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Particle-hole strength excited in the *“°Ca(p,n)*’Sc reaction at 134 MeV
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The *“’Ca(p,n)*’Sc reaction was studied at 134 MeV. Neutron energy spectra were measured by
the time-of-flight technique with resolutions of 220 keV at angles from 0° to 41° and 415 keV out to
62°. The 27,37,47,5~ band of states based on the (f,,,d3/5) 1plh structure was observed at low
excitation energies, in good agreement with known analog states in **Ca and “K. The shapes of the
cross-section and analyzing-power angular distributions are in good agreement with distorted-wave
impulse-approximation calculations using simple 1plh (Tamm-Dancoff approximation) shell-model
wave functions. A relatively strong transition to a state at E,=2.3 MeV with L =3 is identified
tentatively as a 4~ state with the predominant 1plh structure (1f5,,,2s74). The excitation of the
(T =1) 6~ (f12,d5,3) stretched state is observed near E, =7 MeV, fragmented over approximately 3
MeV. The normalization factor required to make a distorted-wave impulse-approximation calcula-
tion agree in magnitude with the 6~ excitation is 0.35, which is larger than the normalization factor
for this excitation in mass 28, analyzed in a similar manner. The L =1 giant resonance is observed
to be centered near E, =10 MeV with a width (full width at half maximum) of about 5 MeV, and a
distorted-wave impulse-approximation normalization factor of 0.16. Two 1% excitations are ob-
served at E, =2.7 and 4.3 MeV which indicate directly the presence of ground-state correlations in
the “°Ca target. The fact that the analog of the higher 1* excitation is not seen in inelastic electron
scattering indicates strong interference between spin and orbital current contributions. The effect of
ground-state correlations on the 1plh wave functions was investigated by performing calculations
which allowed multiparticle-multihole correlations in the d;,, and f;,, orbitals. The distorted-wave
impulse-approximation normalization factors obtained with these wave functions were found to in-
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crease by a factor of about 2 relative to those obtained with “°Ca assumed to be a closed core.

I. INTRODUCTION

In several earlier papers'~° it was demonstrated that
the (p,n) reaction at 135 MeV provides a good measure of
one-particle, one-hole (1p1h) strength in spherical nuclei.
This result follows because the reaction is apparently im-
pulsive and dominated by single-scattering processes.
Simple distorted-wave-impulse-approximation (DWIA)
calculations are in good agreement with strong transitions.
Part of this success must be attributed to the fact that iso-
vector transitions are much less sensitive to density-
dependent effects than are isoscalar transitions;® further-
more, 135 MeV appears to be an almost ideal beam energy
for spectroscopic studies with the (p,n) reaction. This en-
ergy was chosen originally as a compromise between a
higher energy where the reaction might be expected to be
more impulsive, and a lower energy where the experimen-
tal resolution improves. Since now it appears that the
(p,n) reaction becomes impulsive by about 100 MeV, this
choice does not represent much of a compromise. [This
result is observed to be true also for the (p,p’) reaction.’)
Another point in favor of 135 MeV is that more compli-
cated optical potentials (such as so-called “wine-bottle”
shapes®) may be required at higher (>200 MeV) energies
which introduce further uncertainties into the theoretical
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description. The requirement for these shapes was ob-
served to decrease as the proton energy decreases towards
100 MeV.?

The target nucleus for these studies (viz., ¥°Ca) is a
self-conjugate “doubly-magic” nucleus. The (p,n) reaction
on a self-conjugate target excites only T =1 strength and
offers an advantage over the (p,p’) reaction for studies of
isovector strength, since the latter reaction excites T =0
background strength as well. In an earlier paper, Fazely
et al.! presented the results of a similar study on another
such nucleus, '°0. In that study, the (p,n) experimental
results were compared with DWIA predictions based on
simple wave functions which assumed %0 to be a closed
core and considered only 1plh states of 1%iw and 2%w exci-
tation in the final nucleus [the Tamm-Dancoff approxi-
mation'® (TDA)]. It was found that all of the strongest
excitations observed were in good agreement with the
theoretical predictions, both in excitation energy and in
relative strength. Normalization factors required for the
DWIA calculations were typically 0.25—0.40. A subse-
quent reanalysis of these measurements by Gareev et al.!!
which included 2p2h configurations in both the target and
residual nuclei obtained normalization factors approxi-
mately twice as large.

We present here an analysis of the “’Ca(p,n)**Sc reac-
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tion at 135 MeV which is similar to our earlier analysis of
the '%O(p,n)!°F reaction at 135 MeV. We present
excitation-energy spectra at several angles out to 62° and
angular distributions for the most strongly-excited states.
The angular distributions are compared with DWIA cal-
culations based on the TDA wave functions of Donnelly
and Walker.!? Similar also to the '°O(p,n)!°F reaction, we
see excitation of some 1% strength, which is a direct indi-
cation of ground-state correlations in the “’Ca nucleus.
The states excited are compared also with known analog-
state excitations observed in (p,p’) and (e,e’) studies. Fi-
nally, we consider the effects of using a larger basis shell-
model calculation for the low-lying states. These calcula-
tions, which include 2p2h and 4p4h correlations for the
“0Ca ground state, yield about a twofold increase in the
DWIA normalization factors. These analyses reaffirm
the idea that the (p,n) reaction at 135 MeV is basically im-
pulsive and provides a good spectroscopic tool for identi-
fying 1plh strength in even-even nuclei.

II. EXPERIMENTAL PROCEDURE

The measurements were performed in two separate ex-
perimental runs; one with an unpolarized proton beam
which provided cross-section measurements only, and one
with a polarized proton beam to obtain analyzing-power
measurements as well. For both runs, neutron time-of-
flight spectra were obtained from the “’Ca(p,n)*’Sc reac-
tion with the beam-swinger system'’ at the Indiana
University Cyclotron Facility (IUCF). Neutrons were
detected in large-volume, mean-timed neutron detectors,'*
with overall time dispersions of 0.5—0.7 ns. Neutron
time of flight was measured relative to the time of arrival
of the beam on the target. This time was derived from a
point of fixed phase of the cyclotron rf signal. A phase-
compensation circuit!® was used to eliminate drift between
the time of arrival of a beam burst at the target and the
cyclotron rf signal. A fast plastic scintillator monitored
protons scattered elastically from the target to provide the
necessary timing information to the phase-compensation
circuit.

For the 135 MeV unpolarized proton-beam measure-
ments, neutron detectors were placed in three separate
detector stations at 0°, 24°, and 45° with respect to the un-
deflected proton beam, at distances of 125.2, 133.6, and
80.9 m, respectively, from the target. All the detectors
were NE-102 fast-plastic scintillators 0.102 m thick. The
0° station contained three 0.508 m high by 1.02 m long
neutron detectors which were combined to yield a total
frontal area of 1.55 m2. One 0.508 m high detector plus
one 1.02 m high detector, both 1.02 m long, were used in
the 24° station, also yielding a total frontal area of 1.55
m2. Two 0.762 m high by 1.52 m long neutron detectors
in the 45° station provided a total front area of 2.32 m?.
Charged-particle anticoincidence counters (0.953 or 1.27
cm thick) were placed in front and on top of each detector
to veto charged particles from the target and cosmic rays.

