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Inelastic electron scattering is used to identify nine stretched isovector lT& (Tp Tp+ I)] M6 tran-
sitions in "S (Tp 0) which exhaust (77+17)% of the extreme single-particle-hole-model sum rule.
This is the first time that several prominent T ~ electromagnetic stretched transitions have been observed
in a self-conjugate nucleus and the first time that such a large fraction of the sum rule has been ob-
served. These effects are primarily due to the presence of spectator nucleons in the 2sll2 orbit, as sub-
stantiated by shell-model calculations.

PACS numbers: 25, 30.Dh, 21.60.Cs, 27.30.+t

During the past decade there has been an intense
experimental effort to determine the strength distribu-
tions for nuclear magnetic excitations. The high-spin
stretched excitations are one class of the above that have
received particular attention. ' The experimental data
obtained to date have provided important tests of ha-
dronic effective interactions and reaction processes ' and
have motivated a number of nuclear-structure calcula-
tions. In this Letter, we report new data on the elec-
troexcitation of nine stretched T& (Tp To+1) 6
states in 32S (To=0) with roughly comparable strength.
The large number of observed fragments in S are in

contrast to the results of previous experiments on lighter
self-conjugate sd-shell nuclei, i.e., 4Mg and Si, where
essentially all of the observable stretched T& strength
was found in a single peak. The difference between the

S results and the lighter sd-shell nuclei suggests that
the distribution of isovector stretched strength is strongly
dependent on the presence of spectator nucleons beyond
the hole orbit of the stretched configuration. Previous

S(e,e') work investigated states at excitation energies
below the region where the 6 states occur, and an early

S(p,p') study carried out with inadequate resolution
and an insufficient energy range failed to find any 6
strength. However, a more recent S(p,n) Cl experi-
ment' identified a large number of possible 6 states,
but was unable to determine the strength with the same
accuracy as in the (e,e') reaction.

Pressed, 22-mg/cm -thick targets" of 99.9% pure
Li2S containing natural sulfur (95% S) and natural
lithium (92.5% Li) were bombarded with electrons
from the Sektie Kernfysica, Nationaal Instituut voor
Kernfysica en Hoge-Energiefysica (NIKHEF-K) elec-
tron linear accelerator. ' Using the quadrupole-dipole-
dipole (QDD) spectrometer, spectra (see Fig. 1) were
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FIG. l. A sample "S(e,e') spectrum taken at NIKHEF us-

ing a Li2S target. The scattering angle is 9 154 and the in-
cident electron energy is Ep 207 MeV (q=2.0 fm ').
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TABLE I. Excitation energies E, for the T& 6 states observed in "S(e,e') and associated
spectroscopic strengths ZI and errors deduced from the least-squares fit to the data using an
average b=1.80~0.04 fm. The summed strength for the "S(p,n) "CI reaction (Ref. 10)
must be deduced to 0.45 to account for 5 contamination. The theoretical results are from the
large-basis calculations fully described in Ref. 6.

E (Me V)
S(e,e')

Zl2

' S theory
E„(Me V) Z(

S(p n)
E„(MeV) Z j'

10.98 ~ 0.04
11.17 ~ 0.05
11.94+ 0.04
12.74+ 0.04
13.26 +' 0.05
13.54+ 0.05
14.29+ 0.05

16.43 + 0.07
17.16 +' 0.08

0.135 ~ 0.031
0.030+ 0.012
0.126 +' 0.027
0.121 + 0.005
0.036 +' 0.010
0.087 ~ 0.028
0.058 + 0.003

0.059 + 0.006
0.059 ~ 0.008

1 1.2

12.4
12.9
13.6
14.1

14.3
15.1

15~ 5

16.3
17.2

0.055

0.051
0.306
0.053
0.043
0.049
0.063
0.046
0.057
0.048

3.8

4.7
5.6
6.3
6.8
7 ' 3
8.4

9.2
9.8

0.064

0.071
0.113
0.099
0.028
0.042
0.014

0.042
0.050

Z(Zi)„=0.71+ 0.05 g(Z(),( =0.77 g(Z, ),'. =0.52

taken at five incident electron energies from 151 to 258
MeV at a scattering angle of 154'. To allow discrimina-
tion between longitudinal and transverse transitions,
three other spectra were taken with similar momentum
transfer but different incident energies and scattering an-

gles: one at NIKHEF-K at 258 MeV and 118', as well

as two at the M IT Bates Linear Accelerator Center at
182 MeV and 180' and at 222 MeV and 140', using the
energy-loss spectrometer system (ELSSY).'

The S M6 excitation energies listed in Table I were
based on a spectrometer calibration using low-lying
states in Li and ' C and the strong stretched states at
18.975 MeV in ' 0 and 14.356 MeV in Si. Data
analysis used the line-shape fitting program ALLFIT, '

with an empirical linear background and average peak
widths of 100 keV FWHM. The Li cross sections from
the Li2S target were normalized to previous Li data, '

and the S M6 form factors shown in Fig. 2 were ad-

justed accordingly. Distortion effects are accounted for

by replacing the momentum transfer q by the effective
momentum transfer q, &.

