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1. INTRODUCTION

The existence of neutral currents other than the familiar
electromagnetic currents was predicted as early as 1958 by
Bludman,! who constructed a model based on a local SU(2)
gauge symmetry. This model incorporated both the charged
(entering the B-decay interaction) and neutral currents. The
space-time structure of the neutral currents in this first model
was of a pure vector minus axial-vector (V—A) type. Thus,
they could not be identified with the electromagnetic cur-
rents, which are of a pure vectorial and parity-conserving
type. There was no unification with electromagnetism in
Bludman’s model. A model truly unifying weak and electro-
magnetic interactions incorporating two kinds of neutral cur-
rents (electromagnetic and weak) was invented by Glashow?
and by Salam and Ward.> This model is the SU(2)®U(1)
model. As it is stated in this last model, there is no mecha-
nism for the mass generation of the intermediate vector
bosons. Thus, the relative strength of weak neutral-current
interactions to that of charged-current interactions is a com-
pletely free parameter. This problem was settled by
Weinberg,* who incorporated the idea of spontaneous break-
down of local gauge symmetry>® into the SU(2)®U(1)
model. An analogous mechanism was proposed by Salam.’
The mass of the intermediate boson (Z) that mediates the
neutral current is related in a definite way to the mass of its
charged counterpart (W). The above relative strength was
therefore fixed once and for all in this version of the
SU(2)®U(1) model, predicting in this way the structure of
the weak neutral currents (as a mixture of vector and axial-
vector currents) and its strength of interaction. Thus, the
SU(2)®U(1) model became a single-parameter (sin? 6y)
theory. With the discovery of neutral current in 19738 this
standard SU(2)®U(1) field theory stood out as a strong can-
didate for a unique theory of electroweak interactions. In the
following years great progress was made in understanding
the weak NN interactions, especially after the experimental
detection®'® of W= and Z° bosons, the mediators of the weak
force.
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The weak interactions between the nucleons, and espe-
cially those components with a dominant contribution of the
neutral currents, can be studied only when the strong and
electromagnetic interactions between the nucleons are for-
bidden by a symmetry principle, such as flavor [i.e., strange-
ness (S) or charm (C)] conservation. According to the stan-
dard theory, the neutral-current contributions to AS=1 and
AC=1 weak processes are strongly suppressed'"'? and,
therefore, the neutral-current weak interaction between
quarks can only be studied in flavor-conserving processes
which can be met in low-energy nuclear-physics processes.
The isovector part of the charged-current weak interaction is
suppressed by tan® 6,'"'2 where 6, is the Cabibbo angle;
therefore, the isovector part of the weak interaction contains
mainly the neutral currents. Thus, the PNC nuclear-physics
processes determined by an isovector parity-mixed doublet
are very important for studies of the neutral currents.

The search for parity nonconservation (PNC) in complex
nuclei, and especially in cases where an enhanced effect is
expected from the existence of parity-mixed doublets
(PMD),">™* has a long history. The enhancement of any
PNC effect is predicted by several factors, the most impor-
tant being the small level spacing between states of the same
spin and opposite parity in the compound nucleus involved.
The second one arises from the expected increase of the ratio
(f ) between parity-forbidden and parity-allowed transition
matrix elements caused by the nuclear structure of the states
involved. Usually, such enhancements are offset by corre-
spondingly large theoretical uncertainties in the extraction of
the PNC-NN parameters from the experimental data. As a
matter of fact, the same conditions which generate the en-
hancement complicate a reliable determination of the nuclear
matrix elements, theoretically. Therefore, it is necessary to
select exceptional cases, in which the nuclear-structure prob-
lem can be solved. This is the case for closely spaced dou-
blets of the same spin and opposite parity situated far from
other similar levels. In this case the parity impurities are well
approximated by simple two-state mixing, which simplifies
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the analysis and isolates specific components of the PNC-NN
interaction. Bearing in mind that for PMDs the ratio
Mpno/ AE (which estimates roughly the corresponding PNC
effect) is usually of the order of 1072 for AE=1.0 MeV, we
can define a specific enhancement factor: F =10%
X (Mpno/AE)Xf, where f is the ratio of the decay (forma-
tion) amplitude corresponding to the small-lifetime (large-
width) level to that of the large-lifetime (small-width) level.

The effects related to the PMD should help to determine
the relative strengths of the different components of the PNC
nucleon—nucleon (PNC-NN) interaction.!*"!¢ Owing to the
generally small values of most of the terms contributing to
the PNC matrix elements, PNC in the low-energy nuclear
spectrum should essentially involve the strength of the
nucleon—nucleus weak force. As weak interactions do not
conserve the isospin, this strength can be characterized by
two numbers, relative to the proton and neutron forces, re-
spectively, or, equivalently, to its isovector and isoscalar
components. Moreover, the main contribution coming from
the isovector part is assumed to be due to the one-pion ex-
change term (the long-range term), while the main contribu-
tion coming from the isoscalar part is assumed to be due to
the one p-meson exchange term (the short-range term). At
present one cannot devise any experiment that would be sen-
sitive to other contributions to the weak hadron-hadron in-
teraction potential. Therefore, in principle two independent
experiments should be sufficient for the determination of the
above nucleon—nucleus weak forces. They may be those
looked at in '°F, whose theoretical analysis'®**? shows that
it is dominated by the strength of the proton—nucleus weak
force,? and in '®F, which is well known to be dominated by
the isovector part of this force. The first effect, which is
observed experimentally,'®! is accounted for by the ‘‘best
DDH values’'? of the meson—nucleon weak coupling con-
stants. The second one is not, although it is compatible with
the largest range of their expectations. Several cases have
been proposed theoretically, but only a few of them have
been experimentally investigated; only the 18 experiments
(average of five investigations®~3; Ref. 16) give a reliable
upper limit (i.e., =1077) for the weak pion—nucleon cou-
pling constant. The result is not in contradiction with the
predictions of Refs. 13—15, especially if one takes into ac-
count more sophisticated recent shell-model calculations,?>*
which indicate values for the circular polarization much
smaller than =10"*, In addition, if one takes into account the
analyzing power (=2-10"%) (Ref. 17) of the Compton pola-
rimeters, this would require a precision =1.2-107° in the
counting asymmetry, and it might be very difficult to main-
tain systematic errors below this limit. Therefore, additional
investigations are necessary, especially with independent ob-
servables.

This goal was a challenge in the past 15 years. Several
pairs of experiments have been proposed in order to separate
the isoscalar contributions of the PNC weak force from the
isovector ones. Among them we mention the cases presented
in Table I.

The above selection could be reasonably due to the fact
that the shell-structure problems, for one nucleus or for two
adjacent mirror nuclei in selecting the relative weight of the
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isovector and isoscalar terms entering the structure of the
PNC weak force, should not be too different. Unfortunately,
the lack of such “‘pair’’ experimental data does not allow us
to extract with high accuracy the isovector and isoscalar
components directly from experiment.

Investigating the PNC meson—nucleon vertices within
the framework of a chiral effective Lagrangian for , p, and
 meson exchange and treating nucleons as topological soli-
tons, the weak 7N coupling constant (k) is found" to be
considerably smaller [(2.0)-10%] than the standard quark-
model results [(1.3)-1077],'4 both restricting the often used
Desplanques, Donoghue, and Holstein (DDH) values'® sig-
nificantly. Such a controversy stimulates us to investigate
experiments sensitive to 4, with greater interest.

2. NATURE OF THE HADRON-HADRON WEAK
INTERACTION THAT VIOLATES THE
PARITY-CONSERVATION LAW

In 1957, the same year that PNC was discovered in 8
and u decay, Tanner’ reported the first research concerning
parity violation in the hadron—hadron interaction, namely,
the parity-forbidden a decay of Ne [®Ne (J"T=1%0,
E,=13.19 MeV)—'"%0+q,]. This was followed by the
Feynman—Gell-Mann®® universal current—current theory of
weak interactions, which predicted, in addition to the known
weak processes of B, w, and hyperon decay, a weak parity-
violating interaction between nucleons, which was experi-
mentally established by Lobashev and his co-workers.568!

According to the standard SU(2)®U(1) theory of elec-
troweak interactions and quantum chromodynamics (QCD),
the nuclear PNC effects arise through weak emission and
absorption of the gauge bosons W™ and Z° by the quarks in
the hadrons. Actually, owing to the large masses of the
gauge bosons, this elementary weak interaction is of ex-
tremely short range. On the other hand, at low energies the
nucleons are prevented from coming close together, owing to
the hard core in the strong nucleon—nucleon potential. A
gauge boson emitted by a quark is subsequently absorbed by
a quark belonging to the same nucleon. Therefore, exchange
of a gauge boson between distinct nucleons is a highly im-
probable process. As a result, the nucleon passes into an
excited state of quarks, which, at low energies, can be rea-
sonably assumed to be a meson—nucleon state. The meson
appears to be emitted by the nucleon through a weak PNC
process, with an effective coupling constant which includes
all the elementary weak (h‘A7 ) and strong (g3 ) interac-
tions of the quarks that contributed to the emission. The PNC
process in nuclei arises, therefore, through weak PNC emis-
sion and absorption of low-mass mesons (7, p, and w) by the
nucleons inside the nucleus, neutral scalar mesons being ex-
cluded by CP conservation.'67:82,

The magnitude of the weak interaction can be estimated,
e.g., from the charged weak Hamiltonian:'”

Hy=g* f dPx,d3xy jH(xy)e Mwralne T (x)). (1)

The mass of the W boson is very large, and the associated
length is very short, at the nuclear scale: My=80 GeV,

O. Dumitrescu 626



My'=2-10"fm.>'® One can therefore
e Mwn2"i2 by a 6 function, and Eq. (1) gives

approximate

=£ 3y d3x, ™ it
Hy 7 d’xydxy jH(x1) ), (x2) (2

with G=4mv2g* My, ; thus, the weak coupling constant is
of the order of h~g/My, .

In the low-energy regime of interest to us, the hadronic
weak interaction can be described by a phenomenological
current—current Lagrangian®>*?

My

2
- " T
MZ cos oc) JN JN+ H.C.) N (3)

G
L= EF (ﬁc Jo+ 2(
where J- and Jy are the charged and neutral currents, re-
spectively, and

G F ma
— =7 3 4
V2 2My, sin® Oy
in which a=e%4 is the fine-structure constant, My, and M,
are the masses of the heavy W* and Z bosons, respectively,
and 6. and 6, are the Cabibbo and Weinberg angles, respec-
tively.

The charged current J ~ has two components:

Je=cos B¢ JO+sin 6. T, Q)

The superscripts 0 and 1 stand for the isospin transfer (AT).
The neutral current J, also has two components, J2 and J},
which transform as AT=0 and 1, respectively. All the com-
ponents of the charged and neutral currents, except the J -8
component of the charged current, transform as AS=0,
where S is the strangeness quantum number. The component
JL is not very important because it is suppressed by
tan 20C.“"2 On the other hand, the AT=1 neutral-current
contribution is not suppressed. Therefore, on these simple
grounds, we expect the neutral current to dominate the
AT=1 PNC nucleon—nucleon interaction. However, the
strong interaction can significantly alter the PNC matrix el-
ements, so that this qualitative isospin argument may not
always be valid.

The earliest experiments®' have used the knowledge of
low-energy nuclear interactions and looked for the very
small (=~1075) parity mixing of levels at the magnitude ex-
pected on the basis of previous studies in the language of
meson exchange.”*

It is well known that the parity-conserving (PC)
nucleon—nucleon force can be described reasonably well in
terms of a coherent superposition of diagrams for meson ex-
change. In a similar fashion one generally represents the
PNC-NN potential in terms of a sum of diagrams involving
exchange of a single meson between pairs of nucleons. There
is an important difference in this case, however, in that one
meson—nucleon vertex is weak and one is strong. Insofar as
CP violation is negligible,82 the PNC—-NN potential is deter-
mined by 7, p, and w exchange.

Since the strong coupling constants are empirically
known, one finds a form of the PNC-NN potential in terms
of seven weak coupling constants (hAT ). All the physics of

meson
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W and Z exchange between the quarks of the nucleons
and mesons is hidden inside these weak coupling
constants.'>~!3% The shape of this PNC interaction potential
is determined by the nature of the exchanged meson.

Coming back to the approaches to get a handle on the
weak coupling constants (k31 ), some comments could be
in order here.

Within the standard model, one needs to calculate the
weak meson—nucleon vertices. Only a few calculations
based on the quark model (Refs. 13, 14, 58, 59, 61, and 62)
exist. In Refs. 13 and 14 the authors employed an SU(6)
quark model to calculate six weak meson—nucleon coupling
constants (héfson): hg,”,hﬁ,o) ,hf,l),hg),hf,?) ,hfl,”. These cal-
culations start from the observation that there are essentially
three types of diagrams, which can be categorized as factor-
ization, quark-model, and sum-rule contributions.
Renormalization-group techniques and baryon wave func-
tions based on phenomenological models are needed to
evaluate them. This introduces a variety of uncertainties
(=300%), which lead DDH in Ref. 13 to introduce a ‘‘rea-
sonable range’’ for the values of the weak meson—nucleon
coupling constants. In particular, the weak pion—nucleon
coupling constant (k,) is very sensitive to these uncertain-
ties; for instance, the values of 4, differ by a factor of 3 in
Refs. 13 and 14, whereas A plw) are more stable. In addition,
recent QCD sum-rule applications lead”® to the estimate
h2)~(3.0)- 10%. QCD sum rules have been shown to be able
to reproduce known properties of the nucleon (e.g.,
My, i, ,84) and of other hadrons.* However, they have
rarely (if ever) been used to predict unknown properties,
such as the value of h(,}).

