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Abstract

PRECO0-2000 is a two-component exciton model code for the calculation of double
differential cross sections of light particle nuclear reactions. The code, written
in FORTRAN, runs on a PC and calculates the emission of particles up to mass
four, including separate subroutines for nucleon transfer processes, knockout and
inelastic scattering involving complex particles, and collective state excitation
(both discrete and GR states). Emission of a second nucleon at either the pre-
equilibrium or equilibrium phase of the reaction is allowed following neutron or
proton emission. Available options include collective or ordinary pairing correc-
tions, isospin conservation, and shell structure effects. Output of both the energy
differential and double differential cross sections is available. A recommended set
of global input parameters is provided.

This work was performed at the Triangle Universities Nuclear Laboratory under
U.S. Department of Energy Grant No. DE-FG01-97ER41033.
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1. INTRODUCTION

The exciton model, first proposed by Griffin [GR66], is a simple statistical model
which describes the equilibration of the composite nucleus in light particle induced
reactions and calculates the energy spectra for the emission of light particles. It
takes an independent-particle view of the nucleus and neglects all angular mo-
mentum effects. Over the years it has, however, proven to be an extremely useful
model, and one which is quite adaptable to the inclusion of additional physics.
Thus the effects of the pairing interaction, shell structure, and isospin are all now
considered.

In the basic exciton model, the nucleus is assumed to have equally spaced
single particle states, and the states of the nucleus as a whole are described in
terms of the number of particle and hole degrees of freedom which they contain.
The interactions which cause transitions from one class of states to another are
assumed to be two-body, residual, and energy conserving in nature. Particle
emission rates are calculated from microscopic reversibility. In the two-component
model, proton and neutron degrees of freedom are treated separately. This is
necessary for a reasonable treatment of pairing, shell structure, and isospin.

PRECO refers to a family of FORTRAN computer codes of generally increasing
sophistication designed to calculate the energy spectra of particles emitted in nu-
clear reactions within the framework of the exciton model. The early codes (dating
back to around 1970) used the one-component model where no distinction is made
between proton and neutron degrees of freedom. PRECO-D (and later PRECO-D2
[KA85a]) extended this formalism by dividing the preequilibrium cross section
into its multi-step direct (MSD) and multi-step compound (MSC) parts for the
early study of angular distributions. However, these studies indicated that most
angular distributions can be reasonably well described using the preequilibrium
and equilibrium cross sections to approximate the MSD and MSC contributions,
respectively. Thus in PRECO-E, released in 1991 [KA91], the MSD/MSC division
was abandoned in favor of moving to a two-component version of the exciton
model. The two-component version is used here as well.



The approach taken in the development of the exciton model and the PRECO
code system has been largely phenomenological, relying on data from the literature
to guide choices (a) between alternative formulations of various effects, (b) for the
mathematical forms and parameter dependences of other effects, and (c) for the
values of model parameters that cannot be obtained from independent sources.
The physics currently included in the PREC0O-2000 is:

e (Closed form calculations for the equilibration process, allowing for exciton
scattering interactions.

e Two-component state densities (neutron and proton degrees of freedom are
distinguishable) derived in the equi-spacing model.

e Shell structure effects included in the state densities (significantly revised
since PRECO-E).

e Two options for including pairing corrections in the state densities.

e Option for isospin conservation in the preequilibrium phase of the reaction
(% conservation at equilibrium specified).

e Finite well depth corrections to the state densities.

e Option for shallower well depths to account for surface localization of the
initial target-projectile interaction (revised since PRECO-E)

e Preequilibrium and equilibrium emission of a second nucleon following neu-
tron or proton emission (new since PRECO-E).

e Simple approximation to account for y-ray competition with secondary evap-
oration (new since PRECO-E).

e Subroutine for semi-empirical treatment of direct nucleon transfer reactions
(revised since PRECO-E).

e Subroutines for inelastic and knockout processes involving cluster degrees
of freedom (revised since PRECO-E).

e Subroutine for excitation of both spectroscopic and giant resonance collec-
tive excitations as well as a crude estimate of elastic scattering (new since
PRECO-E).



In addition, a fairly robust set of global input parameters for (nucleon,nucleon)
or (N,N) reactions has been developed through a methodical benchmarking pro-
cess using experimental spectra from the literature. Finally, arrays of residual
nucleus cross sections following preequilibrium emission are generated for passing
on to larger Hauser-Feshbach codes which use PRECO as a preequilibrium module.

While open questions of physics remain to be answered for (N,N) reactions
at incident energies above 30 MeV, and while much additional work is needed on
reactions with complex particles in the entrance or exit channel of the reaction, a
new release of the PRECO code is being provided for the benefit of users.

This users manual describes the physics expressed in the code in some detail.
This is especially beneficial since the model has developed over a long series of
papers, and it is not possible in a journal article to gather all the details together
in one place. The manual also describes the structure of the code, the needed
input quantities, the available output options, and a suggested set of global input
parameters. The appendices contain a list of variables and sample input and
output files. FORTRAN files of the code are available in electronic format.



2. Two-COMPONENT PARTICLE-HOLE
STATE DENSITIES

The basic building blocks of all exciton model calculations are the state densities
for the various classes of particle-hole configurations in the composite and residual
nuclei. The formula for the particle-hole state densities is used to derive the
transition rates for the residual interactions which take the system from one class
of states to another. In addition, the state densities for the composite and residual
states feature prominantly in the particle emission rates.

2.1. Fundamental Parameters

The states in a given nucleus are designated by the four indices pr, hr, pu,
and h,, where the symbols p and h denote particle and hole degrees of free-
dom, respectively, and the subscripts m and v refer to protons and neutrons,
respectively. These four parameters are related to the parameters in the one-
component model through the relations p = p, + p, and h = h; + h,. They
can also be combined to give the total number of excitons (degrees of freedom)
n=p+h=pr+hs+p, +hy, =nr+n,.

Particles and holes are determined relative to the Fermi level so that the total
number of proton particles must equal the total number of proton holes and
similarly for neutrons. However, not all of the particles and holes will necessarily
be degrees of freedom. As the Fermi level moves up or down with the absorption
and emission of particles, particles and holes may be formed adjacent to the Fermi
level. These are termed ‘passive’ since they have no permutable excitation energy
and are thus not degrees of freedom. They do, however, influence the energy
requirements for the configuration based on the Pauli exclusion principle.

The composite nucleus is assumed to be formed in a unique particle-hole con-
figuration which is currently taken to consist of the projectile nucleons as par-
ticle degrees of freedom and no hole degrees of freedom. Thus it is denoted



by (Pry hr, P, ) = (Z4,0, N,, 0), where the subscript a refers to the projectile.
Other assumptions would need to be programmed in.

The particle-hole differences are assumed to remain constant throughout the
equilibration process so that in the composite nucleus p, —h, = Z,, p, —h, = N,,
and thus p — h = A, where A, is the projectile mass number. These conditions
will not always be true, particularly close to equilibrium, but they are adequate
for closed form preequilibrium calculations. In the residual nuclei, the differences
are given by pr — hy = Z, — Zy, p, — hy = N, — Ny, and p — h = A, — A, where
the subscript b refers to the emitted particle. Because of these relations, once the
projectile has been specified, the quantities p and p, are adequate to label states
in the composite nucleus. Similarly they are adequate to label states in a residual
nucleus once the nature of the ejectile has been specified. These then are the
labels used in the code and in many places in this manual.

In the two-component model, there are two sets of equally spaced single parti-
cle states, one for protons and one for neutrons. They are specified by the single
particle state densities g9 and g,0, respectively. Together these combine to yield
the single particle state density from the one-component model, gy = g0 + gvo-
The single particle state densities are determined by the Z and N of the nucleus
under consideration and are often taken to be proportional to these quantities.
This is the default option in PRECO where

g0 = Z/Kyn 2.1a)
guo = N/Kqu (21b)

and the normalization parameters are read in but default to K, = Kg, = 15
MeV.

The final parameter needed to describe the states of the system is the excitation
energy, F, of the composite nucleus.

2.2. Basic State Density Formula

In the two-component exciton model, the basic state density formula is due to
Williams [WI71] and is given by

(9r0)™ (9u0)™ [E — A(p,pr, E)]"”
pa! bl p! Ry (n—1)!

WESM(p7p7r7 E) = (2-2)
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where A(p, pr) is the Pauli correction function and is given by

P2+ hE+n, p +hi+n,

A(p,pr) = Ew(p,pr) T o
o) m2) e 2ov b
_ 970G (P, Pr, E)
A= 2) (he = 2) + 5] O(hs — 5)
9x0G (P, pry E)
+L@y—%)(y—%)+él@@w—9
_ 900Gy (P, pr, E)
Al = 2) (=) + 7Ok —5) 23

90Gy(p, pr, E)

This form, unlike the one proposed by Williams, is symmetric in particle and hole
degrees of freedom. Here E, is the threshold energy for the configuration. In the
equi-spacing model (ESM) it is given by
2 2
EFM(p,pr) = 22 I (2.4)
gro  Gvo

where ¢, = max(p,, h,) and similarly for ¢,. The use of the ¢’s accounts for the
presence of passive particles and holes adjacent to the Fermi level.

The last four terms in Eq. (2.3) were determined empirically [KA95] to give
improved agreement with exact state densities in the ESM near the threshold
energy, and their form is different from what was used in PRECO-E. The quantity
m is the number of possible exciton classes (proton particles, proton holes, neutron
particles, and neutron holes) that have at least one exciton. This is called the
number of active exciton classes. The functions in the denominators of these terms
have the form

(5.7 — 0.6m) mgxo [E — En(p, pr)]
n

G+(p,pr, F) =935+ (2.5)
and similarly for G,. Finally, © is the Heaviside function which is unity for a
positive argument and zero for a negative one. The arguments of the Heavi-
side functions cause the last terms only to be included for active exciton classes.
Pairing, shell structure and isospin conservation all modify E;, as discussed later.
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The state densities of Eq. (2.2) were derived for an infinitely deep potential
well and are multiplied by a correction factor, fewa(n,h, V), which accounts for
the effects of the finite depth V' of the potential well in limiting the energy that
can be carried by a hole degree of freedom. The well depth is measured relative
to the Fermi level. When all the interactions occur inside the main volume of the
nucleus, then fra(n, h, V) has the approximate form

h . n—1
atnn ) =1+ 320 (0) (B5E) ew-m) o
i=1

The full well depth is taken to be V' = V; = 38 MeV by default. In the main
reaction calculations, Eq. 2.6 is used and finite well depth corrections are applied
only for states with A = 1 or 2. For direct nucleon transfer reactions, however,
values of h up to 6 may be needed when the simultaneous excitation of additional
particle-hole pairs is allowed, so the most general form of the finite well depth
correction is given here.

2.3. Surface Effects

There is evidence that the initial interaction between a projectile and a target
nucleon is frequently localized near the nuclear surface. When this happens, the
local well depth is less than the central depth V4. In this case, the finite well depth
correction is averaged over a range of depths centered about the average effective
value, V;, whenever the average is not too close to one of the physical limits. (Here
the subscript i refers to the number of interactions which have occurred, and in
the exciton model calculations will typically be the number of hole degrees of
freedom.) This average is denoted (frwa(n, h, E,Vp, Vi)). In PRECO the averaging
is carried out whenever V; is in the range 0.5 MeV < V; < (V5 — 0.5 MeV). The
assumed distribution or weighting function is [KA85]

iy = [rvem(S5 )] e (5]

w

= {2+exp <V;Vi> + exp (V;;Vﬂl (2.7)

12



with
w="V; (Vo — Vi) /2V%. (2.8)
In practice it is typically calculated in nine steps, each of width w. Figure 2.1
shows the functional dependences of w and ¢.

6 I I I I 0.3 — I I I I
~ 0.2 -
> L A
v
- 0.1 - —
L L L L L 0.0 L | L | L | L
0 8 16 24 32 -4 =2 0 2 4
V. (MeV) (V=V.)/w

Figure 2.1: The functional dependences of the averaging function ¢(V,V;) and its
width w. The points in the plot of ¢ show the centers of the averaging bins.

A set of simple systematics [KA0O] to describe surface localization of the initial
interaction is included in PRECO-2000. This is a revised version of what appeared
in PRECO-E. The values of V] were determined empirically from a study of nucleon
induced reactions at incident energies up to 100 MeV and on a broad range of
targets. They indicate a marked difference in the amount of surface localization
for incident protons and neutrons, at least up to 26 MeV, and are parameterized
as

%p(EaL) = 17 MeV (29&)

E,; — 45 MeV\1 !
4 MeV >] (2.90)

where FE,p, is the laboratory energy of the projectile. The functional form of
(2.9b) is fairly arbitrary because of the lack of neutron projectile data above
FE,;, = 30 MeV. Below 30 MeV it has a value of about V;,, = 7 MeV. The results
of Eq. (2.9) are shown in Fig. 2.2. Surface localization has not been studied for
complex projectiles, but it is tentatively assumed that they will follow the proton
systematics. The value of V5 is taken to be the central well depth, V. These
parameterizations are the default in PREC0O-2000, though values of V4, Vi, and V5
can also be read in.

Vin(Ea) = 20 MeV — 13 MeV [1 + exp (

13
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Figure 2.2: Values of the average effective potential well depth at the point of the
first target-projectile interaction for incident protons and neutrons. The results
are shown as a function of the incident laboratory energy. The points show the
values determined from energy spectra in the literature, and the lines/curve show
the adopted dependences given in Eq. 2.9. This figure is taken from [KA00].

2.4. Pairing Correlations

There is as yet no concensus as to the most appropriate method for including
the effects of the pairing interaction in exciton model particle-hole state densities.
As a result, several options are provided in PRECO-2000. Basically, if pairing
corrections are desired, they may be either an energy shift that is the same for
all excitation energies and all configurations in a given nucleus, or they may be
based on a simplified model for collective pairing [FU84, KA87].

In either case the important parameters are the ground state pairing conden-
sation energies Crg and C, for protons and neutrons, respectively. Typically the
same values are used in the equilibrium part of the calculations, but different
values can be read in. The condensation energies default to values representing
the trend of the Gilbert and Cameron [GI65] values. In PRECO the condensa-
tion energies are taken to be zero for an odd value of Z or N, and positive for
even values. They thus represent the energy by which the ground state configu-
ration is lowered by the pairing interaction. Separate energy shifts are applied for
shell structure effects as described below. Thus so-called back-shifted corrections,
which typically contain both pairing and shell contributions, cannot be used.

14



The constant pairing correction option is based on the implicit assumption that
all pairing correlations are washed out at finite excitation energy. The threshold
energy of a configuration thus becomes

. 1 1
Ef}?lr(@pﬂ) — E&SM(ppw) + CTI'O(Z) S <7’er - 5) + Cy()(N) S <TLV — 5) (210)

where the Heaviside functions mean that if n, (n,) is zero then Cyr (Cyp) is not
subtracted. This is similar to what is often done in the total level densities used
in evaporation calculations.

For pairing corrections in the simplified collective model, it is convenient to
work with the gap parameters, A. These are related to the condensation energies
through the relation
gro (Aw0)2

4

and the analogous expression for C. Using these quantities, the results of [KA87]
give the collective pairing threshold energy for protons as

[Aro(2)] = [Ae(ppr, B, Z))

Chro = (2.11)

E‘rc}(l),llr<p7 Py E) = Ggx0

4
9 1/2
‘f‘%r (l%] + [Aﬂ'(p7pﬂ'7E7 Z)]2> (212)
with a similar expression for neutrons so that
1 1
E§§11<p7p71'7E) = ‘f}?}lr(papﬂa E) © <n71' - §> + E‘rc}?}llj(papﬂa E) © (nl/ - 5) : (213)

Strictly speaking, Eq. (2.12) gives the threshold energy for the indicated proton
configuration that is associated with the gap parameter A, evaluated at excitation
energy F. Thus it has an excitation energy dependence. It is not the physical
threshold energy for the indicated exciton configuration but is the appropriate
“threshold” energy correction to include in the state density formula.

The configuration dependent gap parameters, A, and A,, are evaluated as
in [KA87] except that the role of the passive particles and holes is taken into
account by using the gap parameters for the target nucleus in the reaction (or
more generally for the nucleus with Z —p, +h, protons and N — p, +h, neutrons).

15



Thus

Aﬂ' (pv Pr, E: Z) = @(ETF - Efr,phase) AWO(Ztar)

0.996 — 1.76 ( u ) . 9.14
Nzc <C7r0<Ztar>> :| ( )

where the critical exciton number for protons, n,c, is

X

Nre = 0.792 gro Aro(Ziar). (2.15)

For most states, the excitation energy, E,, carried by the proton degrees of free-

dom is assumed to be n
™

E,=-—LF, 2.16
- (2.16)

while for simple states where finite well depth corrections are calculated it is

Eﬂ:E [ frwa(n, h, B, V) ) <n P fiwa(n,h,E,V) ﬂ (2.17)

n P Frua(n + 1,1, B, V) 7 h faeant LhE,V)

For ng/ng. > 0.446, the quantity Er jhase is the energy of the superconduct-
ing /normal phase transition. For n/n;. < 0.446, there is no such phase transition
and Er hase takes on the value of the physical threshold energy for the configura-
tion. Thus

Cr(Ziar) [3.23 (nr/nrc) — 157 (nr/nrc)’| for Ny /nge < 0.446
ETr,phase =
Cr(Ziar) {0.716 +2.44 (nw/nm)zlq for ng;/ng. > 0.446.
(2.18)

Above Er phases Ar is given by Eq. (2.14), while below Ej hase it is taken to be
zero (though technically A is not defined below the threshold energy).

If both A, and A, are zero, then Eq. (2.13) reduces to Eq. (2.10), while if
both Ay and A, are also zero then the corresponding C’s are zero and Eq. (2.10)
reduces to the usual ESM threshold energy.

2.5. Shell Structure Corrections

The shell corrections in PRECO-2000 are calculated in the shell-shifted equi-spacing
model or (S:-ESM) using the formalism of [KA95]. In this model, whenever a shell

16



closure is to be taken into account, a shell gap is introduced into the ESM set
of single particle states at the appropriate position relative to the Fermi energy,
as shown in Fig. 2.3. The single particle states that would normally fall inside
the gap are shifted in energy, with half of them being piled up in a degenerate
level below the gap and half piled up above the gap. = The threshold energy

| le LEVEL 1
LEVEL 3
LEVEL 2 »(]

L1111 (NN

«> D
d

< HOLES E PARTICLES >

FERMI
LEVEL

number of s.p. states

energy

Figure 2.3: Schematic diagram of the single particle states in the shell-shifted
equi-spacing model. The full vertical lines show the single particle states, D 1is the
width of the shell gap, and d = 1/go is the single particle spacing in the ESM.
The dotted line shows the position of the Fermi level for N or Z just above a
magic number. It divides the degenerate level above the gap into two parts, one
accessible to the particle degrees of freedom and the other accessible to the holes.
For a closed shell configuration, the Fermi level would be in the middle of the gap.
This figure is taken from [KA95].

for the affected type of nucleons is then reevaluated in the shell-shifted scheme,
and average effective single particle state densities are calculated for particles and
holes of this type. In practice, the full S>-ESM state densities are used only for
a closed shell configuration. As N or Z move away from a shell closure, the shell
effects are assumed to wash out gradually, so that weighted averages of the shell-
corrected and ESM values for the threshold energy and the single particle state
densities are used.

The new parameters that must be specified are the magic numbers, Z,,,, and
Ninag, (only the one closest to the Fermi level is considered) and the widths of the
shell gaps, D, and D,. It is also useful for the discussion below to define several

17



derivative variables. The ensuing discussion is given in terms of the proton vari-
ables. The corresponding neutron variables simply have the subscript 7 replaced
by v and Z replaced by N. The first such variable is

I = |Z — Zipng| (2.19)

which indicates how close to the closed shell the current nucleus is. The quantity

D, +d,
M, = int _— 2.20
integer < oL ) (2.20)
gives the degeneracy of the piled up levels at the top and bottom of the gap, where

dr = 1/gro is the ESM level spacing. Finally, when I, > M, then the Fermi level
is outside the gap with its degenerate levels. In this case it is useful to define

ap = min(qy, [ I — My]|) (2.21)

which determines how many ESM states on the gap side of the Fermi level enter
into the calculation of the configuration’s threshold energy.

The basic state density formula in the S>-ESM is the same as the usual ESM
formula of Eq. (2.2) except that configuration-dependent single particle state den-
sities are used. The new formula is

9+ (1, e, E)* |9y (0, P, E)| " (9s(p.pr B 96, pr, B)] "

p7r! h'7r' p,,! h,,,'
% [E B A(p7 DPr, E)]nil
(n—1)!

WS2—ESM<P; Pr, E) =

(2.22)

where subscripts in parentheses refer to hole degrees of freedom.

2.5.1. The Pauli correction function

The Pauli correction function has the same form as previously, in Eq. (2.3), but
here the threshold energy of the shell-shifted configuration is used. It is given by

B M (p p) = B PM(p, pr) + B PN (p, p) (2.23)

where the proton part has the form
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2Mydr — Dy

2_
th,ﬂESM(pva) = {(Qﬂ' - |M7r - I7r|) 9

dyr 1
+ (qrr - |M7r - I7r|)2 ?} @ <Q7r - |M7r - Irr| - 5)

2M,d; — D,
+ {(%r - (Mrr + ]Tr)) f

o (-t

+(gs — [,) D, © (qw - %) +ap(2s — ax)dy © <Lr M. — %) (2.24)

+ (qrr - (Mfr + Ifr))

and the neutron form is analogous. The inclusion of the —% in the Heaviside
function avoids the ambiguities if the argument is zero.

2.5.2. Effective single particle state densities

The effective single particle state densities were chosen to reproduce the exact
counting state densities in the S?-ESM as faithfully as possible. The scheme
is described in [KA95] where comparisons between closed form and exact state
densities are given. The work was approached in a step-wise fashion. First the
closed shell configurations were studied, beginning with state densities with only
one active class of excitons and moving up to those with multiple classes. Then
various near-shell cases were examined, again beginning with only one active
exciton class. This required modifications to the closed shell prescription whenever
excitons are excited across the shell gap with increasing excitation energy. Final
adjustments to the scheme were made to account for what were termed ‘highly
constrained’ cases: those in which all or all but one or two excitons are located
between the Fermi level and a shell gap at threshold. The resulting scheme was
tested on so called ‘mixed’ cases where the shell structure is different in the proton
and neutron single particle states.

The basic algorithm chosen for the effective single particle (s.p.) states for a
single class i of excitons is

S% _ESM avg. number of s.p. states accessible, S*—ESM

9i (p7pﬂ'7E) = Gio

avg. number of s.p. states accessible, ESM
Nsh,i

gio .
Ngsw,i

(2.25)
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The denominator is easily evaluated as

gio Ex(p, pr)

e (2.26)

Nesm,i = n; +
where n; is the number of excitons (pr, hr, Py, or h,) in class ¢ (and thus the
number of s.p. states accessible to the class at threshold), and E, = F — Efi —HSM
is the energy above configuration threshold in the S>-ESM. The first term counts
the single particle states occupied at threshold, while the second is the average
number of additional states accessible at energy F. The denominator n — 1 was
determined empirically. The second term also occurs in the numerator of Eq.
(2.25) so that it is convenient to define it as

gio Ez(p, r
Nri(p, pr) = %

(2.27)
which is the same for particle and hole degrees of freedom.

The results for the numerator in Eq. (2.25) are more complicated. In the rest
of this section they are given for the proton single particle states while similar
results apply for the neutron single particle states. It is assumed that Z > Z,,¢
(and, when the proton results depend on both configurations, that N > Ny.). If
Z < Zmag (or N < Npag) then the roles of proton (neutron) particles and holes is
reversed. For the two classes of proton excitons, the numerator of Eq. (2.25) is

Nsh,ﬂ' = Nthyﬂ- + Clﬂ-(E) + NEﬂ-(p,pﬂ-) — ANa — AN(,, (228&)
Nsh,(rr) = Nth,(rr) + CQW(E) + CBTI'(E) + NEﬂ(p, pﬂ-) - ANa - ANb (228b)

Here the Ny, give the number of non-degenerate single particle states accessible at
threshold, the Cj, give the contributions from the corresponding degenerate levels
using the numbering shown in Fig. 2.3 on page 17, and the AN give corrections
to Ng when excitons are excited across a shell gap. The quantity AN, seems to
reflect the excitation energy tied up in exciting both neutrons and protons across
shell gaps, while the physical origin of AN, is less clear though it may relate to
some interplay between combinatorials in degenerate levels 2 and 3. The forms of
the different contributions to Eq. (2.28) are discussed below.

2.5.3. Contributions from the degenerate levels

The Cj, values are calculated by taking account of the average number of excitons
in the jth proton degenerate level at a given excitation energy. If there are M,
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single particle states in this level and an average of p;» proton degrees of freedom
in it, then the average effective number of accessible single particle states is

M; for 0 < pj-(E) <1
Ciz(E) = (2.29)
q.- 1//~/' TI'(E)
welB) ()7 for 1 < p5e() <
The occupation numbers, p;r, are estimated by making the following assumptions
that tend to produce larger contributions from the degenerate levels:

e As the excitation energy increases, the occupation of a degenerate level tends
toward M, /2 to the extent possible while still leaving at least one exciton in
the corresponding class to carry random amounts of excitation energy. This
maximizes the value of the binomial in Eq. (2.29).

e If there are not enough excitons in the class to maximize both levels 2 and
3 when both are active, then level 3 is preferentially maximized at higher
energies since it is higher in excitation and has the larger degeneracy.

e Initially it is assumed that |u;(E) — p;(Ew)| is the maximum possible (until
the desired limit is reached) based on the average share of E,(p,p,) that
would be ascribed to the excitons in the ‘source’ states. Normally for ex-
citons of class i this would be n;E,(p,pr)/n. In the near-shell case where
cross-gap excitations are possible, the number of excitons excited across the
gap, A, and/or Ay, is first calculated using this energy. Then the emp-
tying of levels 1 and 3 (which entail no further gap crossings) is calculated
using B, — AgrDr — Ay, D, in place of E, and n¢ + Agr + Ay, in place of
n to determine the average energy available to the source excitons. Here ng¢
is the number of excitons that are ‘free’ (i.e. not constrained to lie between
the Fermi level and a shell gap) at configuration threshold.

o If (taking the case of protons with Z > Zag) hr > Z — Zyag, then level 2 is
maximally occupied at threshold and there are excitons above the gap which
would tend to block cross gap transitions. In this case Ay is reduced by a
factor of max(1 — |Z — Zmag| dx/Dx,0.5). The limitation of this reduction
factor to a value of 0.5 has not been tested. A similar reduction applies
for pr > |Z — Zmag| when Z < Z,.,, and analogous results apply for the
neutron single particle states.
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e If levels 1 and/or 3 are overpopulated at threshold relative to their limiting
value and if the limiting value is less than M, /2, then depopulation is slowed
by a factor of 0.75 unless this is the only active class of excitons.

