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Inclusive „p,p8… reactions on nuclei in the mass range 115 to 181 at incident energies
from 120 to 200 MeV
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Double differential cross sections have been measured for inclusive (p,p8) reactions on115In, 167Er,
173Yb, and181Ta at incident proton energies of 120, 150, 175, and 200 MeV and for141Pr 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.
@S0556-2813~96!00809-6#

PACS number~s!: 25.40.Ep, 24.60.Gv
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I. INTRODUCTION

In previous papers@1–3#, pre-equilibrium (p,p8) cross-
section measurements and multistep direct calculations w
compared for90Zr ~80 to 200 MeV!, 58Ni, 100Mo, 197Au
~100 to 200 MeV!, 89Y, 92Mo, 94Mo, 96Mo, and 98Mo ~120
to 200 MeV!. Angular distributions were calculated with th
multistep direct reaction code of Bonetti and Chiesa@4#,
hereafter referred to as the Milan code, based on the stat
cal multistep direct reaction theory of Feshbach, Kerma
and Koonin~FKK! @5#. In these studies it was shown that th
FKK theory gives reasonably good results with only one fr
parameterV0, the strength of the simple effective interactio
used, a Yukawa potential of 1 fm range. However, an un
pected mass dependence was seen in the extractedV0 values.
For several nuclei with 89<A<100, similarV0 values were
obtained @3#, but for 58Ni much higher values and for
197Au much lower values were extracted@2#. The targets in
the present study,115In, 141Pr, 167Er, 173Yb, and 181Ta, were
chosen to investigate the mass dependence in the region
tween mass 100 and mass 197.

Some important calculational improvements were made
the multistep direct reaction~MSD! code used@4# in order to
obtain as reliableV0 values as possible. Spurious value
could result, for example, from the use of too few particl
hole exciton configurations@6#, or restrictions on the numbe
of configurations in the multistep part of the calculatio
which may lead to a false mass dependence.

Although good agreement between the FKK theory a
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experiment has been obtained on the whole, systematic
viations at very high and very low emission energies ha
been noted@2,3#. It has long been recognized that multipl
pre-equilibrium emission processes are important in inelas
reactions at incident energies in the 100 MeV region, and
has been suggested@2# that the discrepancies could be ass
ciated with such processes. The importance of multinucle
emission is expected to grow with increasing incident e
ergy, and for the relatively high energies used in this study
is essential to investigate this contribution.

Because the original FKK theory does not include th
possibility of the emission of two or more nucleons from
particular exciton stage (np–nh excitation, with an 2n the
exciton number!, and the inclusive measurements do not e
clude the possibility of a detected nucleon being accom
nied by another, there is a need to extend the basic theor
energies where multiple emission is possible. The quantu
mechanical extension of the FKK theory has been provid
by Ciangaru@7#, but the implementation is not straightfor
ward. Recently, Chadwicket al. @8# have shown how mul-
tiple pre-equilibrium emission~two-nucleon emission! can
be approximated in the multistep direct calculations. Th
method makes use of distorted wave Born approximat
~DWBA! matrix elements already calculated for the prima
~single-nucleon! emission and accordingly, is relatively
simple to implement. In this work the contribution of two
nucleon emission to the cross section is calculated using
method of Chadwick and co-workers. The angular depe
dence of the multiple emission is investigated as well.

The theoretical work in the present study is also importa
1756 © 1996 The American Physical Society
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from the point of view of studies of the Gamow-Telle
strength distribution in nuclei@9# and medical applications of
proton-nucleus interactions, e.g., proton radiotherapy. In
der to extract the true Gamow-Teller strength in charg
exchange reactions involving high excitations, it is necess
to perform a background subtraction in the continuum
gion, and it is, therefore, vital to be able to predict the mu
tistep direct contribution as accurately as possible. The me
odology of making such predictions is also applied to do
rate calculations involving nuclei of biological importanc
In the present study it will be shown that two importa
ingredients that must be considered in such predictions
multiparticle emission and the energy dependence of
strength of the two-body interaction.

