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The inelastic scattering of 134 MeV protons to 6 states in Mg has been studied. Five 6 states
were identified on the basis of their measured angular distributions and analyzing powers. By com-
bining the results with those of companion electron scattering and (p, n) studies in Mg and proton
studies in Si, it has been possible to extract isoscalar and isovector excitation amplitudes for each
state.

I. INTRODUCTION

Systematic information is now being obtained from in-
elastic scattering and charge exchange reactions on the
excitation of spin-Aip degrees of freedom throughout the
periodic table. Considerably more data is available on
isovector spin-Hip strength' since both charge exchange
and inelastic scattering to T& states are pure isovector
and magnetic electron scattering is nearly so. In con-
trast, it is only in self-conjugate nuclei that isoscalar
strength can be measured without having to be separated
from an interfering isovector amplitude. Inelastic proton
and pion scattering reactions indicate that the quenching
of spin-Aip strength is even greater in the isoscalar than
in the isovector mode, ' but the systematics of this
effect are not established.

Several theoretical explanations have been offered for
the reduction in the spin-Aip strength. These explana-
tions include fragmentation of the single-particle
strength, ' large two-particle, two-hole correlations due
to the tensor force, mesonic renormalization of the spin
current, and the explicit inclusion of b,(1232) isobar-hole
states. The last two mechanisms do not contribute
significantly in isoscalar channels. One approach to
separate these mechanisms is to study the inelastic transi-
tion strengths as a function of single-particle occupation
probability and angular momentum. Data for neighbor-
ing nuclei exist only in the p shell and the (sd) shell, but
in ' C, ' N, and ' O substantial isospin mixing introduces

complications for the high-spin (4 ) states. ' ' The de-
formed nuclei in the (sd) shell seem to be excellent candi-
dates for these studies with several high-spin, 6, and
low-spin, 1+, states known from previous experi-
ments. ""

A major constraint in these studies is the lack of a suit-
able selective probe of the isoscalar spin-Hip strength. In
a T=1, T, =1 nucleus like Mg, one-particle one-hole
excitations can form both T=1 and 2 states. While the
excitation of the T=2 states must be pure isovector,
T=1 states will be formed by a combination of isoscalar
and isovector excitations. The present work reports the
results of the scattering of 134-MeV polarized protons to
populate 6 states in Mg. It is shown that these results,
combined with data from dominantly isovector probes,
(e, e') and (p, n) reactions, ' ' can be used to decompose
the excitation of a given state into its separate isospin
components. The data are analyzed in terms of experi-
mental distributions measured for pure isospin transitions
to 6 states in Si at the same incident energy. The iso-
spin decomposed strengths are compared with previously
published data on Mg and Si to study the variation of
quenching as the s-d shell is filled.

II. EXPERIMENTAL RESULTS

Polarized protons from the Indiana University Cyclo-
tron Facility were scattered by a 8.45-mg/cm Mg tar-
get, enriched to &98.8% Mg, and analyzed by the
quadrupole-dipole-dipole-multipole magnetic spectrome-
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ter. The magnitude of the beam polarization was about
70%. The polarization was checked every few hours and
did not vary significantly throughout the run. The direc-
tion of the polarization was reversed once a second.

Data were taken every 5' from 10' to 60' for states in
the excitation range from 0 to 20 MeV. Four field set-
tings of the spectrometer (each 9 MeV wide to allow con-
siderable overlap) were required in order to, cover this
range. In addition, data were taken at 35 with a Si target
where the yield to the ground state (0 ) and the 11.48
MeV T=0 and the 14.35 MeV T= 1 6 states were used
to check the solid angle and energy calibration of the
spectrometer. The energy resolution was approximately
80 keV full width at half maximum. A typical spectrum
is shown in Fig. 1. Spectra were fit using the multipeak
(roughly 20—40 peaks were simultaneously fit) spectrum
fitting program AUTOFIT. The reference peak shape was
taken from an isolated low-lying state. Consistent excita-
tion energies were used for each angle and spin direction
with the energy calibration determined by known low-
lying Mg and Si states up to 14.35-MeV excitation en-
ergy. These multipeak fits on a smooth background de-
scribe the spectra weil up to 13-MeV excitation, and an-
gular distributions and analyzing powers were extracted
for all states up to this excitation energy. Based on the
angular distributions, 6 states were identified at
9.18+0.03, 11.98+0.03, 12.49+0.03, and 12.85+0.03
MeV, and 5 levels were identified at 7.96+0.03 and
8.62+0.03 MeV excitation. Patterns for the characteris-
tic shapes of the angular distributions were obtained from
distorted-wave impulse approximation (DWIA) calcula-
tions (discussed in Sec. III) and experimental data for
high-spin states' in Mg and Si. Above 13 MeV, some
of the discrete states appear to have widths greater than
80 keV, and all appear to lie on top of a significant con-
tinuum background. The strong state at 18.05+0.05
MeV could also be clearly identified as a 6 level. Other-
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FIG. 2. DifFerential cross sections for the candidate 6 states
identified in this work or in Ref. 14. The lines represent the best
fits to the (e, e') and (p,p') data for a 6 state using proton am-
plitudes taken from 'Si and the structure amplitudes of Table I.

