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Rescattering in knockout reactions as manifested irf°Ca(p,p’p”) at an incident energy
of 392 MeV

A. A. Cowley, G. J. Arendse, and R. F. Visser
Department of Physics, University of Stellenbosch, Stellenbosch, 7600, South Africa

G. F. Steyn, S. V. kasch, J. J. Lawrie, and J. V. Pilcher
National Accelerator Centre, P. O. Box 72, Faure, 7131, South Africa

T. Noro, T. Baba, K. Hatanaka, M. Kawabdtay. Matsuoka, Y. Mizuno, M. Nomachi, K. Takahisa, K. Tamura,
and Y. Yuasa
Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567, Japan

H. Sakaguchi, T. Itoh, and H. Takeda
Department of Physics, Kyoto University, Kyoto 606-01, Japan

Y. Watanabe
Department of Energy Conversion Engineering, Kyushu University, Kasagu, Fukuoka 816-8580, Japan
(Received 19 February 1998

The reaction*®Ca(p,p’p”) was investigated at an incident energy of 392 MeV. The energy and angular
distributions are found to be consistent in shape as well as in absolute magnitude with the prediction of a
reaction mechanism based on rescattering from a seminal knockout process. In this mechanism the struck
nucleon behaves like an intranuclear projectile and initiates further rescatterings with the remainder of the
target nucleus that is reminiscent of the interaction of a free projectile of similar kinetic energy. These results
provide strong evidence for the validity of conclusions derived from earlier investigations at lower incident
energies. The considerable uncertainty exhibited in previous work in the quantitative relationship between the
yields of the initial knockout events and the secondary rescattering processes has been resolved in this study.
Also, the participation of knockout from deeply bound shell-model orbitals has been clarified.
[S0556-28188)05506-X

PACS numbgs): 24.10-i, 25.40—h, 27.40+z

I. INTRODUCTION Although this situation might be favorable for cross sec-
tion measurements in knockout reactions, the extent to
It is well known that rescattering is a dominant process inwhich, for example, polarization observables are influenced
nucleon knockout reactions with energetic protons. Althoughmay be more severe. Clearly this can only be evaluated if the
a proportion of the multiple scattering is manifested asreaction mechanism for the rescattering process is under-
events which are redistributed along a specific kinematic lostood well.
cus, a large fraction should proceed with energy transfer to At incident energies between 100 and 200 MeV, our un-
the recoiling heavy system. Therefore, some of the knockoullerstanding of the reaction mechanism whereby an energetic
reactions that originate from collisions with valence nucleonsucleon transfers energy to nuclear matter has improved dur-
in the target nucleus, and which subsequently undergo fuiing the last few years, largely as a result of experiments
ther rescattering, would in principle obscure the signature of1-7] in which coincident proton emission from the con-
pure knockout from deep-lying shell-model orbitals. In ex-tinuum was investigated. The results of these experiments
periments designed specifically to study knockout to discretguggest that the reaction mechanism can be interpreted as an
final states, the region of phase space which is of interest igitial nucleon-nucleon collision between the projectile and a
normally limited to a region where only a small part of the nucleon bound in the target nucleus, with subsequent rescat-
rescattering is observed. The coincident emission from theering of the struck nucleon from the remainder of the target.
multistep processes simply provides a background upoithus the struck nucleon seems to behave like an intranuclear
which the discrete knockout is superimposed. Consequentlyrojectile, and the angular and energy distributions of the
the presence of a multiple-scattering background is normallyprotons observed in coincidence are in qualitative agreement
not a severe problem in actual experimental measurementgjth results from studies of inclusivegp(p’) reactions. One
which are mostly performed at kinematic geometries wheref our recent coincidence experimef® demonstrated the
the knockout yield is maximized. remarkable extent to which the features of an initial intra-
nuclear nucleon-nucleon collision are retained after the in-
elastic rescattering, even for a massive target nucleus.
*Present address: Laboratory of Nuclear Science, Tohoku Univer- A result of the existing studies is that, to a large extent,
sity, Sendai 982, Japan. only the valence nucleons appear to take part in this process.
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However, this observation may merely be an artefact of the 10" L L
large distortion of the outgoing waves, especially for knock- 25.5
out from the more deeply bound shell-model orbitals at the ]
relatively low incident energie€l00—200 MeV which were
studied up to now. Consequently one might hope to see the
participation of deeper states as the incident energy is in-
creased. This provides the main motivation for the present
investigation of the reactiorf’Ca(p,p’p”) at an incident
proton energy close to 400 MeV.