The estimates of Cy, and Cs, from Eq. (2.29) are also reduced if there are less
than two excitons in the pertinent class that are above the shell gap. Physically
this reduction comes from the fact that at least one exciton in the class should be
available to carry a random amount of the available excitation energy.

2.5.4. Corrections to N due to excitations across a shell gap

The AN quantities in Eq. (2.28) are evaluated empirically and both include con-
tributions from both proton and neutron gap crossings so that

AN, = (hsAN,; + hyAN,,) /n (2.30)

and similarly for AN,. [Here it is assumed that N > Ny,.. Otherwise p, would
be used instead of h,.] Thus both AN, and AN, are zero unless the nucleus
has a near-shell (as opposed to closed shell or no shell) configuration for either
protons or neutrons or both. Evaluating the four quantities ANy, ANy, ANy,
and AN, is fairly complicated, and the considerations will again be discussed in
terms of the proton s.p. states.

Since AN, and AN,, reflect the excitation energy tied up in gap crossings,
they tend to increase linearly with E, in each of several energy domains. For
AN, the initial slope is determined by h,¢, the number of “free” proton holes at
threshold. The slope decreases in each succeeding energy domain until a limiting
value of AN,y = Dyhger/hy is reached, where hq, is the number of proton holes
“trapped” between the Fermi level and a shell gap at threshold. This limit is
reduced if 2h .+ hy > 3 and at least one other class of excitons has free excitons
at threshold (i.e. if ng > hgy).

As already mentioned, the physical origin of AN, is not entirely clear. For
hrt < M3, — 1, the proton part, AN,,, is positive at low E, and decreases to zero,
while for h,¢ > M3, — 1 it is negative and proportional to E, with a limiting value
of —1. This contribution is reduced by the same factor as AN, and under the
same conditions.

2.5.5. Constrained cases

The above prescriptions for Ny (r) are modified for cases that are ‘highly con-
strained’; that is when most or all of the excitons are trapped. It is these modifica-
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tions that reproduce most of the sharp jumps and plateaus seen at low excitation
energies in the exact counting S2:-ESM state densities for these configurations.
There are two types of constraints. The first applies only to the single class of
excitons being considered and occurs when all of its excitons are trapped at the
current excitation energy. The other type relates to the configuration as a whole
and occurs for proton holes if the following three conditions are fulfilled:

e h<1and h, <1 and
® pr +p, =0 (i.e. no excitons in the unconstrained classes) and

o {h.s + integer [(F, £ d/2) /D;|} < min(2m,h, + 1 — h,¢) where the plus
sign applies for h s = h,r = 1, and the minus sign applies otherwise.

Here, as in Sect. 2.2 on page 10, m is the number of active exciton classes. The
three conditions show that both types of constraints disappear as the excitation
energy increases and more excitons can be excited across the shell gaps.

The constraints act differently when FE, is within half a single particle spacing
of an integer multiple (including zero) of D./d, than elsewhere. They affect
virtually all of the terms in Eq. (2.28b). In the extreme case where there are no free
excitons at threshold, they set the state density to zero between the configuration
ground state energy and the energy required to excite the first exciton across a
shell gap. Clearly this is the physical result since there are no free excitons to
carry the excitation energy.

2.5.6. Washing out of shell effects

The above shell corrections are derived assuming that the shell gaps remain as
distinct and effective in near-shell nuclei as in closed shell configurations. It has
been shown [KA95a, KA99], however, that improved agreement with experiment
can be obtained if the shell effects are assumed to wash out or lose their effec-
tiveness as N or Z moves away from a magic number. In particular, the results
of [KA99] suggest that the range over which this washout occurs is about D/d
or roughly twice the degeneracy of the piled up levels at the top and bottom of
the gap. In general, the range of mass numbers over which the shell effects wash
out is given as fsenD/(2d), so that the indicated value of fyep is 2, though other
values can be read in. Both linear and square root dependences were investigated
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phenomenologically, and the latter seemed to be preferred. Thus a washout func-
tion Finey is defined for both protons and neutrons, that gives the fraction of the
shell effects remaining. For protons it has the form

|Z B Zmag| )1/2
fShellDﬂ'/(2dﬂ')

with an analogous form for neutrons. Its behavior is shown in Fig. 2.4. The

Fﬂ',shell =1~ < (231)
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Figure 2.4: The washout of shell effects as the Z of the nucleus moves away from
the closed shell value of Zmag-

shell corrected values of the threshold energy and the neutron and proton single
particle state densities are now all given by a weighted average between the ESM
and S2.-ESM values. Thus

EtSII;EII(pa pﬂ) = Fﬂ,shell Etsli;ESM (p7p7r> + (1 - Fﬂ,shell) ngg%p?pﬂ)
+ Fu,shell Ef}i;ESM (p, pﬂ') + (1 - Fu,shell) EESS/[Q??Z)W) (232)

and
gi (p7 Pr, E) = E,shell gz'SQ_ESM (p7 Pr, E) + (]- - E,shell) gio (233)

where i is 7w, (), v,or (v), though the washout factor is the same for particle and
hole degrees of freedom.

2.6. States with Good Isospin

The gradual mixing of isospin is not explicitely handled in PRECO, but calcula-
tions can be run assuming either complete mixing or complete conservation of
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the isospin quantum number during the preequilibrium part of the calculations.
If it is conserved during the preequilibrium part, then the amount of mixing to
be assumed at equilibrium is also needed as input. For isospin conserved calcula-
tions, state densities for particle-hole configurations with good isospin are needed.
These have been taken from [KA93] and involve two changes to the usual ESM
state density: the threshold energy is increased by the symmetry energy require-
ments, and a correction factor, fiso(p, pr,T,T,), is included. The situation is far
more complicated than for total state densities because, as shown in Fig. 2.5,
there are three different types of isospin flip transitions (that convert a neutron
into a proton or vice versa) and these do not always conserve the particle-hole
quantum numbers in the two-component exciton model.

=T, T,=Ty—1
(1 (2) (3)
L[] [ B [ ) °
[ ) [ ] [ ] [ ]
(] [ ) [ ) [ ]
[ ) [ ] [ ] [ ]
[ ®)
o o 0] o
o| /= o| T o | T o
o o o --}>0
(2,1,2,2) (3,1,1,2) (2,1,2,2) (2,0,2,3)
+
passive
pair

Figure 2.5: Schematic representation of the components in the T, = Ty—1 isobaric
analog of a (pry e, v, hw) = (2,1,2,2), T = Ty configuration in a T, = Ty
nucleus. The blocks indicate single particle states occupied in the ground state of
this nucleus, with energy increasing in the vertical direction. The excited particles
are denoted as solid circles above the blocks and the excited holes as open circles
inside the blocks. This figure is taken from Ref. [KA93].

The threshold in the equi-spacing model with isospin conservation is now

EFM(p,pe, T, T,,) = EM (D, pr) + Eaym (T, T2) (2.34)
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where T is the isospin quantum number of the states and T, = (N — Z) /2 is its
z-component. A similar adjustment is made in the threshold energies evaluated
in the shell-shifted ESM or when pairing corrections are included.

The correction function fis,(p, pr, T, T.) has a different form for each allowed
value of T'— T,. In calculations for light particle reactions, at most three isospin
values can occur in a given nucleus: 7' = |T}|, |T.| + 1, and |T3| + 2. The cor-
responding correction functions are given in terms of the ground state isospin of
the target nucleus, which is denoted as T.. The use of the target value automat-
ically corrects for the presence of passive particles and holes. The actual forms
of these equations are quite complex, but can be simplified somewhat by defining
additional quantities.

The first such quantity gives the effective excitation energies

E; =E — Ey (|T.| +i,T2) . (2.35)

The remaining quantities are related to the relative probabilities of the three
different types of isospin flip transitions which are possible. Assuming that N >
7, the relative weights for the three types of isospin flips are approximately p,,
B(px, hy, E;), and h,, respectively. The quantity B has a value of 2(7T, + i) (the
number of neutrons in the neutron excess region) corrected for the number of
proton particle and neutron hole degrees of freedom which will, on average, fall
in that region and thus block the potential isospin flips. It has the form

j
2T,

B(pm h,,,, Ez) = 2<Te + Z) - (pw + hu)f2<p7p7r7 E2> + [fZ(pa 2z Ez)]2 (236)

where o
L — A(p, prr) — Q(Te + Z.)/ga
Ez' - A(pv pﬂ')

and g, = (gro + gvo)/2. The quantity f» represents the fraction of the n excitons
in the full configuration which should be located in the single particles states in
the neutron excess region. The total number of isospin flip possibilities in the
nucleus where 7' is the ground state isospin is thus

fo(p,pr, Bi) =1 —

(2.37)

C<p7rah7r7pwhu;Ei) - B(pﬂ'athEi) +pl/+hﬂ' (2'38)

where for clarity the particle-hole labels are given explicitely in this and the fol-
lowing equations. The weighting factors for the different types of single isospin
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flips are thus
DPv

Xi(pry by pos by En) - = i o B (2.39a)
B(pz, h,, E
XQ(pﬂ'7h7r7pl/7hV7E1) - C(p (h D h,1>E1) (239b)
hor
X3(p71’7h71'7p1/7h’1/7E1) = (2390)

C(pﬂ'v hfr7pl/7 huv El)

and those for double isospin flips are

X11(Pr b yy by Bn) - = C(pmhf;mw&) C(pmh:;;hi&)_l(2.40a)
X12(pr, by vy sy o) = o hf;m ) C(pjff ;th;)Q)_ 7 (2.40b)
X13(ry hey Py oy B) - = C(pmhf;mw&) C(pﬂ,hw,p,},l:rh,,,Eg)—l (2.40c)
Kalpe b B = G B Tl B =1 %)
Xoa (e hs Do s Fz) = C(pfff; 2: fjng) . h,r,pli,ljrhy, (20
Aol om s o B2) = C(pﬂ,hﬂ,h;y,h,,,Eg) C<p7ruh7r7h;u7_hi;E2>_1 (2:400)
Xij(prs by Dy, by B2) = X5i(pry Py Doy o, E). (2.40g)

Finally there are three Y functions, corresponding to the three types of isospin
flips:
Yi(Prs by Doy by Bi) = P hff_z(lTe 7 % (2.41a)
B(pryhv, i) (pr+ 1)(hy + 1)n(n+1)
Py + he + 2T +1) gro g0 [E — A(main)]”
h, +1 970

Y Tr7h7l'7 I/)hllaE’i = N ) 2.41C
o ) pv + he +2(T2 + i) guo (241¢)

Yo(pr, he, pus o, E7) (2.41b)

where A(main) is the ESM Pauli correction for the main configuration whose
T-dependent state density is being calculated.
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Using these factors, the approximate expressions for the isospin dependent
state density correction functions are given in terms of a variety of T-mixed state
densities. These are all evaluated in PRECO using pure ESM state densities with no
pairing, shell structure or finite well depth corrections. The form of the correction
factor fis,, depends on the value of T'— T, and increases in complexity as this
value increases. For the ground state isospin it has the form

fiso<p7r7h'7rapua hl/7E7 TmTz) = 1- }/l(pﬂ' - ]-7h'7r7pu + 17huaE1>

+Yé(pw - 17h7r7pwhu - 17E1) + Y})(pﬂ'y hﬂ' + ]-;pu; hl/ - ]-7E1)

W<p7r7 h7r7p1/7 hu; El)
w(pm P, D, hu, E)

(2.42)

while for the two higher isospins it becomes

fiso(Dry s Doy By B, T + 1, 1) = (D, hry Doy By Br) 71

X1(pr — Lhr,py + 1, by, Ev) w(pe — 1, By py + 1,y EY)
+Xo(prs s vy hoy Er) W(Prey ey Dy By Ey)

+Xa(prs hor + 1,9 By — 1, Er) (s b+ 1, oy iy — 1,E1)}

X

D @ }/1<p7r - 27 h7r7pu + 27 h'w EQ)

pu +1 g7r0
Ya(pr — 2, by py + 1L,y — 1, Ey) + Ya(pr — L he + 1,0y + 1, hy — 1,E2)]

- {X1<p7r - 17 h7r7pu + 17 hw El)

+X2(p7r7 hw;pl/; hw El) Yi(pw - 17 hrr;pu + 1, hu; EQ)

+}/2(p7l' - ]-7h’7l'7pI/7 hl/ - 17E2> + }/3(1)71'7}7’71' + 17p1/7h1/ - 17E2>:|

hu gro
— \Yip.—Lh.+1,p,+1,h,—1,E
h7r+1 gvo 1<p b 2)

+X3(p7r7 h'7r + 17p1/7 hl/ - 17 El)

+}/2(p71' - 17h’71' + 17pwhu - 27E2) +Yé(pﬂ'7hﬂ' + 27plj7hu - 27E2):| }

> W<p7r7 h7r7pu7 hu; EQ)
W<p7r7 h7r7pu7 hu; El) 7

(2.43)

and
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fiSO(pm he, Dy, by, B, T, + 2, TZ) = w(pm b, Du, B, EQ)_1
X X11<p7r - 27 h7l'7pl/ + 27 hu; EQ) W<p7r - 27 h7r7p1/ + 27 hw EQ)

+2X19(pr — L hrypy + 1, by, En) w(pe — 1, Ay py + 1, by, E»)

+2X13(pr — LA+ 1,p, + 1,h, — 1, Es) w(pr — Lhe + 1,p, + 1, h, — 1, E5)
+Xo2(Prs My Pus hyy E2) W(Dres By Doy By o)

+2Xo3(pry he + 1, py, hy — 1, Es) w(pry he + 1, py, hy — 1, Es)

+ X33(p7r7 hﬂ' + 27pV7 hl/ - 27 EQ) w(pﬂ'v hﬂ' + 27pV7 hl/ - 27 EQ) :|

2

Pr (pw - 1) 9v0

—{ X1 (pr — 2, hy py + 2, o, E gvo
{ nl ’ Ity (o)

+ [Yi (p7r - 37 hmpu + 37 hu; EB)

+}/2(p7l' - 37h'7l'7p1/ + 27hu - 17E3) + Yé<p7r - 27 h7r + 17pI/ + 27hu - 17E3)
+2X12(p71' - lvhﬂ':pv + 17hV7E2) br @ |:}/1(p7l' - 27h7|'7p'/ + 27hV7E3)
Pv + 1 gro )
+}/2(p7l' - 27h'7l'7p1/ + 17hu - 17E3) + Yé<p7r - 17 h7r + 17pI/ + 17h'1/ - 17E3)
Dr hy, _

+2X13(p7r - 17 h7r + 17pl/ + 17 hl/ - 17 EQ)

p,+1 hy+1
}/l(pﬂ'_27h’7l'+17pl/+27h’l/_ 17E3>

+}/2(p7l' - 27h7r + 17p1/ + 17h'1/ - 27E3> + YE%(pW - 17h'7r + 27p1/ + 17 hl/ - 27E3>
+X22(p7r7 hTI'7pU7 hu; EQ) Yi(pw - ]-7 h7r7pu + ]-, hu, ES)

+Y2(p7r — 1, haypus ey — 1, E3) + Y?)(pm hz+1,py, by — 1, EB)}

hl/ gz0
I Ny (py — 1, hy +1,p, +1,h, — 1, E
e+ 1 g0 1(p p 3)

+}/2(p71' - 17h71' + 17pwhu - 27E3) + Yé(pﬂ'yhﬂ' + 27plj7hu - 27E3):|

+2Xo3(pry e + 1, py, by — 1, E»)
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hy (hy — 1 wo)
+Xa3(pr hor + 2, p, by — 2, E) (h +<1)(h J)r 2) <%>

}/1(p7r - l,hﬂ- + 2>pl/ + 1>hl/ - 2>E3)
}/2(])# - 17h7r + 2,]),,,}7,,, - 37E3) +Y3*;(p7ruh7r +37p1/7h1/ - 37E3>:| }

% w(p7m hmpuu hw EB)
w(p7m hmpuu hw EQ)

(2.44)

Equations (2.42) through (2.44) are valid for reactions in which the nuclei have
N > Z. For systems with a proton excess or Z > N, the roles of the proton and
neutron degrees of freedom are reversed.

The symmetry energies are calculated internally using the symmetry energy
terms from the Meyers and Swiatecki mass formula [MY66] so that

Esym (Tv TZ) =

110 MeV 133 MeV] (1 - 7). (2.45)

A A4

It is also possible to “comment out” the FORTRAN statements for the second term
in square brackets so as to use only the volume surface energy term, but this
is usually not indicated. An option in earlier versions of PRECO to allow the
symmetry energies to be read in has been deleted.

2.7. Complete State Density Formula

The modifications to the ESM two-component state densities which account for
surface effects, pairing (simple or collective), shell structure, and isospin can be
combined to produce the comprehensive formula

hﬂ— hz/
BT 9+ (P s E) |90y (02 B)| 1900, 9y B) [ 900) (9, s B
wp.pm B, T) = pal ol ool 1)
E — A(p,pr, E,T)"!
X [ (p P )] <ffwd(n> h’? E?%?‘/z» fiso(pupﬂ'7E7 T7 Tz) (246>

(n—1)!

Here if isospin is mixed, the T label is omitted and f, is set equal to unity. If
more than two interactions have occurred (generally if h > 2) then fr,q is set
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equal to unity, and if V; = V4 then no average of fr.q is needed and the function
is simply given by Eq. (2.6). The Pauli correction function is given by

2 2 2 2
pw+hw+nﬂ pu+hu+nV
A(p7pﬂ'7E7T) = Eth(p7pﬂ'>T)_ -

_ 4090 49,0
L= 2) (b= 2) + 2] 00 + [(hr — 2) (e — 2) + 2] O(h)
) gﬂ'OGﬂ'(pJ Pr, E)
o =2) (- 3) + 000 +[( - 2) (- ) + 3] 00,

gVOGll(p?pﬂ'u E)

which is identical to Eq. (2.3) except for the isospin label. The overall threshold
energy is

Eth(p7 Pr, E? T) = Etsl?eu(pu pﬂ) +E1?}(1)u(p7 Pr, E) +E5ym(T7 TZ) _EngM<p7p7r> (248)

Here the shell corrected threshold energy is given by Egs. (2.32), (2.31) and (2.24)
and reduces to the ESM result if no shell closures are present. Likewise the
collective pairing threshold is given by Egs. (2.12) and (2.13). It is replaced by
the normal pairing-corrected ESM threshold of Eq. (2.10) if collective pairing is
not used, and either of these results reduces to the simple ESM threshold energy
if the condensation energies are both zero. Since two complete threshold energies
are thus added, the equi-spacing model result of Eq. (2.4) must be subtracted.

Implicit in Eq. (2.48) is the assumption that shell, pairing, and isospin effects
operate independently of one another. This is not correct but is the best one can
do at present in a simple model.
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3. THE Two-COMPONENT EXCITON
MODEL

Once the particle-hole state densities are in hand, they can be used to derive
particle emission rates as well as the rates for the internal transitions that carry
the nucleus from one particle-hole configuration to another. The latter are used
to describe the equilibration process, while the former are needed to compute the
energy spectra of the emitted particles.

3.1. Internal Transition Rates

The interactions which carry the system from one class of particle-hole configu-
ration to another are assumed to be energy-conserving and two-body in nature.
Thus the possible transitions involve the creation of a particle-hole pair, the an-
nihilation of a particle-hole pair, or the conversion of a proton pair into a neutron
pair or vice versa. The rates for these are derived assuming that the main part of
the two-body interactions between constituent nucleons in the composite system
has already gone into generating the potential well in which the single particle
states exist. Thus the interactions causing energy equilibration are residual, and
the rates can be derived from time-dependent perturbation theory using the stan-
dard relationship A = (27/h) |M|” w(accessible), where |M|? is the mean square
matrix element for the residual interaction and is multiplied by the average density
of final states accessible from a given initial state.

In practice, for the simple, few-exciton states that are responsible for most of
the preequilibrium particle emission, pair creation interactions dominate. Exciton
exchange is slower and can be treated approximately, while pair annihilation is
still slower and can be ignored. Thus calculations in PRECO are done in closed
form, considering only pair creation and pair exchange interactions. The four
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rates that are needed are

At (Dypr, E,T) creation of a proton particle-hole pair

Ao (P, e, E,T) creation of a neutron particle-hole pair

Xev(Py P, B, T) conversion of a proton pair into a neutron pair
Aor (D, pry B, T) conversion of a neutron pair into a proton pair

The pair creation rates, in turn, each have separate components depending on the
nature of the initiating exciton.

3.1.1. The mean square matrix elements

The mean square matrix elements used in the exciton model need to be regarded
as effective as well as residual in nature. Since the whole approach of the model is
phenomenological, the values of the mean square matrix elements may compen-
sate for approximations in other parts of the calculation, and their values will be
coupled to values chosen for other model parameters. Thus, for instance, mov-
ing from a one-component to a two-component version of the model required a
renormalization of the matrix elements by roughly a factor of 8/3 [KAS86].

In the two-component exciton model it is necessary to allow for different mean
square matrix elements depending on the nature of the two interacting particles.
Thus there are really three quantities that need to be considered, |Mm|2, |MW|2,
and |M7r,,|2 = |M,,7r|2, where the subscripts 7 and v again refer to proton and
neutron degrees of freedom. Each of these matrix elements is assumed to have
the same functional form but a separate normalization constant. The form used

in PRECO-2000 is .

+ 20.9) , (3.1)

E
where A, is the mass number of the projectile. In PRECO-E, the term F/3A4,
was replaced by F/n where n is the total number of excitons in the configura-
tion, but as part of subsequent benchmarking of the code [KA95a, KA95b] for
(N,xN) reactions, removing the n dependence seemed to give better agreement
with experiment. The exciton number dependence had been based on the nuclear
matter calculations of [GA73] but need not be appropriate for an effective, resid-
ual interaction such as is needed here. The addition of A, in the denominator was
included to give improved agreement with reactions induced by alpha particles
and will need to be verified in further work on complex particle reactions.
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The normalization constants Kj;; are read in at the beginning of each input
batch file but default to K, = 5.7 x 10° MeV’and K, : K, : K, =5.7:3.4:
3.4. Their overall size is very strongly coupled to the size of g9 and g,.

3.1.2. The transition rates

The densities of the accessible final states which are needed to complete the tran-
sition rate expressions are derived from the basic ESM two-component state den-
sities given by Eq. (2.2). The corrections for shell structure, pairing, the finite
well depth, and isospin conservation are then added in a manner consistent with
the physics of the derivation and so as to preserve the steady state condition
at the equilibrium limit. The transition rates are given here assuming that the
configuration label (p,p,) is again a shorthand for (pr,hr,py, h,) and refers to
the starting configuration in the interaction. Full configuration designations are
sometimes used in the body of the equations for clarity.
The resulting transition rate for creating a proton particle-hole pair is

2_7T (pﬂ' + 1)<h’71' + 1) w(pﬂ' + 17 h’ﬂ' + 17p1/7 h’l/? E7 T)
h 2 w(prrahrrapuahwE7 T)

X {IMWI2 (pw 9 (D, prs E) + hax 9y (D, P, E) )

+2 |MTI'V|2 (pugu(papm E) + h, g(v)(p7p7r7 E) >}
X <ffwd(n7 h: E7 Vb,‘/;» fiSO(pTHhﬂ':pl/:hV?Ev T) (32)

)‘ﬂ+(p7p7r7E7T) =

with an analogous expression for A, but with the m and v subscripts interchanged
in the body of the equation. The rate for converting a proton pair into a neutron
pair is

Pr b

9v(P,pr — 1, E) gu)(p, pr — 1, E)

" <gu(p pr— 1, E))pu <g(u)(p,pfr - 1,E)>"” <97r(p,p7r _ 17E)>;D7r1

9 (D, pr, E) 9w (D, 0, E) 9= (D, 0x, E)

<g<w> P, pr — 1, E)>h"_1 (E—Awu(p,pw,E,T)>n_1
(

2
)\TW(p7pﬂ'7E7T) = 7|]\4ﬂ'”|2

9 (P, Pr, E) E— Alp,pr, E,T)
X [E Aﬂ'l/ pvpﬂ':E T] —’I’L‘A pvpﬂ':E T) A(pvpﬂ'_]-:EvT)‘}

X fwd n, h' E ‘/OV)> flso(pupﬂ' 17E7 T) (33)
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where (p,pr — 1, F) is shorthand for the final state designation of (pr — 1,h, —
L,p,+1,h, +1,F) and

AWU(p?]‘?ﬂ—?E?T) =
max (A(pr, irspys s BT, Alpr = Lhe = Lp, + Ly + LET)) . (3.4)
Again, there is an analogous expression for )\, but with the m and v subscripts

interchanged, with (p, p,+1, E) being the shorthand for the final state designation
of (pr +1,hr + 1,p, — 1,h, — 1, E), and with

Al/ﬂ'(p7pﬂ'>E7 T) =
max <A(p,r, hors s oy BT, A(ps + 1, b + 1,90 — 1, by — 1, E, T)> . (3.5)
The above transition rates are all in the form where isospin is assumed to be

a good quantum number. For the isospin mixed case, the 7' label is dropped and
the function fig, is omitted.

3.2. Particle Emission Rates

The rate for emitting particles of type b and channel energy ¢ from a particular
class of states is derived from microscopic reversibility. In the isospin mixed case
it has the form

281, +1
w2 e

w(pw - Zb; h7r7pu - Nb7 h'w U)
W(prs s puy b, )

where Z;, and N, are the proton and neutron number of the emitted particle, s;
is its spin, and g, is its reduced mass. The quantity op(e) is the total reaction
cross section for the inverse of the exit channel process (i.e. absorption of a
particle of type b on the residual nucleus), and U is the excitation energy in the
residual nucleus. The residual excitation energy is given by U = E — ¢ — B,
where B, is the binding energy of the emitted particle in the emitting nucleus.
The inverse reaction cross section may be either read in or calculated using an
empirical approximation to the optical model reaction cross sections.