wise, the only regions in the 13—20 MeV excitation ener-
gy range that were analyzed with multipeak fits were
those where electron scattering angular distributions in-
dicated possible 6 states. Angular distributions were
obtained for peaks corresponding to states seen in (e,e')
at 14.50+0.05, 15.36+0.05, 15.46+0.05, and 16.50+0.05
MeV. These states are discussed in more detail below.
Due to the complexity of the spectra, other states of com-
parable 6 strength could have been missed in the 13—20
MeV energy interval.

Based on its strong excitation in (e, e') (Ref. 14) and
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FIG. 3. Analyzing powers for the candidate 6 states
identified in this work or in Ref. 14. The lines are the analyzing
powers predicted using the isospin amplitudes from the fits to
the difFerential cross sections and the measured analyzing
powers in Si and the structure amplitudes of Table I.
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Mg. For a particular analog state
1

(p, n) = lz'm'& "' l'
dn

systematics, the 18.05-MeV state is believed to be the
lowest T=2, 6 state. All the lower-energy states are as-
signed T=1. Differential cross sections for each of these
states are shown in Fig. 2 and for analyzing powers are
shown in Fig. 3. Also shown in Figs. 2 and 3 are the
difFerential cross sections and analyzing powers that are
obtained for each state using the isospin amplitudes that
best fit the (p,p') and (e, e') data for a 6 excitation. The
procedures for obtaining the fitted curves are detailed
below.

(5)

Given the dominant isovector selectivity of the (e, e') and
(p, n) reactions, they provide similar information. The
(p, n) reaction is pure isovector, while the reaction mech-
anism is much better understood in (e, e'). Either one
can be combined with the proton inelastic scattering data
to determine the isoscalar structure amplitude. The elec-
tron and (p, n) results are tabulated in Table I. For (e,e')
the tabulated quantity for each state' is

Z, =Z (18.05)+F7 (i )/F7. (18.05 ),

III. EXTRACTION OF ISOSPIN AMPLITUDES

If one describes the 0+ ground state of Mg and the
6 states in terms of (ld, 2s, lf, 2p) wave functions, and
inelastic scattering as a one-body transition operator,
then only one single-particle matrix element can contrib-
ute to a 6 excitation for each isospin. This immediately
implies that the inelastic scattering cross sections for
diff'erent probes are simply related. The (p,p') scattering
cross section for exciting the ith 6 state can be written
for each spin state as

where F& is the transverse form factor and is explicitly
defined in Ref. 14. In the limit that electron scattering
were pure isovector, this would give Zi. For the (p, n)
study, the value of Z, is tabulated assuming all states ex-
cept the 18.2-MeV state were T=1. Lebo et al. ' give
the fraction of the extreme single-particle sum rule
(FpspNi ) decomposed by isospin which corresponds to
Z, /( g Z, ~sp~ ) [see Eq. (6)], i.e. , for T= 1 states
Zi =F~sp~/2. All the (p, n) values of Z, have been re-
normalized to force Z, (18.2)=0.35 as in the electron
scattering work. This increases the (p, n) value by v'1. 39
compared to Ref. 15 (shown later). For most of the T= 1

states the (e, e') and the (p, n) results are reasonably con-
sistent, particularly when it is remembered that electron
scattering is not pure isovector and, as is discussed below,
for low-lying stretched states the isovector and isoscalar
components are likely to be of opposite phase. An excep-
tion is the 11.98-MeV state where the (e, e') and (p, n) are
clearly in disagreement. The resolutions of both the 180'
(e, e') (150 keV) and (p, n) (370 keV) studies are substan-
tially poorer than that of the (p,p'). The (p,p') spectra,
however, are considerably more complex.

The inelastic proton scattering amplitudes, Mo[&~, cal-
culated using the code Dw81, are subject to considerable
uncertainty. In a comprehensive study of the energy
dependence of the excitation of the 6 states in Si, 01-
mer et al. ' conclude that for several classes of effective
nucleon-nucleon interactions, none were able to success-
fully describe the cross sections and analyzing powers.
This suggests that a more reliable procedure would be to
make a direct data to data comparison using the mea-
sured Si angular distributions of the cross sections and
analyzing powers and correcting for the slight change in
nuclear radius. The Mg data provide two excellent test
cases for the procedure since one of the excitations (18.05
MeV) is pure ET=1 while another (11.98 MeV) is nearly
pure ET=0.

