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Inclusive reaction “°Ca(p,p’x) at an incident energy of 392 MeV
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Emission-energy distributions were measured for the inclu&i@a(p,p’) reaction at an incident energy of
392 MeV and an angular range between 25° and 120°. A semiclassical distortedS@R®) model gives a
reasonably good description of the experimental data. The extent to which the observed yields are dominated
by a two-particle rescattering emission contribution is estimated by a theoretical method that is known to
describe experimental data fdfCa(p,p’p”) reasonably well. The energy distribution of the two-particle
inclusive yield is found to agree well with the first-step contribution of the SCDW theory. Consequently this
suggests strongly that the inclusive, p’) yield at forward angles and high emission energy consists mostly of
two high-energy nucleons emitted in the first step of the collision.

PACS numbgs): 24.50+g, 25.40.Ep, 24.10.Eq

[. INTRODUCTION tion of the yield which comes from multiparticle emission
[2,3]. Of course, these estimates need to be based on the

Investigations of the dominant processes which determinéikely spatial trends of the angular distributions for multipar-
the characteristics of inclusive nucleon-induced reactiongcle production. In our present study we utilize the insight
have been the subject of study for many yddils Although ~ gained from a previous investigatid#] of the two-proton
our fundamental quantum mechanical understanding of themission reactiof®Ca(p,p’p”) to calculate the relative im-
mechanisms involved is now fairly well developed, the needgortance of such a contribution to the inclusii€a(p,p’)
of applications in science and technology of these inclusivé&action.
reactions require calculational procedures that are easily trac-

table._ Towards this end, sir_nplification_s to the fundamental IIl. EXPERIMENTAL TECHNIQUE
theories, development of simple semiclassical theories, or
even of phenomenological approaches are useful. The experiment was performed at an incident proton en-

At incident proton energies below about 200 MeV, nu-ergy of 392 MeV at the accelerator facility of the Research
merous experimental results of inclusive,p’x) reactions Center for Nuclear Physics, Osaka, Japan. A large accep-
are available, and these have been scrutinized with a plethotance spectrometétAS) was operated at up to eight over-
of theoretical approaches. However, at higher incident enlapping field settings to allow the measurement of the energy
ergy there is a relative paucity of experimental data. Thelistributions of emitted protons in th#Ca(p,p’) reaction
reason for this is simply that the experimental complexityfrom a threshold of approximately 50 MeV, up to the kine-
increases with increasing incident and emission energy, anahatic limit. Data were collected at scattering angles of 25.5°,
as a consequence considerable effort is currently devoted #0°, 60°, 80°, 100°, and 120°. The horizontal acceptance
developing simple and efficient new techniques for the deangle, without use of defining slits, wais60 mr. Standard
tection of energetic protons. The present work, which uses #ocal plane detectors, electronics, and data taking systems
traditional although still cumbersome experimental proce-were used.
dure, is partly motivated by the desire to generate reliable The target was a self-supporting natural calci(86.9%
data that could serve as a benchmark for a new generation éfCa) foil of normal grade chemical purity. Two targets were
experiments using simpler detectors. used and the results from both were checked for consistency;

It seems reasonable to assume that multiparticle emissiathe thickness of one was measured as £2.2 mg/cn, and
as a component of the inclusive,p’x) reaction should be- the other as 16:80.2 mg/cni. In order to evaluate the oxy-
come more important as the projectile energy is increased. Igen contamination on the Ca target, a comparison of the
the past some attempts have been made to estimate the fradeld with a completely oxidized target was performed. This
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) L Ak(n)
B0 ki(r)(4ml3)ke(r)®

(p,p’) measurements contributed less than a few percent
our experimental cross sections and could therefore be n
glected. do

Momentum (kinetic energy information was obtained xf f dkadkﬁ<—)
from the data recorded with the focal plane detector system. Ka<kp(r)<k ALPUNY
As a consistency check on the extraction of data, cross sec-
tions generated from the overlap regions in the LAS field X OKg= kot ke(r) =ki(r)]0(ep— e~ w),
settings were compared. These cross sections agreed mostly 3
to well within 10% over a sufficiently large region of over-
lap. The absolute experimental cross section scale is esti-
mated to be accurate to within 10%.

suggested that the oxygen content of the target used for t}g Po
t

where ke(r) is the Fermi momentum at, k,(kg) the
nucleon momentum for a single-particle state with energy
€,(€s) below(above the Fermi level, {a/ 9, )y the two-

ll. THEORETICAL CALCULATIONS nucleon scattering cross section, andhe energy transfer.
The Pauli blocking effect is taken into account by the limits
A. Semiclassical distorted wave model of the integrations ovek, andk .

