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Isovector parity mixing in ' O investigated via the ' N(p, ao)' C resonance reaction
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The parity- and isospin-forbidden a decay from ' O*(J =2, T =1, E =12.9686 MeV) to ' C(g.s.)
has been investigated theoretically. Considering various strong and weak interaction models the longitu-
dinal Al and the irregular transverse Ab analyzing powers of the reaction "N(p, ao)' C have been calcu-
lated in the energy range of the 2 resonance in ' 0*. Energy anomalies for the expected interference
effects, relevant for experiments, have been found to be AL =1.1X10 ' and A& =0.9X10 ' at 8=90'
and AL=1.4X10 ' and Ab=0. 2X10 ' at 0=150' based on a conservative value of 0.1 eV for the
parity-nonconservation matrix element. A proposal for an experimental investigation is sketched.

I. INTRODUCTION

Parity nonconservation (PNC) in nuclear reactions in-
volving hadrons or nuclei is commonly attributed to the
weak-hadron interaction. The weak interaction between
the nucleons, and especially those components with dom-
inant contribution due to neutral weak currents, can only
be studied in flavor-conserving processes, restricting all
investigations to low-energy nuclear physics (for a recent
review article, see, e.g. , Ref. [1]). The weak nucleon-
nucleon (ItIX) interaction is only of the order of 10
compared to strong interactions. Therefore, only small
effects are expected and measured in few nucleon systems
(see, e.g. , Ref. [2]). However, for nuclei in the mass re-
gion A = 14—21, substantial enhancements of PNC
effects are predicted [1,3] and observed (see, e.g. , Ref.
[1]). The enhancement of these effects originates from
several reasons, the most important being the small level
spacing (e.g., only 20 keV [4,5]) between nuclear states of
the same spin and opposite parity in the compound nu-
cleus involved. The next important reason arises from
the possible increase of the ratio between parity-
forbidden and parity-allowed transition-matrix elements
caused by the nuclear structure of the states involved
[1,3,6,7]. The same conditions which generate the
enhancement, sometimes, complicate a reliable deter-
mination of the nuclear matrix elements theoretically.
Therefore, it is necessary to select exceptional cases, in
which the nuclear structure calculations can be done reli-
ably. This is the case for closely spaced doublets of the
same spin and opposite parity located far away from oth-
er similar levels. In this case the parity impurities are
well approximated by two-state mixing, which simplifies
the analysis. If these two states can be populated selec-
tively in a nuclear reaction, one can even perform mea-
surements which are sensitive to only one special isospin
component of the PNC-NN interaction. Moreover, the
use of polarized particles has the advantage that an in-
terference effect between PNC and parity-conservation
(PC) amplitudes can be observed.

In the present paper the az transition 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 ' C(g. s. ) is investigat-
ed theoretically. This transition was originally men-
tioned by Bizzeti and Maurenzig [7]. The ao transition is
forbidden by parity and isospin selection rules. It there-
fore can predominantly be described by the isovector part
of the PNC-NN potential, i.e., one-pion exchange, thus
being sensitive to the weak ~NN coupling constant h„,
the size of which may be related to the presence of neu-
tral currents in the hadronic weak interaction.

The excitation function of the PNC longitudinal ( AL )

and PNC transverse ( Ab) analyzing powers [7,8] are ex-
pected to show an energy anomaly at the 2 1 resonance
energy as a result of the interference of the forbidden
(PNC: 2 1, 12.9686 MeV) and allowed (PC: 2+0, 13.020
MeV; 1 1, 13.090 MeV) resonance transition amplitudes
as well as a (PC: 0+0) background transition amplitude.
The level structure of the ' 0 nucleus enhances the in-
terference effect because of the close-lying (b,E = 51 keV)
broad overlapping 2+0 state at E =13.020 MeV with
I, =150+10 keV [9]. Furthermore, the PNC ao tran-
sition can be studied selectively via the ' N(p, ao)' C res-
onance reaction with two independent observables, name-
ly, the PNC longitudinal ( AL ) and PNC transverse ( Ab )

analyzing powers.
The aim of this paper, therefore, is to give the basic

formulas for these and other related observables (Secs. II
and III) and the large-scale shell-model predictions for
the PNC matrix elements (Sec. IV), used to calculate the
energy anomalies in the excitation functions of the
analyzing powers (Sec. V). These results have been taken
into account for discussing the basic ideas toward an ex-
perimental investigation. A conclusion with outlook is
given in Sec. VI.

