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Analyzing-power measurements were performed for the 4'Ca{p,n) 'Sc reaction at 134 MeV in

about 6' steps from 0' to 60'. The overall neutron energy resolution varied from about 400 keV for
angles out to 42 to about 700 keV at wider angles. Analyzing-power angular distributions were ex-

tracted for the (nf7/t, vf 7/i) octet of states, the 1+ Gamow-Teller giant resonance, and the T=4,
1+ state at E„=16.8 MeV. All of these angular distributions are described reasonably well by
"standard" distorted-wave impulse approximation calculations. A qualitative difference is observed

in the analyzing power between the transitions to the low-lying 0+ and 1+ states compared to the
transition to the high-lying 1+ state. This difference appears to be associated with a sensitivity to
the predominant particle-hole structure of the final states, viz. , (srf, /„vf7/'q) versus (vrfs/2, vf ~qi).
This sensitivity is ascribed to the difference in nonlocality contributions to the two different 1plh
excitations. Excitation-energy plots of the analyzing power were extracted at each angle. No
characteristic signature of spin-transfer strength is observed in the region of the Gamow-Teller giant
resonance.

I. INTRODUCTION

The Ca(p, n) Sc reaction provides one of the best
"test" cases for descriptions of the (p,n) reaction for
several reasons. First, Ca is believed to be a relatively
good closed-shell nucleus, so that the reliability and accu-
racy of assumed structure calculations is improved over
other possible nuclei. Secondly, Ca has excess neutrons
so that simple analog-state transitions are possible, includ-
ing the transition to the analog of the " Ca ground state.
Finally, in the simple shell model, the eight excess neu-
trons are in the 1f7/q shell and can all participate in spin-
transfer transitions to the 1f7/q and 1fs/2 proton orbitals.
Because of the dominance of spin-transfer strength in the
(p,n) reaction at medium energies, these transitions are
strong and provide important tests of reaction-mechanism
and nuclear-structure models.

In two earlier papers, Anderson et a1.' presented and
discussed cross section measurements for the Ca(p, n) Sc
reaction at 134 and 160 MeV. These papers showed that
the cross section angular distributions for the excitation of
the (f7/2 f7/2) particle-hole (lplh) band and for the
strongly excited 1+ state spectrum can be described
reasonably well by distorted-wave-impulse-approximation
(DWIA) calculations which use "reasonable" 1f-2p shell-
model wave functions. We present here experimental
analyzing-power measurements for these same transitions
in the Ca(p, n) Sc reaction. These measurements pro-
vide further tests of the assumed models and increased
sensitivity to certain aspects of the theoretical descrip-
tions. Excitation-energy plots are presented and discussed
also. It is especially interesting to see whether such plots
can provide a signature of spin-transfer strength for this

reaction in order to look for such strength in the continu-
um above the Gamow-Teller giant resonance (GTGIU.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Indiana Universi-

ty Cyclotron Facility (IUCF) with the beam-swinger sys-
tem. Neutron energies were measured by the time-of-
flight technique. The neutrons were detected in large-
volume, mean-timed neutron detectors placed in three
separate detector stations at angles of 0', 24', and 45' with
respect to the undeflected proton beam. The flight paths
to the two forward-angle stations were both 71.0+0.2 m;
that to the wide-angle station was 37.3+0.2 m. The
overall timing resolutions in the various detectors varied
from about 0.60 to 0.75 ns. These timing resolutions in-
cluded contributions from the beam burst width, the tar-
get thickness, the finite thicknesses of the neutron detec-
tors, and the intrinsic timing resolutions of the detectors.
These timing resolutions provided energy resolutions of
about 400 keV in the first two detector stations and about
700 keV in the wide-angle station. The neutron detectors
and the time-of-flight arrangement were similar to those
described earlier. '

The calcium target was enriched to 97.3% and con-
tained 28.5+0.5 rng/cm of Ca. Beam integration was
performed by a well-shielded split Faraday cup located
approximately 10 m downstream from the target. Neu-
tron detector efficiencies were calculated with the Monte
Carlo efficiency code of Cecil et al. Pulse-height calibra-
tions were performed periodica11y for each neutron detec-
tor with standard y-ray sources and a calibrated fast am-
plifier. In order to avoid problems associated with long-
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term drifts in detector responses or beam fluctuations
which might introduce false asymmetries, the beam polar-
ization state was "flipped" every 60 s.

