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We present a multistep direct reaction theory for analyzing nucleon-induced reactions to the continuum for
incident energies up to 200 MeV. Two principal advances in multistep direct theory are st(died.
microscopical approach is given for calculating distorted-wave Born approxim@MBA) transitions to the
continuum, where transitions to all accessibfeii shell model states are explicitly determined. These states,
obtained from a simple noninteracting Nilsson model, are assumed to be spread according to Gaussian distri-
butions. In this approach, therefore, state densities are not used. We also provide a link with more conventional
methods that utilize particle-hole state densities, and present a more accurate technique for sampling the
DWBA strength.(2) A two-component formulation of multistep direct reactions is given, where neutron and
proton excitations are explicitly accounted for in the evolution of the reaction, for all orders of scattering. We
show that the attractive convolution structure for multistep processes persists within a two-component formal-
ism, and conveniently automatically generates the many reaction pathways that can occur in the Feshbach-
Kerman-Koonin expansion of the multistep cross section when neutron and proton excitations are followed.
This formalism is particularly important for the simultaneous analyses of neutron and proton emission spectra.
The multistep direct theory is applied, along with theories for multistep compound, compound, and collective
reactions, to analyze experimental emission spectra for a range of targets and energies. Particular attention is
paid to a complete and comprehensive analysis of all important decay channels and reaction mechanisms. We
show that the theory correctly accounts for measured neutron and proton emission angle-integrated spectra, as
well as angular distributions. Additionally, we note that these microscopic and two-component developments
facilitate more fundamental studies into effective nucleon-nucleon interactions in multistep calculations.
[S0556-2818@7)01108-4

PACS numbgs): 24.60.Gv, 24.60.Dr, 25.40.Ep, 24.5Q

[. INTRODUCTION sion of discrete direct reactions to this continuum part of the
spectrum is then provided by the multistep dirébtSD)

The preequilibrium nuclear reaction mechanism com-model (where in the term “MSD” the important one-step
prises the bridge between fast, direct processes, and slogirect cross section is includedWhen a reaction proceeds
compound processes, and accounts for the high-energy tallyy the MSD mechanism, it is imagined that at least one
in emission spectra and the smooth forward-peaked angulgrarticle is in the continuum throughout the process and that
distributions. In recent years quantum mechanical theorieat each subsequent step of the reaction a new particle-hole
have been developed to describe these mecharism3| pair is created. After one or a few collisions, the continuum
and the advent of fast computers has enabled numerical comarticle is emitted in a direction that still has retained some
putations of these cross sections. After pioneering calculacoupling to the initial direction and is therefore forward
tions by Tamureet al. [4] and Bonetti and co-workei$,6], peaked. The main difference with conventional direct reac-
several independent and more sophisticated computer codésn theories is the high density of final and intermediate
for both multistep directMSD) and multistep compound states, which necessitates statistical postulates in the direct
(MSC) processes have emerged, enabling a better insigheaction formalism so that the analysis of these processes
into the contributions of each reaction mechanism to tha@emains tractable. The three most prominent statistical MSD
spectrum. Although some controversies regarding the undetheories are those of Feshbach, Kerman, and Ko@FiK)
lying quantum statistics in multistep reactions still exist[8], Tamura, Udagawa, and Lensl (TUL), and Nishioka,
(such as causality issues in the MSD theory of FeshbachVeidenmilier, and YoshidaNWY) [10]. A comparison of
Kerman, and Koonif7,8]), quantum mechanical preequilib- both the theoreticalll] and practical12] aspects of these
rium theories tend to account for experimental anglednodels revealed that the FKK model, derived using a statis-
integrated emission spectra with an accuracy comparable tical assumption called leading-particle statistics, is compu-
that found in the semiclassical models, and with a highetationally the most attractive model because of its convolu-
accuracy for angular distributions, competing with the phetion structure. Furthermore, it was concluded that, despite
nomenological experiment-based systematics of Kalpdth considerable theoretical differences concerning their

In cases where direct reactions account for scattering tquantum-statistical assumptions, the three models appear to
low-lying discrete states, it is natural to expect that sucthave essentially equivalent predictive powers with respect to
directlike mechanisms persist in the continuum. An exten-double-differential cross sections when they are calculated
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on the same consistent basis. The relative simplicity of the Il. THEORY
FKK equations is reflected by the popularity of this model in The double-differential MSD cross section to the con-

nuclear_ reaction analyses. . . inuum is an incoherent sum of a one-step term and multistep
Previous analyses of MSD reactions have largely ignore o

ms,

complications which arise due to the possibility of exciting

both neutron and proton excitations during the multistep re- dZUjH(E1Q<_EO,QO) * d2UJ(fL>i(E,Q<_E,QO)

action (some recent works have made some studies in this dOdE = 21 dOdE )
=

area, resulting in correction factors for one-step scattering
[13]). In this paper we present a formalism for calculating
MSD cross sections in a fully two-component theory wherewhereE,,Q,,i, andE,Q,j are the energy, solid angle, and

all possible neutron and proton particle-hole excitations areype of the incident and outgoing nucleon, respectively. In
explicitly followed, for all orders of scattering. While this this section, we will show using the methodology and nota-
may at first seem to be a formidable task, especially fotion of Refs.[3,11], how the different terms of the MSD

multistep processes where the many possible reaction pathross section can be rewritten into a form that enables ex-
ways becomes large in a two-component formalism, wegited neutrons and protons to be distinguished and followed
show that this is not so—a rather simple generalization of théhroughout all scattering stages. The various terms of Eq.
FKK convolution expression automatically generates thesé2.1) can be obtained by extending standard distorted-wave
pathways. Such considerations are particularly relevant wheffieory to the continuum which leads to cross section distri-
simultaneously analyzing both neutron and proton emissioRutions of first and higher orders. Then, using an average

spectra, which is always important since these processes repve the outgoingand, for the higher steps, intermediate
resent competing decay channels. energy combined with statistical assumptions one obtains an

In this paper we also study a new, and fully microscopic,eXpreSSion for the continuum cross section for each step.

method for calculating MSD cross sections which does rmFroducts of distorted wave matrix elements of different order
ating - . ; cancel out, which leads to the incoherent s@@). Since the
make use of particle-hole state densities but instead directl

. . . “"¥vo-component extension of the derivation of Ré&11] is
calculates cross sections for all possible particle-hole excit P ¢8;11]

i i includi ¢ book-keei t th ; straightforward, we will directly present the various terms of
ions (again including an exact book-keeping of the neutron the expansiorf2.1) here. In this paper, we will restrict our-

F?r°t°” type _Of the partlcle_and hole _at all stgges of the reacse e to reactions involving incident and outgoing nucleons.
tion) determined from a simple noninteracting shell model.
This is in contrast to all previous numerical implementations
of the FKK theory which sample only a small humber of
such states to estimate the distorted-wave Born approxima- N all MSD models, the continuum one-step direct cross
tion (DWBA) strength, and utilize simple analytical formulas S€ction is given by the same expression. Itis a weighted sum
for the partial state density, based on the equidistant spacirfy/€" Squared DWBA matrix elements that describe transi-
model. The development of this microscopic method hadions to particle-hole statgs. In a two-component form, it is
been possible due to the advent of fast workstations. In th@!ven by
process of developing this approach we have also arrived at@zogl)_(E,QHEo Qo)
more accurate technique for sampling the DWBA cross sec——"
tions within the more conventional approach which utilizes d2dE
state densities. In this paper we will argue that our approach m2  k .
removes several uncertainties related to MSD reactions and = (2nid)? k_E pu(Pmhz.py. 0y EQ(X T (E,Q))
that it may serve as a starting point for analyses that involve 0 #
more sophisticated nuclear struct.ure quels. o X<M(pﬂ'1h171pyvhy)|V|0>|Xi(+)(E0yQO)>|2y (2.2)

In Sec. Il we present the multistep direct formalism in a
two-component form, both for the completely microscopicwhere k and k, are the final and initial momentum and
approach and the approach that utilizes partial state densitiels,=Eo— E+ Q is the excitation energy witkp the reaction
In Sec. Il we describe our use of the shell model and theQ value. The distorted waveg are eigenfunctions of the
associated DWBA calculations for the particle-hole statesSchralinger equation with an optical potential. They satisfy,
Section IV contains an outline of the smoothing and averagtogether with their bi-orthogonally conjugated counterparts
ing procedure that leads to the computation of the multistegy, the orthonormality and completeness relations
direct equations. In Sec. V we compare our method with

2.2

A. The one-step cross section

other MSD approaches that have been used in the past. Sec- (XK (k))=(2m)38(k—k"),

tion VI describes the complementary nuclear reaction models

(direct reactions to discrete states, multistep compound, com- f dk MY (K =1 23
pound and multiple MSD emissidthat are included in this X T k] =1, 23

work. In Sec. VII the results afiiNGUs, the code system that

contains all the nuclear models presented in this paper, a@nd analogous relations hold fgf ). The different excited
compared with experimental data and discussed. Finally, wenodel states are characterized by a set of numbers
give our conclusions and recommendations for future refinetp.h,.p,,h,) of proton (neutron particles p.(p,) and
ments in Sec. VIII. holesh .(h,). In Eq.(2.2) we explicitly designate which type
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of particle and hole is involved in the reaction, e(@.0,0,)  wherem denotes the exciton clagsmpmhstate$. SinceV is
designates a proton-particle, neutron-hole excitation. Deassumed to be of a two-body nature, only thEli combi-
pending on the type of incident and outgoing nucleon, thenations of Eq.(2.5 survive in the one-step expressith?2)
indices can take the valu¢s,1,0,0, (0,0,1,2, (1,0,0,2, and and accordingly we have dropped the indax1 for sim-
(0,1,1,0 in & one-step direct reaction. In order not to over-pjicity. The physical interpretation gf,, is that around each
burden the notation, we assume it obvious that charge corparticle-hole state a probability distribution is given, its
servation restricts the summation overin Eq. (2.2) to the  idth being a measure for the magnitude of the residual in-
subset of particle-hole states that can be excited by the reagsraction within the nucleus. Then, the contribution of each
tion under consideration. The effective nucleon-nucleon iNparticle-hole state to a real nuclear state is represented by the

teraction) manifests |ts_elf .anW, Virw (:VZ”T)’ andV,, value of p, at the energyE, of the real state, see Fig. 1.
components. The contribution of each particle-hole state to K

the continuum is determined by theh distributionﬁﬂ. In Whgn pu 1S In addition arlthmetAlcaIIy. averaged over the
the derivation of Eq(2.2) it is shown that this distribution is Particle-hole stateg, the resultingp, ,, is often referred to
given by as a true plh state _oler_15|t3[14]. _ _ _
As we consider incident and outgoing nucleons in this
paper, it is instructive to explicitly give expressions for both
p = fl2 — charge exchange and inelastic scattering. Ip,a) reaction,
Pu(Pr Py B zf" 3,3 E). (24 the gxcited pargticle-hole pair is necessgrils ofxﬂle0,0,])
type and the effective interaction i18,,. Hence, Eq.2.2)
where the bar denotes the average over the final nucledecomes
statesf. Here,aL are distribution amplitudes ofpllh states
which may generally be dependent on the nucleon type Oazo-(yllﬂ_(E,Q(_Eo,Qo)
the particle and hole. Each real nuclear statevith energy dOdE
E¢, consist of a linear combination of particle-hole states,

the particular combination being given Ia)kw, m? Kk .
= (=)
(2’7Tﬁ2)2 kO % p,u(lvoio!lEx)KXV (E,Q)|