In Sec. II the experimental details are discussed. The
clusion of the multiple pre-equilibrium emission in the FKK
theory is discussed in Sec. III A. In Sec. III B important fe
tures of the theoretical calculations are discussed. Sec
IV A consists of a comparison between the theoretical a
experimental angular distributions of the continuum spec
at selected emission energies, and in Sec. IV B system
trends of the effective interaction strengthV0 ~dependence
on mass and energy! are investigated. Finally, in Sec. V, a
summary of the main conclusions is given.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the cyclotron facility
the National Accelerator Centre, Faure. Accounts of t
equipment and experimental technique have been prese
in Refs.@10–12#. The targets used and target thicknesses
summarized in Table I. Target thicknesses were determi
by comparing the measured energy loss of alpha partic
from a 228Th source with calculated values using stoppin
power tables of Ziegler@13#. The absolute thickness dete
mination is accurate to within 8% due to uncertainties in t
energy-loss calculation, and relative errors are less than
The target uniformity is typically' 1%/mm. The overall
systematic error in the cross-section data is considered to
less than 10%.

Corrections for the reaction tail and efficiency of the N
detectors followed the procedure described by Greenet al.
@14#, where they assume that the reaction tail increases
early from zero at zero energy to a maximum at the f
energy of the detected particle. This assumption was chec
in a previous experiment by employing a coincidence se
@3#, and it was found to be sufficiently good to warrant usin
the linear approximation.

III. THEORY

A. Inclusion of multiple pre-equilibrium emission
in the multistep direct calculations

The FKK theory@5# of multistep direct emission has fre
quently been described. A summary of the formalism can

TABLE I. Target thicknesses in mg cm22.

115In 141Pr 167Er 173Yb 181Ta

3.44 3.74 2.50 1.63 3.47
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found in Ref. @2# and a more detailed description in Ref
@15#. In previous calculations for incident projectile energie
up to 200 MeV a good overall description of the angula
distributions has been found, but the theoretical cross se
tions at the lowest emission energies have been found to
systematically too low. For such high excitations of the re
sidual nucleus it has been suggested that the discrepa
could be due to multiparticle emission, in this case two
proton emission, which is not included in the FKK calcula
tions ~Ref. @2#!. The fact that this discrepancy appears t
become more prominent at higher incident energy seems
be consistent with such an interpretation.

The original formulation only takes into account the pre
equilibrium emission of one particle~primary pre-
equilibrium emission!, whereas it is possible for a second
accompanying nucleon~secondary pre-equilibrium emission!
to carry away some of the available energy and to leave t
residual nucleus in a different state. Either one of the tw
emerging particles can be observed in the single detec
employed in inclusive experiments. The emission of mo
than one particle in the pre-equilibrium energy region ca
originate from different mechanisms:

~1! First, one can envisage a fast direct knock-out proce
where the incoming nucleon imparts enough energy for bo
nucleons to be emitted into the continuum. One or both
the nucleons may, of course, undergo subsequent scatte
or absorption by the rest of the nucleus. This process h
been studied experimentally@10# and computer codes exist
@16# which model this mechanism.

~2! Second, a nucleon which has been excited in ap-h
excitation process to a loosely bound excited state, may su
sequently be emitted.

FIG. 1. Calculated (p,p8) and (p,n) MSD angular distributions
for a 181Ta target at 200 MeV incident energy. The dashed lin
corresponds to neutron emission and the solid line to proton em
sion. The same two-body interaction strengthV0 is used in both
cases. Results are multiplied by the indicated factors for display
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1758 54W. A. RICHTERet al.
~3! Finally, nucleons may be emitted from the equili
brated compound nucleus.

None of these mechanisms are included in the stand
FKK theory. In this multistep direct reaction model, energ
is dissipated only by the excitation of one or more particl
hole excitations. The third mechanism is expected to pl
only a minor role since the lowest outgoing energy measur
is 20 MeV. The first mechanism was discussed briefly
Ref. @2#, where it was found to be important at the highe
outgoing energies. It is expected to be one of the possi
reasons for the underprediction in our calculated cross s
tions at the higher outgoing energies. We have not includ
calculations using this mechanism in the present paper, si
it only appears to be noticeable at very low excitation ene
gies. Furthermore, a proper inclusion of the process in t
theory requires a coherent treatment, which was not dev
oped in the present work.

