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We describe how the FKK-GNASH code system has been extended to calculate

nucleon-induced reactions up to 200 MeV, and used to predict (p, xn) and (p, xp)cross

sections on 2°spb at incident energies of 25, 45, 80 and 160 MeV, for an intermediate

energy code intercomparison. Details of the reaction mechanisms calculated by FKK-

GNASH are given, and the calculational procedure is described.

Work performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under conu'act number W-7405-ENG-48.

I. INTRODUCTION

The International Code and Model Intercomparison for Intermediate Energy Re-

actions [1], organized by Blann and Nagel through the NEA Data Bank, provided

an opportunity to extend the FKK-GNASH code system to higher incident energies.

The Intercomparison called for calculations of (p, zn) and (p, xp) reactions on 9°Zr

and 2°Spb at incident energies of 25, 45, 80 and 160 MeV. This paper presents our

calculated results for the reactions on lead, and describes the calculational procedure

that we employ. Full details of the FKK-GNASH code system, as well _ tabulations

of our results for the Intercomparison, can be found in Ref. [2]. Since there already

exists a detailed description of GNASH [3], which is used in the present calculations

to determine Hauser-Feshbach, cluster, and multiple-preequilibrium emission, we con-

centrate here on the description of the first-stage preequilibrium emission, for which

we use the quantum mechanical Feshbach-Kerman-Koonin (FKK) theory [4].

TII. THE FESHBACH-KERMAN-KOONIN THEORY

The quantum mechanical FKK theory has been used to calculate the emission

of a preequilibrium neutron or proton. Two distinct mechanisms can take place:

Multistep Compound emission (MSC), in which the preequilibrium cascade passes
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through bound states until emission occurs; and Multistep Direct emission (MSD),
in which at least one of the particles remains in the continuum during the cascade.
MSC emission, which is symmetric about 90 degrees, can only occur for incident
energies below about 50 MeV and is usually not important above 30 MeV. Therefore,
in the present calculations we have only included MSC in the 25 MeV incident energy

, cases (details can be found in Refs. [2, 5]). MSD is important at all the energies
considered and is described in more detail below. Transitions from the MSD to MSC

preequilibrium chain, discussed in Refs. [5, 6], are included in the calculations.
In MSD reactions the continuum leading particle maintains a 'memory' of the

initial direction of the projectile as it creates p-h states through scatterings with
bound nucleons, and results in forward-peaked emission. The one-step cross section
is given by

d2aO)(E,_ _" Eo, f_o)
dfldE = _-_(21+ l)p(lp, lh, Eo_ E, 1)([do'(E, fl _ Eo,_o) ]DWBA_t dfr _l I'

(1)

where:-

. l is the orbital angular momentum transfer, which equals the composite spin
since we follow FKK in assuming spin-zero nucleons and target nucleus.

• p(lp, lh, Eo-E, l) is the density of lplh states with energy Eo-E and spin l. In
general the density of states for a p-particle h-hole system can be partitioned into
the energy-dependent density multiplied by a spin distribution, p(p, h, E, l) =
w(p, h, E) R,_(l). We use the Williams [7] equidistant expression with finite hole-
depth restrictions,

: hw(p,h,E) = p!h!(n - 1)! _(-1)J (E- A - Avh -jeF)'_-I®(E-- A- Apa -j%),j=O

(2)

where n = p+ h, g = A/14, Avh = p_ + h2 +p- 3h/4g, and the pairing
energies (A) of Dilg [8] were used. A Gaussian spin distribution was adopted
with a 2 = 0.24nA 2/3.

DWBA_ is the average of DWBA cross sections exciting lplb• <[da(E'fld_E°'fl°)]l /

states of energy E0 - E consistent with angular momentum and parity conserva-
tion. The form factors were calculated with a Yukawa potential, range 1 fm, with
optical scattering states for the unbound nucleolls and states calculated with a
Wood-Saxon potential for the bound nucleons. 'Fhe lplh states are obtained
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from a spherical Nilsson model. The default optical potentials that we use are:
Wilmore-Hodgson [9] below 20 MeV and Madland-Schwandt [10] above 20 MeV
for neutrons; and Becchetti-Greenlees [11] below 20 MeV and Madland-Schwandt
[10] above 20 MeV for protons.

In the FKK theory, multistep cross sections are given by a convolution of 1-step
.r

cross sections, the N-step scattering being,

: d2cr(N)(E, gt _-- Eo, gto)
_ m fd_N-,fdEN_IEN_Id_dE 4r2h 2

d2cr(1)(E,f_+--EN-I,f'IN-1)d2er(N-1)(EN-1,_iN_,+-Eo,f_o)

x df_dE df_N-ldEN-1 . (3)

