THE RESCA TTERING BA CK GR OUND IN THE KNOCK OUT REA CTION 40 Ca( p; 2 p ) INDUCED BY 392 MeV PR OTONS A. A. Co wley , G. J. Arendse, R. F. Visser, G. F. Steyn a , S. V. F� ortsc h a , J. J. Lawrie a , J. V. Pilc her a , T. Noro b , T. Baba b , K. Hatanak a b , M. Ka w abata b 1 , N. Matsuok a b , Y. Mizuno b , M. Nomachi b , K. T ak ahisa b , K. T am ura b , Y. Y uasa b , H. Sak aguc hi c , M. Itoh c , H. T ak eda c , and Y. W atanabe d Dep artment of Physics, University of Stel lenb osch, Stel lenb osch, 7600, South Afric a a National A c c eler ator Centr e, P. O. Box 72, F aur e, 7131, South Afric a b R ese ar ch Center for Nucle ar Physics, Osaka University, Ib ar aki, Osaka 567, Jap an c Dep artment of Physics, Kyoto University, Kyoto 606-01, Jap an d Dep artment of Ener gy Conversion Engine ering, Kyushu University, Kasagu, F ukuoka 816-8580, Jap an It is w ell known that rescattering is a dominant pro cess in nucleon kno ck out reactions with energetic protons. Although a prop ortion of the m ultiple scattering is manifested as even ts which are exp ected to b e redistributed along a sp eci�c kinematic lo cus, a large fraction should pro ceed with energy transfer to the recoiling heavy system. Therefore, some of the kno ck out reactions that originate from collisions with v alence n ucleons in the target n ucleus, and which subsequently undergo further rescattering, would in principle obscure the signature of pure kno ck out from deep er-lying shell-mo del orbitals. This pro cess could consequently limit the extraction of information from kno ck out of n ucleons from those deeply-b ound shell- mo del states. In this w ork we inv estigate the reaction 40 Ca( p; p 0 p 00 ) at an inciden t energy of 392 MeV in a kinematic and angular range that is optimized for a study of the rescattering pro cess. The high-resolution magnetic sp ectrometer "Grand Raiden" w as set up at a �xed forw ard angle of 25.5 � and a central momentum which corresp onds to 220 MeV in primary proton energy . The momentum acceptance of this detector for protons w as equiv alen t to a kinetic energy range of 20 MeV. The large acceptance sp ectrometer LAS was op erated in coincidence with Grand Raiden and four ov erlapping �eld settings allow ed the measurement of the energy distribution of emit- ted secondary protons from a threshold of approximately 50 MeV, up to the kinematic limit. Secondary scattering angles of 25.5 � , 40 � , 60 � , 80 � , 100 � , and 120 � on the opp osite side of the b eam were explored in the measuremen ts. The ( p; p 0 p 00 ) rescattered comp onent of the data were assumed to pro ceed as an initial kno ck out interaction, whic h was calculated in the Distorted W a v e Impulse Approximation (DWIA) [1], follo w ed by rescattering of the struck nucleon. This rescattering of the b ound nucleons was interpreted in the spirit of the multistep direct pro cess [2, 3]. How ev er, instead of using, for example, the theory of F esh bac h, Kerman, and Ko onin [3] to ev aluate the cross sections and angular distributions, w e in terp olated the av ailable ( p; p 0 ) exp erimen tal data [4] on 40 Ca ov er the required range of e�ective incident energies.These data are known to b e successfully describ ed in terms of the required statistical multistep direct mo del [3]. The par- ticipation of struc k neutrons was included b y a scaling based on exp erimental guidelines[5][6]. 1 Present address: Lab oratory of Nuclear Science, T ohoku Universit y , Sendai 982, Japan