The second mechanism has been the subject of a deta
investigation by Chadwicket al. @8#. They have described an
approximate way to take emissions of this type into accou
Their procedure has been followed in the calculations in th
paper. The basic expression used for the double differen
cross section for two-nucleon emission is

S d2s

dEdV D
mult

~Nj !

5S ds

dED
mult

~Nj !

3S d2s

dEdVY ds

dED
prim

~Nj !

,

whereE5emission energy of second pre-equilibrium pa
ticle, N5pre-equilibrium stage (p5h5N before emission!,
and j5label of type of multiple pre-equilibrium particle.

FIG. 2. Angular distributions for181Ta(p,p8) at 200 MeV inci-
dent energyEp and various emission energiesEp8. Statistical error
bars are shown where these exceed the symbol size. The curve
the results of MSD calculations. The dashed line corresponds
primary emission only and the solid line to primary emission plu
two-nucleon emission. Results are multiplied by the indicated fa
tors for display and are given in the laboratory system.
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In the above expression,

S ds

dED
mult

~Nj !

5 (
i5p,n

E
U5E1B

Umax S ds

dUD ~N,i !

Pj~E!Tj~E!dU

wherei5label of type of primary-emitted particle (p5 pro-
ton, n5 neutron!, (ds/dU)(Ni)5differential cross section
for primary pre-equilibrium emission of a nucleon of typei
from stageN as a function of residual nucleus energy, ob
tained from angle integration,B5separation energy,
U5energy of particle-hole state after primary emission
Pj (E)5probability of finding a particlej at energy (E1B)
inside a p-h exciton configuration of energyU, and
Tj (E)5transmission coefficient representing the probabilit
of the continuum particle escaping with energyE. Further
details can be found in Ref.@8#.

The basic input required for the multiple emission pro
gram consists of the primary double differential cross se
tions calculated by some multistep direct~MSD! code. In our
case the cross sections were calculated using the Milan co
@4#, and hence the latter code was adapted to provide
input suitable for use with the multiple emission program o
Chadwicket al. @8#. It is also necessary to provide double
differential cross sections for both neutron and proton em
sion since primary emission of a neutron or proton may b
accompanied by further proton emission. Because very lit
(p,n) data is available at the higher incident energies, one
faced with the problem of normalizing the (p,n) angular
distributions correctly, i.e., choosing the appropriateV0
value. Some (p,n) data in the energy region of interest is
available for an incident energy of 160 MeV, employed in a
experiment by Scobelet al. @17# on a 90Zr target nucleus.
Using (p,p8) data on the same nucleus at 160 MeV obtaine
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s
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FIG. 3. Angular distributions for181Ta at 175 MeV incident
energy. See also caption for Fig. 2.
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FIG. 4. Experimental angular distributions and MSD calculations for115In(p,p8) at various incident energiesEp and emission energies
Ep8. Two-nucleon emission has been included in the calculations. See also caption for Fig. 2.
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in an earlier experiment@1#, the ratio of theV0 values for
(p,p8) and (p,n) can be obtained. We obtain a value o
V0(p,p8)/V0(p,n)51.1 ~ignoring the possibility of two-
nucleon emission! which can be compared to typical value
of about 1.3 calculated by Chadwicket al. @8# for the same
reaction. This difference in the ratio gives some indication
the uncertainty associated with values extracted from
comparison of the theoretical results with the experimen
data. In this work we use a ratio of 1.1 for all our targets a
incident energies to determine theV0 values to be used for
the primary (p,n) cross sections once theV0 value for
(p,p8) has been determined in a fit to our data.

