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Inclusive (p,p’) reactions on nuclei in the mass range 115 to 181 at incident energies
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Double differential cross sections have been measured for inclugiye )( reactions on''9n, 7Er,
173vh, and *¥'Ta at incident proton energies of 120, 150, 175, and 200 MeV antf1er at 120 and 200 MeV.
These targets were chosen to investigate a possible mass dependence of the effective interaction strength when
comparisons are made with multistep direct calculations based on the Feshbach, Kerman, and Koonin theory.
The inclusion of two-nucleon emission is also investigated. The multiparticle emission contributes significantly
at low emission energies and forward angles, but it is shown that the energy dependence of the strength of the
effective interaction must also be taken into account to explain the discrepancy in this region.
[S0556-28186)00809-9

PACS numbds): 25.40.Ep, 24.60.Gv

I. INTRODUCTION experiment has been obtained on the whole, systematic de-
viations at very high and very low emission energies have
In previous paper§l—3], pre-equilibrium ,p’) cross- been noted2,3]. It has long been recognized that multiple
section measurements and multistep direct calculations weigre-equilibrium emission processes are important in inelastic
compared for®°Zr (80 to 200 MeV, *Ni, °Mo, *7Au reactions at incident energies in the 100 MeV region, and it
(100 to 200 MeV, &Y, 9Mo, %Mo, %Mo, and ®Mo (120 h_as been suggest¢d] that the disgrepancies could b_e asso-
to 200 Me\). Angular distributions were calculated with the ¢iated with such processes. The importance of multinucleon
multistep direct reaction code of Bonetti and Chidga emission is expected. to grow with increasing |nc_|dent en-
hereafter referred to as the Milan code, based on the statist 9Y: anq for the rela_t|vely h|.gh energies used in this study it
cal multistep direct reaction theory of Feshbach, Kerman'® essential tc;]mve_st!ga}e this cr?ntrlbutlon. incl h
and Koonin(FKK) [5]. In these studies it was shown that the Be_g_al_use fthe origina FKlf( theory does no;[ Inc dee the
FKK theory gives reasonably good results with only one freepossI flity o t e emission of two or more nucleons from a
. L . _particular exciton stagenfp—nh excitation, with an 2 the
parametei, the streng.th of the simple effective interaction exciton numbe and the inclusive measurements do not ex-
used, a Yukawa potential of 1 fm range. However, an unex

_ clude the possibility of a detected nucleon being accompa-
pected mass dependence was seen in the extrdgtealues.  nieq by another, there is a need to extend the basic theory at
For several nuclei with 88 A<100, similarV, values were

: o > energies where multiple emission is possible. The quantum-
obtained [3], but for **Ni much higher values and for mechanical extension of the FKK theory has been provided
97Au much lower values were extract¢d]. The targets in by Ciangaru[7], but the implementation is not straightfor-
the present study:*In, ***Pr, 1°°Er, 13vb, and '8'Ta, were  ward. Recently, Chadwickt al. [8] have shown how mul-
chosen to investigate the mass dependence in the region hiple pre-equilibrium emissioritwo-nucleon emissigncan
tween mass 100 and mass 197. be approximated in the multistep direct calculations. This
Some important calculational improvements were made tanethod makes use of distorted wave Born approximation
the multistep direct reactiofMSD) code used4] in orderto  (DWBA) matrix elements already calculated for the primary
obtain as reliableV, values as possible. Spurious values(single-nucleoh emission and accordingly, is relatively
could result, for example, from the use of too few particle-simple to implement. In this work the contribution of two-
hole exciton configuration$], or restrictions on the number nucleon emission to the cross section is calculated using the
of configurations in the multistep part of the calculation, method of Chadwick and co-workers. The angular depen-
which may lead to a false mass dependence. dence of the multiple emission is investigated as well.
Although good agreement between the FKK theory and The theoretical work in the present study is also important
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TABLE |. Target thicknesses in mg cmi. 108
19N 141py 167y 173yp 1813 ——'\‘_“-‘20 Moy
6 \( x10° )
~ 10 40 Mev
3.44 3.74 2.50 1.63 3.47 ) \( x10” )
> M 60 MeV
= 10 ( x10®)
from the point of view of studies of the Gamow-Teller - 80 MeV
strength distribution in nucl¢B] and medical applications of 2 ( x10°)
proton-nucleus interactions, e.g., proton radiotherapy. In or- 10
der to extract the true Gamow-Teller strength in charge- 100 MeV,
exchange reactions involving high excitations, it is necessary 10 (x10°)