11)=2 an,Imw), @9 X((1,0,0,3]V,,|0) X (Eo . 00) 2, (2.6

and the corresponding diagram is displayed in Fig. 2. An
analogous equation applies for am,§) reaction where the
configuration i90,1,1,0. In a (p,p’) reaction, both(1,1,0,0

(p,p’) reactions (p.n) reactions
p n

(a) 1-step scattering

(p.p’) reactions (p,n) reactions

E-2r E, E, E, E, E, Ea2T

FIG. 1. Distribution of the p1lh states over the real stat€3ec.
Il A). The excitation energycorresponding with an outgoing en-
ergy E) is represented by the solid vertical line. Typically, DWBA
cross sections forfdlh states that lie within=2I" of E, are taken
into account, wher€' is the width of each g1h distribution and the
intersections ,= G(E,, ,E,) are the contributions to the MSD cross
section(Sec. V). In this strongly simplified case, with only four
1p1h states with the sam& the total contribution td&, is given by .
Sy(Ex)=Cy,+Cy,+C3,+Cy, , see Eq(4.5), which is the normal- (b) 2-step scattering
ization factor for a state density-based approéséc. IV B. The
strength of eachdlh state is reflected by the height of the Gauss-  FIG. 2. Particle-hole excitations within a two-component for-
ian. The state represented by the dashed Gaussian lies outside thalism: (a) one-step p,p’) and (p,n) scattering, see Eq$2.6)—
boundarieqthe two dotted linesand does not contribute &, in (2.7), (b) two-step p,p’) and (p,n) scattering, see Eq$2.10-
our approximation. (2.11). The symbols with a bar designate the holes.
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and(0,0,1,1 pairs can be excited and bot}).,. andV,., are  characterizes the FKK model, and the distributi(ﬁ)ﬁthe

involved, see Fig. 2. The cross section is a sum over botlTUL model. We stress here that the FKK model has only one
possibilities: basic characteristic: the well-known convolution structure of
the multistep terms, which distinguishes it from other MSD

d’oM (E,Q—Eq,Q0) models that involve the full secon@nd higher order dis-
dQdE torted wave matrix elements. The actual description of the
>y nuclear structure in the continuum should be considered as a
m . B .
= @ah?2 kg > [p,(1,1,0,0E)[(x\(E, Q)] separate Issue.
y2

B. The multistep cross section

X ((1,1,0, 0)| xS (Eq, Q)2 o :
{aul 01Vl 0) X (o, 20)) The derivation of the two-step FKK cross section from

+5.(0,0,1,1F C)(E,Q 0,0,1,3|V,,|0 the continuum distorted-wave theory is by no means trivial
Pl D06 M{u 3Vml0) and has led to a certain amount of controvef3yl16,17.
XX\ (Eg,Q0))12], (2.7 Applying leading-particle statistics directly on the two-step

cross section distributiofl1] yields a continuum two-step

and an analogous equation applies for ann() reaction.  direct formula with a modified DWBA cross section, which
Equations(2.6) and (2.7) indicate that all DWBA matrix contains a distorted wayg ")) in the incident channel and
elements should be calculated using the appropriate comp@-( x(*)| in the outgoing channel. To overcome this problem,
nent of the effective interaction and a form factor that in- Feshbaci[ls] has argued that an extra energy averaging is
volves only the specific types of nucleons of the excitedrequiredbeforethe application of any statistical postulates.
particle-hole state. i His argument is that without such an average interference

The use of the A1h distributionsp,, is a general feature effects, which would normally cancel out in the single-
of any MSD model and is not a feature differentiating vari- channel case, are incorrectly transferred to the statistical
ous MSD models. It was first applied by Tamwegal. [4]. multistep expression yielding an unphysical enhancement of
However, their distorted-wave calculation involved macro-the multistep terms. In mathematical terms, the extra energy
scopic form factors instead of separate form factors for eachveraging leads to a rotation &matrix poles that allows
particle-hole state and also did not distinguish between exthe replacement of the conjugated outgoing distorted wave
cited neutrons and prOtonS. We improve both aSpeCtS in th%(Jr) by an energy_averaged incoming distorted W@é)
present work. The fully microscopic one-step direct calcula-Thjs enables the continuum two-step cross section to be ex-
tion of the TUL model, of which preliminary results were pressed as a product of two normal DWBA cross sections. In
shown in Ref[4], is automatically included here. The origi- this paper we adopt the expression with normal DWBA ma-
nal FKK paper[8] was not explicit on the type of level {rix elements.
density to be used. Until now, practitioners have replaced The complete derivation that leads to the two-step cross
p1p1n DY particle-hole densities based on the equidistansection is given in3]. When we repeat this while distin-
spacing model, such as that of Williafis], for FKK analy-  guishing between neutrons and protons, there appears an ex-
ses because of their simplicity. This may give the false im-tra summation ovet;,, indicating both types of intermediate
pression that the use of analytical state density formulasucleons,

d?0{?(E,Q—E(,Qp)  2m° Kk .
— dOQdE = (277)8ﬁ10 k_02772 z % 2 j dQlf dElElp/.L’(pﬂ"h‘lT'pV’hV’E;)
m

ty=mv

XPu(Pa NPy EQ I (B Q) (1 (P 1 Dy o0 VIO) X (Ep,00)]?

X |<;t(;)(El’Ql)|<ILL(p7T ih'n'!pv!hv)|v|0>|?i_+)(EOIQO)>|21 (28)

whereE,,); are the intermediate energy and solid angle, respectivelyEardE— E;+Q, andE;=E, —E+Q,, with Q,
and Q, the reactionQ values at each stadeThe extra summation over, automatically appears in the two-component
derivation of Eq.(2.8): the intermediate scattering states involving protons and neutrons are just two subsets of all possible
intermediate states.

The sum ovet; in Eq.(2.8) indicates that the number of possible scattering terms is larger compared to the one-component
approach. Nevertheless, the attractive convolution structure remains present in the two-component approach. Indeed, combin-
ing Eq. (2.2 and Eq.(2.8) gives

We understand that using values is inconsistent with the intermediate nucleon being localized within the nucleus. These inconsistencies
are not expected to introduce significant errors.
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d?of (E,Q—E;,Qy) d®o{l){(E1,Q1—Eg, Qo)

— ]<_tl
dOdE _4772h2t1=§:‘w dﬂldelEl d0dE d40,dE, - 29

—

d20(?(E,Q—Eq, Q) m

Here we again give the explicit equations for charge exchange and inelastic scattering pkoy seéction, the two-step
cross section consists of four different two-step sequences. The different diagrams are shown in Fig. 2. The explicit expression
for Eq. (2.8), which is automatically generated by substituting EGs6) and (2.7) in Eq. (2.9), is

02

Ve—1r

(E,Q—Ey,Qp) 2m®  k_
dQdE = 2Tk ; "

dalf dE,E,

X{[pur(0,0,L,IED XV (E,Q)(1'(0,0,1,0]V,,]0)| x T (E1, Q)2

+p,(1,1,0,0E) (xS (E,Q)[(1 (1,1,0,0[V,+0)| x U (E1,21))[*1p,.(1,0,0,1E5)
X|(x (g, Q9)[(1(1,0,0,3]V1,|0)| x5 (Eo,20))|*+p,ur(1,0,0,1E5)
X|(xS(E,Q)(w'(1,0,0,0]V,,|0) T (E1, Q1) p,.(0,0,1,1E)

X|(x 5 (Eq,Q9)[(1(0,0,1,3[V,,|0)| T (Eo,20))|*+ p,u(1,1,0,0E;)

X|(x5 (B, Q0)[(1(1,1,0,01V54 0} x5 (Eo, Q0))I 1} (2.10

Similarly, for inelastic scattering, there are five terms that contribute to the two-step cross section, see Fig. 2. The
(p,p’) two-step cross section reads

d?6'? (E,Q«—Ey,Q0) 2m®  k
T\ 1 ' _ o 2
dOdE 2T k2™ % MZ fdﬂlf dEsE,

X{[p,(0,0,1,1ED[(x(E,Q)[(1'(0,0,1,9]V,,,|0)| x ) (E1, Q1))

+ 0, (1,1,0,0E0 (xS (B, ) (&' (1,1,0,0 V] 0) x5 (E1,21))[21[p,(0,0,1,1Ey)

X (x5 (Eq,Q0)[(1(0,0,1,3]V,,|0) [ x T (B, Q20))|*+ p,u(1,1,0,0E))

X (x5 (Eq, 00)[(1(1,1,0,01V;40)| T (Eo,20))?]+ p,ur(0,1,1,0E5)
X|(x5(E,0)[(1' (0,1,1,0]V,,]0)[x\"(E1,01))[%p,.(1,0,0,1E)

X[(x (B, Qp)[(r' (1,0,0,0]V4,]0) X5 (Eo.00))[%- (2.11)

Obviously, this method can be extended to the higher steps. In generakstiep direct cross section can be completely
expressed in terms of the two-component MSD cross section of the previous stage:

dzafﬁ

i(E.Q—Ep,Qg) m
dQdE CAnthA Ea,

dQn—l dEn—lEn—l

Ao, (EQ—Eq 1,0y 1) d0{" Y (Eq 1, Q1. Q)
s dQdE d0,dE; : (2.12

Note that in jchis _ multistep descriptiqn, we .do not reaction, the possible reaction sequenge()(p’,n) and
make the approximation that thsﬁmeleadlng partICIe IS (p,n’)(n’,n) are both taken into account, inc|uding the as-

followed throughout the scattering sequence. In line with, . .; ; ;
i d . sociated component 8f and the type of excited particle-hole
the general MSD picture, our summation over both inter- P of yp P

mediate neutrons and protons ensures that at least one p&@ at each stage of the reaction. Each separate one-step
ticle is in the continuum throughout the multistep process. Irferm of the multistep expansion gives offer charge ex-
addition, the convolution structure of the two-componentchangé or two (for inelastic scatteringcontributions. It is
multistep formula automatically generates all possible cros€asy to show that the number of different terGsfor an
terms involving various types of excited particle-hole states-step direct cross section is given by the following recursive
and leading particles. For example, for a two-stepnj relations:
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(p,n): S$,=3S,_;+1 with S,=0, fully microscopic, i.e., an exact calculation of all equations
we just presented. This entails calculating the DWBA cross

(p,p’): S,=3S,.1—1 with §5=1. (2.13 sections forall particle-hole stateg that can be excited in
the reaction and adopting a physically acceptable f@m.,

This aspect clearly distinguishes the two-component . C A .
method from the conventional one-component method, and Gaussianfor the p1h dlstrlbu_tu_)n P Pre_sent ava_llable
mputer power no longer prohibits such microscopic analy-

has consequences for the extracted strength of the effecti® . : . :
interaction upon comparison with experimental data. We willS€S- N the next section, we will elucidate the fully micro-
discuss this in Sec. V. In sum, although the number ofSCOPIC approach, which does not require state densities.
possible paths quickly increases for the higher steps, the con- A more conventional method is to take the MSD equa-
volution structure automatically takes care of the book-tions and to perform an additional, arithmetic average over
keeping. the particle-hole states. The one-step cross section is decom-

posed into terms with different total angular mometand
C. State densities is expressed as the product ofJadependent particle-hole