For the 133.5 MeV polarized proton-beam measure-
ments, neutron detectors were placed in three separate

detector stations at 0°, 24°, and 45° with respect to the un-
deflected proton beam, at distances of 71.0, 71.0, and 37.3
m, respectively, from the target. Two 0.508 m high detec-
tors, 1.02 m long, were used at 0°. One 0.508 m high
detector plus one 1.02 m high detector, both 1.02 m long,
were used at 24°. Two 0.762 m high by 1.52 m long neu-
tron detectors were used in the 45° station. All the neu-
tron detectors were 0.102 m thick. Similar to the unpolar-
ized beam measurements, thin (0.95—1.27 cm thick) plas-
tic scintillator detectors were placed in front and on top of
the neutron detectors to veto charged particles from the
target and cosmic rays.

Since the beam swinger is capable of deflecting the in-
cident proton beam by 24°, neutron scattering angles from
0° to 24°, 24° to 48°, and 45° to 69° could be observed in the
first, second, and third stations, respectively. The targets
were made from calcium enriched to 99.97% *Ca.
Thicknesses were determined with a “ball” micrometer
and checked by weighing. The 133.5 MeV polarized-
beam run used a target of thickness 29.2 mg/cm? to ob-
tain the data for every angle. For the 135 MeV
unpolarized-beam run, a 29.2 mg/cm? target was used at
neutron scattering angles of 4°, 28°, and 49°, and a thinner
target of 19.0 mg/cm? was used (to obtain better energy
resolution) for the rest of the angles. The overall timing
resolutions of 0.5—0.7 ns included contributions from the
beam-burst width, the target thickness, the finite thick-
ness of the neutron detectors, and the intrinsic timing
resolutions of the detectors. For the polarized-beam run
overall energy resolutions were about 250 keV out to 41°
and about 415 keV at wider angles. For the unpolarized-
beam run, the overall energy resolution with the thin (19.0
mg/cm?) target was about 190 keV at 11.6° and about 220
keV at wider angles; the energy resolution with the thick
(29.2 mg/cm?) target was about 220 keV from 4° out to
28° and about 350 keV at wider angles.

The measured intensity of the neutron flux arriving at a
detector was corrected for neutron scattering in the exit
foil of the scattering chamber, the air, the wall of the
detector station, and the anticoincidence detectors between
the target and the detectors. The proton beam intensity
was measured with a split Faraday cup, which was well
shielded and located approximately 10 m downstream
from the target. The beam integration was estimated to
be accurate to about 5%. The measured flight paths are
estimated to be known to within +2 m, which corre-
sponds to a maximum uncertainty of +0.5% in the
known solid angle (for the shortest flight path). In order
to be able to calculate reliably the neutron detection effi-
ciency, the pulse-height response of each counter was cali-
brated with a 2’Th radioactive gamma-ray source
(E,=2.61 MeV) and a fast amplifier. Neutron detection
efficiencies were calculated with the improved Monte
Carlo efficiency code of Cecil et al.'® and tested by com-
paring various (p,n) and (p,p’) analog transitions.!”!® The
neutron detection efficiencies determined in this way were
checked previously'® to be accurate to about +10%. The
overall scale uncertainty, which combines the above listed
individual contributions, is estimated to be +12%. The
basic experimental procedure was described in more detail
previously.!
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III. DATA REDUCTION

The neutron time-of-flight (TOF) and detector pulse-
height parameters were recorded event by event for each
neutron detector. For the polarized-beam experiment, the
spin state of the beam was recorded also. The event tapes
were later replayed at several pulse-height thresholds in
order to extract time-of-flight spectra, excitation-energy
spectra, cross sections, and analyzing powers.

Excitation-energy spectra were obtained from the mea-
sured time-of-flight spectra by using the measured flight
paths and the calibration of the time-to-amplitude con-
verter. Known excitation energies of states in *’Sc were
taken to provide the absolute calibration of neutron ener-
gies. At forward angles, the strongly-excited 2~ state, as-
sumed to be at E, =0.77 MeV, was taken to provide this
calibration; and at wide angles, the 5~ state, assumed to
be at E, =0.89 MeV was used. These excitation energies
are taken from the compilation of Endt and van der
Leun,' with the ordering of the 2~ and 5~ states as-
sumed to be the same as observed for the analog states in
“0Ca and “K. These excitation energies were checked
against the known 4~ ground-state excitation at wide an-
gles. Extracted excitation energies are estimated to be ac-
curate to 0.1 MeV.

Excitation-energy spectra at several angles are presented
in Fig. 1. For the (p,n) spectra, there are three dominant
sources of background: (1) cosmic rays, (2) overlap of
slower neutrons from the previous beam burst, and (3)
quasifree scattered (QFS) neutrons from (p,pn) reactions.
After choosing a (software) pulse-height threshold which
reduced overlap, while maintaining a reasonable detection
efficiency, different runs at the same scattering angle were
combined. Cosmic-ray backgrounds were determined
from blank-target runs, and were subtracted channel by
channel from the (p,n) spectra. The overlap of slow neu-
trons from the previous beam burst was observed as a
small background in the TOF spectra at neutron energies
corresponding to excitation energies below the *’Sc
ground state. Based on earlier studies performed with
short flight paths in order to observe more of the continu-
um,?%?! we assumed the “true” continuum was uniform in
energy (to first order) and that the yield of such neutrons
would simply reflect the detector efficiency as a function
of energy. Thus, a slowly decreasing overlap spectrum
was normalized to the background observed below the
ground state for each spectrum, and subtracted channel by
channel. The (p,n) spectra shown in Fig. 1 were corrected
for cosmic-ray and overlap backgrounds in this manner.

Yields for individual transitions were extracted
separately for spin-down, spin-up, and total spectra, by
the techniques of simple peak summing and/or Gaussian
peak fitting. Each spectrum was fitted in two regions
with the improved peak-fitting code of Bevington.?? The
complexes of states from E,=0-—5.5 MeV were fitted
simultaneously with Gaussian peaks which were required
to have equal widths. [Note that the width could vary
from one detector station to another (primarily because of
the different flight paths) and for different runs.] Because
the unbound characteristic of states in “°Sc might be more
significant at higher excitation energies (states become un-
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FIG. 1. Excitation-energy spectra for the “Ca(p,n)*’Sc reac-
tion at 134 MeV after subtraction of cosmic-ray and overlap
backgrounds. The solid lines represent a single-step quasifree
scattering (QFS) calculation as described in the text.

bound in “°Sc at E, =0.5 MeV), the L =1 giant resonance
region [from 5.5 < E,(MeV) < 12] was fitted by allowing
the widths to vary. The error bars shown in the angular
distributions were obtained from the error matrix of the
fitting code; thus they are primarily statistical, but include
a correction factor for the goodness of the fit (see Ref. 22
for more detail). A sample of the peak fitting results is
shown in Fig. 2.

