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Isovector giant quadrupole resonance observed in Si(p, y) 'P
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The Si(p, y) 'P reaction has been studied in the proton energy range E~ =20—36 MeV. Angular
distributions of the cross section and the analyzing power have been measured for y-ray transitions
to the ground state and the first excited state of 'P over the angular range 37.5' —145 at E~ 25 5

MeV. Legendre polynomial fits to both observables yield nonzero coefficients of order k =3,4, sug-

gesting the interference of E2 radiation with the dominant E1 radiation. A transition-matrix-
element analysis of the data indicates that -26% of the y& cross section at this energy arises from
E2 radiation, whereas only 10% of the yo cross section can be attributed to E2 radiation. Direct-
semidirect calculations give a direct E2 component of -7% for both channels, suggesting
significant excess E2 strength in the y& channel at this energy. The energy dependence of the 90'
analyzing power for y &

shows a resonance structure near E~ =34 MeV which can be reproduced by
a direct-semidirect calculation including an E2 resonance at Ez&R=38.6 MeV with a width of
I z&R=S.O MeV and a strength of 50% of the isovector E2 energy-weighted sum rule. The current
results thus provide strong evidence for collective E2 strength roughly at the expected peak of the
isovector giant quadrupole resonance built on the first excited state of "P.

I. INTRODUCTION

Polarized proton capture has the potential to be a valu-
able tool in mapping out resonant multipole strength dis-
tributions at high excitation. In the present paper, we
have used this technique to study E2 strength in 'P.
The current work is an extension of the experiment of
Cameron et al. ' to higher energy. The previous work
studied the Si(p, y) 'P reaction with unpolarized pro-
tons up to E =28 MeV and with polarized protons up to
E = 15 MeV. This earlier work suggested the presence
of significant E2 strength above the giant dipole reso-
nance (GDR), based on the observed energy dependence
of the fore-aft asymmetry of the cross section. To pursue
this issue, we have measured the cross section o(g) and
the vector analyzing power A (9) at nine points in the
angular range 8 =37.5 —145' for the Si(p, y) 'P reac-
tion using polarized protons at E =25. 5 MeV. A
model-independent analysis using transition matrix ele-
ments was employed to obtain quantitative results for the
E2 fraction present in capture to the ground state (yo)
and the first excited state (y, ) of 'P at this energy. ~e
have also measured the vector analyzing power at
0 =90 at 11 energies over the proton energy range
E =20—36 MeV. Theoretical work based on the
direct-semidirect model has suggested that the 90
analyzing power is especially sensitive to the presence of
the isovector giant quadrupole resonance (IVGQR).

Similar work on the ' N(p, yo)' 0 reaction by Kovash
et al. has revealed that whereas (5+1)% of the capture
cross section at 35 MeV excitation in ' 0 can be attribut-

ed to E2 radiation, this fraction rises to (ii+1)% at 39
MeV excitation. To determine the significance of this
E2 strength requires an absolute E2 cross section, since
the E2 fraction is affected by the energy dependence of
the much larger E1 cross section, which is falling rapidly
with the tail of the giant dipole resonance. Based on
measurements of the absolute (p, y ) cross section for this
reaction, which give 2 0

=0.558+0.022 pb/sr and
0.319+0.013 pb/sr for E„=35and 39 MeV, respectively,
the data points from Ref. 4 correspond to absolute E2
cross sections of 0.028+0.005 JMb/sr and 0.035+0.003
pb/sr, suggesting an increase in the E2 cross section with
increasing energy in this region. These results, which
were based on a reaction amplitude analysis, constitute
model-independent evidence for significant E2 strength
in the expected vicinity of the IVGQR in ' 0.