When isospin is conserved in the composite nucleus, then the emission rate
becomes

Wy(p, pr, E, ) = L € 0 () (3.6)
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28, + 1
Wb<p7p7r7E7€7T) = #begab<€)

u)(pﬂ - Zb, hﬂ—,py — Nb; h,,/, U’ T)
T,T5)]?
X ;B:[Cb< ,Tp)] W(pry P, Py, By B, T)

(3.7)

where Tp is the isospin quantum number in the residual nucleus B, and Cy(T, Ts)
is the isospin coupling Clebsch-Gordan coefficient in the exit channel. The sum
extends over all allowed isospins in the residual nucleus (either one or two values
for each composite nucleus isospin when particles up through mass four are emit-
ted). The allowed isospins and all of the Clebsch-Gordan coefficients are evaluated
internally in the program.

3.3. Closed Form Reaction Equations

A set of closed form equations [KA86] is used to calculate the average amount of
time spent by an equilibrating nucleus in each of the particle-hole configurations
considered. The system is assumed to be formed in the initial configuration

(pﬂthI'?pl/?hV) = (Za707Na70) (3.8)

where the projectile nucleons form the particle degrees of freedom. It then equili-
brates mainly through a series of pair creation interactions. At most one exciton
scattering interaction of the type given by A, or A\, is allowed between pair
creations. Particle emission is assumed to begin only after creation of the first
particle-hole pair, and this creation may, in fact, happen as the projectile enters
the target. The equilibration is, however, started with the configuration of Eq.
(3.8) so that the initial interaction will excite proton and neutron pairs in the right
relative proportions. In this section, the excitation energy and (when they apply)
isospin labels are omitted from most of the variables for the sake of simplicity.

In order to formulate the closed form reaction equations, it is useful to define
two sets of lifetimes for the various classes of states. They are characterized by
the relations

ppr) = [AH(p, D) + Dot (5 52) + Aew (0 ) + Don (0, 92)
+Z/Wb(p7pﬂ'7E7 €>d€]_ (39)
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which includes the effects of the exciton scattering interactions and

—1
7' (D, 0r) = |Aes (D, Pr) + Aot (D, 1) +Z/Wb(p,pw,E,6)d€] (3.10)
b

which does not. In both cases the emission rates of all six light ejectile types (n,
p, d, t, 3He and «) are included in the sum over b. These lifetimes, in turn, are
used to convert the internal transition rates into their corresponding branching
ratios

L7y (, Pr) Art(P; Pr )T (s Pr), (3.11a)
Lor(p,0x) = Ao (D pr)7(D, r), (3.11b)
Crv(0,07) = Aeu(p, pr)7(P, Pr), (3.11c)
Ly (P, Pr) Avr (D, P)T(D, Pr), (3.11d)

and to define the factor

L(p,px) = 7'(p, px) /T(D, Pr) (3.12)

which is used to correct for higher (i.e. second or third) order exchange processes.
The evolution of the composite nucleus toward equilibrium is described in
terms of two strength functions: Pj(p, p,) which represents the strength populat-
ing states in the specified class directly through pair creation from simpler states,
and Py (p,p,) which gives the total strength passing through this class of states
after considering pair exchange. Thus P, will generally be greater than P;.
The closed form reaction calculations are started with

1 for p, = Z,

Py(Aa, pr) = { 0 otherwise (3.13)

corresponding to the initial conditions of Eq. (3.8). The strengths for higher values
of p are found through the recursion relations

P1(p,p7r) = Pg(p—l,pw—l) FTr+(p_17p7r_1)+P2(p_17p7r) Fu+(p_17p7r) (3-14)

and
P2<p7p7r> = Pl(papﬂ') +L<p7p7r> Pl(pupﬂ' - 1) Flﬂl'(p?pﬂ' - 1)

+Pi(p,pr + 1) Tru(pype + 1) | - (3.15)
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Finally, the average amount of time spent in each class of configuration during
the preequilibrium phase of the reaction is given by

Sore(D, 0r) = Po(p,0r) T(D, Px), (3.16)

and the energy differential preequilibrium cross section for the reaction (a,b) is

[da'a,b(@] = 0alea) 33 Sone(p. ) Wilp, prs B, €. (3.17)

dga P Pr

Here o, is the cross section for forming the composite nucleus. It is evaluated at
the incident channel energy ¢, in the same way as the total reaction cross sections
in the exit channels are evaluated except that it must also be corrected for strength
that has gone into direct reactions. This cross section is discussed in Chapter 4.
When isospin is assumed to be conserved, then separate calculations are done
for each composite isospin, 7', that is allowed (either one or two values) and the
results are added. In this case the result of Eq. (3.17) is applied to each T" and is
multiplied by the entrance channel isospin coupling Clebsch-Gordan coefficient.
The overall preequilibrium cross section thus becomes

R I =

T

= O'a(c‘fa) Z[Ca(Tv TA)]2

T
XD Spre(, 0rs T) Wi(p, pr, B2, T). (3.18)

P DPr

In either case, the sum over p begins with p = A, + 1 and continues until one
of the following three conditions is met:

e the most probably value at equilibrium is reached,
e p reaches the maximum value dimensioned for (currently 12), or

e the initial strength has all gone into particle emission.

At that point, any remaining strength is handled using equilibrium model calcu-
lations.
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3.4. Secondary Preequilibrium Emission

At sufficiently high excitation energies, emission of a second particle during the
preequilibrium phase of the reaction can make a noticeable contribution to the
inclusive energy spectra. This possibility has been added to PRECO-2000 [KA95b].
The physics of the addition is quite straightforward, but it significantly expands
the required computation time. Currently secondary emission is only considered
for nucleons and only following primary emission of a nucleon even though primary
emission of particles up through mass four (alpha particles) is always calculated.
The reasons for these restrictions are:

e Primary preequilibrium emission of complex particles is generally weaker
than that of nucleons, with much of their cross section coming from other
mechanisms such as direct nucleon transfer. Thus their secondary emission
should also be weak, even following primary nucleon emission. This inher-
ent weakness is due in part to the higher binding energies of the complex
particles (except alpha particles) in the emitting nucleus and to the fact
that particle emission reduces the exciton number in the residual nucleus by
Ay units so that as A, increases, the residual states have fewer excitons and
their state densities are generally smaller.

e Primary emission of complex particles removes particle degrees of freedom,
leaving the residual nucleus with a higher proportion of hole degrees of free-
dom. For states with a given number of excitons, this reduces the probabil-
ity of all secondary particle emission and particularly of secondary complex
particle emission. The effect again increases with A,.

Thus while there is no conceptual reasons why a broader treatment of secondary
emission could not be considered, neither is there any obvious reason to include
it, and it would significantly increase the computation time.

For each nucleon type and emission energy from primary preequilibrium emis-
sion, a new set of closed form reaction calculations is done that is analogous to the
primary reaction calculations except that, because of the lower excitation energies,
the maximum value for which p is dimensioned is decreased from 12 to 8. The
flow of strength from the primary to the secondary emission calculations is shown
in a simplified schematic in Fig. 3.1. Secondary emission following each type and
energy of primary nucleon begins with the strength in the residual particle-hole
configurations produced by emission from the simplest possible states. These
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Figure 3.1: Simplified schematic diagram of the flow of reaction strength into sec-
ondary particle emssion during the preequilibrium phase of a reaction. The boxes
represent classes of states with different total numbers of excitons, the vertical lines
represent interactions which create a particle-hole pair, while diagonal arrows la-
beled n or p represent particle emission. All of the arrows represent processes
calculated in PRECQO. In reality, of course, each box in the figure is really made
up of a number of boxes corresponding to different distributions of the constituent
excitons into proton and neutron degrees of freedom.

residual configurations will have A, particle and 1 hole degrees of freedom corre-
sponding to nyg = A, + 2 in the initial nucleus. At each successive stage in the
equilibration chain, the residual strength following primary emission of particles
of the same type and energy from states with the current number of hole degrees
of freedom is added in. Finally, any residual strength from primary preequilib-
rium nucleon emission that does not undergo secondary preequilibrium emission
is made available (along with residual strength from primary evaporation) for
secondary equilibrium emission.

When calculation of secondary emission is requested in the code, the binding
energies for the secondary protons and neutrons are read in, and the total reaction
cross sections in the exit channels are recalculated for the appropriate nuclei. In
addition, the shell, pairing and isospin corrections are also reevaluated.
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4. OTHER REACTION CALCULATIONS

For a complete description of particle emission in a nuclear reaction, a number of
other reaction mechanisms need to be considered in addition to the exciton model
preequilibrium emission. At the beginning of a reaction there are various direct
reaction mechanisms that are not included in the exciton model. These include
direct nucleon transfer (stripping and pickup), inelastic scattering or knockout
processes involving cluster degrees of freedom, and excitation of strong collec-
tive states (both spectroscopic and giant resonance). At higher incident energies,
quasi-free scattering of incident nucleons should also be considered, while direct
breakup of complex projectiles can be important for a wide variety of incident
energies. At the other end of the reaction, it is necessary to treat particle evapo-
ration from both the initial composite nucleus and from the residual nuclei formed
in primary emission, once these nuclei have reached statistical equilibrium. In ad-
dition, both gamma-ray emission and nuclear fission can sometimes compete with
equilibrium emission. These mechanisms are discussed in this chapter and most
are included in PREC0O-2000.

4.1. Direct Reaction Mechanisms

While direct emission of nucleons, particularly in nucleon induced reactions, is
calculated within the framework of the exciton model, a number of other mecha-
nisms are not. These are calculated separately through a series of small, largely
phenomenological models, and their cross section is removed from the entrance
channel cross section that is available for primary preequilibrium emission. The
residual nuclei formed are assumed not to undergo secondary preequilibrium emis-
sion, largely because it is often unclear how to parameterize the particle-hole na-
ture of their states. In addition, the average emission energies tend to be high, a
fact which would tend to reduce secondary preequilibrium emission. The direct
reaction residual nuclei are, however, allowed to undergo secondary equilibrium
emission.
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The mini-models employed here for nucleon transfer reactions and for knockout
and inelastic scattering involving cluster degrees of freedom should be used with
caution, especially for loosely bound projectiles (d, t, *He). While they have been
modified somewhat since PRECO-E and seem to give good agreement for nucleon
induced reactions, they have not been subject to the same level of benchmarking
as the exciton model or the collective state excitation model. Also, indications of
the importance of projectile breakup, which have become evident since the original
formulation of these mini-models, may have an impact on their parameterization.

4.1.1. Nucleon transfer processes

The nucleon transfer processes programmed into PRECO-2000 are contained in the
subroutine NUTRA which has been revised since PRECO-E. They include direct
pickup or direct stripping if the projectile and emitted particle have different
masses. They also include exhange reactions for the mass 2 and mass 3 inelastic
scattering channels and for the (t,>He) and (*He,t) charge exchange reactions. For
the inelastic processes, contributions from both proton and neutron exchange are
considered.

For the reaction A(a,b)B, the general formula for the nucleon transfer energy
differential cross section is

doas(e) _ 25+ 1 Ay coy(e) < Aq >2" <3800>”
de NT 28, +1 A, Aygeq “P\E,+V, Ap

274\
x0.0127 3 (A—A> WNT (Prs s Doy o, U). - (4.1)
Dr A

Here the inverse cross section o, is the same as the one appearing in the exciton
model emission rates. The quantity E, is the incident energy in the laboratory
system, while V, is currently set at V, = 12.5A, MeV which is roughly the average
potential drop seen by the projectile between infinity and the Fermi level. The
quantity K, , is an enhancement factor for reactions which have only nucleons or
alpha particles in the entrance and exit channels and is probably related to the
loosely bound nature of d, t and *He particles. It currently has a value of K, , = 12
for reactions involving only nucleons and alpha particles and 1 otherwise. The
residual state density wxr(pr, r, Do, by, U) is discussed below. The sum over p,
is needed only for exchange reactions in inelastic scattering. In this case p, = 0
or 1 depending on whether a pair of neutrons or of protons is exchanged.
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When isospin is conserved in a calculation, then Eq. (4.1) is modified by in-
cluding the isospin coupling coefficients in both the entrance and exit channels of
the reaction, and a sum over final state isospins is needed. Thus the result is

ldaa,b(e,T)l G TP 25y + 1 Ay wb(E)Ka,p< A, >2” (3800)”

de 2, +1 A, Agc, E,+V, Ap
27\
<0.0127 S (CHT To) 32 (S2)  wnr(pes hes s s U T). (42)
Tp Pr A

and again the results for the possible composite nucleus isospins (if two are al-
lowed) are added.

The final nucleus state density, wxt(pr, b, Duy by, U) [0r T (Prs Py DUy By U, T)
when isospin is conserved], contains contributions from the main configuration and
from two kinds of related configurations. The addition of the related configura-
tions is a significant change since PRECO-E. The main particle-hole configuration
is the one designated by the labels p,, hr, p,, and h,, and it is determined by the
transferred nucleons. Stripped nucleons become particle degrees of freedom and
picked up nucleons leave hole degrees of freedom behind. For exchange reactions
in inelastic scattering, no comparisons with data have been done to see if the extra
configurations are needed, so only the main configuration is currently used and

WONT(Prey Py Doy B, U) = w(Pry By Puy o, U). (4.3)

When the projectile and emitted particle are different, however, the main config-
uration is augmented by allowing for the excitation of anywhere from one to three
additional particle-hole pairs. Thus the effective residual state density becomes

3—

3 3. .
NT(Drs Py Doy M, U) =D 0N (Xnt) ™ w(pr + i, he + 0,0y + 5 by + 5,U). (4.4)
i=0 j=0

Here the factor Xyr represents the probability of exciting each additional pair
and is given by

Xnr (ny +1.5n2). (4.5)

— Ea’
14A, A%
The form of Xy is empirical and suggests that proton transfer is more effective at
exciting extra particle-hole pairs than is neutron transfer. The need to allow for
excitation of these configurations was hidden when the nucleon transfer model was
first developed because finite well depth and surface effects were not included in
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the residual state densities for pickup reactions. The factor A, in the denominator
of Eq. (4.5) keeps the added configurations from disturbing the agreement for
stripping reactions.

The state density for the main configuration is also augmented by allowing
transfer of nucleons at the Fermi level. These additional state densities are simply
added in so that Eq. (4.4) becomes

3—1i

3
wNT(pﬂ'Jhﬂ'7pll7h'U7U ZZ XNT p71'+7/ h +Zp1/+]7h’ +]7U>

i=0 j=0

T ?
O
i Ms
o

hw—j,pu—k‘,hu—l,U)@<i+j+k:+l—%>. (4.6)

Here the Heaviside function keeps the main configuration from being added in a
second time. For stripping, pickup, and charge exchange reactions, either p, or
h, will be zero and either p, or h, will be zero. The use of added configurations
has not been verified in charge exchange reactions and is not employed in inelastic
channels because they should be automatically included in the main configuration
whenever p, = h, and p, = h,,.

The normal exciton model particle-hole state density expression, including
pairing and shell corrections, is used for all of the state densities in Egs. (4.3) and
(4.6). The only difference is that a well depth of 12.5 MeV is used for the finite
well depth correction whenever there are hole degrees of freedom, regardless of
how many holes there are. The use of a 12.5 MeV well depth has been verified for
proton induced reactions but not neutron or complex particle induced reactions.

4.1.2. Knockout and inelastic processes with cluster degrees of freedom

Knockout and inelastic processes involving cluster (multi-particle) degrees of free-
dom are treated in the subroutines KNOCK and INEL which are unchanged from
PRECO-E except for the overall normalization factor. This was listed as 1/13.5
in the users manual but was, in fact, programmed as 1/16. A value of 1/12 now
seems appropriate.

In this type of mechanism, a complex projectile is assumed to retain its own
cluster identity while exciting a proton, neutron or alpha cluster particle-hole pair
in the target. Either of the resulting particle degrees of freedom in this composite
state can be emitted, and their relative probabilities are determined by phase
space considerations. Nucleon pair excitation by a nucleon projectile is already
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considered in the exciton model, so only alpha cluster excitation is considered
here for incident neutrons and protons.

For the reaction A(a,b)B, the basic equation for the energy differential cross
section for knockout reactions is

de 12

y Psga g [U — Axo(pa, hw)]
Semap (25c +1) Ac (00) (em + 2Beoulec)(€m — Boout,e)? 9a 92 /69e

ldam_b(f)]m = M@sbqtl)/lbeab(e)

(4.7)

where P, is the probability of exciting a b-type particle-hole pair, ¢, is the max-
imum emission energy, and Byl is the Coulomb barrier for a particle of type c.
The quantity o,(e,) is the entrance channel total reaction cross section evaluated
at the incident energy, while (o.) is the inverse cross section in the channel where
a particle of type c is emitted averaged over emission energy from By to the
maximum allowed. The final state contains an a-type particle and a b-type hole,
and the Pauli correction factor is calculated in the simplest equi-spacing model,
neglecting the energy dependent terms, so that

1 1

Axo(pa, ) = 5 +

. 4.8
2g2 297 (48)

For inelastic scattering, the final state consists of a particle and hole of the
same type, and for this kind of state the Pauli correction factor is zero. Thus the
equation for the cross section becomes

[df’a:_b(E)LN _ Zal%) (254 + 1) Aug 0u(€)

de 12
PigiU
X z 4.9
i:%,a Zc:a,i (250 + 1) Aa <Uc> (gm + 2-Bcoul,c) <€m — Bc:oul,c)2 Ga 912/690 ( )
for complex projectiles and
dO'a b(c":) O-a<€a>
7 - 2 a 1 Aa a
l — LN 3 (28, + 1) Apeoa(e)
2
0 g2 U
Po 9o (4.10)

X
Zc:a,a (230 + 1) Aa <Uc> (Em + 2Bcoul,c) (5m - Bcoul,c)2 Ga 93/690

for nucleon projectiles.
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Because of the uncertainty of how to treat cluster degrees of freedom in pairing,
isospin, or shell structure considerations, none of those effects are considered in
this part of the calculations. However, whenever an isospin conserved calculation
is being run, the entrance channel Clebsch-Gordan coefficients are multiplied into
Egs. (4.7), (4.9), and (4.10).

In evaluating the single particle state densities for the cluster degrees of free-
dom, it is assumed that all of the nucleons of a cluster are in correlated orbits,
each holding a maximum of two protons and two neutrons. In addition, it should
be recognized that a cluster of A, nucleons will carry A, times the energy of a
nucleon in one of these orbits. Since the single particle state densities are the
number of cluster states per unit of energy carried by the cluster, they are (the
subscript h denotes 3He clusters)

9i = (gro+gu0) /4 = (A/52) MeV™! (4.11a)
g = 9n = (gr0+gu0) /12 = (A/156) MeV™ (4.11Db)
go = (gr0+ Guo) /16 = (A/208) MeV~' (4.11c)

where the proton and neutron single particle state densities are assumed to be

gro = (Z/13) MeV ™! (4.12a)
g = (N/13) MeV™'. (4.12b)

This normalization for g.¢ and g,q is the former default for the exciton model and
affects only the size of the Pauli correction functions since it otherwise cancels
out in the emission cross section calculations.

The probabilities for exciting the different kinds of particle-hole pairs are taken
to be

Ny —9Zy Ny
P, = ~ - 4.13
Ap—20Z4+ 0Za/2 ~ Ay (4-132)
Za— QZa Zx
Po— ~ 24 4.13b
P AA—2¢ZA+¢ZA/2 AA ( )
P - 0Za/2 ~ 924 (4.13¢)

AA—2¢ZA+¢ZA/2 244"

Here ¢ is the fraction of the time that four nucleons in correlated orbits will “look
like” an alpha cluster or, alternatively, the fraction of the possible alpha clusters
that will, on average, exist at any given time. It has been assumed that N > Z so
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that a maximum of Z/2 alpha clusters is possible. The approximate expressions
(the ones actually used in the code) are obtained assuming that ¢ < 1. The exact
size and systematics of ¢ are not well known. Here the values obtained from (p,«)
reactions by neglecting pickup are renormalized slightly and parameterized to
give

0.08 for Ny <116
o= 0.02 4+ 0.06(126 — N4)/10 for 116 < Ny < 126 (4.14)
~ ) 0.02+0.06(N4 —126)/3 for 126 < Ny < 129 '
0.08 for 129 < Ny

4.1.3. Excitation of strong collective states

While the excitation of strong spectroscopic collective states forms a prominent
feature of inelastic scattering spectra, such excitation has only recently been in-
cluded in PRECO [KAQ0]. It is done using the simple model of Kalka et al [KA89]
which has been reformulated in terms of the energies of the incoming and out-
going particles and where the entrance and exit channel penetrability factors are
evaluated in terms of the ratio between the total reaction cross sections and the
corresponding geometric cross sections. The resulting expression for the energy

differential cross section for a collective state of multipolarity A is

1/2 9

doaa (€is€x) _ 2m & By V2 Rt ai(€i) os(er)

dey COL 9A,h° 6?/2 2A+1 1 Ti geom (€i) T f.geom(E7)

P(Ev EA? w)

(4.15)
where F) and () are the excitation energy and deformation parameter of the
collective state, and €, and e are the center of mass energies of the initial and
final particles. The quantity m is the nucleon mass, A, is the projectile mass
number, R is the nuclear radius, and Vg is the real optical model potential. Values
of Vg = 50 MeV and R = 1.23 x A'/? are used, and the geometrical cross sections
are evaluated as described in Sect. 6.2.1 on page 73. The function P(E\, w) is a
Gaussian line shape function centered at F and with a variable width parameter

w: )
1 (E — Ey)
exp | ———| .
V 2mw 2w?
Here E = ¢; — €5 is the excitation energy in the final nucleus. The width of

the Gaussian accounts for the experimental energy resolution and any inherent
spreading of the collective strength. Eq. (4.15) is applied separately to as many

P(E, E)\, w) =

(4.16)
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individual resonances as are specified on input. The total number of collective
states which can be considered is currently limited to 10 by the dimension state-
ments. This number includes both spectroscopic and giant resonance states (see
Sect. 4.1.4), as well as the elastic peak (see Sect. 4.1.5) if it is to be estimated.

The spectroscopic collective states which are considered represent 2+, 3—,
and sometimes 4+ strength. A table of possible values for F) and (3, is included
as Table 6.4 (page 79) in the chapter on recommended input parameters. The
collective state parameters for even-even nuclei are typically those of the lowest
states of the correct spin and parity. The decision about whether or not to include
a 4+ excitation was, where possible, resolved empirically by looking at inelastic
scattering data. In addition, data for a few nuclei indicated that a higher state
of the same spin and parity actually carried more of the collective strength than
the lowest state, and the higher state was substituted. Sometimes two or more
states are strong and should be included in the calculations. For odd-A targets
the collective state parameters were typically taken to be the average for the
neighboring even-even nuclei. For targets that are one unit removed in N or
Z from a closed shell configuration, the values for the closed shell nucleus are
recommended. In addition, a few empirical adjustments have been made, most
noteably for 27Al. The collective state width parameter w must be adjusted
depending on the energy resolution of the experiments being described and/or
the spacing of the emission energy grid used in the calculations.

4.1.4. Excitation of giant resonance states

The other type of collective state which can be excited is giant resonance (GR)
states. These are handled in PRECO-2000 using the model described above for
the spectroscopic collective states and summarized in Eq. (4.15). The four lowest
energy isoscaler resonances have been considered, though obviously others could
be included. For these states it is usually adequate to assume that the resonance
energy is a smooth function of the mass number of the nucleus and that its
inherent width is either constant or also a smooth function of A. The deformation
parameter of a GR state is determined from the appropriate energy weighted sum
rule after subtracting contributions from the strong spectroscopic collective states.
The GR line shapes are assumed to be Gaussian with a width parameter that is
the usual full width at half maximum (FWHM) divided by 2.35. (A Lorentzian
shape is also available.) A set of prescriptions for these parameters was arrived
at in [KAOO] and is summarized in Sect. 6.3.2 on page 81. It is discussed briefly
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here.
The energy weighted sum rules for determining the GR widths are frequently
evaluated for a uniform mass distribution of radius R, giving the results

2mh? _
Sy = ZEe By = A E 020+ 1) =57.5A°30(204+ 1) MeV  (4.17)

for £ > 2, and

5h2 ~
So = ZEO,i : ﬁgﬂ = W = 234753 MeV (418)

for £ = 0. Here m is the nucleon mass, and the radius has been taken to be
R =1.23A"3 fm,

The first GR state, the one that is lowest in energy, is the low energy octopole
resonance or LEOR which consists of 1hw 3— transitions. Its excitation energy
is approximately Frpor = 31413 MeV and its width is taken to be I'tgor = 5
MeV, corresponding to a Gaussian width parameter of wiror = 2.1 MeV. It and
the spectroscopic 3— states exhaust about 30% of the £ = 3 sum rule strength,
with the rest going into the 3Aiw 3— transitions making up the high energy octopole
resonance.

The GR state which is next lowest in energy is the giant quadrupole reso-
nance or GQR. Its energy is approximately Eqggr = 654712 and its width is
about T'ggr = 85A7%2 MeV (or wagr = 36A7%3 MeV). The GQR plus the
spectroscopic 2+ collective states should exhaust the £ = 2 sum rule strength.

The giant monopole resonance or GMR is weak and its parameters are some-
what uncertain. Reference [KA00] suggests a linear mass dependence for its ex-
citation energy of Egyr = (18.7 — 0.025A4) MeV and a width of I'gyr = 3 MeV.
The GMR should exhaust the ¢ = 0 energy weighted sum rule. It is very weak
and usually does not need to be included in reaction calculations.

Finally the high energy octopole resonance or HEOR has an average excitation
energy of about Fupogr = 115473 MeV and a width of about I'ggor = (9.3 —
A/48) MeV (or wpror = (4.0 — A/113) MeV). As mentioned above, it exhausts
the remaining roughly 70% of the ¢ = 3 sum rule strength.

The contributions of these giant resonance states to inelastic scattering spectra
are typically not large but can be noticeable, particularly for deformed, heavy
nuclei where the spectroscopic collective states lie quite close to the ground state
and do not use up much of the sum rule strengths.
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4.1.5. Elastic scattering

In the event that a very rough estimate of the elastic scattering cross section is
needed, it can be obtained by entering the elastic peak as if it were a strong
collective state. In this case, the parameter values should be set at A = 0 and
E,\ = 0., while 3, is generated in PRECO and can be arbitrary in the input.