The yields (Y) of individual transitions from summing
and/or Gaussian peak fitting were combined with the
known target thickness (7), detector solid-angle (AQ), the
calculated detector efficiencies (€), the measured beam
integration (I), the fractional livetime of the data-
acquisition system (/), and the neutron transmission from
the target to the detector (7) to obtain the differential
cross section from the usual expression,

Y

a(9)=——————(ItAQlT€) . (1)

For this experiment, all the detectors were on the
right-hand side of the beam in the laboratory frame of
reference; hence, by the Madison convention,?’ the analyz-
ing power 4,(6) is
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4oCa(p,n)*°Sc Tp = 134 MeV
300 T

0.2° 2

COUNTS

400 1350
CHANNEL NUMBER

FIG. 2. An example of the peak-fitting results for the spec-
trum at 0.2°. Shown are fits to both narrow, low-lying states
and to the broad AL =1 giant resonance.

P.Y,(0)+P,Y,(6)’

A,(0)= (2)
where Y (0) and Y,(6) are the yields in a single detector
for the spin-down and spin-up states of the proton beam,
and P, and P, are the polarizations for the spin-down
and spin-up states of the proton beam. For P,=P,=P,,
the analyzing power 4,(6) in Eq. (2) will simplify to

A Q)= L € 3
NO=% 0rv,0 P, P, 3)

where the asymmetry € is
Y, (0)—Y,(6)

Y. @+Y,06) @

The spin state of the beam was “flipped” every 60 s to
reduce time-dependent asymmetries. The beam polariza-
tion was typically about 70%, as determined with a “He
polarzizneter located between the injector and main cyclot-
rons.

IV. RESULTS

In order to identify specific transitions in this reaction,
we subtracted a calculated quasifree scattering back-
ground from the spectra at each angle, extracted angular
distributions for the observed states and complexes, and
fitted the angular distributions with DWIA calculations
based on known analog states and a TDA shell-model cal-
culation to suggest initial choices for possible J” values.
This procedure and the results obtained are described
below.

A. Quasifree background subtractions

The spectra presented in Fig. 1 show large excitation of
the nuclear continuum. Recall that these spectra already
have experimental backgrounds subtracted (viz., from
cosmic rays and overlap from earlier beam bursts), so that

the observed continua are “true” nuclear excitations. In
earlier work, Anderson et al.?° and Kalend et al.?! con-
cluded that the high-energy part of the continuum in
forward-angle (p,n) spectra is dominated by single-step
quasifree scattering [i.e., the (p,pn) reaction]. In another
paper, Anderson et al.* showed that the continua in the
*0cCa(p,n)x and “®Ca(p,n)x reactions could be described by
a simple plane-wave impulse-approximation (PWIA) cal-
culation with the same normalization factor for both re-
actions at each angle.

The QFS calculations adopted here are improved from
those presented in Refs. 20 and 21 to include at least a
partial accounting for Pauli-blocking effects. Basically, a
kinematic condition is impressed to require that the
difference between the sum of the final momentum of the
observed neutron and the recoil momentum of the nucleus
must be greater (in absolute magnitude) than the Fermi
momentum of nucleons inside the nucleus. Actually, the
Fermi momentum assumed for the nucleus in the nu-
cleons is varied to obtain the best agreement between the
calculations and the measured continuum spectra. This
technique is, of course, a simplified accounting for a com-
plex physical process; however, we do find an improved
agreement between the calculations and the continuum
spectra when this kinematic condition is required. The re-
sults of these calculations for this reaction are shown plot-
ted on the experimental spectra of Fig. 1. The normaliza-
tions were chosen to make the calculations pass through
the continuum near E, =25 MeV for angles out to 18°.
(The single-step QFS calculations have a broad maximum
near this excitation energy and will begin to fall away
from the observed continuum at higher excitation ener-
gies, where multistep processes become important. See
Refs. 20 and 21 for further discussion of these shapes.)
Beyond 18°, the shape of the measured continua begin to
deviate from the shape of the calculated spectra as one
proceeds towards higher excitation energies; specifically,
the experimental spectra are seen to rise more steeply than
the calculations. This difference is attributed to the
neglect of multistep processes in the continuum calcula-
tions. Note that beyond 18° the strength of the continua
decreases significantly with increasing angle, which is ex-
pected for the single-step process; however, as the single-
step contribution falls off, the smaller multistep processes
become relatively more important, thereby making the
continuum rise faster with increasing excitation energy
than indicated by the single-step QFS calculations. We
adopted these QFS calculations as a first-order back-
ground subtraction for the nuclear continuum at forward
angles. This subtraction facilitates an analysis of the ob-
served peaks and resonances. At low excitation energies,
this subtraction is negligible and introduces no additional
uncertainty in extracted strengths. Especially for the
L =1 giant resonance and slightly for the 6~ strength,
both observed above E, =5 MeV, the total strength ex-
tracted is sensitive to the total background extracted.
This sensitivity is discussed further below.

B. Comparison with 1plh structure calculations

The excitation-energy spectra obtained after subtracting
the single-step QFS calculations are shown in Fig. 3.
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FIG. 3. Excitation-energy spectra after subtracting the calcu-
lated QFS backgrounds shown in Fig. 1. The vertical lines
represent the results of DWIA calculations using the TDA
shell-model wave functions of Ref. 12. The normalizations of
the DWIA calculations are arbitrary, but are the same for all
the calculations at each angle.

Shown also in these spectra are the results of DWIA cal-
culations for the *“’Ca(p,n*Sc reaction with the 1plh
(TDA) wave functions of Donnelly and Walker (DW).!2
The DWIA calculations were performed with the code
DW81,2> with optical-model parameters from the global
parameters of Schwandt et al.,?* and the nucleon-nucleon
effective interaction of Franey and Love.?® The structure
calculations are Tamm-Dancoff-approximation shell-
model wave functions. The target nucleus *°Ca is con-
sidered to be a closed core and particles are considered to
be excited into the 1f-2p shell, leaving holes in the 1d-2s
shell. Harmonic-oscillator eigenfunctions were assumed
for the single-particle orbitals. The residual interaction
was taken to be a Serber-Yukawa potential adjusted to fit
low-energy n-p scattering. These calculations are similar
to those performed also by Donnelly and Walker for
T =1 states in %0 and which we saw were in good agree-
ment with the strongest transitions observed in the
10(p,n)F reaction at 135 MeV.!