120 MeV

to perform a background subtraction in the continuum re-
( x10°)

gion, and it is, therefore, vital to be able to predict the mul-
tistep direct contribution as accurately as possible. The meth-
odology of making such predictions is also applied to dose
rate calculations involving nuclei of biological importance. <
In the present study it will be shown that two important
ingredients that must be considered in such predictions are
multiparticle emission and the energy dependence of the 10
strength of the two-body interaction.

In Sec. Il the experimental details are discussed. The in-
clusion of the multiple pre-equilibrium emission in the FKK
theory is discussed in Sec. lll A. In Sec. Ill B important fea-
tures of the theoretical calculations are discussed. Section FIG. 1. Calculatedgg,p’) and (o,n) MSD angular distributions
IVA Qonsists of a com_par_isor_l between the theoretical ancFor a 1€.31T.a target at 260 MeV in<’:ident energy. The dashed line
experimental aﬁgq'af d|str|blut|ons of_the continuum Specmi:orresponds to neutron emission and the solid line to proton emis-
at selected emission energies, and in Sec. IV B systematiGy, The same two-body interaction strenyth is used in both

trends of the effective interaction strengfy (dependence cases. Results are multiplied by the indicated factors for display.
on mass and energyre investigated. Finally, in Sec. V, a

140 MeV
( x10%)

6/dQdE ( mb sr

d
o

summary of the main conclusions is given. found in Ref.[2] and a more detailed description in Ref.
[15]. In previous calculations for incident projectile energies
Il. EXPERIMENTAL DETAILS up to 200 MeV a good overall description of the angular

distributions has been found, but the theoretical cross sec-

The experiment was carried out at the cyclotron facility oftions at the lowest emission energies have been found to be
the National Accelerator Centre, Faure. Accounts of thesystematically too low. For such high excitations of the re-
equipment and experimental technique have been presentsiiual nucleus it has been suggested that the discrepancy
in Refs.[10—12. The targets used and target thicknesses areould be due to multiparticle emission, in this case two-
summarized in Table I. Target thicknesses were determinegroton emission, which is not included in the FKK calcula-
by comparing the measured energy loss of alpha particledons (Ref. [2]). The fact that this discrepancy appears to
from a 2?®Th source with calculated values using stoppingbecome more prominent at higher incident energy seems to
power tables of Ziegle[13]. The absolute thickness deter- be consistent with such an interpretation.
mination is accurate to within 8% due to uncertainties in the The original formulation only takes into account the pre-
energy-loss calculation, and relative errors are less than 3%gquilibrium emission of one particle(primary pre-
The target uniformity is typically~= 1%/mm. The overall equilibrium emission whereas it is possible for a second
systematic error in the cross-section data is considered to ecompanying nucleofsecondary pre-equilibrium emission

less than 10%. to carry away some of the available energy and to leave the
Corrections for the reaction tail and efficiency of the Nal residual nucleus in a different state. Either one of the two
detectors followed the procedure described by Greeal.  emerging particles can be observed in the single detector

[14], where they assume that the reaction tail increases linemployed in inclusive experiments. The emission of more
early from zero at zero energy to a maximum at the fullthan one particle in the pre-equilibrium energy region can
energy of the detected particle. This assumption was checkegfiginate from different mechanisms:
in a previous experiment by employing a coincidence setup (1) First, one can envisage a fast direct knock-out process,
[3], and it was found to be sufficiently good to warrant usingwhere the incoming nucleon imparts enough energy for both
the linear approximation. nucleons to be emitted into the continuum. One or both of
the nucleons may, of course, undergo subsequent scattering
ll. THEORY or absorption by the rest of the nucleus. This process has
been studied experimentall{t0] and computer codes exist
[16] which model this mechanism.
(2) Second, a nucleon which has been excited ip-la
The FKK theory[5] of multistep direct emission has fre- excitation process to a loosely bound excited state, may sub-
quently been described. A summary of the formalism can b&equently be emitted.

