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Inclusive (p,3He) reactions on *°Co and *’Au at incident energies of 120, 160, and 200 MeV
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Measurements of inclusivep(®He) reactions or®°Co and*®’Au at incident energies of 120, 160, and 200
MeV are compared with calculations based on a statistical multistep direct reaction theory. The angular range
extends from 10° to 160° and emission energies exceeding 30 MeV were studied. It is found that the multistep
contributions are dominant for all but the highest outgoing energies. This is in qualitative agreement with
previous results for the inclusive p(«) reaction at the same incident energies and targets.
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I. INTRODUCTION dominate fora particles. However, for both species the pro-
jectile energy should dissipate in a series of nucleon-nucleon
The statistical multistep direct theory, especially as for-collisions to a value where either the pickup or knockout
mulated by Feshbach, Kerman, and Koofil}, appears to process becomes energetically favorable.
describe the essential physical process whereby inclusive In this work we compare inclusivep(®He) reactions on
(p,p’) reactions proceefl]. As a result of this successful ~°Co and **’Au at incident energies of 120, 160, and 200
description, it has recently become of interest whether th&1€V with the statistical multistep direct formulation. The
emission of complex particles can also be accommodated bESults suggest that the theoretical treatment is appropriate,
a similar theoretical approach. The implementation of theand that the domlnant_ c_ontrlbutlon at eX(_:ltatlon energies of
theory for such calculations suffers from additional compli-MOre than—30 MeV originates from the pickup of nucleons
cations that require further simplifying assumptions that are"’“cFer at least wo successive nucleon—n.uclleon _coII|S|ons. In
a priori, of poorly known validity. Nevertheless, initial re- th_'s respect the present results are qualltat_lvely In agreement
sults for (b, @) inclusive reactions at 30 and 44 Mdg], and with the process leading to knockout @fparticles at similar

also in the incident energy range 120—200 M@, are en- incident energie$4] from the same target nuclei.
couraging. The latter study reveals that, as the incident en-
ergy is increased, higher-step contributions become more im-

portant than first-step knockout of clusters. The continuum energy spectra were measured at the Na-
Renshawet al. [5] found that the analyzing powers for tional Accelerator Centre, Faure, South Africa, for inclusive

mass fragments from H to Mg emitted in inclusive reactions(p 3He) reactions on°°Co and'®’Au at incident energies of

of protons on"Ag at 200 MeV are consistent with zero for 120, 160, and 200 MeV simultaneously with, () data[4]

emission energies up to 75% of the incident value. The conpublished previously. The projectile energy was accurate to

clusion is thus that neithePHe and “He, which are of =+ 0.5 MeV. The accelerator and experimental equipment

present interest, are produced appreciably by a direct mechhave been previously described elsewHéie

Il. EXPERIMENTAL PROCEDURE

nism. Consequently, this result of Renshatal. is consis- A detector telescope, consisting of a 1efh silicon sur-
tent with our earlier finding based on a multistep directface barrier detector followed by three(l9i) detectors of 5
analysis of the inclusivep«) reaction. mm nominal thickness each, gira 2 mmsilicon surface

The reaction mechanism for the emission®efe induced  barrier veto detector, was used. Particle identification was
by energetic protons may differ somewhat from that of theachieved with a standatNE—E technique in which various
production ofa particles. For example, it is reasonable to combinations of the detectors in the telescope were used to
speculate that a pickup process would be more important faneasure energy loss and total energy of the ejectiles. This
the formation ofHe, whereas a knockout mechanism couldallowed the reliable separation of tiéle particles of inter-

est from other ejectiles, especially the adjacemarticles.
Energy calibration of the detector elements was based on
*Permanent address: Institute for Nuclear Research and Nucle#iie kinematics of the elastic scattering reactions
Energy, Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria.  *H(p,p)*H and ?H(p,p)2H from a deuterated plastic target.
TPresent address: Dipartimento di Fisica Nucleare e Teorica, UniThe self-supporting targets were metals of natural elements
versita degli Studi di Pavia, Pavia, Italy. (100% occurrence of the isotope of intepest thickness in
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SQCFIG'3H 1'57F Doublt_e-dlﬁeren_tlal_d Cross se?tlloznOsM f\c;r dth? FIG. 2. The same as Fig. 1 for tt&Co(p,3He)*"Fe reaction at
o(p,°He)*'Fe reaction at an incident energy o eVand six . incident energy of 160 MeV.

outgoing energies, compared with Feshbach-Kerman-Koonin calcu-
lations for one-step(long-dashed curves two-step (dot-dashed
curves, and three-stefjdotted curveps processes. The sum of the
three contributions is given by the solid curves. The error bar
reflect statistical uncertainties.

we assume that the target nucleus consists of a core to which
& deuteron is bound in a shell-model state. The¥de) re-

action can then be described as a direct transition of a deu-
teron, considered as a single particle. We use this cluster

the range 1-4 mg/ch The uncertainty in the thicknesses of @PProximation for simplicity and also because it has been
the targetsup to 8% is the main contribution to the system- found to give essentially the same results as a microscopic
atic error on the data. For high emission energies the angul&@/culation. ~ The distorted-wave Born approximation
uncertainty of 0.1° also contributes significantly due to thelPWBA) differential cross section is given §y 8]

rapid variation of the cross section with scattering angle.