An additional advantage of the present work, in which
knockout to the discrete levels is clearly resolved, is that it
allows for a more reliable theoretical analysis of the experi-
mental data. This, in turn allows a better test of the validity 30 60 90 120 150 180
of the very simple theoretical model to predict absolute mag- E.(MeV)
nitudes of the cross section values. L

The .eXpe”men.tal d(._:'talls are preser_1ted in Sec. i anq the FIG. 1. Differential cross sections for coincident protons emitted
theory is §ummanzed in Sec. lll. Details of t.he calcula’uonsin the reaction of 392 MeV protons witf’Ca at an angle of 25.5°
are given in Sec. IV. Finally the results are discussed in SeGy the |arge acceptance spectrometer. Data obtained at four overlap-
V, with a summary and conclusions following in Sec. VI.  ping field settings are shown with different symbols. Statistical er-
ror bars are shown where these exceed the symbol size. The cross
section units and scale are appropriate for the central momentum
corresponding to 220 MeV in primary proton energy and momen-
The experiment was performed at the accelerator facilitfum acceptance equivalent to an energy range of 20 MeV.

of the Research Center for Nuclear Physics, Osaka, Japan. A . )
dual magnetic spectrometer system was used. mass resolution of-700 keV. In order to also have a visu-

The high-resolution magnetic spectrometer “Grandalization of the rescattering process, spectra were generated
Raiden” was set up at a fixed forward angle of 25.5° and &Py Projecting the cross section to the energy axis of the LAS.
central momentum which corresponds to 220 MeV in pri-AS & consistency check on the extraction of data, cross sec-
mary proton energy. The momentum acceptance of this deions generated from the overlap regions in the LAS field
tector for protons was equivalent to a kinetic energy range ofettings were compared. These cross sections agreed mostly
20 MeV. to well within 10%, as may be seen in Fig. 1. The absolute

The |arge acceptance spectroméms) was Operated in eXperimental cross section scale is estimated to be accurate
coincidence with Grand Raiden and four overlapping fieldto Within 10%.
settings allowed the measurement of the energy distribution
of emitted secondary protons from a threshold of approxi- Ill. THEORY

mately 50 MeV, up to the kinematic limit. Secondary scat- . L
tering angles of 25.5°, 40°, 60°, 80°, 100°, and 120° on the Only a brief summary of the theory is given, as complete

opposite side of the beam were explored in the measurél€tails are available in Refd.7,8]. We symbolize our

ments. Horizontal acceptance angles, without use of defininé;o’p'p"). reaction asA(p,ac)B, where it is assumed that
slits, were=+20 and =60 mr for Grand Raiden and LAS, fter an initial collision between the projectieand a bound
respectively. nucleonb, further rescattering of the latter with the remain-

Standard focal plane detectors, electronics, and data tae" Of the target yields an observed particléhe particlea
ing system were used. Corrections for accidental coincilS: c_IassmaIIy of course, the scattered_prOJectlle. The cross
dences were applied by the standard technique of subtracticifction for the reaction can then be written as
of delayed coincidences in the time spectrum from events in ol E
the prompt coincidence peak. Due to the time structure of the UZE f deE o(p,Ep)
beam these events appear as peaks in the time spectra that N x dQ, dQ, dE,
are clearly separated from each other. 5
The target was a self-supporting natural calci(86.9% > 1 d”o(Ep.Ec)
40Ca) foil of normal grade chemical purity. The thickness on(Ep) d(Qc—Qp) dE¢|
was measured as 12.¥9.20 mg/cm 2. In order to evaluate
the oxygen contamination on the Ca target, a comparison dh this expressiorN represents the type of nucledeither
the coincidence yield with a completely oxidized target wasproton or neutronthat is originally bound in a shell-model
performed. This suggested that the oxygen content of therbital N in the target, and which is involved in the initial
target used for thep,p’p”) measurements contributed less collision. The kinetic energies and angular information, re-
than a few percent to our experimental cross sections anspectively, of each participant in the interaction as given by
could therefore be neglected. the symbolic expression of the reaction, are denotedEby
Momentum (kinetic energy information was obtained and ), with subscripts identifying specific particles. The
from the data recorded with the focal plane detector systenquantity oy is the total cross section for thé,C) reaction

