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Spin excitations in the “°Ca(p,p’) reaction revisited
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Double differential cross sectior¥o/dwdQ and spin-flip probabilitiesS,, have been measured for the
4°Ca(5,§’) reaction atE,=319 MeV. The angular range of the experiment was 18.83,<23° and the
range of excitation energies wassw <47 MeV. These data and earlier data at smaller angles are compared
to calculations employing random phase approximation nuclear structure and a distorted wave impulse ap-
proximation reaction model.

PACS numbd(s): 25.40.Ep, 21.10.Hw

Several earlier articleg1-4] have reported data and up to 47 MeV; earlier data at 7° and 12° were also extended
analyses of the“OCa(ﬁ,ﬁ’) reaction at 319 MeV and low Up to 47 MeV. The entire set thus provides a map of spin

momentum transfer A;<12°). These data included the €XCiations in the ¢,») region leading up to an isolated
spin-flip probability S,, and the cross sectiono quasielastic peak, where RPA calculations have been central
n

I o . to the discussion of pionic enhancemef$ In principle,
=d%0/dQdw over the range of excitation energies®  yaqe gata provide an opportunity for an improved multipole

=39 MeV) in bins of width Aw=1.8 MeV. Two of these  jecomposition. The new data also include a precise check of
articles[2,3] described multipole decompositions of the giantinstrumental asymmetries and of a central assumption about
resonance and continuum regions of the spectrum which aphe reaction mechanism. The theoretical analysis of the data
peared successful in extracting strength distributions for lows based on RPA/DWIA calculations with Hartree-Fock
multipolarity (L<2) transitions for both spin transf&=0 ground-state wave functions. As discussed in R4f, the
andS=1 parts of the spectra. In Rg#] these low momen- continuum RPA includesll particle-hole configurations, so
tum transfer(q) data were compared to distorted wave im-these calculations explicitly include quasielastic scattering.
pulse approximatiofDWIA) calculations employing a ran- The measurements were done with a 319 MeV trans-
dom phase approximatiofRPA) description of the nuclear versely polarized beam at the Clinton P. Anderson Meson
structure. These RPA/DWIA calculations described manyPhysics Facility(LAMPF) using the high-resolution spec-
features of the data well but they failed to predict the largetrometer with a focal plane polarimeter which has been pre-
cross sections in the continuum. The ground-state wave funedously described1,6]. Other experimental details are de-
tions were based on a static mean field; there were indicascribed in earlier publicatiorid—4]. Absolute cross sections
tions, however, that the use of Hartree-Fock wave functiongvere determined by normalizing yields for elastic scattering
would improve the agreement with experiment. and excitation of the unresolved 3(3.736 MeV} and 2"

The new data which will be presented here add the angle.904 Me\j states to 318 MeV measurements of Kedtyal.
Op=10.5°, 14°, 16°, 18°, 20°, and 23° to the data set; thd 7]. Absolute cross sections are estimated to be accurate to
momentum transfer range thus extends to about 1.65 fm better than+10%. Instrumental uncertainties in the mea-
For all these angles the excitation energy range was extendstirement ofS,, were checked by performing precise mea-

surements at 14° for elastic scattering where conservation
laws require thag,,, be zero. The measured valueSf, was
*Present address: Station 68, Chalk River Laboratories, Chalk.0006+0.0103.

River, Ontario, Canada K0J 1PO0. For inelastic scattering to strongly collective natural par-
TPresent address: Physics Department, University of the Westeiity states, there are no limits from conservation laws on the

Cape, Bellville 7535, South Africa. values ofS,,,, but transitions to such states are expected to
*present address: Palmetto-Richland Memorial Hospital, Columbe overwhelmingly dominated =0 transitions. Sinc&,,,

bia, SC 29203. is our measure of spin excitatiof4], a small value for such
Spresent address: Blade Technologies, Austin, TX 78759. transitions is an important test of our assumptions. No high
'Present address: Loyola University Medical Center, Maywood precision measurements have previously been reported. We

IL 60153. carried out such a measurement at 14° for the excitation of
TPresent address: Halliburton Energy Services, Houston, TXhe unresolved 3 and 2" pair. The result forS,,, 0.0121

77070. +0.0099, is in good agreement with expectations.
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FIG. 2. Spin flip probability data and calculations plotted as

FIG. 1. Cross sectiofmb/(sr MeV)] data and calculations plot- functions of excitation energy (MeV).
ted as functions of excitation energy (MeV).