The analyzing power A~(8} for the (p,n) reaction is

E, (8) N—,(8}
P N (8)+P X (8)

where N, (8) and N, (8) are the yields in a single detector
and P, and P, are the beam polarizations for the spin-up
and spin-down states of the proton beam. For
P, =P, =Pb, the analyzing power A~(8) is the asymmetry
e [=(N, N, )—/(N, +N, )] divided by the beam polariza-
tion Pb. The polarized proton beam was provided by the
IUCF atomic-beam polarized ion source. The beam po-
larization Pb was typically about 70% as determined with
a "He polarimeter located between the injector and main
cyclotrons.
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III. DATA REDUCTION

The data were recorded during the experimental runs
event by event for each neutron detector. The neutron
time of flight, the detector pulse height, and the spin state
of the polarized beam was recorded for each event. The
event tapes were later replayed at various pulse-height
thresholds in order to extract time-of-flight spectra,
excitation-energy spectra, cross sections, and analyzing
powers. The pulse-height thresholds were varied in order
to reduce background (primarily from overlap of slow
neutrons from the preceding beam burst} while maintain-
ing reasonable detector efficiency (which decreases with
increasing threshold values}.

Excitation-energy spectra were obtained from the mea-
sured time-of-flight spectra by using the known flight
path and the calibration of the time-to-amplitude convert-
er. Known excitation energies of states in Sc were taken
to provide the absolute calibration of neutron energies, in
a manner similar to that discussed in Refs. 1 and 2. Sim-
ple peak summing and/or Gaussian peak fitting were used
to extract the yields of individual transitions for both
spin-down and spin-up spectra. Examples of the peak fit-
ting for this reaction were presented in Ref. 1.
Excitation-energy spectra of analyzing powers for this re-
action were extracted from the time-of-flight spectra mea-
sured for each spin state and binned appropriately.

The uncertainties presented for the analyzing-power re-
sults include the statistical and fitting uncertainties in the
extracted neutron sums for spin up and spin down, com-
bined with an estimated uncertainty of +5% in the beam
polarization. The fitting uncertainty is obtained from the
error matrix of the fitting program and reflects an addi-
tional uncertainty associated with the quality of the fit.
The measured analyzing powers could be tested at 0',
where the analyzing power is known to be zero. As seen
in Figs. 1—7, four of the six 0' measurements are indeed
zero, within the estimated uncertainties. This result is
consistent with that expected if the errors are statistical
only and there are no sources of false asymmetries present
in either the measurements or the data reduction. The
combined result for the six cases is —0.006+0.009, taken
as the weighted average of all six results. This result is
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FIG. 1. Analyzing-power angular distribution for the

~Ca(p, n) Sc reaction at 134 MeV to the 0+ (IAS) state at 6.67
MeV. Shown also are DWIA calculations as discussed in the
text.
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FIG. 2. Analyzing-power angular distribution for the
sCa(p, n) Sc reaction at 134 MeV to the 1+ state at 2.52 MeV.

Shown also are D%'IA calculations as discussed in the text.
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FIG. 3. Analyzing-power angular distribution for the

Ca(p, n) Sc reaction at 134 MeV to the 3+ state at 0.62 MeV.
Shown also are DWIA calculations as discussed in the text.
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FIG. 5. Analyzing-power angular distribution for the

Ca(p, n)4 Sc reaction at 134 MeV to the 2+,7+ complex at 1.1
MeV, Sho~n also are DWIA calculations as discussed in the
text.
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FIG. 4. Analyzing-power angular distribution for the
Ca(p, n)" Sc reaction at 134 MeV to the 4+, 5+,6+ complex be-

tween 0 and 0.2 MeV. Shown also are DW'IA calculations as
discussed in the text.

