
PHYSICAL REVIEW C VOLUME 27, NUMBER 2 FEBRUARY 1983

z7A1(p, y)2sSi and Al(3He, d) Si to the stretched 11.58 MeV (6, 0)
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We have studied the E„=14.36 MeV 6,T=1 resonance in the Al(p, y) reaction with
the result that I'r =I'=4.0+0.2 keV, from which we infer a (d5/2 f7/i) parentage

51 -0.7. We also obtain 8(M1)=2.8+0.4 p~ or 0.19+0.03 of the pure single particle
(d5/i ',f7/i) value for the 6,1~6,0 M 1 y decay. Al( He, d) results for stripping to
the 6, 1 and the 6,0 (11.58 MeV) levels indicate So(p)/Sl(p) =1.1+0.1 and hence that the
6,0 level has a (d5/i f7/2) parentage comparable to the 6, 1 level, contrary to inferences
based on inelastic proton and pion scattering data. We discuss the hindrance of the M 1 de-

cay and the previously measured inelastic electron, proton, and pion excitation strengths rel-
ative to the expectations of a one-particle-one-hole model.

NUCLEAR REACTIONS Al(p, y) Si measured cr(E) for
J;T=6;1 resonance at E„=14.36 MeV. Deduced F, I~, and I y.

Al( He,d) Si~ measured o(8) for transitions to the 6;1 (14.36 MeV)
and 6;1 (11.58 MeV) states for E(3He) =40 and 60 MeV. Deduced S
factors from DWBA analysis and from I's . Deduced (dq/q ',f7/i)Pp'

particle-hole intensity for 6;T states. Compared these results together
with inelastic electron, proton, and pion scattering results with a simple

particle-hole model.

I. INTRODUCTION

The stretched" particle-hole excitations, which
have the maximum possible total J for a one-
particle-one-hole lfico excitation, are interesting be-
cause of their simplicity; in particular, in a laic@

particle-hole model, only one configuration may
contribute. States of this sort have been studied in
inelastic electron and proton scattering in a number
of different nuclei {see, e.g., Ref. 1) but in few cases,
if any, have they been studied with several different
and simple probes such that one can be reasonably
sure of their nuclear structure.

In Si, the 11.58 MeV (6,T=O) and 14.36
(6,T= 1) levels have strong parentage to the
stretched (ds/z ',f7/z) configuration. They are well
suited for the investigation of our understanding of

inelastic electron, proton, ' and pion scattering
since they are also accessible via proton transfer,
capture, and scattering. The latter reactions may be
used to determine the (dq/2 ',f7/2) parentage of the
6 levels, which can then be used to test our under-
standing of the inelastic scattering strengths. As we
shall see, the inelastic scattering strengths are all
hindered relative to strengths calculated with a sim-

ple particle-hole model based on single-nucleon spec-
troscopic strengths. A disadvantage of studying
these negative parity levels in the middle of the sd
shell is that there are no shell model calculations of
their properties.

This paper is organized as follows: Sections II
and III contain our Al(p, y) and Al( He, d) mea-
surements, respectively; Sec. IVA compares { He,d)
and po decay results for the 6, 1 level; Sec. IVB
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discusses a one-particle-one-hole model and a com-
parison with inelastic scattering experiments; and
Sec. IVC discusses the 6,1~6,0 M1 y-decay
strengths.

i

"&i(P,y) "Si

Resonance

II. THE 7A1(p y) Si REACTION

The z7A1(p, y) Si reaction was studied using self-
supporting Al targets, and the proton beam from the
University of Washington tandem Van de Graaff.
A narrow "calibration" resonance (I'=180+50 eV)
(Ref. 6} at Ez 3671——keV was studied to provide in-
formation on target thickness and beam energy
spread. Results are shown in Fig. 1 for both a thick
and a thin target, with the y rays detected at ez ——90'
in a large shielded NaI spectrometer. The curves
shown are least-squares fits to the data of resonance
yield calculations which take into account the
discontinuous energy loss of the proton passing
through the target. From these fits we determined
that the beam energy spread (assumed Gaussian) lies
in the range of 450—700 eV F'WHM (full width at
half maximum} and that the thick target has a
thickness of 147 pg/cm . The thickness of the thin
target (12.6 p,g/cm ) was then determined using an
off-resonance thick/thin yield ratio of (p,pi zy) and

(p,aiy) reaction y rays detected in a 15% Ge(Li)
detector situated at 8&——90' and a distance D =5 cm
from the target.
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Resonance yield curves were then measured for
the Ez ——2876 keV 6,T=1 resonance. Shown in
Fig. 2 are the resonance yields for the summed
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FIG. 2. Thick and thin target data over the E~ =2876
MeV 6,T=1 resonance. Parameters for the calculated
curves are shown in Table I.
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transition intensities measured in the Ge(Li) detec-
tor. Here one clearly sees the effect of the natural
resonance width on the yield. The curves shown in
Fig. 2 are least-squares fits to the data of resonance
yield calculations in which the resonance strength
and width were varied along with a constant back-
ground, with fixed values of the energy spread and
target thicknesses. Table I shows the parameters for

Thin
i Target

~ I-1 keV

0
I I 590 I I 600 I I 6 I 0 I I 620 I I 630 I I 640

NMR freq (kHz)

I000-

FIG. 1. Thick (147 pg/cmi) and thin (12.6 pg/cm )

target data over the narrow E~ =3.671 MeU resonance in

the ~ Al(p, y )~ Si reaction. Parameters for the calculated

curves are shown in Table I.