Excitation of the 18.05-MeV T=2 state must be a pure
isovector transition. The differential cross section for this
state is shown again in Fig. 4 along with the shape (solid
curve) determined from the Si 14.35-MeV 6 isovector
transition normalized to the experimental data. Similarly
in Fig. 5, the analyzing power for this state is exhibited.
Also shown as the dashed curves are the results of DWIA
calculations. These calculations use the same optical po-
tential as in Ref. 16, again corrected for the slight radius
change, a harmonic oscillator parameter for the transi-

dorp

dQ
= lz(Pf~o+z'M~i

l

where Mian, i are the complex isoscalar (isovector) transi-
tion amplitudes for pure single-particle excitation of a
d5&2 nucleon from an occupied subshell to an empty f7&2
orbit and Zo~ & ~

are nuclear structure amplitudes for these
isoscalar (isovector) particle-hole excitations:

z7.=&i,6, 'r/ll[o, ~2xosnb=6 silo, o+, z'=I) . (2)

The experimental cross sections and analyzing powers are
the usual sum and normalized difference of the cross sec-
tions for spin-up and spin-down protons. In a similar
way, the electron scattering cross section to the ith 6
state is

r

= lZ(pfo+ZiMi l

where Moi, i are the transition amplitudes for d~&2 +f7/2—
electron scattering. Mo~, ~

are related by the expression

Pn+PpMo= M& = 0. 187M] (4)
Pn Pp

where the free particle values of the neutron and proton
magnetic moments have been used in the numerical esti-
mate. The electron single-particle excitation amplitudes
M' are well known, subject to meson exchange correc-
tions. If the proton amplitudes were equally well under-
stood, then . the three experimental observables
(do'/dQ, do~/dQ, A~) would determine the two nu-
clear structure amplitudes, Zo and Z, .

The (p, n) charge exchange reactions on the same tar-
get will populate mirror states in a purely isovector exci-
tation. However, for a T=1 target such as Mg, the
(p, n) reaction can populate final states with isospin 0, 1,
or 2. The T=O states are not accessible in inelastic
scattering reactions. In general, the isospin of the final
state is not known, and so this may cause confusion in re-
lating the appropriate analog states between Al and
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FIG. 4. Differential cross sections for exciting the 18.05-MeV
state compared to a T=1 excitation in Si (solid line) and a
DWIA calculation (dashed line).
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FICx. 5. Analyzing powers for the 18.05-MeV state compared
to 'Si (solid line) and a DWIA calculation (dashed line).

tion amplitude of b=1.736 fm, i/j-exp[ —
—,'(rib) ], and

the Franey-I. ove-85 effective interaction. ' The agree-
meat of the data-data comparison is excellent, while the
DWIA calculation gives a poorer fit to the differential
cross sections and significantly underpredicts the analyz-
ing power over most of the angular range.

The (p,p') and (p, n) can also be directly coinpared for
the T=2 state. The ratio of the measured cross sections
is expected, on isospin considerations, to show
cr(p, n)/o{p, p')= —,'. The extrapolated peak cross sections
(at 0, -38 ) are in this ratio, although for 8, )40,
where the data can be directly compared, the angle-
averaged ratio is about 0.8. The DWIA analysis of Lebo
et al. ' was performed with the same optical potential
and residual interaction as the DWIA calculations in the
present work, but with a slightly different harmonic oscil-
lator parameter, b=1.70. Since only relative (p, n) num-
bers are tabulated in Table I, the analysis is not sensitive
to this difference.

The 6 state at 11.98 MeV was not observed in the I
I

I
I
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FIG. 6. Fit to the differential cross sections for exciting the
11.98-MeV state using (1) angular distributions measured in 'Si
with Zo =0.224, Z& =0.039, (solid line) and (2) a DWIA calcula-
tion with Zo =0.214, Z& =0.037 (dashed line).

electron scattering study. Given the selectivity of 180'
(e, e') studies, this imphes that the 11.98 state is dom-
inantly an isoscalar excitation in proton scattering and
provides a second test case. In Figs. 6 and 7, the angular
distributions for the cross sections and analyzing powers
for this state are shown relative to the Si pattern deter-
mined from the 11.58-MeV?"=0 6 state in Si and to
the D%'IA calculation. Again the rescaled data-data
comparison is excellent and the DWIA does riot success-
fully reproduce the analyzing powers. In calculating the
expected angular distributions and analyzing powers the
3% isovector component needed to make the (e, e') van-
ish was included with resulting cross sections and analyz-
ing powers that are significantly different from those pre-
dicted for a pure isoscalar. The success of the data-data
comparisons for these two states establishes that the Si
data provide reasonable models for M~0 and M~i in Mg.

The (p, n) results for the 12.0 state are quite different
from the (e, e') results. Given the success of the compar-
ison with Si, this suggests that the (p, n) reaction may
be populating a T=O state at this excitation energy.

