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Concentrated Particle-Hole Strength Observed in Ojrru Stretched-State Excitations
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The wide-angle spectra of the 134-MeV (p, n) reaction on 'Ca, ' Fe, "Sr, and ' sPb are
each dominated by the excitation of a single state at low excitation energy. These excitations
correspond to the "Oh~" stretched states and are seen to be fragmented much less than
"1tco" stretched states in medium- and heavy-mass nuclei. The normalization factors re-
quired for comparison with distorted-wave impulse-approximation calculations are ) 0.50
and indicate that these are the purest particle-hole states known in these nuclei.

PACS numbers: 21.10.Pc, 21.60.Cs, 25.40.Ep

There has been considerable interest in the de-
tailed study of particle-hole excitations in nuclei to
test both nuclear structure and reaction-mechanism
models. Particle-hole states in nuclei are relatively
simple excitations which, one hopes, should be
amenable to theoretical description. Two popular
examples of such excitations which have been stud-
ied recently are Gamow-Teller states and "1tco"
stretched states. In this Letter we present another
example of a particle-hole excitation which is
unique in that the strength is more highly concen-
trated into a single state, even in medium- and
heavy-mass nulcei. These excitations we refer to as
"%co" stretched states.

A stretched particle-hole configuration is one
where the particle and the hole are both in stretched
subshells (j = i+ —,

' ), and are coupled to the max-
imum possible angular momentum j =j~+jI,. Usu-
ally, one is considering the maximum stretched state
involving the particle and hole orbitals of highest
angular momentum in their respective shells. Most
theoretical and experimental work on the excitation
of stretched states involves major configurations
with the particle excited into the next major shell
above the hole. Such excitations must have odd
parity and are referred to as "1hcu" stretched states.
The excitation of these states has been studied in
inelastic electron, proton, and pion scattering, ' in
the (p, n) reaction, and in nucleon-transfer reac-
tions. " For nuclei with a neutron excess extending
up into the next orbital above the filled proton orbi-
tals, a maximum stretched state may be formed in a
charge-exchange reaction creating a proton particle
and neutron hole in the same orbital. Because
these states involve particle and hole orbitals in the
same major shell (in fact the same orbital), they are

referred to as "Otto" stretched states. When the
excess neutron orbital is the first orbital of a new
oscillator shell, it is the orbital of highest angular
momentum in the nucleus; the stretched state
formed from a particle-hole configuration in that
orbital will have a large J value, and will form a
state with a unique value of J within 2fto of excita-
tion. This state will be excited strongly at large
momentum transfers predominantly by the (isovec-
tor) tensor term of the effective nucleon-nucleon
(N N) intera-ction (just as for 1tto isovector
stretched states). Because a Oltto stretched state is
formed as a proton-particle, neutron-hole state in a
target with a neutron excess, such states can be ex-
cited in charge-exchange reactions, but not in in-
elastic scattering. Watson et al. earlier reported
the excitation of the (ken stretched state in the reac-
tion Ca(p, n) Sc. This Letter reports the excita-
tion of GYco stretched states in other medium- and
heavy-mass nuclei and shows that these states are
the purest particle-hole states known in these nu-
clei.

A (@co excitation involves a particle-hole excita-
tion in a subshell which is often the "valence" sub-
shell of the target. Thus, the Oleo particle-hole state
involves a hole and a particle both at the Fermi level
in the target; in contrast, a 1tco state necessarily in-
volves exciting the particle into the next major
shell. This particle state is thus considerably above
the Fermi surface and is typically highly fragment-
ed, especially in medium- and heavy-mass nuclei. '
Experimentally, highly fragmented strength is diffi-
cult to identify unambiguously and the total
strength extracted is unreliable. Theoretically, if
the strength is fragmented, the simple shell model
does not apply and higher-order corrections are re-
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quired for structure calculations.
Examples of strongly excited %0) stretched states