3.671 MeV thick
thin
thick
thin

2.876

700
450
800
450

0.125
0.175
4.10%0.53
3.78+0.19

147
15

147
15

'Beam energy spread.
~Center-of-mass level width.
Target thickness.

TABLE I. Parameters for the calculated curves sho~n
in Figs. 1 and 2.

Resonance Target BES (eV)' I' (keV)b r ( pg/cm2)'
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Target

thin

thick

thin'

I (keV)b-

3.70%0.19

4.10%0.53

4.12+0.17

r,r, yr (eV)

0.616%0.050
0.678%0.053

0.817%0.044

TABLE II. A1{p,y) results for the 6;T=1 reso-
nance.

distributions are, apparently, not well established. '

These comparisons prompted us to make an in-
dependent absolute strength measurement using the
same technique as we used earlier; this measure-
ment, reported in Table II, confirms our earlier re-
sults. Hence we adopt our average strength,

mean 4.0 +0.2' 0.71 +0.10'
I' I'„/I =0.71+0.10 eV,

'Determined in an independent measurement using a 23
p,g/cmz target and a similar detector efficiency.
bCenter-of-mass width.
'For the 6,1~6,0 transition.
Contains an additional +4% estimated systematic error.

'Contains an additional +8% estimated systematic error.

the calculated curves of Figs. 1 and 2. The results
for the width, as shown in Table II, are insensitive
to the target thickness and to changes in the beam
energy spread within the range determined by the
narrow resonance fits. Our average value for this
width, I =4.0+0.2 keV, is in good agreement with
a less precise value of 3.7+0.4 keV deduced recently
from an elastic scattering experiment.

In Table II, the fitted values for the resonance
strength I'~I r/I are listed based on our observed
6,1~6,0 and 6,0~5,0 intensities and on the
angular distributions and branching ratios (100%
for the 6,1~6,0 and 6,0~ 5,0 transitions)
given in Ref. 8. The absolute detector efficiency
calibration was based on measurements using cali-
brated Co and Na sources. Relative detector ef-
ficiencies were determined up to Er——3.5 MeV us-

ing a Co source. The measured capture strengths
I'~I'r/I' given in Table II are for the 6,1~6,0
transition, which was shown to be pure M 1 in Refs.
8 and 9.

Previous authors reported substantially smaller
capture strengths than we find for the 6,1~6,0
transition. Neal and Lams measured I ~ I r/I'
=0.32+0.07 eV, while Miehe et al. ' and Dalmas"
obtained 0.23+0.08 and 0.25+0.05 eV, respectively.
The reason for the discrepancy between the present
result (0.71+0.10 eV) and these previous results is
not clear. It may possibly be owing to the fact that
the resonance has a substantial natural width and
the effect of this width on the extraction of the reso-
nance strength was not properly accounted for in
previous work. Indeed, Dalmas" reports I =1 keV
for this resonance. Miehe et al. ' show a resonance
yield curve for which substantial contributions from
the tail of the resonance lie outside the energy range
over which data were measured. All these authors
made strength measurements relative to other
z7Al(p, y) resonances whose strengths and angular
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FIG. 3. Excitation energy curves for reaction y-ray
data measured in the vicinity of the 6,T= 1 resonance.

for this decay.
In order to interpret this strength in terms of a ra-

diative width, we must know I z/I', the pc branch-

ing ratio. Since clearly I &&I &, we need only know
in addition the resonance strengths I'z I' /I' in reac-
tion channels x =pi, pz, ps, and a i (ac is parity and
isospin forbidden). Figure 3 shows (p,xy) reaction

y-ray yields in the vicinity of the 6,T=1 reso-
nance, measured with the Ge(Li) detector at 8&

——90'
and the thin (12.6 p,g/cmz) target. Other resonances
are apparent; in p~ a much broader resonance ap-
pears at nearly the same energy at the 6,1 reso-
nance, while p2 and a~ show resonances centered a
few keV higher in energy. The absence of an effect
in these channels due to the 6,1 resonance leads to
the upper limits shown in Table III. Here we in-
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TABLE III. Upper limits for 6,T=1 resonance
strengths I ~I „/I .

nI ( He, d) SI

Channel

pi
p2

p3
y'

I pI „/I (eV)

&12

& 12

&24

&0.1

& 0.020

IBOO-
O
rr)

Ol
O.