thus enabling us to reconstruct binding energy spectra thatduced by an intranuclear projectile with a specific energy
displayed knockout to discrete final states with a missingiransferred to it by the projectile in the initial collision. The
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Il. EXPERIMENTAL DETAILS
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triple differential cross section is related to a knockout 20 : —
mechanism, but without inclusion of distortion in the wave 15 25.5 L
function of the particle labeled. The reason for this neglect 0 - |
is that the distortion is included implicitly in the subsequent
rescattering interactions, as expressed by the double differ 51 i
ential cross section. o 0 -
IV. CALCULATIONS I%
A. Knockout cross section p= 60 ] 40 i

The initial knockout interaction was calculated in the §' 40 7 i
distorted-wave impulse approximatigBWIA) [9] with the ?/3' 20 L
computer codeHREEDEE[10]. Two optical potential param- . -
eter sets for the calculation of distorted waves were investi- & 0 A B
gated[11,12. The one set taken from the work of Hama \3;
et al.[11] is based on a Schdinger-equivalent reduction of 20 60°
a Dirac-based global fit to elastic-scattering data. The othel © 15 1 B
set by Madland12] is derived from that of Schwanet al. 10 - L
[13] in order to generate global parameters that are also ap 5 4 B
plicable to energies above 200 MeV. The wave functions for
the bound states were calculated for the various shell-mode 0 7 i
orbitals with fixed geometries for the protpi¥] and neutron - -
[15] optical potentials. For each orbital the well depth of the 370 375 380 385
potential was adjusted to reproduce the required characteris FE total(MeV)

tics of the bound-state wave function at empiri¢a6,17
separation energies as determined by the quantum numbers. FIG. 2. Binding-energy spectra for the reactitfiCa(p,2p)3K

As is usual, the off-shell nucleon-nucleon interaction inshown as a function of the total observed energy. Experimental data
the DWIA was approximated on-shell by interpolation of are shown as histograms for various secondary angles. The theoret-
available nucleon-nucleon phase shifts, that are incorporatggal distributions, calculated as described in the text, are shown as
into the code ofTHREEDEE Relative spectroscopic factors curves.
were based on the single-particle shell-model spectroscop
sum-rule limit, except for the fk,, state, which had to be

scaled to the results of Dot al. [16]. The overall spectro- o formed with the codeLicE [23]. A ratio of 0.7 is sug-
scopic strength was subsequently adjusted to give a fair re‘g'ested by the values of 319 and 227 mb found for the proton-
resentation of the cross sections observed for knockout 19,4 neutron-induced reactions, respectively. This ratio is also
discrete states in our present work. This procedure then fixgsnsistent with the conclusions of Chadwiekal. [24] and
the absolute magnitude of the initial interaction that serves aRjchter et al. [25], who infer that the difference between
a source reaction to the rescattering process of the struc(lb,pr) and (,p) inclusive yields on a medium-mass target
nucleon. nucleus is expected to be of the order of-180 %. It should
be noted, however, that the final calculated coincidence cross
B. Rescattering process sections are not very sensitive to the proportions contributed

The rescattering of the bound nucleons was interpreted iRY the two possible reaction types. The total reaction cross
the spirit of the multistep direct procefs8,19. However, ~ Section for protons was taken as 540 f@6], of which half
instead of using, for example, the theory of Feshbach, Keris assumed to be associated with(N=p). Again, calcula-
man, and Koonin[19] to evaluate the cross sections andtions with theALICE code suggest that, should be within
angular distributions, we interpolated the availabfep()  20% of our adopted value.
experimental datf20] on “°Ca over the required range of
effective incident energies. In view of the large extent of V. RESULTS AND DISCUSSION
these data, such a procedure is acceptable for the present
purposes. Also, it is knowfR0] that these data, which were Binding energy spectra are shown in Fig. 2 for knockout
measured at the National Accelerator Center, can be success-discrete low-lying states if°K at various coplanar angle
fully described in terms of a statistical multistep direct modelpairs. The experimental data are compared with calculated
[19]. binding-energy spectra based on the known ley&&17

The contribution from the r{,p) reaction, which would and assuming that the observed width of the states is domi-
originate from collisions of the projectile with bound neu- nated by the experimental resolution. As was mentioned in
trons, was assumed to be similar in emission-energy depeigec. IV B, the relative strengths are taken from the single-
dence as that of thep(p’) yield. The work of Subramanian particle sum-rule limit and the overall normalization is arbi-
et al. [21] combined with that of Bertrand and Pee|@2] trary (40-50 % of the sum rule limit, as will be explained
suggests that this assumption is not unreasonable. later). The agreement shown in Fig. 2 is satisfactory.