FIG. 6. Analyzing-power angular distribution for the
SCa(p, n) Sc reaction at 134 MeV to the 1+ state at 16.S MeV.

Shown also are D%'IA calculations as discussed in the text.
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FIG. 7. Analyzing-power angular distribution for the

'Ca(p, n) Sc reaction at 134 MeV to the 1+ Gamow-Teller giant

resonance (GTGR) between 4.5 and 14.5 MeV of excitation.

Shown also are DULIA calculations as discussed in the text.

supported also by the excitation-energy plot of 0.3' shown

in Fig. 8. The statistical fiuctuations in A„go both above
and below, but narrow down to almost exactly zero in the
region of the GTGR, where the statistics are best.

IV. RESULTS AND DISCUSSION

The data were analyzed to obtain analyzing powers
both for strong individual transitions and for excitation-
energy spectra. The results for individual transitions are
presented first, compared with distorted-wave-impulse-
approximation calculations. The results for excitation-
energy plots are presented last and are useful for consider-
ing strength observed in the nuclear continuum.

A. Individual transitions

Analyzing-power angular distributions were extracted
for the transitions to the 0+ isobaric analog state (IAS) at
6.67 MeV, the 1+ state at 2.52 MeV, the 3+ state at 0.62
MeV, the 4+,5+,6+ complex between 0 and 0.2 MeV, and
the 2+,7+ complex at 1.1 MeV. These transitions are to
the well-known members of the (f7&2,fr~2) octet of 1plh
states in Sc. Analyzing-power angular distributions
were extracted also to the 1+ ( T =4) state at 16.8 MeV
and to the 1+ Gamow-Teller giant resonance complex be-
tween 4.5 and 14.5 MeV. The experimental results are
shown in Figs. 1—7. The experimental angular distribu-
tions are compared with 0%'IA calculations for these
transitions. The calculations are entirely similar to those
presented in Refs. 1 and 2 for comparison with cross-
section angular distributions. They were performed with

the code DWBA70 (Ref. 9) with the N-N effective interac-
tion of Love and Franey, ' optical-model parameters from
the global parameters of Schwandt et al. , and shell-
model wave functions which include some 2p2h ground-
state correlations in the 1f-2p shell. '

The experimental angular distributions for the 0+ (6.67
MeV) and 1+ (2.52 MeV) transitions are similar and the
0%'IA calculations predict the general shape, although
precise agreement is certainly not seen. The angular dis-
tribution for the 3+ (0.62 MeV) transition is relatively flat
and again is described reasonably well by the DWIA cal-
culations. The angular distribution presented in Fig. 4 is
to the 4+,5+,6+ complex between 0 and 0.20 MeV; how-
ever, as discussed in Ref. 1, the 5+ state dominates this
complex and we show in Fig. 4 the DWIA prediction for
the analyzing power for this state alone. Especially con-
sidering the statistical errors of the data, good agreement
is generally observed. The angular distribution presented
in Fig. 5 is to the 2+,7+ complex at 1.1 MeV. As shown
in Ref. 1, the 2+ strength dominates only at very forward
angles and the 7+, "Otic" stretched-state strength dom-
inates at angles larger than about 25'. We show here only
the DWIA prediction for the 7+ transition, but we note
that the 2+ prediction agrees reasonably well in shape out
to about 15'. The DWIA prediction for the analyzing
powers from the 7+ transition is seen to have the correct
general shape at wide angles, but to be somewhat too
small in absolute magnitude. We observed similar agree-
ment between standard DWIA calculations and experi-
mental analyzing powers for the "lfico" stretched-state ex-
citations in The ' O(p, n)' F(4 ) and Si(p,n) P(6 ) reac-
tions at 135 MeV», i2 This shape, with positive analyzing
powers out to near 60' and then a relatively rapid swing
toward negative analyzing powers, appears to be charac-
teristic of isovector stretched-state transitions.