6) 1200
C
C
O

K 600—

a& I. „I.ILA.L ~K~
300 600 900

EV
lO

EO EO

. I i4,
300 500

-i ~24keV

v"~(
I 2 00 1500 I800

'For the 6, 1 (14.36 MeV) —+5,0 (9.70 MeV) transition.

elude results for p3 also. Thus we conclude from
our measured upper limits that I'~, /I'&0. 99. This

result is consistent with barrier penetrability con-
siderations, assuming equal reduced widths for all
open channels. The (d5&2 ',f7&2) structure of the
6, 1 level would in fact favor po decay. Thus to an
accuracy of a few percent, I z /I =1.00, and hence

I
&
——0.71+0.10 eV.
The y-decay strength of 0.71+0.10 eV for the

6, 1—+ 6,0 M 1 transition corresponds to
1.57+0.22 W.u. or 2.8+0.4 p~ and hence is a rela-
tively strong transition. Shown also in Table III is
our upper limit for the "crossover"

(6,1}(14.36 MeV}~ (5,0)(9.70 MeV)

transition strength. This limit corresponds to

8(M 1,6,1~5,0}/8(M 1,6,1~6,0) (0.6% .

Apparently this strongly hindered transition in-
volves destructive cancellations of terms arising
from different particle-hole configurations in the
5,0 level.

III THE Al( He,d) Sr REACTION

A. Experimental procedure and results

The Al( He,d) Si reaction was studied in the
region of excitation of the 6,T=O and 6,T=1
states of Si at E„=11.58 and 14.36 MeV, respec-
tively, at He bombarding energies of 39.72 and
60.06 MeV. The He beam obtained from the
Research Center for Nuclear Physics (RCNP) cy-
clotron bombarded a self-supporting Al target of
265 pg/cm thickness. The deuterons corresponding
to transitions in the excitation energy region of.in-
terest were detected by a position sensitive detector'
in the focal plane of the magnetic spectrograph
RAIDEN. ' Typical energy resolution was of order
24 keV FWHM, which was more than sufficient to
resolve the 6 states from near-lying states. Some
forward angle spectra were recorded with a thinner

channel

FIG. 4. Spectrum of deuterons detected in the focal
plane detector of the spectrograph RAIDEN from the

Al('He, d)2'Si reaction at E3 ——60.06 MeV, 8=7'. The
He

inset shows the spectrum in the region of the E„=12.65
MeV doublet measured with a thinner target.

target, and —13 keV resolution. A typical energy
spectrum is shown in Fig. 4.

Spectra were ineasured for angles varying from
8~,b =7' to 65', and 8~,b

——7' to 55' for E3„——39.72
and 60.06 MeV, respectively. %ith exactly the same
setup He elastic differential cross sections were
measured from 8~,b ——15' to 27' for Ei ——39.72
MeV and H~,b

——12' to 32' for E3„——60.06 MeV.
Our elastic differential cross sections at both bom-
barding energies were normalized to optical model
(OM) calculations; these will be further discussed in
the next section. The same normalization factor was
needed for both energies. The absolute cross sec-
tions determined in this manner agreed within 10%
with absolute cross sections estimated using a
weighted target thickness and the nominal spectro-
graph acceptance. As an independent check on our
measured cross sections and on the angular depen-
dence of the cross sections at small angles, we car-
ried out limited additional measurements at
E3 =40.0 MeV at Kernfysisch Versneller Instituut
(KVI) Groningen using the OMG/2 magnetic spec-
trograph and its focal plane direction system. ' The
slightly different bombarding energy from the Osa-
ka data is not expected to result in different cross
sections. Elastic data were measured from 8„b=20'
to 30', and ( He,d} from 8i,b ——0' to 15'. The derived
absolute differential cross sections for the (3He, d)
reaction agreed in the overlapping region for the
data from Groningen and Osaka within a few per-
cent. The experimental and theoretical elastic dif-
ferential cross sections are shown in Fig. 5.

The (iHe, d) reaction cross sections were normal-
ized by the same factor used for the He elastic cross
sections. We estimate the uncertainty in the ( He,d)
absolute cross sections due to this normalization
procedure to be less than 10% The resulting d. if-
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FIG. 5. Elastic scattering data for He on Al,
E3 ——60.06 and 39.72 MeV. The sohd points are data

He
taken at RCNP, Osaka and the crosses are data taken at
KVI, Groningen. The curves correspond to optical model
calculations described in the text.

Cg

10

ferential cross sections to the 6,T=0 and T= 1

states are shown, for both He bombarding energies,
in Fig. 6. lO

B. Optical model and DWBA analyses

l. Optical model calculations

OM parameters obtained for 3He scattering at en-
ergies near our bombarding energies (see Table IV}
were used to calculate elastic differential cross sec-
tions. The calculated results for the elastic cross
sections at E3„——39.72 MeV are shown in Fig. 5.
Better fits could be obtained to the data with Pot D
(Ref. 16}which has a volume imaginary term (solid
curve) than with Pot I (Ref. 17) which has a surface
imaginary term (dashed curve}. Our data were thus
normalized to the OM calculation using parameters
of Pot II.

