, J. Phys. G 3, 1241

19771 .

he, Rolfs, W. S. Rodney, M. H. Shapiro, and H. Winkler, Nucl. Phys. A241, 460 (1975).

I From the branching ratios of Ref. 22, and the mean life T =117+5 ps (Fig. 1) which is the weighed average of
110+ 10 ps [D. Schwalm, Ph. D. dissertation, University of Heidelberg, 1969 (unpublished)] and 123+ 10 ps (Ref. 22).
An earlier value of 84+ 10 ps [Ref. 35] for this mean life is retracted by the authors since the variation of the *He (¥0,7)
HNe cross section with 30 energy was not considered and produces sufficient uncertainty to negate the measurements.

i Obtained from the experimental lifetime, Texp » and the theoretical M2 lifetime, Ty,, i.e., ¥ (M2/E1) =7 /(1—7) where

Toxp /Ta2=7 +

radial matrix elements. Bare nucleon g factors
are used for M1 and M2 transitions. For E2 and
E3 transitions we use effective charges of 1.5e
and 0.5e for protons and neutrons, respectively;
for E2 transitions this is standard practice and for
E3 transitions these effective charges give good
agreement for the strong 3] - g.s. transitions ob-
served in *°0 and **Ne. The bare charge is used
for the E1 operator, i.e., an isovector charge of
e/2. The isoscalar E1 matrix element should be
zero and this provides a useful check on our wave
functions. We also take into account contributions
from the spin dependent part of the E1 operator
[Qi.x defined in Eq. (3.17) of Rose and Brink'?].
The experimentally measured electromagnetic
matrix elements for the transitions of interest are
collected in Table II where they are compared
with the results of the large basis calculation.

Since the properties of the mirror nucleus are
useful in helping to evaluate the success of the
shell-model description we include the data on
2INa also.

In addition it is necessary to examine the effect
of the size of 3~ basis on the values of the electro-
magnetic matrix elements. The results of the
small and large basis calculations are given in
Table III. In the case of the large basis calcula-
tion we give a range of values. These represent
the results from four calculations; one includes
only those (53) configurations with orbital angular
momentum L =1, one includes all (53) configura-
tions, and for both these cases two different sep-
arations between the sd and pf shells. Since the
1* wave function is predominantly L=0, L=1
configurations in the 3~ wave function should make
the most important contributions to the parity-
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TABLE IIl. Effect on the electromagnetic matrix elements of varying the shell-model

basis.
21Ne 21Na
Transition Quantity Small Large Small Large
4 -4 B(M2) 0.28 0.36—0.39 0.10 0.24—0.29
B(E3) 5.4 7.8 —~8.0 5.7 9.1 —9.3
x(M2/E3) -0.10 —(0.10—0.11) 0.17 0.13—0.14
4 -4 B(E1) 1.5 x107¢ (3.0 = 7.1)x1075 Same as %Ne
B(M2) 1.6 x1072 (1.6 —8.5)x 1074 0.17 0.19—0.22
|x (M2/E1) 0.67 0.06—0.13 0.31 0.33—0.36
i M B(E1) 9.5 x107° (2.7 —=~9.5)x10"% Same as *Ne

mixing matrix element. Also since the %; wave
function is dominated by a single (sd)*(pf) config-
uration, expanding the basis tends to push down
the 3] level more than the 3; level. Therefore if
we wish to maintain the separation between the two
3+~ levels we must reduce the single particle ener-
gies for the pf orbits by about 700 keV. Even such
a small change can have a significant effect on the
weaker E1 and M2 matrix elements.

The description of transitions between the posi-
tive parity levels is quite satisfactory especially
for the in-band 2*-~2* transition. A new measure-
ment of the lifetime of the 3* level in ?!Ne needs to
be made to determine experimentally the M1 ma-
trix element which appears in the expression for
€, [see Eq. (17)].

The calculated B(M2) for the 3~ —2* transition in
2'Ne agrees well with the measured value but the
factor of 4 disagreement in ?'Na is disturbing. The
calculated mixing ratio for the same transition
also agrees very well with the present measure-
ment.

Although we cannot hope to reproduce the ob-
served E1 matrix element for the 3~ —3* transition
we do predict a very small B(E1) of 7X 10°®> W.u.

It is interesting to note that the spin part of the

E1 operator gives by itself a matrix element which
is as large as the observed matrix element; in this
case there is an isoscalar contribution which can
lead to a difference in the B(E1) values for ?'Ne
and #Na. The contribution from the spin part of
the E1 operator has not been considered in prev-
ious attempts to explain the small E1 matrix ele-
ment. At this level relativistic corrections should
also be considered. We have checked that higher
order terms in the expansion of j,(2r) are not im-
portant. The effects of isospin mixing could be
important since typical isospin forbidden E1
strengths in *F and **Ne are of the order of 10°°
W.u. The B(E1) values that we quote in Tables

II and III are those for the normal E1 operator
alone.