By using a nonlinear chiral effective Lagrangian which
includes 7, p, and @ mesons and treating nucleons as topo-
logical solitons, Kaiser and Meisner'> obtained values for the
strong and weak meson—nucleon coupling constants slightly
different from the results in Refs. 13 and 14. The largest
discrepancy concerns the weak meson—nucleon coupling
constant 4, which is 20 times smaller than the ‘‘best value”’
given in Ref. 13. Moreover, Kaiser and Meisner'® obtained
in addition the seventh weak meson—nucleon coupling con-
stant ("), with a quite large value, giving a comparable
contribution to the pion term in some PNC processes (see,
for example, Refs. 46 and 47). For comparison, we inserted
in the calculations of the PNC matrix element mentioned
above the coupling constants of the weak meson—nucleon
vertices, h , hp, and A, calculated within different models
of the weak interactions and summarized in Tables II and III.
The first column of Table II contains £{*" obtained by Kai-
ser and Meisner (KM),'S using their model parameters as
follows: the pion decay constant f,=93 MeV, the ‘‘gauge’’
coupling constant g,,,=6, the pion mass m,=138 MeV,
and three pseudoscalar—vector coupling constants (see Table
I of Ref. 15; Table II of the same reference includes the
strong coupling constants as well). The second column con-
tains the often used Desplanques, Donoghue, and Holstein
(DDH)"? “‘best’” values obtained within a quark plus
Weinberg—Salam model. In the third column the fitted (from
experiments) values of h*" given by Adelberger and
Haxton'® are listed. In the last column the values obtained by
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Dubovik and Zenkin (DZ)'* within a more sophisticated
quark plus Weinberg—Salam [SU(2)®U(1)®SU(3).] model
are included. We consider these values as more ‘‘reason-
able,”’ taking into account the fact that they are sustained by
comparison with the experimental data given in the compre-
hensive review of Adelberger and Haxton (AH).'®

The approach of Kaiser and Meissner' is based on the
soliton picture of the baryons, which takes into account im-
portant nonperturbative effects of QCD at low energies. The
fact that the baryons may emerge as solitons from an effec-
tive meson Lagrangian with its intriguing connections to the
chiral anomalies was suggested by Skyrme,® and it has met
with remarkable success in a variety of applications.3>~% The
Skyrme model deals with an effective theory of mesons, spe-
cifically with pions, and how to obtain baryons and their
interactions in such a theory. The broad interest in this model
recently in the theory of strongly interacting particles is due
to speculations that effective theories of mesons may provide
a link between QCD and the familiar picture of baryons in-
teracting via meson exchange. This last picture has proven
very useful in the past for energies up to the GeV region,
because in this ‘“‘low’’ energy domain QCD becomes forbid-
dingly difficult, owing to the rising coupling constants, thus
posing a major obstacle to a satisfactory description of the
dynamical behavior of the elementary quark and gluon fields
of QCD at the relevant large distances. Some nonlinear field
theories may have special solutions (solitons), and this led to
Witten’s suggestion® that baryons may be regarded as soli-
ton solutions of the effective meson theory without any fur-
ther reference to their quark content. This approach includes
two distinct aspects: 1) the relation of the form of the effec-
tive nonlinear meson theory to QCD; 2) the treatment of the
structure of the baryons, which results from the effective
Lagrangians, their interactions among themselves, and their
interactions with antibaryons or with mesons. Fortunately,
the second aspect can be considered quite independently of
an eventual answer to the first question, which is quite diffi-
cult at the moment, because the underlying symmetries and
the restriction to low energies impose limitations on the pos-
sible forms of the effective Lagrangians. Most of the results,
it is assumed, will not depend on the specific details of the
chosen Lagrangian at all, but will simply reflect symmetries
and the fact that baryons are considered as soliton configu-
rations in the basic meson field theory. Of course, not know-
ing the true effective theory, we cannot expect quantitative
agreement with the experimental data; however, if the whole
concept is to make sense, we should certainly expect that
essential features of baryon structure and interactions should
at least be qualitatively reproduced. In addition to the above-
mentioned sources of uncertainties in calculating the weak
meson—nucleon coupling constants (/4 eson) the chiral soli-
ton treatment of the problem, in spite of its nonperturbative
aspect, contains other shortcomings such as a simplified
quantization procedure, leading to higher masses and strong
coupling constants for the nucleons, and restrictions to the
two-flavor sector, the three-flavor sector being more appro-
priate because of possible strangeness admixtures in the pro-
ton wave functions.

Such a controversy greatly stimulates the investigation
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of possible experiments sensitive to the value of h(,f) .
The usual PNC-NN potential?® has the form

Hpe= 2

AT, s=mp,0

vian= 3

F][(&T T
AT.k,s=m,p,0

k,s
(6)

where the terms VENC(AT) are different meson contributions
to the total PNC-NN potential (H pyc):

1
PNC _ —
V. (AT=1)= " ghS s

VoNUAT=1)=— 1 g h LAD - Fip+ (1+m,) 0],

Vo AAT=1)=— 7 g a0 [0+ 0+ (1+p,)f0)]
PNC

Vp' (AT=1)=— % gph;lr)f(o,lg s

VPNC(AT=0)= _gph(O)(( 1+u,) +f§‘(')))+f(o))

V' (AT=0)= =g hQ((1+ ) FO+150)
1
VINC(AT=2)=— ™" 8o P((1+ p, ) f2)+£5)
in which

1 -
= i[ 7, X T,](0y + 0,) - u(F,my),

05 TIMy

1)_1 .

Ls 2MN(le+Tzz)(Ul‘O'z)‘U(r,ms),
1,_1 s -y e
2 IMy (11, 7m)i(0X03)-u(r,my),

1
1) _
33') 2MN (le

— 1 )(0,+07)-u(F,my),

0)

4,5 —WN (71-T)iloy X 03] 4(F,m,),

0 -> - - - -, >
=231 (71 7(61=62)-5(7my),

60.v)=2M l[O'IXO'g] u(r ms)
=5 o, (61762 6(my),

1
82.\')_ N[37’(1)z’f(2)z_;(1)';(2)]'i[&(1)
X a(2)]-u(F.my),
1
= (D)= 7()- 7)1 [6(1)

- a(2)]-v(r,my), (®)
with
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.. PN 1

u(r,ms)=[(Pl_P2), rmexp(—msr)]—, (9)

N . - 1

v(r,mg)=1{(p1=p2), 7— exp(—m,r) . (10)
Here

8+ 13.45, gp=2.79, o™ 8-37, ;=;1_;2,

po=37, p,=-0.12.

Recently, it was proposed®® to consider a new parity-
violating mechanism, specific for nucleons bound in the
nucleus, and it was shown that this mechanism generates a
new term in Hpyc, Which is sometimes of the same order as
the above terms. This mechanism consists of weak emission
and absorption of mesons by a single nucleon in the presence
of the strong nuclear field. This PNC process is forbidden for
a free nucleon by time-reversal invariance; it can occur, how-
ever, for a nucleon interacting with a nuclear field. A similar
situation occurs in quantum electrodynamics, where the in-
teraction of a bound electron with the radiation field leads to
a modification of the Coulomb potential, responsible for the
well known Lamb shift.”’

The form of this single-particle PNC interaction poten-
tial depends on the choice of the relativistic potential V#- S
(see Ref. 98),

S=(3Uo—2M*rU;,)- f(r);

VO=(Uo+2M*rjUL)- f(r); Vi=0; i=123,  (11)

describing the external field, and not on the nature of the
exchanged meson. Its expression is

al)’ (U . s
PNC= (—Mz)— (ﬁwstr%){o-p,Af(r)}. (12)
Here p denotes the momentum operator of the nucleon. The
(aT) coupling constants depend on AT : hﬁ,l),hf,"),hf,”,
hf,z),h::,),hﬁ»,hf:) and sometimes on the 73 component of the
isospin. This new PNC term (12) should be added to the
PNC matrix elements with no isospin change and, hence, it
does not contribute to the isovector PNC matrix elements. A
crude estimation of the magnitude of this new contribution to
Hpyc, €.8., from the term containing hf,l), is given as follows.
Denoting the ratio of M lc,lﬂdc(hf,o)) and M E]Eé‘(th)) by R, Ca-
prini and Micu®® found R=24/(9yA*?), where y is an
overall reduction factor due to short-range correlations; this
ratio, for instance, in the case of 4N PMDI, is =1/4.
In view of these results, it may be of interest to recon-
sider meson exchanges other than those permitted by Bar-
ton’s theorem.

3. SHELL-MODEL PREDICTIONS FOR PARITY-MIXING
MATRIX ELEMENTS

The calculation of PNC effects in the nucleus is usually
divided into four parts. The first part belongs to elementary-
particle physics. In this part the weak (hf,,A_T?v) and strong
(gm-n) meson—nucleon coupling constants are calculated
starting from the quark structure of the hadrons and their
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elementary interactions'>!* or by applying effective theories
of mesons and baryons®*~% such as the soliton picture of the
nucleon,’> which takes into account important nonperturba-
tive effects of QCD at low energies. These coupling con-
stants enter as input in the second part of the analysis, where
the quantum fluctuations consisting of meson emission and
absorption in the nucleus are explored and their effects are
expressed as an equivalent nonrelativistic PNC nuclear
Hamiltonian (Hpyc). The form of the PNC interaction poten-
tial (Hpyc) is determined by the nature of the exchanged
meson, while the information related to the weak-interaction
vertex, the most poorly known part, is contained in seven
coupling constants h,(lﬁ,,gn:h(,,l),hﬁ,o),hff),hf,z),hf,l,),h(a?),hg).
In the third part we need nuclear-matter techniques. To com-
pute the PNC matrix elements (Mpyc) of Hpyc between
nuclear wave functions we need to evaluate the short-range
correlations (SRC) (Refs. 90, 91, 99, and 100), which de-
scribe the effect of the distortion of the relative two-nucleon
wave functions at small distances due to the strong repulsive
core in the nuclear interaction. The repulsion punches a hole
in the relative two-nucleon wave functions near the origin,
and this has strong effects on two-body observables, e.g.,
those generated by Hpyc, which is of very short range (less
than 1.5 fm, while the core radius is =0.5 fm). The SRC act
as a renormalization of Hpyc.2? The matrix elements of this
‘‘renormalized’’ potential between nuclear wave functions
are finally evaluated (the fourth part), in order to obtain pre-
dictions for measurable quantities, such as rates of forbidden
transitions (pseudoscalar observables: PNC asymmetries,
analyzing powers, and circular polarizations; or, directly, the
PNC decay rates, e.g., the PNC a-decay rat<=,s,16’l7'22'44 opti-
cal rotation parameters,”! etc.) In particular, the OXBASH
shell-model code in the Michigan State University version
(Refs. 24, 25, 57, 63, and 111-118) is situated along the
fourth step of the above-mentioned program.

In order to determine the range and amplitude of the
PNC observables around the excitation energy of the PMDs,
we have made a shell-model estimate of the PNC matrix
element, using the OXBASH code, which includes different
model spaces and different residual effective two-nucleon
interactions:

Mpnc=(J""T,E(MeV)|Hpnc|J™T', E(MeV))

_ FATPNC 13
AT,k,s§=:1r,p,w e AT.kis (13)

where

M5 = TEMeV)| £ DT Ey(MeV)) (14)
are different [see Eq. (8)] nuclear-structure matrix elements
(in MeV).

To obtain the effective two-body interactions (ETBI) we
can use, e.g., the G-matrix method (Refs. 73-75 and 99—
103) by solving the generalized Bethe—Goldstone” or
Bethe—Faddeev'® equations. The method is iterative:'!

1) first, a complete set of single-particle (s.p.) states is
chosen (in the OXBASH code, s.p. oscillator states are cho-
sen);
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2) the reaction G-matrix is then calculated, and a first
iterated ETBI is obtained;

3) the Hartree-Fock (HF) equation with this ETBI is
solved, to yield a first iteration of the occupied s.p. energies
and wave functions;

4) the generalized Bethe-Goldstone and Bethe-Faddeev
equations are solved in order to establish the unoccupied-
state potential;

5) the Schrodinger equation for the unoccupied s.p. en-
ergies and wave functions is solved;

6) the unoccupied s.p. basis is orthogonalized to the oc-
cupied s.p. states found at step 3, to give the first iteration for
the unoccupied s.p. states.

Having in this way a complete set of first-iterated s.p.
states, we repeat a second cycle starting with step 2. After a
number of iterations, depending on the quality of the first-
chosen s.p. basis and the G matrix, we obtain the last-iterated
s.p. basis and the ETBI.

The ETBI obtained in this way is diagonalized in the
last-iterated s.p. basis (m scheme) or in a more sophisticated
basis obtained by different coupling and projection
procedures.'!

The ETBI and the s.p.-basis parameters can also be ex-
tracted from experimental data.

Our calculations use both procedures.

In these calculations the ZBM, PSD, D3F7, and SDPFW
model spaces have been used.

Let us denote the shell-model orbits as follows:

orbits: Lsyz 1pan 1pwn ldsp 1day 2510 1fsn 2psn 2P
number: 1 2 3 4 5 6 7 8 9

In these calculations the ZBM, PSD, D3F7, and SDPF
model spaces have been used:

model space filled orbits valence orbits
ZBM 1,2 3,4,6
PSD 1 23,456
D3F7 1,2,3,4 5,7
SDPF 1,23 4,5,6,7,8,9

The abbreviation ZBM should be understood as the
Zucker—Buck—McGrory model space.”® In Ref. 76 the
single-particle energies were fitted to the values obtained
from experiment, and the two-body matrix elements (TBME)
were identified with Kuo and Brown G-matrix elements (the
F interaction is abbreviated as ZBMI).”>’"7> Within the
ZBMI we are dealing with the same model space as above. A
fitting procedure for two single-particle energies and for 30
TBME in the mass region A=13—-17 was performed (the Z
interaction).”’%”” REWIL makes a 33-parameter fit to the
spectra in the mass region A=13-22."% In the ZWM and
ZBMO the two-body matrix elements are calculated by using
a Hamada-Johnston G matrix!'? and the Oxford
Avila-Aguirre-Brown® interactions, respectively. The
center-of-mass spurious components in the wave functions
have been eliminated according to the prescription given in
Ref. 118.
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Within the PSDMK the PSD model space is used, and
the interactions are as follows: for the P space, the Cohen—
Kurath interaction;'® for the SD space, the Preedom-
Wildenthal interaction;!% for the coupling matrix elements
between the P and SD spaces, the Millener—Kurath
interaction,'”” which is very close to the G-matrix one.
PSDMWK uses the same PSD model space, and the only
change as compared with PSDMK is that in the SD space the
Wildenthal'!'* interaction is used.

Within the D3F7 model space the single-particle ener-
gies and the two-body matrix elements were fitted. In the
calculations we denoted the different interactions as follows:
HW stands for the Hsieh—Wildenthal interaction,”® WO and
W4 for other Wildenthal interactions as used in Refs. 115
and 114, respectively, and FEPQ for the Federman—Pittel
interaction.''®

In the SDPF calculations of the natural-parity states it
was sufficient to consider the restriction to the sd major
shell.

In most of the cases there are two types of contributions
to the PNC matrix element: one coming from two-body tran-
sition densities (TBTD), if all four orbitals entering into the
two-body matrix elements (TBME) are in the valence
space,” and another from the one-body transition densities
(OBTD), if two orbitals are in the core. For instance, in the
case of %0 PMDI1, the only contribution to the latter comes
from the following matrix element:

((1512)*(1p32) 22512l Hpncll(1512) *(1p3) 2 1p1),  (15)

which turns out to be the dominant one in all the cases de-
scribed above.