The results of the DWIA calculations are shown in Fig.
3 with the same arbitrary normalization factor at each an-

gle so that the relative strengths of the various excitations
can be seen. The calculations of Donnelly and Walker are
for T=1 states in “Ca. The lowest-energy state they
predict is a 4™ state at E, =7.82 MeV, which we take to
be the energy corresponding to the known 4~ ground state
of “Sc. The known energy of the T =1, 4™ state in *°Ca
is 7.66 MeV, which is within 200 keV of their calculation.
Thus, the excitation energies shown for the calculations in
Fig. 3 are the calculated energies reported by Donnelly
and Walker minus 7.82 MeV. No further adjustment of
their predicted excitation energies was performed.

Inspection of Fig. 3 shows that strong excitations are
generally observed corresponding to the predicted strong
excitations. In particular, two excitations are observed
near E, =0 and 1 MeV, which are predicted to corre-
spond to a 37,4~ complex and a 27,5~ complex, respec-
tively. A strong excitation is observed near E, =8 MeV
which agrees well with a predicted 17,27 complex. In
general, a large amount of 07, 17, and 2~ strength is
predicted over the general region of the strong L =1 reso-
nance observed between 7 and 18 MeV. A strong 4~ exci-
tation is predicted near E, =2 MeV, apparently in good
agreement with a peak observed to be the largest in the
spectrum at 24°. Finally, at wide angles a broadly distri-
buted amount of strength is seen to be centered near the
predicted location of a 6~ state. As will be discussed
below, the observed angular distributions for these excita-
tions are generally in good agreement with the predicted
shapes from DWIA calculations for the states indicated.

The most noticeable disagreements between the predic-
tions and the observed spectra are for the two peaks seen
near E, =2.7 and 4.3 MeV in the 0° spectrum. No strong
excitations are indicated by the calculations at these ener-
gies for 0°. Some L =1 strength (0—, 1=, and 27) is
predicted in this region, but clearly not in good agreement
with that observed. As will be discussed further below,
these two excitations involve strength based on ground-
state correlations which are not included in the TDA cal-
culations. The predicted excitation energies and ampli-
tudes of the principal configurations for the states of in-
terest in this work are listed in Table I.

C. Individual transitions

Let us now consider “individual” transitions. Actually,
the excitations observed are almost always complexes of
two or more peaks which are unresolved. Sometimes the
states involved have very different angular distributions so
that the individual contributions can be extracted.

1. The 37,4~ ground-state complex

The ground state of “°Sc is known to have J"=4".
Another state is known at E, =0.03 MeV, which could
not be resolved in this experiment. The analogs of these
two T=1 states are known'® in both *°Ca and ¥K. In
both nuclei, the lower state is a 4~ state and the upper
state is a 37 state. The shell-model calculation of Don-
nelly and Walker predicts a 4~ ground state with a 3~
state about 200 keV higher. Both of these states are indi-
cated by the shell-model calculations to have the predom-
inant (f,,,d3,5) 1p1h structure (see Table I).
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TABLE 1. Principal transitions and amplitudes assumed.

Excitation energy

(MeV) Principal Amplitude

Expt. Theor. JT transition (OBTD)* Ref.

0.00* 0.00 4~ 1d;n— 117, 0.993 12

0.03* 0.23 3~ 1dsn—1f1, 0.979 12

0.772 1.11 2~ 1ds,—1f7p 0.967 12

0.89* 0.73 5- 1ds— 117, 0.997 12

2.3° 2.7 4~ 2s10—1f 1 0.984 12

2.7° 3.1 1* 1d;—1d;3p, —0.224 31,32
1f1p—1f1p 0.039

4.1 1* 1ds—1d;3 . —0.091 31,32

lf7/2—>1f7/2 —0134

4.3° 44 1t 1d;,—1d;3 . 0.078 31,32
Uin—1f1n 0.086

4.8 1+ 1d3,— 1d3,, 0.001 31,32

Uf1p—1f1p —0.077

5—10° 6.9 6~ 1ds,—1f1, 1.000 12

6—18° 6—16 0-,17,2~ 1d2s—1f2p 12

2From Endt and van der Leun, Ref. 19.

*From this work.

°One-body transition densities.

The experimental angular distribution for this complex 40 - -
is shown in Fig. 4. The angular distribution is seen to Ca(p,n)mSc (3,4 ;0.0 MeV)
peak near 20°. The transition to either a 3~ or a 4~ state 134 MeV
would be predominantly L =3 (the latter with AS=1). L e e N B B L
The DWIA calculations for these two transitions are also E ]
shown in Fig. 4; in fact, one sees that the two angular dis- o N=0.09 ]
tributions are similar in shape, which makes it impossible i 1
to determine the relative contributions. The experimental i )
shape is described well by the sum of the two calculations I T
with a normalization factor for each state of 0.09, which
seems to be a rather small normalization factor, especially o 0.1 E E
compared to some of the other transitions discussed @ r ]
below. 2 C ]

Because the experimental angular distribution shows no E L i
evidence for a state with a predominant L transfer dif- | ]
ferent than L =3, we assume that these two low-lying oy
states are the analogs of the 37 and 4~ T =1 states ° 001L
known in “*Ca and “°K. The 4~ state is known to be the R E
ground state of “°Sc. It must be emphasized that these - :
measurements, by themselves, present no evidence for r ) ]
more than one state; however, two are known!’ to be 3 \4
within 30 keV of each other and would not be resolved L i
here.

The products of the measured cross sections and 0.001 TR S TR S TN N S N
analyzing powers for this complex are shown in Fig. 5 o 10 20 30 40 50
compared to the DWIA sum for the two transitions to a 8. (deq)

37 and a 4~ state. The same normalization factor c.m)d€eg

(N =0.09) is used here as for the cross section compar-

isons of Fig. 4. The agreement between the measurements

and the calculations is quite good, providing no evidence FIG. 4. Cross-section angular distribution for the

that the dominant strength excited does not have the as-
sumed structures or that the DWIA calculations are not
reasonable. Of course, the small spectroscopic factor re-
quired for this complex is bothersome, and we will discuss
this further below.

“Ca(p,n)*Sc reaction at 134 MeV to the 3~,4~ ground-state
complex. The dashed and dashed-dotted curves represent
DWIA calculations for the 3~ and 4~ transitions individually,
and the solid curve for their sum. The calculations use the
TDA wave functions of Ref. 12 (see text).
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FIG. 5. Angular distribution for the product of the cross sec-
tion and the analyzing power for the 37,4~ ground-state com-
plex transitions. The solid curve represents the sum of DWIA
calculations for this product for the 3~ and 4~ transitions per-
formed separately. (See Fig. 1 and text for more details.)

2. The 27,5~ complex at 0.85 MeV

The second and third excited states of *°Sc are known
to be at E,=0.77 and 0.89 MeV, respectively. These two
states are likely to be the analogs of known 2~ and 5~
states observed about 0.9 MeV above the T'=1, 4~ states
in “Ca and “°K. The measured cross-section angular dis-
tribution for this complex is shown in Fig. 6. A primary
peak is observed near 10° and a secondary maximum near
35°. DWIA calculations for a 2~ and a 5~ state are
shown, similar to those described above for the ground-
state complex. The TDA structure wave functions are
again predominantly (f;,,,d;,) for these two states.'?
(See Table 1.)