In Fig. 6 we show the experimental angular distribution
for analyzing powers for the transition to the T =4, 1+
state at 16.8 MeV. This state is the analog of the known
1+, Ml state in ~ Ca, '3 and is part of the so-called
Gamow-Teller strength in the (p,n) reaction. The experi-
mental analyzing powers are seen to go slightly positive
away from 0', and to be reproduced well by the DWIA
prediction. Finally, in Fig. 7 we show the angular distri-
bution of the analyzing power for the large GTGR ob-
served between 4.5 and 14.5 MeV of excitation. The back-
grounds assumed in the spin-down and spin-up spectra for
the GTGR were simple straight-line backgrounds from
just below to just above the GTGR. These backgrounds
are sometimes referred to as "experimentalist's back-
grounds. " While such backgrounds probably subtract
some GT strength, they have the advantages of being well
defined and consistent for both spin states; furthermore,
we find that the analyzing powers at forward angles (out
to 12') are changed only slightly if no background at all is
subtracted. (See Refs. 2 and 14 for a further discussion of
the background under the GTGR. ) As shown in Ref. 1,
this resonance actua11y consists of many individual but
overlapping states with a distribution in good agreement
with the 1+ spectrum prmiicted using the 1f-2p wave
functions of Brown (described in Refs. 1 and 2). The
0%'IA calculation shown in Fig. 7 is the cross-section
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weighted average of the eighteen 1+ states predicted to
make up this resonance. The agreement between the cal-
culation and the data is seen to be good, except at the wid-

est angle.
The most significant observation in these several com-

parisons is the generally good agreement of the "stan-
dard" 0%IA calculations with the experimental shapes.
Note that the various analyzing-power angular distribu-
tions sometimes show qualitatively different shapes —and
that the 0%'IA calculations correctly predict these gen-
eral shapes. Precise agreement between the calculations
and the experimental results is certainly not always ob-
served; however, the ability of the calculations to predict
correctly the general shapes of the different transitions is
striking. Note that these various transitions include low-

spin through high-spin states, so that the calculations are
tested from low-momentum to high-momentum transfers.
This general agreement between standard DWIA calcula-
tions and experimental angular distributions is well
known for the (p,p') reaction at this incident energy
however, the data presented here represent the first such
comparisons for the (p,n) reaction, except for the two
stretched-state transitions mentioned above, "' which
also show good general agreement. We find that the
DWIA calculations are sensitive to the inclusion of all of
the major ingredients [i.e., distorted waves, all of the ma-
jor terms in the N-N effective interaction (including the
spin-orbit term), and reasonable nuclear-structure wave
functions]. We find that the DWIA calculations are not
very sensitive, at least for the general shape of the angular
distributions, to small reasonable changes in the various
parameters involved. The conclusion indicated by the
generally good agreement seen here, for a reaction which
should be a good test case, is that the standard DWIA is a
good first-order theory for the (p,n) reaction at this ener-

gy
It is significant that the measured and predicted

analyzing-power angular distributions to both the low-

lying 1+ state at 2.52 MeV and to the 0+ (IAS) at 6.67
MeV are similar. Both of these final states have predom-
inant (fq/i, f7/'2) lplh structures. ' The transition to the
1+ state necessarily involves spin transfer and is part of
the Gamow-Teller strength in this reaction. The transi-
tion to the 0+ (IAS} does not involve spin transfer and
corresponds to the "Fermi" strength in this reaction.
Thus we see clearly that the analyzing power is not a use-
ful observable for identifying spin-transfer strength in the
(p,n) reaction, at least in this ease.