3.1. Short-range correlations

Since all the components'>'® of Hpyc are short-range

two-body operators, and bearing in mind that the behavior of
the shell-model wave functions at short relative NN dis-
tances is wrong, it is necessary to use shell-model wave
functions including short-range correlations (SRC) to calcu-

late correctly their matrix elements. The correlations were
included by multiplying the harmonic-oscillator wave func-
tions (with zw=41/A" MeV) by the Jastrow factor:

1—exp(—ar?)(1—br?), a=1.1fm 2,
b=0.68 fm 2, (16)

given by Miller and Spencer.55 This choice is consistent with
results obtained by using more elaborate treatments of SRC
such as the generalized Bethe—Goldstone approachzo’“’67
and should correspond roughly to an NN interaction close to
the Reid soft-core model for the 'S, and *P, components.
Comparison with more recent models of the NN strong
interactions®® indicates that the Miller and Spencer approach
(16) overestimates the effect of the short-range repulsion.
From inspection of the >S, component of the deuteron wave
function, one thus expects that the correlation function does
not vanish at the origin. With the same asymptotic normal-
ization as in (16), it would be close to 0.1 for the Paris
model® and 0.5 for the Bonn model.®® Moreover, the corre-
lation function (16) neglects the effect of the tensor force,
which admixes to the S state a *D; component, which also
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has a short-range character. This effect is large and, depend-
ing on the transition amplitude, is constructive or
destructive.’*’ In the case of the m-exchange contribution,
dominated by the 3P,—-3Sl(+3D 1) transition, it compen-
sates a large part of the short-range repulsion.'*’ On the other
hand, in the case of the isoscalar p-exchange contribution, a
priori dominated by the 'P,-3S,(+°D),) transition, it pro-
vides further suppression.

The above improvements should be incorporated in de-
finitive predictions. We will not do this and will stick to (16).
First, there is no point in playing with different models of
short-range correlations. Second, there are other possible im-
provements due, for instance, to the part of the 27 exchange
contribution not included in the p, to vertex form factors, to
heavier-meson exchanges, etc. Furthermore, the correspond-
ing uncertainties will add to those in the PNC coupling con-
stants themselves. We feel that it is more important to make
predictions that can be compared with other ones than to
multiply them by looking at modifications of rather minor
relevance at the present time. The essential point is that the
PNC potential given by (6) can account independently for
the various contributions expected to dominate at low energy
and which are due to the PNC-NN transition amplitudes
15,-1P, (three amplitudes: pp, nn, and pn, or AT=0, 1,
and 2),38,-3P, (pn, AT=0), and 3S,-*P, (pn, AT=1). A
few clues as to the relevance of these amplitudes will be
given when discussing the results.

By including SRC the PNC pion-exchange matrix ele-
ment decreases by 40—50 without including SRC, while the
p(w)-exchange matrix elements also decrease by a factor of
1/3-1/7.

3.2. The Lanczos technique

The OXBASH code includes a powerful algorithm based
on the work of Lanczos.!®®!® Some of the techniques that
we use might be equally effective for some heavy nuclear
regions and high spin, particularly when the spin is close to
the limiting value in the chosen shell-model space.

The basic tool, the Lanczos algorithm, allows one to find
the extremum (lowest and highest) eigenvalues and associ-
ated eigenvectors of a very large matrix iteratively. With
standard workstations, matrices of dimension =10° by 10°
can be treated in this way. In contrast, standard methods for
fully diagonalizing matrices are usually limited to =10° by
10* (Ref. 110). An even more powerful aspect of this algo-
rithm, due to its connections with the method of moments, is
that it can be used to generate inclusive response functions
and Green’s functions iteratively. Thus, the Lanczos algo-
rithm has proven useful in a wide variety of problems, in-
cluding the nuclear shell model, atomic and molecular struc-
ture, spin lattice problems in condensed-matter physics, and
Hamiltonian lattice gauge theory. In what follows we sketch
the algorithm, especially for nuclear-structure applications.

Consider a Hamiltonian H, defined over a finite Hilbert
space of dimension N, and a starting normalized vector |i,)
in that space. We begin to construct a basis for representing
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by
H|y)=a|y)+Bil¥2)s (18)

where |¢,) is a normalized vector representing that part of
H|i) orthogonal to |¢), i.e.,

ﬁlllﬁz):;l Hy|¢,), a;=Hy. (19)
Proceeding, we obtain

H|yn)=Bilv) + o)+ Bal Y3), (20)
H| )= Byl ) + as|th3) + Bs| a), (21)

and so on. Note that the term S3,|¢,) must appear in the first
line above because H is Hermitian. Note also that |¢/;) does
not appear in the second line above because everything that
connects to H|i;) other than |¢,) is defined as |). Similarly,
H|y,) will contain nothing proportional to |¢,) or |¢). Thus,
H has been cast in a tridiagonal form:

a B 0 O
By a B, O
H= 0 ,32 as ﬂ3 e | (22)

0 0 B35

As an example, within the ZBM’® model space for the
|¢) starting vector one can use one of the vectors

3
|{[<1d5/2>7;n-<2s,,2>;‘;T2]§j;;l;2’-<1pln>7;T3}§§f=*"‘>‘4>

(23)
constructed in an oscillator single-particle basis.

If this procedure is continued for N steps, the full H
would then be in tridiagonal form. However, the power of
the algorithm derives from the information in the tridiagonal
Lanczos matrix when the procedure is truncated after n it-
erations, with n<N. If ‘I’Ei (i=1,...,N) are the exact eigen-
functions of H, then

N N
(Wl ) =2 K| Ve)PE}= 2 AEDE} . (24

The distribution f(E;) (i=1,...,N) can be thought of a set of
N weights f and measures E; (the eigenvalues) characteriz-
ing the distribution of |¢,) in energy, i.e., the f’s determine a
complete set of moments. The truncated Lanczos matrix,
when diagonalized, provides the information needed to con-
struct a distribution g(E;) (i=1,...,n), with E;=~E;, which
has the same 2n+1 lowest moments in E as the exact dis-
tribution f(E;) (i=1,...,N). In other words, the Lanczos al-
gorithm provides, at each iteration, a solution to the classical
moment problem.'®

4. ASYMMETRIES IN RESONANCE ELASTIC
SCATTERING AND NUCLEAR REACTIONS

As a rule, in studying nuclear collisions induced by po-
larized projectiles that populate a PMD occurring in the
compound-nucleus excitation spectrum,®* the largest magni-
tude of the PNC effects can be observed,*! %% for a projec-
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tile energy around the member of the PMD having the small-
est (Fz“‘a") partial width (a narrow resonance).

In the vicinity of this narrow resonance the PNC analyz-
ing powers [A; and A, (Refs. 34, 35, 37, 41, 42, and 54) or
alternatively the index L(b), found as z(x) in other studies]
have the following simple expression:

! small small i small -

AL(b)=DL(b)§F E-F +§F

Xexp(i( )t denc))- (25)

where

| M pncl I e
F:mal] |CrLwyl (26)
c

Dy)=2
He) ! i 1
E—E"+ - [ee

and

l(E_Elarge+ _;_ Flarge)

/F largeF small

. L(b)
Criny=|Crip|eli¥rc )= (27)
(b) (b)

The quantity

3,P{(cos )[Z,ch(L(5))iC(0)T+ 32 bty n(L(B)) (Tt ¥ +T%1,)]

2IPI( cos 0)zmna£nntmt:

is a function of the PC transition matrix elements only [for L:
k=0; for b: k=1; and, e.g., for the proton channel (p) we
use the notation f,= T::,Cs,pll s, ) €xp(i&ps—&pps1))- The coef-
ficients af,f),(L(b)), bf,fl,(L(b)), and cf,”(L(b)) are simple
specific values of the geometrical coefficients for the case
that we are investigating (Refs: 34, 35, 37, 41, 42, 54, and
55).

The largest energy anomaly (AA, ), i.e., the distance
between the minimum and the maximum of the PNC analyz-
ing powers of the excitation function in the vicinity of the
narrow resonance level, is equal to the quantity D, ) defined
above and does not depend on the PNC matrix-element
phase ¢pyc or the PC-quantity phase ¢y, =t

—n0
DL(b)_DL(b) AT, s=m.p,w

> vf”C(AT)‘

N AT) 5 4 (AT
_DL(b) A;{ . th.s )M;c,s ) > (28)
where VENC(AT) (in eV) are different meson contributions

to the total PNC shell-model matrix element. The F; ; in
units of 1075 are given in Table III (see also Table II of Ref.
23). The M ; are nuclear-structure matrix elements in units
of MeV.

The quantity D{J), (in eV™") is given by

P\ [T
E_Elarge+ 5 Fla:ge) Fm lCL(b)l'
p

(29)

0 _
DL(b)—

4.1. Parity mixing in "N

In the excitation spectrum® of the '“N nucleus there are
two PMDs lying at 8.7 MeV and 9.3 MeV excitation energy
(see Table I).

The difference between the two PMDs is that PMDI1 is
essentially of the isoscalar type, while PMD2 is of the is-
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ovector type; hence, we have an interesting case for seeking
neutral currents in the structure of the weak hadron—hadron
interaction.

There has been only one experiment on PNC effects in
the N nucleus. In the following we try to explain this
Seattle—Madison® experiment on the PNC effect around the
first PMD in "N, investigated via "*C(p,p)'*C resonance
scattering. The only possible measured quantity was the lon-
gitudinal analyzing power. The experimental apparatus was
developed with symmetry and stability as major design con-
siderations. The maximum count rate attainable for this ex-
periment was governed by the 3.8-keV width of the 0*1
resonance, since the optimum target thickness is of that order
and the maximum current on the target was less than 1 uA.
The experiment could be performed by counting the scat-
tered protons individually (expected rates less than 1 MHz).
Since the elastic scattering is the only open particle decay
channel, the detector resolution was sacrificed for speed.
Thin plastic scintillators mounted on 5.1-cm PMTs were
used. The relevant features of the detectors are: ~10 nsec
pulse width, ~25-30% resolution, a stiff base current to gain
stability, robustness toward radiation damage, and large solid
angle. There was a fourfold (left-right, up—down) detection
geometry with eight detectors azimuthally symmetric about
the beam axis, four at 6,=35° and four at #,=155°. The
maximum PNC signal was expected to be the difference
A;(6,)—AL(6,)=A.(b—f) (the back—front PNC signal). In
such a detection scheme there should be small systematic
asymmetries due to position and angle modulations that
may be correlated with the beam helicity reversal. The back—
front PNC signal gives a self-normalizing system and desen-
sitizes the detector to small target-thickness variations. A
target rastering device is used in order to desensitize the
detectors to the target irregularities. The long-term correction
capabilities, for a typical two-week run, lead to the fact that
the transverse asymmetries are kept to a level of
PyA;<2-107°. Because of the energy modulations due to the
beam helicity reversal, the measured sensitivity was
SAL(b—f)I 6E =9-107%/eV; a statistical accuracy AE=0.2
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TABLE I. Several studied parity-mixed doublets.*® Here E; and T'; are the excitation energies and total widths of the PMD levels, f is the ‘‘small’’
enhancement factor due to the parity-conserving sector, F is the *‘big’’ enhancement factor that incorporates the PNC matrix element (M pyc), and Q.y, is the
measured pseudoscalar observable (analyzing power, circular polarization, or gamma asymmetry as explained in the cited references). All the experimental
data are taken from Refs. 64 or 132 except those for '®°Hf and 2**Th, which are taken from Refs. 131 and 125, respectively. The estimations for the PNC
matrix elements, if not specified, are performed within the OXBASH code.5> Exact calculations are not possible in some cases because the isospins and
sometimes the spins of some lower-lying states are not known, or the OXBASH code has not quite such good interactions for those cases. In the %Cl and *°Ar
cases, within the D3F7 model space (see Ref. 46), the single-particle contributions to the total PNC matrix elements vanish. Within a larger model space, these
contributions are included and such calculations show larger PNC matrix elements (see Sec. 5.4).

E 1 E 2 l-‘l T 2 14 F Qexg
Nucleus JIT, J3iT, (MeV) (MeV) (keV) (keV) f V) (10%) (107) Refs.
1B 270 2*1 5.1103 5.1639 1.2 0.002 244 0.1 46 17
BN %~ %+ 15.065 14.05 0.86 165 14 0.9 =~]
BN g- %+ 117 11.53 115 430 1.7 0.9 =1
14N 071 0*1 8.796 8.624 410 3.8 10.4 1.04 6.3 0.86 56, 16
14N 270 2*1 9.3893 9.17225 13 0.135 9.8 0.5 2.5 38
N 27) 2% 11.67 11.51 150 7 4.6 0.5 1.5
50 ¥ A 9.609 9.527 8.8 280 56 0.2 =15
2.
5N %- %+ 11.2928 11.437 8 414 23 0.8 =13
0 271 2%0 12.9686 13.020 1.6 150 9.7 0.1 1.9 34
150 1*1 170 16.209 16.20 19 580 55 0.1 2.5 4
0 %- %+ 6.862 6.356 <1 124 =11 0.6 =
70 'y L 7.99 7.956 270 90 1.73 0.3 =15
3 070 0*1 1.08054 1.04155 27.5 ps 2.55 fs 112 0.37 103 80 16
3 2" 2t 6.809 6.811 88 3 5.4 0.5 130
g -1 11 0.109844 0.0 0.85 ns 11 0.46 46 -7.1 16
2 2 2 2
YF 31 3+ 1 1.4587 1.554 90 5 43 0.4 1.7
2 2 2 2
20Ne 170 1*1 11.240 11.2623 175 =1 =0.5 =25
20Ne 271 2*0 11.601 11.885 46 =1 =0.8 =0.8
Ne 170 1*1 13.461 13.484 195 6.4 5.5 0.2 5 150 31
2INe 1+ 1 -1 2.795 2.789 7.6 fs 117 ps 296 0.006 29.6 0.8 16
2 2 2 2
Na st 1 5-1 3.9147 3.818 8 fs 90 fs 6.8 0.3 3.0 30
2 2 2 2
op 2*1 270 4.1826 4.1436 32 fs 42 fs 14 1.0 36 30
3%p 2*1 271 7.284 7.224 4.5 =1 =0.1 =02
30si 2*1 270 6.537 6.6414 <25fs 33 fs =115 0.8 =1
%1 2*1 271 1.95921 1.95105 60 fs 2.6 ps 6.6 =0.1 =8 46
3Ar 2t 2 49512 4974 <50 fs 14 ps =16 =0.1 =8 46
180y£ 8~ 8* 1.14161 1.08407 55h 2.18 ps 107 (*) =107° 10° —1660 124
25Th g- 1_23+ 0.324 0.320 1.7 =(0.5 =21.5 125

(*)The branching ratios (ratios of the partial and total gamma widths) are b_=0.1564 for the M2+E3 transition (the minus sign stands for the negative-parity
level of the PMD) and b, =0.855 for the E2 transition (the plus sign stands for the positive-parity level of the PMD), taken from Ref. 131.

eV was achieved with 1.5 days of running time. Several Spin-dependent effects
measurements were taken, giving no clear indication of any  ((g)-(p))-7 <2.5-10"¥/mm -55-107Ymm  <1.4-1077
energy modulation. The measured beam parameters, sensi-  (a)-(p) <6-10"*/mrad 24-107%mrad ~ <1.4-1077
tivities of the apparatus, and false asymmetries are as fol- (g Py)—(e,p,)  ~002mm -6.7-10mm  ~13-107°
lows: (ap)—{a,p,) — 2.0-10"%/mrad —
Systematic contributions to A; from coherent beam modulations Here 7=nominal chamber axis, &=displacement of
Resulting beam on target from the z axis, @=angle of beam on target
Quantity Measured value Sensitivity ng;muy from the z axis, p =polarization vector. Sensitivities are for
E,(lab)=1158 keV, 25 u gm/cm® 1°C target.
Spin-independent effects Fortunately, there exists a ‘‘magic’’ energy at which the
Intensity (A/2I) <5.107* -2.1.1072 <1.0-10°  sensitivity of both the transverse polarization gradients and
Position (5+2)-107* mm —1~1(1;‘/mm22 <12-10"°  the energy modulation roughly vanishes. The resulting lon-
ex:;ﬁi; (ATT) <2.10 —1.7.71.(5).11)113?“l “ <1.5-10°6 giFudinal apalyzing power .is ALb-1) =(0'8_65i 0.59)-107
Energy 0.3+0.6 eV 2-10°%eV (0.6+12)  With an estimated systematic error of 0.24-107".
107 The original calculations (4,~—2.8-107%) on which
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the PMD1 experiment in the '*N system was based lead to an
isoscalar constraint of opposite sign to the DDH prediction®®
and in better agreement with the 'Ne case than the '°F case
when considering the nuclear part of the calculations without
problems. It is interesting that in this case the theoretical
value of the PNC matrix element decreased with time from
1.37 eV (obtained within a restricted REWIL space®), pass-
ing through the Haxton value 1.04 eV [Refs. 55 (addendum),
56, and 127] (within the full %), and to our value 0.5 eV
(within the PSD model space) or smaller.>® Before extracting
a reliable value of the & p0) coupling constant, we must have
confidence in the nuclear-structure and reaction consider-
ations (shell model, scattering theory) used to predict the
PNC effect.

