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Role of knockout contributions in giant resonance studies with(p,p’x) reactions
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The giant-resonance region itfCa and “®Ca has been studied using the reactidfGa(p,p’ny)*'Ca,
“9Ca(p,p’pe)**K, and “%Ca(p,p’ ap)*Ar for an incident proton energff, =100 MeV. Knockout cross sec-
tions for these reactions were calculated within the distorted wave impulse approximation formalism using
parameters fixed from previous investigations. The results quantitatively account for the data at higher exci-
tation energies while the knockout contributions underneath the main resonance strength are small.
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Giant-resonance excitation and decay has been studiesdruck nucleon/cluster. Thus, the question remains to what
extensively[1,2]. In particular, recent notable progress hasextent these models hold for kinematical conditions that are
been the observation of a strong fragmentation of the isosca@ptimized to enhance the giant-resonance cross sections, but
lar giant-resonance strengths in medium-mass n(i8le6].  are at rather extreme limits for the knockout process.

A powerful experimental tool is the measurement of angular In the present work an extensive set of angular correla-
correlations, whereby the inelastically scattered probe is detions for the reactions®Ca(p,p’p)*K, “°Ca(p,p’ a)%Ar,
tected in coincidence with a light decay particle or clusterand “Ca(p,p'n)*'Ca atE,=100 MeV is presented aiming
(usually neutrons, protons, er particles. By fitting an an-  at a study of the isoscalar giant quadrupole resonanééda
gular correlation function to the data, a multipole strengthand “®Ca that is present at low excitation energies. However,
decomposition can, in principle, be accomplished for thein order to extract reliable multipole strengths from the fitted
various resolved decay channels. For example, a forwardingular correlations, a knowledge of the background knock-
backward asymmetry is a sensitive indicator of even smalbut cross section is crucial.

admixtures of odd/even multipoles. Unfortunately, in had- A series of experiments using a 100 MeV proton beam
ronic reactions the presence of a competing knockout prowere performed at the cyclotron facility of the National Ac-
cess leads also to the same effect and great care has to &elerator Center, Faure, South Africa. The inelastically scat-
taken to subtract a background from angular correlation dattered protons were detected by means of the K600 magnetic
measured near the recoil direction of the heavy nud@lis  spectrometer. Data were taken fr*Ca excitation energies

Nucleon and cluster knockout reactions have been studief,=10—23 MeV. Targets of "®Ca were used for the
extensively both experimentally and theoreticaliee, e.g., “°Ca(p,p’p) and (p,p’ @) reactions. Charged particle emis-
Refs.[8—11]). Reactions of particular interest have been ofsion by the excited®®Ca was observed using a set of three
the type @,2«), (p,p'n), (p,p'p), and (p,p’'a) on 1p, AE—E semiconductor telescopes mounted on a turntable in
2s1d, and 1f;, shell-model nuclei. The theoretical analysis the scattering chamber, permitting the measurement of com-
of these knockout reactions has been accomplished very suplete angular correlations. Typical energy spectra forghe
cessfully by using the distorted wave impulse approximatiorand «, channels are shown in the middle and lower parts,
(DWIA). On the experimental side, most of the data reportedespectively, of Fig. 1. More details of the experimental
were for the condition of quasifree scatteritangle pairs at setup can be found in Rgf13].
which zero recoil momentum of the residual nucleus is kine- In a separate experiment a highly enricHéga (92.5%
matically allowed. It has been pointed out though that datatarget was used to measure tif€a(p,p’n) reaction. The
taken at nonquasifree angle pairs could be sensitive to offangular correlations were obtained by employing an array of
shell effects[12]. This is particularly so when the scattered six organic liquid scintillatorg6] to detect the emitted neu-
projectile carries most of the kinetic energy resulting fromtrons with the neutron kinetic energy determined using the
probing the high momentum part of the wave function of thetime-of-flight technique. A typical energy spectrum for the

ng channel is shown in the upper part of Fig. 1. In both
experiments the choice of the scattering angle of the inelas-
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E = 100 MeV whereS, is the spectroscopic factor for the bound nucleon/

& 0 , : clusterb, Fy is a kinematic factor, andlo/dQ,. is the
> “Ca(p,p'n,) half-shell cross section foa+b scattering. The distorted
= | 6,=21° | momentum distribution for the particle/clustbrbound to
« 01 P coreB in the targetA is given by
n 6 =-68°
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J 0.2t 0 .,=17° - emitted particles, aneﬂ)f_\(r) is the relative-motion wave
) — —45° function for b orbiting coreB (massMg) in the targetA
© o (massM p).