The V0 value for the primary (p,p8) process is deter-
mined in this work by requiring a good fit between theo
and experiment for some intermediate emission energy, e
100 MeV for a 200 MeV incident proton. It is evident from
previous work@2,3#, as well as from the present data, that f
f

s
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tal
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the highest emission energy~typically about 20 MeV less
than the incident energy!, the shape of the angular distribu-
tion is not well reproduced by the theory. Hence, it is not
possible to normalize the theory at such a high emissio
energy. At an emission energy of 100 MeV the calculated
correction for two-nucleon emission is almost negligible, as
will be shown below, and hence, theV0 value can be deter-
mined from a consideration of the primary emission of pro-
tons only.

Some consideration has to be given to the matter of th
violation of unitarity, raised by Chadwicket al. @8#. It was
pointed out that if theV0 value was determined from a cal-
culation which did not include two-nucleon emission, an
overestimatedV0 value would result from a fit to the data,
and the corresponding calculated cross sections would e
ceed the reaction cross section. It should be emphasize
however, that since we normalize our calculations at an
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FIG. 5. Experimental angular
distributions and MSD calcula-
tions for 141Pr(p,p8). See also
caption for Fig. 2.
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emission energy where the multinucleon contribution can
neglected, theV0 value determined is generally independe
of whether multinucleon emission has been included or n
This also holds for past practice. Because the calcula
cross sections are fairly sensitive to theV0 value adopted, as
a result of theV0

2n dependence of thenth step contribution,
care has to be taken that the unitarity is not violated. As w
be shown in Sec. IV A for the targets considered, the to
cross sections obtained are not in conflict with the unitar
requirement.

In practice, it was found that the (p,n) and (p,p8)
double-differential cross sections are very similar in sha
and magnitude for the same two-body interaction stren
V0. In Fig. 1 the calculated (p,n) and (p,p8) angular distri-
butions for a 181Ta target at 200 MeV incident energy fo
primary emission only are compared. When using the p
mary (p,p8) cross sections with aV0 value scaled down by
the factor 1/1.1 as described above to approximate
(p,n) contribution, the multinucleon emission contribution
practically the same as when using the (p,n) cross sections
explicitly. This could simplify the calculations as the (p,n)
cross sections do not have to be calculated, although in
work they were calculated explicitly.

Another approximation inherent in the method of Cha
wick et al. @8# involves an estimate of the transmission c
efficients for the second proton or neutron emitted. This
particularly important at the lower emission energies beca
of the restricting effect of the Coulomb barrier on proton
These transmission coefficients have been calculated fro
Gamow factor given in Ref.@18#. The angular distribution of
the second emitted nucleon is assumed to be the same a
angular distribution of a primary process causing this em
sion. This approximation is reasonable since the second
emission is fairly isotropic in the energy range where
makes the largest contribution.

Since the effect of multinucleon emission in the proce
considered by Chadwicket al. @8# is expected to be more
important for the highest incident energy, consider first t
angular distribution for181Ta for an incident proton energy
of 200 MeV. In Fig. 2 the experimental and theoretical a
be
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gular distributions are compared for the cases of~i! no mul-
tiple nucleon emission and~ii ! two-nucleon emission in-
cluded in the calculations. It is evident that at the highe
excitation energies of the residual nucleus the multiple em
sion leads to a significant improvement in the agreeme
between experiment and theory. For lower excitation ene
gies the effect of multiple emission is very small. In Fig. 3
similar comparison is shown for181Ta at an incident energy
of 175 MeV.

In the calculations of Figs. 2 and 3, no energy dependen
of the effective interaction in the multistep parts of the ca
culations has been considered. As will be shown in Se
IV B, the remaining discrepancy at the lowest outgoing en
ergy would be much smaller if we used an energy depe
dence.

Discrepancies between theoretical and experimental cro
sections are also prominent at high emission energies, a
may be linked with multiple emission as well, but in this
case with the direct two-particle knock-out mechanism r
ferred to as the first type earlier in this section. This inte
pretation is suggested by the calculations of Ref.@2#.