. state densityp and a DWBA cross section averaged over
There are basically two methods to calculate the one-ste w g

and multistep direct cross sections and they will both b Several particle-hole states with the saiefhen, £q.(2.2

considered in this paper. The first method, which is new, iitakes on the form

d?o{M(E,QEq, Qo) doi_(E,Q—Eq,Qo)\ Y
jei ’ 0250/ je—i ’ 0:220
deE _2 p(pﬂ'ihﬂ'!leth\]|E)()< dQ >J- (214)
In particular, the p,n) cross sectiori2.6) becomes
d?0lY (E,QEy, Q) do,. (E,Q—Eq,Q)\ Vav
J0dE =2 p(l,o,o,lJ,Ex)< O > . (2.19
J
Similarly, the (p,p’) cross sectiori2.7) reads
d?c'Y) (E,Q—Ep,00) do,. (E,Q—Eq,Qq)\ Vrr
dOdE =§ P(l,l,0,0J,Ex)< 10 >J +; p(0,0,1,1),E,)
dU',THﬂ.(E,()M—Eo,Qo) Vaw
><< o) L, (2.1

The component of the effective interaction involved is indi- p(p, ,h_,p,,h,,J,E,)

cated at the top of the right-hand bracket of thaveraged

DWBA cross section. The calculation of thedeaveraged =(2J+ DRy (J)@(pz,hz,py, 0, Ey)- (2.1
DWBA cross sections should involve only the types of

particle-hole pairs that are specified by the associated index,, ., we take the Betak-Dobes state dendit@] which

of p. _ ~incorporates the finite depth of the hole into the Williams
We stress here that this extra average over the particlesquidistant spacing formufd5]. The restriction on the hole

hole states serves only to arrive at a more tractable one-stefepth is crucial at high excitation energies. In addition, we

formula with state densities and is not related to any statistake the two-component version of this formula

tical assumption involving the removal of interference ef-

fects. In a later section, we discuss how this average has been o +h_poth

performed in previous analyses, and we present an improved g, "9, 7

method. w(pW'hW'pV!hV’EX):p th !p,!th,!(n—1)!
In principle, the state density(p,.,h,,p,.h,,J,E,) can Tomme

be calculated exactly on the basis of some nuclear structure e N . h,\/h,
model. In practical calculations, it is usually replaced by an szo ~ (-1 AN
analytical expression, without taking into account residual

interactions(hence the use of the symbplinstead ofp). In X[Ex—A—Apayi— (k+1)Eg]"™*

the cases that we perform MSD calculations that use state A
densities, we adopt the usual decomposition of the state den- X OB~ A~Epp—(kTDEg],
sity into aJ-dependent part and an energy-dependent part: (2.18
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where g,.=2/13, g,=N/13 are the proton and neutron  TABLE . Part of the particle-hole level scheme included for the
single-particle state densityp=p,+h_+p,+h, denotes 80 MeV (p,p’) reaction on®Zr. All 7—m andv— v states in the
the exciton numberA is the pairing correctionAp,y energy interval 19.§E#<20.£|3 altre given. The a_ngle-integrat?d
:[pi+ hfﬁ' p’n'_3h7r]/4g77+[p12;+ h]2,+ p,—3h,]/4g, is the DWBA cross secthns are calculated at an outgoing energy o 60
Pauli correction factorE; is the Fermi energytaken fixed at ~ ™Me€VY: With the starting valué/,,, =V, =15 MeV and the optical
38 MeV), O is the Heaviside step function, anBpp model of Menet. Each individual cross section is Welghted _by _the
LG > .2 . (2J+1) degeneracy and the contribution from a Gaussian distribu-
:_[pﬂ+h7+ p”_h”]/29”+[pv+hz/+ pV__hV]lng is the tion, with a width of 4 MeV, centered around the real excitation
m'r?'ml_Jm energy rngre_d to excite particles anch holes energy, see Eqs4.2—(4.3). The final column indicates that spin-
satisfying the Pauli principle.

) o transfer reactions are not included in our analysis due to parity
The functionR,(J) represents the spin distribution of the ¢gnservation.

states in the continuum. It is given by

12)2 Energy Cross
Rn(J)= 12/;] :/;L 3ex;{ —(J+ 122) } (2.19 (MeV) Type Particle Hole section(mb)  Include
T N7 o no
19.624 2% 1g7/2 2s1/2 no
and satisfies, for ang, 0.023817 yes
19.681 vy 1i13/2 2p 3/2 0.035020 yes
no
2 (23 DRy(I)=1. (2.20 0023124  yes
no
In this paper, only the case with=2 is of interest. A fre- 19.812 v  3p 12 2p 172 0.005917 yes
guently used expression for the spin cutoff factors [20] no
19.963 w19 9/2 1p 1/2 no

02=0.2nAZR (2.21) 0.014057 yes

20006 ww 3p3/2 1992 0.036733 yes

whereA is the mass number of the nucleus. When we dis-

o pNWNRPROODUDNMpUOANARPROOONOD GO D w| <

no
cuss the results, we will see that this form of the spin cutoff 0.007479 yes
factor, and even the Wigner-type form Bf,(J) itself, may no
not be appropriate for MSD calculations to highly excited 20.034 v 3s1/2 2s1/2 0.025183 yes
states. ' '
. no
The gonclusmns we draw fo_r the two-component aspectﬁol206 o 3p12 1 52 0.025746 ves
of the higher order terms remain the same when state densi- o
ties are involved: Egs(2.15 and (2.16) can simply be in-
serted in the multistep terrf2.12), thereby again automati- 20473 w1992 1p 172 0.012681 no
cally generating all neutron and proton cross terms. : yes
20495 mw  2pl/2 1p 1/2 0.021261 yes
no

IIl. DWBA CROSS SECTIONS

A. Nilsson model )
. L N With these parameters, a set of both proton and neutron
The aforementioned formalism indicates that aS'gn'f'can%ingle-particle states can be created. The Fermi energy is

part of an MSD gnalysis con§i§ts of the pomputation Ofdetermined by filling the firsZ proton levels and the first
DWBA cross sections for transitions to particle-hole statesy; neutron levels so that for both nucleon types the labels
To obtain these 1h states, single-particle states are genery,ie ang particle can be assigned to the single-particle levels.
ated with a spherical Nilsson mode1,23. In this model, @ \yg then obtain particle-hole quantum numbers for four types
state with oscillator quantum numbh; orbital angular mo- ¢ cleon-nucleon combinations using a combinatorial
mentuml, and total angular momentun(j=1+s, where  ethod. In our DWBA calculations, we include only the
s is the spin has a single-particle energy particle-hole pairs that obey parity and angular momentum
conservation

3 1
Eyii=fio|N+ z—v| [(1+1)— =N(N+3) . .
N 2 2 (=D e=(=1)%,  [in—jpl<Isjntip, (B2
_ Is— } . } (3.2) wherely, |, are the orbital angular momentum apdj, the
Uls 2 20/ ) total angular momentum of the hole and particle, respec-

tively. Equation(3.2) shows that we assume thhis equal to
wherew=41A"13 MeV. We have taken the coefficients the transferred orbital angular momentum and this parity re-
vy andvs (which are different for neutrons and protpns striction excludes spin-transfer reactions from our analysis.
from Seeger and Howall@3] who give these coefficients in Consequently, only normal-parity states are included. Equa-
tabular form for the first ten major shells, supplemented withtion (3.2) is consistent with our choice to consider a nucleon-
a simple extrapolation to higher shells. This is sufficient tonucleon interaction that consists of only a real, central term
generate a set of particle-hole states for all excitation enersee Sec. Il B. Hence, inclusion of spin-transfer reactions in
gies that are of interest in this paper. the present analysis would be inappropriate without the full
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expression for), since a spin-independen8£0) interac- terms of the two-component MSD model imply that in gen-
tion will not excite non-normal parity stat¢24]. As an ex-  €ral all possible combinations of particle-hole states can ap-
ample, Table | shows part of the proton-particle neutron-holéoear in a multistep process. Usually, we are interested in the
level scheme, around 20 MeV of excitation energy forsimultaneous calculation of, e.gp,kn) and (p,xp) spectra

97r, that we include in our DWBA calculations. and this requires one-stepp,(1) reactions(exciting = par-
ticles andv holeg, (n,n") and (p,p’) reactions(exciting
B. DWBA calculations both 7 particles,7 holes andv particles,» holes, and one-

) ) step f,p) reactions(exciting v particles andr holes.

Our calculations are performed with a target assumed t0 £o; poth the fully microscopic or the state density ap-
be in a 0" ground state. Referen¢as] presents an extension proach, we preferably calculate DWBA cross sectionsafbr
of the one-component MSD formalism for nonzero targety,rticle-hole states that are prescribed by the shell model.
spins, by supplying the one-step direct cross section with th@bviously, for the fully microscopic approach this is a ne-
angular momentum factors that appear in conventional direegsity, and for the state-density approach this avoids any
reaction theory. Since this extension has a sizeable impagtagistical uncertainty related to sampling of particle-hole
only on the residual spin distribution, which we do not con-giates. In addition, we consistently include all particle-hole
sider in this paper, we always start from a round state to  ggates for the lower incident energies that are required in the
keep our calculations tractable. calculation of one-step cross section for the final step of the

All DWBA matrix elements are calculated with the pyjiistep expressiof2.12. It is clear that the MSD calcula-
nuclear reaction codecis9s[26]. The scattering states are tjons can get quite involved: a typical computation of 80

computed using an optical model potential, which we discusgey/ (p,xn) and (p,xp) spectra on®Zr requires more than
later when we look at some specific reactions. We only congq 000 individual DWBA cross section calculations.
sider the real, central term of the effective nucleon-nucleon The calculation of Eqs2.2) and(2.8) requires an expres-

interaction); , for which we take a Yukawa potential sion forﬁ#. Following Tamuraet al. [4], we assume that a

r r particle-hole state is distributed over the real nuclear states
Vij=—Vij Eexp{ — E) , (3.3 by a Gaussian distribution,

with ranger,=1 fm and strengtlv;; . This strength is taken ;M(pw h..p,.h, E)=G(E, Ey)

as the only adjustable parameter in our MSD calculations.