The B(M2) for the & —3* transitions in ?'Ne is
predicted to be small, the result of a cancellation

between the isoscalar and isovector matrix ele-
ments. The details of this cancellation are shown
in Table IV. It may be seen that the orbital iso-
vector and spin isoscalar matrix elements are
small in both calculations and that the cancellation
occurs between the orbital isoscalar and spin iso-
vector matrix elements which are both moderately
large considering the intrinsic inhibition of this
transition.?® In2!Na the B(M2) is much larger im-
plying that the branching ratios for the decay of the
3" level to the 3* and £* levels should be very dif-
ferent in the two nuclei as is indeed observed.

For the important M2/E1 mixing ratio of the
3" —3* transition in #Ne we can only make an es-
timate based on the measured partial ¥ width and
the calculated M2 width. This gives |x,| =0.13.
Since both the B(E1) and the B(M2) are small the
mixing ratio is a very difficult quantity to estimate
theoretically and no estimate can be made of the
sign. Thus the difficult experiment to measure
this quantity must be attempted.

The B(E1) for the 3~ -~ * transition is predicted
to be quite small in disagreement with the strength
observed in #Na. The fact that the 3* level in *Na
is unbound and exhibits a large level shift adds an
additional theoretical difficulty.

E. Circular polarization and asymmetry

Using the theoretical results presented in Table
II together with the experimental values of AE and
the partial half-life of the 3~ —%* transition we can
make an estimate for |4,| or |P,|, as defined in

TABLE IV, Details of the cancellation in the M2
4~ —4* matrix element.

Matrix element Small basis Large basis
(rlyt,n?y —1.009 —0.857
(riyt,niny —0.006 —0.037
(r[Y?!,8)2) —0.058 —0.058
(LY, 82T) 0.579 0.836
Total —0.494 —0.116
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Egs. (14) and (12), respectively, in terms of the
parity-mixing matrix element. We have

‘Arl = |KPW(%)(%.l Vene ‘ §->| (20a)
with
K=[7(E1)/T(M1) /3£, (},3)/AE, (20b)

where 7(M1) and T(E1) are the partial dipole half-
lives for the ground-state decays of the 3* and &
states, respectively. Inserting the experimental
and theoretical values of Table II for 7(E1) and
T(M1), respectively, we find K = 6.3 X 10* MeV~*
for x,=-0.13 and K =4.2X 10* MeV"! for x,=+0.13.
Also

IP';I =,L<%0|VPNCI§->" (20¢)
where ,
L=2[T(E1)/r(M1)]/?%,(%,3)/AE (20d)

and we find L =9.4 X 10* MeV"! essentially inde-
pendent of the sign of x, (we have taken the aver-
age of the values for x,=+0.13). The aim of the
experiments on the electromagnetic properties of
the 2Ne levels.is, for present purposes, an exper-
imental determination of K and L.

The value obtained for K from the calculations is
large compared with the corresponding value of
2x 10> MeV™! for *F. Thus, unless the parity
mixing matrix element is very small, a measure-
ment of the asymmetry or the circular polarization
of the " —2* transition should be feasible. A cal-
culation of the parity-mixing matrix element using
the two body PNC interaction is beyond the scope
of our existing shell model code. Instead we use
the effective one body PNC interaction

Vene ==0°p[1£0.37,]x 10%¢ (21)

- where the strength constants of the isoscalar and
isovector terms are taken from the study by Box,
Gabric, and McKellar® of parity mixing in °F and
are appropriate for the Cabibbo model of weak in-
teractions. Then for the magnitude of the circular
polarization we obtain (0.42+0.06)% from the small
basis calculation where the two terms represent
the isoscalar and isovector contributions, respec-
tively. From the large basis calculation we obtain
values in the range (1.09 - 1.19)% and (0.16 - 0.17)%
for the two terms. We note that although the cir-
cular polarization is sensitive to the basis size it
may be classed with the E3 and the stronger M2
transitions displayed in Table III in the sense that
its sensitivity to variations in the large basis cal-
culation is quite small. A choice of sign for the
contribution of the isovector term in Eq. (21) may
be made to reproduce the observed asymmetry in
19F which is negative.” This choice gives for the
parity-mixing observables in *F (Ref. 9), °F (Ref.

6), and 'Ne (using our wave functions in all cases):

°F: |Py| =3.4% 107, (22a)
F: 6=4,/P,(3)=(4.2-1.1)x 10"%, (22b)
2Ne: |Py|=(1.19+0.17) X102, (22¢)

In addition to the choice of sign, Eq. (22b) shows
that an enhancement of the isovector term is nec-
essary to make § negative. This is in agreement
with predictions from some weak interaction mod-
els which include neutral currents (see Ref. 6).
The same enhancement would then predict a (2~ 3)%
circular polarization in *Ne. This value for the
circular polarization is larger than the limit of
(0.1+0.5)% obtained in a recent experiment.®’

The relative sign of the isovector contributions
in 'F and ?'Ne may be easily understood on the
basis of a simple model for the wave functions.