B. Calculational details

A level density parametera inversely proportional to the
mass numberA of the target nucleus has been assumed, as
Ref. @2#, viz., a5A/8.5 MeV21. In the calculations a value
must also be chosen for the spin cutoff parameters in the
spin distribution formula. We have used a value o
A0.24nA2/3, as suggested by@19#. Here,n is the number of
particles plus holes excited in each successive step of
reaction cascade, i.e.,n52.

A Yukawa potential of range 1 fm was used for the two
body effective interaction, of which the strengthV0 is ad-
justed to best reproduce the data. The calculated cross s
tions were normalized by choosing values ofV0 to give the
best overall agreement with the experimental angular dist
bution at an emission energy corresponding to half the inc
dent energy.
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FIG. 6. Experimental angular
distributions and MSD calcula-
tions for 167Er(p,p8). See also
caption for Fig. 2.
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There is strong evidence from previous studies that
effective nucleon-nucleon interaction is energy depend
@20,1–3,21#, which means that a differentV0 should be used
for successive stages in the multistep calculations. The ef
of this dependence ofV0 is considered in detail in Sec. IV B
However, to simplify the study of the influence of mult
nucleon emission, and because theE dependence ofV0 is not
known a priori, the energy dependence ofV0 has been ig-
nored in all our other calculations.

The number of partial wavesLmax used in the DWBA
calculations varied between 30~for incident energy
Ep5120 MeV! and 70~for incident energyEp5200 MeV!,
and the number of steps in the cascade employed in the
culations varied from five for the lower to eight for th
higher incident energies. For some previous calculations
to 200 MeV, angular momentum transfer values up
L58 have been used. The effect of including values up
L512 has been investigated, and it was found that there
the
ent

fect
.
i-

cal-
e
up
to
to
is a

minimal difference in the angular distributions compared t
those calculated withL58. Hence, the latter limit was gen-
erally used.

A significant improvement over previous calculations
with the Milan code was to include more than onep-h tran-
sition for a particular energy bin and angular momentum
transfer in the multistep part of the code. This restrictio
appeared to lead to some spurious results@6# in some cases
where the angular distributions showed a marked sensitivi
to the particular set of configurations chosen~pairs of Nils-
son single-particle states for ap-h transition!. In particular,
theV0 values extracted will then not be reliable, which will,
in turn, affect conclusions regarding the energy and ma
dependence of the strength of the effective interaction.
addition, a larger number of configurations were chosen fo
the first step compared to previous calculations, viz., typ
cally about 12 configurations, and the same number was a
used for the multistep part.
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FIG. 7. Experimental angular
distributions and MSD calcula-
tions for 173Yb(p,p8). See also
caption for Fig. 2.
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IV. RESULTS AND DISCUSSION

A. Comparison of theoretical and experimental
angular distributions

The angular distributions for the targets115In, 141Pr,
167Er, 173Yb, and 181Ta, at proton incident energies betwee
120 and 200 MeV are given in Figs. 2 to 8 for a range
energies of the emitted proton~or excitation energy of the
residual nucleusU5Ep2Ep8, in the case of one-particle
emission!. The theoretical angular distributions, calculated
described in Sec. III B and including two-nucleon emissio
are compared with the experimental data.

For 181Ta at 200 MeV incident energy, the total reactio
cross section given by the optical model, using the Schwa
potential@22#, is 1574 mb.~Using the Madland potential@23#
it is 1379 mb.! For comparison, the reaction cross secti
can also be calculated from a semiempirical energ
dependent formula given in Ref.@24#, which gives a value of
1450 mb, reasonably consistent with the optical model v
ues. Our total calculated cross section for (p,p8) is 882 mb,
n
of