Although we use a shell model based on a harmonic oscilla- 1 (BEu— EX)2

tor to locate the single-particle statésainly for its conve- r \/ﬁex B

nient analytical propertigsit is physically more justified to

determine the bound state wave functions with a Woods- (4.1)

Saxon potential. Its parameters are a reduced radius of 1.2 fm

and a diffuseness of 0.6 fm. We take a starting value of 5Qyhere E, is the energy of the dlh state, determined by
MeV for the potential depth and lecisossearch for the true  ysing Eq.(3.1) for both the particle and the hole, afids the
value. We do not include a nonlocality CorreCti(IhiS may Spreading width which we take equa| to 4 Me&brrespond-
slightly affect the normalizatiof13]). ing to a full-width at half-maximum of 9.4 Me) Note that
For a DWBA calculation withecisog the excitation en-  we adopt the same expression for all four types of particle-
ergy (and not the separate particle and hole enejgiesds  hole pairs. The width® can be regarded as a measure of the
to be specified. In the present work, we assume that the eXffects of the residual interaction within the nucleus. It can
cited partiCIe is alW&yS bOUnd, even if the finite depth of thea|so be viewed as a phenomeno]ogica| way to account for
hole forbids this, due to restrictions in Currently availableother limitations and uncertainties in our approach_ For in-
DWBA codes. The bound/unbound character of the excitedtance, it can be thought of accounting for the effects of the
particle is an aspect that may have a significant impact irplitting of the single-particle states due to deformation, and
more realistic MSD calculations. Clearly, the DWBA pro- yncertainties in the exact location of the single-particle ener-
cesses can involve unbound particle excitationsE>Eg  gjes. Finally, continuum emission spectra tend to be struc-
(binding energy, there is a nonzero probability that the ex- tyreless, and Eq4.1) ensures our theoretical results do not
cited particle is in the continuum. E,=E¢+Eg, all par-  show significant structure.
ticle states are unbound. Inclusion of DWBA matrix ele- Al the tools to obtain double-differential spectra are now
ments for unbound states may turn out to be an essentiglaijlable. We sort all particle-hole states in classes] of

ingredient for an MSD analysis, but although progress in thisyhich gives the one-step cross section for transitions to
direction has been mad@7], we feel that the theoretical states with spinJ as

uncertainty in such calculations is still too large to justify
inclusion in the present work.

do]N(E, Q— Eo Qo)
IV. COMPUTATION OF THE MULTISTEP dQdE

DIRECT EQUATIONS m k1
= — _ (=)
The shell model of Sec. Il A and the DWBA reaction (27122 ko S,L{EJ} G(E, Edl(x; (E,Q)|

mechanism as described in Sec. Il B enable us to compute (+) 5
the MSD equations of Sec. Il. The neutron and proton cross X(u(Prihz Py, 00 X T (Eo, Qo)) (4.2
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FIG. 3. (a) Gaussian average of DWBA cross sections for particle-hole stateslwitharound an excitation energy of 20 MeV, for a
80 MeV (p,p’) reaction on®°Zr. Only four particle holes are drawn. The result is a continuum double-differential one-step cross section for
J=4. (b) Construction of the total one-step cross section from the se¥eraiponents. Only thre&dependent cross sections are plotted.
EachJ component is multiplied by 2+ 1 according to Eq(4.3).

where the suni® 5 runs over all particle-hole states re- we ensure an exact normalization over the whole outgoing
stricted to theJ under consideration. Afdllh state is only spectrum. In Fig. @), four individual DWBA cross sections
accounted for once in Eq4.2), i.e., a (2+1)-fold degen- are plotted that take part in the construction of E42). In
eracy is not included. In numerical applications, the actuafeality, several tens to a few hundred DWBA cross sections
calculation of this cross section requires a renormalizationperJ are included in our calculations. Note that the resulting
which is represented b§. The definition ofS can be ex- angular distribution is already fairly structureless.

plained as follows. The complete one-step spectrumois The continuum one-step cross sectidds?) are calcu-
simply obtained by calculating DWBA cross sections for all lated on an equidistant grid of outgoing energies. For the first
shell model states at their exact energigs, and subse- step, we perform calculations at every 1 MeV of outgoing
guently spreading these DWBA cross sections withenergy so that any remaining structural details are included.
G(E,.Ey) 2 Instead, the shell modedtates and not their ~ The one-step cross sections that are needed for the multistep
cross sections, are distributed over the real states. The crot&ms are calculated on a grid of twelve equidistant energies
sections are determined for an excitation eneHyy (or, (including the incident energy and the lowest energy grid
equivalent, an outgoing enerds) and accordingly for each point), which is followed by interpolation. The strength;

E, on the one-step energy grid the whole sum omeap- has an exponential dependence on the incident energy, see
plies. Hence, in principle we must calculate DWBA crossSec. VII B, which is taken into account throughout the whole
sections at the considerdsl,, with the associated optical multistep calculation, i.e., at the lower intermediate energies,
potential, for all particle-hole states. In practice, we onlya higher value folv;; is used.

include particle-hole states that are withir2I" of E, . This Equation(4.2) is the starting point for both the fully mi-
cutoff of the Gaussian accounts, in an average way, foeroscopic MSD model and the model involving state densi-
95.44% (i.e., S=0.9544) of the total contribution and is a ties.

very reliable approximation. By dividing b in Eq. (4.2),

A. Fully microscopic model

2We have investigated this other method, which is computation- A calculation of DWBA cross sections for alplh states
ally far simpler. However, it is physically harder to justify, since the ensures that no further approximations for the number of
exact outgoing energies are not used in the DWBA calculations. accessible states, and their spin distribution, in the con-
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tinuum are required. The physical assumption is that théncluding those that can only be excited by spin-transfer re-
Gaussian broadened Nilsson model provides an adequatetions. However, in Sec. Il A we noted that the averaged
structure description of the continuum. The one-step crosBWBA cross sections are constructed from non-spin-transfer
section can then immediately be calculated. Since eacheactions only. They are thus uncorrectly enhanced and this
particle-hole state is (2+ 1)-fold degenerate, it is given by overestimation may be close to a factor ofi2 the case of
vanishingly small contributions from spin-transfer reactipns

d?o{"(E,Q—Eq.00) - since non-natural parity states constitute 50% of all the states
dQdE 5 (23+1) in a completely statistical model. We tale=3 which im-

plies that we assume that spin-transfer contributions are zero.

d20i (B, Q—Eg,Q0) Clearly, calculations with more sophisticated interactions are
dOQdE (4.3 required, but in the present calculation schdPeavhich can

easily be changed if required, serves as a patch-up for not

The process is depicted in Fig(83. Again, the higher steps including spin-dependent interactions and non-normal parity
are obtained with Eq$2.9)—(2.12) by consistently using Eq. States. The® factor appears explicitly only in the state den-
(4.3 for lower incident(i.e., intermediateenergies. sity approach. In fully microscopic calculations, the omission

We mention here that our calculational approach is in-of non-natural parity states is effectively reflected by an ex-
volved, but tractable because each shell model state is irracted value o¥;; that is somewhat higher than the value of
cluded only once in Eq(4.2), assuming the state is com- an approach that would include all noncentral terftre
pletely degenerate. The more realistic splitting is then takestrength would be divided over several components
into account phenomenologically in an approximate way, by
the Gaussian distributio@®.1), after the DWBA calculation.
Table | provides another explanation of the construction of V. COMPARISON WITH CONVENTIONAL MSD
Egs. (4.2—(4.3). METHODS

We do not specifically include more sophisticated treat- The method described in this paper features several new
ments of the particle-hole excitations, such as the influencgpproamhes towards calculating the MSD equations. The
of pairing effects, etc. Such refinements can be included ipyost conspicuous are the extension to a two-component for-
future work. malism and the completely microscopic description includ-

ing a spreading of the particle-hole states with Gaussian dis-
B. State densities tributions. We will now compare several aspects of our
The exact MSD calculation as given by E@.3 along method with conventional approaches that have been used in

with the corresponding multistep terms is physically attrac-€ Past.
tive because it consistently uses the shell model for both the
DWBA and the nuclear structure part of the calculation.

With such an approach, additional uncertainties concerning o _ o
state density parametrizations are avoided. Nevertheless, it is 11€ implications of using a two-component formalism in-
still useful to make the connection with the approach thafStead of @ one-component formalism have been discussed for
uses state densities. Then, we do not use the shell model §¢Miclassical preequilibrium models in Reff28-30. In an
estimate the total number of states but only employ it as MSD context, the discussion falls into two aspects: state den-
tool to construct the averaged DWBA cross section. Insteadities and DWBA matrix elements. The basic state density
of including the (2+ 1) degeneracy of each state, the com-ISSU€ s that in a one-component modé| nucleon-nucleon
putation is now performed with Eq€2.14—(2.16). Since we comblngtlons. of excited d1h state; are m_cluded. Thls_ is
have already determined the exdetiependent cross section unphyswal, since charg_e conservation forbids Fhe creation pf
(4.2, it is straightforward to obtain the required averagedcerta'” particle-hole pairs in a one-step reaction. The main

A. One component versus two component

DWBA cross section. It is given by issue regarding DWBA matrix elements is that they should
be computed with the appropriate types of excited particles
doj_i(E,Q—Eg,Q) v and with the correct type of incoming and outgoing particle.
KTo) The latter aspect has been taken into account for the one-step
J cross section but never for the multistep case.
B dzafgf(E,QHEo,Qo) (e " Se;&i(%nfzbc?smponent version of the one-step direct cross
- dQdE J( X)y . .
. . . . 2 (1)
whereS;(E,) is the sum of all Gaussian contributions from ~ d“o2(E,Q«—Eq,Q0)
the Iplh states to the outgoing energy dQdE _; (2J+ DRn(Der(1,1.Ey)
Ey+2T doj_i(E,Q—Ey,Qg)\”
SE)= 2 G(E,.E). (4.5 X ) :
w{J}=Ex—2r J

An important point to note is that we included a parity- (5.0

conserving factoP in the averag€4.4). The reason is that
the state density2.18 accounts forall particle-hole states, where
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" (95+00)(97+00) = Z*+ N*+2Z°N?
w(phE)= STy, (D" )
X (Ex— A= Apayi— KER)" =g forz=Nj G4
X O(Ey—A—Epp—kKEp), (5.2

whereas in a one-component approach one has a statistical
weight of
where g=A/13, Apui=[p?>+h?+p—3h]/4g, and
Epp=[p2+h2+p—nh]/2g. In the one-component model, oAt (5.5

PP~
this state density has been used for both inelastic scattering o
and charge exchange reactions. Hence, in the whole calculf? the one-component model, the contribution from
tion, there is only a distinction between neutrons and protonéP,n)(n,p) reactions is automatically included in EG.5),
in the description of the initial and final scattering state ofalthough the associated DWBA matrix elements are not cal-
the DWBA matrix element. Comparison with Eq.15  culated[only the (p,p’) DWBA cross sections are used in
and(2.16 shows that the accessibl@lh state density, cal- One-component modglsAlso, we conclude that for two-step
culated with Eq(5.2) for a one-step|§,n) or (n,p) reaction  inelastic scattering only 5/16for Z=N) of all accessible_
is approximately(for Z~N) four times larger compared 2p2h configurations are involved. In general, the correction
to that found in a two-component approach, and for inelastidactor C,, for a n-step direct reaction wit@ =N is
scattering it is about twice as large. This is important, since
once the state densitfand optical model parameters are C — Sh
fixed, the strength of the effective interactidhis the only n— o
remaining parameter that determines the magnitude of the
computed cross section. This strength is usually labélgd  where S, is given by Eq.(2.13. Applying this correction
%[VM(W)+VW] in a one-component approach. Clearly, thefactor to a one-component model directly affeets Since
reduced number of accessible states directly affects the althe (p,p”)(p”,p’) term has a weight that is four times larger,
solute value oiV, [31,32. For incident energies where only the consequences of not explicitly calculating the
the one-step direct cross section is significdvelow about (p,n)(n,p) route may not be too drastic for a two-step pro-
30 MeV), it is possible to perform a one-component analysiscess.
and to estimate correction factdrs3] for V,, that approxi- For (p,n) reactions, the one-component problem is
mates the effects of a neutron/proton distinction. more severe. The two-step cross section consists of a