A. Inclusion of multiple pre-equilibrium emission
in the multistep direct calculations
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FIG. 2. Angular distributions fot®Ta(p,p’) at 200 MeV inci- FIG. 3. Angular distributions for®Ta at 175 MeV incident

dent energyE, and various emission energies, . St_atistical error energy. See also caption for Fig. 2.
bars are shown where these exceed the symbol size. The curves are
the results of MSD calculations. The dashed line corresponds to
primary emission only and the solid line to primary emission plus
two-nucleon emission. Results are multiplied by the indicated fac- . .
i ; . do\ (ND U do\ (N:D

tors for display and are given in the laboratory system. _ max

= = Ueern T] P;(B)T;(E)dU

In the above expression,

i=mv

(3) Finally, nucleons may be emitted from the equili- d mult
brated compound nucleus. ) ) ) )
None of these mechanisms are included in the standarynerei =label of type of prlrrg‘ary-ejmltted_partlcler(= pro-
FKK theory. In this multistep direct reaction model, energyton, »= neutron, (do/dU)™)=differential cross section
is dissipated only by the excitation of one or more particle-for primary pre-equilibrium emission of a nucleon of type
hole excitations. The third mechanism is expected to playrom stageN as a function of residual nucleus energy, ob-
only a minor role since the lowest outgoing energy measureéfined from angle integration,B=separation energy,
is 20 MeV. The first mechanism was discussed briefly inJ =energy of particle-hole state after primary emission,
Ref. [2], where it was found to be important at the higher P;(E) =probability of finding a particlg at energy E+B)
outgoing energies. It is expected to be one of the possibl#side a p-h exciton configuration of energyJ, and
reasons for the underprediction in our calculated cross sed-j(E) =transmission coefficient representing the probability
tions at the higher outgoing energies. We have not include@f the continuum particle escaping with enery Further
calculations using this mechanism in the present paper, singtetails can be found in Reff8].
it only appears to be noticeable at very low excitation ener- The basic input required for the multiple emission pro-
gies. Furthermore, a proper inclusion of the process in th@ram consists of the primary double differential cross sec-
theory requires a coherent treatment, which was not devetions calculated by some multistep dir¢btSD) code. In our
oped in the present work. case the cross sections were calculated using the Milan code
The second mechanism has been the subject of a detailéd], and hence the latter code was adapted to provide an
investigation by Chadwickt al.[8]. They have described an input suitable for use with the multiple emission program of
approximate way to take emissions of this type into accountChadwicket al. [8]. It is also necessary to provide double
Their procedure has been followed in the calculations in thiglifferential cross sections for both neutron and proton emis-
paper. The basic expression used for the double differentiion since primary emission of a neutron or proton may be

cross section for two-nucleon emission is accompanied by further proton emission. Because very little
_ . , (p,n) data is available at the higher incident energies, one is

d?c \N (do\N) [ d?o do|ND faced with the problem of normalizing thep,) angular

dEJQ mult_ dE muItX dEdQ / dE pnm' distributions correctly, i.e., choosing the appropriafg

value. Some (f,n) data in the energy region of interest is
where E=emission energy of second pre-equilibrium par-available for an incident energy of 160 MeV, employed in an
ticle, N=pre-equilibrium stagef=h=N before emissioy  experiment by Scobedt al. [17] on a %°Zr target nucleus.
and j =label of type of multiple pre-equilibrium particle. Using (p,p’) data on the same nucleus at 160 MeV obtained
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FIG. 4. Experimental angular distributions and MSD calculations'tén(p,p’) at various incident energids, and emission energies
E,/. Two-nucleon emission has been included in the calculations. See also caption for Fig. 2.