Two different mechanisms can contribute to elastic scattering: nuclear and
Coulomb processes. The nuclear processes can be described using the collec-
tive state model formula of Eq. (4.15) and a deformation parameter of (), =
1.5 (1+ Z,/A2) -Agl/?’ where the subscripts a and A refer to the projectile and tar-
get, respectively. For charged particles, Coulomb scattering can also contribute.
Here the elastic cross section is given by

AN A
Oaal(€i)bLconl = Kcou ag—?A (4.19)
d a,a\1% Z2 Z2
lM] = Kcou a_Ap(E7 0, w), (4‘20)
de e?
f EL,Coul i

where P is the same line shape function (typically a Gaussian) used in the col-
lective excitation model and with the same width parameter as for the nuclear
elastic contribution. The empirical normalization constants, K., have the ap-
proximate values given in Table 4.1. The two contributions are added incoherently,

Table 4.1: Normalization parameters for the elastic scattering cross sections.

projectile Kgom 1+ Z,/A2

n 1.0

p 400 2.0

d 1000  1.25
t 1000 1.111
3He 1400  1.333
o 600 1.125

neglecting any interference effects so that

ldaa,a(ei,ef)] _ ldaa,a(si,ef)] N [daaya(si,ef)
EL EL,nucl

4.21
ClEf dEf d€f ( )

‘| EL,Coul
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The collective state model cross section is the only one occurring for incident
neutrons and it seems to dominate for incident protons at 30 to 60 MeV (the
only energies studied). For complex projectiles, the Coulomb scattering generally
dominates at most of the incident energies studied (15 to 22 MeV for deuterons,
20 MeV for tritons, 21 MeV for *He, and 25 to 40 MeV for alphas). Additional
deuteron data at 80 MeV at forward angles have significant contributions from
both mechanisms and are less well reproduced, particularly for the very light
targets. The angular distributions are quite important for elastic scattering, and
their smooth trends are described in Chapter 5.

Since most of the elastic cross section is not included in the total reaction
cross sections used in PRECO-2000, it is the only direct cross section which is not
subtracted from the entrance channel total reaction cross section in determining
how much is available for the exciton model calculations. Instead the elastic cross
section is stored separately and simply added in when the emission energy spectra
are printed.

4.1.6. Quasi-free scattering (not yet in preco)

The process of quasi-free scattering is defined here as a reaction in which an
incident nucleon scatters off of a single nucleon in the target essentially as if the
rest of the nucleus were not there. It’s experimental signature is thus a peak
in the double-differential cross section that closely follows the kinematics of free
nucleon-nucleon scattering. It was studied phenomenologically for proton induced
reactions at 100 to 1000 MeV [KA90], but the simple model developed has not
yet been included in PRECO since the benchmarking to date has involved lower
projectile energies. The parameterization arrived at is summarized here for the
convenience of anyone wishing or needing to add it to the code. It should be
emphasized, however, that the parameterization for neutron induced reactions has
not been studied and may be somewhat different and that the parameterization
for proton induced reactions may well change with the availability of newer and
better data. The user is referred to the original paper for further details.

The position of the quasi-free scattering peak is given in terms of the relativistic
relationship for free scattering

Einc C082 elab
1+ (Eine/2M) sin? O,

where M is the rest mass of a nucleon or 939 MeV, Ei.. is the laboratory energy
of the projectile, and 6., is the laboratory scattering angle. The peak position is

Et(Eine, Oap) =

(4.22)
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likewise given in the laboratory system. The results for quasi-free scattering are
then given by

, 44
E®") (B, 0n) = Ep(Eie, Oan) — 43 4.23
ate (Bine, fran) (B, ) T exp (200 = Bng)/70] (4.23)

n 44
E((ljf?; '(BinesOap) = Et(Bine, bhap) — 1 (4.24)

1 + exp[(200 — Ejne)/70]
where it is assumed that all of the energies are given in MeV. Thus at low incident
energies the (p,p’) peak is shifted down in energy but approaches the free scat-
tering energy above 300 MeV, while the situation is reversed for (p,n) quasi-free
scattering.

The peak shapes are described as the sum of two half-Gaussians with width
parameters (half-widths at 1/e of peak intensity) of w; and w, for the low and
high energy sides, respectively. These width parameters are conveniently given in
terms of the cosine of the emission angle in the N-N center of mass, where this
angle is calculated relativistically. The equations for determining 6. are

1/2
Doiay R
cot 00 = 7 cot Qlab - l D7l1; lbb ‘| Y Yb,lab CSC Qlab (425)
Da,lab - (Va,lab + 1)Einc (426)
VYajlab = 1+ Einc/M (427)
Dypiab = (Yojab + 1) Eqts(Oran) (4.28)
Yotab = 1+ Eqps(han) /M (4.29)
Einc + 2M 1/2
_ 4.
7 [ M } (4.30)
R = (’Ya,lab + 1)72 (431)
and the width parameters are given by
Einc . Einc — 54 .
Wy, = 17 sinf. — Tw sin? 0. O( Fie — 540) (4.32)
w = max(wy,, 1.2E7) (4.33)
Einc . Einc — 54 .
Wy, = X sinf. — Tw sin? 0. O( Fie — 540) (4.34)
Wom = max(waq, 0.8EL7) (4.35)
2
Wap = g [Einc - qus(glab)] (436)
wy = min(wypy, wap). (4.37)
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Here © is the Heaviside function which is zero for a negative argument and unity
for a positive one. The extra condition of wy, is imposed on the high-energy
width to keep significant amounts of calculated QFS strength from falling above
the physical end point of the spectrum, while the conditions that are proportional
to Em/C are designed to keep the widths from going to zero at extremely forward

angles.
The total quasi-free scattering cross section integrated over emission angle is

Po Ta a,b
UQfs(EinC7 A7 Z) = quSQW)\QTOAl/B? <]- - 1267’0) <UJ(VN)> (438)

where Cqg is an empirical normalization constant which is Cqi = 19 4. Here ry
is the nuclear radius parameter of 1.07 fm, A is the de Broglie wavelength of the
incoming particle given in fermis, py is the central nuclear density of 0.17 fm=3,
and r, is the effective radius of the projectile given by

= [(0.76 fm)* + (A/2)*] v (4.39)

The last factor in Eq. (4.38) gives the average effective nucleon-nucleon cross
section appropriate for the interacting particle types and is evaluated as

(1 + fats) Z Opp(Eine) + N 0pn(Eine)

for (p,p’) reactions and
f SNU n Einc
<UNN (EmmA Z)> = ot z ( ) (441)

for (p,n) reactions. The quantity fus is the probability for the struck target
nucleon to be emitted relative to the probability for the projectile to be reemitted.
It adjusts the relative intensities in the (p,p’) and (p,n) QFS peaks and has the
empirical value of fq = 0.64 £ 0.03. The free nucleon-nucleon cross sections are
parameterized by the relations

1.69 x 10°  1.49 x 10° 692 E E?
O'pp(E) = — B + oz - f + 224+ m - 5 % 105 (442)
and
2.39 x 10° 1800 E — 300 (E — 500)?
Upn<E) = E2 + E +272_T@<E_300)+W@(E_500)
(4.43)
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where again all of the energies are assumed to be in MeV.
The angular distributions of the QFS peaks are given as an exponential in
cos 0. using the relation

dots(Oe S s €08 O,
oqts () _ aiaqfs(Einc,A, 2) exp(aqss cos 6,

d). 2T

(4.44)

e%afs — e~ Aqfs
This is the mathematical dependence of the multi-step direct part of the main

calculations and seems adequate here. The slope parameter aqs is a function of
the incident energy here too and has the empirical form

tqts(Eine) = 0.086 (Eine — 360) ©(Ene — 360). (4.45)

Thus below 360 MeV, the slope parameter is zero and the angular distribution
is isotropic in the N-N center of mass. Converting this result into the laboratory
system using the relativisitic relationships produces the angle differential cross
section

dogts (Bhab) _ dogss(6c) [2Dbylab]1/2 1 {1 - [Mrﬂ Yo,1ab COS 6 b}
dQlab - dQc Einc Y . "

-1

(4.46)
This in turn can be combined with the previously described line shape to yield
the double differential cross sections

2 S Ea a d S a 2 E s Ea 2
d*0qts(Enab, Oian) _ 04t (Ohan,) exp | — < af 1 b> (4.47)
A Eand dQuap (w1 + we)wl/? w;

where either w; or ws is substituted for w; depending on whether Ej,}, is below or
above Eq.

4.1.7. Projectile breakup (not yet in preco)

A study [KA88] of the systematics of continuum angular distributions for reactions
induced by complex particles at energies of 36 to 720 MeV (but mainly up to 172
MeV) revealed extra cross section at forward angles in the energy spectrum for
emission of particles lighter than the projectile; cross section that is more forward
peaked than the other direct reactions, preequilibrium or equilibrium cross sec-
tions. This extra cross section probably corresponds to break-up of the projectile
in the vicinity of the target nucleus since its energy spectrum peaks at roughly
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the projectile velocity. (A similar component in alpha particle inelastic scattering
showed a fairly flat energy spectrum and is of unknown origin. Contributions
from giant resonance states, which have not been studied in this context, or a tail
from the elastic scattering peak are possiblities.) A detailed study of the probable
breakup components has not been made, and will not be made until benchmark-
ing of PRECO for complex particle induced reactions is begun. Additional data
measured in the intervening years should provide additional insights into these
mechanisms and the systematics of their angular distributions.

4.2. Particle Emission at Equilibrium

In principle, the exciton model can be extended to the equilibrated composite
nucleus. Thus the set of coupled master equations describing the system can be
solved beginning with the initial target-projectile interaction and extending the
numerical integration until all of the cross section has been exhausted. However,
most of the preequilibrium particle emission happens in the first few interactions
and so this involves needless work. Even worse, the assumption that the passive
particles and holes remain passive is probably valid early in the reaction but
would not be expected to be valid at equilibrium and can alter the relative yields
calculated for ejectiles of different masses.

When the closed form approach to the preequilibrium calculations is adopted,
as in PRECO-2000, the formalism cannot be extended to the equilibrium limit,
but it is still possible to use the particle-hole states with their emission rates at
equilibrium by assuming that all states of the system are equally likely to be pop-
ulated. The difficulty of the passive particles and holes is avoided by assuming
that p, = h, and p, = h, at equilibrium, but this approach still involves unnec-
cessary effort since it has previously been demonstrated that the sum over the
equi-spacing model particle-hole state densities has the same energy dependence
as the normal Fermi-gas model state densities which are much simpler to use.
Thus in PRECO-2000 (as in PRECO-E) the particle-hole formalism is abandoned
at the equilibrium limit in favor of a more traditional evaporation calculation.
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4.2.1. Primary evaporation rates

The equilibrium calculations are performed using a simple Weisskopf-Ewing evap-
oration formula so that the isospin mixed particle emission rates become

281, + 1 CU(U)
WilBoe) =~ AB)

where the state densities are now characterized only by the excitation energy
of the nucleus. The state density in the numerator is evaluated in the residual
nucleus formed by emission of a particle of type b, while the state density in the
denominator is evaluated for the emitting nucleus.

The basic equilibrium state densities are given by the two-Fermi-gas formula.
For nuclei away from shell closures this state density has the form

wrg(F) o« a51/4 Ee_ff5/4 exp <2\/a0 Eeﬂ‘> (4.49)

where the effective excitation energy F.g is given by

Bt = E — Cro(Z) — Cyo(N). (4.50)

i € 0p(€) (4.48)

The pairing condensation energies are typically the same as those used in the
preequilibrium calculations but different values can also be used. The quantity ay
is the level density parameter which is related to the single particle state density
through the relation ag = 7% go/6 = 72(gro + guo)/6.

The difficulty with the Eq. (4.49) is that it does not extend down to the
physical ground state, and in fact becomes unphysically large as F.s approaches
zero. This can cause problems both at low residual excitation energies and when
secondary equilibrium emission is calculated [KA98]. To correct this, the usual
transition to a constant temperature state density formula is made at low excita-
tion energies. The equation for this state density is

wr(E) o< t T exp(E/t) (4.51)

where ¢ is the constant nuclear temperature. The constant temperature form is
matched for both slope and value to the Fermi-gas form at the point [GI65]

Eutm = (2.5 4 150/A) MeV. (4.52)

The slope matching condition leads to a value of the nuclear temperature of
~1
t = <\/a0/Eeﬂv’m - 1.25/Eeff,m> . (4.53)
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4.2.2. Shell corrections

When the emitting and residual nuclei are near a shell closure, then shell effects
are also included in the equilibrium state densities. However, the method for
including the shell effects has changed from what was used in PRECO-E. In both
cases the effective excitation energies contain a shell correction so that

Eeff =F - C7r0<Z) - CI/0<N) - SW(Z> - SV<N)7 (454)

but the form of the shell correction is now different. Since shell effects are as-
sumed to have washed out at equilibrium, the S’s for a nucleus with a closed
shell configuration represent the amount by which the ground state of the nucleus
in question is lowered by the presence of the shell gap in the shell-shifted equi-
spacing model (S.-ESM) relative to the ESM. Using the notation of Sect. 2.5 the
proton equilibrium shell correction in PRECO-2000 is given by
Srcl(Zmag) = &Mw — ﬁMﬁ, (4.55)
2 2

with an analogous expression for S, ¢(Nmag). For nuclei that are near but not
at a shell closures, the shell shift is evaluated according to Eq. (4.55) but using
the single particle spacing, d,, of the near-shell nucleus. Then the shell-washout
factors of Eq. (2.31) on page 24 from the preequilibrim calculations are applied
giving

Se(Z) = Frsnen(Z, Ziag) Sza(Z) (4.56)
and similarly for S,(N). Thus Si(Zmag) = Srcl(Zmag). If either shell gap has
been read in as zero (signifying that the nucleus is not near a shell closure for
that type of nucleon), then the corresponding S is also set equal to zero.

In PRECO-2000, the level density parameter also contains a shell correction
which was added in [KA99]. First the level density parameter is divided into
a neutron and proton part so that agp = aro + a,o where ary = 72 gr0/6 and
is typically proportional to Z (and similarly for a,y and N). For a closed shell
configuration, the single particle state density for the appropriate type of nucleon,
Q1 OF @y, 1S Obtained by averaging over the S2-ESM single particle states using
a staircase weighting function centered in the middle of the shell gap. The width
of the averaging function was determined empirically for the lead region where the
shell effects are largest, and it was assumed to scale with the temperature, ¢ of the
constant temperature state density used at low excitation energies. The result is
that the averaging interval is assumed to extend for an energy of kgent in either
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direction from the center of the shell gap, and the optimum value of the scaling
constant seems to be about kg,en = 2.3. This is the default value but others can
be read in. For nuclei with a near shell configuration, the shell correction to the
level density parameter is assumed to wash out in the same way and over the
same mass range as the other shell corrections so that

a'TI'(Z) - Fﬂ,shell(27 Zmag) a‘ﬂ',Cl(Z) + []- - Ffr,shell(27 Zmag)] a’TI'O(Z)' (457)
Finally, ap in the equilibrium state densities is replace by
a(N,Z) = a-(Z) + a,(N). (4.58)

Thus shell effects in a only affect the constant temperature state densities through
the matching conditions.

4.2.3. Isospin conservation

If isospin is assumed to be conserved during the preequilibrium phase of the reac-
tion, then the amount of isospin conservation at equilibrium is specified as input
by the parameter Fr.,. For partial conservation of isospin at equilibrium, evapo-
ration rates are calculated separately for the isospin mixed and isospin conserved
parts of the strength and the results are added. The particle emission rates at
equilibrium for the isospin conserved part of the calculations become

25, + 1 » w(U, Tp)

Wb(E,€,T) = Wubeab(e) Z [Cb(T, TB)] m (459)

where C}, is again the exit channel isospin coupling Clebsch-Gordan coefficient.

The main isospin-dependent state densites are still given by Eq. (4.49) but with
the appropriate symmetry energy subtracted in the calculation of the effective
excitation energy. Thus the state density is

wrg(E,T) a51/4Ee_ff5/4 exp <2\/a0 Eeff> (4.60)
with
Egi =FE — Egn(T,T.) — Cro(Z) — Co(N) — Sz(Z) — S,(N). (4.61)

At lower excitation energies, the constant temperature state density formula is
still used, but the matching point will shift with F.¢, and the state density goes
to zero at £ — Egm (T, T,), the ground state energy for this isospin value.
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4.2.4. Secondary evaporation rates

Secondary evaporation is handled using the same emission rate and state density
formulae as primary evaporation. As in the case of secondary preequilibrium emis-
sion, only nucleons are considered and then only after primary nucleon emission.
The reasons are again the generally weak emission rates for deuterons, tritons
and *He due to their binding energies coupled with the high Coulomb barrier for
3He and alpha particles which further reduce evaporation. A separate calculation
is done for each type (neutron or proton) and each energy of primary particle.
Strength going into secondary evaporation comes from direct reactions, from pri-
mary preequilibrium emission when no secondary preequilibrium emission occurs,
and from primary evaporation as shown in Fig. 3.1 on page 40. (The figure does
not show the direct reaction strength feeding in.) As in the secondary preequilib-
rium calculations, the correct binding energies, pairing condensation energies and
shell corrections for the new emitting and residual nuclei are used, and the total
reaction cross sections occuring in the emission rates are also recalculated.

A new piece of physics which must be considered, however, with secondary
equilibrium emission is the possibility that competition from gamma-ray emission
can be important. In general, particle emission occurs on a much faster time scale
than gamma emission and so gamma-rays need only be considered in the final
de-excitation of residual nuclei with energies below the particle emission thresh-
old. This is typically done in a Hauser-Feshbach model calculation and is not
considered in PRECO. On the other hand, it can sometimes happen that a pri-
mary residual nucleus at low energy will have the neutron channel closed because
of binding energy considerations while the proton channel is technically open but
severely hindered by the Coulomb barrier. Under these circumstances the compe-
tition from gamma-ray emission must be considered or else the secondary proton
emission will be dramatically over-estimated.

In PRECO-2000 this is handled by introducing a new criterion for the calcula-
tion of secondary evaporation [KA99]. The standard criterion would be that at
least one of the nucleon exit channels be open so that U > e, + min(B,, By),
where e, is the lowest emission energy considered in the calculations. This is
now modified to the requirement that

U > min(emin + Bn, €p. min + Bp) (4.62)

where €, min is the lowest emission energy in the grid of considered energies that
fulfills the condition

Oprxn(€)/Tnrxn(€) > R, = 0.005. (4.63)
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The indicated value of R, is the default and was determined empirically, but other
values can be read in. This method is clearly approximate in that it assumes a
sharp rather than a gradual cutoff in proton emission as the energy of the primary
residual nucleus decreases. In addition, the results are not a smooth function of R,
as it is varied because of the discrete set of emission energies considered. However
the chosen value of R, seems to work well for most reactions.

4.2.5. Fission Rates

A very simple treatment of nuclear fission is included as a competing mechanism
for equilibrium particle emission (both primary and secondary). In the isospin
mixed case the fission rate is given by

(E—By—¢)
w(E)

1 E—By
Wis(E) = 5— /0 de (4.64)

where the state densities are evaluated as in the equilibrium particle emission rates
except that both state densities are evaluated in the composite nucleus and no
shell corrections are made at the top of the fission barrier (i.e. in the numerator).
When isospin is conserved as a quantum number, then Eq. (4.64) is modified by
including the isospin of the composite nucleus as a label on the state densities.
The fission barriers in the composite and primary residual nuclei are provided as
input when fission competition is to be considered. This feature of the code has
never been tested or benchmarked against data.

A weakness of this approach, aside from the approximate nature of the model,
is that when fission makes a significant contribution to the reaction cross section
it will typically also produce two or three prompt neutrons which will appear in
the measured inclusive neutron spectra but which are not currently calculated in
PRECO. It is hoped to add this in future releases.
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5. ANGULAR DISTRIBUTIONS

The exciton model from its beginnings was designed to describe the energy spec-
tra of the emitted particles. The description of angular distributions was not
included, partly because angular momentum is ignored in the calculations. In ad-
dition, many theoretical attempts to describe preequilibrium angular distributions
have proven to be of limited usefulness. In PRECO, a phenomenological approach
is adopted. The systematics described here apply to particles emitted during
direct nucleon transfer reactions, during inelastic scattering and knockout reac-
tions involving cluster degrees of freedom, during preequilibrium emission (both
primary and secondary) as described by the exciton model, and during equilib-
rium particle evaporation (both primary and secondary). The systematics were
developed in a series of papers [KA81, KA88, KA93al, and the results are summa-
rized here. The angular distributions for quasi-free scattering and the breakup of
complex projectiles do not follow these systematics, and the QFS component has
already been discussed. Finally, collective excitations and elastic scattering follow
systematics that are different from but related to the main angular distribution
systematics. They are described later in this chapter.

5.1. Main Systematics

The original angular distribution formalism divides the cross section into two
components, multi-step direct and multi-step compound, following the suggestion
of [FE80]. The multi-step direct (or MSD) part is defined as always having at
least one unbound particle degree of freedom at each stage of the reaction, while
in the multi-step compound (or MSC) part the system passes through at least
one configuration where all of the particles are bound so that information about
the original projectile direction is largely lost. The MSD cross section is thus
assumed to exhibit forward peaked angular distributions, while the MSC cross
section has angular distributions which are symmetric about 90° in the center of
mass. In the two-component exciton model, the MSD and MSC cross sections
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are not specifically calculated, so that in PRECO-E the MSD/MSC distinction was
abandoned in favor of a preequilibrium/equilibrium division which yields very
similar (though occasionally slightly more forward peaked) results [KKA86]. The
same division is employed here.

The basic formula for the double differential cross section for the included
mechanisms in the reaction A(a,b)B can be written in the three equivalent forms

d’c 1 a do do
.. S - 9 plex cosf et Qex COSO —Qex COSO
i e (i) )

1 do Qox

- - 1 - Qex COS B 1 — - —dex COS 9]
4 dgb elex — g dex |:( + f d) € + ( f d) €

]‘ ex .
- 3—; sinlcllm {cosh(aEX €08 0) + fisa sinh(aey cos 9)] , (5.1)

where a.y is the slope parameter associated with the exciton model and its related
components. The quantity fisa(€s) is the fraction of the cross section at the
specified emission energy which is multi-step direct and is here replaced with the
fraction that is preequilibrium. The angle 6 is measured in the center of mass
system. Physically this relationship means that the MSD or preequilibrium or
forward peaked component of the cross section has an angular distribution that
is given by an exponential in cos#, while the MSC or equilibrium or symmetric
component is the sum of exponentials in + cos . The remaining physics is hidden
in the slope parameter.

5.1.1. Slope parameter

To first order, the slope parameter is a function of the emission energy at lower
incident energies (below about 100 MeV for nucleons); is a function of the ratio
between the emission and incident energies at higher incident energies (in excess
of about 170 MeV for nucleons); and shows a transitional behavior in between
these two limits. The transition region is characterized by the parameter E;;. In
addition there are second order dependences which vary with the specific nature of
the incoming and outgoing particles and which frequently show a similar transition
in their energy dependence, but at a much lower energy given by E;3. The general
form for the slope parameter is

Qox(€ar€) = 5.2(X1) +4.0(X1)* + 1.9M, My(X3)* (5.2)
er F1r(eq)
X1 130 MeV e, (5:3)
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€p Eg(ea)

X3 35 MeV e,

(5.4)
where e, and e, are given by the channel energies of the incoming and outgo-
ing particles, €, and &3, plus the corresponding liquid drop model separation (or
binding) energies. Thus

e; =¢i+ Bin (5.5)

where the separation energies are obtained from the liquid drop model mass for-
mula of Myers and Swiatecki [MY66]. For the separation of a composite nucleus
C into a particle b and a nucleus B they are given by

Neo — Zo)? Ne — Z1)?
By = 15.68[Ac — Ap] — 2807 | Ne=Zc)  (Ns = Zn)
, AC AB
2 2
23 _ 4%3 (Ne — Zc)”  (Np — Zp)
—18.56 [AC — Aj }+33.22[ e~ T
c B
Zk _ Zj ] lzg zg}
—0.717 | =% - =B v 1211 |5 - 2B — T 56
lAlc/f” AP Ac  Ap| (5.6)

where [, is the internal binding energy of the particle b (if it is complex).

The parameters E; and Es3 in Egs. (5.3) and (5.4) accomplish the change in
the important physical parameters for the main and secondary dependences. The
pertinent equation for both of them is

Ey; +0.5A; — e\ 1
s ‘ )] (5.7)

Ei(ed) = eq|l+ <M>] 1+E[1+ (
i(ea) = eq exp A b exp A

where A; is the energy range over which the transition takes place. The val-
ues of the transition energies for incident nucleons and provisionally adopted for
deuterons are

Ey = 130 MeV
Eis = 35 MeV.

PRECO-2000 assumes the same values for tritons and 3He, while a value of Ey; =

260 MeV is assumed for alpha particles. The behavior of Fj(e,) is shown in
Fig. 5.1 along with the extrapolation of the low energy and high energy limiting
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Figure 5.1: Values of the parameter E1 which determines the functional depen-
dence of the level density slope parameter. The dashed lines show the extrapola-
tions of the limiting behavior of E4

dependences. The quantities M, and M, in Eq. (5.2) are multipliers that depend
on the nature of the incident and emitted particles, respectively. The currently
known values are

1 for n, p, d

M, = 0 for a (5.9)
? for t, 3He
0.5 for n

M, = 1 for p, d, t, 3He . (5.10)
2 for «

These values mean that FE,3 is not needed for incident alpha particles. It should
be noted here that if the nucleon values of E; or E;3 are changed, then the
corresponding constants in the definitions of X; and X3 above should also be
changed in order to leave the angular distributions unaltered at the lower incident
energies where their energy dependence is well determined.