The predictions of the analyzing powers depend on the
models for the nuclear structure and the nuclear-reaction
mechanisms. At present there is no known unique model for
both the nuclear-structure and nuclear-reaction parts at the
necessary level to describe PNC effects. Therefore, when we
calculate the PNC observables by using formulas, such as
those given in Refs. 37, 41, 42, 54, and 55, which should not
depend on the phases of the wave function used, in reality
they will depend on these phases, because we are forced to
apply different models for different quantities in these for-
mulas. As an example, within the OXBASH code we calcu-
late the PNC matrix elements and the spectroscopic ampli-
tudes, but not the scattering phases and the partial widths, for
which we are forced to apply models given by a specific
nuclear-reaction mechanism. For the scattering phases, for
instance, we should incorporate in the optical potential terms
which are not directly present in the OXBASH code, or at
least they may not have the same form (as, e.g., the spin—
orbit term, or they may be tensorial terms). The average field
and the effective residual interactions present in the OX-
BASH code are thus prepared in order to work within a
bound-state basis. It does not contain continuum or reso-
nance s.p. states or more complicated states, such as the con-
tinuum states for two or three reaction fragments. Moreover,
the OXBASH code is based on a s.p. oscillator potential,
which always produces bound states. Some other codes''
are sometimes based on a more realistic Saxon—Woods
bound-state basis; however, the continuum states are also not
incorporated in such codes. The only approach which takes
care of both bound and continuum s.p. states is the shell-
model approach to nuclear reactions;m however, within this
approach the residual interactions cannot be included easily,
and the PNC observables cannot be estimated without incor-
porating the residual interactions in the model calculations.

Using our PNC matrix element (0.5 eV), the agreement
between the experimental and theoretical magnitudes of the
largest energy anomaly (AA; ;) is better; however, neither
in Ref. 55 nor in our work was the contribution from the
recently proposed® s.p. PNC matrix element calculated.

From these calculations we may learn the following
facts: (i) The PNC matrix element is dominated by the hf,o)
term. This becomes three times smaller in the Kaiser and
Meisner chiral-soliton theory than the DDH “‘best values’’
(see Table II for a comparison with other theories for weak
vertices). (ii) The refinements in the structure part of the
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TABLE II. Weak meson—nucleon coupling constants calculated within dif-
ferent weak-interaction models (in units of 1077). The abbreviations are:
KM=Kaiser and Meissner,"> DDH=Desplanques, Donoghue, and Holstein
““best”” values,'’. AH=Adelberg and Haxton,'® and DZ=Dubovik and
Zenkin."*

rAD KM DDH AH (fit) DZ

A 0.19 454 2.09 1.30
A -3.70 —11.40 -5.77 -8.30
AQ -0.10 -0.19 -0.22 0.39
hf?’ -3.30 -9.50 -7.06 -6.70
h; b -2.20 0.00 0.00 0.00
RO -1.40 -1.90 -4.97 -3.90
A% -1.00 -1.10 -2.39 -220

PNC matrix element have been carefully discussed in Refs.
39 and 56. The new s.p. term proposed by Caprini and Micu
may also reduce the total PNC matrix element. All these
ingredients may reduce the total matrix element by 40%, and
the 1) obtained in Ref. 16 could, in principle, describe the
experimental data.* (iii) A new measurement of the longitu-
dinal analyzing power for this case is necessary in order to
strengthen the conclusions based on the experimental value
of Ref. 56. A new measurement is proposed'?! at an angle
Ocpm=100°, where the quantity o{6cy)-AZ(6cy) (propor-
tional to the measuring time for a defined precision) has a
maximum in the backward region.

The PMD?2 case has other problems. Because of the
small width (0.135 keV) of the 271 9.17225-MeV level, the
energy anomaly of the PNC analyzing powers is a nonzero
quantity in only a very small*! energy range (<1 keV), and it
is of the order of some units above 10~ within the DDH
+PSDMK (Millener—Kurath interaction).'*®® By consider-
ing the 2* PMD in !*N, analyzed via the circular polarization
of 9.3893-MeV v rays, we came to realize that this observ-
able is equal to 1.04-107> in the case of an unoriented 2~
T=0 state and with zero mixing ratios. This value has been
obtained by calculating, within the OXBASH code
(Millener—Kurath interaction), the 9.3893-MeV E1+M2
y-emission probability (2.886-10'2 s™) and the 9.17225-
MeV MI1+E2 y-emission probability (3.036-10'® s™'). The
last value (I',=24.4 eV) is in agreement with the measured
value (F7=7 eV).122 Unfortunately, there is no measured
value for the E1+M2 vy emission. This high value of the
circular polarization can be explained by a high hindered E1
transition, which is isospin-forbidden. This measurement
has, however, a very small probability, because of an almost
100% proton decay probability of the 270 9.3893-MeV state;
however, it could be performed as in the '°F experiment.

4.2. Parity mixing in '°0

The '%0 energy spectrum contains two (see Table I) is-
ovector PMDs,%* one (AE~50 keV) at 13 MeV excitation
energy,>*3 and one (AE~9 keV) at 16.2 MeV excitation
energy.42

These PMDs can be explored by measuring two compo-
nents of the vector analyzing power: A; and A, , for which a
careful theoretical analysis was made, and the results are

O. Dumitrescu 634



APMPI= 1 4.1075, APMP1=09.107° (Ref. 34), AJM?

=(3.2X107%), and APMD2—2.3 1073 (Ref. 42) for large
angles (=150°).

We want to discuss the first PMD in more detail, since it
has been the subject of our group’s special attention®* as the
best candidate for a new isovector experiment. The a; tran-
sition from the J™T=2"1 state in ‘%0 (E,=12.9686 MeV,
I',,=1.6*0.1 keV), populated by resonant capture of polar-
ized protons (E,=0.898 MeV) to '2C (g.s.) was thoroughly
investigated Lheorencally This transition has originally
been mentioned by Bizzeti and Maurenzxg.123 The « transi-
tion is forbidden by parity and, partially, by isospin selection
rules. It can therefore be predominantly described by the
isovector part of the PNC-NN potential (mainly one-pion
exchange), thus being sensitive to the weak mNN coupling
constant hg).

The excitation functions of the PNC longitudinal (A;)
and PNC transverse (A,) analyzing powers are expected
(Refs. 31, 32, 37, 54, 55, and 123) to show an energy
anomaly at the 271 resonance energy due to the interference
of the forbidden (PNC: 271, 12.9686 MeV) and allowed
(PC: 2%0, 13.020 MeV; 171, 13.090 MeV) resonance tran-
sition amplitudes as well as a (PC: 0*0) background transi-
tion amplitude. The level structure of the '°0 nucleus®*
hances the interference effect because of the close-lying (AE
=51 keV) broad overlapping 2*0 state at E,=13.020 MeV
with I',,=150%10 keV.

Following Ref. 44, where a more rigorous approach to
the parity-forbidden alpha decay is proposed, it is possible to
estimate the order of magnitude of the weight of the admix-
tures from different 2¥0 levels in the 271 level as the prod-
uct

Sl/Z_I(EZ 1 E2 0) l<2 II}IPNC12+O>SU2 (30)

where SY2 is an SU(3) alpha-particle amplitude.®® The re-
sults are listed in Ref. 34. From these values we conclude
that the assumption of a parity-mixed doublet (271, 12.9686
MeV and 270, 13.020 MeV excited states in 16O) is justified.
In this case, the expression for the PNC T matrices obtained
by expanding the exact Green’s function®”** to first order
in Hpyc is certainly a good approximation. It is assumed that
the projectile and the target are parity eigenstates. Then PNC
contributions from direct reaction terms are ignored, and
only effects related to the closeness of the two resonances are
taken into account. The resonance parameters for the quan-
tities in the equations for A, are given in Ref. 34.

The parity mixing of the above-mentioned doublet is of
particular interest because:

(1) The mixing is sensitive to the AT=1 components of
Hpye and especially to the long-range part described by
weak pion exchange, taking the quark-model picture. In this
case quantitative information about neutral-current contribu-
tions to Hpyc is expected. Several cases have been proposed
theoretically, but only a few of them have been experimen-
tally investigated; only the '®F experiments (average of five
investigations)'® give a reliable upper limit for the weak
pion—nucleon coupling constant. Taking into account the re-
cent sophisticated shell-model calculation,?* the result is
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not in contradiction with the predictions of Refs. 13-15;
however, additional investigations are necessary, especially
with independent observables.

(2) The polarization observables for the *N(p,a)'*C re-
action provide a favorable way to determine the PNC matrix
elements. The energy anomaly in the PNC analyzing powers
(A, and A,) is magnified by nuclear-structure effects in ad-
dition to the 51-keV energy difference between the levels
involved. The magnification arises from coherent contribu-
tions of the proton and a channels. The quantity C; ) de-
scribes the ratio of the PC T-matrix contribution to the PNC
analyzing powers and the (unpolarized) cross section for the
(p,a) reaction (see Ref. 34). The value of this ratio is about
0.1 in the resonance region, being a measure of the coher-
ence effect. The width of the 271 resonance level is very
small (1.6 keV) and also acts as an enhancement factor. The
ratio F,Z,"/ Ffﬁ has the value 3.4 and is another enhancement
factor, as was pointed out in Ref. 55 (similar ratios of
unnatural- to natural-parity level widths are of the order of
1072 (see, e.g., Ref. 64).

(3) The cross section for the N(p,a,)'?C case is maxi-
mal at backward angles.!?® Moreover, the normal PC analyz-
ing power is negligibly small'? in this energy region for
large scattering angles, which is a favorable situation for
measurement. Furthermore, the a channel can be studied
more precisely than, e.g., the case of PNC elastic scattering
(target impurities, systematic asymmetries due to energy
modulations and transverse polarization gradients,*® reduced
number of a channels, etc.).

(4) The PNC g« transition can be studied via the
BN(p,a,)'2C resonance reaction with two polarization ob-
servables, namely, the PNC longitudinal and PNC transverse
analyzing powers A; and A,. Information about the PNC
matrix element can be obtained independently from the ex-
citation energy of each observable. Up to now, only the
case of the 19F(ﬁ,ao)K’O reaction has been studied
experimentally,’'~>® giving an upper limit’' on the corre-
sponding PNC asymmetry.

(5) The theoretical models included in the OXBASH
code are reasonably good (see Refs. 34 and 35) for the levels
of the above-mentioned 27,2" doublet, since the even—even
180 nucleus is an often used candidate, being well described
by such realistic models. In particular, the (first) excited
J7=2"1 state can be reliably reproduced.

These conclusions are based on the following investiga-
tions. Because of the small proton energy, the angular mo-
mentum can be restricted to /<<2. Together with the spins
and parities of the participating nuclei, the following four PC
transition amplitudes are allowed:

+ _
— — . —7l .

1 =Tye= Tgoo,pw 1=T g10p015
—pl . 72t

13=Tqa10p215 t4=Ta20p11- (31)

Two PNC transition amplitudes are taken into account:

+_

g2t
T\=T20p00 T2=Tro0par (32)
The general form of the PC resonance 7-matrix elements is
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(33)

while the PNC T-matrix elements have the form

m—r i exp(iégis,p,1,5,) N s (0™ " Hpncl/ ™) \/F,Jsltlsl exp(iép,i;s,)

Bls.Bylys;

Here B (B,) stands for @ (p); &u(pyis» E”, and TV" are the
(p) channel phases, resonance energies, and total resonance
widths, respectively; E is the proton energy in the compound

w
system. The quantities Ff,(p),s are taken from
experiments®*!?® if available; otherwise they are expressed

in terms of the OXBASH spectroscopic amplitudes,% geo-
metrical coefficients, and s.p channel widths.

The calculations within the OXBASH code gave the fol-
lowing results:

r,

7—’”{% =2:10% Tly=T! (exp)=100 keV; (35)
1—‘pOl
VF?:;O 2” - _1 o
F =1; l"p20=l"p21=—2-I‘p (exp)=0.495 keV;
21
’ (36)
T2, =T2"(exp)=3.4 keV
pli— % p p)_' ¢ eVv. (37)

It turns out that T, =T,. Contributions from the spin—orbit
potential to the proton channel phases and spectroscopic am-
plitudes have been neglected in view of the low proton en-
ergy (E,=~900 keV).

In the following we discuss the degree of accuracy of the
shell-model calculations within the available OXBASH code
in order to substantiate the opinion that the experimental

results on the PNC analyzing powers of the N(p,a,)'*C
resonance reaction with E,=0.898 MeV can be analyzed
without nuclear-structure uncertainties.

In order to predict the magnitude of the effect and to
check the feasibility of an experiment to measure A; and/or
A, around the resonance energy of the first excited 271 state
in '°0, we calculated the matrix element

(271, 12,9686 MeV|Hpyc|270,13.020 MeV)  (38)

using the OXBASH code in the Michigan State University
version,®® which includes different model spaces and differ-
ent residual effective two-nucleon interactions.

Two different model spaces have been used: the ZBM
and PSD model spaces (see Sec. 3). In order to maintain the
matrix dimensions at a nonprohibitive level, the nucleons
were considered to be frozen in the 1p5, orbit; thus, a fixed
(1s12)*(1ps3/p)® configuration is assumed in all cases. It
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U A i
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(EE +2F )(EE+2F)

. (34)

turns out that at least four-particle—four-hole calculations are
needed'®127128 in order to describe the 2* states in 0.