in an earlier experimentl], the ratio of theV, values for the highest emission enerdiypically about 20 MeV less
(p,p’) and (p,n) can be obtained. We obtain a value of than the incident energythe shape of the angular distribu-
Vo(p,p’)/Vo(p,n)=1.1 (ignoring the possibility of two- tion is not well reproduced by the theory. Hence, it is not
nucleon emissionwhich can be compared to typical values possible to normalize the theory at such a high emission
of about 1.3 calculated by Chadwielk al. [8] for the same energy. At an emission energy of 100 MeV the calculated
reaction. This difference in the ratio gives some indication ofcorrection for two-nucleon emission is almost negligible, as
the uncertainty associated with values extracted from thevill be shown below, and hence, thg value can be deter-
comparison of the theoretical results with the experimentamined from a consideration of the primary emission of pro-
data. In this work we use a ratio of 1.1 for all our targets andons only.
incident energies to determine thg values to be used for Some consideration has to be given to the matter of the
the primary @,n) cross sections once th€, value for violation of unitarity, raised by Chadwickt al. [8]. It was
(p,p’) has been determined in a fit to our data. pointed out that if the/q value was determined from a cal-
The V, value for the primary |§,p’) process is deter- culation which did not include two-nucleon emission, an
mined in this work by requiring a good fit between theory overestimated/, value would result from a fit to the data,
and experiment for some intermediate emission energy, e.gand the corresponding calculated cross sections would ex-
100 MeV for a 200 MeV incident proton. It is evident from ceed the reaction cross section. It should be emphasized,
previous work2,3], as well as from the present data, that forhowever, that since we normalize our calculations at an
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emission energy where the multinucleon contribution can beular distributions are compared for the cases$ipho mul-
neglected, th&/, value determined is generally independenttiple nucleon emission angii) two-nucleon emission in-
of whether multinucleon emission has been included or notcluded in the calculations. It is evident that at the highest
This also holds for past practice. Because the calculatedxcitation energies of the residual nucleus the multiple emis-
cross sections are fairly sensitive to #gvalue adopted, as sjon leads to a significant improvement in the agreement
a result of thev3" dependence of theth step contribution, between experiment and theory. For lower excitation ener-
care has to be taken that the unitarity is not violated. As willgies the effect of multiple emission is very small. In Fig. 3 a
be shown in Sec. IV A for the targets ConSidered, the totabim"ar Comparison is shown f01|‘81Ta at an incident energy
cross sections obtained are not in conflict with the unitaritygf 175 MeV.
requirement. In the calculations of Figs. 2 and 3, no energy dependence
In practice, it was found that thep(n) and (.p')  of the effective interaction in the multistep parts of the cal-
double-differential cross sections are very similar in shape, stions has been considered. As will be shown in Sec.
and magnitude for the same two-body interaction strengtiilv

V. In Fig. 1 the calculatedp,n) and (p,p’) angular distri- | h ller if )
butions for a'®'Ta target at 200 MeV incident energy for g;%)é;/vou d be much smaller if we used an energy depen

primary emission only are compared. When using the pri- : : . .
\ . ; Discrepancies between theoretical and experimental cross
mary (p,p’') cross sections with ¥, value scaled down by . ) . o ;
gectlons are also prominent at high emission energies, and

the factor 1/1.1 as described above to approximate th : . . e 7 .
— . . ... may be linked with multiple emission as well, but in this
(p,n) contribution, the multinucleon emission contribution is h the di icle knock hani
ractically the same as when using ther() cross sections case with the direct two-particle knock-out mechanism re-
b ferred to as the first type earlier in this section. This inter-

explicitly. This could simplify the calculations as the, () L :
cross sections do not have to be calculated, although in thPsretatlon Is suggested by the calculations of iREJ.

work they were calculated explicitly.

Another approximation inherent in the method of Chad-
wick et al. [8] involves an estimate of the transmission co-
efficients for the second proton or neutron emitted. This is A level density parametea inversely proportional to the
particularly important at the lower emission energies becaus&ass numbeA of the target nucleus has been assumed, as in
of the restricting effect of the Coulomb barrier on protons.Ref.[2], viz., a=A/8.5 MeV~". In the calculations a value
These transmission coefficients have been calculated frommust also be chosen for the spin cutoff parameten the
Gamow factor given in Ref18]. The angular distribution of spin_distribution formula. We have used a value of
the second emitted nucleon is assumed to be the same as t1@.241A%", as suggested bji9]. Here,n is the number of
angular distribution of a primary process causing this emisparticles plus holes excited in each successive step of the
sion. This approximation is reasonable since the secondamgaction cascade, i.e1=2.
emission is fairly isotropic in the energy range where it A Yukawa potential of range 1 fm was used for the two-
makes the largest contribution. body effective interaction, of which the strengdth is ad-

Since the effect of multinucleon emission in the procesgusted to best reproduce the data. The calculated cross sec-
considered by Chadwickt al. [8] is expected to be more tions were normalized by choosing values\gf to give the
important for the highest incident energy, consider first thebest overall agreement with the experimental angular distri-
angular distribution for'®'Ta for an incident proton energy bution at an emission energy corresponding to half the inci-
of 200 MeV. In Fig. 2 the experimental and theoretical an-dent energy.