Next, we note that the angular distribution to the high-
lying 1+ state at 16.8 MeV differs qualitatively from that
to the low-lying 1+ state at 2.52 MeV; in particular, the
analyzing powers go slightly positive away from 0' for the
16.8 MeV state transition compared to going strongly neg-
ative for the 2.52 MeV state transition. The 0%IA calcu-
lations, without adjustment from those presented in Refs.
1 and 2, correctly predict this behavior. The explanation
for this qualitative change is not due simply to the dif-
ferent Q values involved; DWIA calculations for the two
states retain their characteristic shapes when the Q values
are switched. "

The explanation for this change in shape of the

analyzing-power angular distribution is due almost cer-
tainly to the change in the structure of the two final (1+)
states. All three transitions are dominated by the central
term of the N-N effective interaction and both of the 1+
transitions involve spin transfer. The most obvious differ-
ence is that the low-lying states are believed to be predom-
inantly (f7/2 f7/2), while the high-lying, T =4, 1 state
is believed to be predominantly (f5/2 f7/'i). Thus, the
difference appears to be related to whether the particle-
hole excitation involves only the same orbital or proceeds
to the spin-orbit partner.

The qualitative effect seen here for these transitions is
likely related to the so-called P —A topic. This subject
was discussed recently by Love and Comfort, ' who find
that current 8 spin couplings are important for under-
standing P and A differences in unnatural-parity transi-
tions in (p,n) reactions, such as the 0+ to 1+ transitions
considered here. The importance of P and A differences
for analyzing power measurements alone can be seen by
writing the analyzing power as

A= P+A P —A

2 2
(2)

and considering the two terms separately. For a 0+ to 1+
transition in the Zr(p, p') reaction at 200 MeV, Love and
Comfort find that the first term is sensitive to the spin-
orbit term in both the optical model and the N-N interac-
tions, while the second term is not; however, they find
also that the second term is quite sensitive to the orbital
involved while the first term is not. They note that this
sensitivity involved for the P —A term arises in their cal-
culations from a nonlocality (or velocity dependence) in

the spin-dependent part of the N-N interaction. Love and
Comfort show that for transitions within a single shell,
one of the nonvanishing form factors required for P =A
is specified by the matrix element of the operator
(iL)&cr). In terms of the (cr) operator, they show that
this matrix element is

&j'IliLxnllj& =(j j')J & &j'll—llj & (3)

where j and j' are the initial and final j values of the sin-

gle particle orbitals and j& is the greater of j and j'.
From this expression, we see that this particular matrix
element will vanish for j'=j, so that we would not expect
a contribution to the low-lying 1+ state with the predom-
inant lplb configuration (f7/2, f7/i }. The qualitative ef-
fect we see in the experimental data, together with the
good agreement of the theoretical calculations, suggests
that such contributions are significant and are treated
reasonably well in the calculations.

B. Excitation-energy plots of the analyzing po~er

In addition to the analyzing-power angular distribu-
tions for individual transitions, we extracted excitation-
energy plots of the analyzing power at each angle. Such
plots, up to E„=40MeV, are shown in Figs. 8 and 9. It
is useful to look at such plots for possible characteristic
analyzing-power signatures of giant resonances, such as
the GTGR or the I.= 1 giant resonance, and also to study
excitation of the nuclear continuum.
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At 0', we see that the analyzing power is consistent sta-
tistically with zero over the entire excitation-energy range,
as expected. At 6' and 12' one sees the relatively large
negative analyzing powers of the low-lying 1+ and 0+
(IAS) states, discussed above. The GTGR, which begins
just above the 1+ state, is seen to have negative analyzing
power at low excitation energies; but as the excitation en-

ergy increases, the analyzing powers shift gradually to
positive values. This result is consistent with our earlier
conclusion' that the individual states comprising the
GTGR shift from predominantly (f7/2f i/'2 ) at low excita-
tion energies to predominantly (f5/2 f7/i) at higher exci-
tation energies. Thus the shift in the analyzing power
with increasing excitation energy is probably just a reflec-
tion of the different characteristic analyzing powers of
these two lplh structures, as discussed above. This con-
clusion must be qualified somewhat since the && =1 gi-
ant resonance also contributes in this region.