Five different residual interactions have been used in the
ZBM model space: ZBM I, ZBM II, REWIL, ZWMO, and
ZWM. Two different combinations of interactions have been
taken into account in the PSD model space: PSDMK,
PSDMWEK. While the center-of-mass spuriosity is small in
the ZBM model space, the number of spurious components
is high in the PSD space, but the degree of spuriosity of
every component is small. In PSDMK+CM and
PSDMWK+CM the contributions of spurious components
were eliminated by a procedure analyzed in Ref. 118.

The one-body part [see Eq. (15)] of the PNC matrix
element turns out to be dominant in all the cases described
above.

The TBME have been calculated with harmonic-
oscillator wave functions (Aw=14 MeV is appropriate for
A=16).7

The short-range correlations (SRC) of the shell-model
wave function were implemented by multiplying the radial
two-body wave function by a kind of Jastrow factor (see Sec.
3). Table II of Ref. 35 gives the nuclear-structure parts of the
PNC matrix element, with and without SRC, and, separately,
the single- and two-particle contributions.

Moreover, recent experimental " measurements
showed a relatively strong isospin mixing of the 271,
E,=12.9686 MeV level with the 270, E,=12.53 MeV level
in '°0*. In Ref. 35 it was shown that the isospin impurity of
the 27, T=0, E,=12.53 MeV level in the 27, T=1,
E.=12.9686 MeV level does not change significantly the
results of Ref. 34, i.e., the PNC analyzing powers increase by
~30% if one takes the sign of the isospin impurity as given
in Eq. (1) of Ref. 35.

In these calculations the standard form for Hpyc has
been used (see Sec. 2), with the weak coupling constants
given in Tables II and III. The strong coupling constants are
summarized in the last four columns of Table IT from Ref.
15. The calculated PNC matrix elements for different weak-
interaction models and different shell-model residual interac-
tions are shown in Table IV. As can be seen, the results for
different interactions agree within a factor of 2.5, and no
large suppression appears when the model space is enlarged.
The p and w exchange contributions add coherently to the
total matrix element in every case.>**> The contributions

129,130
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TABLE III. The expressions for the coefficients F{3” multiplying the ma-
trix elements M i_A,” [see Eq. (14)] are noted in the first column. Numerical
values (in units of 1075) are given for the “‘best’’ values of the PNC meson—
nucleon couplings in the DDH approach,'? as well as the values obtained by
Kaiser and Meissner."

F{D KM DDH
1
1)
Ff"’)'—z_ﬁg’h(”” 0.090 2.16
1 0.014 0.027
Fip==18.h, 0066
1 1 0.127
F=— g g,hy(1+n,)
1 -0.014 -0.027
P-4 g
1 0.437 0.480
Fia=— 78,4
1 0.384 0.423
F=— 7 g.h0(1+4,)
0.437 0.480
F{=— 7 g,h0
F(4(_2= —gphg’)( 1+ p,) 4.850 1494
(0= _, p© 1.03 3.
F{)=— g, h¢ 032 180
FO=— g hO(1+ ) 1.038 1.408
F(7(,)u)r= _gwhs‘?) 1.179 1.6
1 0.307 0.0
Ff)2= -7 gphﬁ;l’)
1
Do, 5@ ) .
F)= N 0.886 2,542
1
O P ) . .
FQ)= 2\/'6'g"h" 0.189 0.541

from heavy mesons do not exceed 25% for the DDH, AH,
and DZ cases but increase to 50% in the KM model, reduc-
ing the contribution of pion exchange. If this model is taken
at face value, the chance of observing a trace of h(,,l) is con-
siderably decreased.

Considering the present discrepancies between the DDH
values' and the KM results,' the conservative choice of the
matrix element (27 1|Hpnc|270)=0.1 eV is consistent with
the DZ model'* and is also supported by AT=1 PNC
experiments.'® In this case 75% of the value arises from pion
exchange. The contribution of the new class of diagrams in
the PNC single-particle Hamiltonian recently proposed by
Caprini and Micu®® vanishes for the proposed matrix ele-
ment.

It is essential to compare the predictions of the above
theoretical model with the experimental results for the cross
section and the (regular) analyzing power of the *N(p,@)'*C

reaction. The resonance parameters used for the PC T matri-
ces are taken from the latest compilation. The proton
phases &, have been calculated by a folding procedure, us-
ing a realistic M3Y interaction.** The results are very close
to the Coulomb phases. The @ channel phases and the back-
ground PC 00 T-matrix element 7, =7 exp(i(a)) have been
fitted to reproduce the Legendre-polynomial coefficients for
the cross section and the PC analyzing power of Pepper and
Brown.!?® The expansion coefficients extracted from experi-
ment and from the present investigation (see Ref. 34) show
the quality of the theoretical treatment. The calculation of the
PNC analyzing powers A; and A, has been performed with
the same parameters. The PNC analyzing power shows a
dispersion-like energy behavior around the resonance en-
ergy, whose form depends on the phase difference of the
contributing matrix elements. However, the difference be-
tween the maximum and the minimum is equal to the quan-
tity D, defined in Eq. (26). It is a very important fact that
this quantity depends neither on the phase ¢pyc nor on the
PC phase ¢L(b) of CL(b) .

In Fig. 1 (a,b,c,d) we show on an expanded horizontal
scale the predicted size of the quantities relevant for an ex-
periment designed to determine the PNC matrix element by
measurement of A; and/or A, around the narrow 271 reso-
nance. The information on the modulus of the PNC matrix
element can therefore be extracted from A,y measurements.

On the basis of these predictions an experimental pro-
posal to measure the PNC analyzing powers A; (and A,) in
the N(p.ap)'?C reaction is sketched in the following. At
backward scattering angles the (PC) analyzing power A, is
very small or even zero,'?® whereas the cross section is maxi-
mal in the relevant energy region around E, (2 1)~E,
=898 keV. This situation is favorable for PNC asymmetry
measurements because several PC asymmetry effects, super-
imposed on the PNC observables, are small if A, is small.
Moreover, this advantage coincides with the maximum of the
predicted PNC interference effect in A, [eg.,
AA[(6c=160°)=2.6-10"°]. Although A, is smaller than
A, in many experimental cases, it has a comparable size near
6=90°. However, at this angle the differential cross section

appears to be smaller than its magnitude at large angles.>*
Therefore, and because of the solid-angle restriction in the

A, measurement (detectors only in one reaction plane), the
observable A, is the more favorable one for the realization of
a PNC experiment.

TABLE IV. The PNC matrix element for PMDI in 'O, calculated for different weak and strong interactions. The abbreviations are discussed in the text.

DDH AH DZ

Interactions Va V ) VDDH Vi V ow) vat Vo Vo) yDz
ZBM I —0.287 -0.016 —0.303 —0.138 —-0.028 —0.166 —0.086 —0.021 -0.107
ZBM II 0.660 0.036 0.696 0.306 0.061 0.367 0.189 0.047 0.236
REWIL 0.332 0.017 0.349 0.154 0.290 0.183 0.095 0.023 0.118
ZWM -0.709 —0.037 —0.746 —0.328 —0.064 -0.392 —0.204 —0.050 —0.254
PSDMK —0.381 -0.014 -0.395 -0.176 —-0.029 —0.205 —0.109 —0.022 —0.131
PSDMK+CM 0.304 0.021 0.325 0.141 0.041 0.182 0.087 0.031 0.118
PSDMWK 0.437 0.020 0.457 0.202 0.040 0.242 0.125 0.031 0.156
PSDMWK+CM 0.423 0.025 0.448 0.196 0.049 0.245 0.122 0.037 0.159
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The small width of the 2 level at E,=898 keV requires
a thin N target (AE <1 keV for E, 898 keV), e.g., real-
ized by implanting N ions on the surface of aTi backmg or
preparing a thin Ti'°N target layer, as was done in Ref. 36.
Another possibility is the use of a >N gas target. It has the
advantage that the energy loss in the target gas can be ad-
justed in such a way that one can measure five different
energy points around the resonance energy simultaneously.
In this case up to 20 Si surface-barrier detectors (or parallel-
plate avalanche counters) can be installed in five rings
around a long target gas tube, e.g., at 6 ,,=(135%=24)° or
0L.,=(90%24)°, as well as at lower energies with large solid
angles (0.4<<0.6 sr). The azimuthal angles $=0°, 90°,
180°, and 270° have been chosen to be sensitive for (on-line)
monitoring of spurious asymmetries caused by residual
transverse polarization components of the beam. The scat-
tered particles leave the gas tube through aluminum foils
(12—15 um), which are used in front of the detectors in order
to stop elastically scattered protons and low-energy «, par-
ticles from excited '2C states, providing background-free a;
spectra. The reaction energy can be adjusted precisely by
detecting the 7 rays from the '’N(p,7)'°0* reaction. These
spectra serve at the same time as a monitor for detecting
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carbon built-up products on the entrance foil of the gas tube,
to correct for this time-dependent additional energy loss of
the proton beam. The entrance foil is a self-supporting car-
bon layer of <60 nm thickness in order to minimize the
energy loss and straggling of the proton beam. This is essen-
tial because of the small resonance width of the 2~ level.
Selecting an energy resolution of the polarized proton beam
of ~*0.6 keV, provided by two narrow feedback slit sys-
tems, and adjusting the target gas pressure to ~1.3 mbar, the
measurement can be performed at five energies simulta-
neously within the interval E o — 3 <E <E .+ 3. With an
experimental setup of this type a statistical accuracy of
~0.3-1073 and ~0.5-107> will be reached for A (135%24)°
and A;(90%24)°, respectively, after 48 uA-d of integrated
beam charge, if the helicity of the proton beam is switched
between =P, with P,=0.70. In order to achieve a sufficient
experimental accuracy, the experiment requires a proton
beam with high intensity, polarization, and energy resolu-
tion. Owing to the low target gas pressure and the high en-
ergy resolution restricted by the small resonance width, it is
advantageous to improve the experimental setup by use of a
differentially pumped gas target without an entrance foil.
Investigations concerning the second isovector PMD in
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TABLE V. The PNC matrix element for PMD?2 in '°0, calculated for different weak and strong interactions. The abbreviations are discussed in the text.

KM DDH AH DZ
Interactions vV, Viw) Vet v, Vi) Vet V, Vo) Vi v, Vi) Ve
ZBMI —0.006 -0.012 -0.019 —0.168 -0.012 —0.181 -0.070 -0.024 -0.094 -0.044 -0.018 -0.062
ZBMO -0031 —0033 —0064 —0.748 —0.030 —0778 —0344 —0.059 —0.404 —0214 —0.047 —0261
ZWM —-0.024 -0.019 —0.043 -0.574 -0.030 —0.604 -0.264 -0.034 —-0.298 —-0.164 -0.027 -0.019
REWIL —-0.011 —0.006 -0.018 -0.285 —0.005 -0.291 —0.131 —0.011 -0.142 —-0.081 -0.009 —0.090
ZBMII —0.002 +0.001 -0.002 -0.064 +0.001 —0.064 —-0.030 +0.001 —0.028 -0.018 +0.001 -0.018
160 have been performed in Ref. 42. Within the shell-model W ighe( 0) — Wiea( )

. . — oy ryr
code (OXBASH) with the ZBM model space and different P ,(cos 0)= Wond 0) F Woeg(0) 2 BDF(LL'I'])

. !

interactions (see Table V), we calculated the PNC matrix nght ¢ LL v

element and PNC analyzing powers (A, and A,). The aver-
age value for the PNC matrix element is 0.4 eV. The maxi-
mum in the energy anomaly of the PNC analyzing powers + 8L+ +veven(mfer +efmy 1P (cos 0))
(A, and A,) was found to be some units above the 1073
value considered to be in agreement with the last
measurements,'>>® [see Fig. 2 (a,b,c,d)].

X[Op+1r +v,0aa(mimy +eferr)

x| >, B,I)F,LL'I'I)

LL'v

X[Op+rr +v,even(mikmL’ +el=feL')

5. GAMMA ASYMMETRIES -1
+ 81111 +v0dd(mieL+efmp) 1P (cos 0)

The degree of circular polarization (helicity asymmetry)

of the emitted vy rays is given (see Ref. 133, Chap. 9, §3, Eq.

; . . =(P.)o-R™NC +RFC
9.38)] by a sum of parity-nonconserving (PNC) and parity- (Py)o-R:,™(cos 9) Ry (cos 6), (39)
Yy party g parity
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and the circular polarizations for an unpolarized initial

nucleus with zero and finite mixing ratios,"** respectively,
are
Mpnc by-t_ [E ;
(PPo=2 35 N7, \£7) - ol
1+ 6%
(Py)un=(Py)o" [ETA (41)
Here R};NC is a factor due to the existence of the orientation

of the nucleus in the initial excited state when the mixing
ratios do not vanish, which, for instance, in the case of A =36
gamma transitions is given by’®#47

1+ 6
1+ 6%

X[F,(1122)+F,(2222) 8, 8, + F,(1222)

Y, P,(cos 0)B,(2)

R?(cos )=
v202.4

X(8-+84)] [ D, Py(cos 0)B,(2)
v=0,2,4
X[F,(1122)+F,(2222) 8*
-1
+2F,,(1222)6_]] , (42)

where the coefficients F, are defined by
F(LL'I'I)=(—1)"" 3121+ 1)(2L+1)(2L" +1)]*
X C(LL' v;1—10)W(LL'II;vI"), (43)

in which C is the Clebsch-Gordan coefficient
C(JJyJ3;M M,M3) and W is the Racah coefficient. The
parity-conserving (PC) y asymmetry is given by'*

R"(cos 0)=[ 21,3 P,(cos 0)B,(2)[F,(1122)

+F,(2222) 8% +2-F,(1222)6_ ]]

x{ > P,(cos 8)B,(2)[F,(1122)
v=0.2,4

-1
+F,,(2222)62_+2F,,(1222)6_]} , (49

where
B,,(2)=§ (2v+1)2C(2v2; MOM)p(M). (45)

Here p(M) is the polarization fraction of the M state, which
determines the degree of orientation of the nucleus.

In order to measure a PNC effect, one must find situa-
tions for which the Rl;c part in Eq. (40) vanishes. Two par-
ticular cases have this property: (i) The case of an initially
unpolarized nucleus for which By(2)=1, B,.((2)=0, and
Fo(LL'22)=6;;+. In this particularly simple case P, re-
duces to the well known expression for the circular polariza-
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tion, (P,),,. (i) One may prepare a polarized state by
choosing p(M)= 8y, for which B,_;;(2)=0 and the R}"
part vanishes.

Another observable which measure a PNC effect is the
forward—-backward asymmetry of the gamma rays emitted by
polarized nuclei:

W(0)—W(m—6)

A= WO TW(a—0)"

(46)

This observable has been successfully used in the “°F
case'®! in order to avoid the small efficiency of the Comp-
ton polarimeters when one measures the degree of circular
polarization. If the mixing ratios are small (&, ,6_<1), one
can show that®

A,(8)=(Py)-R5(cos 6). (47)

The angular distribution described by this formula has a
maximum at #=0°3° It has the advantage that the parity-
conserving (PC) circular polarization R‘;C(e) can be mea-
sured experimentally. For all these cases the (P y)0 quantity
essentially describes the PNC effect. In all the above formu-
las @ represents the angle between the emitted photon and the
axis of polarization (if any).