B. Calculational details
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There is strong evidence from previous studies that theninimal difference in the angular distributions compared to
effective nucleon-nucleon interaction is energy dependenthose calculated with =8. Hence, the latter limit was gen-
[20,1-3,2], which means that a differem, should be used erally used.
for successive stages in the multistep calculations. The effect A significant improvement over previous calculations
of this dependence df is considered in detail in Sec. IV B. with the Milan code was to include more than g tran-
However, to simplify the study of the influence of multi- sition for a particular energy bin and angular momentum
nucleon emission, and because Ehdependence dfy is not  transfer in the multistep part of the code. This restriction
known a priori, the energy dependence @f, has been ig- appeared to lead to some spurious resiifsn some cases
nored in all our other calculations. where the angular distributions showed a marked sensitivity

The number of partial wavek,,x used in the DWBA to the particular set of configurations choggairs of Nils-
calculations varied between 3Qfor incident energy son single-particle states formh transition. In particular,
Ep,=120 MeV) and 70(for incident energye,=200 MeV),  theV, values extracted will then not be reliable, which will,
and the number of steps in the cascade employed in the cah turn, affect conclusions regarding the energy and mass
culations varied from five for the lower to eight for the dependence of the strength of the effective interaction. In
higher incident energies. For some previous calculations upddition, a larger number of configurations were chosen for
to 200 MeV, angular momentum transfer values up tothe first step compared to previous calculations, viz., typi-
L=8 have been used. The effect of including values up tacally about 12 configurations, and the same number was also
L =12 has been investigated, and it was found that there is ased for the multistep part.
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IV. RESULTS AND DISCUSSION with a contribution of 153 mb due to two-nucleon emission,

and for (p,n) it is 619 mb, with a contribution of 250 mb
from two-nucleon emission. This gives a total cross section
of 1501 mb, which is less than the reaction cross section of
1574 mb. There will also be a small contribution from pro-
cesses such ap(d) and (p,«). For a °%Zr target, for ex-
ample, with protons incident at 160 MeV, this contribution

A. Comparison of theoretical and experimental
angular distributions

The angular distributions for the targefsdn, 4%Pr,
167gr, 173vp, and 18'Ta, at proton incident energies between
120 and 200 MeV are given in Figs. 2 to 8 for a range of

energies of the emitted protdior excitation energy of the has been estimated by Chadwiekal. to be 60 mb. For
residual nucleudJ=E,—E,, in the case of one-particle

o . s UeeE 81T at 120 MeV incident energy, the reaction cross section
emission. The theoretical angular distributions, calculated aS< 1628 mb(based on the Schwandt potenkiathile the total
described in Sec. Ill B and including two-nucleon emission P

are compared with the experimental data. ‘calculated p,p’). cross section is 896 mid74 mb is due.to

For 181Ta at 200 MeV incident energy, the total reaction Wo-nucleon emissigrand for (p,n) it is 560 mb(265 mb is
cross section given by the optical model, using the Schwandfu€ t0 two-nucleon emissiangiving a total of 1456 mb.
potential[22], is 1574 mb(Using the Madland potentif23] Thug th_e unitarity requirement is not violated. For the other
it is 1379 mb) For comparison, the reaction cross sectionfWo incident energies, 150 and 175 MeV, the calculated and
can also be calculated from a semiempirical energyreaction cross sections have values close to the ones illus-
dependent formula given in RdR4], which gives a value of trated here. For the other four targets this trend is generally
1450 mb, reasonably consistent with the optical model valalso true, with cross sections of similar magnitude as in the
ues. Our total calculated cross section fprg’) is 882 mb, examples above.