Obviously there are some open questions awaiting answers. One is the value
M, for mass 3 projectiles (where PRECO currently assumes a value of 1). Others
are the transition energies for complex projectiles. All that is known is that Fy
for incident alpha particles must be greater than 165 MeV and that E3 is not
needed for them.
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5.1.2. Fraction that is ‘MSD’

The division of the cross section into the preequilibrium and equilibrium parts in
order to generate fisq is quite straightforward, though there is a separate value
for each exit channel and emission energy. The ‘MSD’ or preequilibrium or for-
ward peaked component includes the exciton model preequilibrium components
(both primary and secondary) as well as the cross sections from nucleon transfer,
knockout and inelastic scattering involving cluster degrees of freedom. Collec-
tive excitations and elastic scattering are treated separately. Thus for inelastic

scattering
d d
Wl W M o S 5 N
df‘:b msd d(“:b pre,1 df‘:b pre,2 df‘:b NT df‘:b IN

where [do(ep)/dep]yp Will be zero for nucleons or alpha particles. For other reac-
tion channels it is

do do do do do
— = |5 + |5 + | + || (5.12)
dEb msd dEb pre,1 défb pre,2 dEb NT d€b KO
where the knockout contribution occurs only for (N,a) and (a,N) reactions, and
the nucleon transfer component is zero for (N,N) reactions. The corresponding

equilibrium or symmetric component contains only the primary and secondary
evaporation cross sections and is given by

d d d
l_al = [_U] + [_U] ) (5'13)
dEb msc d€b eq,1 défb eq,2
These are then combined to yield the fraction of the cross section which is forward
peaked:

[do /deb) e
[do/dey) 4 + [do/dey),, . (5.14)

fmsd(gb) =

mscC

5.2. Collective Excitations and Elastic Scattering

The angular distributions for collective excitations and elastic scattering often
show diffraction maxima and minima. These are not reproduced in these calcu-
lations. Instead, an attempt is made to describe the general smoothed trend of
the data. For both spectroscopic and giant resonance collective excitations, this
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trend can again be described by an exponential in cos, as was the case for MSD
cross section in the main systematics. The slope parameter, ao, is a simple mul-
tiple of the main slope parameter, a... For elastic scattering, two exponentials
are needed, one which follows the collective state systematics and another which
is more forward peaked. The slope parameters for the collective states are given
by

Aeol (€ar €5) = Keol Gex(€a, ) (5.15)

where the multipliers are projectile dependent and have the empirical values given
in Table 5.1. Here the alpha particle multiplier seems to be out of line with the

Table 5.1: Parameters for collective state and elastic scattering angular distribu-
tions.

projectile Koy Frr,coul
n 1.0
D 1.0 0.020
d 1.5 0.004+ (N — Z)/9A
¢ 1.9 0.040 — (N — Z)/6A
Me 1.5 0.006+ (N — Z)/7A
« 4.3 0.032

others, but this is due to the fact that the third term in the main slope parameter
is not used for incident alphas. If it were used and had the same transition energy,
then the alpha value of K., would be about 1.9. The slope parameters for the
more forward peaked elastic scattering components are given approximately by

ael(€q, €p) = Acol(€qs €p) + 18. (5.16)

For the collective excitations, all the necessary information is in hand, and the
double differential cross section is given by

ldQUa,a’ 1 lda ‘| 2001 Aol COSH
[t bl P — —_—e .

= — d
deéTb 47 d€b (5 7)

Acol — —Qcol
] CoL cor € €

For elastic scattering, the double differential cross section is given by
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2
d Oa,a! _ i d_O' |:FEL 20’001 %ol cos @
dSQddey | o A | dep |5 €%l — e~ col

2CLel

+(1 — Fr) e oSt (5.18)

eael — efa/el
and it is still necessary to specify the fraction, Fgy,, which follows the collective
state systematics. This fraction is different for the nuclear and Coulomb parts
of the elastic scattering. For the nuclear part, calculated using the collective
excitation model, the fraction is given by

By + Es_

Fy1,nuel =
,nuc 2Aa e

(5.19)
where Fy, and F5_ are the excitation energies of the strong 2+ and 3— collective
strength. Their average represents a measure of the stiffness of the nucleus. The
values of Fgp, for the Coulomb part of the elastic cross section are given in Table
5.1. All of the results represent empirical trends. The final value for Fgp, is a
weighted average of the values for the two separate mechanisms so that

do do do ]!
Frr, = < FELaual | — Frr. cou | — —_— . 5.20
. { phom |fi51;| EL,nucl " Fhcen |fi5[j| EL,Coul} |~d€b‘| ( )

EL
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6. RECOMMENDED GLOBAL INPUT SET

Much of the work on the exciton model and the code PRECO in recent years has
involved a careful benchmarking and, where necessary, a reworking of the physics
and parameters which they contain. In the process a set of recommended global
input has been developed and verified against a large number of (nucleon,nucleon)
energy spectra from the literature. These spectra include targets from aluminum
through bismuth and incident energies of 14 to 30 MeV. In addition, preliminary
analyses have been done on a few spectra up to 90 MeV. It is this input set that
is primarily described in this chapter. It must be emphasized that the exciton
model parameters and default non-elastic cross sections really do form an input
set and should be used with caution if individual parameter values are changed.

6.1. Exciton Model Input Parameters

In general, the recommended global input set for the exciton model has been
included as the default values in PREC0O-2000. They have typically been mentioned
in the discussion of the physics underlying the code but are summarized here.
The input can generally be divided into two categories: parameters unique to the
exciton model for which little or no guidance is available from other sources, and
parameters for which at least approximate values can be obtained independent of
the exciton model.

6.1.1. Unique parameters

The single parameter group that is most unique to the exciton model is the effec-
tive mean-square matrix elements for the residual two-body interactions responsi-
ble for energy equilibration in the composite nucleus. These have been determined
phenomenologically, though they have been confirmed to be significantly smaller
than the full two-body matrix elements and some theoretical guidance has been
used for extending them to higher incident (or excitation) energies. The mathe-
matical form for these mean square matrix elements is given by Eq. (3.1) which
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is

E -3
My[? = K,y A3 ( 4 20.9) (6.1)

3A,

while the normalization parameters have the recommended values

Kyr = 5.7x10° MeV® (6.2a)
K, = K, = K, = 3.4x10°MeV®. (6.2b)

Reverting to the previous choice of having the mean square matrix elements de-
pend on E/n rather than E/3 produces larger matrix elements and thus less
preequilibrium emission from later stages of the reaction and is not indicated by
the data. Similarly, the inclusion of a dependence on the projectile mass number,
Ayg, is found to give improved agreement with alpha particle induced reactions.

The values for the K; are strongly coupled to the choice for the ESM single
particle state densities for protons and neutrons. Approximate values for these
parameters can be estimated from the level density parameters obtained from
studying evaporation spectra, but roughly 20% uncertainties remain, and these
can translate into quite large differences in M?2. As part of the benchmarking
process for PREC0O-2000, the values for the single particle state densities obtained
were

Z Z
T Z p— p— .
9mlZ) = T = ey (6.3)

N N
o(N) = - . 4
90N) = T = ey (6.4)

In [KA95a] it was shown that changing K, = K, from 15 MeV to 13 MeV
required lowering the Kj;; by about a factor of two in order to preserve the cross
section from direct preequilibrium emission. It also produced a slight lowering
of preequilibrium emission from the more complex states. The reason for the
strong coupling between the K, and K;; can be inferred from Egs. (3.2) and (3.6)
which show that the ratio of the nucleon emission rates to the particle-hole pair
creation rates is proportional to Ké /K;;. This ratio of rates is closely related to
the preequilibrium emission cross sections.

6.1.2. Shell structure parameters

The only new parameters that are really needed for including shell structure effects
in the calculations are the N and Z of the closed shell configurations and an
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estimate of the size of the corresponding shell gaps in the single particle states for
protons and neutrons. The widths of the shell gaps, D, and D,, were estimated in
a model-independent way [KA95] using a table of nuclear masses. They represent
the gap occuring at a closed shell configuration minus any pairing contributions.
The results are given in Table 6.1 and are compared with typical single particle
spacings from Eqs. (6.3) and (6.4). The gaps for magic numbers 8 and 20 have
been adjusted slightly from the originally published values to reflect changes in
the default single particle spacings. The uncertainties quoted in the shell gaps
are probably overestimates since the quoted values represent averages and much
of the deviations come from correlated even-odd differences. These shell gaps are
available as a default option in the code input.

Table 6.1: Widths of the shell gaps estimated from nuclear mass tables.

Magic number D, (MeV) D, (MeV) d, or d, (MeV)

8 2.5%£1.2 3.1£1.1 1.88
20 1.6+0.8 2.4+0.6 0.75
28 1.5+0.6 1.3+0.6 0.54
50 2.0£0.3 2.3£0.5 0.30
82 1.44+0.5 1.9+0.4 0.18
126 1.6+0.4 0.12

Another set of parameters that can be read in are the degeneracies of the
single particle levels above and below the shell gaps in the shell-shifted equi-
spacing model. By default these are calculated from the shell gaps and single
particle spacings according to Eq. (2.20) which is repeated here.

(6.5)

Dw+dw
M, = int — .
in eger< R >

This is the recommended value, but other choices (such as the degeneracies of the
shell model orbitals) can be read in so that different degeneracies are used for the
levels above and below each shell gap. Studies in [KA95] indicate that at least
in the vicinity of the N = 50 shell closure the default degeneracies are the more
appropriate values to use.
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6.1.3. Pairing condensation energies

There are a number of schemes that have been proposed for pairing energies in
nuclear state densities, but it is often difficult to disentangle the pairing and shell
components to an energy shift. The recommended global input set for PRECO-
2000 uses a smoothed fit to the Gilbert and Cameron pairing condensation energies
[GI65] for nuclei away from shell closures. The mathematical form was taken from
the work of Nemirovsky and Adamchuk [NE62|, but their results were normalized
by a factor of 0.85 to follow the trends of the Gilbert and Cameron values. The
recommended pairing energies are thus

Cro(Z) = 9.69Z 057 (6.6a)
Cyo(N) = 9.83N 052 (6.6b)

which are also the default values in the code.

There are two pairing options available in the preequilibrium part of the cal-
culations, a simple constant pairing shift and a collective pairing correction that
varies with the configuration. The differences between the two in the calculated
energy spectra have so far been found to be quite small and restricted to the
highest emission energies where the spectrum is least amenable to description by
statistical models. Thus there is no strong recommendation on which option to
use.

6.1.4. Isospin parameters

The first parameter needed with regard to isospin is the extent to which it
is conserved in a given set of calculations. Many reactions are insensitive to
whether isospin is fully conserved during the preequilibrium phase of the reaction
or whether it is fully mixed. Current evidence from (p,p’) reactions on targets
with A > 90 is fairly clear that isospin is conserved during the preequilibrium
phase of the reaction for incident energies up to at least 30 MeV. For light tar-
gets (A < 60) evidence primarily from (p,complex) reactions at energies up to
60 MeV and (p,n) reactions at 90 MeV implies that isospin is mixed. For other
reactions that have been studied, the data are either insensitive (especially for
incident neutrons) or unavailable or yield ambiguous results on the question of
isospin conservation. This suggests that there may be a criterion that isospin
is conserved in the preequilibrium phase of the reaction when Ei,, < K Egm,
where Egym is the symmetry energy in the composite nucleus. Current informa-
tion would accomodate values of K = 3 to 7. This situation is summarized in
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Fig. 6.1. Practically speaking, it is probably important to specify preequilibrium
isospin conservation only for targets with significant neutron excesses and studied
at lower bombarding energies.
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Figure 6.1: FEuvidence for isospin conservation during the preequilibrium phase of
the reaction. The cross hatched elipses indicate regions where the data indicate
that isospin is conserved, while the elipses with diagonal bars are where the data
indicate isospin mixing. If there is a criterion for isospin conservation of the form
Eine < K Egy, then the dashed lines represent the likely limiting values of K (7
and 3) while the solid line corresponds to K = 4.5.

When isospin is conserved in the preequilibrium part of the reaction, it is nec-
essary to specify the extent to which isospin is conserved at equilibrium. The
current recommendation is that it be considered to be fully mixed. Most results
are fairly insensitive to this parameter, and up to about 50% isospin conservation
would still yield acceptable agreement with most of the spectra studied. How-
ever, since the time-scale of equilibrium emission is much longer that that for
preequilibrium emission, the assumption of full isospin mixing is reasonable.

The other parameters needed for calculations in which isospin is conserved
are the isospin symmetry energies. In the recommended global input set, these
are obtained from the volume and surface symmetry energy terms in the semi-
empirical mass equation of Myers and Swiatecki [MY66]. The result quoted in
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Eq. (2.45) on page 30 is

110 MeV 133 MeV

Esym<T7 Tz) == A - A4/3

(7% - T2) (6.7)

and is the currently programmed option. This choice was definitely found to
yield better agreement with experimental energy spectra than just using the first
(volume) term in square brackets. (Implementing this latter option requires com-
menting out one line toward the end of subroutine setiso. This line is marked.)

6.2. Default Total Reaction Cross Sections

The total reaction cross sections used in the particle emission rates in both the
preequilibrium and equilibrium phases of the reaction are very important in deter-
mining the calculated energy spectra and the relative yields in the various reaction
channels. Yet these cross sections are typically dependent on the optical model
potentials used to generate them and differ significantly even among the com-
monly used potentials. At present the choice of potentials for complex particles is
somewhat arbitrary and has not been benchmarked against data, while the choice
for neutrons and protons and the modifications made to the resulting total reac-
tion cross sections have been guided by comparisons with measured non-elastic
cross sections.

6.2.1. Parameterization methodology

Rather than perform optical model calculations to obtain the necessary total
reaction cross sections, a parameterization suggested by Chatterjee et al [CH81]
has been adapted and extended for use here. Before summarizing the pertinent
equations, however, it should be emphasized that they are all given in terms of
the laboratory energy of the particle considered while the equations earlier in this
report which describe particle emission rates and related quantities quote the total
reaction cross sections as a function of the particle’s channel energy. In all of the
remaining discussion, it is assumed that energies are always given in units of MeV,
lengths in fermis, and cross sections in millibarns. The formulae are given for a
particle of type b incident on a nucleus B, so that the subscripts b and B denote
quantities evaluated for these entities.

The parameterization of the total reaction cross sections of [CH81] has different
forms above and below the Coulomb barrier, Beoup. (For neutrons the formalism
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has been extended to include a centrifugal barrier, using the same sub-barrier
form as for charged particles.) Each of these forms also has a limited range of
validity so that additional energy domains must be defined. At very low energies,
where the sub-barrier formula can go negative or pass through a minimum and
then increase again, the cross sections are simply set to zero. This is done below
an energy denoted Fjni,. At high energies, the above-barrier formula decreases
too rapidly, and the cross sections are replaced by the geometrical cross section
once this is larger than the parametric one. The comparison between these two
forms is made above the energy Fjies;. The resulting equations for oy, are

0 for Epr, < Epmin

o(e) = pE4 +aFEy + for Bpmin < Ebr. < Beoup
A Ey, + o+ v/ Ey, for Beoup < Epr, < Eptest
max (A Eyr, + p0+ v/ Epr, , Obgeom) for Eptest < Epr,

(6.8)
where the formulae for the parameters p, A, y, and v are given in Table 6.2 along
with Bcoul,b and Ebtest-

Table 6.2: Equations for parameters describing the total reaction cross sections.

Variable Neutrons Charged Particles
Beoulp 0.5 MeV 1447, Zp/ |1L.5AY" + Ry)
A+7 t
B, 32 MoV v/A+ or protons
1.24/v/A for d.t,7,a
P Po po + 1/ Beous + D2/ Bl
A Xo Az 4+ N XoAp + M
1/3 2/3 m
I po A"+ A po A
1% 124} A4B/3 -+ 141 AQB/S —+ 12D) A%l {1/0 -+ 141 Bcoul,b -+ 1)) Bgoul,b-‘

The quantities pg, p1, p2, Mo, M1, Yo, V1, and v, appearing in the table are
numerical constants whose specific values depend on the optical model whose
reaction cross sections are being parameterized and on any empirical adjustments
that have been made. They are discussed in the following sections for the different
particle types and are summarized in Table 6.3. The variables «, and 3 are
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derivative quantities given by

a = _2p Bcoul,b + A — V/Bgoul,b

B =rp B?oul,b + 1+ 2v/ Beoul

while Fppin is given by

5o { (—a+\/a2—4pﬁ) /2p for a® —4pB3 > 0
bmin —

—a/2p for o2 —4p3 <0

Finally, the geometric cross section is given by

2
Ub,geom(Eb) =T [7‘0 AIB/B + 1y + )ﬁ} .

(6.9)
(6.10)

(6.11)

(6.12)

Both 7, in Eq. (6.12) and Ry in the relationship for Beoup in Table 6.2 represent

the radius of the particle, but they make take on different values.

Table 6.3: Parameter values for calculating total reaction cross sections

Parameter n p d t SHe o
Rs 0 1.2 1.2 1.2 1.2
Do -312 15.72 0.798 -21.45  -2.88 10.95
P1 9.65 420.3  484.7  205.6 -85.21
D2 -310 -1651  -1608  -1487 1146
Ao 12.10  0.00437 0.00619 0.0186 0.00459 0.0643
A1 -11.27  -16.58 -7.54 -8.90 -8.93  -13.96
o 234.1 244.7 583.5 686.3 611.2 781.2
1 38.26  0.503 0.337  0.325 0.35 0.29
Vo 1.55 273.1 421.8 3689  473.8  -304.7
vy -106.1  -182.4  -474.5  -522.2  -468.2 -470.0
2 1280.8 -1.872  -3.592 -4.998 -2.225 -8.580
Ty 0 0 0.8 0.8 0.8 1.2

6.2.2. Neutron parameters

The neutron total reaction cross sections are based on the parameterization of
[CH81] of the reaction cross sections obtained from the optical model potential of
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Mani et al [MA63] The main change from the original formulation is that a barrier
is now included. It was originally set at 2.4 MeV, but was later reduced to 0.5 MeV
based on comparisons with experiment. In addition, a number of renormalization
factors have been introduced to bring the calculated reaction cross sections into
better agreement in magnitude with experimental values. These renormalization
factors are dependent on target mass and are given by

0.7+ 0.3A4/40 for A <40
Faan(A) =1 1.0 for 40 < A < 210 . (6.13)
1.0 + (A — 210)/250 for 210 < A

None of the other optical model potentials considered by [CH81] were able to
reproduce the experimental non-elastic cross sections as well as that of Mani et
al or to avoid the use of renormalization factors. The renormalization factors do
not apply to the geometric cross sections which are used at the higher energies.

6.2.3. Proton parameters

The proton total reaction cross sections start from the parameterization [CH81] of
the results of the Becchetti-Greenless optical model potential [BE69]. These values
also needed to be renormalized in certain mass regions in order to better reproduce
experimental total non-elastic cross sections. The renormalization factors are
given by

0.92 for A <60
foigp(A) =< 0.8+0.2A4/100 for 60 < A < 100 .
1.0 for 100 < A

Again, as with neutrons, this potential still seemed the most suitable of those
parameterized in [CHS81]| in spite of the need for these factors.

In addition to the renomalization factors, which apply to the parameterized
but not the geometric cross sections, it was necessary to adjust the sub-barrier
parameterization for protons [KA99]. This was indicated by comparisons with
experimental evaporation spectra where it was found that there was often too
much proton evaporation at the peak of the distribution but that the calculated
emission spectrum did not extend to sufficiently low emission energies. This was
corrected by adjusting the parameter p, from its initial value of —449 to p, =
—310, the value now indicated in Table 6.3. This allows the cross section to
extend to lower emission energies but increases the already too large cross section
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in the sub-barrier region. To correct this, a universal empirical factor is included
that has the form

Bcou - E - Csi !
Fligp(Epr) = ll + exp ( b ” .pL gm)] (6.14)
s1g,p
where
Csigp = min(3.15 MeV, Bcoul,p/Q) (6.15)
and
Wsigp = 0.70 Csig,p/3-15- (616)

Thus for most nuclei Cgg, = 3.15 and wggp, = 0.70, while for light nuclei Cgg
is reduced to assure that the total reaction cross section is close to zero at zero
energy and wg, , i assumed to scale with it. The general form of Fi, , is shown
in Fig. 6.2 along with the empirical values that gave rise to it.
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Figure 6.2: Correction factor for the sub-barrier proton total reaction cross sec-
tions. The curve shows the adopted dependence for all but the lightest nuclei
while the points show the needed empirical normalizations that gave rise to this
dependence. This figure was taken from [KA99].
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6.2.4. Parameters for complex particles

The total reaction cross sections used for complex particles are based on param-
eterizations of the results for the following optical model parameters:

deuteron Perey and Perey [PE63]

triton Hafele, Flynn and Blair [HA67]
He-3 Gibson et al [GI67]

alpha Huizenga and Igo [HUG62]

These choices are somewhat arbitrary, and so far no benchmarking has been done
and no A-dependent normalization factors, fse; have been applied. Because the
need to use the sub-barrier correction function, Fig ;, for protons was likely due
to an inadequacy in the fundamental parameterization in this region, it should be
anticipated that such a factor will be needed for other charged particles, but the
values of the numerical constants corresponding to 3.15 and 0.70 for protons are
currently unknown, so no adjustment has been made.

6.3. Collective State Parameters

6.3.1. Spectroscopic states

A set of excitation energies and deformation parameters for strong spectroscopic
collective states was assembled and is given in Table 6.4. The starting point
was the energies and deformation parameters of the lowest states of each Jr in
even-even nuclei. The need to include the 4+ excitations and the occasional use
of higher energy states of a given Jm were determined empirically from inelastic
scattering spectra. Values for odd mass targets were generally taken to be the
average of the values for the neighboring even-even nuclei, except that for targets
one unit of N or Z away from a closed shell, the values for the closed shell
configuration were used. The most common target nuclides are included, but not
all have been verified against data.

In addition, if a very crude estimate of elastic scattering is desired, it should
be input in the same way as the spectroscopic collective states, using A = 0 and
E,\ = 0, while 8, can be arbitrary since it is calculated internally, as mentioned
previously.

The collective state parameters are independent of the set of global exciton
model input parameters and thus may be varied as necessary.
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Table 6.4: Summary of the parameters for the strong spectroscopic collective states
in some common target nuclei. The energies are given in MeV.

Target E(2+) E(3—) E4+) [ 33 B4
2C 4.44 9.64 14.08  0.82 0.40  0.407
UN 6.92 6.13 10.36  0.36 0.58  0.367
160 6.92 6.13 10.36  0.36 0.58  0.367
Vg 1.80 5.10 3.5 0.54 0.37  0.377
AUNg 137 762 412 0.61 0.27  0.27

1.0 0.19
2TAl 222232 7.2 4.47 027 ,0.44 0.22 0.16

3.0 0.29
28Gi 1.78 6.88  4.62  0.41 0.28 0.21
0Ca  3.90 3.74 0.12 0.34
BCa  3.83 4.51 0.10 0.20
467y 0.89 3.06 2.01 0.32 0.14 0.10
487y 0.98 3.36 230  0.27 0.19 0.15
sy 1.49 3.90 2.52  0.20 0.16 0.12
0Cr 0.78 4.05 1.88 0.29 0.15 0.11
52Cr 1.43 4.56 2.77  0.22 0.15 0.11
5Cr 1.43 4.56 2.77  0.22 0.15 0.11
%Mn  0.84 4.32 2.3 0.24 0.18 0.18
54Fe 1.41 6.34  3.83  0.20 0.15 0.11
56Fe 0.85 4.51 3.12  0.24 0.18 0.13
58Fe 0.81 3.84 3.1 0.26 0.13  0.09
MCo  1.33 3.84 0.21 0.19
58N 1.45 4.48 2.46  0.183 0.18  0.09
3.62 0.09
60N 1.33 404 496  0.207 0.19 0.19
62N 1.17 3.76 234 0.198 0.225 0.198
63Cu  1.17 3.76 2.34 0.20 0.18 0.11
Cu  1.35 3.56 2.61 0.18 0.18 0.11
64Zn  0.99 3.00 2.31 0.23 0.23 0.11
MGe  1.04 2.56 2.15  0.224 0.24 0.11
2Ge  0.83 2.51 1.73 0.242 0.223 0.11
89y 2.01 2.74  3.69  0.104 0.17  0.10
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Table 6.4, cont’d

Target E(2+) E(3-) E@4+) B 33 B4
N7y 2.19 2.75 433  0.091 0.16 0.11
NZy 2.19 2.75 433  0.091 0.16  0.11
27y 0.934 2.34 1.50  0.103 0.17 0.10
M7y 0.918 2.06 1.47  0.09 0.19  0.09
BNb  0.903 2.44 1.54  0.13 0.17 0.13
2Mo  1.51 2.85 0.106 0.17
“Mo  0.871 2.53 0.161 0.163
Mo  0.825 2.38 0.166 0.17
%Mo  0.778 2.24 0.172 0.18
Mo  0.782 2.13 0.170 0.19
%BMo  0.787 2.02 0.168 0.198
10Mo  0.536 1.91 0.231 0.18
1Rh  0.516 2.12 0.23 0.135
104pd  0.556 2.19 0.21 0.13
15pq  0.534 2.14 0.22 0.15
106pq  0.512 2.08 0.23 0.17
108pq  0.434 2.05 0.24 0.15
Hopq  0.374 2.04 0.26 0.134
07TAg 0573 2.14 0.20 0.19
19Ag  0.546 2.06 0.21 0.16
W5 1.29 2.27 0.112 0.18
168y 1.29 227 239  0.112 0.18 0.11
H7Sn  1.26 230 234 0.112 0.18 0.11
18Qn  1.23 2.32 2.28  0.111 0.171 0.11
19Gn  1.20 236 224  0.110 0.16 0.11
1206n  1.17 240 219  0.108 0.16 0.11
1226n 1.14 249 214  0.104 0.150 0.10
124Qn  1.13 2.61 2.10  0.095 0.13  0.095
215K 1.17 240 219  0.108 0.16 0.108
1236 1.14 249 214  0.104 0.150 0.10
159TH  0.083 1.16 0.34 0.090
16Ho  0.077 1.28 0.345 0.060
169Tm  0.112 1.41 0.32 0.057
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Table 6.4, cont’d

Target E(2+) E(3—) E(4+) 33 B4

81T 0.097 1.37 0.26 0.050

182%W  0.100 1.37 0.249 0.050

18W  0.106 1.30 0.24 0.050

184y 0.111 1.22 0.24 0.051

1w 0.123 1.04 0.224 0.05

YTAu  0.384 1.69 0.962 0.119 0.051 0.05

204ph - 0.899 2.62 1.27 0.041 0.09  0.041

206php - 0.803 2.65 1.68 0.032 0.10 0.032

NTPh  4.08 2.62 4.32 0.054 0.11  0.054
5.52 0.05

208Ph  4.08 2.62 4.32 0.054 0.11  0.054
5.52 0.05

2094 4.08 2.62 4.323  0.054 0.11  0.054
5.52 0.05

B2Th  0.05 0.77 0.261 0.078

38U 0.04 0.73 0.286 0.086

6.3.2. Giant resonance states

The parameters describing the giant resonance states are their excitation energies,
their deformation parameters which are determined from the amount of the energy
weighted sum rule which they exhaust using Eq. (4.17) or (4.18) on page 49, and
their widths expressed either as a full width at half maximum (FWHM) or as a
Gaussian width parameter. For the four isoscaler resonances these parameters are
given in Table 6.5 where SC'S denotes contributions from spectroscopic collective
states of the same spin and parity. The Gaussian width parameter is the FWHM
divided by 2.35. Once again, these parameters may be varied (within reasonable
limits) with almost no impact on the exciton model parameters.