The sum of the two calculations is seen to describe the
data well with a normalization factor N of 0.18 for the 2~
transition and 0.20 for the 5~ transition. These calcula-
tions indicate that the first maximum is due primarily to
the 27 transition and that the second maximum is due
predominantly to the 5~ transition, but that the latter in-
cludes a significant amount of strength from a secondary
maximum in the calculated 2~ angular distribution.

This experiment shows no indication of the existence of
a third state in this complex. Although the energy resolu-

tion of this experiment does not enable us to determine
the ordering of the 2~ and 5 states in this nucleus, prob-
ably the 2~ state is the lower one (at 0.77 MeV) and the
5~ state the higher one (at 0.85 MeV) since this is the or-
dering observed for the analogs of these two states in both
“Ca and “K.

The products of the measured cross sections and
analyzing powers for this complex are shown in Fig. 7
compared to the DWIA calculated sum for the 2~ and 5~
transitions. The same normalization factors are used here
as for the cross section comparisons of Fig. 6. The shape
of the experimental angular distribution is seen to be quite
different from that for the ground-state complex and
again to be reproduced quite well by the DWIA calcula-
tions.

3. The 1* state at 2.7 MeV

The 0° spectrum (see Figs. 1 and 3) shows three relative-
ly strong excitations at low excitation energies. The
lowest one is observed at E,=0.9 MeV and is the 27,5~
complex discussed above. The next peak is observed at
E,=2.7 MeV. The experimental cross section angular
distribution for this peak is shown in Fig. 8 and is seen to
be peaked strongly at 0°. This peak must be the excitation

4°ca(p,n)*°sc (2,5;0.8 MeV)
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FIG. 6. Cross-section angular distribution for the

“Cal(p,n)*Sc reaction at 134 MeV to the 27,5~ complex at 0.85
MeV. The dotted and dashed curves represent DWIA calcula-
tions for the 2~ and 5~ transitions individually, and the solid
curve for their sum. The calculations use the TDA wave func-
tions of Ref. 12 (see text).
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“%ca(p,n)*°sc (2,5,0.8 MeV)
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FIG. 7. Angular distribution for the product of cross section
times analyzing power for the 27,5~ complex at 0.85 MeV.
The solid curve represents the sum of DWIA calculations for
the 2~ and 5~ transitions performed separately. (See Fig. 6 and
text for more details.)

of the analog of a 1™ state observed in “°Ca via inelastic
electron 2’ and proton®® scattering at E,=10.3 MeV. Re-
call that the analog of the 4~ ground state of *’Sc is
known to be at E,=7.7 MeV in “Ca; hence E,=2.7
MeV in “°Sc corresponds to E, =10.4 MeV in “°Ca. This
1* excitation in “*Sc was also observed in the (p,n) studies
of Taddeucci et al.?’

Since a low-lying positive-parity excitation can arise
only from ground-state correlations in the “°Ca target nu-
cleus, the existence of this excitation indicates directly the
presence of such correlations. Note that the strength of
this transition is relatively weak for a “Gamow-Teller”
transition in the (p,n) reaction; for example, the low-lying
1% excitation (at E,=2.52 MeV) observed in the
“3Ca(p,n)**Sc reaction at 134 MeV is more than 15 times
stronger.* If one assumes that the 1% state in *Sc has a
predominant structure of (f7,,,/7,3), and that the transi-
tion is from the eight excess neutrons in “8Ca, then the ob-
served 17 cross section in the “*Ca(p,n)**Sc reaction corre-
sponds to approximately one-half of a neutron (or actually
one-half of a proton hole). This result is consistent with
measured pickup spectroscopic factors for the d;,, orbital
in 40Ca 30

Shown also in Fig. 8 is a DWIA calculation similar to
those described above, but with wave functions for both

*°Ca(p,n)*°sc (1", 2.7 MeV)
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FIG. 8. Cross section angular distribution for the

“Ca(p,n)**Sc reaction at 134 MeV to the 1t state at 2.7 MeV.
The solid curve represents a DWIA calculation with shell-model
wave functions based on multiparticle-multihole correlations in
the “Ca target nucleus (see text).

the “Ca target and the “*Sc residual nucleus which in-
clude multiparticle-multihole configurations. The shell-
model code OXBASH of Brown et al.’! with the interaction
of Sakakura, Arima, and Sebe*? was used to perform the
shell-model calculations. The basis allowed consists of
only the 1d;,, and 1f7,, orbitals. These calculations
yield many 17 states for “°Sc, but only the lowest four
have significant strength in the (p,n) reaction. Of these
four 11 states, the lowest one is calculated to have the
largest (p,n) cross section and is predicted to be at
E, =3.1 MeV, within 0.4 MeV of the observed 1 state at
2.7 MeV (see Table I). The DWIA prediction for this
state is shown in Figs. 8 and 9. The calculated cross sec-
tion angular distribution is seen to agree well with the
data and the calculated analyzing powers are in reasonable
agreement, especially considering the relatively large error
bars on the analyzing-power data. The normalization fac-
tor required to make the DWIA calculations agree in
magnitude with the experimental cross sections is 0.48.
This normalization factor is similar to that required for
the comparison of DWIA calculations for the 171 excita-
tions in the “®Ca(p,n)**Sc reaction;* however, in the latter
case, the 11 excitations come primarily from transitions
allowed in the simple shell model, while in the present
case this 1 transition must be due to core correlations,
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“°Ca(p,n)*°sc (17, 2.7 MeV)
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FIG. 9. Analyzing-power distribution for the transition to
the 1* state at 2.7 MeV. The solid curve represents a DWIA
calculation. See Fig. 8 and text for more details.

and the DWIA calculation must use wave functions
which try to estimate these correlations.

4. The 1t complex at 4 MeV

The third strong low-lying excitation observed in the 0°
spectrum is at 4.3 MeV. This transition falls off dramati-
cally away from 0°, where it merges into a complex ex-
tending down to about 3.9 MeV. At 12°, the lower part of
this complex dominates, and at wider angles, the whole
complex rapidly diminishes. This complex consists of at
least two peaks: one at 4.3 MeV, which clearly dominates
the complex at 0°, and the other at 3.9 MeV. The fact
that there are at least two peaks is seen clearly in the 4°
spectrum shown in Fig. 10. This spectrum was obtained
in the unpolarized-beam experimental run with a flight
path of 125.2 m and an overall energy resolution of 210
keV. (Unfortunately, no 0° run was performed in the
unpolarized-beam experimental run.)