as
n,

n
ndt

on
y-

al-

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 sectio
of 1501 mb, which is less than the reaction cross section
1574 mb. There will also be a small contribution from pro
cesses such as (p,d) and (p,a). For a 90Zr target, for ex-
ample, with protons incident at 160 MeV, this contribution
has been estimated by Chadwicket al. to be 60 mb. For
181Ta at 120 MeV incident energy, the reaction cross sectio
is 1628 mb~based on the Schwandt potential!, while the total
calculated (p,p8) cross section is 896 mb~174 mb is due to
two-nucleon emission! and for (p,n) it is 560 mb~265 mb is
due to two-nucleon emission!, giving a total of 1456 mb.
Thus the unitarity requirement is not violated. For the othe
two incident energies, 150 and 175 MeV, the calculated a
reaction cross sections have values close to the ones ill
trated here. For the other four targets this trend is genera
also true, with cross sections of similar magnitude as in th
examples above.
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FIG. 8. Experimental angular
distributions and MSD calcula-
tions for 181Ta(p,p8). See also
caption for Fig. 2.
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Our MSD calculations reproduce the angular distributio
for all the targets quite well. The contribution of multipar
ticle emission can be seen to be quite important for hi
excitations and forward angles. There is, however, still
shortfall by a factor of 2–3 in the theoretical values at hig
excitation. However, the use of an energy-dependentV0 in-
creases the cross section in this region, as will be discus
in Sec. IV B, and can possibly explain the remaining discre
ancy. There may also be a small multistep compound con
bution in this energy region, but it is likely to be small at a
outgoing energy as high as 20 MeV. It has also been su
gested@25,26# that multistep compound emission can als
result from transitions from theP ~direct! to theQ ~com-
pound! chain after the first step, even at high incident ene
gies where the feeding of theQ chain from the entrance
channel is negligible.

At the lower excitation energy the contribution of multi
nucleon emission calculated according to the method
Chadwicket al. @8# is negligible. Some contribution due to
collective excitations may still add to the cross section
these low excitation energies, as well as the knock-out co
tribution already mentioned.

B. The effective two-body interaction

Our calculated values of the effective interaction streng
V0 are based on a simple Yukawa force of 1 fm range.
should be noted that a factor of 0.25 in the first step of t
multistep chain, originally introduced into the Milan code t
distinguish between (p,n) and (p,p8) reactions@27#, but
subsequently also used for (p,p8) reactions, has been re-
tained for the sake of consistency in the comparison ofV0
values. Ideally, the distinction between protons and neutro
should be based on a two-component formulation of t
theory.

Two aspects of the strength of the effective interaction a
noteworthy, namely, the energy dependence and the dep
dence on the mass number of the target. The energy dep
dence ofV0 has been noted in several studies and, in partic
lar, the relationship to theoretical optical model studie
which imply an exponential variation@20#. Our extracted
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values again show a definite energy dependence, but it a
pears to be a slightly weaker dependence on the energy th
the optical model prediction@1–3#.

Figure 9 shows calculations where an energy-depende
V0 has been used. The solid line shows a theoretical calc
lation with a constantV0, the dashed line an exponential
energy variation found previously@1# of

V0 } exp@20.0049E#

and the dotted line with a linear dependence, namely,

V0518.220.048E.

The slope of the linear dependence was chosen to appro
mate the energy variation ofV0 as found in this study. As
may be seen in Fig. 9, the specific choice of the energ
dependence implies some uncertainty at low emission ene
gies. However, it is significant that the use of an energ
dependence increases the cross section at higher excitatio
because it has been shown that multinucleon emission do
not account completely for the discrepancy in this region
The two effects taken together, with appropriate rescaling
the effective interaction strength, can explain this discrep
ancy.

Previous studies have shown that the strength of the e
fective interactionV0 may be mass dependent. Wherea
similar values ofV0 were found for several nuclei with
89<A<100 @3#, a higher value was found for58Ni and a
lower value for 197Au @2#. The targets in the present study
were chosen to investigate the nature of the variation fro
mass 100 to about 200. In Fig. 10 we show this dependen
for the different incident energies employed. A definite gen
eral decrease inV0 as a function of mass is observed. This
confirms the result of@2# which provided tentative evidence
for a possible target-mass dependence. Some of the poss
explanations for such anA dependence could be:

~1! TheA dependence of the level density. Reference@3#
indicates that the pre-equilibrium data are not sensitive to th
shell structure of the target nucleus, which can, thus, b
eliminated as a source of the mass dependence. The exp
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sion for the level density, used in the present study, is ba
on the Fermi gas model and could be inadequate, since it
only been verified at low excitation energies. This would
reflected in anA dependence of the effective interaction. Th
semiclassical approximation used in Ref.@28# predicts a
level density parameter which has anA dependence some
what different from that usually employed (a}A), leading to
a trend in theV0 values which is similar to that found in the
present study, as shown in Fig. 10.