The semiclassical distorted wauSCDW) model has Fork-step k=3), the cross sections are deduced straight-
been described in detail elsewhesee, for example, Ref. forwardly to expressions of the same structure as 2§.
[5]), so only a brief outline is presented here. which contain the product df local average cross sections

The SCDW model is based on a distorted wave Borrand nucleon densities af, r5, ..., ry, andk—1 propaga-

approximation(DWBA) series expansion of-matrix ele-  tors between the consecutive collision points.

ments, the local semiclassical approximation to distorted As seen in Eqs(1)—(3), the input data for SCDW calcu-
waves, the eikonal approximation to intermediate state Greelations are the distorted potentials, the two-nucleon scatter-
functions, and the local Fermi-gas model for the nucleaing cross sections, and the nucleon density distribution.
states. The inclusive double differential cross sections foSince these quantities can be determined either empirically
one- and two-step processes, respectively, are expressedthheoretica"y, no free adjustable parameters are involved in

the following closed forms: the SCDW model.
s A \? K /K (1)
= ()| B. Calculation of two-particle emissi
JE0, |\ ATL f dr Kk (r) Ixi ()] Calculation of two-particle emission

The explicit calculation of the contribution to the inclu-
><|)((_)(r)|2( ) () & sive yield from two-particle emission is based on the suc-
f IE;9Q)¢ rp ’ cessful descriptioni4] of the reaction*Ca(p,p’p”) at an
incident energy of 392 MeV. Complete details of these the-
oretical ideas are presented in R€i#®,7] therefore, also in
and this case, only a brief summary is provided here.
It is assumed that the two-particle yield originates from a

2o K¢ Ik (1) collision of the projectile with a target nucledeither proton
—_— f dE f drlf drp——— ! 2 or neutron bound in a shell model orbital. Apart from this
aEf‘mf A+1 ki /ki(ra) collision initiating a knockout process, it is assumed that an

rescattering of the struck nucleon with the spectator part of
the target nucleus. Thus the cross section for this latter pro-
cess, indicated as the reactign i’ p”), can be expressed as

Po additional contribution to the two-proton yield comes from a
XX Pxd )(r2)|2<&Efan>

expl = 2yplro—r4|) [ o

X p(r5) 4

p(ry) JE, 00 r p(ry), d*o
1

dQ, dQ, dE, dE,
2

d3o

-3 | oS e
whereA is the target mass numbég, andk.(r) (c=i or f) N ML TN T
the wave number at infinity and the local wave number in the d?a
initial (i) and final () channels,x{ (7)) the distorted X q0,—0y dEJ,
wave in the initial(final) channel,p(r) the nucleon density,
and y,, is the imaginary part of the local wave number of a
leading particle in the intermediate chanmelwith the en-  where the cross sectiod®o/dQ);dQy dE; describes the
ergy E,,. The local averag@l-N scattering cross section at knockout of nucleon®\ from each orbitah andd?c/d(Q),
the pointr, (#%c/JE.0Q.), (c=m or f) in Egs.(1) and(2) —Qy) dE, represents th@roperly normalized, see Cowley
is given by et al. [4]) rescattering cross section.

ro—rql?

4
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FIG. 1. Differential cross sec-
tions for the inclusive reaction
4Ca(p,p’) as a function of emis-
sion energyE, , for various scat-
tering anglesé,, . Experimental
data with statistical error bars
where these exceed the symbol
size, are given in the laboratory
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The inclusive yield from such a process is found by inte-model to predict p,p’p”) spectra. Consequently, another
grating over the energy and solid angle of the particle that isomponent from an analogoup,p’n) reaction, in which

unobserved in an inclusivegp(p’) experiment, therefore the neutron results as an ejectile from the nucleon rescatter-
ing mechanism, has to be added to the inclusive yield. For
d?o d*o this we simply assume that the rescattered yields from
— = dE, dQ, . rn” ’ h i itud d .
dQ, dE, dQ, dQ, dE, dE, (p,p’'p") and (p,p'n) are the same in magnitude and angu

(5) lar distribution. This amounts to treating all nucleons on an
equal footing.