Because Fig. 10 shows this complex to consist of (at
least) two peaks, we fit the complex at all angles (out to
12°) with two peaks; one at E, =4.3 MeV and one near
E,=3.9 MeV. The angular distributions obtained for
these two peaks are shown in Figs. 11 and 12. Note that
the results for the 4° and 11.6° runs (with the longer 125
m flight path of the unpolarized-beam experimental run)
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FIG. 10. Excitation-energy spectrum for the “’Ca(p,n)*Sc re-
action at 134 MeV and 4°.

are consistent with those from the 0.2°, 6°, and 12° runs
(with the shorter 71 m flight path of the polarized-beam
runs).

The angular distribution for the 4.3 MeV state shown in
Fig. 11 is peaked strongly at 0°, which indicates an L =0
transition to either a 0% or a 1% state. Because of the
dominance of the V,, term over the V¥, term in the N-N

“°ca(p.n)*®sc (1%, 4.3 MeV)
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FIG. 11. Cross-section angular distribution for the

“Ca(p,n)*Sc reaction at 134 MeV to the 1+ state at 4.3 MeV.
The solid curve represents a DWIA calculation with shell-model
wave functions based on multiparticle-multihole correlations in
the “°Ca target nucleus (see text).
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“9calp,n)*°sc (1,27; 3.9 MeV)
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FIG. 12. Cross-section angular distribution for the

“0Ca(p,n)*Sc reaction at 134 MeV to the 1-,2~ complex at 3.9
MeV. The solid curve represents a DWIA calculation with the
TDA wave functions of Ref. 12 (see text).

effective interaction at this energy, this state is almost cer-
tainly a 1+ excitation. The excitation energy is in agree-
ment with that observed for an L =0 transition in the
“0Cal(p,p’) reaction at 200 MeV by Crawley et al.?® They
see strong L =0 transitions to states at 10.31 and 12.03
MeV in “Ca. If we take the known excitation energy
(7.66 MeV) of the analog of the ground state of *°Sc as the
net displacement energy, these L =0 transitions would
correspond to excitation energies in “*Sc of 2.65 and 4.37
MeV, in good agreement with the L =0 transitions we see
at 2.7 and 4.3 MeV. Also, Taddeucci et al.?’ note the
strong excitation of the 4.3 MeV state at 0°, but because of
poorer energy resolution, they were not able to extract an
angular distribution for this transition.

As noted by Crawley et al.,® it is significant that the
analog of the 4.3 MeV state is not seen in backward-angle
inelastic electron scattering. This result indicates that this
state has comparable spin and current contributions which
largely cancel for the electron-scattering excitation. The
(p,p’) and (p,n) excitations, which are sensitive primarily
only to the spin contribution, excite the state strongly. In
an earlier paper, Anderson et al.>* showed that such can-
cellations can, in general, be expected for certain excita-
tions and are, in fact, observed in the 4 =24 system.

As discussed above, we performed a shell-model calcu-
lation for 1* excitations based on the 1ds,, and 1f,,, or-

bitals only, but allowing up to 4p4h excitations in the “°Ca
ground state. Only the four lowest 17 states were found
to have significant (p,n) cross sections (with the DWIA).
The lowest 17 state predicted was shown above compared
to the observed transition to the state at 2.7 MeV. The
next three states are predicted to be at 4.1, 4.4, and 4.8
MeV in “Sc (see Table I). These three states show similar
angular distributions of both cross sections and analyzing
powers. The predicted 0° cross sections are 0.37, 0.10, and
0.26 mb/sr, respectively. Since these three excitations are
all quite similar, and located within 0.5 MeV of the ob-
served excitation at 4.3 MeV, we compare the combined
cross sections for these three predicted states with the ex-
perimental angular distribution in Fig. 11. Correspond-
ingly, we show the weighted average of the predicted
analyzing powers for these three transitions in Fig. 13.
The cross section angular distribution is seen to be
described well with a normalization factor of 0.70. The
predicted analyzing power angular distribution is seen to
be similar to that predicted also for the lowest 17 state;
however, the experimental analyzing powers are seen here
to be positive near 10°, while the predicted analyzing
powers are negative, and do not describe the data well.

49ca(p,m)*°sc (1", 4.3 MeV)
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FIG. 13. Analyzing-power angular distribution for the transi-
tion to the 1+ state at 4.3 MeV. The solid curve represents a
DWIA calculation. See Fig. 11 and text for more details.
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The angular distribution for the other half of the com-
plex near E,=4 MeV, (i.e., for the 3.9 MeV peak) is
shown in Fig. 12 and is fitted reasonably well by an L =1
angular distribution. Because the TDA shell-model calcu-
lations predict relatively strong 1~ and 2~ states near this
excitation energy (see Fig. 3), and because the (p,n) reac-
tion excites primarily 1plh strength, we tentatively assign
this excitation as a 17,27 complex.

5. The 4= complex at 2.3 MeV

The last low-lying peak we wish to consider is a com-
plex near 2.3 MeV which is seen to be the dominant low-
lying transition at intermediate angles (as seen in the 24°
spectrum of Fig. 3). The location of this excitation is in
good agreement with a strong 4~ transition predicted by
the DWIA calculations with the TDA wave functions.
The angular distribution for this complex is shown in Fig.
14 compared with a DWIA calculation for four transi-
tions predicted to be near this excitation energy. The
agreement between the observed shape and the sum of the
four transitions (to 0™, 17, 37, and 4~ states) is seen to
be reasonable. Note that the measured angular distribu-
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FIG. 14. Cross-section angular distribution for the

tion for this complex indicates clearly a dominant L =3
angular distribution beyond about 10°. Because the 4~
state is predicted to dominate this complex at wide angles,
where the excitation energy is observed to be 2.3 MeV, we
tentatively assign a 4~ state at that energy. The TDA
shell-model calculations'? indicate that the predominant
1p1h structure of this state is (f7,,,253).

6. The L=1 giant resonance between 6 and 18 MeV

The largest total strength observed in this reaction is
seen in a broad resonance between about 6 and 18 MeV at
forward angles. An angular distribution for this reso-
nance was obtained by fitting the spectra of Fig. 3 (i.e.,
after the QFS subtractions) between E, =6 and 18 MeV,
for angles out to 30° beyond 30°, as noted earlier, the sim-
ple QFS calculation no longer accounts for the observed
continuum (because multistep processes are important)
and a linear background shown, in Fig. 3, was, in addi-
tion, subtracted. The resulting angular distribution is
shown in Fig. 15. The angular distribution is peaked near
10°, which indicates a strong L =1 contribution.

Shown also in Fig. 15 are DWIA calculations for all
transitions predicted by the TDA shell-model calculations
to lie in this energy region, normalized so that the sum

+oCa(p,n)*°Sc , 6<E (MeV)<18

134 MeV
'|00.0E UL L AL L B
:_ e =1 (N=0.16)~:
L L=3 (N=0.06) -
" ~--- L=5 (N=0.35) |
100 - o4 ( )“:
~ ¢ ]
> ]
B ]
3 -
S
~ 1.0F 3
s | 5
© I , o~ ]
I FARAERN ' -
/ ' N '
01, s~ "N 3
S NN
L _/ RN
i ,/ \\"4 \.
001L 1/t v g
0 20 40 60
8c.m(deg)
FIG. 15. Cross-section angular distribution for the

“’Ca(p,n)*Sc reaction at 134 MeV to the 0~,17,37,4~ complex
at 2.3 Mev. The curves represent DWIA calculations with the
TDA wave functions of Ref. 12 (see text).