The only previous measurements of the energy depen-
dence of the vector analyzing power have been performed
at lower energies (E & 18 MeV) in the ' C(p, yo)' N re-
action by Snover et al. and in the ' N(p, yo)' 0 reaction
by Hanna et al. In the former work, no evidence of a
resonance was found. In the latter work, E2 strength lo-
cated slightly above the centroid of the GDR was tenta-
tively identified as isovector in nature, but the energy
range was insufhcient to obtain a complete excitation
function over the entire region of the IVGQR in ' 0. In
the current work, we have spanned the expected energy
region of the IVGQR in 'P, and we present, for the first
time, definitive results that identify a compact IVGQR in
a light nucleus using the polarized proton capture reac-
tion as a tool.
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II. EXPERIMENTAL DETAILS

The present data for the Si(p, y) 'P reaction were
taken at the 88-Inch Cyclotron of the Lawrence Berkeley
Laboratory. Polarized proton beams were incident on a
10 mg/cm self-supporting Si target enriched to 95%.
Capture y rays were detected in a new 25.4 cm X 27.9 cm
NaI detector with active plastic-scintillator (NE110) an-
ticoincidence shield. The detector was surrounded by 10
cm of Pb shielding, 20 cm of boric acid bricks to
moderate neutrons from the target, and 2.5 cm of LiH to
absorb thermal neutrons. The front face of the detector
was located —1.2 m from the target, and a collimator in
the front Pb shield defined the y-ray acceptance angle.
For additional neutron shielding, the collimator held a
plastic plug, and a 25 cm wall of paraffin was placed be-
tween the target and the NaI detector. The setup of the
spectrometer is similar to the system used at the Triangle
Universities Nuclear Laboratory, for which the details
have been described elsewhere. Data were taken in
pulsed-beam mode, utilizing the time structure of the cy-
clotron beam. Time gates were set in a time-of-flight
spectrum so as to eliminate neutron-induced backgrounds
from the y-ray spectra.

In the angular distribution measurement, the beam po-
larization (P-68%) was determined via the He(p, p) He
elastic-scattering reaction, for which the analyzing
powers in this energy region are well known. The polar-
ization was monitored during the course of the experi-
ment by measuring the up-down asymmetry of protons
scattered by the Si target using two solid-state detectors
located symmetrically on either side of the beam axis.
Despite the fact that the analyzing powers for elastic pro-
ton scattering from Si are not known, this procedure
provided a relative check of the beam polarization. We
found the polarization to drop by 10% of its value (from
68% to 61%) over the running period of 5 days. For the
energy-dependence measurement, the beam polarization
(P —58%) was obtained in the same manner. In this
case, however, the polarization was checked at each ener-
gy using the He(p, p ) He reaction. The effect of variable
polarization was included in all reported values of the
analyzing power for the capture reaction.

III. ANALYSIS AND RESULTS

A. Angular distributions

An example of a raw pulse-height distribution mea-
sured at 0&=50' is given in the top panel of Fig. 1.
Several strong y-ray transitions are clearly resolved in
this spectrum. The high-energy portion of such a distri-
bution is shown in the lower panel of Fig. 1. The spec-
trum was fitted with NaI line shapes located at the posi-
tions of the first seven strong single-particle states in 'P
(up to E„=5.02 MeV), as given by ( He, d) proton strip-
ping results. ' The figure shows the individual fits to the
yo and y& transitions explicitly (dashed curves), along
with the total fit to the spectrum (solid curve). Transition
strengths were obtained by integrating the response func-
tion down to zero energy —a linear extrapolation to zero
was used below the point to which the NaI response is
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FIG. 1. Upper panel: Measured y-ray spectrum for the
Si(p, y)"P reaction at E~ =25.5 MeV (8~=50'). Strong tran-

sitions are evident to the ground state and first excited state
(E„=1.27 MeV), as well as to groups of states near E, =4.4,
7.0, and 9.5 MeV. The spectrum cuto6' at E~ =20 MeV is due
to the electronic discriminator setting. Lower panel: High-
energy portion of the above spectrum, showing the total line-
shape fit (solid curve) to the data. The total fit accounts for y-
ray transitions to the erst seven strong single-particle states in
"P (up to E =5.02 MeV). The positions of the yo and y& tran-
sitions are shown explicitly (dashed curves).

known. All yields were subsequently corrected for ac-
cidental rejection of good y-ray events by the anticoin-
cidence shield and for deadtime effects.

The angular distributions of the relative cross section
o.(8)/Ao and the product of analyzing power and rela-
tive cross section cr(8)A~(8)/Ao for yo and y& are plot-
ted in Fig. 2. Both cross sections are strongly forward
peaked, implying significant mixing of opposite parity ra-
diation (Ml or E2) with the dominant electric dipole
(El) radiation. The analyzing power for y, is large,
especially at 90, but for y0 it is small at all angles. The
analyzing power for y& also deviates substantially from
the typical sin(28) angular dependence expected for pure
E1 radiation.