~2! Shell-model two-body effective interactions in a finit
model space exhibit a mass dependence@29#. Inadequacies in
the description of particle and hole states according to a s
plistic spherical Nilsson shell model, such as the ordering
single-particle states, may also contribute to anA depen-
dence.

~3! The optical potentials employed in this work@22# have
only a minor A-dependent part, based on the asymme
term. Other global optical potentials have used parame
with a definite dependence onA @30#. It is conceivable that
some systematic effect in the global potentials could ca
anA-dependent effect inV0.

V. SUMMARY AND CONCLUSIONS

It has been shown that the statistical multistep dire
theory of Feshbach, Kerman, and Koonin@5# reproduces the
(p,p8) continuum angular distributions of the selected targ
nuclei reasonably well over a range of incident energies fr
100 to 200 MeV, and a wide range of proton emission en

FIG. 9. Theoretical predictions for181Ta(p,p8) with different
functional forms of the energy dependence of the effective inter
tion in the multistep calculations. The solid line is a calculation wi
no energy dependence, the broken line an exponential energy
pendence, and the dashed line a linear energy dependence. Se
text for the parameters used in the different forms.
sed
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gies, for an angular range between 15° and 160°. The co
tribution of two-nucleon emission, calculated by the metho
of Chadwicket al. @8#, leads to an improvement in the agree
ment between theory and experiment for forward angles
the highest excitation energies. We have also shown that
an energy-independentV0, the calculated cross sections ar
not in conflict with the unitarity requirement on the reactio
cross section.

This study has confirmed earlier indications that the e
tracted strengths of the effective interaction are mass dep
dent. We have also suggested that a large part of this m
dependence derives from a mass dependence of the le
density. This has important consequences for the use of m
tistep direct theory in applications such as calculating activ
tion cross sections, background contributions to giant res
nances and Gamow-Teller strength distributions, an
medical radiotherapy dosages.

The multinucleon contribution calculated does not ac
count completely for the discrepancy between theory a
experiment at low emission energies. This is partly as a r
sult of using an energy-independentV0 in the multistep part
of the calculation. An energy-dependentV0 increases the cal-
culated cross section, and with appropriate rescaling ofV0,
the two effects taken together can give a good reproducti
of the angular distribution at high excitation energies, bu
different assumed energy dependencies lead to slightly d
ferent predictions. There is clearly a need to delineate th
energy dependence more accurately than is known at pres
Ideally, a more realistic interaction form than a simpl
Yukawa potential should be used, which would also mak
possible the prediction of polarization observables such
the analyzing power. We conclude that, although multipa
ticle emission is physically appealing as an important pr
cess at the incident energies employed in this study, bet
information regarding the exact energy dependence of t

ac-
th
de-
e the

FIG. 10. The extractedV0 values as a function of the mass of
the target. Error bars reflecting the estimated theoretical uncertai
are only shown for the top and bottom data sets, and the dash
lines serve to guide the eye. The uppermost set of values have b
calculated with arbitrary normalization using a semiclassical lev
density expression from Ref.@28#.
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strength of the effective interaction is required for an ac
rate assessment of quantitative improvements of the theo
cal formulation.

There may also be some contribution from multistep co
pound emission@3#. At higher emission energies the mul
step compound component is negligible, but there are i
cu-
reti-

m-
ti-
ndi-

cations that knock-out contributions which involve a multi
particle emission mechanism, not included in this paper, a
important.

We would like to thank Mark Chadwick for providing us
with a copy of the multiple emission computer program, an
helpful discussions regarding its implementation.
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