Finally, the total preequilibrium cross sections, which ef- In Fig. 3 experimental data for the complete range of
fectively scale the contributions fronm{p) rescattering rela- measured binding energy is shown, together with theoretical

i[ﬁ/e to that of the p,p’) reaction, were based on the
geometry-dependant hybrid model and calculations were



3188 A. A. COWLEY et al. 57

P 5 o 10 o
Loy 25.5 8 40 &
= 3 61 >
Tﬁ 21 4 é
N o] 5
° . . . . 7
250 300 350 400 250 300 350 400
0
5 . F 20 .
L 60° i 80° 3
> 1.5
Q
= 3 1.0 3 © T T T T
"‘; 21 051 | 250 300 350 400 250 300 350 400
o .
5, o | s (V) Brar (V)
-]
250 300 350 400 250 360 350 400 FIG. 5. As in Fig. 3. Theoretical spectra for the sum of discrete
05 , , 05 . . knockout and rescattering yields, compared with the experimental
'f; 0.4/ 100° L oad 120° | data. The continuous curve shown(& corresponds to a calcula-
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2 : - . .
3 0l L ool the present experimental data. The calculated rescattering back-
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ot spectra for the §,2p) reaction is, apart from the results al-

FIG. 3. The full binding-energy spectra. The curves representeady shown in Fig. 2, demonstrated for the energy region of
the theoretical calculation for th&’Ca(p,p’p”) reaction, as de- deep-lying hole states in Fig. 5. Results are shown with
scribed in the text. widths and positions of thesland 1p states taken from the

experimental work of Volkowet al. [27], as well as the re-
cross sections for thep(p’p”) reaction, which forms a sults obtained if these quantities are adjusted for better agree-
background upon which yields of th@,2p) reaction to dis- ment with our experimental data. The absolute magnitudes,
crete states are superimposed. The fact that knockout to disowever, are treated as before. It is seen that the two sets of
crete states is not observed at angles of 80° and beyond, ligsults do not differ appreciably in their prediction of the
consistent with the rapid falloff predicted by the DWIA rescattered component.
theory for the source reaction. This is illustrated in Fig. 4 for Final comparisons between the experimental coincident
the sum of contributions from the various shell-model orbit-cross sections and an incoherent sum of the theoretical
als for in-plane and out-of-plane secondary angles at a fixe@p,p’p”) and (p,2p) values, given by the expression of Sec.
primary angle of 25.5°. Results are shown for the distortingll and the DWIA respectively, are shown in Fig. 6. Results
potential of Madland12] (as are theoretical calculations pre- are plotted as a function of the energy of the proton observed
sented in all figures but the two sets that were investigated in the large acceptance spectrometer for various secondary
gave almost identical distributions, apart from a difference ofangles. This specific choice of representation allows for a
about 25% in absolute cross section value. somewhat better comparison between the theoretical predic-

The ability of the DWIA theory(added to the rescattering tion and the experimental data. The reason for this is that
backgroungl to reproduce the experimental binding energythese projections effectively remove the sensitivity to the

assumption regarding the experimental widths of the discrete

0.6 L L L 0.6 L . L knockout to narrow states by averaging the yield over bind-
T (a) (b) ing energy. It should be noted that the cross section units and
= 0.5 - 0.57 - scale are appropriate for the central momentum correspond-
= 0.4 L 0.4 L ing to 220 MeV in primary proton energy and momentum
o acceptance equivalent to an energy range of 20 MeV.
5 3.37 - 0.47 - Excellent agreement between the theoretical and experi-
o 0.2 L 0.2 | mental energy distributions in Fig. 6 is obtained. For the
s calculations the absolute magnitude was fixed at a value cor-
= 0.1 - 0.1+ - responding to 50% of the single-particle spectroscopic sum-
5 00 rule limit for the optical model potential of Han®t al. [11]