II. NUCLEAR REACTION CROSS SECTION
AND ANALYZING POWERS

Consider a proton beam with the polarization vector
P = (2S~ ), which travels along the z axis to the unpolar-
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ized target nucleus of spin I=—,'. In this case the reso-
nance reaction cross section is

= —2&2 Reer ',"(a' ')

2„=—2&21m(7', "(cr' ') (6)

=cr„„(1+A P),
dQ

where

o „„=Tr( TT+ ) =o 0 (2)

where AL is the PNC longitudinal, Ab is the PNC trans-
verse, and 3„ is the PC transverse analyzing power,

e'= —2 '
(ei, i e„)—, e =eI, e '=2 ' (e&+ie„)

A =o „„'Tr(T2S T+ ) =2 g o,'"e'( o 0 ') (3)

is the difFerential cross section for the resonance reaction
induced by an unpolarized proton beam. The vector
analyzing powers are given by [6]

are the cyclic contravarient unit vectors [10],and

eI =k;(k, ) ', e„=k, Xkf(Ik, XkfI) ', eb=e„Xei

with

W~=2Reo'"(cr"') ',0 0 (4)

are the unit vectors of the reference frame given by the
Madison convention [11]. The common quantity in Eqs.
(3)—(6) is defined [6] as

o-"=k
K

Jlsl
1
s

1
J'I'12 2L

EJi i) ),J'/' / (L )PL (cos(~f ))Tp/, p, i ( Tp'/', p / (9)

where PL (cos(8)) are the associated Legendre polynomials, and T@,p i, are the T matrices, discussed in Sec. III. The
1 1 1

quantities

Egin", ~id, (L)=16 '&-'IIo'II-')( —1)
' ' " ~l, l s, s2l l'L J J'

l, l2jll'L, L U j lll2
XV'(L ii)!IIL+~)!W—(JlJ'I';sL)W( —,

'
—,'sis2,'u —,') 000 g (

—I)+j 0 0 0 0 s, s2u

JJ'L

(10)

are the corresponding geometrical coefficients [6] with

1,
g(U)

S,

U=O
U=1 '

and

(12)

The quantities P in Eq. (9) denote all remaining quantum numbers that specify the channel states (e.g. , names, spin, and
parities of the fragments). In the applications we shall denote the proton channel with p and the a channel with a.

III. TMATRICES FOR THE ' N(p, ao)' C RESONANCE REACTION

The expressions derived in the preceding section are applied for the ' N(p, ao)' C reaction via the 2 1, E„=12.9686
MeV level in ' O. It is found that the PNC transition amplitude of the 2 1 level shows a significant interference only
with those allowed transition amplitudes involving the 2+0, E =13.020 MeV and 1 1, E =13.090 MeV resonance
levels, and a background 0+0 transition amplitude. Because of the small proton energy, the angular momentum can be
restricted to l 2. Together with the spins and parities of the involved nuclei, the following four PC transition ampli-
tudes are allowed, denoted by a small t:

~1 ~1 —~2
1 bg a00 pll ~ 2 alOpol ~ 3 ~ alOp21~ 4 ~ a20pll

Two PNC transition amplitudes, denoted by a capital T, are taken into account:
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2+ 2+
T1 Ta20, p20 & T2 Ta20, p21 (14)

The PC resonance T-matrix elments can be expressed in the form [6]
e

(, =&'exp(&g' (, )(r (, )' (I ~(, )' exp(ig &, ) E E—~ + —I I" (15)

while for a two-level system of the same spin and opposite parity, the PNC T-matrix elements have the following ex-
pression:

T ~,'~&", =i exp(ig &, )(r &,
)' (J ~HPNc~J )(r &, )' exp(ig &, ) E E~ —"+—I J E—E +—rJ

2

(16)

g ( )&„E ", and I stand for the a(p)-channel phases, resonance energies, and total resonance widths, respectively.
E is the proton energy in the compound system. The quantities (I ( )h)' are taken from experiments (see Ref. [9]) if
available; otherwise, they are expressed in terms of the axBAsH spectroscopic amplitudes [12], geometrical coefficients,
and experimental total channel widths.

The calculations within the oxBASH code gave the following results:

( rl )1/2
pz&

( r 1 )1/2
po&

( r2 )1/2
pro

( r2 )1/2
pz&

=2X10, I „' =I' (exp)=100 keV,

=1, I = I =
—,'I (exp) =0.495 keV .