in medium- and heavy-mass nuclei are shown in the
134-MeV (p, n) spectra of Fig. 1. The measure-
ments were performed with the beam-swinger neu-
tron time-of-flight facility at the Indiana University
Cyclotron Facility. The neutrons were detected in
large-volume, mean-timed plastic scintillation
detectors7 at flight paths of 38 to 134 m. Overall
observed timing resolutions of 0.7 to 1.5 nsec yield-
ed overall energy resolutions of 330 to 800 keV.
The absolute magnitudes of the cross sections were
obtained from the known geometrical factors, mea-
sured target thickness and beam integration, and
calculated neutron detector efficiencies. The
overall uncertainty was determined to be ( + 15%
by comparison of (p, n) and (p,p') analog transi-
tions. The experimental arrangement and tech-
nique were described in detail previously.

The wide-angle spectra of Fig. 1 correspond to
large momentum transfers in these reactions and
are all characteristically similar. An (apparently)
single peak is strongly excited at relatively low exci-
tation energy in each spectrum. Some weakly excit-
ed strength is seen near this peak as well as the nu-
clear continuum at higher excitation energies. For 1.0:

T =134(Me V)
P

the states observed in Sc, "Co, and Y, the exci-
tation energies (viz. 1.10, 0.20, and 1.48 MeV)
agree with the known'0 locations of a 7+, a 7+, and
a 9+ state, respectively. These states are thus plau-
sibly the (n f7/2, v f7/2' ) (m f7/2, v f7/2' ), and (mg9/z,

vg9/z ) (Scil stretched states in these nuclei. The
(k~ state at 3.4 MeV in Bi would be a 13+, (it3/z,
it3/'z ) level. No 13+ level has been identified pre-
viously in this nucleus.

Experimental angular distributions are shown in
Fig. 2, where they are compared with distorted-
wave impulse-approximation (DWIA) calculations
which assume that the states are each simply the ap-
propriate (ko) stretched-state particle-hole config-
uration. The calculations were performed with the
code DwBA70, with the global optical-model
parameters of Schwandt et al. ,

' and the N-N effec-
tive interaction of Love and Franey at 140 MeV. '
Harmonic-oscillator wave functions were assumed.
The normalizations required to make the calcula-
tions agree in magnitude with the data vary from
0.54 to 0.96, as indicated. The experimental and
theoretical shapes are in generally good agreement.
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FIG. 1. Excitation-energy spectra from the (pn) reac-,
tion at 134 MeV on some medium- and heavy-mass nu-
clei.

FIG. 2. Angular distributions for the excitation of
"Otto" stretched states in some medium- and heavy-
mass nuclei with the (p, n) reaction at 134 MeV. The
solid curves represent DWIA calculations with the indi-
cated normalizations (see text).
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The excess strength at small angles in the Ca and
Pb angular distributions is from unresolved states

with low J values. For the case of 4 Ca(p, n) Sc,
this strength is due to an unresolved 2+ state at
E„=1.14 MeV (as discussed in more detail else-
where' ). For the 2o8Pb(p, n)2o8Bi case, specific J
assignments in this excitation-energy region are
lacking; however, the level density near the ob-
served high-spin state makes it likely that some oth-
er state(s) will be observed at smaller angles.
These states of low spin should not contribute signi-
ficantly at wider angles. Note also that the normali-
zation factors are uncertain by the combined experi-
mental and theoretical uncertainties. The important
point here is that these normalization factors are
significantly larger than those obtained for similar
analyses of "1kco" stretched states.

It is important to note that the state which could
most easily be confused with the (@co stretched
state is the next lower-spin state of the same
particle-hole band; however, this state will be excit-
ed only weakly in these reactions. In the reaction

Ca(p, n) Sc, for example, the transition to the 6+
state would be expected to have (essentially) the
same angular distribution (Ai = 6) as that to the 7+
stretched state; however, as pointed out by Petro-
vich and Love'5 and also by Picklesimer and Walk-
er &6 transitions dominated by the tensor term of
the N-N effective interaction will excite normal-
parity states only via exchange processes, which are
expected to be weak. This prediction is verified, in
fact, by the reaction 48Ca(p, n)48Sc, in which the 6+
state is known to be the ground state, and is well
resolved from the 7+ state at E„=1.1 MeV. Exper-
imentally, we see the 6+ state to be excited with
only —7'/o of the strength of the 7+ state, in good
agreement with DWIA calculations (which include
exchange). Thus, because all the states of these
particle-hole bands have positive parity and must
involve even values of 4l, the Oleo transitions in
general need only be identified as having an angular
distribution which corresponds to 4L = 2l„b;„~ and
not 6L = 210rbita[ 2.