At wider angles, one sees the effects af the various
members of the (f7/2, f7/z) lplh band at low excitation
energies, as they come and go, until at about 36' one sees
the low excitation-energy region dominated by the charac-
teristic positive analyzing power of the 7+, "l%u"
stretched state.

The continuum region, fram 20 up to 40 MeV (which is
the maximum excitation energy available in these mea-

surements), has an analyzing power close to zero at all an-

gles. The 6' spectrum exhibits a small positive analyzing
power up to about 30 MeV, which is probably due to the
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FIG. 8. Analyzing-powering excitation-energy spectra for the
~Ca(p, n)~Sc reaction at 134 MeV at angles from 0' to 18'.

L =1 giant resonance, which occurs in this region, as can
be seen in the cross section excitation energy plots of Ref.
1. A careful study of the excitation of this giant reso-
nance requires an analysis of the underlying continuum
background and will not be attempted here. The widest-
angle spectrum exhibits a consistent sma11 positive analyz-
ing power in the continuum, but the statistics are margin-

V. CONCLUSIONS

The analyzing-power measurements for the (f7/g f7/'2)
particle-hole band of states excited in the Ca(p, n)" Sc re-
action agree reasonably well with simple DWIA calcula-
tions. Qualitatively, different shapes are observed for the
analyzing-power angular distributions for most of these
transitions, and these different shapes are indicated by the
DWIA calculations. We note that the analyzing-power
calculations are sensitive to the various ingredients of the
DWIA, viz. , the assumed one-step mechanism, the dis-
torted ~aves, and the relative strengths of the various
terms in the N-N effective interaction. The fact that the
agreement is good for several transitions indicates that
these ingredients are probably reasonable, and that these
states are predominantly 1plh in their structures. We
note that the DWIA calculations are quite conventional.
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They use a standard DWIA reaction-mechanism code,
global optical-model parameters without "wine-bottle"
shapes, and a popular N-N effective interaction without
density dependence. Earlier measurements' ' led to the
conclusion that the (p,n) and (p,p') reactions are predom-
inantly single-step reactions above about 100 MeV. These
results support that conclusion; furthermore, as noted by
Kelly and Carr, ' and shown by Love et al. , ' isovector
spin-transfer transitions are much less sensitive to
density-dependent effects than isoscalar transitions. Fi-
nally, the need for wine-bottle shapes in the optical-model
potential wells is indicated more clearly at higher energies
(viz. , 200—500 MeV). Thus, at this energy, it may be
that the good description by the simple DWIA for this re-
action is somewhat fortuitous; however, because both
cross sections and analyzing powers are described well,
the (p,n) reaction at this energy appears to provide a good
tool for extracting spectroscopic information.

The transitions to the low-lying 1+ state at 2.52 MeV
and 0+ state at 6.67 MeV exhibit similar shapes for their
analyzing-power angular distributions. This shape differs
qualitatively from that observed for the transition to the
1+ state at 16.8 MeV. The low-lying 1+ and 0+ transi-

tions are predominantly spin-transfer and non-spin-
transfer, respectively; however, they both have predom-
inant (f»z, fez'2) structure, whereas the 16.8 MeV, 1+
state is predominantly (f»2,f7 ' ). Thus, for these transi-
tions the shapes of the analyzing-power angular distribu-
tions appear to be infiuenced more by the nuclear struc-
ture than by whether the transition involves spin transfer
or not. This difference may be due to a sensitivity of the
analyzing power to nonlocality (or velocity-dependent) ef-
fects which are different for the two lplh configurations.
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