(17)

It turns out that T, = T2. Contributions from the spin-orbit potential to the proton channel phases and spectroscopic
amplitudes have been neglected because of the low proton energy (E„=900keV). In the vicinity of the 2 1 narrow res-
onance, the analyzing powers AL and 2& have the following simple expression:

exp[i ( 41.( b) +4'pNc) l (19)

where |I)PNc is the phase of the PNC matrix element. The quantity DL(b) is given by

D =2(r' )-'~(2-1~a, ,~2+0) ~Qr,' /2r ~C (b)~, (20)

~exp(;y ) =2
l n rnn

(21)

is a function on the PC transition-matrix elements [see Eq. (13)] only (for L, )r=0; for
b, re=1, t~=t4exp[i(g —g )]). The coefficients b„'"(L(b)) and a"„'(L(b)) are simple specific values of the E ""
geometrical coefficients [see Eq. (10)]. In the a-channel case, the spectroscopic amplitudes are incorporated in the ex-
perimental partial a widths. The background transition-matrix element [see Eq. (13)] is a simple complex number.

From Eq. (24) of Ref. [13], it is possible to extract the
weight of the admixtures from di6'erent 2+0 levels to the
2 1 level as a product:

TABLE I. Quantity S' „F„asdefined in Eq. (22), which mea-
sures the contributions of diff'erent 2+0 levels in the parity mix-
ing of the 2 1, E~ = 12.9686 MeV level in ' 0*.

pl/2 ~(E2 1 E2 0)—) (211~~ ~2+0)gl/2~ (22)

where S'/ is a SU(3) alpha-particle amplitude [12]. The
results are listed in Table I. From these values we con-
clude that the assumption of a parity-mixed doublet
(2 1, 12.9686 MeV and 2+0, 13.020 MeV excited states

E„'"~ {MeV)

6.9171
9.8445

11.5200
13.0200
14.9260
15.2600

10F S'

0.009 2704
0.0116097
0.0184660
0.766 3424
0.006 7910
0.006 7910
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TABLE II. Resonance parameters of the ' 0 excited states involved in the calculations of the cross
section and analyzing powers of the "N(p, aol' C resonance reaction [9].

2 1

2+0
1 1

E'" (Mev)

12.9686
13.0200
13.0900

E" (MeV)

0.8971
0.9519
1.0266

E" (Me V)

7.7422
7.8107
7.8770

I, (keV)

1.6
150.0
130.0

I (keV)

146.6
30.0

I p (keV)

0.99
3.40

100.00

in ' O) is justified. In this case the expression of Eq. (16)
for the T matrices, obtained by expanding the exact
Green's function [6,14] to first order in HpNc is certainly
a good approximation. It is assumed that the projectile
and target are parity eigenstates. Then PNC contribu-
tions 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
quantities entering in Eqs. (13) and (14) are give in Table
II and Fig. 1. The parity mixing of the above-mentioned
doublet is of particular interest because of the following
reasons.

(1) The mixing is sensitive to the ET=1 components of
HpNC and especially to the part described by weak pion
exchange, taking the quark model picture. In this case
quantitative information about neutral current contribu-
tions to HpNc is expected. Several cases have been pro-
posed theoretically, but only few of them have been ex-
perimentally investigated; only the ' F experiments (aver-
age of five investigations [1]) give a reliable upper limit
for the weak-pion nucleon coupling constant, especially
due to the relatively model-independent way to extract
the PNC matrix element from the first forbidden /3 decay
rate of ' Ne (see Ref. [1]and references therein). Howev-
er, the result for the coupling constant is in contradiction
to the predictions of Ref. [15] and a recent calculation of
Ref. [16]. Therefore, additional investigations are neces-
sary, especially with independent observables. PNC ex-
periments via (p, a) reactions have the advantages that
nuclear levels can be populated selectively and different
observables can be measured using polarized projectiles.
Up to now, only the case of the ' F(p, ao)' 0 reaction has
been studied experimentally [4,5, 17], giving an upper lim-
it [4].

(2) The polarization observables for the ' N(p, ao)' C
reaction provide a favorable way to determine the PNC
matrix elements. The energy anomaly in the PNC
analyzing powers (Ai and Ab) is magnified by nuclear
structure effects in addition to the 51-keV energy
difference between the levels involved. The magnification
arises from coherent contributions of proton and n chan-
nels. The quantity CI ~&] describes the ratio between the
PC—T-matrix contribution to the PNC analyzing powers
and the (unpolarized) cross section for the (p, a) reaction
[see Eq. (21)]. The value of this ratio is about 0.1 in the
resonance region, being a measure for the coherent effect.
The width of the 2 1 resonance level is very small (1.6
keV) and acts as an enhancement factor, too [see Eq. (20)
and Sec. V]. The ratio I /I has a value close to uni-
ty (see Table II) and is another enhancement factor, as
pointed out in Ref. [3] (similar ratios of unnatural to nat-
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FIG. 1. Relevant ' O levels for calculating the PNC analyz-
ing powers of the ' N(p, ao)' C reaction in the vicinity of the
2 1 resonance.

ural parity-level widths are of the order of 10 ', see, e.g. ,
Refs. [6,9]). The PC matrix elements t2 and t3 have near-
ly the same magnitude, while t4 is two orders of magni-
tude less than t2.
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(3) The cross section for the ' N(p, ao)' C case is maxi-
mal at backward angles [18]. Moreover, the normal PC
analyzing power is negligible small [18] in this energy re-
gion for large scattering angles, which is a favorable situ-
ation for measurement. Furthermore, the cx channel can
be studied more precisely than is, e.g. , the case with PNC
elastic scattering (target impurities, reduced number of a
channels).