The total inclusive two-particle yield then consists of the
above-mentioned rescattered part plus the discrete knockout
components from “°Ca(p,2p)®*K and “%°Ca(p,pn)**Ca
added incoherently. It should be noted that in this approach Experimental cross section distributions for the inclusive
we implicitly assume that théobservedl proton of interestis  “°Ca(p,p’) reaction, at an incident energy of 392 MeV, are
one that does not participate in a rescattering processhown in Figs. 1 and 2. The results are shown as a function
Clearly, in the spirit of our assumptions, this only applies toof emission energy for various scattering angles, and the sta-
protons that have relatively high energy, and which are scattistical error bars are indicated where these exceed the sym-
tered through small angles only. In other words, we attempbol size.
to reproduce only the high-energy, small-angle, component In Fig. 1 the theoretical cross section distributions, calcu-
of the inclusive spectra. lated with the semiclassical distorted wave formalism with
The knockout reactions are calculated in the distortechonrelativistic kinematics, are compared with the experimen-
wave impulse approximatiofDWIA) [8] with spectroscopic tal quantities. The input data used for the calculation are the
factors extracted from the work of Cowley al.[4]. As was  same as in Ref5], except for the global optical potential of
mentioned before, this procedure of reconstructing the incluMadland [9]. Although the model underpredicts the cross
sive (p,p’) spectra relies on the ability of the rescatteringsection for low emission energies at 25.5°, the results of the

IV. RESULTS
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theory are generally in reasonable agreement with the ob- V. SUMMARY AND CONCLUSION

served quantities. We also find that the first step dominates at The inclusive*®Ca(p,p’) reaction was studied at an inci-
high emission energy at scattering angles smaller than 80° P.p

- . : ent energy of 392 MeV and an angular range between 25°
Beyond that scattering angle, the higher steps rapidly grOW%nd 120°. The emission-energy distributions were modeled

in importance, and at the largest angle investigated there is. . . ) .
already an indication that more than three steps would b 'tzl?ssgmﬂafﬁé%a:l d;Stg;e?e\évsagfgbﬁ)V\evfe?lrTvﬁustrﬁ'eTer:(e eri-
needed to reproduce the absolute magnitude of the observé%lzntal quantities y ag y P

yield. Moreover, the underprediction seen at backwar The two-particle component. with both eiectiles havin

angles would be due to the use of the local Fermi-gas mOd?(lairl hi VK eF;]erl ies(tenspto huﬁd\lrvéds of Me§vat;ove th\tlel 9

for the nuclear states, as investigated in R&€). y hid! 9 . .
Fvaporatlon peak, was estimated by means of extrapolation

From perusal of the various simplistic assumptions that . . X ; o
enter into our calculation of two-particle emission, it is clearW'th a theoretical method that is known to describe existing

i 0 I A
that this component, when compared to the semiclassical dig_xperlmental data .fo'A Ca(p,p_ P") We."' The extent to
torted wave treatment would be expected to correspond t .h'Ch thg tvyo-partlcle emission dominates the inclusive
the first step of the latter theoryOf course, the other rescat- smgle_s yield is remarkable, and it appears _that a'”FOS‘. all of
tered proton, which is treated as an “unobserved” particle,the high energy, small angle spectra consist of ejectiles of

o appear i ower emission energy and generaly o1 2 1AL, Thece caultions are b agreemert, o ol
larger angles.In Fig. 2 we show that this expectation is P ! y

realized. The unexpected result is that the agreement in al tep of the SCDW theory, as would be required for consis-

. . ency.
solute magnitude between the observed yield and the two Clearly this work provides an incentive for further inves-

particle emission calculations implies that there are almostt . S
always two high-energy nucleons emitted in a first-step colt'gation of t_he |_nC|dent_en_ergy dependence of the extent to
lision. This result is very different from the situation at lower Wh'Ch. multlpartlcle emission mﬂuences the appearance of
incident energy(100—200 MeV, where estimates indicate mc_Ius_lve reactions. Toward_s this end, a refmgd model of the
only 20—30% two-particle emissidi2,3]. In principle it is coincident particle mechanism would be desirable.

also possible to calculate the rescattered inclusive yield with
the two-particle formalism. However, in that case application
of the method to a primary proton that does not suffer rescat- The authors wish to thank Sun Weili, K. Ogata, M.
tering, yet has a large energy transfer, and which is cons&ohno, and M. Kawai for their valuable discussion on
quently observed at the same energy and angular range as tBEDW calculations. A.A.C. thanks the South African Na-
secondary particles, becomes questionable. tional Research Foundation for a research grant.
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