54 INCLUSIVE (p,p’) REACTIONS ON NUCLEI IN THE ... 1763

Ep = 150 MeV Ep = 120 MeV
103 y i I : 1 P 1 s 1 i = 105 E L 1 : 1 N I L | : b
-é S000ceessnens o 4, , toe 0%0 %?V) é- 1: Tt00eenneeee o 00040 J20 MY ;'
—~ 104_i x i‘ o 15 Ooo..,.”.... ( x10* ) E_
'% 2 r E .'0...40M9V§
= .27 F E (x0°) F
o107 3 . 3 E
, : 4 E 2
[ N [ 10 = . .
K “g " E E FIG. 8. Experimental angular
€ 10° 4 r y r distributions and MSD calcula-
N o] 3 tions for ®Ta(p,p’). See also
W 3 = 01 E tion for Fig. 2
'Y 1072 ] * o 100 MevE 3 3 caption for Fig. 2.
S 3 () & 4 3
() 3 r 3 F
© 107 T 4
+ 120 MoV I 3 3
07 10 — T T T T
0 40 80 120 160 200 0 40 80 120 160 200
o (deg) 6 (deg)

Our MSD calculations reproduce the angular distributionsvalues again show a definite energy dependence, but it ap-
for all the targets quite well. The contribution of multipar- pears to be a slightly weaker dependence on the energy than
ticle emission can be seen to be quite important for highthe optical model predictiofl—3].
excitations and forward angles. There is, however, still a Figure 9 shows calculations where an energy-dependent
shortfall by a factor of 2—3 in the theoretical values at highV, has been used. The solid line shows a theoretical calcu-
excitation. However, the use of an energy-dependgnin- lation with a constant/,, the dashed line an exponential
creases the cross section in this region, as will be discusseshergy variation found previous[y.] of
in Sec. IV B, and can possibly explain the remaining discrep-
ancy. There may also be a small multistep compound contri- Vo = exp —0.004E]
bution in this energy region, but it is likely to be small at an . ) .
outgoing energy as high as 20 MeV. It has also been Suga_md the dotted line with a linear dependence, namely,
gested[25,2q that multistep compound emission can also
result from transitions from th® (direct to the Q (com-

pound chain after the first step, even at high incident ener- . .
gies where the feeding of th® chain from the entrance The slope of the Ilne_ar_dependence was chqsen to approxi-
channel is negligible mate the energy variation &fy as found in this study. As

At the lower excitation energy the contribution of multi- may be seen in .F'g' 9, the spem_ﬂc choice of Fhe_ energy
nucleon emission calculated according to the method ngapendence |mp_I|e_s some uncertainty at low emission ener-
Chadwicket al. [8] is negligible. Some contribution due to gies. However, it is significant that the use of an energy

. oL . . ndence incr he cr ion at higher excitation
collective excitations may still add to the cross section aﬁggzugee itC ﬁascbiﬁeghtove\:/: t%sz:\? fnejiiﬁuc?;onge?nisesigrgaégeg
these low excitation energies, as well as the knock-out con:-

o ; not account completely for the discrepancy in this region.
tribution already mentioned. The two effects taken together, with appropriate rescaling of
the effective interaction strength, can explain this discrep-
ancy.

Our calculated values of the effective interaction strength Previous studies have shown that the strength of the ef-
V, are based on a simple Yukawa force of 1 fm range. ltfective interactionVy may be mass dependent. Whereas
should be noted that a factor of 0.25 in the first step of thesimilar values ofV, were found for several nuclei with
multistep chain, originally introduced into the Milan code to 89<A=100 [3], a higher value was found fotNi and a
distinguish betweenp(,n) and (p,p’) reactions[27], but  lower value for**’Au [2]. The targets in the present study
subsequently also used fop,{p’) reactions, has been re- were chosen to investigate the nature of the variation from
tained for the sake of consistency in the comparisogf mass 100 to about 200. In Fig. 10 we show this dependence
values. Ideally, the distinction between protons and neutronfor the different incident energies employed. A definite gen-
should be based on a two-component formulation of theeral decrease iV, as a function of mass is observed. This
theory. confirms the result of2] which provided tentative evidence

Two aspects of the strength of the effective interaction ardor a possible target-mass dependence. Some of the possible
noteworthy, namely, the energy dependence and the depeexplanations for such aA dependence could be:
dence on the mass number of the target. The energy depen- (1) The A dependence of the level density. Referef®e
dence oV, has been noted in several studies and, in particuindicates that the pre-equilibrium data are not sensitive to the
lar, the relationship to theoretical optical model studiesshell structure of the target nucleus, which can, thus, be
which imply an exponential variatiofi20]. Our extracted eliminated as a source of the mass dependence. The expres-

Vo=18.2—0.04€.