For the data taken at E3„——60.06 MeV, the OM

calculations using OM parameters of Pot III ob-
tained' at E& ——60 MeV gave a reasonable fit to

He

our data. This is shown as a dashed curve in Fig. 5.
A slightly better fit (solid curve) was obtained using
OM parameters of Pot II which was obtained at
E3 ——37.7 MeV. This is not surprising since the

He

energy dependence of 3He OM parameters is
known' to be rather small in this bombarding ener-

gy region. Modifying the OM parameters of Pot II
to take care of the slight energy dependence' of V
and W affected the calculated elastic differential
cross sections very little. Our elastic differential
cross sections at E3 ——60.06 MeV were normalized

He

to the OM calculations giving more weight to the
OM calculation obtained using parameters of Pot II

l0

lO l

20
I

40
l

60 80
ec.m.

FIG. 6. Al( He,d) 'Si data and DWBA calculations
for the population of the 6,T=1 (14.36 MeV) and

6,T=O (11.58 MeV) levels. The data points are as
described in the caption of Fig. 5. The DWBA calcula-
tions are described in the text.

as shown in Fig. 5. The same normalization factor
was needed to normalize the elastic differential cross
sections obtained at Osaka with the same experimen-
tal setup and the same target at both bombarding
energies (39.72 and 60.06 MeV) to the results of the
OM calculations. This same normalization factor
was used to transform the relative ( He,d) cross sec-
tions into absolute cross sections.

2. DS'BA analysis

The 6,T=O state at E„=11.58 MeV is slightly
bound (binding energy =9 keV) and hence should
pose no problem for DWBA analysis. Usual
DWBA calculations for stripping to bound states
could be performed for this state using the energy
separation method. Here the wave function of the
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single particle is generated by a potential well whose
depth is varied to fit the binding energy of the single
particle. The 6,T=1 state at E„=14.36 MeV is,
however, unbound and the single particle resonant
wave function behaves asymptotically like
sin(kr+5)/kr where 5 is a phase shift; at the peak
of the resonance 5=ir/2 T.his oscillatory behavior
of the form factor outside the nucleus makes it rath-
er difficult to get accurate DWBA cross sections us-

ing the usual integration techniques. One method
that has been used quite often in the past to circum-
vent this problem is to slightly bind the single parti-
cle. This procedure has been shown by Vincent and
Fortune' to lead to inaccurate results both in shape
and in magnitude. Instead, a method has been
developed' which can accurately account for the
tail part of the unbound particle wave function by
integrating along contours in the complex plane. In
this method, a fictitious DWBA cross section
da /dQ is calculated. This is a function of energy;
a double differential cross section is generated:

de/dQ dE=(2IJk/mA )(der /dQ),

where p and k are the reduced mass and wave num-
ber for the form factor channel (in our case Al+p)
which then have to be integrated over the resonance.
If the resonance has a Breit-Wigner shape and is
narrow and symmetric, the integration can be per-
formed analytically and the cross section is

,„/dQ =(rqk/rP}d&/dQ,

where I is the single particle width. Such changes
have been introduced into DWUcK (Ref. 21) so that
the relation between the experimental cross section
and the DWBA one given by DwUCK is the same as
for the bound case and is given by the relation

do,„&/dQ=NC S[(2J~+1}/(2J;+1)]

X (der DwUcic/d Q)/(2j+ 1 ),
where N =4.42.

All DWBA calculations were performed using the
modified version of the program DwUcK. ' To fit
the ( He, d) cross sections to the 6 states obtained
at E3„——39.72 MeV, DWBA cross sections were

calculated as described above. Two sets of He OM
parameters, Pot I and Pot II, and two sets of deute-
ron OM parameters, Pot IV (Ref. 22) and Pot V
(Ref. 23), were used to check on sensitivity of
DWBA cross sections to the choice of OM parame-
ters. All four sets of DWBA calculations gave
essentially equivalent fits to the experimental data.

A check on the sensitivity of the DWBA cross
sections to variations in the single-particle potential
parameters was also performed. These calculations
were performed using a finite range correction fac-
tor of 0.77. The single-particle (s.p.) parameter sets
used are listed in Table V. Pot A, B, and C
represent commonly used single-particle potential
parameter sets. Pot D (Ref. 24} gives the correct
binding energies for orbitals near the Fermi surface
and is interpolated from a local Woods-Saxon poten-
tial which fits the ' 0 and Ca charge radii ((r )
and (r4) ) and the values of (r ) for the 1dz~i and
lf7&z neutron orbitals in ' 0 and 'Ca, respectively.
Although there were little changes in the DWBA
shapes for the various s.p. sets, variations in the de-
duced spectroscopic factors of up to 20'///0 were ob-
served (see Table VI). The smallest spectroscopic
factors were obtained with the s.p. parameter set
Pot D.