“*Ca(p,n)*Sc reaction at 134 MeV to the complex of states be-
tween 6 and 18 MeV. The curves represent DWIA calculations
with the TDA wave functions of Ref. 12 (see text).
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provides the best overall fit to the data. The states
predicted to lie in this region of excitation energy include
0-,17,27,37,47,57, and 6~ states. The 0~, 1~, and
2~ excitations proceed predominantly by L =1, the 3~
and 4~ excitations by L =3, and the 5~ and 6~ excita-
tions by L =S5. Because the predicted shapes for the dif-
ferent excitations with the same L transfer are similar, we
cannot try to determine the relative normalizations for all
seven transitions; accordingly, we have considered only
the sum of all the transitions for each L transfer and then
varied the relative normalizations for these three L
transfers to try to fit the extracted angular distribution.
The result is shown in Fig. 15. The sum of the transitions
to the 0, 17, and 2~ states yield a normalization factor
N=0.16. The contributions from transitions to 1~ and
2~ states are predicted to be much stronger than are those
to 0~ states. The sum of the transitions to the 3~ and 4~
states requires N =0.06 and is never seen to be the most
dominant L transfer. Finally, the sum of the 5~ and 6~
transitions requires N =0.35 and is seen to dominate the
widest-angle part of the angular distribution. (This
strength is analyzed further in the next section.) Note
that although the sum of these three L transfers describes
the experimental angular distribution fairly well beyond
about 10°, it does not describe the data well near 0°. None
of the calculated L =1 angular distributions (i.e., to a 07,

“°ca(p,n)*°Sc (6, COMPLEX)
134 MeV ;5SEX(Mev)S7

17, or 27 state) is able to describe the data well at very
forward angles. The easiest way to describe the region
near 0° is to add some L =0 strength, which may be evi-
dence for additional 1%, Gamow-Teller strength in this
energy region.

Returning to the L =1 strength, we see that because the
angular distribution is peaked away from 0°, some L =1
strength is required. From our analysis, we have the re-
sult that the total L =1 spectroscopic strength observed is
only 16% of that expected from the DWIA calculations
using the TDA 1plh wave functions. Thus, although the
L =1 giant resonance dominates the forward-angle spec-
tra, the total strength observed is only a small fraction of
that expected assuming that the “°Ca target nucleus is a
simple closed core.

7. The 6~ strength between 5 and 10 MeV

In an earlier Letter® we reported the observation of

fragmented (f,,,, ds/), 6-, T=1 strength in the
“cCa(p,n)*’Sc reaction. We present here a more detailed
analysis of this excitation.

The wide-angle spectra of Figs. 1 and 3 show a complex
of strength between 5 and 10 MeV of excitation. In Fig.
16 we show the angular distribution of the lower one-half
of this strength (via., from E, =5 to 7 MeV). This angu-
lar distribution is seen to be peaked near 40° and its shape
is described well by a DWIA calculation for a transition
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FIG. 16. Cross-section angular distribution for

“Ca(p,n)*Sc reaction at 134 MeV to the part of the 6~ complex
observed between 5 and 7 MeV. The curves represent DWIA
calculations with the TDA wave functions of Ref. 12 (see text).
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FIG. 17. Cross-section angular distribution for the

“Ca(p,n)*Sc reaction at 134 MeV to the full 6~ complex ob-
served between 5 and 10 MeV. The curves represent DWIA cal-
culations with the TDA wave functions of Ref. 12 (see text).
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to a 6~ state. Thus we have good evidence for 6~
strength in this excitation-energy region. In Fig. 17 we
show the angular distribution for the entire excitation-
energy region out to 60°. The peak strength was extracted
at wider angles by peak-fitting above the simple linear
backgrounds similar to the one shown in Fig. 3.

The angular distribution for this entire complex is seen
to be dominated by an L =1 transition at more forward
angles (see the preceding subsection), to require some
L =3 strength at intermediate angles, and to have a
shoulder near 40° which requires L =35 strength, as
shown. The normalization required for the total L =5
strength (i.e., the sum of the 5~ and 6~ strength) is 0.35.
Note that the contribution of 5~ strength is predicted by
the DWIA to be small compared to the 6~ contribution.
This result occurs because transitions dominated by the
tensor term of the N-N effective interaction will excite
normal-parity transitions only via the exchange term,
which is predicted to be weak.?®3> This effect was con-
firmed experimentally in the observed relative excitations
of the 6 and 7% states in the **Ca(p,n)**Sc reaction re-
ported earlier.* The 67 normal-parity transition was ob-
served to be excited with less than 10% of the strength of
the 7+ non-normal parity transition; furthermore, the rel-
ative excitation of the 67 and 7% states was in good
agreement with DWIA predictions for that reaction.
Hence, we assume here that the DWIA can provide at
least a good first-order estimate of the relative strengths
of the 5~ and 6~ excitations.

Although the strength observed for the 6~ transition is
assumed to be pure (f,,,d5,5), it is observed to be highly
fragmented. We ascribe this fragmentation primarily to
the fragmentation of the ds,,-hole state, which is far
from the Fermi level in “°Ca. As an orbital becomes fur-
ther removed from the Fermi surface, the simple shell
model no longer applies and the strength associated with a
single shell-model orbital fragments. This fragmentation
can be seen clearly for the ds/, orbital near 4 =40 in the
¥K(p,n)*°Ca spectrum shown in Fig. 18.3¢ If the ground
state of °K is a proton-hole state, then the (p,n) reaction
will populate selectively the spectrum of neutron-hole
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FIG. 18. Comparison of the ds-hole strength in *Ca as
observed with the 3*K(p,n)**Ca reaction at 0.2° to the fragmenta-
tion of the 6~ stretched-state strength observed in the
*Ca(p,n)**Sc reaction. The ¥K(p,n)**Ca spectrum is from Ref.
37.

states in *°Ca. [In fact, we find that the (p,n) reaction at
0°, because the momenta transfer is small, is a powerful
tool for mapping hole-state strength in odd-A4 nuclei.]
From Fig. 18, we can see that while the d;,, orbital is
concentrated in the ground state, the ds,, orbital is frag-
mented over several MeV; furthermore, by aligning the
low-lying 5~ peak (at E,=0.9 MeV) observed in the
“0Ca(p,n)**Sc spectrum with the observed ds,,-hole state,
one sees that the fragmented 6~ strength aligns well with
the observed ds/,-hole strength. Considering the compar-
ison shown in Fig. 18, and other evidence for the frag-
mentation of the ds/,-hole state from pickup reac-
tions,*”3® we would be surprised if the 6~ stretched state
were not fragmented also.