The normalization of the proton amplitudes and the
relative phase between M~0 and M~i remain to be deter-
mined. The 18.05 MeV state provides an internal calibra-
tion for the iso vector amplitude relative to electron
scattering. There are two sources of confusion in com-
paring the electron and proton results. The electron
scattering amplitudes are calculated in plane wave Born
approximation, with Coulomb distortion accounted for
by the effective momentum transfer approximation.
Traditionally, these results are analyzed including a
center of mass correction in momentum space and a
correction for two-body or meson exchange currents.
The center of mass correction can be included in the
coordinate space proton calculation for harmonic oscilla-
tor single-particle wave functions by the following: (1)
Doing the (p,p') DWIA calculation with an oscillator pa-
rameter which is reduced by &{A —1)jA from that
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FIG. 7. Comparison of the analyzing powers for the 11.98-
MeV state with those predicted using the isospin amplitudes
found to best fit the (e,e') and (p,p') differential cross sections
(solid line) and DWIA {dashed line).

used in the electron calculations. In Ref. 14, the oscilla-
tor parameter b=1.77 fm was used. In the present work
this is rescaled to 1.736 fm. (2) The calculated (p,p')
DWIA cross sections are increased by [3 /( 3 —I)] (for
6 states, L=5). The calculated DWIA cross sections in
this work include these two center of mass corrections.

Isovector electron scattering also contains contribu-
tions from two-body pair and meson exchange currents. '

Calculations indicate that these increase the calculated
form factor for the 18.05 MeV, T=2 state by 17% at the
peak of the form factor. This correction decreases the
Z& needed to fit the experimental cross section by the
same factor. A similar fractional increase would be ex-
pected for transitions to the T=1 states, assuming the
electron results for strong states are dominated by isovec-
tor interactions. To be consistent, this now implies

Pn PJ( + )

&1.17(p„—p
(6)

Two-body current corrections for proton scattering are
less well understood. Arguably, the pair current might
be similar in relative magnitude for isovector transitions
as in the electron case and negligible for isoscalar transi-
tions. However, given this lack of understanding, the
effects of two-body currents have been ignored in analyz-
ing the proton data in the present work.

With these corrections, the electron scattering results
determine Z, =0.122 for the 18.05-MeV T=2 state. The
Z, measured for the Si 14.35-MeV T=1 state is 0.27.
From the ratio of proton cross sections between Mg
(18.05 MeV) and Si (14.35 MeV) a value of Z

&
=0.102 is

then obtained for the Mg state. The DWIA calcula-
tions give a reasonable At to the Mg angular distribu-
tion with Z& =0.094. We have, in all subsequent calcula-
tions rescaled ~M~&~ from both the DWIA calculation
and the Si experiment in order to force Z, for the
18.05-MeV state to be the value determined from electron
scattering (Z, =0.35).

The ratio of isoscalar to isovector amplitudes
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FIG. 8. Phase between the T=O and 1 amplitudes. The
dashed line is the phase calculated in the DWIA, while the solid
line is the phase used in conjunction with the amplitudes ob-
tained from data taken on Si.

~M~& ~/~M~ ~
is taken from Si also. Here we use the pion

inelastic scattering data to determine the ratio Zo/Z& for
the Si 6 T=O and T=1 states. Since pion inelastic
scattering in the (3,3) resonance region is dominated by
one s-channel resonance, it is expected that the isospin
dependence of the interaction is well understood for
high-spin, surface-peaked transitions. For this class of
transitions, calculated medium modifications are relative-
ly small, in contrast to excitation of low-spin states or
quasifree knockout reactions. From the results of Ref. 3
in Si, M~~~/~M~~ is determined to be 1.55+0.15 at a
momentum transfer around 300 MeV/c. We have used
this ratio in Mg. With the Franey-Love-85 potential, '

this ratio would be calculated to be 1.37.
It is not possible to determine the phase between M~o

and M
&

from the Si data and so we must use the DWIA
calculations to suggest an appropriate choice. Figure 8
illustrates the relative phase between the isoscalar and
isovector amp1itudes for the Franey-Love-85 interaction.
We have investigated the sensitivity of our results to vari-
ous choices of phases and find slightly better agreement
with the data with the linearly varying phase shown as
the solid curve. Our results are not very sensitive to
10'—20 shifts in the phase or to other similar choices of
angular dependence. For example an angle-independent
phase of 120' gives comparable results for the fitted struc-
ture amplitudes. The DWIA calculations show the
phases to vary very little over the excitation energy range
of interest and we have therefore used energy indepen-
dent phases. If the phase, P, were rellected about 90 to
180'-P, the relative sign of the isoscalar and isovector arn-
plitudes would change. This would reverse the relative
signs of our fitted Zo's and Z&'s which would interchange
proton and neutron states. It would be very important
for studies of the reaction mechanism to determine this
phase accurately. A comparison of electron, pion, and
proton scattering for mixed isospin transitions like those
studied here could possibly provide this determination.