(4) The PNC ao transition can be studied via the
' N(p, ao)' C resonance reaction with two polarization
observables, namely, the PNC longitudinal and PNC
transverse analyzing powers AI and A b. Information
about the PNC matrix element can be obtained indepen-
dently from the excitation energy of each observable.

(5) The theoretical models, included in the oxBASH
code, are reasonably good (see Fig. 2) for the levels of the
mentioned 2,2+ doublet, since the even-even ' 0 nu-
cleus is an often-used candidate being well described by
such realistic models. Especially, the (first) excited
J =2 1 state can reliably be reproduced.

In the following section we discuss the degree of accu-
racy of the shell-model calculations within the available
OXBASH code in order to substantiate the opinion that the
experimental results on PNC analyzing powers of the
' N(p, ao)' C resonance reaction with E =0.898 MeV
can be analyzed free from nuclear uncertainties.

IV. SHELL-MODEL PREDICTION
FOR THE ISOVECTOR PNC MATRIX ELEMENT

In order to predict the magnitude of the effect and to
check the feasibility of an experiment to measure AI

FIG. 2. First five 2 0 and first 2 1 excited levels in ' 0,
taken from experiment and calculated within different models of
the oxBAsH code.

and/'or AI, around the resonance energy of the first excit-
ed 2 1 state in ' 0, we calculated the

(2 1, 12.9686 MeV~HpNC~2+0, 13.020 MeV)

matrix element using the OXBASH code in the Michigan
State University version [12], which includes different
model spaces and different residual effective two-nucleon
interactions.

Two different model spaces have been used: the ZBM
model space, which contains the p&&z, 1d5&2, and 2s, &2

orbits in the valence space, and the PSD model space, in-
cluding, in addition, the 1p3&z and 1d3/Q orbits. In order
to maintain the matrix dimensions at a nonprohibited
level, the nucleons have been considered to be frozen in
the Ip3/2 orbit; thus a fixed (ls, /z) (Ip3/i) configuration
is assumed in all cases. It turns out that at least four-
particle —four-hole calculations are needed [1,19] in order
to describe the 2+ states in ' O.

Four different residual interactions have been used in
ZBM model space: ZBM I and ZBM II are the interac-
tions I and II from Zuker, Buck, and McGrory [20,21];
REWIL and ZWM are the I and Z interactions, respec-
tively, from McGrory and Wildenthal [22]. Two different
combinations of interactions have been taken into ac-
count in the PSD model space: PSDMK is a Cohen-
Kurath [23] interaction for lp orbits plus a Preedom-
Wildenthal [24] interaction for sd orbits and Millener-
Kurath [25] matrix elements between p and sd orbits.
PSDMWK is similar to PSDMK, except the Wildenthal
W interaction [26,27] is taken for the sd subspace. While
the center-of-mass spuriosity is small in the ZBM model
space [28], 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 com-
ponents were eliminated with a procedure analyzed in
Ref. [29].

There are two types of contributions to the PNC ma-
trix element: One is coming from two-body transition
densities (TBTD s), if all four orbitals entering the two-
body matrix elements (TBME's) are in the valence space
[30];another one arises from the one-body transition den-
sities (OBTD's) if two orbitals are in the core. The only
contribution to the latter one comes from the matrix ele-
ment

& (lsi/2) (Ip3n) 2si/2IIIIpNCII( lsi/2) (Ip3/2) Ipi/i &,

(23)

which turns out to be the dominant one in all described
cases.

The TBME's have been calculated with harmonic-
oscillator wave functions (fico= 14 MeV is appropriate for
A =16) [30]. The magnitude of the matrix element de-
pends on the type of the radial wave functions due to the
effect of the derivative operator. The values calculated
with more realistic Woods-Saxon single-particle wave
functions have been found to be at most 20% smaller
than those from the harmonic-oscillator approximation.
Because of the short-range contribution of heavy-meson
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exchange to HPNC, short-range correlations (SRC) of the
shell-model wave function must be implemented. This
has been done multiplying the radial two-body wave
function by a kind of Jastrow factor [31]:

1 —exp( —ar )(1 b—r ),
a =1.1 fm

b=0.68 fm

(24)

This procedure results in a suppression of the pion-
exchange matrix element by 20% —30% and a decrease
for p- and e-exchange matrix elements by a factor of
3—4. Similar results have been obtained with a much
more elaborate treatment of SRC such as the Bethe-
Goldstone approach [32—34].