We have found an approximateenergydependenceofthe residualinteraction

strength V02cx 1/Ei_c [5], and therefore incorporate this energy dependence into our
multistep calculations in Eq. (3). V0 is the only free parameter entering the MSD
calculations, and is extracted in the following way. For the 80 and 160 MeV incident
energies, the first-stage MSD preequilibrium processes were assumed to exhaust the
reaction cross section. By equating the summed neutron and proton primary emission
cross sections with the reaction cross section, V0 could be uniquely determined. It is
important to note that we do not vary V0 so that the MSD reactions account for all
the observed preequilibrium emission, as has been done in all previous MSD analyses
by other authors. We find that for these high incident energies, such a procedure leads
to a violation of unitarity, since the integrated neutron and proton MSD then exceeds
the reaction cross section. Instead, we find that multiple preequilibrium processes
(described below) account for much of the observed high-emission energy data. For
the 25 and 45 MeV incidept energies, the above procedure cannot be used since
preequilibrium processes no longer account for the whole react;on cross section, and
primary Hauser-Feshbach emission is important. However, multiple preequilibrium
effects are not very important at these low energies, and so V0 can be obtained by
matching the MSD emission to the difference between the high energy differential
data, and the calculated MSC (see ref. [5] for more details). In cases where no data
is available, we have been guided by preequilibrium spectra calculated within the
semiclassical exciton model.

It is possible for more than one particle to be e_"l_tted through a preequilibrium
mechanism, and these particles will contribute to th(_.observed emission spectra at the
higher emission energies. The description of multiple emission processes within the
FKK theory is still under development and has not yet been implemented in FKK-
GNASH. Instead, the emission of a second preequilibrium partic]e is accounted for
by the exciton model [2]. Such a semiclassical approach to multiple preequilibrium
emission does not yield angular information. Thus we decided, as a preliminary
choice, to used the same angular distribution as obtained from MSD 2-step.
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III. HAUSER-FESHBACH EMISSION

The full angular-momentum dependent version of the Hauser-Feshbach model in
the GNASH code [3] is incorporated into FKK-GNASH. Before performing the anal-
ysis, trial calculations were performed with 160-MEV protons incident on 2°Spb to
determine the reaction sequences that make significant (ct greater than ._ 1 mb) con-

" tributions to the proton and neutron emission spectra. For the decay sequence used
: in the p-2°Spb calculation, neutron and -),-ray decay are included for Bi isotopes from
• 2°gBi through 192Biand for Pb isotopes from 2°Spb through l_pb. Additionally, pro-

ton and deuteron emission are allowed for the primary channel, and proton emission
is permitted for the 2°SBi and 2°8pb compound nuclei. No other reactions produce
significant contributions to the neutron or proton emission spectra•

Level densities for the p-2°Spb calculations were obtained from the Ignatyuk [12]
phenomenological model, utilizing the parameterization of Arthur [3] for the level
density parameters. The spherical optical model potentials of Arthur [13] based on
an analysis of neutron and proton reactions on sgy and 9°Zr, was matched above
20 MeV with the global parameterization of Madland [14] and was used to calculate
proton and neutron transmission coefficients and reaction cross sections for the 9°Zr
analysis. For the 2°Spb calculations, the Becchetti and Greenlees [11] global optical
potential was utilized for proton reactions. For neutrons, a coupled_channels potential
developed from an analysis of n-2°Spb scattering and total cross section data [14]
and (n, xn')') measurements [15] was utilized to determine the required reaction cross
sections and transmission coefficients. For both the 9°Zr and 2°Spb calculations,
e_imates of gamma-ray competition were madeusing gamma-ray strength functions
from the model of Kopecky and Uhl [16].

IV. CONCLUSIONS

" Our calculations are compared with data, where they exist, in figures 1-3. The
calculations for the angle-integrated spectra show that up to five MSD steps con-
tribute when incident energies as high as 160 MeV are considered• Our calculations
also indicate that multiple preequilibrium processes are very important, and that
when included the resulting theoretical spectrum agrees fairly well with experiment.
In many cases our FKK-GNASH calculations account for the angle-integrated data
and angular distributions well, though there is a tendency to underpredict the highest
backward-angle data, especially for the 80 and 160 MeV induced reactions. It is pos-
sible that our use of the MSD 2-step angular distributions for the multiple preequilib-
rium angular distributions yields distributions that are too forward-peaked. Further
work on multiple emission within the FKK formalism is needed to determine this.
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V. FIGURES
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Fig. 1. Comparison of FKK-GNASH angle-integrated spectra and angular distribu-
tions with data [17], for 2°Spb(p, n), Ep=45 MeV.

10' .' ,....._.,. , ' , , , , , , , , . 10'* _ ' ,...4.-., ' , ' , ' , ' , ' ,

':'°Pb(p,n). E = 80 MeV I _' _ ''°Pb(p,n) Ep=80 MeV
.--103 L_\ P----To_o._-_m_ _ 103 = •

102 .... _ 10= _=37MoV{ lO' lO' i
lO0 _ _oo

10" _ 10"

"a 10.2 _ 10"2
%

10.30 10 2o 3o 40 50 6o 70 so 10"30 2o 40 r,o 80 1co 120 _,0-

"_ Energy (MEV) --" Angle (deg)
Fig. 2. Comparison of FKK-GNASH angle-integrated spectra and angular distribu-
tions with data [18], for 2°Spb(p, n), Ep-80 MeV.
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Fig. 3. Comparison of FKK-GNASH angle-integrated spectra, a.nd angular distribu-
tions with data [19], for 2°Spb(p,n), Ep=160 MeV.
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