For each of the states shown in Figs. 2 and 3, values of
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Zo and Z& were determined by the following procedure.
The electron scattering angular distributions were con-
sistent with M6 transitions and so only one parameter,
the form factor at the maximum, was fitted. The electron
maximum form factor and the proton differential cross
sections were fitted by varying Zo and Z, . More weight
was given to the fit in the region of the maximum of the
angular distributions where multistep contributions
would be expected to be less important. In general, since
Eqs. (1) and (3) are quadratic, two values of Zo and Z,
with opposite relative sign would provide comparable fits
and a comparison with the predicted analyzing power
could usually distinguish the proper choice. The result-
ing best fit Zo*s and Z&'s are given in Table I. Since only
the relative sign is determined, the sign of Z, was always
chosen to be positive. Figures 9 and 10 show a good ex-
ample with the 12.49-MeV state. The solid and dashed
lines show the two solutions (solid Zo =0.231, Z, =0.234,
dashed Zo= —0.140, Z, =0.170). The analyzing powers
clearly favor the solid curve. Single values of Zo and Z&

were also determined for t;he 12.83-MeV state.
For the other states above 13 MeV, the quality of the

data is poorer and the fits are less convincing. Based on
the proton data alone, it would not be possible to make
6 assignments to the 14.50, 15.36, and 15.46 and 16.5-
MeV states. The 14.50-MeV state is consistent with a 6
assignment, but the data do not unambiguously distin-
guish between the two solutions and both are listed in
Table I. The electron scattering work reports a group of
unresolved states in the region of 16.5 MeV which con-
tain a good bit of 6 strength, about 50% of that con-
tained in the 18.05 T=2 state. No combination of T=O
and T=1 amplitudes fits both the proton and electron
scattering data. The weakness of the state in (p,p') re-
quires

I ZO I
& 0.1 and I Z) I

& 0.15.
The angular distribution for the 15.46-MeV state ap-

pears to favor a lower assignment than 6 . Furthermore,
the large negative analyzing power is characteristic of a
natural parity state. Based on the present data, it is con-
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FIG. 10. Measured analyzing powers for the 12.49-MeV state
along with those calculated for the two combinations of isospin
amplitudes which best fit the angular distribution data (Fig. 9).

eluded that there is little 6 strength in any state near
15.46 MeV. The fits for the 15.36-MeV state were mar-
ginal and are shown in Figs. 11 and 12. A weak state at
7.54 MeV was seen in electron scattering but was not ob-
served in the proton spectra. Fairly weak states reported
at 13.00 and 13.97 MeV in (e, e') were not apparent in the
(p,p') spectra.

The data for the 9.18-MeV state shown in Figs. 13 and
14 pose the most significant problem. When fitting the
proton and electron differential cross sections the solu-
tion with Zo= —0.137, Z, =0.145 (solid line in Figs. 13
and 14) gives a good fit to the (p,p') data while the other
solution, Z0=0.233, Z, =0.209 (dashed line) does not.
The second solution is also not consistent with the
analyzing powers while the first solution gives a rather
poor, though significantly better, fit. %'here Zo ——Z,
the transition is dominantly a proton excitation since
with our isospin convention Zo = —Z& for a pure pro-
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FIG. 9. Angular distribution calculated for the 12.49-MeV
state Zo =0.231, Z l

=0.234 (solid line) and Zo = —0.140,
Z& =0.170 {dashed line) along with the experimental data.

FICr. 11. Calculated and measured angular distribution for
the 15.36-MeV state.
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FIG. 14. Analyzing powers for the 9.18-MeV state compared
to those predicted using the isospin amplitudes found in fitting
the differential cross sections (Fig. 13).
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FICs. 13. Fits to the differential cross sections for exciting the
9.18-MeV state. The solid and dashed lines are the two fits that
are obtained using the electron scattering data in conjunction
with the (p,p') results while the dot-dashed line gives the fit
that, in place of the (e, e') data, uses the Z& =0.30 obtained in a

Mg(p, n) Al experiment.

ton transition. Theoretically, this result seems quite un-
likely since a proton excitation leaves behind

[(~d~~2) (vd5~i) ], which must be T =
—,
' and therefore

several MeV higher than the T= —,
' component of the

[(md~&i) (vd~zz) ] remaining after a neutron is elevated.
Thus, the lowest-lying T= 1, 6 states can be expected to
be primarily neutron excitations rendering the solution
with Zo= 0.137 Z~ =0.145 theoretically jarring. It
should be noted that the general observation that the
analyzing power of the 9.18-MeV state is consistently
more positive than that of the 11.98-, 12.49-, and 12.83-
MeV states is apparent from the raw spectra, so that at-
tributing this result to an artifact of the fitting procedure
seems to be ruled out. The 9.18-MeV state was contained
in two momentum settings and the analysis of both gave
consistent results.

The more positive analyzing power for the 9.18-MeV

state could be indicative of this state having a larger iso-
vector amplitude than that determined in electron
scattering (see Fig. 5). Indeed, the (p, n) work does report
a significantly larger value of Zi than does the (e, e'). A
fit to the (p, n) Z, and the (p,p') angular distribution
gives the results shown as the dot-dashed curves in Figs.
13 and 14. With the Zi =0.3 obtained from the (p, n) re-
action the preferred value for Zo is 0.20+0.03. The fit to
the differential cross sections is poorer than that obtained
using the (e, e') data and the fit to the analyzing powers is
not greatly improved. The amplitudes obtained using the
(p, n) data for this state are also tabulated in Table I.