~0 20 40 60 80 0'950 —25 0 25 50  and 40% for the Madland s¢12]. These values are some-
0 . (deg) ¢ . (deg) what low compared to an expected va[@8] of 60— 70 %,
lab lab but not unacceptably so. Therefore we conclude that, to
FIG. 4. Differential cross section for tCa(p,2p)®K source ~ Within the implicit uncertainty, the absolute magnitudes of
reaction, as predicted by the DWIA theory, as functions of thethe cross sections as presented are reasonable.
in-plane (a) and out-of-plane(b) angles of one of the observed It is also encouraging that the absolute magnitude of the
protons. The other proton, with a kinetic energy of 220 MeV, is (p,p’p"”) reaction scales exactly to th@,@p) source reac-
scattered to a fixed angle of 25.5°. tion. It should be mentioned, however, that this extracted
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10° ! L L - 10°H L L ! ! tion mechanism leading to events that are not observed as
knockout to discrete states. Coincident proton spectra were

10* 4 10*4 4M measured at a primary angle of 25.5° and secondary coplanar

o,

10°- v L 10% SOM | angles ranging from 25.5° to 120° on the opposite side of the
] " il 2] " a| incident proton beam to the primary detector. The primary
80° (x10%) 1071 80° (x10%) o . . :
1 1 magnetic spectrometer at a fixed angle detected protons with
107 100° (x10) 10 100° (x10) r

energies in a narrow range of 20 MeV at an average of 220
MeV, whereas the other spectrometer was used to measure
coincident protons from a threshold energy of 50 MeV up to
93 (a) F10 3 (b) o the kinematic limit.
35 6b 95 1o 120 1&010 35 6h o5 130 120 180 The (p,p’_pf’) results were modeled as an initial nucleon-
£ (MeV) . (MeV) _nucleon cpII|S|on between the prOjectlle and a nucleon bound
» » in the various shell-model orbitals of the target nucleus, fol-

FIG. 6. Differential cross sections for coincident protons emitted/OWed by rescattering of the struck nucleon as if it were
in the reaction of 392 MeV protons witffiCa at a primary angle of actmg as an intranuclear projectile. '_I'he initial collision was
25.5° and at various secondary angles as indicated. The cross sét€scribed with the DWIA theory, which was also compared
tion units and scale are appropriate for an average primary protoWith the (p,2p) knockout data to discrete final states that
energy of 220 MeV and over a range of 20 MeV, as discussed in there clearly identified in our measurements. The rescattering
text. Experimental data are shown with statistical error bars wher®f the struck nucleons was treated in an empirical way by
these exceed the symbol size. The theoretical curves represent calising existing spectra of the inclusivCa(p,p’) reaction
culations as described in the texs) shows the theoretical results that is known to be describable in a statistical multistep-
without adjustment of the widths and positions of the dnd 1p direct model.

100—_ Ki - 100-_ ﬁi o
120° 120°

¢ (mb sr MeV?)
S 3
1 1 IN
T
S
1
T

states of Volkowet al. [27], whereag(b) shows the slight improve- The theoretical treatment reproduces the experimental co-
ment between the theoretical curves and the experimental resultsiificidence spectra accurately, with the cross section of the
these quantities are optimized. secondary |§,p’p”) reaction scaling with the value of the

due to the(p,Zp) source reaction remarkably well. In addition, the

scaling is uncertain to within approximately 20% . . .
specific assumptions regarding the input to the calculationQ"era” absolute theoretical cross section compared with the

as explained in Sec. IV B. Consequently, the fact that absgexPerimental data implies spectroscopic factors for nucleon
lutely no further rescaling is needed for the results shown ifeémoval that are in reasonable agreement with expectation.
Fig. 6 is to some extent fortuitous. The present work presents very strong evidence for the

From the work of Faschet al.[7] on **’Au(p,p’p”) at  Validity of conclusions from studies at lower incident ener-
an incident energy of 200 MeV, it appears that there is agies regarding the dominant reaction mechanism that leads to
need to renormalize the theoretical cross sections by a factéescattering effects in knockout reactions. In addition, earlier
of 3—6! relative to the knockout component. However, aconcerns as to the relationship between the yield of the initial
large uncertainty in those values may be due to the fact thdtnockout events and the secondary rescattering processes
knockout to discrete levels was not explicitly resolved inhave been clarified. Finally, the insight provided by our work
Ref. [7], thus making an accurate theoretical analysis diffi-should provide invaluable guidance to future knockout stud-
cult. Our present results clearly indicate that such a drastifes of deep-lying hole states.
renormalization is not required.
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