The angular distribution of the cross section has been
expressed as an expansion in Legendre functions up to or-
der k =4:

4
a(8)/HO=1+ g aqgkPq(8),

k=1
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FIG. 2. Angular distributions of cross section and analyzing power for the y0 (left panel) and y& (right panel) transitions from the
' Si(p y)"P reaction at E~ =25.5 MeV. The solid curves are the Legendre polynomial fits to the data the results of which are given
in Table I.

and that of the product of vector analyzing power and
cross section as an expansion in associated Legendre
functions:

4
o (0) /Iy(8)/3 o

= g bk Qgpk (8),
k=1

where the Qk are the usual finite geometry correction fac-
tors. " The least-squares fits to the data are shown by the
solid curves in Fig. 2, and the resulting angular distribu-
tion coeKcients ak and bk are presented in Table I. Fin-

TABLE I. Coefficients ak and bk obtained from the Legendre
polynomial fits to the angular distributions of cross section and
analyzing power for transitions to the ground state and first ex-
cited state of "P from the ' Si(p, y )"P reaction at E~ =25. 5

MeV.

ite values for the odd coe%cients indicate the interference
of multipoles of opposite parity, and nonzero values of
the Legendre coeScients of order k =3,4 suggest that the
interfering amplitudes originate primarily from E2 radia-
tion (rather than M 1).

To obtain a model-independent estimate of the contrib-
uting amplitudes, we have performed a transition-
matrix-element (TME) analysis of these angular distribu-
tions, assuming only E1 and E2 terms. Whereas M1 ra-
diation cannot, in principle, be completely excluded, it is
not expected to contribute significantly in this energy re-
gion, as discussed in Ref. 1. An intermediate continuum
state I is formed by coupling the projectile angular
momentum j= l +s to the target spin J,-; the final state Jf
is reached by the emission of EA, radiation. The complex
reduced transition matrix elements (denoted by T) can
then be written in terms of a real amplitude R and a
phase P:

Coefficient

Ql

Qp

Q3

Q4

bl
b2

b3
b4

30Si(~ y )31P

0.75+0.02
—0.58+0.03
—0.55+0.04
—0.18+0.04

0.03+0.02
0.06+0.01
0.02+0.01
0.00+0.01

Si(p, yj)"P

0.56+0.01
—0.40+0.03
—0.17+0.03
—0.13+0.04

—0.16+0.01
0.18+0.0)
0.12+0.01
0.04+0.01

For E1 capture to the —,
'+ Arst excited state of 'P at

E = 1.27 MeV (primarily a ld 3/z single-particle state,
with spectroscopic factor' C S=0.63), there are three
possible partial waves ( p»z, p3/2 f5/2) that can con-
tribute. The notation 'l - refers to the orbital angular
momentum l and the total angular momentum j of the
projectile, and the spin I of the intermediate state. For
E2 capture, there are four possible partial waves
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FIG. 3. Schematic representation of the allowed E1 and E2
single-particle transitions to the ground state (left panel) and
first excited state (right panel) of "P from the ' Si(p, y)31P reac-
tion. The E1 transitions are indicated by dashed lines; the E2
transitions are given by dotted lines.

( s] /2 d3/2 d5/2 g7/p ). Transitions to the —,
' + ground

state (primarily a 2s, /2 single-particle state, with spectro-
scopic factor ' C S=0.48) are considerably simpler
('p, /, and p, /, for El; d3/2 and 'd, /, for E2). The al-
lowed E1 and E2 transitions to the ground state and first
excited state of 'P are illustrated schematically in Fig. 3.

The relationships between the transition matrix ele-
ments and the angular distribution eoeKcients ak and bk
in jj coupling have been previously deduced. ' These are
given explicitly in Ref. 1 for the ground-state transition
and in the Appendix for the first-excited-state transition.
Using these relationships, the amplitudes and phases of
the TME's were treated as free parameters and were
varied in a g -minimization routine based on MINUIT
(Ref. 13) to fit the cross section and analyzing power data
simultaneously. The quality of the fits was identical to

that obtained when fitting in terms of Legendre polyno-
mials.