Applying correction factors oW, becomes more cumber- (p,n’)(n’,n) and a @,p’)(p’,n) term. This time the statis-
some for the multistep terms. In Sec. Il B we have seen thaical weights of the two routes are the satbeth A*/8, and
numerous cross terms between nucleon types of both excitegyainA* for the one-component casé\gain, the problem is
1p1h statesandleading particles occur. We argue that therethat a one-component state density does not provide a natural
is no longer a reasonable approximation possible that cordivision between theg,n’)(n’,n) and (@,p’)(p’,n) routes,
nects the one-component approach with the two-componenthereas this division is automatically present in a two-
approach. The only assumption that would enable such gaomponent approach. So far, MSD calculations @) re-
connection is that the DWBA matrix elements are not onlyactions have either assumed that the charge exchange part of
independent of the nucleon type of thelh pair, whichisa  the reaction takes place in the first stapRef.[33]) or have
reasonable approximation for a simple Yukawa interactionemployed unphysical g,n)(p,n) convolutions (all other
but also independent of the type of incoming and outgoingwnorks), i.e., by assuming an independence on the nucleon
nucleon. The latter approximation is questionable: a one-stefgpe of leading particle and repeatingly taking the charge
(p,n) cross section is different from g (p’) cross section exchange matrix element as basis for a multistep calculation.
—itis imperative to treat the incoming and outgoing channel  Using Eq.(5.6) we see that differences in the accessible
with the proper nucleon properties and their respective adphase space result in the correction factor forp() reac-
equate optical potentials. However, in one-component impletions being twice that for [{,n) reactions in the first step.
mentations of the FKK model this approximation is necesHowever, as the number of multistep scatterings increases,
sarily implicit for the multistep terms. We will explain the the ratio of these correction factors tends to unity, since the
difference with our two-component approach for both inelassensitivity to the initial channel projectile-type decreases
tic scattering and charge exchange. First, we take the simplgith increasing scatterings.
caseV,,=V, .. For the two-step direct contribution to a  The correction factors can be generalized to the case of
(p,p’) process, we include thep(n)(n,p’) term in addition  N+Z and V, (= VW)#VW. The DWBA cross sections
to the (p,p")(p",p’) term. In terms of state densities, the are proportional tov} . Therefore, we write the one-step

(5.6

statistical weight of the former reaction path is direct cross section as
2 (1)
A4 d O'J'(_i(E,Q<—E0,Qo)_
g2g2x72N2 | = o for Z=N|, (5.3 40dE =o(m.e), (5.7

where (m.e) is a factor that includes the matrix element.
and that of the latter Again, to relate to the one-component approach we must
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assume that these matrix elements are the samp-foor 0.025
p-p interactions when applied in multistep calculations. For .

the one-component model, 0.020 | -

o1=V§g?, (5.9

0.015 +
for both (p,n) and (p,p’) reactions. In the two-component

model, o, should be replaced by

Spin distribution (arb. units)

0.010 |
oi"=V2 g2 +V2 g2, (5.9
for (p,p’) reactions, and 0.005 |
o1"=V7 049, (5.10 0.000 | -
’ 0 15
for (p,n) reactions. The correction factors can be written J ()
down as recursive relations due to the convolution structure
of the FKK theory. For p,p’) we have FIG. 4. Spin distribution of Nilsson model states around various
excitation energies. The solid curve represents the Wigner-type spin
on” distribution (2.19).
C,= o (5.11

important, regardless of its position relativeEQ. This can

and for (p,n) reactions we have ; .
®.n) lead to an unphysical representation of the real nuclear state

o at the considered energy. Our approach with a Gaussian

C,= o (5.12  spreading of the d1h states appropriately emphasizes the

n model states that are close to the outgoing channel energy.

where We appreciate that a physically inconsistent aspect of our
state density approach as well as the older one-component

of"=or 07"+ oo, approaches is that the averaged DWBA cross section is
based on shell model states whereas it is multiplied by a state

o’'=arm o7+ ol 07, (5.13  density that is based on equidistant single-particle levels.

Ideally, a quantum-mechanical preequilibrium analysis

On=0n-1071. should be performed either completely microscopically, or

with more realistic state densitiés.g., by using microscopic
In the limit of Z=N andV .=V, , these correction factors . . ¢s.., by ¢ P

single-particle levels
reduce to Eq(5.6).

. . . An important factor for the averaged DWBA cross section
In sum, we believe that an MSD analysis should include a P 9

distinction between neutrons and protons at all levels of the® the normal-parity states issue, which has not been taken

calculation: (1) a two-component state density or, better, amto account in previous analyses. The fadioof Eq. _(4'4).
fully microscopical analysis(2) a two-component effective clegrly has_an impact on the streng_th of the effective inter-
interaction,(3) the appropriate nucleon type of particle and 2ction that is extracted in an analysis of data.

hole in the DWBA matrix element, an@) the correct type

of leading particle at the initial, intermediate and final stage C. Spin distribution
of thg MSD reaction. These are all accounted for by the o fully microscopic approach has revealed another
equations of Sec. Il. Correction factors are not neededyqpiem that is already known but has not yet been discussed

though we have provided them for completeness. within an MSD context. With increasing excitation energies,

) the abundance ofllh states with high spin increases. This
B. Sampling phenomenon is not reflected by the spin distributi@arl9
The conventional methofB2,34 for obtaining an aver- Wwhich is independent of energy. Figure 4 displays Ihdis-
aged DWBA cross section is to select seveftgbically  tribution of the Pp1h states for several excitation energies as
about eight particle-hole states with the sandethat are predicted by the spherical Nilsson model, compared with the
located within a certain width around a considered excitatiorspin distribution(2.19. Not only is theJ distribution broader
energyE, . Then, for eachE,,J) class, the corresponding at high excitation energies, also its Wigner-type shape disap-
individual DWBA cross sections are calculated, summedpears(which is not surprising since the underlying assump-
and divided by the number of states included. For certairiion is based on statistical arguments, and when the number
J, the aforementioned number of states may be found withingf degrees of freedom is just 2, such arguments cannot be
say,*4 MeV aroundg, , which ensures a reasonable statis-expected to hold well A partial solution to this problem is
tical average. For othel, however, the lack of nearby states to adopt an energy dependent spin cutoff factor for MSD
leads to the inclusion of states that are very far from themethods involving state densities. This results i distri-
energy of interest. In addition, the simple arithmetic averagéution that has an increasing width for increasing excitation
means that each state in the sample is treated as equaklyergies. A formula was proposed by Herman and Reffo
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TABLE Il. Values of the strength of the effective interaction for where the one-step component is dominant. First, the natural

the reactions studied in this paper. parity-states factoP has never been included in the DWBA

i i average and inclusion of our approximatiés=1/2 would
Nuclide Reaction  Energy Vo, Vaz Vi, reduce the one-step direct cross section by a factor of 2.
907y (n,xn) 14 23.9 Then, for charge exchange reactions the state density is about
907y (n,xn) 18 23.3 four times smaller in a two-component approach and about
907 (p,xn) 25 26.2 twice as small for inelastic scattering. Hence, if we would
90z¢ (p,xn) 45 25.3 apply these natural-parity and state density arguments as cor-
907 (p,xn) 30 17.3 17.3 17.3 rections on previous resulfsising DWBA matrix elements
27p] (p.Xp) 90 20.1 20.1 20.1 independent of nucleon typae conclude that the values for
Zip] (p,xn) 90 20.1 20.1 201 Vg as reported in previous works should actually {e
27pl (p,xn) 113 16.9 16.9 16.9 times larger for charge exchange and twice as large for in-
S6Fe (p,xn) 113 13.1 13.1 13.1  elastic scattering. This leads to unacceptable high values if
208ppy (n,xn) 14 223 applied on the older results f&fy, some of which are quite
208pp, (p,xn) 113 14.8 14.8 14.8  close to Austin’s values. A possible explanation for this may

be provided by the application of the DWBA meth{iB].
The correction factorg5.6) for the higher steps have an ad-
[35], who studied shell model particle-hole configurations upditional slight effect on the extracted value \é§.

to 30 MeV of excitation energy:

O'Z(EX) — (0.24+ 0.0032EX)nA2’3, (5.14 E. Isospin considerations

Conservation of isospin in preequilibrium reactions is not
giving a wider spin distribution for increasiri, . This for- inclluded in th.e present work; ra'Fher, we consider the theo-
mula certainly seems more realistic than E3.21) when ret|ca_1l formahsm and pracucal implementation of isospin
compared with the shell model distribution, although it doesconsiderations to be an important area for future study within
not account for the aforementioned non-Wigner behavior. Irflu@ntum-mechanical preequilibrium theory. However, here

Sec. VII, we show the impact of these assumptions on con® address the likely impact of isospin considerations on the
tinuum angular distributions. predicted cross sections for the reactions under study in this

work. Our considerations are based mainly upon such studies
in the context of the semiclassical exciton preequilibrium
model. We note, however, that one of the advances presented

The value of the strength of the effective interactidn  in this work, namely, the distinction between neutron and
has been frequently discussed in MSD papers, see, e.g., Refgoton particle-hole excitations within the preequilibrium
[1,31,36. Austin [37] performed an extensive analysis of cascade, is an essentialbeit preliminary step in such con-
inelastic scattering and charge exchange reactions to discres@erations.
states for incident energies below 50 MeV and has reported Kalbach has developed an exciton model that allows the
values of V.=V, ,=12.7 MeV, V,,=43.1 MeV (and study of the role of isospin conservation or mixing in the
henceV,=27.9 MeV) for the central Yukawa terms of. preequilibrium phase of a reactid39-41. Either com-
With this information coming from a completely indepen- pletely mixed, or completely unmixettonserveyj isospin
dent source, MSD analyses were usually considered a sucan be assumed in the calculatiof®ur work corresponds
cess when these values could be reproduced from fitting corie an assumption of complete isospin mixinGrimes’ re-
tinuum spectra. We feel that it is dangerous, however, teent studies[42] on the role of isospin conservation in
draw premature conclusions concerning reproducing Auskeutron-induced compound nucleus reactions demonstrated
tin's values in an MSD analysis. Even when the samehat in certain reactiongparticularly for light nuclej, o
DWABA reaction parameters as those of Austin are Usee¢ emission can be significantly enhanced, though the impact on
Sec. Il B), there are remaining uncertainties such as the opproton and deuteron decay is minor. In Rd#3,44 Wa-
tical model employed31], the omission of non-natural par- tanabe has discussed the possible implications of isospin
ity states(the effect of which is hided in the value &f;),  within the exciton and multistep compound FKK theories.
isospin conservation questions which have not yet been adrhese studies typically assume that isospin is conserved in
dressed, and a too simple prescription of the partial levethe preequilibrium stage of the reaction, and about 50% isos-
density or, more generally, the single-particle level schemepin mixing occurs at equilibrium. However, as discussed be-
These aspects were not discussed in IR&T], but have a low, in some cases preequilibrium neutron and proton spec-
significant impact on the results. tra are insensitive to isospin considerations.