For E&„——60.06 MeV, six sets of DWBA calcula-

tions were perforined using He OM parameter sets
Pot II and Pot III and deuteron OM parameter sets
Pot VI (Ref. 25), Pot VII (Ref. 25), and Pot VIII.

Potential

TABLE V. Single particle potential parameters.

Particle

Pot A

Pot B
Pot C
Pot 0'

1.2
1.25

1.325

1.296

0.65

0.65

0.5
0.651

25

25

25

21.6

1.2
1.25

1.325

1.366

'Adjusted to reproduce the binding or resonance energy.
'The spin-orbit term in the bound state potential is

'2

( P' /p) (1+~z)—1( l ~~ )+A, 2' OC

where x =(r r+ '~3}/a and 2 is the mass of t—he target.
'Reference 24 (see discussion of Sec. IV A).
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TABLE VL f7/t single nucleon spectroscopic factors obtained from our DWBA analysis
using a finite range correction factor of 0.77 and the s.p. potential parameters given in Table
V.

6,T=O
Pot A Pot B Pot C

6,T=1
Pot D Pot A Pot B Pot C Pot D

E3 ——39.72
Mey

0.46 0.41 0.43 0.35 0.38 0.35 0.37 0.30

E3 ——60.06
MeV

0.42 0.35 0.38 0.31 0.34 0.37 0.31

Here a better fit (the backward angles shape of the
DWBA cross sections was also improved compared
to the experimental one) was obtained with 'He OM
parameter set Pot II which also gave a slightly better
fit to the He elastic cross section; all three deuteron
OM parameter sets were equivalent. Again here a
finite range correction factor of 0.77 was used. The
results obtained using different s.p. parameter sets
(see Table V) are listed in Table VI. Here again
variations of up to 20% in the deduced spectroscop-
ic factors were observed, with the smallest spectro-
scopic factors obtained with Pot D.

The results of the DWBA calculations using s.p.
parameters set B are shown in Fig. 6. The fit to the
6,T=O state at the lower bombarding energy is
good over the whole angular range. At the higher
bombarding energy an equally good ftt is obtained in
the forward region, but for 8, & 35' the fit
deteriorates. For the 6,T= 1 state the DWBA cal-
culations obtained with the unbound form factor are
shown as dashed curves. DWBA calculations for
this state with a bound form factor (the same bind-
ing energy as for the T=0 state was used) are shown
as solid curves. The unbound form factor calcula-
tions give an overall better fit to the data at both

bombarding energies. At the higher bombarding en-

ergy the fit to the 6, 1 state deteriorates for
8, &35', similar to the case of the 6,0 state.
Neither state shows a significant deviation between
measured and calculated cross sections at 8, & 30',
indicating no evidence, for example, for 1= 1

transfer, which might arise if either final state were
an unresolved doublet.

The single-nucleon spectroscopic factors obtained
from this DWBA analysis are listed in Table VI.
For both 6 levels, the isospin Clebsch-Gordan
coefficient is C =0.5, so that the tabulated single-
nucleon spectroscopic factors have a maximum pos-
sible value of unity. The overall uncertainty on
these spectroscopic factors is expected to be & 20%
as a result of the cross section normalization and ex-
tensive DWBA analysis procedures (see, however,
the discussion of Sec. IV A). From Table VI, it can
be seen that the spectroscopic factors obtained at the
two different bombarding energies agree to better
than 20%. Moreover, it is also clear that to use a
bound form factor for the 6,T=1 state leads to
spectroscopic factors which are about 50% higher
than what is obtained with a "proper" procedure for
performing DWBA calculations to unbound states. '

TABLE VII. Comparison of single nucleon spectroscopic factors for the 6,T=1 level ob-
tained from our ('He, d ) and po-decay analyses.

Pot A Pot B Pot C Pot D

I, p (keV)

S~(po) =2I /I,
E. =S~('He, d )/S~(po)
at

E3 ——39.72 MeV

Z =S)('He, d )/S&(po)
at

E3„——60.06 MeV

'I
~ =4.0%0.2 keV.

13.4
0.60

0.63

0.67

15.5
0.52

0.67

0.65

13.7
0.58-

0.64

17.7
0.46

0.65

0.70
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IV. DISCUSSION

A. Comparison of 6, 1 spectroscopic factors
deduced from (3He,d) and pp decay

In principle we may deduce the single nucleon
spectroscopic factor Si(p) for the 6, 1 level from
either the ( He,d} analysis, as discussed in Sec. III,
or from the ineasured po decay width I ~ through

the relation

C Si(p)=lq /I', p,
where C =O.S is the same isospin Clebsch-Gordan
coefficient as appears in the ( He,d} analysis, and
I',

~ is the single-proton width for a pure lf7/i
single-proton resonance at the same excitation ener-

gy. For internal consistency in this comparison, we
use the same Al+p potential well for the ( He, d)
analysis (Table V) as for the calculation of I,~. In
Table VII, the I',

~ values obtained fram scattering
in a real potential well are listed for the various s.p.
potential parameters used in the DWBA analysis.
Also listed are the Si(pa), the spectroscopic factors
obtained from po decay according to

Si(pp)=lq /C I, p .