It is difficult to reconcile all of the information about
the 9.18-MeV state. The (e,e') data is less ambiguous
than the (p, n) in. that the Mg(p, n) reaction can also
populate T=O states in Al. However, the fits to the
(p,p') data that are obtained when the (e, e') is used in
conjunction with the (p,p') are not as good as those ob-
tained for other states. Furthermore, the result that the
yrast 6 state is primarily a proton excitatiop must be re-
garded as very surprising. If the (p, n) data is used rather
than the (e, e') the overall fits are not better although one
does obtain the more theoretically satisfying result of the
excitation being primarily neutron. Thus, in regard to
the 9.18-MeV state we are left with a puzzle whose solu-
tion does not appear to lie in the experimental data.

It must be remembered that Z& defined above to
represent the electron data is not the same as Z &. For the
majority of states in Table I, the relative sign of Zo and
Z, is positive corresponding to destructive interference
between isoscalar and isovector contributions in electron
scattering. The Z

&

's obtained from the combined
analysis are generally larger than the Z, 's and are in
agreement with the Z, 's obtained from (p, n) for all states
where the combined analysis was performed except for
the 9.18- and the 11.98-MeV states.

IV. COMPARISON %'ITH OTHER PROBES

Stretched configuration states can be expected to be
strongly excited in single-nucleon transfer reactions
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where there is a large momentum mismatch. The 9.18-,
11.98-, 12.49-, 12.85-, and 14.SO-MeV states have been
found to be populated in the Mg(a, He) Mg reaction '

and their spectroscopic factors are given in Table I. In
addition, three other 6 states are seen very weakly. The
total L=3 strength seen below 16.5 MeV accounts for a
surprisingly small (27.1%) percentage of the sum rule for
stripping into the empty f7/z shell. In the Mg(a, t) Al
reaction the analogs of the four lowest 6 T=1 states
have been seen. Again the sum of the spectroscopic fac-
tors is rather small, 40% of the sum rule limit. Most of
the (a, He) neutron strength is concentrated in the 9.18-
MeV state. This would seem to be inconsistent with the
Z coefficients deduced from the proton and electron
scattering data, but consistent with the Z coefficients de-
duced from the proton scattering and charge exchange
data. A study of the Mg( He, d) Al reaction has re-
cently been reported in which the analogs of most of the
T= 1 states that were observed in the present work were
populated. In that case only 33% of the sum rule
strength was observed with about half of that being in the
9.18-MeV state.

g(Z', ) = lion

(4j+2)
6
12 '

for the T=1 states,

g(Z') = /lp

(4j+2) (6b)

for excitation of the 6 T=2 levels, and

~p+~ng [(Zo )'+(Z'g )']=
2j+1

10
6

(6c)

for excitation of all 6 levels. The quantity n~(n„) is the
number of protons (neutrons) in the last occupied orbital
(d~/z). These are generally referred to as the extreme
single-particle model sum rules.

From Table I it appears that experimentally the sum of
the excitations to T= 1 levels g; (Zo) =0.25 (0.27) and

g; (Z', ) =0.17 (0.24), whereas for the T=2 state
(Z'& ) =0.12. The numbers in parentheses are those ob-
tained when the (p, n) rather than the (e, e') data are used
in determining the amplitudes for the 9.18-MeV state.
Thus, the T=1 states tabulated in Table I account for
only 30% (32%) of the expected isoscalar strength and
33% (47%) of the isovector. For the single T=2 level
seen in this experiment 37% of the simple sum rule
strength has been observed.

Consideration of the nuclear structure in terms of

V. DISCUSSION

In the (d5/z, f7/z) model for the 0+ and 6 states the
ground state of Mg is (d5/z) and the excited 6 states
are [(d~/z) Xf7/z]6 . With this description of the lev-

els there is a sum rule for the nuclear structure ampli-
tudes Zo and Z„namely,

n~+ n„10
(4j+2) 12

(6a)

(ds/z) + and [(d5/z) f7/z] is clearly naive. Generally
two classes of nuclear structure effects have been con-
sidered for quenching of spin-Aip transitions. Several cal-
culations have indicated the importance of n ~ 2fsco exci-
tations, particularly due to the tensor force. Certainly,
the full (sd) shell is necessary to describe the positive par-
ity levels and the variation of structure through the mid-
dle of the (sd) shell. Calculations for Si in which the
ground state is described by the configuration
(ds/zsi/z)o+ and the 6 levels by [( ds/zs& /z) f7/z]
have been carried out. Calculations on the same basis,
(ds/zs&/z)o+ and [(d5/zs]/z) f7/z]6 —,were done here for

Mg. Using this configuration space, there are 12 possi-
ble 0+, T= 1 states. The shell model Hamiltonian was di-
agonalized assunung the (d~/z, s, /z) interaction of Wil-
denthal et a/. To diagonalize the shell model Hamil-
tonian one must know the (d5/z f7/z) and (s&/z f7/z) in-
teraction matrix elements and these were evaluated using
the best-fit central spin-dependent potential of Schiffer
and True with r& =1.415 fm and rz =2.0 fm. Oscillator
functions with b=1.847 fm were used in the calculation
of these matrix elements.