While the form of the one-boson exchange PNC-XX
potential is well established (see, e.g., Refs. [33,35]), the
weak meson-nucleon-nucleon (MNN) coupling constants
have been the subject of debate in the recent years in par-
ticle physics [15,16,33,35,36] as well as in low-energy nu-
clear physics [1]. Investigating the PNC MNN ver-tices
within the framework of a nonlinear chiral effective La-
grangian, Kaiser and Meissner [16] (KM) reported a con-
siderably smaller value (2.0X10 ) for the weak ~NN
coupling constant (h ) compared to the recent result

TABLE III. Weak meson-nucleon coupling constants calcu-
lated within different weak-interaction models (in units of 10 ').
The abbreviations are given in the text.

g, b, T"meson DDH AH DZ

h'

h'
h

h
h„'

0.19
—3.70
—0.10
—3.30
—2.20
—1.40
—1.00

4.54
—11.40
—0.19
—9.50

0
—1.90
—1.10

2.09
—5.77
—0.22
—7.06

0
—4.97
—2.39

1.3
—8.3

0.39
—6.7

0
—3.9
—2.2

(1.3X10 ) obtained by Dubovik and Zenkin [36] (DZ)
in Weinberg-Salam theory plus quark model, both
significantly lower than the often used Desplanques-
Donoghue-Holstein (DDH) best value [15] (4.6X10 ).
Moreover, the weak couplings extracted from low-energy
experiments by Adelberger and Haxton [1] (AH) are close
to the DZ [36] values (see Table III). This controversy
was a stimulation for an analysis of the PNC matrix ele-
ments based on aH four models, in order to search for

0.6— ODH AH DZ

Cl
X

0

X~0

+v
X~O

XQ
0

X O

Xg
0

k I

yPNC yPNC yPNC yPNC yPNC yPNC yPNC yPNC yPNC yPNC yPNC

p(u) t|;N II p(m) ppH II p(u) AH I(; p(tel) pZ

FIG. 3. PNC matrix element calculated within different strong- and weak-interaction models. The abbreviations are given in the
text. The symbols refer to the following models: o: ZBM I; V: ZBM II;:REWIL; +: ZQM; —:PSDMK; X: PSDMK + CM;
T: PSDMWK;e: PSDMWK+ CM.
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TABLE IV. Values of the PNC-XN matrix element (in eV) between the 2 1, 12.9686 MeV state and the 2+0, 13.020 MeV state in
' 0 calculated within different models for weak and strong interactions. The abbreviations are given in the text.

Interactions

ZBM I
ZBM II
REWIL
ZWM
PSDMK
PSDMK+CM
PSDMWK
PSDMWK+ CM

V

—0.0167
0.0370
0.0186

—0.0397
—0.0212

0.0169
0.243
0.0235

KM
Vp( )

—0.0116
0.0257
0.0123

—0.0268
—0.0115

0.0162
0.0162
0.0195

VKM
tot

—0.0283
0.0627
0.0309

—0.0665
—0.0321

0.0331
0.0405
0.0430

V„
—0.287

0.660
0.332

—0.709
—0.381

0.304
0.437
0.423

DDH
Vp( )

—0.016
0.036
0.017

—0.037
—0.014

0.021
0.020
0.025

VDDH
tot

—0.303
0.696
0.349

—0.746
—0.395

0.325
0.457
0.448

V

—0.138
0.306
0.154

—0.328
—0.176

0.141
0.202
0.196

AH
Vp( )

—0.028
0.061
0.290

—0.064
—0.029

0.041
0.040
0.049

VAH
tot

—0.166
0.367
0.183

—0.392
—0.205

0.182
0.242
0.245

V

—0.086
0.189
0.095

—0.204
—0.109

0.087
0.125
0.122

DZ
V („)

—0.021
0.047
0.023

—0.050
—0.022

0.031
0.031
0.037

VDz
tot

—0.107
0.236
0.118

—0.254
—0.131

0.118
0.156
0.159

new experimentally accessible cases, being sensitive to
(h ) and theoretically clean (i.e., uncertainties from nu-
clear structure calculations are small).