The ratios of the spectroscopic factors as obtained
from the ( He,d) analysis at both bombarding ener-
gies to those obtained from po-decay analysis for the
various s.p. potential parameter sets used are listed
in rows three and four. A very interesting feature
emerges; namely, that

R =Si( He, d)/Si(po)

is almost independent of the s.p. set used, although
I, ~ varies appreciably. However, this ratio is ap-
preciably different from the expected value of unity.

It is difficult to understand this disagreement be-
tween Si( He,d) and Si(po) in terms of deficiencies
in the ( He, d) experiment or analysis. (See Sec. III.)
In our ( He,d) data, the 6,1 peak sits on a small
"continuum" background. If we were to ignare this
background and instead ascribe all of the counts we
observe under the E„=14.36 MeV peak as due to
the 6, 1 level, we would raise Si( He, d) by 10%.
In our analysis we have neglected nonlocality ef-
fects; however, the net effect of them would be to
worsen the agreement between Si( He,d) and Si(po)
by -4%. Neglecting finite range corrections would
lead to a slight worsening of the fits to the data
while improving the agreement between Si( He,d)
and Si(po) by a factor of 1.2.

In P a similar situation exists. The E„=5.739
MeV —, state is unbound by 2.99 MeV. For this

level I &,
——3.8 keV. ' Scattering in a real potential

well calculation using Pot B (see Table V) as was
used in the ( He,d) analysis26 yields I',

~
= 17.4 keV.

Hence for this level S (po decay) = 0.22. S( He, d)
obtained from a comparison with DWBA analysis
with finite range corrections is 0.12 (Ref. 27), which
for this level would lead to

S( He, d)/S(po) =0.55 .

Though we do not understand these discrepancies,
it is clear in principle that the po decay width should
provide a more reliable measure of S,(p), since the
( He, d) analysis has the same uncertainties as the po
decay analysis with regard to proton potential
parameters, plus the additional uncertainty of
DWBA. The problem in the po decay analysis is
only to determine the best value of I, ~ . We find it
difficult to choose a best value of 1,~ from in-
dependent considerations. Instead, we take the
values given in Table VII to represent the range of
possible reasonable values (13.4—17.4 keV}. Halder-
son et al. obtained I, ~ =10.8 keV based on a po-
tential derived from g-matrix considerations, a value
which appears unreasonably small. Based on the re-
sults in Table VII, we adopt I, ~ =15.4+2 keV.
Hence

Si(po) =21'q /I, p
——0.52+0.07 .

From our ( He, d) results, we should have a reli-
able estimate of So(p)/Si (p). From Table VI we ob-
tain

Sp(p)/Si(p)=1. 1+0.1 .

This ratio is in good agreement with the value of
1.15 obtained by Nann, and is significantly larger
than the value of 0.93 obtained by Kata and Oka-
da, whose DWBA calculation does not provide a
good fit to their 6,T=O angular distribution.
Hence using Si(p) deduced from pe decay and aur
value of Sa(p)/Si(p) we obtain So(p) =0.57+0.10.
These results are summarized with our (p, y) results
in Table VIII.

B. A one-particle-one-hole model
and a comparison with

inelastic scattering experiments

The 6 levels have been studied in inelastic elec-
tron, proton, and pion scattering. Spectroscopic fac-
tors for these excitations have been deduced in the
extreme (d5/z f7/2) particle-hole model for the
6,T=1 and 6,T=O levels, assuming a closed
dz/2 subshell for the Si ground state. The results
are Si(ee')=0.30 (Ref. 2) to 0.33 (Ref. 4) and
Si(p,p') =0.29 (Refs. 3 and 4) for the 6, 1 level and
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TABLE VHI. Al( He, d)2sSi and Al(p &)2sSi results' for the 6,T=1 and 6,T=O lev-
els.

6,T=1

Level Reaction

po decay

S~(p)

0.52+0.07

6,T=O ('He, d )+pa decay 0.57+0.10

'Present results.
bSingle-nucleon spectroscopic factor.