There is an option to use a Lorentzian line shape in place of the Gaussian one,
but this is not recommended. It is invoked by entering —\ in place of A for that
particular resonance. In this case the width parameter, w, in the input is replaced
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Table 6.5: Summary of the parameters for the isoscaler giant resonance states
which might be excited in inelastic scattering. The GMR state is typically so weak
that it can be ignored.

GR State Transitions Energy Full EWSR EWSR used FWHM

(MeV) (MeV) (MeV)
LEOR 1hw 3— 31A71/3 12084~°%  30%—SCS 5
GQR 2hw 2+ 65A71/3 575A7%/3  100%—SCS  85A7%3
GMR 0+ 18.7— A/40  23A75/3 100% 3
HEOR 3hw 3— 115A7Y3  1208A47°/3 70% 9.3 — A/48

by I', the FWHM, which occurs in the following normalized distribution function:

E?T
(EQ _E§)2+E2F2'

2
Pro(E, E)\T) = - (6.17)

Here E is the excitation energy in the nucleus, and F) is the excitation energy at
the peak of the distribution.

6.4. Secondary Particle Emission

When PRECO-2000 is used as a stand alone code, it is recommended that sec-
ondary particle emission always be included in the calculations. This is because it
can make an important contribution to the evaporation spectra even at incident
energies as low as 12 to 14 MeV, when primary preequilibrum emission is just
beginning to be important. On the other hand, when PRECO is used as part of a
large Hauser-Feshbach code which will do the equilibrium part of the calculations,
then secondary emission in the preequilibrium part is only needed at higher inci-
dent energies: roughly at or above 40 MeV for heavy targets and probably still
higher for lighter targets.
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7. DESCRIPTION OF THE CODE

The code PRECO-2000 is written in standard FORTRAN-77 and is designed to
be compatible with most computer systems. It has been developed and run on a
personal computer running in DOS mode and compiled with a fairly old Microsoft
FORTRAN compiler. The source code is supported by a significant number of
comment lines as well as by this manual.

The code is modular and is currently compiled as four separate source files for
manageability. These contain the main program, the calculation of internal tran-
sition rates, interconnected sub-programs, and fairly independent sub-programs.
The general code structure is shown in Fig. 7.1, with the calculations generally
proceeding down the main segmented block.  The names of subprograms are
given in upper case and enclosed in small boxes. When the main calculations for
a given reaction are completed, there are a number of ‘recycling’ options. These
take care of multiple particle emission, a second isospin in the composite nucleus,
and accepting input for a new reaction. Each option transfers the calculations
to an appropriate point in the segment of the main block designated ‘Input and
Preliminary Calculations,” and appropriate adjustments are made to the requisite
variables. The labels TCOR/ALPHA and ANGEL/BIND signify that ALPHA and BIND
are small subprograms called only by their partner subprograms.

7.1. Code Input

Input is assumed to be read from a file named precom.dat, and each such file
would normally include the information for calculating a number of different re-
actions. All integer values are read in with an ‘i5’ format with blanks currently
designated as not significant so that the value can be left adjusted in the 5 char-
acter space. All floating point numbers are read using an ‘f10.2’ format, though
the actual location of the decimal point should override the format statement.
Default values are invoked by entering values of zero, unless otherwise specified.
A sample input file is shown in Appendix B.
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Figure 7.1: Structure of PRECO-2000. The large segmented block is the main pro-
gram in file precom.for and its call to compound in file precomé4.for. The blocks
on the right are interconnected subprograms in the file precom2.for while those
on the left are the more independent subprograms in file precom3.for. The right-
arrows in the main block are branchs to earlier points for auzilliary calculations
or a new problem.
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7.1.1. Initial global parameters

The first three lines of the input file are global values that are retained for all
problems included in that file. They are:

(A)

Vo, Vi, Vo [3F10.2]

Central well depth and average well depth for the first and second interac-
tions. [Default values are V = V4 = 38 MeV, and surface effects systematics
for V1]

Kanx1075 Ky x1079) K, x 1078 Ko = Z/gro, Kgw = N/ guo [5F10.2]
Normalization factors for the mean square matrix elements for the residual

two-body interactions and for the proton and neutron single particle state
densities. [Default values are 5.7, 3.4, 3.4, 15, and 15.]

fohell, Kshell, 2y [3F10.2]

Constants determining the range of mass numbers, fy,o1D/(2d), over which
shell effects wash out; the energy range, kgent, over which the S2-ESM sin-
gle particle states are averaged to determine the shell-corrected equilibrium
level density parameter; and the amount of gamma-ray competition with

secondary equilibrium emission. [Default values are foen = 2, kshen = 2.3,
and R, = 0.005]

7.1.2. Problem specific input

Following these three lines, the remaining lines are read in for each reaction cal-
culation in the file. Most are required for each problem, but some are needed only
when a particular option is invoked.

(1)

(2)

Title [A64]
A title or descriptor with up to 64 characters identifying the problem to be
calculated.

E, By, Ii, Freq [4F10.2]

Excitation energy in MeV of the composite nucleus; the projectile binding
energy in the composite nucleus in MeV; a control variable or flag for isospin
conservation and (if isospin is conserved in the preequilibrium calculations)
the fraction of the time it is conserved at equilibrium. A value of I; = 0
signifies isospin is mixed, while I; > 1 is for isospin conserved calculations
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using the default symmetry energies. [Note that I; is actually read in as a
floating point number but is immediately converted to an integer.|

Ztam Ntam Zmag; Nmag; D7r7 DI/ [6F102]

Proton and neutron numbers of the target; proton and neutron numbers of
the shell closures to be considered (if any); and width in MeV of the proton
and neutron shell gaps. If either Z,,s 0r Ny is zero, then the corresponding
D is not needed and may be zero or blank, while if Z.5 + Nmag = 0, then
shell structure is not considered further for this problem. If Z,,, < 0, then
default values for Zmag, Nmag, Dr, and D, are generated in the code when
shell effects are needed. The shell gaps are those given in Table 6.1.

Mfrlo; Mfrhi; Mulo; Muhi [415]

(This line is read in only if the input values of Zyag + Nimag > 0. If default
values are used, then this line is not read in.)

Degeneracies of the piled up levels below and above the shell gaps for protons
and neutrons in the S>-ESM. [Default (if values of 0 are read in or if defaults
are requested for all shell parameters) is the S%-ESM values given by Eq.
(2.20) on page 18 which are the same for the levels above and below the
gap. Shell model values can be read in.]

Za; Na; Imulti [215]

Proton and neutron number of the projectile, and a flag to determine if
secondary particle emission is to be calculated. A value of I,,;; = 0 implies
no secondary emission while if I,,1; = 1 secondary emission is calculated.

B,, By, B4, B:, Bsp., Ba, By [7F10.2]

Binding energies in MeV for the six types of emitted particles considered
from the composite nucleus; and the fission barrier, also in MeV, for the
composite nucleus.

B,(Z,N-1), By(Z,N-1), B,(Z-1,N), B,(Z-1,N), B;(Z,N-1), B¢(Z-1,N)
[4F10.2]

(Read in only if I > 0)

Neutron and proton binding energies in the residual nuclei following primary
emission of neutrons and protons; fission barriers for neutron and proton
residual nuclei.

Kong, Kn, Kp, Kq, K, Kape, K, [7I5]
Output control variables. A value of K,,, = 1 causes double differential
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(10)

(11)

(12)

cross sections to be printed following the energy spectra for all particle
types requested. A value of K, = 1 causes the energy spectra for particles
of type b to be printed while, a value of zero supresses printing.

)\2’, E)\i, ﬁ)\i, W; [4F102]

(Up to 10 such lines are read in until a negative value of w; is encountered)
Parameters for collective states. These are their multipolarities, excitation
energies in MeV, deformation parameters, and Gaussian width parameters
in MeV. Both spectroscopic and giant resonance collective states (plus the
elastic peak, if it is needed) can be read in, one resonance per line. If no
collective states are to be considered, then one line should be read in with
Br = 0, w; < 0 and a positive value of A\ and/or E) (so that it is not
interpreted as the elastic peak). If elastic scattering is to be considered it
should be read in first with A = 0, £, = 0, and an arbitrary value of (3,
(which is generated internally). It must be immediately followed by the
main 24 and 3— spectroscopic collective states since the energies of these
states are used in calculating the elastic scattering angular distributions.
If a Lorentzian line shape is desired for any of the resonances, this can be
obtained by supplying —\; in place of \; for those resonances. In this case
the input width should be, I', the FWHM. [Default values for the widths
are 1 MeV for the first resonance and the value for the previous resonance
for the others.]

OCN [F10.2]

Composite nucleus formation cross section in millibarns. [The default value
for incident particles with A from 1 to 4 (nucleons through alpha particles)
is calculated using the parameterization described in Sect. 6.2. There are
no default values for gamma rays or particles above mass 4.]

Ne, €min, A€ [115, 2F'10.2]

Number of emission energies to be considered, lowest emission energy in
MeV, and emission energy increment. If €,;,=0, then a set of emission en-
ergies and total reaction cross sections is read in at (12). Otherwise, a set of
emission energies is generated using N. and Ae, and the total reaction cross

sections for the emitted particles are calculated using the parameterization
of Sect. 6.2. [Default value of Ae is 1.]

€iy 0n(€), 0p(€), 0a(€), ou(€), T3pe(€), Tale) [7TF10.2]
(N. such lines are read in only if £,;,=0.)
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(15) 1,

Each line contains an emission energy in MeV and the corresponding total
reaction cross sections in millibarns for the six exit channels considered. If
these are read in, they are also used for secondary particle emission.

gﬂ'07 gVO; g7rf; gyf [4F102]
Equi-spacing model proton and neutron single particle state densities in the

composite nucleus and at the top of the fission barrier. The latter only needs
to be entered if fission is being calculated. [Default values are g-o = Z/ K,
gvo = N/Kgm Gnf = gro, and vy = guo-]

gro(k) for k =n,p,d,t,> He,a residual nuclei [6F'10.2] and

guo(k) for k =n,p,d,t,® He, a residual nuclei [6F10.2]

(These two lines are read in only if a non-zero value of g0 was read in
above.)

Single particle state densities in the residual nuclei from primary particle
emission when non-default values are used in the composite nucleus. [If
gro(n-residual)=0, then all of these default to the composite nucleus values
scaled with Z or N.] The corresponding state densities for the residual nuclei
from secondary emission are generated from those for primary emission using
nuclei with the same N or Z.

oair, CP(Z), CP(N), P9 (2-2), CP(N-2)  [115,4F10.2]

Flag for determining the preequilibrium pairing option, and condensation
energies to be used in the preequilibrium calculations. CP™(Z) is used for
nuclei with the Z of the composite nucleus or one unit less (though it is
only applied for even Z). Similar consideration apply for C’(pre)( N). The
significance of Ip,ir is

-3 simple pairing with default C’s
-2 simple pairing with input C’s
—1 simple pairing with eqb. C’s
Tooir = 0 simple pairing with input C’s
1 collective pairing with eqb. C’s
2 collective pairing with input C’s
3 collective pairing with default C’s

Thus I,.i» < 0 signifies simple pairing corrections while Iy, > 0 is for col-
lective pairing. Similarly |Ipai| determines the source of the condensation
energies. Clearly if the default condensation energies are used for the equi-
librium pairing corrections, then I;,;; = 1 and 3 are equivalent, as are values
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of —1 and —3. The options with /., = 0 and —2 are identical, and the zero
option is included so that a blank line can be entered if no pairing correc-
tions are desired. If default or equilibrium condensation energies are to be
used, then the C’s should be left blank on this line. [Default condensation
energies are the smooth trend of the Gilbert and Cameron values given in
Eq. (6.6) on page 71.]

(16) Ipair, C5P(2), CE™ (N, € (2-2), CLE™/(N-2)  [115,4F10.2]
Flag for determining the equlhbrlum pairing option, and condensation ener-
gies to be used in the equilibrium calculations. It is similar to the previous
input item except that the significance of Iepair is
[ 0 input C’s (including zero)
epair 1 default C’s
Thus, once again, a blank line means that no pairing corrections are made.

(17) Liewp [115]
Control variable signaling whether another problem is to be read from the
input file. Iewp > 0 causes input to return to item (1) in this list for a new
problem to be read, while Iy, < 0 terminates the calculations with the
current problem.

7.2. Calculations

The calculations are divided into a number of different parts whose inter-relationships
can be visualized using Fig. 7.1 on page 84.

7.2.1. Preliminary calculations

The calculations begin with an initialization step that is common to all the prob-
lems in an input file. It uses the three lines of global input and generates starting
values for a number of variables and arrays.

The reaction-specific calculations begin with the evaluation of preliminary
quantities such as

e total reaction cross sections in the entrance and exit channels (when they
are not read in) and the geometric cross sections needed in the collective
state calculations;
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e single particle states densities gro and g, for those nuclei for which they are
not read in (including residual nuclei following secondary particle emission);

e neutron and proton pairing condensation energies for each nucleus involved
in the reaction (including the residual nuclei following secondary particle
emission), based on the even or odd character of the nucleus (no pairing for
odd-N or odd-Z) and the default or input pairing energies;

e the isospin related quantities T,, 27, the isospin coupling Clebsch-Gordan
coefficients, and the symmetry energies for all the nuclei involved in calcu-
lating primary particle emission (executed only when isospin conservation
is requested; calculations run in subroutine setiso);

e averaged inverse reaction cross sections for all six exit channels (to be used in
knockout and inelastic direct reaction calculations involving cluster degrees
of freedom).

e upper limit on the number of excitons in the states considered in the pree-
quilibrium calculations

7.2.2. State density and rate calculations

The next sections of the code calculate some of the quantities used in evaluat-
ing the particle-hole state densities. First, the non-energy-dependent parts of
the Pauli correction function, A(p,pr, E), are evaluated in the S%-ESM (if shell
closures are active) or the ESM. Most of this work is done in subroutine pauli.
Then the finite well depth correction functions, including the effects due to surface
localization of the initial interaction, are generated with the function well.

The main calculations of the particle-hole state densities and internal transi-
tion rates (creation of particle-hole pairs and converting a proton pair to a neutron
pair or vice versa) are done in subroutine compound. This in turn calls a number
of other subprograms whose functions are as follows:

e single: neutron and proton single particle state densities corrected for shell
structure effects (called only if shell closures are active)

e omega: particle-hole state densities (makes calls to tcor and collec)

e tcor: correction factor to the particle-hole state densities for isospin con-
servation (called only when isospin conservation is requested)
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e collec: collective pairing contribution to the Pauli correction function
(when collective pairing is requested)

The particle emission rates for the six types of emitted particles are calculated
next. This is done in subroutine emmy which in turn has calls to well, single,
and omega. The particle emission rates in both the preequilibrium and equilib-
rium phases of the reaction are evaluated. If fission competition at equilibrium is
requested, the fission rates are calculated in the main program.

Finally the preequilibrium transition rates and particle emission rates are used
to calculated the branching ratios for these processes for the different particle-hole
configurations.

7.2.3. Reaction calculations

With the constituent ingredients in hand, the preequilibrium reaction calculations
are performed. This involves evaluating the amount of strength passing through
each class of particle-hole states during energy equilibration. This is followed by
the calculation of the various direct reaction mechanisms considered, using the
following subroutines:

e knock: knockout processes involving cluster degrees of freedom

e inel: inelastic scattering processes involving cluster degrees of freedom and
those involving excitation of collective states (call to resound)

e resound: excitation of collective states, both spectroscopic and giant reso-
nance, as well as elastic scattering

e nutra: nucleon transfer reactions

Following these calculations, an evaluation is made of the amount of the en-
trance channel total reaction cross section which is depleted by the direct reactions
(but not by elastic scattering) and which therefore is not available for the exciton
model calculations. This conserves cross section.

At this point the amount of strength passing through the different configu-
rations during the preequilibrium phase of the reaction is sent to the output file
precom.out.
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7.2.4. Particle energy spectra

The components of the emitted particle energy spectra which are due to exci-
ton model preequilibrium emission and to equilibrium emission are calculated in
subroutine spec. There they are normalized to unit strength entering the initial
particle-hole configuration. If the calculation of secondary particle emission has
been requested, then the strength in each of the primary residual nucleus config-
urations is stored for use in those calculations. When isospin is conserved in the
preequilibrium part of the calculation, then both the T-conserved and T-mixed
components to the equilibrium spectra are calculated.

The final normalization of the exciton model and evaporation components to
obtain energy differential cross sections is done in specout, which also generates
the spectral output, when that has been requested, and directs it to the output
file. However, when secondary emission has been requested, specout is not called
until secondary emission has also been calculated as described in the next section.

7.2.5. Secondary emission

When the calculation of secondary particle emission has been requested, control
returns to the appropriate place in the reaction specific preliminary calculations.
For each primary residual nucleus and excitation energy (and, when requested,
isospin) for which secondary emission is considered, the calculations then proceed
through the same sequence of steps as for primary emission, up to the calculation
of the particle energy spectra. Thus the main part of the program will be used
many times in a single reaction calculation. After all of the secondary emission has
been calculated, the requested spectral output is written to the file precom.out.

7.2.6. Isospin conservation

When more than one value of the isospin is possible in the initial (or primary)
composite nucleus, then the above calculations are performed for the lowest value
first. Following generation of the requested spectral output, the total emission
spectra (i.e. the sum of contributions from all of the component mechanisms)
are stored in memory. Then control passes again to the appropriate point in the
reaction specific preliminary calculations, and the whole process is repeated for
the higher isospin. Now, however, an additional column of output is provided for
each type of emitted particle, showing the spectrum containing the contributions
from both composite nucleus isospins.
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7.3. Code Output

The main output of the code is directed to a file called precom.out. In addition,
status output is directed to the user’s computer screen for information purposes.
Both types of output are described below. In addition, the main output generated
from the input file of Appendix B is contained in Appendix C.

7.3.1. Status output

During the calculations, the program displays on the user’s computer screen the
title of the problem currently being calculated so that the program’s progress
through the batch input file can be monitored. In addition, when the calculation of
secondary particle emission has been requested, additional screen output informs
the user when calculations have been started for the primary neutron residual
nuclei and then for the proton residual nuclei. This output can easily be supressed
where it is inappropriate for the users computer system.

7.3.2. Summary and reaction strength information

The first page of output for a given reaction calculation contains a summary of
many of the main reaction variables and a table of the reaction strength passing
through the various particle-hole configurations during the primary equilibration
process.

Most of the quantities in the block of summary information are self explana-
tory. They include the title of the reaction problem being calculated; the identity
of the target and projectile, and the /N and Z of any closed shell configurations; the
excitation energy of the initial composite nucleus, the entrance channel total reac-
tion cross section and the width of any shell gaps used; the values of g¢ and g,0,
and the three matrix element normalization constants; the flag variables that de-
termine the kind of pairing correction that was made; the value of the well depths
Vo, Vi, and V5; parameters related to the isospin properties of the entrance channel
and composite nucleus (when isospin is conserved); the cross sections going into
direct (non-exciton-model) reactions and exciton model preequilibrium processes,
and the fraction of preequilibrium emission. The last quantity is the fraction of
the cross section available for exciton model preequilibrium emission that actually
goes into such preequilibrium emission. It is thus 1 — 3, Py (Pmax+1, pr), where
Pmax 1S the last particle number for which emission is considered. It does not
include the cross section from other direct reaction mechanisms.

93



The table of reaction strengths passing through the various particle-hole con-
figurations is normalized to unity at the beginning of the calculations for the
exciton model equilibration process. The values are not corrected for the deple-
tion due to the direct reaction calculations. The quantity printed out is Py(p, pr)
which includes contributions from exciton scattering transitions. There is one row
to the table for each value of p, and the various columns correspond to different
values of pr. The last column gives 3, P»(p,pr) which is the total amount of
strength passing through states with n = 2p — A, excitons, where A, is the mass
number of the projectile. This sum is greater than the amount of strength passed
on to the next hierarchy of states, which is 3-, P (p+1,pr) since the former sum
contains the contributions from exciton scattering which causes strength to pass
through more than one configuration with p excitons (see Sect. 3.3).

7.3.3. Particle emission spectra

The energy spectra for the emitted particle types which have been requested are
printed out next, with each particle type on a new page. The heading of the table
gives the exit channel isospin coupling coefficients and the symmetry energies
whenever isospin conservation is considered. All of the cross sections are given in
millibarns/MeV. The columns in the tables of energy spectra have the following
significance:

eps/cm center of mass emission energy

eps/ch channel emission energy

direct /nutra direct nucleon transfer cross section

direct /knock knockout or inelastic cross section involving complex
particles, plus any collective and elastic cross section

exciton /primary primary exciton model preequilibrium cross section

exciton /secondary secondary preequilibrium cross section (if calculated)

equilibrium /primary primary equilibrium cross section

equilibrium /secondary secondary equilibrium cross section (if calculated)

sum inclusive spectrum (sum of the preceding 6 columns)

tsum sum for both composite nucleus isospins if T is
conserved and this spectrum is for the higher of two
allowed T values.

In general the last line of the table gives the energy integral of each column. For
the inelastic channel when elastic scattering is considered, the sum beneath the
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direct/knock column does not include the elastic contributions. These are inte-
grated separately and printed out on the next line. When fission is considered, the
equilibrium fission yield is printed out just below the neutron particle spectrum.

When output of the double differential cross sections has been requested, they
are printed just after the table of energy spectra for each particle type. These are
printed in two blocks, one for the forward hemisphere and one for the backward
hemisphere, and the heading for this section of output includes the value of the
systematic binding energy for the particle type whose angular distribution is given.
All of the cross sections are given in mb/sr-MeV and are printed as a function
of center-of-mass angle in 10 degree increments and of the the channel energy.
Contributions from all of the components in the energy spectrum are combined.

7.4. Arrays for Hauser-Feshbach Codes

Since PRECO is sometimes used as a preequilibrium module in larger Hauser-
Feshbach model codes, there is an option to generate arrays of cross sections
populating the possible residual nuclei at the possible excitation energies formed
by preequilibrium emission before any equilibrium emission is calculated. The
Hauser-Feshbach code does the equilibrium calculations. This option is initially
turned off. To activate it, it is necessary to go into the file precom. for and change
the line that reads
ihf =0

to read
ihf =1

where ihf is a control variable.

The arrays are stored in the named common /hauser/, and are never printed
out. There is one set of arrays giving the cross sections and another giving the
excitation energies of the residual nuclei. The arrays are:

No. of Emissions Cross Section Array Energy Array
0 csres( eres(
1 csresl(kp,ne) eres1(kp,ne)
2 csres2(kpp,nel,ne2) eres2(kpp,nel,ne2)

where csres0 is given in units of millibarns and is the amount of the entrance
channel cross section which has not undergone preequilibrium emission. The
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arrays csresl and csres2 are given in units of mb/MeV while the eres quantities
are all given in MeV. The quantity eres0 is the excitation energy of the original
composite nucleus. The indices (kp,ne) refer to the residual nucleus formed by
emission of a particle of type kp and an emission energy specified by ne (where
the values of kp and ne are explained in Appendix A). Similarly, the indices
(kpp,nel,ne2) refer to the residual nucleus formed by emission of two particles
(kpp=1,2,3 for nn, np or pn, and pp emission) with energies specified by nel and
ne2. These latter arrays are actually triangular, with values only being stored for
ne2<nel, since it does not matter which particle had which energy. If an equally
spaced grid of emission energies is used (the normal case), then the arrays can be
further collapsed since only nel+ne?2 is significant.
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8. FINAL NOTE TO USERS

If you decide to use PRECO, I would appreciate hearing from you. This code is
being distributed through two major code distributions centers which will also
handle updates to it. However, it would help me to know who is using the code
and the kind of work it is being used for. This information is meaningful to the
U.S. Department of Energy which funds this research as part of the U.S. Nuclear
Data Program. In addition, it will help me to gauge what additional features
would be useful in the code and to notify you of any minor errors that are found
but which would not warrant a special notice through the distribution centers.
Your feedback is also welcome, particularly with regard to any errors you may find
in the code or the manual. I can be reached via email at cwalker@tunl.duke. edu.

I know of no major problems in adapting PRECO for use on other computer
systems. It will probably be necessary to go into the file precom. for to reset the
input and output device numbers and to delete (or comment out) the statements
which write to the console, if they are not applicable to your system. These have
the form write (*,...). In addition, there are two variables you might need to
alter. They are newpage, which sets the character for a page feed (or page break)
command and length, which sets the number of lines per page for determining
how to format the printout of the angular distributions. Both variables are set
at the beginning of the file precom.for. Generally, however, an effort has been
made to keep the program portable. Please let me know of any difficulties which
you encounter.

Finally I want to again emphasize two points about the code. First, the
code has been most thoroughly studied and benchmarked for reactions with only
nucleons in the entrance and exit channels and for incident energies up to around
30 MeV. Almost no work has been done at incident energies above 100 MeV.
As to complex particle channels, calculations for emitted complex particles are
probably somewhat more reliable than those for complex projectiles, due to the
continuing need to include projectile breakup mechanisms.