In the present calculation the standard form for HPNC
has been used [15] [see also Eqs. (27)—(36)] with the
weak-coupling constants given in Table III. The strong-
coupling constants are summarized in the last four
columns of Table II from Ref. [16]. The calculated ma-
trix elements for different weak-interaction models and
different shell-model residual interactions are shown in
Table IV and Fig. 3. The matrix elements are calculated
up to an i phase. Their signs are due to the oxBASH
wave-function phases and are kept for further references.
Nevertheless, the difference between the maximum and
the minimum of the analyzing power does not depend on
the phase of the PNC matrix element (see Sec. V). As can
be seen, the results for different interactions agree within
a factor of 2.S and no large suppression appears when the
model space is enlarged. The p- and co-exchange contri-
butions add coherently to the total matrix element in
every case. The contributions from heavy mesons do not
exceed 25%%uo for the DDH, AH, and DZ cases, but in-
crease to 50% in the KM model, reducing the contribu-
tion of pion exchange. If this model is taken at face
value, the chance to observe a trace of h is considerably
decreased.

Considering the present discrepancies between the
DDH values [15] and the KM [16] results, the conserva-
tive choice of the matrix element (2 1~HpNC ~2+0) =0. 1

eV is consistent with the DZ [36] model and is also sup-
ported by b.T= 1 PNC experiments [1,37,38]. In this
case 75%%uo 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 [39],vanishes for the proposed matrix element.

E~ 30
&Cl~~20-

Ep= 888 ke Y

10-

nance parameters for the used PC T matrices [Eqs. (13)
and (15)], taken from the latest compilation [9], are given
in Table II. The proton phases g t, have been calculated
within a folding procedure, using a realistic M3Y interac-
tion [40], derived from G-matrix elements based upon the
Reid XX potential and the Sussex matrix elements [41].
The results are very close to the Coulomb phases (see
Table V). The a-channel phases and the background PC
0+0 T-matrix element ti =t exp[i(a)] have been fitted
(see Table V) to reproduce the Legendre polynomial
coe%cients for the cross section and PC analyzing power
of Pepper and Brown [18]. The expansion coefficients ex-
tracted from experiment and from the present investiga-
tion are given in Table VI. Figure 4 shows the quality of
the theoretical treatment. The calculation of the PNC
analyzing powers Al and Ab has been performed with
the same parameters. Figure 5 shows (on an expanded
horizontal scale) the predicted size of the quantities AL

and Ab around the narrow 2 1 resonance (E =898
keV), relevant for an experiment to determine the PNC

V. LONGITUDINAL AND IRREGULAR
TRANSVERSE ANALYZING POWERS FOR
THE 5N(p, ~ ) C RESONAN("E RPA/TION

0' 20' 60 100' 140 180'

It is essential to compare the predictions of the theoret-
ical model introduced in Secs. II an III with the experi-
mental results for the cross section and the (regular)
analyzing power for the ' N(p, a )

' C reaction. The reso-

FIG. 4. Angular distribution of the di6'erential cross section
at E =888 keV. The circles are taken from Ref. [18];the solid
line follows from the present prediction.
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TABLE V. Proton- and n-channel phases as well as the PC 0+OT-matrix element calculated with the
M3Y interaction or fitted to the experimental data as explained in the text t, = t exp(ia){ t =0.1, u =0).

1

10

5.6548

2+

1.25664 —0.200 1.119

g2

0.5855 1.119

21

1 ~ 119

matrix element. These predictions are based on the size
of 0.1 eV for the PNC matrix element, which is a conser-
vative estimate, as can be verified, e.g. , from Fig. 3 and
Table IV. Other results for all models„given in Table IV,
can be obtained by straightforward multiplication.

Th,.PNC analyzing power shows a dispersionlike ener-

gy behavior around the resonance energy, the form de-
pending on the phase di6'erence of the contributing ma-
trix elements (see Fig. 5). However, the difference be-
tween the maximum and the minimum (denoted by
6 Al ~b~ in Fig. 5) is equal to the quantity DL ~„~ defined in
Eq. (20). It is a very important fact that b, Ai ~b~ depends

I

0.8 - e,„=90

aA& = 1.1 x )0

0.8-

aA, =0.9 x )0-'

04 04-

02-

-0.2-

885 890 895 900
i

905 eS5 890 895 900 90S

I I

1.0 - eoi = 150

gAt =1,C x10

0.S-

1.0- et~= '150

&AI,=0.2&+
0.8-

0.4- 0.4-

02-

-0.2'— -02-

-0.4-

885
I

890 S95 900 905 each 890 895
i

900 905

, „[kevI -~ E„„fkeV)

FICx. 5. PNC analyzing powers versus proton energy around the 2 1 resonance under investigation: (a) AL at 0=90, (b) Ab at
I9=90', {c) AL, at 0= 150', and (d) Ab at 0= 150'.
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TABLE VI. Experimentally [18] and theoretically deter-
mined Legendre polynomial coefficients to describe the
differential cross section and analyzing power A„at E~ =900
keV.