The results of the TME analysis are given in Table II.
Each column corresponds to a possible solution; all of the
solutions for each final state give equivalently good fits.
The quantities listed in the table represent the percentage
of the total cross section contributed by each partial
wave. For the yo case, two solutions are possible that
give similar g values, but the E2 strength fraction (10%)
is independent of the solution. Based on the absolute
cross section of Cameron et al. ,

' this result corresponds
to o.z2(p, yo) =0.05+0.01 )Mb/sr.

The y& ease gives multiple solutions with similar g
values which were found after an exhaustive search of the

space defined by the free parameters. These solutions
fall into general classes which are represented in Table II,
but we have chosen the leftmost two shown in the table
as being the most physically plausible, based on simple
shell-model considerations that favor l ~l+1 E1 transi-
tions and l —+l+2 E2 transitions. In this case, the E2
cross section is crz2(p, y, )=0.30—0.48 pb/sr. Despite
the uncertainty (20—32%%uo) in the E2 percentage, it is
clear that substantial E2 contributions arise in (p, y, ) at
this energy, more than twice as much as in (p, yo).
Direct™semidirect model calculations indicate that direct
E2 capture can account for only -7% of the cross sec-
tion for both yo and y& at this energy, suggesting the
presence of substantial excess E2 strength in the yi chan-
nel.

8. Energy dependence

Another issue to address is the variation of the E2 ab-
solute cross section with energy. The fact that the frac-
tional E2 strength changes is not sufhcient to infer any-
thing about the importance of E2 radiation since varia-
tions in the E1 cross section will also a6'ect the E2 frac-
tion. This is clear by examining the TME analysis of the
earlier Cameron data at E = 11 and 15 MeV (see Table
III). In the case of yo, the E2 fractions for E =11 and
15 MeV (2% and 4.6%, respectively) are lower than at
E~ =25.5 MeV (10%), but the absolute E2 cross sections

TABLE II. Results of the transition-matrix-element analysis for capture to the ground state and first
excited state of "P. Each column corresponds to a diff'erent solution. The quantities represent the per-
centage contribution of each partial wave to the total cross section. The total strength of each mul-
tipole (E1 or E2) is given at the bottom of the column.

Partial Wave 30Si(~ y )31P 30S1(,f )31p

P1/P(E 1 )

P3/2(E1)
'fs/2(+1)
g(E1) 90

72
18

90

34

39
80

7
10
51
68

21
17
24
62

45
2

34
81

8

5
46
59

21
26
20
67

s»2(E2)
d3/2(E2)
ds/2(E2)
g7/2(E2)
g(E2) 10 10

1

3
3

13
20

8
10
0

14
32

32
3
0
3

38

12
3
1

3
19

14
17
3
7

41

4
8

19
2

33
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TABLE III. Values of the absolute (p, y) cross sections (from Ref. 1), the E2 strength fractions, and the resulting absolute E2
cross sections for capture to the ground state and first excited state of "P at proton energies E„=11, 15, and 25.5 MeV.

(MeV)

11.0
15.0
25.5

o

(pb/sr)

7.3+0.1

3.6+0.1

0.53+0.04

30si(p~ y )31p

E2 fraction
(%)

2+1
4.6+0.5
10+1

(pb/sr)

0.15+0.08
0.17+0.02
0.05+0.01

Ao
(pb/sr)

6.9+0.1

8.5+0.1

1.5+0.1

30Si(p y )31p

E2 fraction
(%)

1 —13
1 —20

20-32

~Ex
(pb/sr)

0.07—0.90
0.09—1.70
0.30—0.48

are higher than at E =25.5 MeV by about a factor of 3.
The case of y &

is considerably more complicated, due
to the seven contributing partial waves for El and E2
capture. At E = 11 MeV, solutions of 8 —13% E2 contri-
butions give y = 10.5; however, other solutions of -2%
E2 strength give g =12.5, and even pure E1 solutions
(y = 14.5) are marginally acceptable. Similar results are
obtained for the analysis of y, at Ep 15 MeV. Thus, al-
though a well-defined value of the E2 cross section can-
not be specified, the overall picture (as seen in Table III)
does not rule out an increase in the E2 cross section be-
tween Ep = 11—15 MeV and E =25. 5 MeV. Unfor-
tunately, a more quantitative result is not presently avail-
able.