Second, in using the code it is very important to remember that the global

97



input set is just that; a set designed to produce good overall agreement to a wide
range of data. Because of couplings between parameters, changing one piece of
input to reproduce a small group of data may have unexpected and even unphys-
ical consequences in other areas. Therefore, please make such changes with care.
The strongest coupling is between the normalization of the single particle state
densities and the residual two-body matrix elements. However, the single particle
state densities also have an important effect on the yields for nucleon transfer
reactions, and both of these parameters can be affected if the total reaction cross
sections in the entrance and/or exit channels are changed significantly. I have
tried to comment on such couplings in various places in the writeup.
I sincerely hope that this code will be useful to you.
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A. LL1IST OF MAJOR VARIABLES IN
PRECO-2000

The major variables in PRECO-2000 and their significance is summarized here. All
energies are assumed to be in MeV and all cross sections in millibarns.

acom(kc)
Mass number of primary or secondary composite nucleus as designated by
kc (see definition of kc).

act
Number of active exciton classes (those with at least one exciton).

atar, aout, ares
Mass numbers of target, emitted particle and residual nucleus.

asp, afish
Level density parameter, a, of composite nucleus in its normal state and at
the top of the fission barrier.

avail
Fraction of the reaction cross section surviving the direct reactions and
entering the exciton model equilibration calculations.

ben (kc,kp)
Binding energies of particles of type kp in the composite nucleus designated
by kc (see definition of kp).

betalam(i)
Deformation parameter of the ith collective state

ceq(kc,kp,ia), cpre(kc,kp,ia)
Equilibrium and preequilibrium pairing condensation energies for the nuclei
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formed by emitting particles of type kp from the composite nucleus desig-
nated by kc. Values of ia=1,2 are for proton and neutron pairing energies,
respectively.

clos(npl,nppil)
Time integrated strength, P (p, pr), passing through the indicated configu-
ration. The indices are p+1 and p,+1.

coll, collec
Collective pairing correction, ES"(p, pr, F) — EZSM(p, pr). Function collec
generates the variable coll.

coul (kp)
Coulomb barriers for particles of type kp for use in direct knockout /inelastic
calculations involving cluster degrees of freedom.

csresO
Cross section remaining in the initial composite nucleus after all preequilib-
rium emission has been calculated. It is given in units of millibarns.

csresl(kp,ne)
Cross section remaining in the primary residual nucleus formed by pree-
quilibrium emission of a particle of type kp and emission energy specified
by ne after all secondary preequilibrium emission has been calculated. The
excitation energies of these residual nuclei are given in the array eresl.

csres2(kpp,nel,ne2)
Cross section in the secondary residual nucleus formed by preequilibrium
emission of two particles of types specified by kpp (kpp=1,2,3 for nn, np or
pn, and pp emission) and emission energies specified by nel and ne2. This
array is triangular with ne2<nel. The excitation energies of these residual
nuclei are given in the array eres2.

ct(kc,kp,it)
Squares of the isospin coupling Clebsch-Gordan coefficents for the exit chan-
nel designated by kp in the emitting nucleus designated by kc. The index
it specifies the isospin in the residual nucleus, where it=1 indicates the
minimum residual isospin for the current isospin in the emitting nucleus
and it=2 is for the next higher residual isospin.
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db(ia)
Proton (ia=1) and neutron (ia=2) shell gaps.

denul, denu2, dpnul, dpnu2
Size of the equilibrium (denu) and preequilibrium (dpnu) neutron pairing
gaps. Gaps with the number 1 are used for nuclei with N = Ney or Noy —1
(whichever is even) and those with the number 2 are for nuclei with N =
Nen — 2 if this number is even.

depil, depi2, dppil, dppi2
Size of the equilibrium (depi) and preequilibrium (dppi) proton pairing
gaps. The numbers 1 and 2 now refer to the Z of the nuclei.

dodd (kp,ia)
Size of the odd single particle spacing just above and just below the shell gap
in the nucleus specified by kp. The index ia is 1 for proton single particle
states and 2 for neutron states. [Generated in subroutine single.]

ds(kp,ia)
ESM single particle spacings, with kp and ia as above.

Excitation energy of the current composite nucleus (the original or a residual
from primary neutron or proton emission).

ehbar, epbar
Average energy of the hole and particle degrees of freedom (corrected for
finite well depth effects) for the main configurations being considered. These
are used in collec to calculate the collective pairing corrections to the
particle-hole state densities.

ehbhi, epbhi
Average energy of the hole and particle degrees of freedom (corrected for
finite well depth effects) for configurations formed in particle-hole pair cre-
ation interactions.

eholel, ehole2
Global values for the effective well depth after the first and second pair
creation interactions. If zero, eholel defaults to problem specific values
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based on surface localization of the initial interaction while ehole2 defaults
to the central well depth.

ehole(j)
Problem specific values of the effective well depths after the first (j=1) and
second (j=2) pair creation interaction.

elam(i)
Excitation energy of the ith collective state considered in the calculations.

elast(ne)
Cross section going into elastic scattering at the emission energy specified
by ne. [Generated in subroutine resound.|

elastf (ne)
The part of the elastic scattering cross section that has the more forward
peaked angular distributions. [Generated in subroutine specout.]

elcoll(ne)
Cross section at the specified emission energy which is due to collective
state excitations (both spectrocopic and giant resonance) plus the part of
the elastic scattering cross sections which follows the same angular distri-
bution systematics as the collective cross section. [Generated in subroutine
specout.]

epauli(kp,q,ia)
Main part of the Pauli correction function for the nucleus specified by kp
and for the nucleon type ia exhibiting a total of q particle-hole pairs (both
active and passive) so that ¢ = max(pjs, hi). This array includes shell
effects and simple pairing but not the last two terms in Eq. (2.3) or (2.47)
or the collective pairing corrections, all of which depend on excitation energy.
[Generated in subroutine pauli.|

eps(ne)
Array of emission energies. The lowest energy for which emission is consid-
ered has an index of 2. The value of 1 is reserved for the energy to be used
as the lower limit in taking energy ‘integrals’ of the calculated spectra.

eresO
Excitation energy of the original composite nucleus, stored in common block
/hauser/ as part of the information of preequilibrium residual nuclei.
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eresl(kp,ne)
Excitation energies of the residual nuclei following emission of a particle of
type kp and energy specified by ne.

eres2(kpp,nel,ne?2)
Excitation energies of the residual nuclei formed by emission of two particles
(kpp=1,2,3 for nn, np or pn, and pp emission) with energies specified by nel
and ne2.

esym(kc,kp,it)
Symmetry energies for the nucleus specified by kp when the composite nu-
cleus is specificed by kc. The index it determines the isospin of the residual
nucleus: 7" = Tiin+it—1 where Th,;, is the minimum isospin in the kp nu-
cleus for the current composite nucleus isospin.

fnn, fnp, fpp
Normalization factors K,,, K,,, and K,, for the mean square matrix ele-
ments. They are originally read in as K;; x 10~¢ and then renormalized.

fac(i)
Array of factorials, (1—1)!

fishw, fishwt
Fission rates for the isospin mixed and isospin conserved parts of the equi-
librium calculations.

fiss(kc)
Equilibrium cross section going into fission in the composite nucleus specified
by kc.

flow, spill
10~'® and 10*!8; used for checks to avoid underflow and overflow conditions.

fracel
Variable fg;, specifying the fraction of the elastic cross section which fol-
lows the collective state angular distribution systematics. [Generated in
subroutine resound.]

frange
Variable faen specifying the range, faenD/2d, of N or Z over which shell
structure effects wash out (see Sect. 2.5.6 on page 23).
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fspan
Variable kgen specifying the energy span, kgnen - t over which the single
particle state density is averaged in the S>-ESM to obtain the shell-corrected
equilibrium level density parameter.

fwd(i,j)
Correction factor for finite well depth and surface effects. The index j is the
number of prior pair creations and usually j = h. A value of i = 1 gives
the usual fiwa(n,h, E,V) while i = 2 gives fra(n + 1,h, E, V) for use in
evaluating epbar and ehbar. [Generated in function well.]

fweis, fweist
Factors normalizing the equilibrium emission rates in the calculation of the
equilibrium energy spectra. They are the strength available for the isospin
mixed (fweis) or isospin conserved (fweist) equilibrium emission divided
by the corresponding total equilibrium emission rates (all particle types
and energies). The entrance channel cross section and any isospin coupling
coefficients are applied separately.

fteq
The fraction, Freq, of isospin conservation at equilibrium.

gamhn (npl,nppil), gamhp(npl,nppil)
Internal transition rates A\, (p, pr, ) and Ari (p, pr, E') for neutron and pro-
ton pair creation interactions. The indices are p+1 and p,+1. These vari-
ables are later converted to branching ratios.

gamnp (npl,nppil), gampn(npl,nppil)
Internal transition rates A, (p, pr, F) and A, (p, pr, E') for converting a neu-
tron pair into a proton pair and vice versa. The indices are p+1 and p,+1.
These variables are later converted to branching ratios.

ghole(ia),gpart(ia)
Effective single state densities for hole and particle degrees of freedom, re-
spectively, for the current particle-hole configuration in the S>-ESM. [Gen-
erated in subroutine single.]

gres(kc,kp,ia)
Equi-spacing model single particle state densities for nucleons of type ia in
the nucleus specified by kp when the composite nucleus is specifed by kc.
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ia
Index variable specifying the type of nucleon in the nucleus being considered.
Values of ia = 1,2 signify protons and neutrons, respectively.

icol
Control variable for the type of pairing correction to be applied (icol > 0
means collective pairing corrections).

idif (kp,ia)
The quantities Z — Zyag (for ia=1) and N — Ny, (for ia=2) for the current
nucleus specified by kp.

iepair, ipair
Control variables for equilibrium and preequilibrium pairing options. (See
discussion of items 15 and 16 of the code input on page 88.)

irea, iwri
Input and output device numbers.

ishell
Control variable for shell structure effects. A value of ishell > 0 means
that shell corrections are to be made.

iso
Control variable for isospin conservation. A value of iso > 0 means that
isospin is conserved during the preequilibrium phase of the reaction.

jin, jnin, jpin
Values of A, N, and Z of the projectile.

jout, jnout(kp), jpout(kp)
Values of A, N, and Z of the emitted particle in the kp channel.

jrn, jrz
Integer form of the neutron and proton numbers, N and Z, of the target.
(The floating point forms are rnn, rzz.)

kang
Control variable for printing double differential cross sections. A value of
kang > 1 causes these to be be printed for all exit channels where energy
differential cross section printout is requested.
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kc
Index designating the current composite nucleus. Values of 1, 2 and 3 cor-
respond to the initial composite nucleus, and the residual nuclei produced
by primary neutron and proton emission.

kin
The kp value for the entrance channel, kin = A, + Z,.

kp
Index specifying the reaction channel. Values of kp = 1 to 6 correspond to
the n, p, d, t, 3He, and a channels while a value of kp = 7 can refer to the
entrance channel or, more commonly, the composite nucleus.

kprint (kp)
Control variable for printing the energy spectra and (if kang>0) the double
differential cross sections in the kp channel. Values of kprint (kp) > 0 cause
the spectra to be printed.

lam(i)
The multipolarity, A, of the ith collective state to be considered.

lamax

The number of ‘collective’ states (spectroscopic, giant resonance, and elastic)
considered in the current calculation.

mlo(ia), mhi(ia)
Degeneracies of the piled up single particle levels below (mlo) and above
(mhi) the shell gap for nucleons of type ia.

mdfar (kp,ia), mdnear(kp,ia)
Degeneracies of the piled up levels on the opposite and same side of the shell
gap as the Fermi level for the nucleus in the kp channel and for nucleons of
type ia.

mxdime, mxdimp, mxdim2
Dimensions of the energy index and the particle number indices for primary
and secondary emission calculations for the code’s arrays.

ndwn, ndwnl
Lower limit on the particle number and ndwn-+1.
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neps, nepsl(kc,kp)
The number of emission energies considered in the calculation, and the max-
imum energy index for allowed
emission in the kp channel for the composite nucleus specified by kc.

npl, nppil
Main indices used to specify the particle-hole configuration being considered.
They have values of npl =p+ 1 and nppil = p, + 1.

nphd (kc,kp,ia)
Particle/hole difference p, — h; (for ia=1) or p, — h, (for ia=2) in the
nucleus of the kp channel when the composite nucleus is specified by kc.

nppi, nhpi, npnu, nhnu
The variables p,, h., p,, and h,.

nt (kc)
The quantity T'— T, in the composite nucleus specified by kc.

ntmin(k), ntmax(k)
Minimum and maximum values of T' — T, for the residual nuclei formed by
neutron (k=1) and proton (k=2) emission. These are used to set nt (kc)
for secondary emission.

nup, nupl, nup2
Maximum particle number considered in the current calculation, nup+1,
and nup+2.

omega (kc,nppi,nhpi,npnu,nhnu,ee,kp,it)
Function generating the state density for the indicated nucleus (specified by
kc and kp) and configuration.

pl(nppil)
The strengths Pi(p,pr) populated directly by a pair creation interaction
from simpler states (See Sect. 3.3 on page 36. Compare with variable
clos(npl,nppil) described in this appendix.) This variable is stored for
only one value of p at a time with an index of p,+1.

preeql(kp,ne), preeq2(kp,ne)
Reaction strength going into primary (preeql) or secondary (preeq?2) pree-
quilibrium emission of particles of type kp and channel energy eps(ne).
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ptot
Strength left, >, Pi(p,px), at then end of the closed form preequilibrium
calculations.

range(ia)
Range of Z (ia=1) or N (ia=2) over which shell effects wash out in moving
away from a closed shell configuration.

rho(npl,nppil)
Array of particle-hole state densities for the composite nucleus. The indices
are p+1 and p,+1.

rncn(kc), rzcn(kce)
Neutron and proton numbers, N and Z, of the composite nucleus specified
by kc.

rn, rz

The ratios N/A and Z/A for the target nucleus.

ron, rzz
Floating point form for the neutron and proton numbers, N and Z, of the
target nucleus. (The integer forms are jrn, jrz.)

romag, rzmag
The neutron and proton numbers, Nyae and Zy,ag, for the closed shell con-
figurations.

rose (kp)
Equilibrium energy shift shell correction in the nucleus specified by kp.
[Generated in subroutine pauli.|

scoll(ne)
Cross section for the excitation of collective states (both spectroscopic and
giant resonance) at the emission energy specified by ne. [Generated in sub-
routine resound.|

seq(kp,ne), seq2(kp,ne)
Isospin mixed strength going into primary (seq) or secondary (seq2) equi-
librium emission into the kp channel with a channel energy of eps(ne). It is
generated in spec and converted into evaporation cross sections in specout.
(See also steq.)
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sigbar (kp)

Total reaction cross section for the kp channel, averaged over the allowed emission
energies and used in direct reaction calculations in subroutines knock and
inel.

sigcni
Entrance channel total reaction cross section.

siggeom(ne)
Geometric cross sections for emission into the inelastic channel of particles
of energy eps(ne).

sigin(kp,ne)
Total reaction cross sections in the kp channel for emission of particles of
energy eps(ne).

snock (kp,ne)
Reaction cross section going into direct inelastic scattering and knockout
processes involving cluster degrees of freedom. Prior to output, the cross
section for collective state excitation and elastic scattering is included for
the inelastic channel. The index kp specifies the reaction channel, and the
emission energy is eps(ne).

snutra(kp,ne)
Reaction cross section going into direct nucleon transfer in the kp channel
with emission energy eps(ne).

spre (kp,ne)
Strength from primary emission of particles of type kp and channel energy
eps(ne) which populates states with values of p greater than the maxi-
mum dimensioned for secondary preequilibrium emission. This strength is
reserved and made available for secondary evaporation.

steq(kp,ne), steq2(kp,ne)
Isospin conserved strength going into primary (steq) or secondary (steq2)
equilibrium emission into the kp channel with a channel energy of eps(ne).
It is generated in spec and converted into evaporation cross sections in
specout. (See also seq.)
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strong (npl,nppil,ne)
Strength populating states of the specified configuration in the residual nu-
cleus by primary emission in the energy bin centered at eps(ne). The indices
are p+1 and p,+1 for primary neutron emission while dummy indices (as
described in the listing) are used for proton emission to save storage mem-
ory. When isospin is conserved the array is set first for the lowest allowed
isospin in the residual nucleus from primary emission and then is reset if a
higher value is also allowed. This strength is used to calculate secondary
particle emission.

tau(npl,nppil)
Lifetimes 7(p, pr) for the different particle-hole configurations. Contributing
processes are pair creation and exciton scattering interactions as well as
particle emission. (See Sect. 3.3 on page 36.) The indices are p+1 and
prt1.

tau2 (nppil)
Lifetimes 7 (p,p,) for the different particle-hole configurations including
only pair creation and particle emission. Only the index p,+1 is specified
since values for only one value of p at a time are stored.

tomsc(ne), tomsd(ne)
Cross sections going into all equilibrium emission (tomsc) and all direct+preequilibrium
emission except collective excitations and elastic scattering (tomsd) with
channel energy eps(ne) into the current channel.

twot (kp)
Two times the lowest allowed isospin value in the nucleus of the kp channel
for the current composite nucleus isospin being considered. (A value of kp
= 7 is for the composite nucleus.)

tz(kp), tze(kp)
Real and effective values to 7, in the nucleus in the kp channel. The value
of tze is typically |1} ar|, the absolute value of 7T, for the target nucleus.
[Generated in subroutine setiso.]

tzeff
Value of [T 1a|, the absolute value of T, for the target nucleus.

112



used
Energy integrated direct reaction cross section summed over all exit chan-
nels. This is the amount of the total reaction cross section which is not
available for the exciton model preequilibrium calculations.

viull
Central depth of the nuclear potential measured relative to the Fermi level.

w(kp,npl,nppil,ne)
Particle emission rates for the exit channel kp, channel energy eps(ne), and
the configuration specified by npl = p+1, and nppil = p,+1. As explained
in the program listing, dummy indices are used for kp > 3 to reduce memory
requirements in this very large array.

wcol (i)
Gaussian width parameter of the ith collective state.

weiss(kp,ne), weist(kp,ne)
Equilibrium particle emission rates in the Weisskopf-Ewing model calculated
for the isospin mixed strength and the isospin conserved strength in the kp
exit channel. The channel emission energy is eps(ne).

xin, xnin, xpin
Floating point form of A, N and Z of the projectile. (jin, jnin and jpin
are the integer forms.)

xiso(npl,nppil,ne)

Fraction of the primary preequilibrium nucleon emission going to the lowest
allowed isospin value in the residual nucleus and later reset for the amount
going to a higher isospin if one is allowed. The indices have the same sig-
nificance as in w(kp,npl,nppil,ne). Normal indices are used for neutron
emission and dummy indices (as explained in the program listing) are used
for proton emission to reduce memory requirements. This array is used
in calculating secondary particle emission when isospin is conserved in the
calculations.

xisoeq(kp,ne)
Fraction of the primary isospin-conserved nucleon emission at equilibrium
which goes to the lowest allowed isospin in the residual nucleus of the kp
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channel when the emission energy is eps(ne). It is used in calculating
secondary evaporation.

xncrit(kp,ia)
Values of ng. (ia=1) or n,. (ia=2) in the nucleus of the kp channel. It is
used in the calculation of collective pairing energy corrections in the particle-
hole state densities.

xnout, xpout
Floating point form for N and Z of the current emitted particle type.

xs (kp)
Mass excess (in MeV) of the emitted particle in the kp channel.
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B. SAMPLE INPUT FILE

The sample input file covers most of the options available in PREC0O-2000. There
are five reaction calculations, and the individual lines of input are labeled accord-
ing to the input items described in Sect. 7.1 on page 83. Those labels are not part
of the input file. The first three lines contain global parameters that are used for
all reaction calculations and show the default values for most of the parameters.
Identical results are achieved by entering a value of 0.0 on all three lines.

The first problem (protons incident on a light target) makes maximal use of
default input parameters, while the second problem is the same reaction with
everything read in. The output differs slightly because not all input is exactly
equivalent. The third problem is for a heavier target, where isospin is conserved.
The last two problems are for incident neutrons and alpha particles, respectively.

column number:

1 11 21 31 41 51 61
—ttttt—t—t+—+—+—+—+—
A) 38. 0. 38.
B) 5.7 3.4 3.4 15. 15.
c) 2.0 2.3 0.005 0.005 0.005
1) b4Fe+p at 28.8 MeV -- coll pair; shells; 2’ary emiss; T mixed
2) 33.5 5.05 0. 0.
3) 26. 28. -1.
5) 1 0 1
6) 14.08 5.05 16.21 20.63 18.24 8.2
7) 13. 4.35 13.38 8.85
8) 0 1 1 1 1 1 1
9) 2 1.41 0.195 2.
3 6.34 0.15 2.
2 17.20 0.201 2.53
3 8.20 0.200 2.13

115



10)
11)
13)
15)
16)
17)
1)
2)
3)
4)
5)
6)
7)
8)
9)

10)
11)
12)

4 3.83

0.

27 1

0.

1

1

1

54Fe+p at
33.5

26.

1 1

1 0
14.08

13.

0 1

2 1.41
3 6.34
2 17.20
3 8.20
4 3.83
1000.

27

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

28.8
5.05
28.

o

[l = S O 2 B el
w O
o

740.

1651.
1484.
1383.
1372.
1383.
1388.
1384.
1374.
1361.
1350.
1340.
1332.
1326.
1320.

0.11 -2.

1.

MeV -- same problem using no default params
0. 0.
28. 28. 1.5 1.3

1
16.21 20.63 18.24 8.2
13.38 8.85

1 1 1 1

0.195 2.

0.15 2.

0.201 2.53

0.200 2.13

0.11 -2.
0. 0. 0. 0.
4. 2. 4. 0.
36. 45. 55. 0.
123. 250. 300. 0.
258. 550. 640. 2.
402. 780. 950. 27.
517. 960. 1160. 110.
596. 1120. 1310. 245.
655. 1230. 1425. 430.
702. 1310. 1510. 610.
740. 1380. 1580. 760.
779. 1440. 1640. 880.
825. 1500. 1700. 980.
834. 1530. 1730. 1070.
860. 1560. 1760. 1150.
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16. 1315. 881. 1580. 1790. 1220. 1300.

17. 1307. 994. 1600. 1810. 1270. 1340.
18. 1298. 907. 1620. 1830. 1320. 1370.
19. 1290. 920. 1630. 1840. 1370. 1400.
20. 1282. 932. 1650. 1850. 1410. 1420.
21. 1277. 938. 1660. 1860. 1440. 1440.
22. 1272. 944 . 1660. 1860. 1470. 1460.
23. 1268. 950. 1665. 1860. 1500. 1480.
24 . 1263. 957. 1670. 1870. 1510. 1500.
25. 1244 . 961. 1675. 1870. 1530. 1510.
26. 1225. 966 . 1680. 1875 1550. 1520.
27 . 1220. 970. 1690. 1875. 1570. 1530.

13) 1.800 1.867 1.733 1.867

14) 1.800 1.733 1.733 1.733 1.667 1.667
1.800 1.867 1.800 1.733 1.800 1.733

15) 1

16) 0 1.53 1.56 1.60 1.63

17) 1

1) 120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv

2) 50.40 5.78 1. 0.

3) 50. 70. 50. 0. 2.0 0.

4) 0

5) 1 0 1

6) 9.25 5.78 12.66 12.89 17.07 3.09

7) 7.00 5.64 9.10 10.67

8) 1 1 1

9) 0 0. 0. 2.0
2 1.171 0.108 2.0
3 2.401 0.156 2.0
2 13.18 0.118 1.49
3 6.28 0.102 2.13
4 2.194 0.108 -2.0

10) 0.

11) 23 2 2

13) 0.

15) 1

16) 1
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17)
1)
2)
3)
5)
6)
8)
9)

10)
11)
13)
15)
16)
17)
1)
2)
3)
5)
6)
7)
8)
9)

10)
11)
13)
15)
16)
17)

.04
.73
.00
10.49

ON W WNOO PO
g O O O -

= = O W
PR N
(@]

ol

1
54Fe+alpha at
61.15 6.41
26. 28.
2 2
12.20
10.27

w o = O
0 W
W s =
= N 00 -
w =
o 00

17.19

30.42

O W W N P> WN O

w

4 2.

= O

MeV -- simp pair; T consv; fiss.
1. 0.
10.24 9.91 10.5 -4.0
0 0 0 1
0. 0.50
0.286 0.50
0.086 0.50
0.0878 5.00
0.0754 -2.21
0.5
59 MeV -- T mixed
0. 0.
-1.
17.33 21.17 17.69 6.41
11.38 6.03
1 1 0 1
0.195 1.5
0.15 1.5
0.11 1.5
0.201 2.53
0.200 2.13
0.19 -3.47
2.
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C. SAmPLE OutpuT FILE

The sample output file given below was generated from the input file given in
Appendix B. Where page breaks have been omitted to save pages, their location
is indicated by a horizontal dashed line. Font sizes have been adjusted to allow
the full output to fit across a report page. The output for each calculation is
shown as a separate section of this appendix, though the output for all problems
in the input file forms a single output file.