If the 3~ wave functions in °F and #Ne are of the
form p™*(sd)*(T =0) (which is a good approximation)
and p™*(sd)®(T = 1) (~80% in our calculation) respec-
tively, then, for any one body operator connecting
the hole states to (sd)" configurations, the ratios
of the isovector to the isoscalar matrix elements
in the two nuclei are related by®®

v 19 _ v
;( F)=-3 ;("Ne). (23)

In the special case of the operator G+ P the full
shell mode1~ wave functions gives -1.73 instead of
the -3 of Eq. (23) from the simple model.

V. DISCUSSION

In contrast to the situation in !°F the electromag-
netic matrix elements needed to extract a parity-
mixing matrix element from a measured circular
polarization or asymmetry in ?'Ne are not well
known. In fact, of the two lifetimes and two mixing
ratios which must in principle be measured, only
the lifetime of the 3~ level has been measured.*®
Accordingly our emphasis in this paper has been

‘'on the electromagnetic properties of levels in-

volved in possible parity-mixing experiments in
21Ne.

In practice we do not need to know accurately
the E2/M1 mixing ratio for the 1*—-%* transition
since it is intrinsically small. We can therefore
use the value calculated from theory. Thus two
measurements remain to be made.

(1) Lifetime of the 1* level. The predicted life-
time of 5 fs is close to the limit for a Doppler-
shift-attenuation measurement and it will be dif-
ficult to measure the lifetime with high precision.
An alternative would be to use the fact that the cal-
culated matrix element is mainly isovector to re-
late the lifetime in #!Ne to that in ?*Na. Unfortun-
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ately neither the two experimental measurements
in #Na nor the calculated value are in particularly
good agreement with each other. Alternatively,
one could probably rely on the theoretical value for
this strong M1 matrix element with an accuracy of
~+20%.

(2) M2/E1'mixing vatio for the 1~ —~3* transition.
The measurement of the E3/M2 mixing ratio de-
scribed in Sec. III represents the first step
towards obtaining the M2/E1 mixing ratio. The
experiment, suggested in Sec. II, to measure the
M2/E1 mixing ratio in terms of the E3/M2 mixing
ratio is an extremely difficult one. However, it is
the only means available to help determine the
sign of the parity-mixing matrix element which it
is important to know in order to most fully test
different weak interaction models. In addition, if
the parity mixing is very small, the only possible
measurement may be an asymmetry measurement
(if a reasonable polarization transfer reaction can
be found) in which case this mixing ratio is nec-
essary for a quantitative interpretation of such a
result.

Our shell-model calculations give quite good ag-
reement with the electromagnetic data available on
21Ne. Some of the weaker E1 and M2 matrix ele-
ments are very sensitive to the precise details of
the calculation. The M2 matrix element on which
the important mixing ratio x, depends is in this
class of matrix elements. The parity-mixing ma-
trix element, on the other hand, is relatively
speaking much larger and displays less sensitivity
to the finer details of the calculation. This is true
for the individual isoscalar and isovector contri-
butions and should hold for the full matrix element
provided that the relative sign of the isoscalar and

" isovector contributions is indeed positive. The
most important improvement to be made in the
calculation of the parity-mixing matrix element
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is to perform it using the two body PNC interac-
tion. Clearly, it is also desirable to study the
sensitivity of the parity-mixing matrix element to
further increases in basis size and to variations

in the effective interactions and single particle en-
ergies. For example, there is a 12% component
of (24) symmetry in the 3* wave function. (see
Table I) which suggests that configurations with
(34), (15), and (23) symmetry should be added to
the $~ basis (at least in perturbation theory). Also, .
in this paper our attention has been directed
towards small components in the 3~ wave function
which can connect via the &+ P operator to the dom-
inant 0Zw components of the 3* wave function; we
should also consider on the same footing small
27w components in the 3* wave function which can
connect via the same operator to the dominant 17w
configurations in the 1~ wave function.

We note that the G+ D operator, and presumably
the more fundamental two-body PNC interaction,
may be classed with the E1 and M2 operator,
which also depend on a single coordinate or mo-
mentum. Its largest matrix elements will, there-
fore, not in general be between two low-lying
states. This limits the precision with which we
can hope to calculate parity-mixing matrix ele-
ments. However, the parity-mixing matrix ele-
ments in '®F, F, and ?!Ne appear large enough
that the reliability of the calculation should be
comparable to that for the stronger M2 matrix
elements. '
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