As mentioned previously, a discussion of correction fac- Watanabeet al. noted [44] that isospin considerations
tors to distinguish between protons and neutrons within onehave most influence inp(xp) reactions at low incident en-
component models was given in Ref$3,31,32. In Table Il ergies, near thep(n) threshold energye.g., below 14 MeV
the values ofV, ., V,,, andV ., that we extracted from for (p,p’) reactions on nuclei neag=100], but the impact
fitting various sets of double-differential and angle- of isospin conservation decreases at higher energies for these
integrated spectra are displayed. We will now relate our twofeactions. In proton-induced reactions, bdth=T,—1/2
component results to the values \8§ obtained from previ- and T~ =T,+ 1/2 states;T, being thez component of the
ous FKK analyses. This can be done by considering casdarget isospin, can be excited in the composite nucleus,

D. Implications for the strength of the effective interaction
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whereas in neutron-induced reactions only one isospin staterete effects at low excitation energies. In this way we can
in the composite nucleus can be excitdd,=T,+1/2. In  avoid a simulation of the collective part of the spectrum by
proton-induced reactions, if isospin mixing is assumed not tdhe incoherent continuum MSD mechanism. A method to
occur, particle decay from the two different isospin statesnclude these collective effects is described in RE38,47]

T< and T~ should be considered. Isospin conservation isand we follow that approach here with a slight modification.
particularly important, resulting in an enhanced proton emisin order not to miss any collective strength, our calculations
sion, if neutron emission frofi~ states is suppressed by an include all discrete levels of the nucleus for which the spin,
isospin selection rule. But as the incident enefgnd the  parity, and deformation lengthg are known. The deforma-
composite nucleus excitation enejggcreases, neutron de- tion lengths are automatically transformed to deformation
cay from theT~ composite nucleus statesTo states of the parameters for each different component of the optical po-
residual nucleus becomes open, and an increased fraction @intial. For each levelzcisos calculates the direct inelastic
the flux in theT~ composite nucleus decays into this neu-cross section with coupled channels, for the first few states or
tron, instead of proton, channel. DWBA, for the higher lying states, with a nuclear structure

The results of Kalbach's exciton model calculationsmodel(vibrational, rotational, etgthat is appropriate for the
[41,45 with and without isospin conservation, for the pre- nucleus under study.
equilibrium reactions studied in this paper, are useful for In order to compare the calculated cross sections for all
assessing the likely impact of isospin within an FKK ap- states included with experimental double-differential spectra
proach. Calculated differences in the magnitude of prefor inelastic scattering, we simulate the experimental resolu-
equilibrium spectra for the two isospin assumptidoem-  tion and the spreading of the spectroscopic strength by a
plete conservation, and complete mixirage as follows: for ~ Gaussian broadening of the cross section for each discrete
Zr(n,xn) at 14 and 18 MeV, and Ph(xn) at 14 MeV—  state. For fi,n’) reactions, the width is typically 0.5 MeV.
<2%; Zr(p,xn) at 25, and 45 MeV<10%. The other For proton-induced reaction spectra at higher incident ener-
(p,xn) and (p,xp) reactions at 80 and 113 MeV — approx gies, we usually combine the collective strength in energy
<15-20 %. bins of 1 MeV.

Therefore, one of the conclusions of Kalbach's work is  In Refs.[33,47], double counting of collective and MSD
that in some cases preequilibrium spectra are not sensitive tontributions was prevented by simply subtracting the
the isospin conservation/mixin@gn particular, the reactions smoothed collective cross section from the MSD cross sec-
we study below 45 MeY In other cases, isospin conserva- tions. If the discrete level scheme of a nucleus is well known
tion versus mixing plays a larger role, and influences thdn terms of level energy, spin, parity, and deformation length,
calculated results at a level a little smaller than the typicakollective state calculations can be extended up to several
predictive capability of preequilibrium theory calculations MeV of excitation energy, and the continuum one-step direct
(about 20-25 % However, the experimental evidence sup-contribution, which is now of a more effective nature, enters
porting isospin conservation, or mixing, in preequilibrium only gradually around this energy. On the other hand, if the
reactions at higher energies is inconclusive. Although theliscrete level scheme of a nucleus is almost or completely
short lifetimes of preequilibrium particle-hole stages wouldunknown, the cross sections at the highest outgoing energies
suggest that isospin conservation is a reasonable assumptiare necessarily simulated by the continuum MSD mecha-
in preequilibrium reactions, in some cases exciton model calpism.
culations that assume complete mixing appear to describe A different method was proposed in Refd8,49 where
measured data most accuratep]. Feinstein[46] has dis- it appears that the MSD cross section contributes a con-
cussed the importance of isospin mixing in preequilibriumtinuum background to the cross section & discrete lev-
reactions within the context of the FKK theory, though ap-els. This is in contradiction with our view that the first sev-
plied to photonuclear reactions. eral states of a typical nucleus usually constitute a complete

In conclusion, the role of isospin conservation in MSD level scheme for the first few MeV, not allowing for any
reactions is an important area for future study. The reactionsther direct-reaction-like background. A valuable aspect of
considered in this work below 45 MeV are probably ratherRefs.[48,49, that is not yet considered in our work, is the
insensitive to isospin considerations, though semiclassicanergy weighted sum rule that provides an estimate of the
studies suggest larger sensitivities for the higher-energy regiant resonance contributions to the continuum.
actions. At present, shortcomings in the present approach At present, we think that the most realistic approach lies
(which, for simplicity, implicitly assumes complete isospin between those of Reff33,47] and[48,49 and this is what is
mixing) translate into inaccuracies in the extracted value oincluded in the present work. Level density matching be-
the (only) parameter in the theory: the residual interactiontween low-lying discrete states and the continuum provides
strength. Since the cross sections vary as the square of thes indication of missingexperimentally undetectabléevels
parameter for the dominant one-step scattering, possible umfter a certain cutoff level, and we let the MSD contribution
certainties in the residual interaction in the present approacradually enter above this level. In our view, contributions

may be up to 7—-10 %. from individual states above this level may be termed collec-
tive states in the continuum and we regard them as incoher-
VI. OTHER REACTION MODELS INCLUDED ent additions to the continuum one-step direct spectrum.

From the point of view of nuclear structure, a more elegant
method to avoid double counting would be to use an effec-

Although our work is primarily directed towards reactions tive 1plh state density that includes a correction for the
to the continuum, we aim at a full treatment of direct, dis-presence of collective levels.

A. Direct reactions to discrete states
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A benefit of including an extensive discrete level scheme C. Compound reactions
for direct calculations is that it enables a more reliable esti- \ye describe primary compound emission by the con-

mate of the remainder of the reaction cross section that i§nyum Hauser-Feshbach formula. and use the Weisskopf-
prOVided by the Other I’eaCtion mechanisms. Th|S ha.S dlfferEW|ng mode' for Compound reactions after the first Stage_
ent implica’[ions at various energies. At low incident ener-For the total level density)(Ex) we take the Composite for-
gies, this affects the compound nucleus formation cross segnula as proposed by Gilbert and Camef68] and incorpo-
tion, defined as the total reaction cross section minus theate shell effects in our calculations by adopting the method
integrated direct and preequilibrium cross section, which isf Ignatyuk[54] for the level density parametar The shell

an essential ingredient for a precise calculation of the comeorrectiondW can be eliminated from Ignatyuk’s formula by
pound contribution. At high incident energies, when the pri-imposing the boundary condition that at the binding energy
mary emission cross section consists solely of direct anthe energy-dependent level density parameter as must coin-
MSD contributions, the inclusion of a collective contribution cide with a value determined from a conventional, energy-
slightly affects(reduce}the effective interaction parameters independent analysig33]. Also, Ignatyuk et al. observed

of the MSD part, since the total integrated MSD and directthat extrapolating their formula to too low excitation ener-

cross section, summed over outgoing particle types, may n&ies may be dubious, which motivated us to keep the level
exceed the total reaction cross section. density parameter constant below the neutron binding energy

B. Together, this leads to the following parametrization of

B. Multistep compound reactions the energy-dependent level density parameter:

Multistep compoundMSC) reactions occur for incident a(Ex)=ag, if E,<B

energies up to a few tens of MeV. In the MSC reaction —
ﬁ f(E)B(1—ag/a)

f(B)E, ’

mechanism, the stepwise reaction proceeds through the
bound configurations of the composite nucleus. As with
compound reactions, it is imagined that the incident particle ) ) ,
is captured by the target nucleus but that emission takeghereas is the Ie\(el density parameter at the neutron bind-
place before the attainment of statistical equilibrium. ForiNd €nergy. For this, we use the formula of Ri&5). In Eq.
MSC reactions, we employ the model of Feshbach, Kerman(,6'1)'

and Koonin[8]. Our implementation of the FKK formalism —

essentially follows the method of Chadwick and YouBg]. a_ a+ BA 6.2

All transmission coefficients that appear in the MSC formula A ’ '
are calculated witlecisos using the same optical model as

used for the other reaction mechanisms. For the level defvith @=0.154 MeV ! andg=—6.3x10"° MeV . The
sity, the Oblozinsky formuld51] is used. We are able to functionf(E,) is given by

calculate MSC emission up to five steps, but in practice it is

sufficient to include only two stages and to consider the re- f(Ex)=1-exp—yEy), 6.3
mainder as -stage(equilibrium) contribution, which we cal- where y=0.054 MeV L.

CUIZte.W'th Hauserz—Feshbach t'hel\(zrsy(.: h . dual ab We include competition by neutrons, protons, deuterons,
N important phenomenon In theory Is gradual a “tritons, He, « particles, andy rays. Emission from second-

sorption. The pure MSD process Is based on the assumptial}, 5 higher stages of all these particles is taken into ac-
that as soon as the reaction proceeds through the unbou% unt until all possible outgoing channels are closed.

chain, the particle-hole configuration will remain unbound
until particle emission takes place. One may, however, imag-
ine that the leading particle loses a large fraction of its initial
kinetic energy after one or more successive collisions in a For incident energies below about 50 MeV, one can safely
multistep process. Then, instead of the process of fast emigssume that after primary preequilibrium emission the exci-
sion, some of the particle flux may flow into the bound chaintation energy of the residual nucleus is relatively small and
and give rise tdmultistep compound emission. A tractable that further decay of the nucleus proceeds by a pure com-
method for thisP—Q crossover effect within the FKK pound mechanism. At higher incident energies such an as-
theory has been discussed by Chadwick and Yd@@fand  sumption will result in an underprediction of the outgoing
by Marcinkowski et al. [52]. In our work, we adopt the spectrum above the evaporation peak. This deficit stems
method of Marcinkowsket al. and introduce a gradual ab- from the omission of multiple preequilibrium emission: it is
sorption of the flux into subsequent reaction steps on theonceivable that after the first reaction the residual excitation
basis of level density ratios. It is important to note that thisenergy is so high that another fast particle can be emitted
P— Q transition model effectivelyeducesthe MSC contri-  before equilibration of the nucleus.

bution since a significant part of the non-MSD emission flux Since MSD is the predominant preequilibrium reaction
does not enter thepgh MSC stage from the initial stage but mechanism, certainly if one includés— Q transitions, one
enters the B2h MSC stage from the MSD chain. The pre- can safely assume that multiple pre-equilibrium emission
dominance of the damping width over the emission width forproceeds by MSD onlythis has been confirmed in Ref.
the P2h MSC stage then implies that this flux almost com-[56]). An exact multiple MSD model would be extremely
pletely propagates to the equilibration stage, contributing tanvolved, since the residual state after primary emission is
compound emission rather than MSC emission. characterized by an excitation energy, a particle-hole con-

if E.>B, (6.

D. Multiple MSD reactions
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flguratlon,_ a_res!dual spn(\dngctly coupled to the primary - Specily roaction
angular distribution and parity and the corresponding pri- MINGUSH - Optical model parameters
mary cross section has to be connected to a secondal - Create input files for ECIS95
double-differential calculation for another unbound leading
particle. Even theoretically, such a task maybe practically inputforecisos
feasible only for secondary MSD emission following one-
step primary MSD emission, when the quantum numbers o . .