(6,T=1)-+(6,T =0) M1 y decay

Comments

based on I z ——4.0+0.2 keV
&0

and I,,~ =15.4+2 keV

based on So/S~ ——1.1+0.1

from ( He, d), and S~(p)

given above

I „=0.71+0.10 eV

B(M 1)=2.8+0.4 p~~
' B(M1),p

——14.4 pp

So(p,p')=0. 10 (Refs. 3 and 4) for the 6,0 leveL
The 6 states have also been observed in pion inelas-
tic scattering, with a result for the ratio

(Refs. 4 and 5) similar to the value 0.34 deduced
from proton inelastic scattering. We see immediate-
ly that this factor of about —, by which the 6,0 ex-
citation strength is reduced relative to the 6, 1 exci-
tation strength in both pion and proton inelastic
scattering cannot be accounted for in terms of the
(d5/z )f7/z} parentage of the 6 levels, since a sim-
ple one-particle-one-hole model for the 6 levels
would predict that the ratio

So(x,x')/Si (x,x')

should be equal to So(p)/Si (p) (= 1.1 from above ).
In order to pursue further the quantitative rela-

tionships between the various spectroscopic
strengths for proton transfer and inelastic scattering,
we consider the relations between these strengths in
a simple particle-hole model. We define Sz as the
(d5/z f7/z} particle-hole amplitude [relative to the

Si (g.s.)] in the 6,T states, and Pi as the ds/z
amplitude [relative to the Si (g.s.)] in the A =27
(g.s). The d5/z nucleon pickup strength [divided by
2(2j+1)=12] leading to the A =27 (g.s.) is then
Pi Vs/z, where Vs/z is the fractional occuPancy in

Si (g.s.) of the d5/z orbital (Vs/z ——1 for a filled
d5/z orbital}. Thus V»z is the total nucleon pickup
strength (divided by 12} to all —, states in mass 27.
The "other" configurations of intensity 1 —5z in
the 6,1 states and 1 —Pi in the 2 =27 (g.s.) lie
outside our particle-hole basis and are assumed not
to contribute to the matrix elements of interest.
With this assumption we obtain

5r =Sr'(p)/Pi ——Sz (x,x')/Vg/z

where Sr(p) is the single nucleon spectroscopic fac-
tor, and Sr(x,x') is the direct one-step inelastic
scattering spectroscopic amplitude deduced assum-
ing a filled ds/z orbital in the Si (g.s.).

We estimate Vs@ from the summed nucleon
pickup strength to —, states in mass 27;

V5/zz —(6.4+ 1.2+0.6)/12=0.68,

(see Refs. 12 and 30). Here we have included pickups+
strength to the three lowest —, states. In order to
make sure that we are not omitting significant unob-

5+
served pickup strength to higher —, states in mass
27, we look at single-nucleon stripping on Sis+
to —, states in mass-29; we find a total d5/z strip-

ping strength of 0.19+0.10=0.29 to the two lowest
states. Thus the total d5/z (pickup + strip-

ping) strength on Si is 0.68+0.29=0.97, close to
the value of unity expected in the absence of signiTi-
cant unobserved strength. Alternatively, we may
check the total pickup strength to positive parity
states in mass 27. For states below E„=5MeV, the
result is 11.1+0.6=11.7, which is quite close to
the expected value of 12. Chung and Wildenthalz'
calculate V5/z ——0.76 for Si, in reasonable agree-
ment with the experimental estimate of 0.68. The
factor Pi, the fractional amount of d5/z PickuP
strength to mass 27 which goes to the ground state,
is experimentally from above,

Pi =6.4/8. 2=0.78 .

The results of this analysis are shown in Table IX.
One immediately sees that our estimates of 5z, the
(d5/z', f7/z) intensity in the 6,T levels, based on
ST(p) and Sz (x,x') for x =e or p, are not in good
agreement. Our estimates of 5z. based on Sr(p)
should be most rehable, since they are least likely to
be affected by deficiencies of our simple particle-
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TABLE IX. (dg/2 ',f7/g) intensities Sr for the 6,T levels and a comparison with inelas-
tic scattering results. '

6,T=1

6,T=O

Level Reaction

po decay

(e,e')'

(p p')

po decay (6,1)"
+('He, d) ratio

(p p')

5z Sz.—(p)/Pi

0.67+0.09

0.73+0.12

Sr(x x')/Vs'

Oo 30 Oo 33 0 44 0 49
0.68

Oo 29 0 43
0.68

O. 10 =0.15

6,T=O/6, T=1

6, 1—+6,0 M1 decayb

( He, d) ratio So/S~ ——1.1

(p,p') ratio~

(m, ~') ratio'
0.34

0.40

B(M 1)/B(M 1),~.=0.19+0.03 (expt. )

==0.3 (calc.)

'Assuming P~' ——0.78 and V5/q~ ——0.68 (see text).
bPresent work.
'References 2 and 4.
References 3 and 4.

'Reference 5.

hole model. Hence we adopt the (d5/2 f7/2} in-
tensities 5& ——0.67+0.09 for the 6,1 level and
5o ——0.73+0.12 for the 6,0 level.

In contrast to this analysis, the authors of Ref. 7
argued on the basis of a similar model that S&(p}
and S~(e,e') are campatible. Our conclusions differ
primarily for two reasons: they failed to account
for the fractionation of d&/2 pickup strength (i.e.,
they assumed P~ ——1.0), and they used an older and
smaller value for the

'Si (g.s. )~A =27 (g.s. }

pickup strength of 0.44(12) compared to our value'o

0

0.78(0.68)(12)=0.53(12) .