It should be noted that the (p,n) reaction, as presented
here, provides a superior probe of the T =1 strength on a
self-conjugate nucleus than does the (p,p’) reaction which
will excite T =0 strength as well. For cases such as the
present one, where the isovector strength is fragmented,
the suppression of the isoscalar background is critical for
identifying the isovector strength unambiguously. For the
study of fragmented stretched states, the (p,n) reaction is
superior also to backward-angle inelastic electron scatter-
ing (which preferentially excites isovector strength) be-
cause the electron scattering will not provide the impor-
tant suppression of the normal parity states as well.

The normalization factor required for the DWIA 6~
calculation is 0.35. It is significant that this factor is
greater than that observed for the 6=, T =1 stretched
state observed in 4=28 via (p,p"), (p,n), and (e,e’) excita-
tions,’**! analyzed in a similar fashion. Presumably, the
increased spectroscopic factor observed for 4 =40 is due
to a greater filling of the ds, orbital in “°Ca than in 2Si.

V. DISCUSSION AND CONCLUSIONS

The “Ca(p,n)*Sc reaction at 134 MeV shows strong ex-
citation of several low-lying states in good agreement with
distorted-wave-impulse-approximation calculations with
simple 1plh wave functions'? for isovector states in *’Sc.
This good agreement indicates that these states are
predominantly 1plh in structure and further corroborates
the idea that the (p,n) reaction above 100 MeV preferen-
tially excites such strength 'in even-even nuclei. The
agreement observed here between such calculations and
experiment is similar to that reported earlier! for the (p,n)
reaction on '60.

Several low-lying transitions are observed with struc-
tures predicted to be predominantly (f;,,,d3,) (viz., 2™,
37, 47, and 5~ states). These excitations involve the
valence levels for “’Ca and apparently the low-lying exci-
tations in “*Sc are dominated by this Iplh structure.
These states are all observed within 1 MeV of the ground
state, which is known to be the 4~ state of this band. At
slightly higher excitation energy (E, =2.3 MeV), we see a
complex of states which is dominated by an L =3 angular
distribution at wide angles. We interpret this complex to
correspond to the excitation of a 4~ state predicted to be
at this excitation energy with the predominant structure
(f7/2’2s 1_/12)

In order to try to understand why the DWIA normali-
zation factors are so small for the 27—5 (f,,,d {/5)
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band of states, we performed a shell-model calculation
which considered only the d3,, and f;,, orbitals, but al-
lowed multiparticle, multihole configurations. The calcu-
lation was performed with the shell-model code OXBASH
of Brown et al.,’! and the interaction of Sakakura, Arima,
and Sebe.’? This is the same kind of calculation per-
formed to try to describe the observed 17 excitations
described above. The results of DWIA calculations per-
formed with the wave functions so obtained yield angular
distributions similar in shape to the DWIA calculations
shown in Figs. 4 and 6, but with significantly increased
normalization factors. The normalizations increase as fol-
lows: the 2~ goes from 0.18 to 0.25, the 3~ goes from
0.09 to 0.20, the 4~ from 0.09 to 0.20, and the 5~ from
0.20 to 0.30. Note that the smallest normalization factors
required with the TDA wave functions increase relatively
more, which indicates that such multiparticle, multihole
configurations apparently affect these states the most.
Clearly, these changes indicate that at least some of the
reason for the small normalization factors is the need to
consider multiparticle-multihole correlations in the target
and configuration mixing in the final nucleus. Presum-
ably, if the basis could be enlarged beyond consideration
of just the d3,, and f7,, orbitals, further increases in the
extracted normalization factors would be required.

Direct evidence for ground-state correlations in the
“0Ca target is provided by the 17 excitations observed at
E,=2.7 and 4.3 MeV in this reaction. These positive-
parity transitions must proceed primarily from holes in
the s-d shell core of *°Ca and/or particles in the 1f-2p
shell. The parent states in “°Ca of these two excitations
were observed in the “°Ca(p,p’) reaction, but only the
lower one was observed in “Cal(e,e’) studies, which indi-
cates interference effects between spin and orbital contri-
butions for the higher state. The total strength observed
for these two transitions in the (p,n) reaction is each ap-
proximately —115— of the strength observed for the low-lying
1* excitation in the **Ca(p,n)*¥Sc (2.52 MeV) reaction.
The latter excitation is believed to be predominantly
Frf 772), with nearly the full strength of the eight neu-
trons in the f7,, shell available. Thus, from this compar-
ison, the 1+ strength observed in the “°Ca(p,n)*’Sc reac-
tion corresponds to approximately one-half of a neutron
(hole) available in the f;,, (d3,,) orbital. This result is
consistent with measured pickup spectroscopic factors;
furthermore, the observed 17 strength is consistent with
DWIA calculations based on wave functions obtained
considering core correlations with the simple basis dis-
cussed above for consideration of the effects of such
correlations on the normalization factors for the low-lying
2~ —5 band of states.

At higher excitation energies, we see the L =1 giant
resonance and the 6~ (f;,,,d 5/ stretched-state strength.
Both of these involve particle and/or hole states away
from the valence levels and are observed to be fragmented.
The L =1 strength is observed to be distributed broadly
from about 6 to 18 MeV of excitation, and is a dominant
feature of the forward-angle spectra. This distribution of
L =1 strength is in general agreement with the predicted
distribution of such strength (i.e., for 07, 17, and 27
states) from the TDA shell-model calculations; however,
the total strength observed is only about 16% of that cal-
culated in the DWIA with these simple wave functions.
The 6~ stretched-state strength is seen to be spread out
from about 4 to 10 MeV of excitation and dominates the
wide-angle spectra. The fragmentation of this strength is
ascribed primarily to the fragmentation of the d;s,-hole
strength near 4 =40, as observed in the ¥K(p,n)*’Ca re-
action and the **Ca(p,d)*°Ca neutron pickup reaction.
The normalization factor required for a DWIA calcula-
tion to agree in magnitude with this strength is 0.35. This
normalization factor is somewhat larger than that re-
quired for a similar analysis of the 6~ stretched-state
strength in 4=28; this result is believed to be due to the
fact that the ds,, orbital near 4=40, while fragmented,
is more nearly full than for 4=28.

In summary, the strongest excitations observed in the
“cCa(p,n)*Sc reaction at 134 MeV generally agree well
with DWIA calculations with simple 1plh (TDA) wave
function. High-lying excitations are observed to be frag-
mented, presumably because of configuration mixing with
multiparticle, multihole configurations. Spectroscopic
factors of less than 0.5 are obtained from DWIA calcula-
tions and are ascribed to the combined effects of ground-
state correlations in *°Ca, configuration mixing in the fi-
nal nucleus, and meson-exchange currents not included in
the DWIA. Direct evidence for ground-state correlations
is provided by observed 1% excitations. The (p,n) reaction
is seen to be an excellent probe for 1plh strength, even
when that strength is fragmented.
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