This analysis seems reliable for the three lighter
targets; however, the Pb result is less certain.
The 13+, (i»/2, i&3/'2 ) Oooo excitation requires
hL =12. The peak of the DWIA angular distribu-
tion shifts by only —2 for each unit of AL for this
reaction and the location of the peak is uncertain by
at least this amount because of uncertainties in the
geometrical parameters of the calculations. Hence,
although we would not expect to excite strongly a
12+ state (because it is of natural parity), the ob-
served peak may include an unresolved 11+ state
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with AL = 10 which is not sufficiently different in
the shape of its angular distribution. A state was re-
ported' with a tentative 11+ assignment at E„
= 3.51 MeV in Bi, which would not be resolved
in this experiment. Clearly, it is important to ob-
tain better resolution, perhaps both in (p, n) and in
('He, t ) measurements, in order to identify states in

Bi in this excitation-energy region, both because
o8Pb, which is believed to be a relatively good

shell-model nucleus, provides an important test
case and because we see that an abnormally large
(0.96) normalization factor is obtained for this reac-
tion (on the assumption that the peak is only a 13+
state).

It is significant that all the normalization factors
indicated in Fig. 2 are larger than those observed
for lb' stretched-state excitations; for example, the
normalizations required for the (e,e') and/or (p,p')
excitations of the 4 isovector stretched state in
' 0 and the 6 isovector stretched state in Si are
between 0.25 and 0.40.' Note that our 134-MeV
(p, n) studies of the analogs of these two 1h'to

stretched states yield normalization factors similar
to the (e,e') and (p,p') studies. '3 Since both the
Qtco and lcm stretched-state excitations are dom-
inated by the tensor term of the N-N effective in-
teractions, they are probably both subject to the
same deficiencies in the assumed reaction mecha-
nisms. Hence, the large normalization factors re-
quired for the OAcu excitations indicate that the defi-
ciencies in the assumed nuclear structure, viz. the
effects of core polarization and configuration mix-
ing, are less severe for the OItoo stretched states than
for the 1tcv stretched states. Again, this likely fol-
lows because the Qlcu states are closer to the Fermi
surface where the simple shell model is more valid.

For Ca, the fractional occupancy of the f7/2
neutron orbital can be estimated from experimental
neutron-pickup spectroscopic factors' to be—85'/0, consequently, the DWIA normalization
factor of 0.60 for the 0-+ to 7+ transition in the
reaction 8Ca(p, n) 8Sc should be increased to
—0.71 [ = 0.60(1/0.85) ]. Brown' performed a
shell-model calculation for states in ~ Co, in a 1f-2p
shell basis including a certain (limited) class of 2p-
2h excitations. This calculation indicates that the
7+"AS'" strength expected for this reaction would
be reduced by about 10'io from the simple shell-
model expectation. The normalization required for
this case would then be increased to 0.72/0. 90
= 0.80. Thus, we see that there remains only—20%—30/o "missing" strength for these two tran-
sitions. We expect that the corresponding first-
order corrections for the reaction SsSr(p, n)s8Y(9+)
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would be similar, but that the reaction
zosPb(p, n) o Bi(13+) may involve less core polari-
zation. [This mtty explain in part, the higher nor-
malization factor observed for the 8Pb

Bi(13+) case.] The remaining —25'/0 of the
strength may be accounted for by other effects such
as meson-exchange currents, isobar currents, and
second-order core polarizations. Note that these ef-
fects do not necessarily all act to remove strength
and will vary in magnitude from nucleus to nucleus.
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