1
u(r, m, ) = (p, —p2), exp( m—, r )

(36)

b2 a,
1

v(r, m, )= (p, —p2), exp( —m, r)'
4mr

Experiment
Theory

—0.813
—0.801

—0.068
—0.067

0.087
0.038

EAL (b)=DI (b) g V&
0 PNC

S —7T', P, ct)

where

(25)

D ( )
=2(r ) '(r /2r )' ~CL(b)~ . (26)

V, are different meson contributions to the total PNC
shell-model matrix element (2 1~HpNc ~2+0):

neither on the phase QPNc nor on the PC phase pl (b) of
CI (b) [see Eq. (19)]. The information on the modulus of
the PNC matrix element can therefore be extracted from
AL ($) measurements.

One main result of the present contribution can be con-
densed in the formula

The above formulas gather different ingredients from nu-
clear reaction theory (DL('b) ), shell-model matrix ele-
ments (M), , ', see Table VII), and MAX weak and strong

coupling s, which contain inform ation s from models
describing the interaction between hadrons (see, e.g. ,
Table 2 from Ref. [13]). Therefore, these formulas may
be useful for further investigations.

For the longitudinal analyzing power at 0, =90', the
result DL = 1.121 X 10 eV ' is found. The correspond-
ing value for the irregular transverse analyzing power
turns out to be Db =0.92 X 10 eV ', while for
c. m. 5 ~ L 1.4X 10 eV ' and D& =0.25
X 10 eV ' have been obtained. It is interesting to take
as examples two limiting cases of strong-interaction con-
stants. One is the case of usual strong couplings of DDH
and AH for which the following dependence of 6 AL on
the weak-coupling constants is obtained:

b, AL (150')= 102.39h „—5.75h ' —14.3h ' —2. 15h ' .

(37)

PNC

4~2 (27) Using the weak coupling of AH (see Table III), the fol-
lowing value for the quoted observable has been obtained:

(28) b, Al (150 ) =2.5 X 10 (38)

V = —
—,'g„h ' [M, +M3 +(1+)M, )M~ ],

V = ——'g h'M
4 p p

where

(30)

The other case is the KM strong-coupling one, for which

b, Al (150')= 126.37h —9.46h ' —l2. 83h ' —2.45h ',
(39)

M„,= (2-1(f„,~2+0),

in which

1
f(), = i [r, X ~~],(o,+o 2)u(r, m, ), (32)

6 AL (150 ) =0.43 X 10

(31) the final result being

(40)

1
f2 q

—
M

(1 ) +7r2 )i(o. , Xcr2)u(r, m, )
z z

(33)

(34)

(35)

In both examples the small values of the REWIL struc-
ture calculation (see Table VII) have been used.

On the basis of these predictions, an experimental pro-
posal to measure the PNC analyzing powers Al (and Ab)
in the ' N(p, ao)' C reaction is sketched in the following.
At backward-scattering angles the (PC) analyzing power
A„ is very small or even zero [18],whereas the cross sec-
tion is maximal in the relevant energy region around
E„,(2 1)=E~=898 keV. The situation is favorable for
PNC asymmetry measurements because several PC asyrn-

TABLE VII. Nuclear structure part of the PNC-NX matrix element (in MeV) as defined in Eq. (31)
in the text.

REWIL
ZWM

M() „
0.3076
0.6569

Ml p(ro)

0.0184
0.0410

M2p( )

0.0207
0.0479

M3 p(„)

0.0192
0.0383

M() p

0.0220
0.0447
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metry effects, superimposed on the PNC observables, are
small if 2& is small. Moreover, this advantage coincides
with the maximum of the predicted PNC interference
eff'ect in AI [e.g. , b, AL(0, =160 ) =2.6X10 ]. Al-
though the size of the quantity 3& is smaller than AL

[3,8] in many experimental cases, it has a comparable size
near 8=90' (see Fig. 5). However, at this angle the
difFerential cross section appears to be smaller (see Fig.
4). Therefore, and because of the solid-angle restriction
in the Ab measurement (detectors only in one reaction
plane), the observable AI is the more favorable one for
the realization of a PNC experiment.