If one sums over all the Anal states, the sum of the
cross sections will be proportional to the expectation
value of the d&&2 number operator, X a ~+&2 ~a~&z m, eval-
uated in the Mg ground state. In the (d~/z)' model
there are always 10 particles in the d5&2 level. However,
in the (d~/z, s, /z )' description with the Wildenthal et al.
interaction the expectation value of the d5&z number
operator is 8.75. Thus, the sum rule given by Eq. (5) for
the Z 's decreases from 10/6 to 8.75/6, compared to the
experimental value 0.54 (0.63).

The single-particle level spacing between the d~&2 and
f7/z states is a parameter in the shell model calculation.
If this is chosen so that the yrast 6, T= 1 state in the
(d ~/sz, /)zf 7/z calculation is at the observed excitation
energy, the yrast T=2, 6 state is predj. cted at an excita-
tion energy of 18.07 MeV in excellent agreement with the
experimental value of 18.05 MeV. The predicted value of
Z

&
for this state is 0.205 which, although only 61.5% of

the (d5/z f7/z ) sum rule limit, is 1.7 times that seen ex-
perimentally. A second 6, T=2 state is predicted at
about 19.6 MeV and, according to these calculations, has
a cross section about a factor of five smaller than that of
the 18.05-MeV state. This level has not been in either the
(p,p') or the (e, e') studies.

For the T=1 states, the yrast 6 state is predicted to
have the spectroscopic strength of Z o =0.088 and
Z, =0.153 when the s»z level is included. These num-
bers are 4.5 (2.2) and 6.8 (1.7) times their experimental
counterparts. Except for the 9.18-MeV level, no states
are seen or predicted below 11 MeV. Forty T=1, 6 lev-
els are predicted between 11 and 18.05 MeV. Since small
changes in the residual two-body interaction can change
the individual values of Zo and Z& for almost degenerate
states, it was felt that the best way to compare theory and
experiment was to "bin" the values of Zo and Z& in 1-
MeV intervals. The results of this binning are shown in
Fig. 15.

Although much too large a value for Zo is predicted
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FIG. 15. Comparison of the observed distribution of excita-
tion strength with that calculated in the (dq/2$I/2f7/2) model.
Upper: isoscalar; lower: isovector. The strengths have been
binned in 1-MeV intervals.

for the 9.18-MeV state if the (e, e') rather than the (p, n)
data are used, nevertheless, the theoretical values of Zp
follow experiment fairly well up to about 14 MeV. In
fact, the predicted sum of Zp between 9 and 14 MeV is
0.276, whereas experiment gives 0.19 (0.21). Above 14
MeV the calculated Zp is much larger than seen experi-
mentally. However, very little strength is concentrated in
any one state so that even though the sum of the
strengths is large, it would be difficult to observe. For ex-
ample, the strength in the (16—17)-MeV range is slightly
larger than the value predicted for the yrast level alone,
but the strongest state has a value of Zp of only —,

' that of
the 9.18-MeV level. On the other hand, a detailed study
of the large predicted strength in the (14—15)-MeV range
leads one to the conclusion that more than one 6 level
should have been seen in this region. However, since the
d3/2 single-particle orbit lies approximately 5 MeV above
the d5&z, it is precisely in this region that the simple

[(d5/2, sI/2) f7/2] model should begin to break down. If
the calculation using the [(d5/2 sl/2 d3/2) f7/2]
configuration was performed, then instead of 341 T=1,
6 levels there would be 29840. Up to 14 MeV the
present calculation predicts the sum of Z, to be 0.32,
while, experimentally, only 0.11 (0.17) is found. About
half the discrepancy is due to the yrast level.

Considering spectroscopic factors for single-nucleon
transfer, the [(d, /2, s, /2)f7/2] model gives S=0.536 for
the yrast 6 state. This value is about a factor of 3 larger
than deduced from the various single-particle transfer re-
actions ' (Table I). If the spectroscopic strengths are
binned, the model predict S=0.116, 0.157, 0.046, and
0.020 for the strengths in the (11—12)-, (12—13)-, (13—14)-,
and (14-15)-MeV regions, respectively. Thus, theory says
that 87.5% of the sum rule strength should. be seen below

15 MeV, whereas only 27% is seen in the (a, He), 40%
in the (a, t), and 33% in the ( He, d) reaction.

While the recently reported single-particle transfer re-
action studies to the 6 states have found spectroscopic
factors which are much smaller than the theory predicts,
it should be noted that the Mg(a, He) Mg results,
quoted in Ref. 21, for population of the —,