The energy dependence of A (90') for the ground-state
and first-excited-state transitions is shown in Fig. 4. The
absolute value of the 90' analyzing power for y& is sizable
and increases monotonically over most of the measured
energy range, reaching a peak at E =34 MeV. No such
peaking behavior is evident in the yo case, however, and
the analyzing power is nearly zero at all energies.

We have used the direct-semidirect (DSD) model to
calculate A (90 ) as a function of energy. In these calcu-
lations, we have included the giant dipole resonance as
well as isoscalar and isovector components of the giant
quadrupole resonance. For the isovector interaction, a
complex particle-vibration coupling form factor was
used, with a real volume term of strength V& =70 MeV
and an imaginary surface term of strength W& =35 MeV.
The isoscalar quadrupole coupling interaction was treat-
ed as a real surface-peaked form of strength Uo= —50
MeV. Optical model parameters were obtained from the
global fits of Becchetti and Greenlees. ' The bound-state
potential well depth was adjusted to obtain the correct
binding energy. Based on the previous work of Cameron
et al. ,

' a two-component GDR (due to isospin splitting)
was used with the following parameters: E &

= 17.3
MeV, I =3.4 MeV, S =54% and E =20.6 MeV,
I & =4.0 MeV, S& =46%. The isoscalar quadrupole res-
onance was included with E=19.7 MeV, F=7.1 MeV,
and S =32%.' The resonance parameters of the
IVGQR were treated as free parameters in order to fit the
energy dependence of A (90') for the y, transition. No
such fitting procedure was employed for the yo transition.

The solid curves in Fig. 4 are the results of the above
DSD calculations, including the IVGQR with energy

EzQR =38.6+1.0 MeV and width I +QR 5.0+1.2 MeV,
and exhausting (50+15)% of the isovector E2 energy-

weighted sum rule. The dashed curves are the same cal-
culations but without the IVGQR. The yo transition
shows no particular distinction between the two calcula-
tions. While the energy dependence is nearly Bat, the cal-
culated magnitude of A~(90') for yo is small but nonzero,
in marginal agreement with the data. The peaking be-
havior of A (90 ) for the y, transition, however, is repro-
duced by the DSD calculation including the IVGQR, in
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FIG. 4. Energy dependence of the 90' analyzing power for
the yo (top panel) and y1 (bottom panel) transitions from the
' Si(p, y)"P reaction. The curves are direct-semidirect calcula-
tions that either include the IVGQR (solid curves) or neglect it
(dashed curves). The parameters for the IVGQR were obtained
by fitting the y1 excitation function and are discussed in the
text.
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contrast with the smooth energy variation of the curve
with no E2 resonance. Clearly, in the y &

case, the need
for a locahzed (collective) enhancement of E2 strength in
this higher-energy region is apparent.

IV. CONCLUSION

In summary, we have studied the Si(p, y) 'P reaction
over the proton energy range E =20—36 MeV using po-
larized protons, corresponding to excitation energies of
E =26. 6—42. 1 MeV in 'P. A transition-matrix-element
analysis of the angular distributions of the cross section
and the analyzing power at E =25. 5 MeV has revealed
the presence of considerable E2 strength at 32 MeV exci-
tation energy in 'P. We find that E2 radiation accounts
for 1 O%%uo of the total cross section for yo and -26% for
y &. For y &, in particular, the data suggest a sizable con-
centration of E2 strength at this energy, well in excess of
the direct E2 capture strength (-7%) predicted by the
direct-semidirect model. Thus, these results provide
strong evidence for collective E2 strength in the y &

chan-
nel. Somewhat surprisingly, the y o channel does not
show a similar result. In that case, direct E2 capture
alone can acount for the observed E2 strength in the
cross section.

The energy dependence of 3 (90 ) reveals a strong sig-
nal for the presence of substantial collective E2 strength
located near E =34 MeV (E, =40. 1 MeV) in the y,
channel. In this case, the 90 analyzing power data for y,
are well described by including an E2 resonance with pa-
rameters EG&R =38.6+ 1.0 MeV, I ~&R

=5.0+ 1.2 MeV,
and So&R = (50+15)%. By contrast, the yo channel does
not show much sensitivity to the presence of collective
E2 strength in this energy region, and these data can be
equally well described by a DSD calculation with or
without an IVGQR. It is not clear whether the failure to
observe an IVGQR built on the ground state is due to the
insensitivity of this particular channel or to the fact that
the ground state of 'P does not support a compact E2
resonance.