The small width of the 2 level at E =898 keV re-
quires a thin ' N target (AE ~ 1 keV) for E~ =898 keV),
e.g., realized by implanting ' N ions in the surface of a Ti
backing or preparing a thin Ti' N-target layer, as has
been used in Ref. [42]. Another possibility is the use of a
' N-gas target. It has the advantage that the energy loss
in the target gas can be adjusted in a way that one is able
to measure five different energy points around the reso-
nance 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 tar-
get gas tube, e.g. , at 0&,b=(135+24) or g&,b=(90+24)',
as well as at lower energies with large solid angles
(0.4 ~ 0 ~ 0.6sr). The azim thai 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
scattered particles leave the gas tube through aluminum
foils (12—15@m), which are used in front of the detectors
in order to stop elastically scattered protons and low-
energy a][ particles from excited ' C states, providing
background-free ao spectra. The reaction energy can be
adjusted precisely by detecting the y rays from the
' N(p, y)' 0' reaction. These spectra serve at the same
time as a monitor for detecting 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 carbon layer
of ~ 60 nm thickness in order to minimize the energy loss
and straggling of the proton beam. This is essential be-
cause 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 systems and adjusting the target gas pressure to = 1.3
mbar, the measurement can be performed at five energies
simultaneously within the interval E„,—I
& E &E„,+ I . With an experimental setup of this type,
a statistical accuracy of =0.7X10 will be reached for
AI (135+24) and AL (90+24)' after 48pAd of in-
tegrated 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 experi-
ment requires a proton beam with high intensity, polar-
ization, and energy resolution. Experiments along these
lines are being prepared to the Giessen Tandem Labora-
tory to investigate the feasibility to measure the PNC
anomaly in the longitudinal (and PNC transverse) analyz-
ing powers.

VI. CONCLUSION AND OUTLOOK

It has been shown that measurements of the longitudi-
nal and irregular transverse analyzing powers of the
' N(p, ao)' C resonance reaction in the excitation energy
range near 13 MeV can provide very sensitive and in-
terpretable experiments to determine the PNC matrix
element connecting an even- J—odd-parity two-level
(2 1, 2+0) system. The (2 I ~Hp&o~2+0) matrix ele-
ment has been calculated within the OXBASH code using
eight strong- and four weak-interaction models. A con-
servative value of 0.1 eV has been selected to predict the
experimentally relevant observables AL and Ab, showing
a dispersionlike interference pattern in the excitation en-
ergy around the 2 1 resonance. This new ' 0 case en-
larges the number of two-level systems solely sensitive to
isovector parity mixing and accessible experimentally
with two independent polarization observables.

Measurements of the longitudinal and irregular trans-
verse analyzing powers have been reported in (p, a) reac-
tions involving the Ne compound nucleus [4,5, 17].
From the theoretical point of view, the above-proposed
PNC ao transition from ' 0* to ' C(g.s.) may be a better
candidate to study isovector parity mixing than the re-
cently investigated similar case from Ne to ' O(g.s.). In
the latter one the parity- and isospin-forbidden eo decay
from Ne (1+1, 13.482 MeV) to ' O(g.s.) has been inves-
tigated by measurement of the longitudinal and trans-
verse analyzing power via the ' F(p, ao)' 0 resonance re-
action wherein a close-lying (b,E=20 keV) 1 0 state is
involved in the PNC transition. One explanation sustain-
ing the proposed 2,2+ doublet in ' 0 as a more suit-
able candidate is the small degree of center-of-mass
spuriosity in the calculated structure of the involved ' 0
levels participating in the ' N(p, ao)' C resonance reac-
tion. The spuriosity turns out to be very small for the
' O nucleus in comparison with the weight of the
spurious-state contribution in the structure of the Ne
levels, participating in the ' F(g7, ao)' 0 resonance reac-
tion. Furthermore, the 1+ state involved in this process
is the fifth excited 1+ level, and shell-model predictions
for such highly excited states are clouded by incertitudes.
Moreover, this case does not seem to be a simple 1+, 1

doublet because at least one second 1 excited state
(hE =37 keV) is expected to be involved [4,5]. Since this
group of 1 levels contains the eighth and ninth 1 excit-
ed level of the Ne nucleus, an enlarged calculation is
necessary for the Ne case.

Another two-level system in the ' N compound nu-
cleus [3] has recently been proposed, which is experimen-
tally investigated via elastic scattering of polarized pro-
tons in the ' C+p channel (Ar ). Although the calcula-
tions gave a PNC matrix element being larger by one or-
der of magnitude (using the DDH best values), the pre-
dicted interference eff'ect is comparable in size with the
predictions for the ' N(p, ao)' C reaction. However, no
isovector terms contribute in the '"N case.

Because of the small level spacing (b,E=51 keV), the
above-discussed 2 1,2+0 doublet in ' O* will also be in-
vestigated theoretically and experimentally in elastic
' N(p, p )' N scattering via the observables AL and A&.
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¹teadded in proof. The matrix elements in Fig. 3,
Tables IV and VII, and the right sides of formulas
(37)—(40) must be multiplied by a factor 2 which origi-
nates from the different parametrization of the PNC po-
tential, for instance Refs. [12] and [1]; the conclusions of
Fig. 5 are not changed.
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