Figure 1: Binding energy sp ectra. The con tin uous theoretical curve shown in Fig. 1a applies to widths and p ositions of the 1 s - and 1 p -states tak en from the exp erimen tal w ork of V olk o v et al . [8] wheras Fig. 1b is a display if these quantities are adjusted for b etter agreemen t with our data. The calculated rescattering background is shown as dashed curves. Relativ e sp ectroscopic factors for the initial kno c k out pro cess were based on the single particle shell mo del sp ectroscopic sum rule limit, except for the 1 f 7 = 2 -state, which had to b e scaled to exp erimental results of Doll et al .[7]. The ov erall sp ectroscopic strength was subsequently adjusted to giv e a fair representation of the cross sections observed for kno ck out to discrete v alence states in this work. This pro cedure then �xes the absolute magnitude of the initial interaction that serves as a source reaction to the rescattering pro cess of the struck nucleon. The agreemen t b etw een the calculated and exp erimen tal kno c k out binding energy sp ec- tra for the ( p; 2 p ) reaction to discrete states was found to b e satisfactory . Ho w ev er, as is shown in Fig. 1, for the deep-lying 1 s - and 1 p - hole states, sup erimp osed on the background calcu- lated to result from the ( p; p 0 p 00 ) mechanism, the widths and p ositions needed to b e adjusted slightly compared to the exp erimental work of V olk o v et al . [8] for b etter agreemen t with our exp erimental data. Final comparisons b etw een the exp erimental coincident cross sections and an incoherent sum of the theoretical ( p; p 0 p 00 ) and ( p; 2 p ) v alues, are shown in Fig. 2. Clearly the theoretical treatment repro duces the exp erimen tal coincidence sp ectra accurately . Results are plotted as a function of the energy of the proton observ ed in the large acceptance sp ectrometer for v arious secondary angles. It should b e noted that the cross section units and scale are appropriate for the central momentum corresp onding to 220 MeV in primary proton energy and momentum acceptance equiv alen t to an energy range of 20 MeV. Our calculations indicate that at LAS angles of 80 � and larger, discrete kno ck out is a negligible con tribution, and the yield then represents only the rescattering mechanism. The absolute magnitude corresp onds to a kno ck out strength that agrees to within 30% of the exp ected v alue, which is reasonable. F urthermore, it is signi�cant that the cross section of the secondary ( p; p 0 p 00 ) reaction scales exactly with the v alue of the ( p; 2 p ) source reaction, which is a prerequisite for the go o d agreement b etw een the theory and exp erimental data.

Figure 2: Di�eren tial cross sec- tions for coincident protons emit- ted in the reaction of 392 MeV protons with 40 Ca at a primary angle of 25.5 � and at v arious sec- ondary angles as indicated. The cross section units and scale are appropriate for an av erage pri- mary proton energy of 220 MeV and o v er a range of 20 MeV. Ex- p erimental data are shown with statistical error bars where these exceed the symbol size. This work shows that a ma jor part of the rescattering pro cess in kno ck out reactions is understo o d reasonably well. Ho w ev er, asp ects such as the apparent increase of the widths of kno ck out from the deep er-lying states compared to ( p; 2 p ) measuremen ts at higher energy need to b e in v estigated further. References [1] N. S. Chant and P . G. Ro os, Phys. Rev. C 15 , 57 (1977). [2] E. Gadioli and P . E. Ho dgson, Pr e-e quilibrium nucle ar r e actions (Claredon Press, Oxford, 1992). [3] H. F esh bac h, A. Kerman, and S. Ko onin, Ann. Phys. 125 , 429 (1980). [4] S. W. Steyn, Ph.D. thesis, Universit y of Stellenbosch, 1997 (unpublished). [5] T. S. Subramanian, J. L. Romero, F. P . Brady , J. W. W atson, D. H. Fitzgerald, R. Garrett, G. A. Needham, J. L. Ullmann, C. I. Zanelli, D. J. Brenner, and R. E. Prael, Phys. Rev. C 28 , 521 (1983). [6] F. E. Bertrand and R. W. P eelle, Ph ys. Rev. C 8 , 1045 (1973). [7] P . Doll, G. J. W agner, K.T. Kn� op e, and Mairle, Nucl. Phys. A263, 210 (1976). [8] S. S. V olk o v, A. A. V orob’ev, O. A. Domchenk o v, Y u. V. Dotsenko, N. P . Kuropatkin, A. A. Lob o denko, O. V. Miklukho, V. N. Nikulin, V. E. Staro dubskil, A. Y u. Tsare- goro dtsev, Zh. A. Chakhalyan, and Y u. A. Shcheglo v, Sov. J. Nucl. Phys. 52 , 848 (1980) [Y ad. Fiz. 52 , 1339 (1980)].