5.1. Parity-mixed doublets in '°F

In the excitation spectrum® of the '°F nucleus there are
two PMDs (see Table I): one at 1.0 MeV (AE~40 keV) and
another at 6.8 MeV (AE~4 keV) excitation energy. The dif-
ference between the two PMDs is that PMDI is of the is-
ovector type and can be investigated via the circular polar-
ization of the 7 rays, while PMD2 cannot be interpreted yet,
whether it is of the isoscalar or of the isovector type, because
the isospins are not experimentally known; however, it is a
very favorable (F=130000; see Table I) case for studying
the structure of the weak hadron—hadron interaction via the
(p,p) resonance scattering or (p,a) resonance reaction.

We want to discuss the first PMD case in somewhat
more detail, since it has been the object of considerable ex-
perimantal and theoretical work. Let us denote the upper
state (1.08054 MeV) (see Table I) by |a) and the lower one
(1.041155 MeV) by |b). The 7y decay of the state |a) to the
ground state (J"T=1%0) includes a parity-conserving (PC)
El transition and a PNC M1 transition. The circular polar-
ization can be expressed as follows:

. Mpexc
Py=2f 25, (48)

where the ratio f of the reduced matrix elements for the
regular decays of the members of the doublet can be deduced
(apart from the sign) from the known lifetimes®* and ener-
gies:

o JET (49)
f_el_ Eyr,

The PMD lifetimes are in the relation 7,(27.5
*+1.9 ps)>7,(2.55+0.45 fs), because isospin selection rules
forbid the E1 (AT=0) transition, but not the M1 (AT=1)
transition. The circular polarization is therefore two orders of
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magnitude larger than the PNC admixture coefficient
Mpno/AE. This is a good example of amplification of the
PNC effect, due to the nuclear structure. The M1 transition
from the state |b) to the ground state is one of the strongest
known MI transitions (10.3%1.5 W.u.), which further justi-
fies the two-level mixing approximation.

The experimental results are:

Caltech—Seattle® 1979 P.=(—0.7+2.0)- 10‘3
Florence>? 1980 P:=( —0.4+3.0)-1073
Mainz™ 1982 P7 (—1.0£1.8)- 10‘
Bini®! 1982 P,=(0.2%0.6)-107

Queens Univ.% 1982 —(0 15+0.55)-1073

If one takes into account the analyzing power (=0.02) of
the Compton polarimeters, this would require a precision
=1.2-1073 in the counting asymmetry, and it might be dif-
ficult to maintain the systematic errors below this limit. The
real value of the circular polarization mentioned above could
be some units above 10~ if we consider the chiral-soliton
approach!® and hence difficult to measure exactly. This
PMDI1 case in '®F could be considered a good example for
the importance of the PNC matrix element given by the
nuclear-model calculations in the first predictions of favor-
able cases. The theoretical value of 0.37 eV (Ref. 16) comes
out to be too large. More sophisticated shell-model
calculations®® show a decrease of the value of the PNC ma-
trix element with increase of the number of valence orbitals,
in agreement with experimental suggestions; however, no
convergence seems to appear.

5.2. Parity-mixed doublets in "°F

We consider, however, the only good experiments with
light nuclei that concern the asymmetry A, in the 110-keV
y-ray emission of '°F with respect to the dlrectxon of the spin
of the (1/2)” 110-keV state, which is produced with large
polarization by the reaction *’Ne(p,a)'°F. In the particular
case of a (1/2)"—(1/2)* transition, A,=A-p((1/2)7),
where p((1/2)7) is the polarization fraction of the parent
state and the asymmetry A(y‘) for total polarization has the
same numerical value as the circular polarization P,.

The experimental results are:

1982
1982

Seattle!®

Zurich!

A)=(-8.5%2.6)-107°
AP=(-4.5+3.6)-107°

The theoretical value of the circular polarization can be
obtained from the formula

)~ +
M e #(l/) IL(II/Z)

T AE (DB
in which the reduced matrix element of the irregular M1
transition depends on the difference of the static magnetic
dipole moments in the ground and the first excited state of
19F. The former is known, u((1/2)7)=2.628 n.m. (Ref. 64),
while the latter can be calculated with reasonable
accuracy'82*135 and comes out to be small, u((1/2)*)=-0.2
n.m. From the lifetime 7=853%10 ps of the 110-keV level®
we can estimate the E1 matrix element, and the small en-

(50)
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hancement factor comes out to be f=11. The circular polar-
ization can then be obtained as (—8.9%1.6)-107>, using
M pnc=0.46 eV,'S in good agreement with experiment.

5.3. Parity-mixed doublet in ?'Ne

One of the best supports for the DDH *‘best’’ values
comes from the study of the parity violation in the transition
127, T=1/2 (2.789 MeV)—3/2%, T=1/2 (g.s.) in 2'Ne. Ac-
cording to the analysis made by Millener et al.?’ and subse-
quently by Haxton et al.,?* the effect should be determined a
priori by the strength of the neutron—nucleus weak force for
its largest part. With the DDH “‘best’’ values of the meson—
nucleon weak coupling constants, this strength is expected to
be small, in agreement with the experimental absence of an
effect in this process. Said differently, the isoscalar and is-
ovector contributions of the nucleon—nucleus weak force,
which add to each other in 19F, would cancel in >'Ne. This,
however, presupposes a sizable isovector contribution, which
is not seen in '®F at the expected level: something must be
wrong.

While the accuracy of estimations of the PNC effects in
light nuclei is not as good as originally expected, one has in
both ®F and '°F some check of the relevant nuclear structure
by looking at the B decay of '®Ne and '°Ne, respectively,
which involve an operator, ¢ p, very close to the one deter-
mining PNC effects in complex nuclei in the single-particle
approximation.'*® There is no possible similar check in 2'Ne.
Only comparison of the different calculations can provide
some information on the reliability of the estimates. While
the studies by Millener ef al.?’ and Haxton et al.’* agree
qualitatively on the fact that nuclear structure favors the con-
tribution of the PNC neutron—nucleus force, a quite different
conclusion was drawn by Brandenburg et al.?® From a com-
parison of results with different strong-interaction models,
they concluded that the isovector contribution, whose sign
was changing with the model, is very sensitive to the de-
scription of the nucleus. In the meantime, this isoscalar con-
tribution was changing by more than an order of magnitude.
In this paper, we reexamine these claims on the basis of new
calculations including the nuclear models that they used. Our
conclusion is opposite to theirs. The isovector contribution is
well determined in sign, while the isoscalar one is not. In
particular, this last contribution may be negligible. In such a
case the parity nonconservation in the transition 1/27, T
=1/2 (2.789 MeV)—3/2*, T=1/2 (g.s.) in >!Ne would be a
process sensitive to the isovector part of the weak force, as in
the transition 0~, 7=0 (1.08 MeV)—1%, T=0 (g.s.) in '°F,
and the absence of an effect at the expected level in *!Ne
could be usefully correlated with that in '°F.

The circular polarization of photons emitted in the tran-
sition 1/27, T=1/2 (2.789 MeV)—3/2%, T=1/2 (g.s.) in
2INe is expected to be dominated by the contribution from
the parity admixture of the 1/27, T=1/2 state at 2.789 MeV
with the 1/2*, T=1/2 state at 2.796 MeV. The relation of the
circular polarization P, to the PNC matrix element
(127, T=1/2(2.789 MeV)|H,,NC|1/2+ T=1/2 (2.796 MeV))

is given by
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TABLE VI. Values of the matrix elements M }A” for different descriptions of the nucleus (in units of MeV). In the first column, the matrix elements are given.
The next columns contain results corresponding to models whose description is given in the text. The results corresponding to the oversimplified model in
which the states 1/2* and 1/2" are described by one neutron occupying, respectively, the 25, and 1p; orbits (with a '>C core) are given in the sixth column.
The last column gives the dominant character of the transition for the component under consideration. For each component the contribution corresponding to
the "2C core is given in the first row, while the second row incorporates the contribution of the valence nucleons.

Valence

Coupling ZWM REWIL neutron Matrix

element ZBMMI (2) (F) ZBMII (2¢) transition

My, 0.1884 0.1579 02310 0.2592 0.733 (s,-*Py)
0.2092 0.1657 0.2557 0.2967

Mg';, 0.0116 0.0097 0.0142 0.0159 0.0451 (3s,-%P)

' 0.0146 0.0114 0.0174 0.0203

M 0.0092 0.0077 00113 0.0127 0.0358 és,-P)
0.0127 0.0101 0.0151 0.0174

MY 0.0116 0.0097 0.0142 0.0159 0.0451 ('So—3Py)
0.0065 0.0059 0.0123 0.0142

ME) 0.0098 0.0082 0.0120 0.0134 0.0380 ('So—3Py)
0.0071 0.0064 0.0120 0.0137

M 0.0086 0.0072 0.0106 0.0119 0.0336 (s,—3Py)
0.0146 0.0095 0.0142 0.0163

M), 0.0110 0.0092 0.0135 0.0151 0.0427 ('So—3Py)
0.0061 0.0056 0.0116 0.0135

M, 0.0091 0.0077 0.0112 0.0126 0.0356 ('So—3Py)
0.0067 0.0060 0.0112 0.0128

MQ) 0.0077 0.0002 0.0083 -0.0112 —0.0676 3(1Sy—2Po)+3(38,—'P))
0.0153 0.0032 —0.0083 —0.0105 - 4

MQ), 0.0004 0.0000 -0.0004 ~0.0005 3(1So—Po)~3(8,~ 'Py)
0.0045 0.0040 0.0034 0.0041 2

MO, 0.0024 0.0001 -0.0026 —0.0035 -0.0213 3(18,—2Po)—(38,~ 'P))
0.0087 0.0047 0.0009 0.0010 - 2

M, 0.0040 0.0001 —0.0042 —0.0057 —0.0346 3(1S,—2Po)+(S,—'Py)
0.0093 0.0030 —0.0033 —0.0045 2

0.7
|P(2.789 MeV)|=(10.5i28) 1072 eV},

[(+,T=1(2.789 MeV)|Hpncl 3. T=% (2796 MeV))|.

(51
The calculation of the weak matrix element has been per-
formed with the standard PNC potential arising from the
exchange of 7, p, and w mesons, together with various de-
scriptions of the effective NN interaction.

We present in Table VI the details of the contributions of
the different components of the PNC potential to the PNC
matrix element (37, T=1/2 (2.789 MeV)|Hpyc|1/2%, T
=1/2 (2.796 MeV)). To facilitate the comparison, we do not
introduce the coupling constants, so that what is given rep-
resents the raw matrix elements

MAD =4, T=1 (2789 MeV)|f4P]5*,

)
T=1%(2.796 MeV)), (52)

where the operators f{\"’ are defined by Egs. (8). For each of
them, besides the total contribution, we give the separate
contribution of the core, presently built by filling its orbits
15y, and 1p5,. It corresponds in the present case to a single-
particle transition involving nucleons in orbits 1p,, and
25,,- As a benchmark, we also give the result corresponding
to a pure case, where the 1/2” and 1/2% states would be
considered as made of one neutron moving in the field of an
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inert core (12C) and occupying, respectively, the above orbits
1p,;, and 2s,,. The comparison with the full calculations
may give evidence for specific nuclear-structure effects such
as depopulation of these single-particle states, pairing, and
possible departures from the single-particle approximation,
together with some suppression or enhancement of particular
contributions of the weak force. In reporting the results for
various strong-interaction models, we paid particular atten-
tion to the intrinsic sign of the weak matrix element (1/27,
T=1/2 (2.789 MeV)|Hpncl1/27, T=1/2 (2.796 MeV)). Ob-
viously, this sign is not measurable, since it depends on the
sign conventions used to describe the states |12=, T
=1/2 (2.789 MeV)) and |1/2%, T=1/2 (2.796 MeV)). How-
ever, the comparison of the signs obtained with different
strong-interaction models may be relevant, and some change
may indicate a strong sensitivity to particular features of the
nuclear description. We therefore carefully examined these
results. The task is not a priori straightforward. One may
imagine, for instance, that the sign of the isovector contribu-
tion is not settled, as stated by Brandenburg et al.,28 while
the sign of the isoscalar contribution would be well deter-
mined, or vice versa. For the strong-interaction models used
here, we found that the signs of the largest contribution (at
the level of the two-body matrix elements) were the same up
to a common phase, leaving no doubt as to the origin of a
difference in sign in the results coming from the computer.
The results presented in Table VI have been corrected so that
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the dominant individual contributions are the same. Differ-
ences in sign between some of these results therefore reflect
differences in the physical description of the nucleus.

Owing to the short range of the operators entering into
Hpye, the estimates of its matrix elements are expected to be
very sensitive to short-range correlations. To take them into
account, we introduced in the calculations the correlation
function of Miller and Spencer,65 for the even as well as the
odd parity components (see Sec. 3.1).

The microscopic structure of the nuclear levels of the
parity-mixed doublet has been obtained by using the OX-
BASH code in the Michigan State University version,®
which includes different model spaces and different effective
two-nucleon interactions.

In these calculations the ZBM model space and the in-
teractions ZBMI, ZBMII, ZWM, and REWIL have been
used (see Sec. 3).

The comparison with the predictions of the PNC single-
particle model (column labeled ‘valence nucleon’’ in Table
VI) shows that the core contribution is suppressed by a factor
3—4 for the isovector part. For some part, this factor arises
from the fact that the 1/2* states and 1/2” states are not
described by pure configurations with a neutron in 25, and
1p,,, orbits, respectively. For the other part, it represents a
pairing effect, which, for the type of operator considered
here, is usually included by a factor u;u—v v ;. Indeed, the
dominant PNC contribution due to the transition
2512 1py, is canceled for =20-30% by the similar, but
time-reversed, transition 1p,,,25,.

The situation is somewhat similar for the isoscalar con-
tribution, but the pairing effect is much more pronounced,
since the contribution of the second transition, 1p,<>25,,
becomes comparable to the first one, and even larger in some
cases, giving rise either to a complete cancellation (ZWM) or
to a change in sign in other cases (ZBMI). The relative
weights of these two contributions have been retained in
classifying the different models in Table VI, those on the left
favoring a proton transition, and those on the right favoring a
neutron transition. In between, there is a possibility of a total
absence of the isoscalar contribution (ZWM), the isovector
contribution being relatively stable and varying by a factor of
1.5 at most.