'

Electron-scattering form factors were calculated with

simple harmonic-oscillator (HO) wave functions and
least-squares fitted to the data. The sum of the extracted
spectroscopic Z coefficients' QZ ~

were compared to the
extreme single-particle-hole-model ' (ESPM) isovector
strength [with g(Z ~ )EspM = I ] for (f7~2d s~' ) assum-

ing that the dsg orbital is filled with twelve nucleons.
For a least-squares fit allowing the oscillator parameter b
to vary independently for each state as shown in Fig. 2,
the total Z~ was 75% of the ESPM strength. The use of
an average b =1.80~0.04 fm to fit all states resulted in

a total Z~ of 71%. The strengths determined for the in-

dividual states using this average b are listed in Table I

and compared with the preliminary results from the

S(p, n) Cl experiment' where b=1.77 fm was used.
The 71% fraction for S is in contrast to the well estab-
lished 30% to 50% fraction (determined in a consistent
manner' ) that has been observed in previously studied
p- and sd-shell nuclei. ' The extracted Z~ is decreased to
60% if meson-exchange-current (MEC) effects are in-
cluded. '

Form factors were also calculated using more realistic
Woods-Saxon (WS) wave functions " generated from
the code DwUcK4, with the potential diffuseness and
spin-orbit parameters fixed at a =0.65 fm ' and X =25,
respectively. For a least-squares fit allowing the poten-
tial radius parameter ro to vary independently for each
state as shown in Fig. 2, the total Z~ was 93% of the
ESPM strength. The use of an average ro=1.20 fm to
fit all states resulted in a total Z1 of 88%. The WS Z
coefficients were larger than the HO ones by a factor
varying from 1.1 for the lowest states to 1.4 for the
highest states. Overall, the observed fraction ranges
from 60% to 93% of the ESPM strength, or 77%+ 17'%%uo.

A recent large-basis shell-model calculation that
gives an excellent description of the stretched M6
strength distribution in 28si has been extended6 to 24Mg

and S using the same (15g2,s~gq)' "dyzf7gq J=6 basis
with a=A —17 and n ~4. These calculations predict
that Mg and Si have a strong yrast T& state carry-
ing about 40% of the total isovector stretched strength,
with the remainder spread across many weak states
starting several MeV above the yrast state. This is con-
sistent with experiment. The results for S, summarized
in Table I, predict that the yrast state will not be the
strongest state, that several states should be easily visible
within a few MeV of each other, and that the sum of the
strengths predicted in the 11-17-MeV region is large,
about 77% of the extreme single-particle-hole model ~
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FIG. 3. The fraction of ESPM strength lcalculated con-
sistently for all nuclei (Ref. 17)] for the known (Ref. 7) isovec-
tor electromagnetic stretched transitions to 4 and 6 states
in even-even self-conjugate nuclei. The strength shown for "C
and ' 0 is that which would be observed in the absence of iso-
spin mixing. The dashed lines for ' S represent the shell-model
predictions.

eff I f 111

FIG. 2. Form factors as defined in Ref. I for the "S(e,e')
6 stretched states (with excitation energies in MeV), where
the HO b and the WS ro were varied independently for each
state. A form factor calculated for a 4 excitation is shown to
illustrate the basis for rejecting the 4 spin assignment.

This is also consistent with the qualitative features of the
data. It is the spectator nucleons in the 2s~/2 orbit that
are responsible for the change in the spectral distribution
of T ~ strength in going from Mg and 2sSi to S. We
finally note that a similar change in the distribution of
Ml strength between Si and S has been observed.
Both the M1 and M6 excitations are built on dq/2-hole
states, which can be studied by nucleon pickup reactions.
These reactions populate' only one strong d~/2-hole
state in Mg and Si, but several dye states (with
about equal strength) in S. The latter observations are
also consistent with the shell model.

Examination of the T& stretched strength in other
even-even p-, sd-, and fp-shell nuclei indicates that this
trend persists. Specifically, one T& state is observed in
' C, ' Mg, Si, Cr, and Fe where the p3/2 d5/p,
and f7yq levels are being filled. o However, in '60,

Ca, and Ni which contain spectator nucleons
beyond the py2, dg2, and f7@ orbits, respectively, several
T& states appear to be excited. ' The results for self-
conjugate p- and sd-shell nuclei are summarized in Fig.
3. The effect is not as pronounced in the ' 0 and ' C p-
shell nuclei. In ' 0 the observed strength is more con-
centrated in a single state than in S, and in ' C one
high-lying T & state is observed as a broad peak that
overlaps with neighboring levels.

In contrast, the T & (To To) strength is observed to
be fragmented in all NWZ nuclei discussed here, even
when spectator nucleons are absent. This suggests that
the mechanism responsible for the T ~ fragmentation is
quite diA'erent than that responsible for the T&. The
mechanism is probably due to the increased number of
particle-hole configurations that can be constructed when
the hole orbital has unequal numbers of protons and neu-
trons.

In conclusion, the observable stretched M6 T ~
strength in S is spread among several levels of compa-
rable magnitude, rather than isolated in a single level as
in lighter sd-shell nuclei. Results from large-basis shell-
model calculations in Si and S support these observa-
tions. The new S(e,e') data reported here provide
clear evidence of the important role of spectator nucleons
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beyond the hole orbit in the fragmentation of stretched
magnetic strength. This is corroborated by data on the
distribution of T & stretched strength for other nuclei up
to the fp shell. The systematics of M6 transitions in sd
shell nuclei are particularly profitable to study because
they are observed in a large number of self-conjugate nu-

clei and large-basis shell-model calculations can be per-
formed for these systems. Examination of Ar would be
a good additional test of the role of spectator nucleons.
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