0.0 —=5 6 20 24 Suitable optical potentials valid within the kinematic
Excitation Energy (MeV) range of the experimental data are required for the evaluation

of the distorted waveg. These take the usual form of a real
FIG. 1. Examples of measured cross sectighistogramy  plus imaginary volume Woods-Saxon term, a surface deriva-
for the reactions “®Ca(p,p’ng)*’Ca, “°Ca(p,p’'po)*K, and tive imaginary term, and a real plus imaginary spin-orbit
“OCa(p,p’ o) %®Ar as a function of excitation energy together with term.

the results of the DWIA calculation&olid lineg described in the The following potentials were usedl) For the incident
text. The knockout process involves the;3, 1dg, and S orbit- channelsp+*%*%Ca atE,=100 MeV the optical potential
als for the three reactions, respectively. parameters of Schwanet al.[18]. (2) Again the Schwandt

et al.[18] potential is suitable for describing the inelastically

of the incident beam are referred to throughout as negativg.aitered protons up to excitation energies=23 MeV
scattering angles. In all cases the features displayed in theg, ’

€., in the energy region 77 MeVE, <E,—s;, wheres;
energy spectra measured for each channel are as shown;ini,e corresponding separation energy for a neutepfs
Fig. 1.

. o MeV), proton(8.33 MeV), or « particle(7.04 MeV) knocked
40,4
The main resonant cross section lies belBy( 9Ca)' out. (3) The knocked-out particles emerge with kinetic en-
=16 MeV and has been described previously as g'amérgies 0<E,<E,—E, —s, where (i) for the n, channel
resonance excitation and deddy,14. However, of particu- “8Ca(p,p'n )47(321 O<pE <13 MeV, the neutron potential
lar importance is an understanding of the long tail in the N ' o ’

respective energy spectra extending up to the highest excitQ—f Becchetti and Greenle$29] was applied(ii) for the p,

tion energies measured. If these cross sections could be &}:Iannel“oCa(p,p’po)wK, 0<Ep,<16.7 MeV, the proton
tributed to isoscalar giant resonances, they would provide Rotential of Becchetti and Greenlefk9] (with a geometry
clear signature of significant direct decay components, asimilar to the neutron potentiaas chosen, angiii) for the
were observed for the isovector giant dipole resonance ito channel “®Ca(p,p’ ag)*Ar, 0<E, <18 MeV, the
these nuclei4,6,15. However, this high-energy tail may «o-particle potential of Huizenga and Ig@0] was used. The
also arise from knockout reactions. Furthermore, as pointedarious bound-state potential parameters employed were (
out above, a quantitative knowledge of the knockout contri—+4’Ca) [21], (p+3K) [22], and (@ + °Ar) [23]. These po-
butions underneath the main giant-resonance part is essentightials again take the usual form and include a real central
for an analysis of the angular correlations. Thus, the presemart and a spin-orbit term as required.
data are used as a test case of the model description of the The calculations were performed using the DWIA code
knockout reactions for cases far from the condition of qua-THREEDEE[8,17]. No fitting of the predictions to the experi-
sifree kinematics. mental data was attempted. In this regard, the spectroscopic
The method of analysis of these types of reactions withirfactors S, used to obtain absolute cross sections forrige
a factorized DWIA has been presented in detail in the literaand «, channel were fixed from previous investigations

ture[8,16,17. For the sake of brevity only the most salient (Sh,=7-0[9] and S,,=0.83[10)). In the case of thep,
features are described here. The discussion is limited to th@nannel the shell-model limit ofS, =4.0 for protons
non-spin-orbit case. Inclusion of a spin-orbit term in the in_@ocked out of the dan shell was usg(:j

3/2 .

teraction potentials leads to more complicated equations bu 8 . - .
P P g As examples, the triple-differential cross sections are

the main features remain. shown for the spectra of Fig. 1. In all three reactions the
The cross section for a reactiéa,a’b)B can be written P 9. 1.