doPW 2J;+1
o,N,L,J,E)=N2, G*({n,}? b3.D3
Ill. THEORETICAL ANALYSIS an ! ) {%:‘} ({nd )23i+1T:20,1 sTDsT
The (p,3He) cross sections were calculated using the mul- ) DwuCK
tistep direct theory of Feshbach, Kerman, and Kodfiih X(TiTe, TTTiTip) FTo) ,
assuming that the reaction mechanism is a deuteron pickup.
The formalism is very similar to that already used to calcu- @

late the p,«) cross section$3,4], so here we give just a

brief discussion related to thepPHe) reaction to the con- where the sum runs over all possible neutron-proton configu-

tinuum. rations{n,}. Here/is a normalization constant whose value
The one-step double-differential cross section of adepends on the square of the fractional parentage coefficient

(p,®He) transition to a continuum state with excitation en- for the two-nucleon remov4g], the optical model potentials

ergy E is given by and other unknownsﬁz({nk}z) is the spectroscopic factor
for a proton and neutron to form a deuteron bound state with
d?0(6,E) 2J+1 doPW quantum numbersN,L,J). The sum in Eq(2) is over the

WZNEL:J AE aq (ONLIE), (D transferred isospi with the selection rules+T=1. The
o quantityb2is 0.5 for both values of andT, and the values
where the summation runs over the target states with singldor the strengths of the proton-deuteron interactizf and
particle energies within a small intervalECAE/2,E D3, are 0.3 and 0.72, respectivelg0]. The square of the
+ AE/2) around the excitation enerdy. The last factor in  Clebsch-Gordan coefficient depends on initial, transferred,
Eq. 1 is the DWBA differential cross section. In this analysisand final isosping;,T, andT;. The quantities); andJ; are
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FIG. 3. The same as Fig. 1 for théCo(p,*He)°Fe reaction at FIG. 4. The same as Fig. 1 for tH&’Au(p,3He)'*%Pt reaction at
an incident energy of 200 MeV. an incident energy of 120 MeV.
final and initial total angular momenta, respectively. The dif- IV. RESULTS AND DISCUSSION
ferential cross sections to particulay,(,J,T) states are cal- The results of these calculations are shown in Figs. 1—6.

culated using the codewuck [11]. The form factor of the  The theoretical angular distributions for various emission en-
deuteron is obtained using the “well-depth” procedure for aergies are compared directly with the experimental quanti-
Woods-Saxon potential with geometrical parameteys ties, which are in the laboratory coordinate system. This pro-
1.15 fm anda= 0.76 fm[12,13, which are adjusted so that cedure is reasonable because the systematic angular and
microscopic and macroscopic form factors are almost idenabsolute cross section uncertainties exceed the relatively
tical. The optical potentials used are those of Walter anémall center-of-mass corrections for the target nuclei inves-
Gusg[14] and Madland-Schwand15,16] for protons, and of ~ tigated in our work.

Willis et al.[17] and Fulmer and Hafelgl8] for He poten- It is notable that as the energy transfer increases the two-
tials for °°Co and'%’Au, respectively. The calculated cross Step process becomes increasingly more important and be-
sections are rather insensitive to the proton potential but ver§omes comparable with the one-step process for energy dif-
sensitive to theHe potential. We therefore used thele erences between incident and outgoing energies around.30
potential that gives the best overall fit to both elastic scatterM_eV' Thereafter the one-step cross section de(.:reases'rgp|dly
ing and reaction data, since the elastic scattering data alo jth decreasing outgoing energy, finally becoming negligible

do not determine the potential with sufficient accurfty]. or energy differences of a_round 20 MeV where_ two- and_
. L . . . three-step processes dominate the cross section. At still
This potential is used for all outgoing energies since th

S : eIower outgoing energies, four-step and more complicated
3He potential, like that of ther particle, has a small energy 9oing 9 P P

. . rocesses become important, particularly at large scatterin
dependencg20]. The convolution structure of the formalism b b P y 9 9

i X , X angles. There is also a contribution from compound nucleus
allowed the calculation of multistep processes, in part'CUIa'ieactions, but the asymmetry of the measured cross sections
the two-step p,p’,%He) and three-stepgp’,p”,3He) reac-

’ : \ _ shows that this is very small. These mechanisms, which were
tions. The ,n,°He) reaction was not included because it not included in our analysis, are expected to account for the
requires the pickup of a diproton. remaining difference between theory and experiment at the
For each incident energy, the reaction is dominat¢édhe  |owest emission energies.

highest outgoing ener@yy the direct one-step reaction, and  Renshawet al. [5], who investigated intermediate-mass
so the calculated cross sections were normalized to the§eagments induced by protons di¥Ag at 200 MeV, con-
data at 120 MeV. This normalization factor was then usectluded that the direct process does not contribute signifi-
for the reactions at all other outgoing and incident energiesantly to the reaction. Their conclusion is supported by the
for each nucleus. very low analyzing powers observed at emission energies up
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FIG. 5. The same as Fig. 1 for th&Au(p,3He)'Pt reaction at FIG. 6. The same as Fig. 1 for tH&’Au(p,3He)**Pt reaction at
an incident energy of 160 MeV. an incident energy of 200 MeV.

to 150 MeV for small scattering angles. That result is cON-gretical angular distributions indicates that the theoretical

sistent with our findings, for example, as displayed in Fig. 6.reatment is probably a good representation of the first stages
Our study indicates that the one-step process consistentlyf ihe reaction. The pickup mainly occurs after two or more

contributes several orders of magnitude less to the total cros§,ccessive nucleon-nucleon interactions except for high
section than the dominant three-step process, up to emissiQinjssion energies, where a direct process is more significant.
energies of 150 MeV. However, at an excitation energy Ofrhe remaining differences between the theoretical and ex-

~20 MeV, the direct process does contribute greatly, as Mayerimental results provide a strong incentive for more refined
typically be seen in Figs. 4 and 5. calculations.

V. SUMMARY AND CONCLUSIONS
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