The location of the E2 resonance built on the first ex-

cited state of 'P is entirely consistent with the expected
location' ' of the IVGQR for 3 =31: Eo&R
-(120—130)/I '/ —38—41 MeV. Thus, the present re-
sults indicate that the collective E2 strength identified in
the (p, y i ) channel, as seen in the model-independent
TME analysis and in the energy dependence of the 90
analyzing power, arises from the isovector giant quadru-
pole resonance built on the first excited state of 'P.
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APPENDIX

The relations between the angular distribution
coefficients ak and bk and the transition matrix elements
for capture to the first excited state of 'P (E =1.27
MeV) are given below in the jj coupling scheme. The no-
tation ' l . is defined in the text. The analogous rela-
tions for capture to the ground state are given in Ref. 1 .
A detailed description of the formalism used to generate
these angular momentum coupling relations is presented
in Ref. 12.

The "product" of two matrix elements T and T' (where
T=Re '~) given —below is a shorthand notation represent-
ing a complex algebraic operation. For the ak equations,
the "product" TT' represents the expression
Re(TT'*)=RR'c s(o(

' —
( ). For the bi equations, the

"product" TT' represents the expression Re(iTT'*)
=RR ' sin(P' —P).

1=( pi/z) +2( ps/z) +3( fs/z) +( si/z) +2( d3/2) +3( ds/z) +4( g7/z)

a, =1.732( pi/z)( i/z)+2. 449( pi/z)( d3/» —1.095( p, /z)( s, /z)+1. 239( p3/z)( d

+ 21 ( p3/z)( ds/z) 1.138(6fs/z)( d, /z)+0. 913( fs/z)( ds/z)+8. 606( fs/z)( g7/z) ~

az=0. 632( pi/z)( p3/z)+2 324( p, /z)( fs/z)+0. 800( p3/z) —1.470( ps/z)( fs/z)
—1.200( fs/z ) + 1.414( s i /z )( d 3/z ) —1.134( s i /z )( d s/z ) + 1.145 ( d s/z )( d s/z )

—1.296( d3/2)( g7/2)+0. 612( ds/z) +1.039( ds/z)( g7/z)+2. 041( g7/z)

as =1.309( p, /z)( ds/z)+3. 703( p, /z)( g7/z)+1. 859( ps/z)( ds/z)+2. 650( ps/z)( ds/z)

2.342( p3/2)( g7/z )+2 683( fs/z )( ~i/z )+3.036( fs/z )( ds/z ) 2 434( fs/z )( ds/z )

—2. 869( fs/z)('g7/z),

a4=4. 276( si/z)( g7/z)+3. 665( ds/z)( ds/z)+4. 320( d&/z)( g7/z)+1. 959( ds/z)

—3.463( ds/z)( g7/z) —1.469( g7/z
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b, = —1.732( p, /2)( s, /2)+1. 225( p, /2)( d3/2) —0.548( p3/2)( s, /2)+2. 479( p3/2)( d3/2)

6o8('p3/2)( ds/2)+ .569( fs/2)( d3/2) 738( fs/2)( ds/2)+4 303( fs/2)( g7/2)

b2 0' 31 ( pl/2)( p3/2)+0'775( pl/2 )( fs/2 ) I'225(4p3/2 )( f5/2 )+0 707( ~1/2 )( d3/2)

+0.378( s, /2)( ds/2) —0.955( d3/2)( ds/2) —0.432( d3/2)( g7/2)+1. 212( ds/2)( g7/2),

b3= —0.436( p, /2)( ds/2)+0. 926( p, /2)( g7/2)+0. 620( p3/2)( d3/2) —0.221( p3/2)( ds/2)

—1.171( p3/2)( g7/2) —0. 894( fs/2)( s, /2) —0.253( fs/2)( d3/2)+1. 217( fs/2)( ds/2)

—o.239('fs/2 )('g7/2 )

b4=1.069( s, /2)( g7/2) —0.916( d3/2)( ds/2)+0. 432( d3/2)( g7/2) —1.212( ds/2)( g7/2) .
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