' level lead to a
value of S which is a factor of 2—3 smaller than seen in
the (d,p) reaction and in an earlier (a, He) experi-
ment. The predicted ratio

2
Zp+Zi

(7)
ZN

S~
1

SN

UI. CONCI USIONS

In summary, the present work has demonstrated that a
combination of electron scattering, polarized proton
scattering, and proton charge exchange data can be used
to extract isospin amplitudes for the excitation of high-
spin stretched configuration states. The specific assump-
tions required are the following: (1) The shape of the an-
gular distributions for spin-up and spin-down proton in-
elastic scattering to states of given isospin can be deter-
mined in a neighboring nucleus, Si. The spin-dependent
cross sections are not adequately reproduced by DWIA
calculations. (2) The normalization of the isovector am-
plitude can be determined by comparison with electron
scattering for a pure isovector transition. (3) The relative
normalization of the isoscalar and isovector amplitudes

of the neutron inelastic scattering strength to the neutron
stripping spectroscopic factor varies by a factor of 2 from
state to state for the strong states, as do the experimental
ratios. Such behavior is indicative of the existence of
significant interference between the various terms in the
sum of Eq. (4). A major problem with the Si calcula-
tion was that the predicted Z /S ratio was similar for
the various Si 6 states, in disagreement with experi-
ment. For Mg, the theory and experiment agree in gen-
eral for inelastic scattering except for the values of Zp
and Z& predicted for excitation of the yrast 6 T=1
state.

Particularly for Zp, a large amount of strength is pre-
dicted above 14-MeV excitation, (QZII=0. 363 from 14
to 18 MeV), whereas g Zo=0.062 for the two observed
states. However, not only is the theoretical strength
spread over many levels in the [(ds/2, sI/2) f7/2] model,
thereby making observation difficult, but this is exactly
where contributions from the d3&2 orbit are likely to be-
come important and cause additional dilution of the
strength. Consequently, it is not surprising that a large
amount of the Zp strength has been missed.

Recently Clausen et ah. have calculated isovector
electron scattering to stretched states and have shown
that the extracted amplitude can be significantly different
when Woods-Saxon, rather than bound, harmonic oscilla-
tor wave functions are used. Given the problems associ-
ated with the t matrix for proton inelastic scattering dis-
cussion in Sec. III, it would be difFicult to incorporate this
state-dependent effect into the present analysis.
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TABLE II. Ratio of total observed inelastic scattering strength to that predicted by the minimum configuration model for
"stretched" excited states [Eq. (5)]. To is the isospin of the ground state.

Nucleus

'4N
16O

Mg
Mg

28S'

"Fe

ET=0

0.35
0.23

& 0.11
0.32 (0.32}
0.14
0.11

0.33 (0.47)

0.29

T= To+1
b T=1

0.60
0.41 (0.52)
0.27
0.37
0.37
0.52

All AT=1

0.60
0.41 (0.52)
0.40
0.35 (0.43)
0.37
0.38

Ref.

11
12
2

Present work
3
4

can be determined in Si by a comparison of proton and
pion scattering. If this relative normalization would have
been determined by D%'IA calculations with the
Franey-Love-85 interaction, the results would have
changed by less than 20%. (4) The relative phases of the
isoscalar and isovector amplitudes are close to those
given by the D%'IA with the Franey-Love-85 interaction.

The isospin amplitudes are well determined for the
11.98-, 12.49-, and 12.83-MeV states. The 11.98-MeV
state appears to be an isoscalar excitation, which would
imply that the state observed in (p, n) at 12.0 MeV is a
T=O state. The analysis is much less certain for the
14.50- and 15.36-MeV states.

A fit to the 9.18 state resulted in an unreasonable pro-
ton structure for this state using the (e, e') results. With
the (p, n) value of Z„ the fit to the differential cross sec-
tions was not as good but the structure for this state was
then similar to that predicted by a shell model calculation
as well as to that determined for the yrast stretched state
in "Fe.

Inelastic scattering strengths that have been reported
in various nuclei are tabulated in Table II, where it can
be seen that the summed isovector strength observed in

Mg is similar to that observed in neighboring nuclei.
Substantially more isoscalar strength is identified in Mg

than in Si or Mg. This rapid variation is not under-
stood. Perhaps it is related to the rapid variation of de-
formation through the s-d shell. The importance of de-
formation in the quenching of high-spin transitions has
been discussed by Liu and Zamick. The shell model
calculations are more successful in reproducing the Mg
results than in Si. However, this may merely reAect the
fact that more 6 strength is identified in Mg.

It is clear that given the lack of a selective probe for
isoscalar spin Aip excitations, the type of isospin decom-
position described here or performed with pion inelastic
scattering data will be required to study this mode of the
nuclear excitation. The DWIA calculations suggest that
the proton spin-Aip probability may provide a much more
sensitive tool for isospin decomposition. Such a new tool
would be extremely welcome.
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