The examination of the contribution of the valence
nucleons (1p,,1ds,,25,,) is also instructive. As all core
nucleons generally contribute coherently to the single-
particle PNC interaction, one might expect a priori that they
would increase the core contribution. Table VI shows that
this is true in many cases, for the transition >S,—3P, as well
as for the transition 3S,—!P, (after appropriately separating
in this case the contributions arising from the transitions
38,~'P, and 'S,—3P, assumed to dominate). This is not so,
however, for the isovector 'S,—3P,, transition, whose con-
tribution is small (ZBMII) or even destructive (ZBMI). For
the isoscalar 'S,—3P,, transition the situation is much more
contrasted (decrease for ZBMII and increase for ZBMI, for
absolute values), but algebraically the effect always goes in
the same direction. Clearly, the results are very sensitive to
strong interactions in the 'S, and 3S, states, whose relative
strengths in nuclei are not well determined (see some discus-
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sions in Ref. 141 and some other references therein). The
well known pairing correlations between like particles tend
to support the dominance of the first one, whereas the exist-
ence of the deuteron as a bound state in the 3§, channel
indicates that the corresponding force should have the most
important role. As for the core contribution, the dependence
of the results on the transition can be traced back to specific
““‘pairing’’ effects and to a more or less destructive interfer-
ence of the contributions of the single-particle transitions
2s,,—1p ), and the time-reversed ones 1p,—25 ;.

The large variation of the isoscalar contribution with the
strong-interaction model makes it useful to present a few
simple pictures which may occur. Checking how well they
are realized in actual results is not easy, and they are given as
guidelines for future research. The first picture presupposes
that the 1/2* state is given by one neutron in the valence
orbit 25,/,, moving in the field of a core (**Ne), whose 1p,,,
shell is not completely filled. In the single-particle approxi-
mation, the PNC transition from the state 1/2% to the state
1/27 occurs via a transition from the 2s,, neutron orbit to
the 1p,, orbit. It is a particle-like transition. This picture
seems appropriate to describe results obtained with the ZB-
MII and REWIL models.

The other schematic pictures are inspired by the Nilsson
model and presuppose some relationship between the parity
doublets considered here and the one in '°F, where parity
nonconservation gives evidences for the character of a
proton—hole-like transition. The parity doublet in >'Ne might
be obtained by creating holes in the deformed orbits
[220]1/2* and [101]1/2 of ?°Ne, to which two inert nucle-
ons in the orbit [221]3/2* would be added. Two extreme
possibilities occur, depending on whether this pair is in the
T=1 or T=0 state. The first one, where the hole is coupled
to the T=1 pair, so that the total isospin is T=1/2, gives rise
to a result where contributions of the neutron and proton
single-particle PNC interactions are in the ratio 2:1, corre-
sponding to the ratio of isovector and isoscalar contributions,
—1:3. This picture, which apparently underlies the results of
Millener et al.,”” where the role of the neutron transition is
somewhat enhanced (the above ratios are, respectively, 3.7:1
and —1:1.73), has no counterpart here. As mentioned above,
the results for ZBMII, which favor a neutron PNC transition,
correspond to a particle transition and not to a hole one, as in
the calculations of Millener et al.?” To get it, the sign of the
“‘pairing’’ effect for the isovector contribution should
change, as it does for the isoscalar contribution. While the
present calculations give evidence for a well determined sign
for the isovector contribution, it may be that the change in
sign observed for the contribution of valence nucleons in
some cases (isovector transition 'Sy—>P) is an indication
that the picture underlying the results of Millener et al. is not
completely absent from the present results.

Some nuclear aspects of the calculations presented here
have already been discussed. Further comments may be in
order, especially in relation to other studies. Apart from the
sign of the isovector contribution that we discussed at length
above, we essentially agree with the results of Brandenburg
et al.,”® whose models Z and F correspond to the models
denoted here by ZWM and REWIL. The large sensitivity to
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the nuclear model of these results for the isoscalar contribu-
tion, apparently unnoticed, is further confirmed by the
present results for the models ZBMI and ZBMII. The results
of Millener et al.>” were obtained with a single-particle PNC
interaction (const ¢ - p). For many transitions involving low-
energy states, this approximation, possibly corrected for the
finite range of the nucleus, has been able to reproduce the
essential features of more elaborate calculations involving
two-body forces (see, for instance, Ref. 138 and references
therein). It is interesting to notice that the improved calcula-
tions by Adelberger et al.'é for *F, '°F, and *'Ne give evi-
dence for a single-particle transition character, while the de-
scription of these nuclei already reveals a complicated
structure. In the results presented here, the above approxima-
tion still works, but in the range where the core contribution
is the dominant one. Unlike '°F, however, relatively large
departures appear, especially for ZBMI, where the valence-
nucleon contribution gives an increase in some cases [a fac-
tor 2 for the component gphg(l +u,)], and a decrease in other
cases [a factor 1.8 for the component g,k ,(1+,)]. This is
perhaps an indication that >'Ne is in some transition region,
making it more difficult to obtain well-defined predictions.
Further support for this statement comes from the character
of the hole transition of the results of Millener et al. and
Adelberger et al., which is confirmed here only for the isos-
calar contribution (ZBMI and ZWM). Their approach neces-
sarily implies such a structure, since they allow for only one
hole in the 1p,, shell. The absence of a restriction in this
respect in the present calculations leads to a quite different
picture, since the isovector contribution is uniformly of the
particle type of transition. In view of this, the above approxi-
mation appears to be a poor one. This does not mean that the
present results are free from criticism. Studies in '°F and "°F
show that some suppression of the PNC effect occurs, owing
to the deformation of the nucleus, whose inclusion requires
that the particles in the 1ps,, 1d35,, and 1f5, shells be the
active ones (besides the particles in the p,,, 1ds, and 2s,,
shells). The possible transitional character of >!Ne precludes
a statement as to the precise role of these corrections, but a
provisional suppression factor of 3, as in ®F and '°F, seems
quite reasonable. This should be borne in mind when making
the comparison with experiment.

After discussing some features relevant to the nuclear
description itself, it may be appropriate to consider those
related to the weak interaction. The differences between the
p and w exchange contributions reflect the differences used
for the meson masses. Their ratio for terms having the same
spin—isospin structure is roughly given by the factor mf,/mf,
(==0.965 here), corrected for the effect of short-range corre-
lations, which tend to decrease it. For isoscalar contributions,
this feature is more difficult to check, owing to a difficult
isospin structure. As to the short-range correlations, one
would expect that the difference between the contributions of
the commutator and anticommutator terms in the PNC po-
tential reflects the fact that the one for a valence neutron
(column 6 of Table VI) is dominated by S and P NN tran-
sitions. The suppression of some contributions partly invali-
dates the argument, especially for those dominated by the
18y—3P transition, where the P to D transitions acquire a
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relatively larger weight. These last transitions are quite sen-
sitive to the longer-range description of p and w exchanges,
due, for instance, to the coupling of the p to the 2
continuum."® Their mirror role suggests that we forget them
at the present stage of studies of PNC effects. Table VI can
thus be considerably simplified, to be expressed in terms of
four elementary amplitudes:'*” ) and 7} (1S,—°P,, isoscalar
and isovector), i (*S,-'P,, isoscalar), and w (*S,-°P,, is-
ovector), where
M2
M=~ (g h0V+g h ") p— 10.23—[g,h"(1

+u,.)+g,h (1 +u,)] m? .0.27 (53)
/7 80%p v 4am? T

_ M?
MPi=— (g~ 3g,h(") T—s -0.23—[~g,h("(1
7'rmp

+ 1) +3g,800(1 + )] —Miz -0.27 (54)
y PTe ©% 4mm, ’

( ’ (1) :
25— Dy (1) . —
MW= ~(8uha"+ 8o, )4'n'mp 0-23=8phy 4mm,

027+1 A% M 0.11 (55)
e ﬁg”"4wm?," ’ Y

The factors 0.23, 0.27, and 0.11 incorporate the effect of
both the range (important for the 7 exchange case) and short-
range correlations. They may be changed according to the
model of short-range correlations. For simplicity, we ne-
glected the mass differences between the p and w mesons. In
the case of 7 exchange, the factor has been partly estimated
in nuclear matter and incorporates the contribution of the
transitions P—D, D-F, whose destructive role may be
smaller in light nuclei, thus enhancing the 7 exchange con-
tribution with respect to this estimate by 15-25%. The re-
sults are presented in Table VII. The advantage of the above
amplitudes is to facilitate the incorporation in the first ap-
proximation of new physical inputs dealing with the short-
range PNC-NN interaction (short-range correlations, tensor
coupling between the *S; and *D, components, other meson
exchange, hadronic form factor) without repeating all the
calculations.

Further simplification is obtained by using the strengths
of the proton and neutron PNC forces:

Xh=M*(; i+ 3 0%+0'+w), (56)
Xn=M*(3 u+ 30°—0'—w). (57)

As mentioned previously, these quantities, which have been
used in analyzing various PNC effects in complex nuclei,'’
may not be so good to represent the PNC effect in 2'Ne.
They are nevertheless useful to see at a glance the dominant
character of some matrix element: a neutron or proton tran-
sition. Expressions in terms of them are also given in Table
VIL

In the comparison with experiment, we retain the follow-
ing features revealed by the estimates. The estimate of the
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TABLE VII Expressions for the matrix element (1/27, T=1/2 (2.789 MeV)| Hpycl1/2*, T=1/2 (2.796 MeV)) in terms of the S— P transition amplitudes as
defined in Ref. 137 (w for 3S,~2P,, AT=1; §" for 'So->Py, AT=1; it for *S,~*P,, AT=0; and §° for ' So—3Py, AT=0; as well as in terms of the strengths
of the proton—nucleus and neutron—nucleus PNC forces (in units of MeV). As in Table VI, the first row corresponds to a '2C closed core, while the second
row incorporates the contribution of valence nucleons. The above results obviously imply approximations such as neglect of contributions from P-D

transitions.
Kuo Valence
(Ref. 72) ZBMI ZWM REWIL ZBMII neutron
M*W 0.174 0.146 0214 0.240 0.68
0.228 0.179 0.272 0.316
M 0.179 0.150 0219 0.246 0.70
0.114 0.104 0.203 0.234
Mz 0.074 0.002 -0.080 -0.100 -0.68
0.087 —-0.022 —-0.135 —-0.171
M25° 0.080 0.002 —-0.089 —-0.114 —-0.68
0.216 0.089 —-0.035 —0.050
XE—X0 -0.19 0.177 0.148 0.217 0.243 0.69
2 0.172 0.141 0.237 0.275
XEAXD 024 0.077 0.002 —-0.084 -0.107 —-0.69
2 0.151 0.033 -0.085 —-0.110
X8 0.02 0.127 0.075 0.066 0.068 0.
0.161 0.087 0.076 0.082
¢ 0.22 —0.050 —-0.073 —-0.150 -0.175 —-0.69
—-0.010 —0.054 —-0.161 -0.192

nuclear part of the isovector contribution is rather well de-
termined. The isoscalar one, including its sign, is uncertain
and has a weight rather disfavored in comparison with the
isovector one (see Table VII). From the comparison of simi-
lar calculations with 3 decay in '®F and '°F, an overall sup-
pression by a factor 3 is quite likely, but it should be borne in
mind that the nuclear uncertainty here may result in an effect
more complicated than such a factor.

The circular polarization of y emitted in the transition
1127, T=1/2 (2.789 MeV)—3/2%, T=1/2 (g.s.) in !Ne has
been measured as”®

P,=(0.8+1.4)-107>. (58)

The error is large, but in fact it provides an upper limit,
which appears to be quite restrictive. Combining the results
of Table VI with the coupling constants given in Table III
(“best’’ values of DDH), and using the relation of P, to the
PNC matrix element (1/2”, T=1/2 (2.789 MeV)|Hpyc|1/27,
T=1/2 (2.796 MeV)), we find that many of the individual
contributions exceed the experimental upper limit, or just
reach it. Allowance for a possible overestimate by a factor 3
leaves two contributions which may be of some relevance:
the m-exchange and the isoscalar p-exchange ones [respec-
tively, (10-20)-1073 and (—5.8)-107%].

While the isovector contribution to P, agrees in size (but
not necessarily in sign) with that obtained under similar con-
ditions by Adelberger et al. (12-1073), the isoscalar one is
smaller than theirs (—12-107%). The nice cancellation be-
tween the isovector and isoscalar contributions in their re-
sults, which made them consistent with the upper limit on
P,, no longer holds.

Examination of the present results shows that the cancel-
lation is not always present (ZBMI) and that, in cases where
there is some, the relative ratio of the 7 and p exchange
contributions expected from the DDH ‘‘best’’ values has to
be changed significantly. Fixing the isoscalar pNN coupling
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at its “‘best’” DDH value, in agreement with observations of
PNC effects in pp scattering at low energy (15 MeV and 45
MeV), implies that the corresponding mNN coupling con-
stant must be reduced by a factor of 3 in order to match the
experimental upper bound on P,. The resulting value
(REWIL, ZBMII), £{’=0.15-107, would be quite compat-
ible with the limit obtained from the upper bound on
the PNC effect in the transition 0~ (1.08 MeV)—1" (g.s.) in
18F (|n{Y|<0.15-107). Thus, far from supporting the *‘best’’
values of DDH, the PNC in 2'Ne would add to that in '®F, to
favor a value of A{) significantly smaller than the DDH
“‘best’” value.

In discussing PNC effects in nuclei, the effect of the
tensor force which admixes the D, component with the >S;
state, is generally neglected. Its role is twofold here and
tends to provide further support for lower values of h(ﬂ‘). In
the case of 7 exchange, it leads to an enhancement of the
contribution of the >S,—>P, transition, which compensates a
large part of the effect of the short-range repulsion at short
distances.'>” The actual value of A, which may be ex-
tracted from a comparison of measurements with a theoreti-
cal estimate that is more elaborate in the above respect,
should be accordingly corrected downwards. This statement
is quite general and also applies to conclusions drawn from
the study of PNC in '8F.'

The important role of tensor correlations for the
p-exchange contribution is somewhat specific to some of the
present results for 2'Ne (REWIL, ZBMII). As can be seen
from Table VII, the isoscalar contribution for those cases is
dominated by the >S,—'P, transition. Tensor correlations
may reduce it by a factor 3—4 (Reid soft-core case), making
the total isoscalar contribution smaller. This requires a lower
value of the isovector contribution, and therefore a lower
value of 4", so that the destructive sum of the isoscalar and
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TABLE VIIL. Detailed contributions to the coupling constants h(,:) in the
DDH scheme as completed in Ref. 142. Results are given for different
values of the factor K (Refs. 13 and 142) which accounts for the effect of
strong interactions.'”” Three types of contributions are included: sum rule
(related to the charged-current contribution), PNC in the wave function, and
factorization. The results for later comparison are denoted by the initials of
the authors. Some earlier results by Weinberg,* Gari and Reid,'® or
Khatsimovsky®? would enter in the column labeled We (K —), Ga (K=0),
or Kh, respectively. Contributions by Kaiser and Meissner'® or Dubovik and
Zenkin'* would enter in the rows labeled KM or DZ, respectively. Contri-
butions involving the (colored) strange content are given in the first two
columns. The factor f%, has the value f5,=0.38-107".