B. The effective two-body interaction
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FIG. 9. Theoretical predictions fot®Ta(p,p’) with different

functional forms of the energy dependence of the effective interac- . f | b 15° and 160°. Th
tion in the multistep calculations. The solid line is a calculation with gles, Tor an angular range between an - 'he con-

no energy dependence, the broken line an exponential energy déibution of two-nucleon emission, calculated by the method
pendence, and the dashed line a linear energy dependence. See @f&hadwicket al.[8], leads to an improvement in the agree-
text for the parameters used in the different forms. ment between theory and experiment for forward angles at
the highest excitation energies. We have also shown that for
an energy-independeiv,, the calculated cross sections are
sion for the level density, used in the present study, is base'am in conflict with the unitarity requirement on the reaction

. ) ' .. CIOSS section.
on the Fermi gas model and could be inadequate, since it haé . . T
9 q This study has confirmed earlier indications that the ex-

only been verified at low excitation energies. This would be d hs of the effective | . q
reflected in arA dependence of the effective interaction. Thelracted strengths of the efiective interaction are mass depen-

semiclassical approximation used in RE28] predicts a dent. We have a_Iso suggested that a large part of this mass
level density parameter which has Andependence some- depe.ndenc.e derlyes from a mass dependence of the level
what different from that usually employed€A), leading to ~ density. This has important consequences for the use of mul-
a trend in theV, values which is similar to that found in the tistep direct theory in applications such as calculating activa-
present study, as shown in Fig. 10. tion cross sections, background contributions to giant reso-

(2) Shell-model two-body effective interactions in a finite hances and Gamow-Teller strength distributions, and
model space exhibit a mass dependdi2&. Inadequacies in medical radiotherapy dosages.
the description of particle and hole states according to a sim- The multinucleon contribution calculated does not ac-
plistic spherical Nilsson shell model, such as the ordering ofount completely for the discrepancy between theory and
single-particle states, may also contribute to Ardepen- experiment at low emission energies. This is partly as a re-
dence. sult of using an energy-independefy in the multistep part

(3) The optical potentials employed in this wdik2] have  of the calculation. An energy-dependafgincreases the cal-
only a minor A-dependent part, based on the asymmetryculated cross section, and with appropriate rescaliny ©f
term. Other global optical potentials have used parametensie two effects taken together can give a good reproduction
with a definite dependence @h[30]. It is conceivable that of the angular distribution at high excitation energies, but
some systematic effect in the global potentials could causdifferent assumed energy dependencies lead to slightly dif-

an A-dependent effect iv. ferent predictions. There is clearly a need to delineate this
energy dependence more accurately than is known at present.
V. SUMMARY AND CONCLUSIONS Ideally, a more realistic interaction form than a simple

Yukawa potential should be used, which would also make

It has been shown that the statistical multistep direcipossible the prediction of polarization observables such as
theory of Feshbach, Kerman, and Koo reproduces the the analyzing power. We conclude that, although multipar-
(p,p") continuum angular distributions of the selected targeticle emission is physically appealing as an important pro-
nuclei reasonably well over a range of incident energies frontess at the incident energies employed in this study, better
100 to 200 MeV, and a wide range of proton emission enerinformation regarding the exact energy dependence of the
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strength of the effective interaction is required for an accu-cations that knock-out contributions which involve a multi-
rate assessment of quantitative improvements of the theoregarticle emission mechanism, not included in this paper, are
cal formulation. important.

There may also be some contribution from multistep com-  we would like to thank Mark Chadwick for providing us
pound emissior3]. At higher emission energies the multi- with a copy of the multiple emission computer program, and
step compound component is negligible, but there are indikhelpful discussions regarding its implementation.
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