. . . . - Transmission coefficients
the residual nucleus can still be unambiguously assigned t ECISO5 - Elastic and disorete inelastic scattering
the excited p1h state. For comparison of theory and experi- - DWBA caloulations for MSD
ment, it is more tractable to consider an angle-integratec
multiple MSD model and to make reasonable assumption: ouputof Ecisss

concerning the secondary angular distribution separately - Discrete state cross sections
The first initiatives in that direction have been taken in Ref. - Multstep direct (MSD)
. . . - Multi-step compound (MSC)
[32]. There, a multiple MSD formula is proposed that is MINGUS2 - P-Q transitions (MSD — MSC)
based on the equiprobability assumption for particle-hole - Gompound: Hauser-Feshbach modet
Conﬁgu rations: - multfple MSD eml'ssmn
- Multiple evaporation
(]) (N i) Output of MINGUS2
dO’mpe_E 2 E)r(nax do'™ N A
d E - . —d E - Excitation functions
N i=mv JEy=E+Eg X - Residual production cross sections
MINGUS3 - Create ENDF6 data file
1 w(lp,O,E+ EB)(J)(p_ 1,h,EX_ E— EB) i - Create input files for processing codes
- h RN CHECKR, FIZCON, PSYCHE and NJOY
p o(p,h,Ey)
X G(E)dE,, (6.9 FIG. 5. Flow chart of the nuclear model code systemcus.
VIl. RESULTS

whereN is the primary MSD stage, andj label the nucleon
type of the primary emitted particle and the secondary emit-
ted particle. Equatior{6.4) can be said to consist of three By combining the direct, preequilibrium and compound
factors. The first factodo.(N,i)/dEx is the angle-integrated nuclear models_ in one caIcuIauqn we are aple to predict
primary MSD cross section for each step and represents ﬂ{éouble—dlffereptlgl spectra arjd residual production cross sec-
feeding of a residual excitation energy chanBglfollowing tions [60] for incident energies up to 20.0 MeV. Th_e code
primary emission. The second factor, the quantity betweeRYSeM that performs this taskINGUS, is schematically

: - . given in Fig. 5. It consists of four parts. The first part deals
Sir'[zfjk%t;tiilset;Tnatﬁlsett]:(e)nl?[irr?l?jrtr):llté;@?ﬁlghetrﬁelscﬁgniﬁ Ofwith the specification of the basic nuclear reaction informa-

findi h iole is highest f 1 » . tion, such as optical model and nuclear structure parametri-
inding such a particle is highest for gllh configuration. ;465 With this information, it creates all necessary input
Hence, one-step primary MSD emission is the most imporyjjes for the second par€cises which computes all basic

tant feeding channel for multiple MSD emission. The factory ansition amplitudes and cross sections that are required for
Ry is the probability of finding a particle of typein classN  the third part,MmiNGUS2, where the results as provided by
after primary emission of type A prescription forRy, can  Ecisgs are processed into double-differential spectra on the
be found in Ref[57]. The third factorG(E) is a penetrabil- basis of the prescriptions given in this paper. The last part of
ity factor that describes the further propagation of the conthe code system can be used to give excitation functions and
tinuum particle: emission or capture. In practical calcula-to create an evaluated nuclear datafipr) for nuclear
tions, we use thes-wave transmission coefficient for this data applicationgnot discussed hereln MINGUS, the pri-
penetrability, though a Gamow factor can also easily be usefpary reaction cross section is composed as
[58].

The energy dependence Gfsimulates the intuitively ex-
pected processes at each energy. For high particle energies o i
this is close to unity and the particle is probably emitted, andThe direct, MSD, and MSC contributions are calculated first,

for low energies it is close to zero, implying that the particleafter which the flux that goes in the compound channel is

is likely to be captured in the bound chain. Still, this assump—renormallzed such that E¢7.1) automatically holds. When

tion restricts the number of alternatives for the continuumthe first stage is completed, the calculation proceeds with

. . L . : : ..~ 'secondary MSD emission and multiple compound emission.
particle to 2: either it is immediately emitted at its original y P P

i S - ) The latter processes are obviously not included in the sum
energy (minus the binding energyor it disappears in the rule (7.1).

compound chain. Other possibilities for further propagation

of the continuum particle are thereby excluded. Perhaps an _ _ )

extension of Feshbach’s projection operator formalism can B. Comparison with experimental data

provide a sound physical theory for multiple preequilibrium  Comparisons between preequilibrium models and experi-
emission[59]. mental data have been performed in the energy region 10—

A. The calculation scheme:MINGUS

O'reactior T directt OMsDT Tmsct O compound (7.7
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200 MeV. We distinguish three energy regimes, with differ- We have chosen the 80 MeV double-differentiplXp)
ent reaction mechanisms dominating the interpretation ofeaction on°’Zr to demonstrate the sensitivity to the optical
measured cross sections in these regimes. model and level density parameters. The comparison of the
The first region covers incident energies up to 30 MeV.fully microscopical approach with experimental data as dis-
Of the MSD contribution, only the one-step component isplayed in Fig. 9a) is obtained with Madland’s optical model
important, so that any theoretical or numerical issues conabove 50 MeV and the Becchetti-Greenlees parametrization
cerning higher steps are not probed here. On the other handelow 50 MeV. This results in a sizeable overestimation at
there are simultaneous contributions of collective, MSDthe backward angles, even at an outgoing energy of 60 MeV.
MSC, and compound processes. This may give rise to som@ Fig. 10 we show the same reaction but now predicted
ambiguity: several reaction mechanisms can account for thesing Menet's potential above 20 MeV and Becchetti-
observed cross section and more than one parausteally  Greenlees below 20 MeV. This optical model choice clearly
the level density parameter &f;) can be varied to fit the improves the fit, although not yet to a satisfactory level. The
spectrum. calculated angular distribution changes significantly if we
The second region covers energies between 30 and @¢s€ the state density approach. Figufe) 3hows the same
MeV. Two- and three-step direct processes will give sizeabléeaction, again with the Madland and Becchetti-Greenlees
contributions to the spectrum, whereas the MSC contributioff©tential and with the same set of DWBA matrix elements,
rapidly decreases for incident energies above 30 MeV. Caglut Now with Eqs(2.18~(2.2]) for the Iplh state density.
ture in theQ chain that eventually leads to compound emis-The“.a |shnow eerII?nltl agrgement V.V'th experm;]er?t.d'l_'hz rela-
sion does, however, still account for a significant part of thesDc\)/r\}éZ tcr?)tssmstecetiorzjsyforpl(s:rg/secrg?lcr:]i aﬁp;rqac t ,ln vidua
reaction cross section. gh-spin states give a

o . . rather flat contribution to the total sum, resulting in a less

Above 6(.) MeV,. the S|tuat|on_ for primary emission be- forward peaked angular distribution. When partial state den-
comes relatlve_ly simple. Immed@te capture in the MQC sities are used, the Wigner-type spin distributih20
chain is very improbable and it can be assumed that thgyongly inhibits the contribution of these averaged DWBA
direct and MSD mechanisms completely cover the primary.;oss sections for high, leading to a good prediction in this
stage of the reaction. Accordingly, for these caB@GUS  gpecific case. The same reaction has been analyzed within
performs a search o¥;;, by repeating the complete MSD one-component approaches Refd2,32,36, where also
calculation, until the integrated direet MSD cross section  good agreement is found using E8.20. Figure 9c) shows
is equal to the reaction cross sectiondependently deter- the effect of applying the energy dependent spin cutoff fac-
mined by the optical model Then, the only free parameter tor, Eq. (5.14. As expected, this leads to a flatter angular
left is theV . (or V,,)/V ., ratio, while their sum is auto- distribution. One should, at this stage, be cautious in drawing
matically determined. The additional complication that arisesonclusions from this spin distribution phenomenon since at
at these energies is that multiple preequilibrium emissiordeast two uncertainties remain. First, the examples show that
now contributes to the inclusive emission spe¢thmugh not the dependence on the use of the particular global optical
at the very highest emission energies model is rather sensitive. A dedicated proton optical poten-

Figures 6 and 7 show a comparison between fully microtial for °°Zr (of which we are unawajeshould reduce this
scopical calculations and experimental data for 14 MeVuncertainty. Second, a significant fraction of the particle-hole
double-differential 6,xn) spectra for®®Zr and ?°%Pb. In the  states around an excitation energy of 20 MeV are unbound
figures, we have separated multiple compound emission-in our calculations they are assumed to be quasibound—
[which includes processes such as2f), (n,pn), etc] from  and the influence of these transitions is still unknown. The
primary compound emission. For the broadening of the disangle-integrated g,xn) and (p,xp) spectra are well pre-
crete peaks, we used a width of 0.5 MeV. The results showdicted, see Figs. 18 and 1@b) and we note that the angle-
that our approach of including direct cross sections for manyntegrated spectra are less sensitive to the optical model
discrete levels provides an adequate description of the fluchoice. Note that at an outgoing energy of 20 MeV there is a
tuations in the high-energy tail at all outgoing angles. Con-sizeable contribution from multiple MSD emission. For all
sequently, the effective continuum one-step direct contribureactions above 60 MeV, we assumig,=V .=V, . Next,
tion enters only after several MeV of excitation energy, asviNgus determines this value using the unitarity require-
described in Sec. VIA. Globally, we obtain satisfactory ment.
agreement at all measured outgoing energies and angles for Another case for which bothp(xn) and (p,xp) spectra
14 MeV (n,xn) reactions. Exceptions are the prediction of exist is for the 90 MeV proton-induced reaction 6fA\l. In
the first discrete peak and the evaporation peak at 60° fdfig. 11, calculations of double-differential and angle-
%zr. The optical models used for the various reactions, tointegrated spectra are compared with measurements. For
gether with their references, can be found in Table IIl. light nuclei, the density of shell model states is low, resulting

The 25 and 45 MeV§,xn) reactions or%zr, see Fig. 8, in some fluctuations in the spectra when calculated with the
reveal the omission of the isobaric analog state peak in ouiully microscopical approach. Note that the underprediction
calculations, since we do not include isospin considerationsseen in Fig. 1(b) of our angle-integrated spectra compared
However, the cross section for such excitations represerib experimental data at the higher emission energies is partly
only a small fraction of the total neutron production. Also an artifact of the angle-integration procedure used by Kalend
note that for the 45 MeV case multiple MSD emission iset al.[70]. In Figure 12 of Ref[70], Kalendet al. show how
already present, though small, and that the MSC contributiothey extrapolate the angular distributions to small angles us-
has virtually disappeared. ing a linear increaséwhen plotted on a logarithmic scale
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FIG. 6. Comparison of fully microscopical calculations with experimental {i&é for the °®Zr(n,xn) reaction at 14.1 MeV{a)
angle-integrated spectrurtg) 30°, (c) 60°, and(d) 150°, and(e) angle-integrated spectrum at 18 MeV.