as[16] energy dependence is well described at higher excitation en-
ergies €,=16 MeV in %Ca, E,=14 MeV in “Ca). In
d3o do particular for the nucleon knockout, the DWIA results quan-
————————=S/F« >TAR, (1) titatively account for the measured cross sections in this en-
dQa dQpdE, dQasp 7 ergy region indicating knockout reactions to be the dominant
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FIG. 2. Angular correlation cross sections for the reactionknockout part under the resonant yield does not significantly

“Ca(p,p'ng)*’Ca in the excitation energy rang&,(*®Ca)

=16-23 MeV together with results of the DWIA cross section

predictions for the initial energy prescriptidtEP, solid lineg and
the final energy prescriptiofFEP, dashed linedescribed in the
text. The top axis shows the recoil momentum of the heavy
residual nucleus for the smallest proton scattering angle.

affect the analysis of the angular correlatigid].

In common with most knockout studies, we avoid the
complication of the need for a half-shell two-body cross sec-
tion by introducing an on-shell approximation. This proce-
dure requires though the choice of an on-shell energy pre-
scription. For example, one could evaluate the two-body
cross section at either the initiédeferred to as the initial

process. For the decay, the calculations are systematically
below the data. Towards lowét, the knockout predictions
decrease smoothly and contributions under the main bump of
the resonance cross sections are very small.

The angular dependence for thg channel in the excita-
tion energy windowE,(*Ca)=16-23 MeV together with
the DWIA predictions are presented in Fig. 2. Here, the re-
coil momentumgs of the heavy core can be obtained for the
smallestp’ scattering angle from the axis shown on the top
part of the figure where it can be seen that most points cor-
respond to nonquasifree angle pairs, i.e., the heavy residual
nucleus recoil momentum is not zero. Similarly, the results
for the py channel, but in an excitation energy window
E(*%Ca)=20-23 MeV, together with the corresponding
DWIA predictions are shown in Fig. 3. As can be seen, in
both reactions there is a very good correspondence between
the measured cross sections and the DWIA calculations,
even at scattering angle pairs far from the quasifree condi-
tion. For theay channel displayed in Fig. 4 the prediction of
the calculation does not exceed the measured cross section at
any emission angle. It should be emphasized again that all
parameters in the DWIA calculations are fixed. The knock-
out scattering is thus interpreted as a small nonresonant
background on top of which lies the decay of the giant-
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FIG. 4. Same as Fig. 2 but for the reactitiCa(p,p’ aq)eAr
resonance strength excited in the target nucleus. As such, tlh@d an excitation energy rangg(*°Ca)=20-23 MeV.
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energy prescription, IBEPor final relative nucleon-nucleon incident energies where off-shell effects should be non-
energiedfinal energy prescription, FBPOf course, a proper negligible. Despite neglecting the latter, encouraging results
half-shell cross section is expected to correspond to a valugre obtained. At higher excitation energies away from the
somewhere between that resulting from the two extreme premain resonant strength the energy dependence of the cross
scriptions. The results presented are for the IEP but the FEEections can be reproduced well. Also, a reasonable quanti-
distributions are qualitatively simila¢see dashed lines in tative description is achieved for the nucleon emission chan-
Figs. 2—4. Even better agreement would be obtained if ad-nels over a range of relative momentum between the scat-
justments(within accepted uncertainties/ere to be made to  {oreq proton and the knocked-out particle. For the
the SF;%?;FOSCOP'EI fgctors]; ?ne m_aylalso dml):‘e thr?t E COrl?p(‘;"ré'mission case the calculations are systematically below the
SO? 0 t! Ierelnt(cj: otlces 0 tt € Opt']f:?h model fort ? nocfeth'data suggesting the presence of resonance excitations even at
out particie feads 1o vanations ot th€ cross sections o %igh excitation energies. An extrapolation of the knockout
same order of magnitude. : L
. cross sections suggests very small contributions at lower ex-

To conclude, an extensive set of data measured for thgitation energies where the main resonance strength resides
reactions “%Ca(p,p'ny)*’Ca, “°Ca(p,p’py)®K, and g 9 '
40Ca(p,p’ ao)*°Ar has been used to test the reliability of the ~ The authors acknowledge support by the NRF, South
DWIA model to describe the knockout contributions to the Africa and by the DFG under Contract No. FOR 272/2-1.
cross sections for kinematics far from the quasifree limit atWe thank D. Frekers for the loan of the precidii€a target.
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