. : . Fig. 1. However, the most obvious feature of the calculations
The data and theoretical calculations described below foIrS their failure to predict the size of the continuum spectra at
the observables andS,,,, are presented in Figs. 1 and 2. At P P

smaller angles the giant quadrupole resona@@R) is the all angles by factors of two or more. The corrected HF/RPA/

dominant feature of the spectra, and its influence continueQWIA calculations thus do little to alleviate this problem

to be noticeable even at the largest angles. The continuufi®t€d earlier; in fact, itis even worse for the new data at high
cross sections which were decreasing with increasingt g. This is a major issue; it suggests the conventional sum rule

smaller angles flatten out around 15° and increase witit strengths are much smaller than the strength gctqally present.
the largest angles. This is likely due to the quasielastic peak. At smallw the predicted values &,, shown in Fig. 2 are
Spin-flip probabilities in the high continuum decrease sig-much larger than the data. As noted in Réf, this is not a
nificantly at the highest angles. surprising feature of the calculations, since the continuum

The details of both the RPA calculations of the transitionRPA and the @-2h approximation are designed to best rep-
densities and the DWIA calculations are fully described inresent the spectra above the single-particle binding energies.
Ref. [4]. The calculations presented here used the Hartred=or =15 MeV the calculations are generally in good ac-
Fock (HF) ground-state wave functions and the finite-rangecord with the data, although they tend to be somewhat too
residual interaction described there. The HF wave functiondarge at largeq. Thus, theS,,, spectra in the continuum are
as noted in Refl4], lead to strength distributions which con- much better represented by the theory than arertbpectra,
tain about 140% of the usual “kinetic energy” sum rules, indicating that although the predictedare much too small,
and the preliminary calculations shown in Figs. 46—-49 ofthe relative cross sections fo6=0 (o) and S=1 (o)
Ref. [4] were calculated with full strength. In the present i ansitions are well described.
work, all calculations havg been reno_rmallzed .tc.) correspond  The excess experimental cross section compared with the
to 100% of the sum ruleg.e., approximately divided by a gpa/pwiIA predictions remains puzzling. There is no evi-
factor of 1.4. In "’?dd'“on’ a normal_lzatlon errt_iwhlch N" " dence for a significant instrumental background. Empty tar-
crease_d the_ predicted cross sectjoinsthe pr(_allm_lnary HF. get frame runs yielded few counts. Instrumental background
predictions in Ref[4] was found after publication and is

would decrease the measured valuesSgf, and, at some

corrected here. les. the “real” Id ; iblv | Finall
The cross section data are reasonably described by tifd1gies, the rea S Would seem impossibly large. Finally,

theory at small angles in the region of the GQR, as shown it-AMPF data for the 800 MeV*°Ca(p,p’) reaction[4] and
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data for the*’Ca(p,p’) reaction[8] at 290 MeV taken at L=3 a large amount of strength was found, #6l3% of
TRIUMF have very similar problems. the EWSR, fairly uniformly distributed across the whole

Calculations[9] examining the possibility of multistep SPeCtrum and having a broad maximum near 30 MeV.

processes contributing to the background indicate that these€S€ large=2,3, S=0 summed strengths are consistent
should be a very small fraction of the total cross sectionW'th the excess strength in the measured cross sections rela-

L X tive to the RPA/DWIA predictions presented above.
Another possibility is that, at largg and v, the isoscalar For theS=1 excitations, prototype angular distributions

spin part of the cross se_ctions could be inaccurate due to gare generated in Ref3] using a “schematic” model which
failure of the approximation used to compute the tensor exs essentially, a plane-wave collective model for spin exci-
change. However, increased isoscalar spin cross section ca@tions. Distortion effects were included phenomenologi-
not be the whole solution since the predictg would then  cally. In the new analysis of Refl10], distortions are in-
be far too large. Thes=0, T=1 part of theNN force is  cluded exactly. In Ref[3] the multipolaritiesL=1,2 were
probably the poorest known, but a large contribution to theused in the decomposition; these were generated by sum-
continuum from scalar isovector transitions would certainlyming all J and T angular distributions for each. A similar
be surprising. We conclude that it is difficult to understandprocedure was followed here except that multipolarities
the excess experimental cross section. throughL=5 were included; the=4,5 angular distribu-

The new data seem to provide a solid data base both fdions were added to simulate contributions from multipolari-
confirming previous multipole decompositions, and extendties with L>3. The new decomposition yielded a summed
ing them to higher multipolarities. As we shall explain, how- strength for theL =1, S=1 multipole, the spin-dipole reso-
ever, these hopes have proved somewhat deceptive. nance (SDR), of 296=22% of the EWSR, approximately