Sum rule PNC factorization
5S.. in the w.f.
K=1 K= ( 140.-3.3 +2.1 +1.3) =0.4-10"7
~KM. .. =0.4-1077
K=4 KD =7 ( 1+4.6-3.5 +0.1 +4.3) =2.5-1077
.DZ. .. =0.4-1077
K=17 D= g2 ( 146.0-4.3 -0.5 +7.0) =3.5-1077
££=0.38-1077 We Ga Kh

isovector contributions still matches the upper limit on the
circular polarization P .

At this point, it may be appropriate to recall a few pre-
dictions for h(,,‘). In this order, the DDH approach is quite
useful, as it provides a general scheme, where many contri-
butions considered in the literature can be accommodated
quite easily. Results are given in Table VIII for different
values of the factor K (K=1,4,7) defined in Refs. 13 and
142, which characterizes the strong-interaction effects. Par-
tial contributions are also exhibited. They correspond to the
sum-rule contribution (related in one way or another to the
charged-current contribution), to the parity violation in the
wave function, and to the factorization approximation. Ear-
lier contributions calculated by Weinberg* or Gari and
Reid'* would enter in the column indicated by We and Ga,
respectively. Later contributions by Dubovik and Zenkin,'*
Kaiser and Meissner,'® or Khatsimovsky® can be regarded
as particular cases of DDH expectations. In spite of some-
what different approaches in some cases, they compare well
with them. The corresponding contributions in the DDH
scheme are underlined in Table VIII (respectively, labeled by
KM, DZ, and Kh). Contributions involving a (colored)
strange content are given in the two first columns, where the
first one corresponds to the charged-current part of the weak
interaction.

As can be seen from Table VIII, small values of h(,:) are
found for small values of the factor K or/and in the absence
of strange content in the nucleon. This might represent a
great achievement of studies of PNC effects in nuclear
forces. However, it is difficult to neglect the strange content
of the nucleon at the present time, as it appears to play some
role in different places,'" or to imagine that strong-
interaction effects (K #1) are totally absent. It is more prob-
able that the explanation of a low value of 2" is to be found
in the incompleteness of the estimates. Owing to a lack of
information, and because it was considered a second-order
effect in gluon exchange, the contribution of an uncolored
strange component ss in the nucleon has not been incorpo-
rated in the estimates by DDH. As was noted in Ref. 140,
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such a contribution could be enhanced by the presence of a
large overall factor in the effective weak interaction. On the
other hand, this effective interaction only contains the domi-
nant terms. Other ones may play some non-negligible role in
estimating the coupling constant h(,: .

We reexamined estimates of the circular polarization of
v rays emitted in the transition 1/27, T
=1/2 (2789 MeV)—3/2*, T=1/2 (g.s.) in *!Ne, which in-
volves the parity admixture of two closed states 1/27, T=1/2
(2.789 MeV) and 1/2%, T=1/2 (2.796 MeV). New estimates
have been added to previous ones. From the study a different
interpretation of the measurement is suggested. In contrast to
the previous claim by Brandenburg et al.,”® we found that the
isovector contribution is well defined in sign, while the isos-
calar contribution is not and is somewhat disfavored. This
conclusion agrees with the recent result of Ref. 43 based on
a much larger valence basis. Our conclusion is based on a
careful examination of the sign of the dominant individual
contribution. Such a procedure allows us to reduce the am-
biguity to an overall sign that tends to appear at random from
the computer in calculating the wave functions. The differ-
ence with respect to Adelberger er al.'® appears to be due to
the quite understandable restriction of their calculation to
one hole at most in p,/,. Qualitatively, it looks as if the total
result would be the sum of two different contributions,
which, in a deformed single-particle basis, would imply the
transition [220]1/2*—[101]1/2"" (dominant in '*F and '’F)
and a transition implying the 1/2* orbit ([211]1/2%), such
that the PNC matrix element would have the form

XytX5  Xy—X%
oY) N N N N
(Veno)=p 2 2 )
Xy+Xx5 1 Xy—X%
—a?| N, N N
a ( 5 + 3 5 ) (59)

The first contribution would have mainly a particle-type
character, while the second one would be a hole-type transi-
tion. By varying continuously the ratio of these two contri-
butions, one would go from results similar to the schematic
ones of Millener ef al.”’ (a?=1, ,32=0) to those where a
particle-type transition would dominate (REWIL, ZBMII)
(B>dd), passing through the case where the isoscalar con-
tribution would be absent (82=a?). This picture is proposed
to illustrate roughly the present results. The difficulty in per-
forming calculations in a sufficiently extended basis to ac-
count at the same time for pairing effects (important in the
present results) and deformation effects (important in those
of Adelberger et al.), which both tend to reduce the PNC
transition amplitudes estimated here, invites us to treat any
definite conclusion with caution.

The present results support an interpretation different
from the one where the small PNC effect in 2!Ne would arise
from a delicate cancellation of the large isoscalar and isovec-
tor contributions as calculated with the ‘‘best’’ DDH values
for the weak coupling constants. The relative (or even com-
plete) suppression of the isoscalar contribution necessarily
imposes an upper limit on the isovector contribution and
therefore on the NN coupling constant hs,l) . Although the
conclusion cannot be as convincing as in 18F, where some
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TABLE IX. Physical quantities and theoretical PNC matrix elements nec-
essary for calculating vy circular polarizations and asymmetries for the two
PMD cases studied in the A=36 cases (see Sec. 5.4). The experimental data
are taken from Ref. 132 unless noted otherwise.

Nucleus

%c1

AT

I'T; ,E; (MeV)—

2*1,1.959 MeV—

2%0,4.951 MeV—

I7T;,E; (MeV) 2*1gs. 2%0, 1.97 MeV
I'T; ,E; (MeV)— 271,1.951 MeV— 270, 4974 MeV—
I7T; E; (MeV) 2*1,gs. 2%0, 1.97 MeV
lifetime (7,) (60x15) fs <50 fs
lifetime (7_) (2.6+0.3) ps (14%5) ps
branching ratio (b,) 94.4% 15%
branching ratio (b_)  60% (4.0+0.9)%
mixing ratio (8, )exp (—5.2+0.06) or

(—0.19%0.06) (Ref. 146)
mixing ratio (8,)pe  —0.24 0.41
mixing ratio (8_)e,  (—0.10£0.10) (Ref. 146)
mixing ratio (8_)ge,  0.009
B(El)eep 1.4%107° 0.7x1077

(if 5.=0)

B(E1) peo 0.008 0.0
B(M2),y, <25
B(M2)yheq 2.5 0.24
B(M1)y, 0.08 (8,=—-0.2); 0.6 (if 8,=0)

0.003 (8,=-5.2)
B(M1)yeo 0.14 0.0009
B(E2)esp 12 (8,=-02);

298 (6,=—5.2)
B(E2)peo 30 0.27
MBRE (eV) —-0.019 0.122
ML V),
e 1, —0.057 0.122

a=7 (hz)pou

MEM (eV) —-0.023 0.067
f 8.3 324
F 2000 2400

check is possible from the B decay of *Ne, a similar limit,
h(,:)<0.15~10_6, is obtained. An even lower limit could be
obtained if the isoscalar contribution was shown to be totally
absent in the present PNC transition.

While a low value for hs,l) is quite consistent with DDH
expectations, it presupposes inputs that are far from what
could be considered as the best ones at the present time: the
absence of strange content in the nucleon, and the absense of
strong-interaction effects in building the effective quark in-
teraction. In our opinion, the explanation for a low value of
hg) should be rather found in the contributions which were
considered negligible until now and, in any case, difficult to
estimate.

5.4. Parity-mixed doublet in A=36 nuclei

There is another pair of PMDs which can be described
approximately with the same strong-interaction models: one
PMD, first proposed by Dumitrescu and Stratan,* belongs to
the 3°Cl energy spectrum, and another to that of 3Ar (see
Tables I and IX and Ref. 132). Neglecting in the 36Cl case
the isotensor contribution, we are dealing with two dominant
contributions of opposite sign, one isovector and one isosca-
lar, while the *°Ar case is a pure isoscalar one. The last two
PMDs are analogous to the "*F—'°F case. For example, the
3Ar PMD can be populated in the ¥K(p,a)*Ar reaction
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(E,~3.7 MeV) in analogy with the 19F case, while the °Cl
PMD can be populated in the *’K(n ,@)*Cl reaction (E,
~0.6 MeV).

The calculations of the PNC matrix element were carried
out with the shell-model code OXBASH® in the sd—pf
model space in which the 2s,,, 1dsy, 1d3n, 2P 12, 2P312»
115, and 1f5,, orbitals are active. The truncations that we
made within this model space were (1dsz)'%(2s,,—1d5,)8
for the positive-parity states and (2s1d)°(2p1f )" for the
negative-parity states [(0+1)Aw calculations]. These trunca-
tions are necessary, owing to the dimension limitations, but
we believe that they are realistic. The Brown—Wildenthal
interaction'® was used for the positive-parity states, and the
WBMB interaction'* was used for the negative-parity states.
Both interactions have been tested extensively with regard to
their reproduction of spectroscopic properties.!*>!* The cal-
culation of the PNC matrix element which included both the
core (inactive) and active orbitals has been performed as de-
scribed in Ref. 25.

All the components of the parity-nonconserving po-
tential are short-range two-body operators. Because the be-
havior of the shell-model wave functions at small NN dis-
tances has to be modified, short-range correlations (SRC)
were included by multiplying the harmonic-oscillator wave
functions (with Aw=45-A""> MeV—25-47"%3 MeV) by the
Miller and Spencer factor.> This procedure is consistent
with results obtained by using more elaborate treatments of
SRC such as the generalized Bethe—Goldstone approach.55%
The PNC pion-exchange matrix is decreased by 30-50% as
compared with the values of the matrix elements without
SRC, while the p(w)-exchange matrix elements are much
smaller (by a factor of 1/3-1/6).

The Horoi* values calculated for the excitation energies
of the first three 2* T=0 levels in *°Ar are 1.927, 4.410, and
7.174 MeV. The first two are in good agreement with experi-
mental levels at 1.970 and 4.440 MeV. The third 20
E,=4.951 MeV state (belonging to the parity doublet) is
apparently an intruder in the 2s51d (0fiw) configuration. This
conclusion is also supported by the suppressed S transition
probability.'*> Horoi included the 2%w configurations in a
rather reduced space (the 1d5, orbital is frozen and the 1f,,,
orbital is not allowed), which we consider adequate for this
problem. The 27w configurations have been shifted down by
11.5 MeV, so that the first 270 state with a dominant 2%iw
component (~80%) becomes the third 2*0 state in the cal-
culated spectrum. The dominant PNC transition is
Lds,—2psp,, and the PNC matrix element is 0.122 eV (see
Table I). We should mention that this value is more uncertain
than the °Cl value because the third 2*0 state cannot be
described either as a pure 0% configuration or as a pure 2%w
configuration. In the *Cl case, the positive-parity states are
in very good agreement with experiment (e.g., the second 2*
state has a theoretical energy 2.004 MeV, compared with the
experimental value of 1.96 MeV). The theoretical B(E\) and
B(MM\) and the mixing ratios are in relatively good agree-
ment with experiment (see Table IX) in both cases.

The results (up to a complex phase factor) can be sum-
marized as follows:

13,16
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M pnc(*5Cl)=(1.094- 1\~ 0.205- h." - 0.304- )
~0.027- 1) +0.569- h"+0.323- b’
+0.015-2$7)-1072 eV, (60)

Mpnc(PSAT) = —(0.995- 2V +0.443- 1) - 1072 eV.
(61)

h3T  should be given in units of 1077, as in Table II.

Here hpcqon

6. CONCLUSIONS

The PNC nuclear-physics processes determined by the
isovector part of the weak hadron—hadron interaction are im-
portant for studies of the neutral currents.

Our understanding of the AS=0 hadronic weak interac-
tion is based on a small collection of high-precision experi-
ments (see the review of Ref. 16) on the two-nucleon system
and light nuclei which isolate the weak interaction via its
parity-nonconserving signature. The experiments have
yielded significant but incomplete information on the weak
meson—nucleon coupling constants, which are in qualitative
agreement with predictions'>'* based on the standard model,
although the pion coupling (") is much smaller than ex-
pected. Unfortunately, the measured observables need a
complicated theoretical interpretation, and the extraction of
the weak meson—nucleon couplings from experiment is not
model-independent at present. Owing to the generally small
values of most of the terms contributing to the PNC matrix
elements, the PNC in dealing with the low-energy nuclear
spectrum should essentially involve the strength of the
nucleon—nucleus weak force. As weak interactions do not
conserve the isospin, this strength can be characterized by
two numbers, referring to the proton and neutron forces, re-
spectively, or, equivalently, to their isovector and isoscalar
components. Moreover, the main contribution coming from
the isovector part is assumed to be due to the one-pion ex-
change term (the long-range term), while the main contribu-
tion coming from the isoscalar part is assumed to be due to
the p-meson exchange term (the short-range term). At
present one cannot devise any experiment that would be sen-
sitive to other contributions to the weak hadron—hadron in-
teraction potential. Therefore, in principle two independent
experiments should be sufficient for the determination of the
above nucleon—nucleus weak forces. For that reason, in this
work we tried to select pairs of experiments for which one
uses more or less the same theoretical treatment. We inves-
tigated the possibility of extracting from experiment the nec-
essary information on the neutral-current contributions to the
structure of the weak interactions that violate the parity-
conservation law. The low-energy nuclear-physics processes
considered here were resonance nuclear scattering and reac-
tions induced by polarized protons, emission of polarized
gamma rays from oriented and nonoriented nuclei, and
parity-forbidden alpha decay. Some comments on the PNC
nucleon—nucleon (PNC-NN) interaction have been pre-
sented. Applications for specific scattering, reaction, and de-
cay modes have been given. New experiments are proposed.
The most favorable case that we consider is the neutral-
current investigation via the >N(p,@)'?C resonance reaction
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that populates the 13-MeV, J7=2* isovector parity-mixed

doublet. The energy anomalies for the expected interference

effects, relevant for the experiments, have been found to be

A;=1.4X107% and A,=1.4X107> at #=150° and are based

on the conservative value of 0.1 eV for the PNC matrix

element. Such an experiment together with the PNC a-decay
experiment (an isoscalar case)*’ would fix from experiment
the isoscalar and isovector strengths of the Hpyc interaction.

We reexamined estimates of the circular polarization of
v rays emitted in the transition 1/27, T=1/2 (2.789
MeV)—3/2%, T=1/2 (g.s) in ?'Ne, which involves the parity
admixture of two closed states 1/27, T=1/2 (2.789 MeV)
and 1/2*, T=1/2 (2.796 MeV). New estimates have been
added to previous ones. From the study a different interpre-
tation of the measurement is suggested. In contrast to the
previous claim by Brandenburg et al.,”® we found that the
isovector contribution is well defined in sign, while the isos-
calar contribution is not and is somewhat disfavored. This
conclusion agrees with the recent result of Ref. 43 based on
a much larger valence basis. Unfortunately, a more precise
experiment (using Compton polarimeters) than those already
carried out'® is at present impossible to perform.
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