However, both theoretical argumeritél] and systematics more accurate angle-integration scheme was used to deter-
from measuremen{®], indicate that a better functional form mine the experimental data.

is a cosine shape, which becomes flat at small angles. Thus, At 113 MeV, double-differential §,xn) spectra have

for very forward-peaked angular distributions at the higherbeen measured for several nuclid@g]. In Fig. 12, we show
emission energies, Kalend’'s procedure can significantlfhe comparison oftINGUS with the experimental data. When
overestimate the angle-integrated result. Better agreememte compare this with the results from calculations with the
with our calculations would be obtained in Fig.(bLif a  high-energy transport cod€éeTc [72], we see that the differ-
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14.1 MeV Pb(n,xn) 30 degrees
* Experiment, Takahashi (1992)
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FIG. 7. Comparison of fully microscopical calculations with experimental &€ for the 2°%b(n,xn) reaction at 14.1 MeV{a)
angle-integrated spectrurth) 30°, (c) 60°, and(d) 150°.

ence in predictive power is manifest mostly for the mosttionally, the INC model tends to overestimate the quasifree
forward and backward angles. At backward angles, the intrascattering peak at the very forward angles for this incident
nuclear cascad€INC) model in HETC underpredicts the energy[73].

emission spectra. This is because quantum mechanical dif- For all reactions below 60 MeV, we have varied the rel-
fraction and refraction effects, automatically included in theevant component of the strength of the effective interaction
MSD theory(but not in ING, enhance the back-angle emis- until the calculated results were in optimal agreement with
sion cross sections. In the semiclassical INC model nucleorthe experimental data. For reactions above 60 MeV, we only
nucleon scattering off a stationary nucleon cannot result irspecified the ratio/../V,,. We have consistently taken a
scattering beyond 90°, though Fermi-motion, semiclassicalatio of 1 for these energies, which essentially makes our

treatments of refraction, and multistep scatterings, willapproach parameter-free f&@>60 MeV. This value does

broaden the angular distribution to higher angles, though stilhot coincide with Austin’s ratio of 3.4 but does, on the other

the differential back-angle cross sections are too low. Addihand, follow directly from phenomenology. Kalerat al.

TABLE lll. Optical potentials used for the reactions studied in this paf&r65.

Nuclide Neutrons Protons

27p| E<90 MeV: Walter-Guss E<50 MeV: Becchetti-Greenlees
E>90 MeV: Madland E>50 MeV: Madland

6re E<80 MeV: Pedroni E<50 MeV: Becchetti-Greenlees
E>80 MeV: Madland E>50 MeV: Madland

90zr E<90 MeV: Walter-Guss E<20 MeV: Becchetti-Greenlees
E>90 MeV: Madland E>20 MeV: Menet

208pp E<200 MeV: Johnson E<200 MeV: Liegeois-Delaroche
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FIG. 8. Angle-integrated spectra f87Zr (p,xn). Comparison of fully microscopical calculations with experimental déga25 MeV

[67], (b) 45 MeV [68].
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FIG. 9. Comparison of calculated double-differential cross sections, using the potentials of Madland and Becchetti-Greenlees, with
experimental data for 80 MeV°Zr (p,xp) [36] at an outgoing energy of 60 MeVa) fully microscopic,(b) state density-based calculations
with a constant spin cutoff factdR.21), and(c) with an energy-dependent spin cutoff factérl4.
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FIG. 10. Comparison of fully microscopical calculations, with the potentials of Menet and Becchetti-Greenlees, with experimental data
for 80 MeV protons or%Zr: (a) angle-integratedf(,xn) cross sectiofi69], (b) angle-integratedg,xp) cross section. Double-differential
(p,xp) cross section at outgoing energies(of 60 MeV, (d) 40 MeV, and(e) 20 MeV.

_[70] have ma_de the interesting observati_on_ that for proton- Tpp giUEgVBA(Vm)+950;?XVBA(VW)
induced reactions around 90 MeV the emission spectra in the —= DWEBA
Opn 979,0pn (Vi)

pre-equilibrium regime for outgoing protons are about twice
as large as that of outgoing neutrons. Figuregajl@nd
10(b), and 11 confirm this trend. For the highest outgoing 722 1 N2V2 V2 42
energies, only one-step direct cross sections contribute and ~— o T T T
we can infer the following ratio from Eq¢2.15 and(2.16): ZNVZ, Vi

if Z=N. (7.2
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FIG. 11. Comparison of fully microscopical calculations with experimental &hfor 90 MeV protons ort’Al: (a) double-differential
(p,xn) cross section(b) angle-integratedg,xp) cross section.

ForZ=N, we find the 2:1 ratio only iV .,=V_,. fwe  DWBA cross sections. We have adopted the FKK model for
would use Austin’s ratio, i.eV,,~3.4V ., we find a ratio  the second and higher steps. In the two-component approach,
of about 1:1 which is not observed in the measurementghe attractive convolution structure of the multistep cross
Hence, the difference between our parametrization and thaection remains present, though an extra summation over in-
of Austin must stem from aspects that are not yet taken intéermediate neutrons and protons appears. Particle-hole states
account in this paper, such as the role of isospin conservatiogre generated with a spherical Nilsson model and each indi-
within MSD reactions. vidual 1p1h state is spread over the energy spectrum using a

However, our finding that measured emission spectra ar&aussian distribution. For fully microscopic calculations,
best reproduced when\4_./V ., ratio of 1 is used is not these states are then adopted for our MSD model. When state
unique. Kalend’s work70] also implicitly contains this con- densities are used, the distance between the energies of the
clusion. They estimate the ratio of emitted fast protons tgoarticle-hole states and the considered excitation energy is
neutrons using quasifree scattering arguments, and obtain apppropriately taken into account in the DWBA average. This
proximately @pp+ o)/ 0p, in the N=2Z limit. This only  approach is more realistic than the conventional arithmetic
gives a ratio of two wherr,,~o,,. Also, in Kalbach’'s average used in the literature. Furthermore, our analysis in-
recent exciton model analydig4], a ratio of 1 was found to dicates that previous works have overestimated the acces-
best reproduce experimental data. sible state densities by a factor of 2 since non-normal parity

In Table Il the extracted values are presented. We usesitates cannot be excited using a spin-independent interaction.
the values fovV_, to obtain the following, incident energy- This overestimate influences the value of the residual inter-
dependent, expression: action strength extracted in previous works.

Inconsistencies in the multistep cross section expansion,
as they appear in one-component approaches, are resolved by
using the two-component formalism. For completeness, cor-
rection factors to be applied to the older one-component re-

which is similar to the simpler one-componefgresults[1], ~ Sults are presented, to approximate the full two-component
see Sec. V D. This energy dependence for the strength of tHgeory, though we stress that such factors need not be used if
effective interaction is included imINGUS, so that for lower the two-component theory is adopted for calculations. All

incident energies that appear for the higher steps, consiste@mplementary reaction models, namely, direct, MSC, and
values are taken. compound are included. Comparisons mfNGUS calcula-

tions with measurements illustrate the sensitivity of the re-
sults to the optical models and the shape of the spin distri-
bution. Allowing ourselves the adjustment of one parameter,
We have presented a new model for the computation ofhe (ratio of the strength of the effective interaction, we
multistep direct reactions. The theoretical improvement conebtain a globally good description of experimental double-
sists of an extension of the MSD formalism to a model thatdifferential continuum spectra.
distinguishes between protons and neutrons for both the Although our method removes several existing uncertain-
leading particle and the excited particles and holes for alties within MSD approaches, we appreciate that many as-
orders of scattering. Our formalism enables both completelyects still need to be explored.
microscopical calculations, in which all particle-hole states Spin transfer reactionsWe have only included normal
as predicted by the shell model are included, and an approxparity states in our analysis, in line with our choice of a
mate approach using partial state densities and averageimple central form for the effective nucleon-nucleon inter-

V_ =318 0'20E 7.3
T .0eX m 1 ( )

VIIl. CONCLUSIONS AND FUTURE WORK
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. (a) tion phenomena. An adequate analysis will require realistic
10 : , : spin-orbit terms in both the effective interaction and the op-
10° ¢ 113 MeV ZAl (p,xn) ] tical potential. Additional further work is needed to address

. 075 deg problems encountered in DWBA calculations for particle-
10" ¢ 030 deg /10 3 hole states with high spifv6].

102 | 4 60 deg/ 100 ] The Tamura-Udagawa-Lensk@UL) model From the
o ot eaedspecrum | theoretical point of view, the multistep method described in

this paper can be easily modified to calculate the full multi-
step matrix element, including all two-component aspects.
This would enable a microscopic validation of the TUL
model(either with or without the use of state densijiad/ith

1 regard to the MSD literature of the past decade, the TUL
i model is perhaps less controversial than the FKK model. The
randomness of the distribution amplitudds. (2.5)] is the
only basic statistical assumption underlying the TUL theory

d°6/dEdQ (mb/(MeV sr))

] 10 . 100 for the higher steps, and has been verified independently in
Outgoing Energy (MeV) nuclear structure studigd1]. A restrictive practical aspect
. (b) of the approach of Ref4], the use ol -independenimacro-
10 : ; — scopicform factors for all DWBA transitions, has been re-
10° | 113 MeV *°Fe (p,xn) ] solved in this paper for the first step. We have not yet inves-
0 L 07.5deg ] tigated whether microscopic calculations for the higher steps
©30deg /10 are really feasible with regard to computer power. Monte
10° | ifgé’ggg’}?goo 1 Carlo techniques for the sampling of particle-hole states may
10' Total calculated spectrum 4 be necessary.

0 T, s ] Unbound 1plh stateRRecently, the cod&cis has been

] extended to include the possibility for calculating transitions
to unbound particle-hole states. The physical meaning of
these calculations and their application in MSD reaction
theory is presently under study. Inclusion of these unbound

d°G/dEdQ (mb/(MeV sr))
=

10_4 ] states may lead to more realistic MSD results, especially for
10 multiple MSD emission when more than one continuum par-
107 ticle is present.
Outgoing Energy (MeV) Adequate optical potentiaIsMost calculations in_ thi§ pa-
v per were based on global optical model parametrizations and
10° . ‘ ] , (<) we halve Cgml‘irmed the sensitivityI of trée IMSD resulllts orll thed
208 optical model parameters. Optical models especially tailore
10" | 113 MeV P (p’)fjn%s deg ] topthe nucleuspunder considepration would at Ipeast eruce an-
10° | o 30deg /10 1 other uncertainty of quantum-mechanical preequilibrium cal-
10 ~ 2?3 :gg/ /“17800 ] culations. Potentials constructed from microscopic informa-
10" Total culated spectrun tion, such as provided by Jeukenne, Lejeune, and Mahaux
SRS 3 [75], may be most preferable.

Multiple pre-equilibrium emissianThe present available
method is, although practically very efficient, theoretically

d*6/dEdS (mb/(MeV sr))
=

10

10% not yet at a satisfactory level. The recent work of Arbanas
[59] provides an important theoretical advance in this area.

10° 1 Realistic single-particle level schemes and level densities

10* { Although the equidistant spacing model that leads to the

, simple analytical expressig.18 has been quite successful
100 for the analysis of preequilibrium spectra, we feel that real-
Outgoing Energy (MeV) istic single-particle level schemes would provide the MSD
method with a more physical basis. Both for a fully micro-
FIG. 12. Comparison of fully microscopical calculations with SCOpic approach and for an approach using state densities,
experimental datd72] for 113 MeV (p,xn) double-differential  level schemes built from fundamental nucleon-nucleon inter-
cross sections fofa) Al, (b) Fe, and(c) Pb. actions should be preferred.

Ideally, an MSD analysis should include the most sophis-
action. An obvious extension is to employ the full expansionticated ingredients from other independent nuclear structure/
of V, including noncentral, imaginary, and spin-orbit termsreaction studies, so that uncertainties in the cross section
and thereby also the associated DWBA transitions to nonealculations can be reduced, facilitating a better test of the
normal parity states. RaynaltsvBag1 code can be included underlying quantum statistical assumptions. In the present
in our system for such calculations. This aspect is intimatelycontext, this means use of a level density prescription based
connected with analyzing powers in the continuum, and ouon a realistic microscopical level scheme, as much discrete
MSD approach may shed new light on continuum polarizadevel information as possible, high-quality optical models
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