The S=0 cross sections, extracted according to the methtwice as large as that found in R¢8]. About 60% of this
ods of Ref.[4], were considered first. In Reff2] collective  strength is contained in the 10 MeV region around 18 MeV.
model calculations were used to generate “prototype” anguAlthough very large, this result is again consistent with the
lar distributions for multipolaritied. =1, 2, and 4 and mul- large excess of experimental cross section compared to RPA/
tipole strength distributions were extracted for=1 and 2. DWIA calculations discussed above. For the=2, S=1
Reanalysig 10] of the present data followed a similar ap- multipole, the summed strength is 18@3% of the EWSR;
proach but, because of the extended angular range of tHbis is only about half the amount of strength found in Ref.
data, multipolaritied. =1, 2, 3, 4 and 5 were included; the [3]. In the earlier work, however, the=2 was the highest
L=4 and 5 angular distributions were added to simulate conmultipole included and thus had to simulate strength from all
tributions from multipolarities withL>3. Except for the multipoles with L>1. Almost noL=2, S=1 strength is
GDR, S=0, T=1 transitions were ignored since they are Seen beloww=25 MeV and the strength appears to have a
expected to contribute little. Similarly, since a well-definedbroad maximum near 35 MeV. Interestingly, very litlle
giant monopole resonanc@&MR) in “°Ca had not been =3, S=1 strength is found, about 628% of the EWSR.
found at the time of this analysis, no=0 contributions A significant amount of. >3 strength is observed at higher
were included. Recently the GMR strength has been obw.
served 11] in “°Ca with approximately 100% of the strength ~ The newS=1 multipole decompositiongl0] described
in the energy range of 8—28 MeV. Our RPA calculationsabove make several assumptions which are questionable.
predict a broad GMR to occur at abouwt=20 MeV and  First, by adding angular distributions with=0, 1 for S=1
predict a relatively small but not entirely negligible crossit is assumed that the strength distributions for isoscalar and
section for it at angles measured here. The angular distribisovector transitions are identical. Because of the different
tion of the GMR is quite similar to that of the GQR for residual interactions for these two channels, this will surely
angles >5° which would mean that the extractdd=2 not be the case, and spin isoscalar transitions are not negli-
strengths given below are likely too large. Predicted crosgible for many regions ofj and w. Similarly, by adding]
sections for the GMR are less than 5% those for the GQR forL—1,L, andL +1 angular distributions, the assumption is
0<20 MeV where the bulk of the GQR strength is but of made that channels with differedtfor a givenL have the
comparable magnitude fas>25 MeV; therefore we would same strength distributions; the RPA calculations indicate
estimate that neglecting=0 in a multipole decomposition that this is not the case either. Most questionable, though, is
would, at most, overestimate the=2 EWSR strength by the assumption that all angular distributions for a given
10%. J, L, T have identically shaped angular distributiofas a

For S=0,L=1, a total strength of 15816% of the function of q), i.e., that the notion of a prototype angular
EWSR was observed in the energy regica 6<25.4 MeV. distribution is meaningful. This is tantamount to assuming
Strength at highemw is unreliable becausg even at the that the transition densities are identical for any transition to

smallest angles of the experiment becomes too large at largestate of a gived, L, T, S, which is quite unlikely given

w. The distribution of this strength is quite similar to that the differentp-h structures of states as a functionefWhat
shown in Ref[2], peaking at 20 MeV where the GDR peak was done for*?C(p,p’) to remedy these problems was to
is. ForL=2, a total strength of 12614% of the EWSR was use the RPA/DWIA angular distributions to generate a mul-
observed in the energy region &®<31.8 MeV. Most of tipole decomposition for the data at eaeh12]. However,
this strength was observed in the region of the GQR, 13.2vhen this was done here f&=1 spectra, it was found that
<w=21.1 MeV, where 7%8% of the EWSR was seen. For for =25 MeV the extracted multipole strengths had ex-
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J_2 L_l S_T_l tremely large errors, i.e., the search code was unable to find
= A=y — Lo - 4= a well defined minimum iny2. The reason for this is illus-

trated in Fig. 3 where spectra of RPA/DWIA angular distri-
butions for isovector spin states 2and 2" are shown. For
w=~20 MeV, in the vicinity of the SDR, th& =1 spectrum
peaks near 5° and the=2 spectrum peaks near 10° and the
two could be easily separated by a multipole decomposition.
As w increases, however, the shape of the of theadgular
distribution remains relatively constant while the peak of the
2~ angular distribution moves rapidly to larger angles. At
»=50 MeV the two angular distributions are nearly indis-
tinguishable and a multipole decomposition is impossible.
Similar problems occur for predicte®=0 angular distribu-
tions at highw.

In summary, data ford’c/dwdQ and S,, for the

40Ca(p,p’) reaction at 319 MeV have been measured for the
angular range 10.5260,,,<23° and the excitation energy
range 6=w<47 MeV. Precision measurements of elastic
and inelastic scattering to collective states at 14° are consis-
tent with zero, as expected. The new data and earlier data for
3.5°=<6,,,<12° have been compared to RPA/DWIA calcu-
lations using Hartree-Fock ground-state wave functions and
finite-range residual interactions. The calculations of the
cross sections in the continuum typically underpredict the
data by factors of two or more for all angles. This is a serious
problem for which we can find no reasonable explanation.
The S,, data, on the other hand, are reasonably well ex-
plained by the calculations. Results of the multipole decom-
position of the entire data set are consistent with earlier re-
sults in the region below 25 MeV of excitation. At higher
excitation energies, reliable multipole strengths could not be
obtained because the necessary approximations are no longer

X
X
A

satisfied.
FIG. 3.S=1 2" and 2" cross sectiofimb/(sr MeV)] angular This work has been supported by grants from the U. S.
distributions plotted as functions of excitation energyMeV). Department of Energy and the National Science Foundation.
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