The inelastic scattering experiments excite the 6
levels more weakly than expected (Table IX}. Por
electron scattering to the 6,1 level, the M6 reduc-
tion (relative to our lp-lh expectation} is

$)(e,e')/8) V5/2 =0.7.
This is due presumably to the combined effects of
mesonic exchange currents are core polarization.
Ejiri and Fujita32 found hindered matrix elements
(g' /g-0. 2—0.5) far a variety of L=l—4 spin,
spin-isospin and isospin y, and P transitions in
medium and heavy nuclei, interpreted as primarily
due to effects af core polarization. The observed
M 6 hindrance corresponds to

g'~/g-v'0. 7=0.85 .

It seems reasonable that core polarization effects on
"low-lying" transitions should decrease with increas-
ing multipolarity L since the "giant resanance" ener-

gy should increase with L (for our M6, the unper-
turbed "giant" strength is approximately 30% 3%co

and 60% 5fico). On the other hand, mesonic ex-
change currents are expected to enhance the transi-
tion strength at large momentum transfer, which
wauld increase g' /g. It is interesting to note that a
similar hindrance is found for M 12 and M 14 exci-
tations in Pb, interpreted by Krewald and Speth
as being due primarily to the fragmentation of lp-1 h
strength in the excited state. A similar hindrance
has been found for a variety of lower multipolarity
ML and transverse EL excitations in Pb.

The 6,1 excitation is hindered to a similar de-
gree in electron and proton scattering, while both
proton and pion scattering excite the 6,0 level
anomalously weakly (Table IX). [See also the recent

(p,p'} analysis of Ref. 37 which gives
So(p,p')-0. 15.] We argued above that the relative
weakness of the 6,0 excitation cannot be explained
in terms of differing (d5/z f7/z) parentage in the
6,T level, based on the proton transfer results. It
is also unlikely to be explainable in terms of core po-
larization differences. To the degree that the nu-
clear exchange interaction is predominantly of a
Majorana type, the isoscalar and isovector M6 exci-
tation should experience similar hindrances due to
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core polarization. Perhaps there is a problem in
the extraction of So(x,x') or

So(x,x ')/S t (x,x ')

from the ineasured pion and proton inelastic scatter-
ing cross sections. The assumed isoscalar spin-spin
projectile nucleon interaction may be much weaker
than previously believed.

C. The 6,1~6,0 M 1 y-decay strength

The observed 6,1~6,0 M 1 decay strength of
0.70+0.10 eV corresponds to B(M1)=2.8+0.4
pN . The calculated "single particle" strength for
pure (d$/2 gf7/2)6, T configurations assuming
nucleon g factors is B(M 1),~

= 14.4 p~ ', hence,

B(M 1)/B(M 1), =0.19+0.03 .

Thus this rather strong M 1 transition is significant-
ly inhibited relative to the single particle estimate.
The latter may be obtained from

B(M1}=
~

1 77ps/2/ps/2, s+2 03p7/2/p7/2, s I

where ps/2 and p7/2 are the isovector d&/2 and f7/2
magnetic moments, and p =(pz —p„). The quan-
tities p&~2 q

——6.71 and @7~2 g ——7 71 are the Schmidt
isovector single nucleon ds/q and f7/g magnetic mo-
ments in units of pz. B(M1),z is obtained from
the above equation with the ds/z and f7/g magnetic
moments set equal to their Schmidt values. Thus
B(M1),~ is large because it is a coherent sum of
terms proportional to the (large) ds/q and f7/2 mag-
netic moments.

Within the framework of our simple one-particle
one-hole model discussed in Sec. IV 8, we would ex-
pect

B(M1)/B(M1), p
——Si 5o ——0.49+0.14 .

A substantial part of the difference between this es-
timate and the measured strength is expected to be
due to Ofico M 1 core polarization. Such polarization
effects are known to reduce the magnitude of
ground-state magnetic moments. In our model, we
would expect

ps/2(~ 27 g's')/ps/2, s 131

whereas the experimental value is 0.67. 9' Hence
we may crudely estimate the further reduction due
to Otricu M 1 core polarization as

5ps/2/ps/2 s 0 ——67/.0 78=. 0 86 ..
Large basis shell model calculations in the sd shell
show that no further reduction of p(ds/2) is neces-
sary ' (such as might be due to mesonic exchange or
many flu core polarization), However,

p7/2(A =41 g.s. )/p7/2 s 0.9

(Ref. 39) apparently represents such an effect.
Thus we estimate

5p 7/2 /p 7 /2 s 0.9(0.86 ) =0.77

near A =28. This leads to a calculated value of

B(M1}/B(M1),p
——0.665i2 5(/=0. 3,

in reasonable agreement with the experimental ratio.
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