C.1. Problem 1

54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Reaction Strength Passing Thru Configurations

Target Z= 26 N= 28 Projectile z=1 n=0 Shells Z= 28 N= 28
Excit Energy= 33.50 Rxn Cross Sect.= 999.3 Shell gaps= 1.50 1.30
gpi= 1.800 gnu= 1.867 Kpp= 5.70 Knn= 3.40 Knp= 3.40

ipair=1 iepair= 1

V(central)= 38.00 Veff(1)= 17.00 Veff(2)= 38.00

Direct sigma= 67.53 Preeq sigma= 459.05 Frac Preeq= .493
p,ppi= 1 2 3 4 5 6 7 sum

1 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000
2 .56444 .46023 .00000 .00000 .00000 .00000 .00000 1.02467
3 .20754 .43327 . 16960 .00000 .00000 .00000 .00000 .81041
4 .08756 .32878 .28290 .06419 .00000 .00000 .00000 .76343
5 .03855 .23939 .36730 .15472 .02096 .00000 .00000 .82093
6 .01715 .17385 .43105 .32480 .06408 .00497 .00000 1.01589
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54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z= 0 n= 1

eps eps—- direct - exciton -- equilibrium -- sum
cm chan—-- nutra knock —--primary second —--primary second —-—

.98 1.0 O0.00E+0 0.00E+0 3.62E+0 3.56E-1 2.00E+1 6.15E+1 8.55E+1
1.96 2.0 O0.00E+0 0.00E+Q0 5.45E+0 4.34E-1 2.34E+1 5.00E+1 7.93E+1
2.95 3.0 O0.00E+0 O0.00E+O0 6.36E+0 4.06E-1 2.07E+1 3.12E+1 5.86E+1
3.93 4.0 O0.00E+0 O0.00E+0 6.72E+0 3.34E-1 1.61E+1 1.71E+1 4.03E+1
4.91 5.0 O0.00E+0 O0.00E+0 6.76E+0 2.53E-1 1.16E+1 8.71E+0 2.73E+1
5.89 6.0 0.00E+0 O0.00E+0 6.63E+0 1.77E-1 7.88E+0 4.15E+0 1.88E+1
6.87 7.0 0.00E+0 O0.00E+0 6.41E+0 1.12E-1 5.12E+0 1.86E+0 1.35E+1
7.85 8.0 0.00E+0 O0.00E+0 6.08E+0 6.19E-2 3.20E+0 7.70E-1 1.01E+1
8.84 9.0 0.00E+0 O0.00E+0 5.70E+0 2.89E-2 1.92E+0 2.86E-1 7.93E+0
9.82 10.0 0.00E+0 0.00E+0 5.29E+0 1.01E-2 1.11E+0 9.15E-2 6.51E+0

10.80 11.0 0.00E+0 O0.00E+0 4.87E+0 2.09E-3 6.19E-1 2.27E-2 5.52E+0
11.78 12.0 0.00E+0 O0.00E+0 4.43E+0 2.07E-4 3.31E-1 3.53E-3 4.76E+0
12.76 13.0 0.00E+0 O0.00E+0 3.91E+0 6.69E-6 1.69E-1 2.78E-4 4.08E+0
13.75 14.0 0.00E+0 O0.00E+0 3.38E+0 0.00E+0 8.17E-2 7.54E-6 3.47E+0
14.73 15.0 0.00E+0 O0.00E+0 2.81E+0 0.00E+0 3.87E-2 0.00E+0 2.84E+0
15.71 16.0 0.00E+0 O0.00E+0 2.15E+0 0.00E+0 1.83E-2 0.00E+0 2.17E+0
16.69 17.0 0.00E+0 O0.00E+0 1.66E+0 0.00E+0 8.59E-3 0.00E+0 1.67E+0
17.67 18.0 0.00E+0 0.00E+0 6.97E-1 0.00E+0 4.02E-3 0.00E+0 7.01E-1
18.65 19.0 0.00E+0 O0.00E+0 0.00E+O 0.00E+0 1.88E-3 0.00E+0 1.88E-3
sums 0.00E+0 O0.00E+0 8.29E+1 2.18E+0 1.12E+2 1.76E+2 3.73E+2
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54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z=1 n= 0

eps eps—- direct - exciton -- equilibrium -- sum
cm chan—-- nutra knock —--primary second —--primary second —-—

.98 1.0 O0.00E+0 7.49E-7 1.88E-2 2.09E-3 8.91E-2 2.50E+0 2.61E+0
1.96 2.0 O0.00E+0 2.46E-5 4.09E-1 3.84E-2 1.71E+0 4.02E+1 4.23E+1
2.95 3.0 O0.00E+0 3.28E-4 2.83E+0 2.10E-1 1.03E+1 8.63E+1 9.97E+1
3.93 4.0 O0.00E+0 2.73E-3 9.01E+0 5.31E-1 2.82E+1 1.28E+2 1.66E+2
4.91 5.0 O0.00E+0 1.47E-2 1.60E+1 7.72E-1 4.23E+1 1.21E+2 1.80E+2
5.89 6.0 0.00E+0 5.74E-2 2.14E+1 8.61E-1 4.68E+1 8.99E+1 1.59E+2
6.87 7.0 O0.00E+0 1.76E-1 2.53E+1 9.65E-1 4.46E+1 5.83E+1 1.29E+2
7.85 8.0 0.00E+0 4.08E-1 2.63E+1 8.30E-1 3.64E+1 3.27E+1 9.66E+1
8.84 9.0 O0.00E+0 7.58E-1 2.59E+1 6.55E-1 2.73E+1 1.68E+1 7.13E+1
9.82 10.0 0.00E+0 1.16E+0 2.48E+1 4.81E-1 1.93E+1 8.06E+0 5.38E+1

10.80 11.0 0.00E+0 1.47E+0 2.36E+1 3.23E-1 1.30E+1 3.61E+0 4.20E+1
11.78 12.0 0.00E+0 1.57E+0 2.22E+1 1.93E-1 8.44E+0 1.48E+0 3.39E+1
12.76 13.0 0.00E+0 1.42E+0 2.08E+1 9.59E-2 5.29E+0 5.31E-1 2.81E+1
13.75 14.0 0.00E+0 1.10E+0 1.94E+1 3.56E-2 3.21E+0 1.55E-1 2.39E+1
14.73 15.0 0.00E+0 7.78E-1 1.81E+1 1.24E-2 1.88E+0 2.89E-2 2.08E+1
15.71 16.0 0.00E+0 6.43E-1 1.69E+1 2.54E-3 1.06E+0 4.49E-3 1.86E+1
16.69 17.0 0.00E+0 8.28E-1 1.56E+1 2.49E-4 5.82E-1 3.53E-4 1.70E+1
17.67 18.0 0.00E+0 1.38E+0 1.42E+1 8.02E-6 3.05E-1 9.51E-6 1.59E+1
18.65 19.0 0.00E+0 2.19E+0 1.28E+1 0.00E+0 1.53E-1 0.00E+0 1.52E+1
19.64 20.0 0.00E+0 2.97E+0 1.15E+1 0.00E+0 7.31E-2 0.00E+0 1.45E+1
20.62 21.0 0.00E+0 3.43E+0 1.00E+1 0.00E+0 3.44E-2 0.00E+0 1.35E+1
21.60 22.0 0.00E+0 3.44E+0 8.42E+0 0.00E+0 1.62E-2 O0.00E+0 1.19E+1
22.58 23.0 0.00E+0 3.22E+0 6.72E+0 0.00E+0 7.56E-3 0.00E+0 9.95E+0
23.56 24.0 0.00E+0 3.15E+0 4.90E+0 0.00E+0 3.52E-3 0.00E+0 8.05E+0
24.55 25.0 0.00E+0 3.47E+0 2.69E+0 0.00E+0 1.64E-3 0.00E+0 6.17E+0
25.53 26.0 0.00E+0 3.98E+0 1.11E+0 0.00E+0 7.60E-4 0.00E+0 5.09E+0
26.51 27.0 0.00E+0 4.13E+0 O0.00E+0 0.00E+0 3.52E-4 O0.00E+0 4.13E+0
sums 0.00E+0 4.17E+1 3.61E+2 6.01E+0 2.91E+2 5.90E+2 1.29E+3
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54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z=1 n=1

eps eps—- direct —-—exciton—-- equil —— sum
cm chan—-- nutra knock —-- - -

2.89 3.0 9.42E-3 0.00E+0 8.19E-2 2.90E-1 3.82E-1
3.85 4.0 6.69E-2 0.00E+0O 4.05E-1 1.10E+0 1.57E+0
4.82 5.0 1.75E-1 O0.00E+0 7.48E-1 1.49E+0 2.41E+0
5.78 6.0 3.33E-1 0.00E+0 1.03E+0 1.44E+0 2.81E+0
6.75 7.0 5.07E-1 0.00E+0 1.17E+0 1.09E+0 2.76E+0
7.71 8.0 6.92E-1 O0.00E+0 1.21E+0 7.17E-1 2.62E+0
8.67 9.0 8.87E-1 0.00E+0 1.21E+0 4.30E-1 2.53E+0
9.64 10.0 1.09E+0 O0.00E+0 1.20E+0 2.38E-1 2.53E+0
10.60 11.0 1.29E+0 O0.00E+0 1.18E+0 1.24E-1 2.60E+0
11.56 12.0 1.51E+0 O0.00E+0 1.17E+0 6.31E-2 2.74E+0
12.53 13.0 1.72E+0 O0.00E+0 1.20E+0 3.17E-2 2.95E+0
13.49 14.0 1.93E+0 O0.00E+0 1.22E+0 1.57E-2 3.17E+0
14.45 15.0 2.15E+0 O0.00E+0 1.28E+0 7.72E-3 3.44E+0
15.42 16.0 2.37E+0 0.00E+0 1.39E+0 3.76E-3 3.77E+0
16.38 17.0 0.00E+0 0.00E+0 0.00E+0 1.82E-3 1.82E-3
sums 1.47E+1 0.00E+0 1.45E+1 7.04E+0 3.63E+1

54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z=1 n= 2

eps  eps—-— direct ——exciton—- equil —— sum
cm chan—— nutra knock —- - -

2.84 3.0 3.03E-3 0.00E+O0 b5.94E-4 5.13E-3 8.76E-3
3.78 4.0 2.59E-2 0.00E+0 3.83E-3 2.29E-2 b5.26E-2
4.73 5.0 b5.53E-2 0.00E+0 6.42E-3 2.53E-2 8.70E-2
5.67 6.0 8.14E-2 0.00E+0 7.66E-3 2.02E-2 1.09E-1
6.62 7.0 9.39E-2 O0.00E+0 7.27E-3 1.31E-2 1.14E-1
7.56 8.0 9.21E-2 0.00E+0 5.83E-3 7.68E-3 1.06E-1
8.51 9.0 4.66E-2 0.00E+O O0.00E+0 4.27E-3 5.09E-2
9.45 10.0 5.66E-2 0.00E+O0 O0.00E+0 2.29E-3 5.89E-2
10.40 11.0 0.00E+0 0.00E+0 0.00E+0 1.20E-3 1.20E-3
11.35 12.0 0.00E+0 O0.00E+0 0.00E+0O 6.14E-4 6.14E-4
sums 4.55E-1 0.00E+0 3.16E-2 1.03E-1 5.89E-1
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54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z= 2 n=1

eps eps—- direct —-—exciton—-- equil —— sum
cm chan—-- nutra knock —-- - -

6.62 7.0 2.78E-2 O0.00E+0 1.00E-2 6.66E-2 1.04E-1
7.56 8.0 T7.74E-2 O0.00E+0 2.12E-2 1.03E-1 2.02E-1
8.51 9.0 1.28E-1 0.00E+0 2.71E-2 9.29E-2 2.48E-1
9.45 10.0 1.75E-1 0.00E+0 2.99E-2 6.73E-2 2.72E-1
10.40 11.0 2.07E-1 0.00E+0 2.79E-2 4.27E-2 2.78E-1
11.35 12.0 2.08E-1 0.00E+0 2.28E-2 2.49E-2 2.55E-1
12.29 13.0 2.02E-1 O0.00E+0 1.84E-2 1.37E-2 2.34E-1
13.24 14.0 1.54E-1 O0.00E+0 9.29E-3 7.34E-3 1.71E-1
14.18 15.0 0.00E+0 0.00E+0 0.00E+0 3.83E-3 3.83E-3
sums 1.18E+0 0.00E+0 1.67E-1 4.23E-1 1.77E+0

54Fe+p at 28.8 MeV —- coll pair; shells; 2’ary emiss; T mixed
Particle Spectra (mb/MeV) z= 2 n= 2

eps  eps—-— direct ——exciton—- equil —— sum
cm chan—— nutra knock —- - -

5.56 6.0 3.24E-2 2.38E-3 2.08E-2 2.97E+0 3.03E+0
6.49 7.0 1.12E-1 8.41E-3 5.12E-2 6.78E+0 6.96E+0
7.42 8.0 2.32E-1 1.78E-2 7.42E-2 9.20E+0 9.52E+0
8.35 9.0 3.88E-1 3.07E-2 8.57E-2 1.00E+1 1.05E+1
9.27 10.0 5.73E-1 4.67E-2 8.58E-2 9.61E+0 1.03E+1
10.20 11.0 7.31E-1 6.19E-2 7.35E-2 7.90E+0 8.77E+0
11.13 12.0 8.34E-1 7.37E-2 b5.57E-2 5.78E+0 6.74E+0
12.05 13.0 8.83E-1 8.23E-2 3.93E-2 3.91E+0 4.92E+0
12.98 14.0 8.75E-1 8.77E-2 2.65E-2 2.50E+0 3.49E+0
13.91 15.0 8.31E-1 9.00E-2 1.74E-2 1.51E+0 2.45E+0
14.84 16.0 7.57E-1 8.91E-2 1.10E-2 8.72E-1 1.73E+0
15.76 17.0 6.63E-1 8.52E-2 6.73E-3 4.78E-1 1.23E+0
16.69 18.0 5.42E-1 7.82E-2 3.90E-3 2.49E-1 8.74E-1
17.62 19.0 4.19E-1 6.83E-2 1.92E-3 1.24E-1 6.14E-1
18.55 20.0 3.01E-1 5.55E-2 8.09E-4 6.16E-2 4.19E-1
19.47 21.0 1.87E-1 0.00E+0 0.00E+0 3.03E-2 2.17E-1
20.40 22.0 1.09E-1 0.00E+0 0.00E+0 1.48E-2 1.23E-1
21.33 23.0 3.39E-2 0.00E+0 O0.00E+0 7.21E-3 4.11E-2
22.25 24.0 3.66E-2 0.00E+O0 O0.00E+0 3.49E-3 4.00E-2
23.18 256.0 0.00E+0 0.00E+O0 O0.00E+0 1.69E-3 1.69E-3
sums 8.54E+0 8.78E-1 5.54E-1 6.20E+1 7.20E+1
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C.2. Problem

54Fe+p at 28.8 MeV
Reaction Strength

2

—— same problem using no default params

Passing Thru Configurations

Target Z= 26 N= 28 Projectile z= 1 n= 0 Shells Z7Z= 28 N= 28
Excit Energy= 33.50 Rxn Cross Sect.=1000.0 Shell gaps= 1.50 1.30
gpi= 1.800 gnu= 1.867 Kpp= 5.70 Knn= 3.40 Knp= 3.40
ipair= 1 iepair= 0
V(central)= 38.00 Veff(1)= 17.00 Veff(2)= 38.00
Direct sigma= 66.12 Preeq sigma= 427.03 Frac Preeq= .457
p,ppi= 1 2 3 4 5 6 7 sum
1 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000
2 .56503 .46029 .00000 .00000 .00000 .00000 .00000 1.02532
3 .21203 .44462 .17494 .00000 .00000 .00000 .00000 .83160
4 .09075 . 34242 .29673 .06793 .00000 .00000 .00000 .79783
5 .04038 .25199 .38853 .16523 .02264 .00000 .00000 .86877
6 .01809 .18435 .45908 .34758 .06919 .00546 .00000 1.08375
54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z= 0 n= 1
eps eps—- direct - exciton -- equilibrium - sum
cm chan—— nutra knock —--primary second —--primary second —-—

.98 1.0 0.00E+O O0.00E+0 1.86E+0 1.54E-1 1.12E+1 3.68E+1 5.00E+1
1.96 2.0 O0.00E+0 O0.00E+0 6.44E+0 4.32E-1 3.02E+1 6.81E+1 1.05E+2
2.95 3.0 O0.00E+0 O0.00E+O0 6.84E+0 3.67E-1 2.44E+1 3.85E+1 7.01E+1
3.93 4.0 0.00E+0O O0.00E+0 6.79E+0 2.86E-1 1.78E+1 2.00E+1 4.49E+1
4.91 5.0 0.00E+0 O0.00E+O 6.82E+0 2.18E-1 1.28E+1 1.02E+1 3.00E+1
5.89 6.0 O0.00E+0 O0.00E+0 6.78E+0O 1.56E-1 8.88E+0 4.93E+0 2.08E+1
6.87 7.0 O0.00E+0 O0.00E+0 6.62E+0O 1.00E-1 5.83E+0 2.24E+0 1.48E+1
7.85 8.0 0.00E+0 O0.00E+0 6.29E+0 b5.57E-2 3.66E+0 9.28E-1 1.09E+1
8.84 9.0 O0.00E+0 O0.00E+0 5.88E+0 2.49E-2 2.20E+0 3.40E-1 8.44E+0
9.82 10.0 0.00E+0 0.00E+0 5.44E+0 8.06E-3 1.27E+0 1.04E-1 6.82E+0

10.80 11.0 0.0CE+0 O0.00E+0 &5.00E+O 1.55E-3 7.05E-1 2.40E-2 5.73E+0
11.78 12.0 0.00E+0 O0.00E+0O 4.53E+0 1.08E-4 3.76E-1 3.45E-3 4.91E+0
12.76 13.0 0.00E+0 O0.00E+0O 4.00E+O O0.00E+0 1.92E-1 1.90E-4 4.19E+0
13.75 14.0 0.00E+0 0.00E+0 3.47E+0 O0.00E+0 9.32E-2 0.00E+0 3.56E+0
14.73 15.0 0.00E+0 0.00E+0 2.88E+0 O0.00E+0 4.43E-2 0.00E+0 2.92E+0
15.71 16.0 0.00E+0 0.00E+0 2.21E+0 O0.00E+0 2.09E-2 0.00E+0 2.23E+0
16.69 17.0 0.00E+0 O0.00E+0 1.71E+0O 0.00E+0 9.85E-3 0.00E+0 1.72E+0
17.67 18.0 0.00E+0 O0.00E+0 7.17E-1 0.00E+0 4.61E-3 0.00E+0 7.22E-1
18.65 19.0 0.00E+0 O0.00E+0O 0.00E+O O0.00E+0 2.15E-3 0.00E+O0 2.15E-3
sums 0.00E+0 0.00E+0 8.43E+1 1.80E+0 1.20E+2 1.82E+2 3.88E+2
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54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z=1 n= 0

eps eps—- direct - exciton -- equilibrium -- sum

cm chan—-- nutra knock —--primary second —--primary second —-—

1.96 2.0 O0.00E+0 1.18E-5 2.27E-1 1.62E-2 1.01E+0 1.13E+1 1.25E+1
2.95 3.0 O0.00E+0 2.31E-4 2.24E+0 1.39E-1 8.71E+0 7.16E+1 8.27E+1
3.93 4.0 O0.00E+0 2.09E-3 7.48E+0 3.94E-1 2.51E+1 1.13E+2 1.46E+2
4.91 5.0 O0.00E+0 1.25E-2 1.45E+1 6.58E-1 4.13E+1 1.19E+2 1.75E+2
5.89 6.0 0.00E+0 5.15E-2 2.03E+1 7.93E-1 4.78E+1 9.33E+1 1.62E+2
6.87 7.0 O0.00E+0 1.53E-1 2.31E+1 7.67E-1 4.40E+1 5.91E+1 1.27E+2
7.85 8.0 0.00E+0 3.47E-1 2.34E+1 6.48E-1 3.52E+1 3.27E+1 9.23E+1
8.84 9.0 O0.00E+0 6.36E-1 2.27E+1 5.08E-1 2.60E+1 1.67E+1 6.66E+1
9.82 10.0 0.00E+0 9.67E-1 2.17E+1 3.72E-1 1.83E+1 7.99E+0 4.93E+1
10.80 11.0 0.00E+0 1.23E+0 2.05E+1 2.52E-1 1.23E+1 3.57E+0 3.79E+1
11.78 12.0 0.00E+0 1.33E+0 1.95E+1 1.51E-1 8.09E+0 1.47E+0 3.05E+1
12.76 13.0 0.00E+0 1.23E+0 1.87E+1 6.87E-2 5.21E+0 5.28E-1 2.57E+1
13.75 14.0 0.00E+0 9.38E-1 1.72E+1 2.65E-2 3.12E+0 1.33E-1 2.14E+1
14.73 15.0 0.00E+0 6.75E-1 1.63E+1 8.69E-3 1.86E+0 2.63E-2 1.88E+1
15.71 16.0 0.00E+0 5.64E-1 1.53E+1 1.69E-3 1.06E+0 3.81E-3 1.70E+1
16.69 17.0 0.00E+0 8.12E-1 1.58E+1 1.30E-4 6.48E-1 2.33E-4 1.72E+1
17.67 18.0 0.00E+0 1.23E+0 1.30E+1 0.00E+0 3.08E-1 0.00E+0 1.46E+1
18.65 19.0 0.00E+0 1.96E+0 1.19E+1 O0.00E+0 1.56E-1 0.00E+0 1.40E+1
19.64 20.0 0.00E+0 2.70E+0 1.07E+1 0.00E+0 7.54E-2 0.00E+0 1.35E+1
20.62 21.0 0.00E+0 3.13E+0 9.41E+0 0.00E+0 3.57E-2 0.00E+0 1.26E+1
21.60 22.0 0.00E+0 3.16E+0 7.95E+0 0.00E+0 1.69E-2 0.00E+0 1.11E+1
22.58 23.0 0.00E+0 2.98E+0 6.40E+0 0.00E+0 7.95E-3 0.00E+0 9.39E+0
23.56 24.0 0.00E+0 2.95E+0 4.71E+0 0.00E+0 3.75E-3 0.00E+0 7.66E+0
24.55 25.0 0.00E+0 3.28E+0 2.61E+0 0.00E+0 1.76E-3 0.00E+0 5.89E+0
25.53 26.0 0.00E+0 3.80E+0 1.09E+0 0.00E+0 8.23E-4 0.00E+0 4.88E+0
26.51 27.0 0.00E+0 3.97E+0 O0.00E+0O 0.00E+0 3.84E-4 0.00E+0 3.97E+0
sums 0.00E+0 3.81E+1 3.27E+2 4.80E+0 2.80E+2 5.30E+2 1.18E+3
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54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z=1 n=1

eps eps—- direct —-—exciton—-- equil —— sum

cm chan—-- nutra knock —-- - -

1.93 2.0 2.36E-4 0.00E+0 3.16E-3 1.52E-2 1.86E-2
2.89 3.0 8.33E-3 0.00E+0 7.61E-2 2.92E-1 3.76E-1
3.85 4.0 6.47E-2 0.00E+0 4.10E-1 1.20E+0 1.68E+0
4.82 5.0 1.87E-1 0.00E+0 8.35E-1 1.81E+0 2.83E+0
5.78 6.0 3.33E-1 0.00E+0 1.08E+0 1.64E+0 3.05E+0
6.75 7.0 5.01E-1 O0.00E+0 1.20E+0 1.22E+0 2.92E+0
7.71 8.0 6.95E-1 O0.00E+0 1.26E+0 8.17E-1 2.77E+0
8.67 9.0 8.91E-1 0.00E+0 1.26E+0 4.90E-1 2.64E+0
9.64 10.0 1.09E+0 O0.00E+0 1.24E+0 2.70E-1 2.60E+0
10.60 11.0 1.30E+0 O0.00E+0 1.22E+0 1.41E-1 2.65E+0
11.56 12.0 1.51E+0 O0.00E+0 1.21E+0 7.18E-2 2.79E+0
12.63 13.0 1.74E+0 O0.00E+0 1.24E+0 3.64E-2 3.02E+0
13.49 14.0 1.95E+0 O0.00E+0 1.26E+0 1.79E-2 3.22E+0
14.45 15.0 2.16E+0 O0.00E+0 1.31E+0 8.80E-3 3.48E+0
15.42 16.0 2.38E+0 0.00E+0 1.42E+0 4.27E-3 3.80E+0
16.38 17.0 0.00E+0 0.00E+0 0.00E+0O 2.06E-3 2.06E-3
sums 1.48E+1 0.00E+0 1.50E+1 8.03E+0 3.79E+1

54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z=1 n= 2

eps  eps—-— direct ——exciton—- equil —— sum

cm chan—- nutra knock —- - -

1.89 2.0 1.99E-4 O0.00E+0 5.53E-5 7.08E-4 9.62E-4
2.84 3.0 3.72E-3 0.00E+0 7.58E-4 7.13E-3 1.16E-2
3.78 4.0 2.43E-2 0.00E+0 3.73E-3 2.43E-2 b5.23E-2
4.73 5.0 b5.66E-2 0.00E+0O 6.80E-3 2.94E-2 9.28E-2
5.67 6.0 8.44E-2 0.00E+0 8.21E-3 2.37E-2 1.16E-1
6.62 7.0 9.69E-2 0.00E+0 7.75E-3 1.53E-2 1.20E-1
7.56 8.0 9.44E-2 0.00E+0 6.17E-3 8.92E-3 1.09E-1
8.51 9.0 4.76E-2 0.00E+O O0.00E+0 4.94E-3 5.26E-2
9.45 10.0 5.75E-2 O0.00E+0 0.00E+0 2.63E-3 6.01E-2
10.40 11.0 0.0CE+0 O0.00E+0 0.00E+0 1.37E-3 1.37E-3
11.35 12.0 0.0CE+0 O0.00E+0 0.00E+O 7.03E-4 7.03E-4
sums 4.65E-1 0.00E+0 3.35E-2 1.19E-1 6.18E-1
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54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z=2 n=1

eps  eps—-— direct ——exciton—- equil —— sum
cm chan—- nutra knock —- - -

4.73 5.0 b5.25E-4 0.00E+0 3.80E-4 4.56E-3 5.46E-3
5.67 6.0 7.95E-3 0.00E+0 4.11E-3 3.91E-2 5.12E-2
6.62 7.0 3.52E-2 0.00E+0 1.33E-2 9.57E-2 1.44E-1
7.56 8.0 T7.99E-2 0.00E+0 2.30E-2 1.21E-1 2.24E-1
8.561 9.0 1.39E-1 O0.00E+0 3.09E-2 1.15E-1 2.85E-1
9.45 10.0 1.90E-1 0.00E+0 3.41E-2 8.33E-2 3.08E-1
10.40 11.0 2.21E-1 0.00E+0 3.11E-2 5.18E-2 3.04E-1
11.35 12.0 2.18E-1 0.00E+0 2.49E-2 2.97E-2 2.72E-1
12.29 13.0 2.10E-1 0.00E+0 1.99E-2 1.62E-2 2.46E-1
13.24 14.0 1.60E-1 O0.00E+0 1.00E-2 8.65E-3 1.78E-1
14.18 15.0 0.0CE+0 O0.00E+0 0.00E+O 4.51E-3 4.51E-3
sums 1.26E+0 0.00E+0 1.92E-1 5.70E-1 2.02E+0

54Fe+p at 28.8 MeV —— same problem using no default params
Particle Spectra (mb/MeV) z= 2 n= 2

eps  eps—- direct —-—exciton—-- equil —— sum
cm chan—-- nutra knock —-- - -

4.64 5.0 1.78E-3 1.16E-4 1.67E-3 2.78E-1 2.82E-1
5.56 6.0 2.56E-2 1.71E-3 1.75E-2 2.67E+0 2.71E+0
6.49 7.0 1.48E-1 1.01E-2 7.23E-2 1.02E+1 1.04E+1
7.42 8.0 3.88E-1 2.71E-2 1.32E-1 1.75E+1 1.80E+1
8.35 9.0 6.45E-1 4.63E-2 1.52E-1 1.90E+1 1.98E+1
9.27 10.0 8.25E-1 6.12E-2 1.32E-1 1.57E+1 1.67E+1
10.20 11.0 9.18E-1 7.07E-2 9.82E-2 1.13E+1 1.24E+1
11.13 12.0 1.04E+0 8.34E-2 7.36E-2 8.17E+0 9.37E+0
12.05 13.0 1.09E+0 9.22E-2 ©5.13E-2 5.48E+0 6.71E+0
12.98 14.0 1.04E+0 9.51E-2 3.34E-2 3.38E+0 4.55E+0
13.91 15.0 9.83E-1 9.68E-2 2.18E-2 2.03E+0 3.13E+0
14.84 16.0 8.78E-1 9.39E-2 1.34E-2 1.15E+0 2.13E+0
15.76 17.0 7.54E-1 8.82E-2 8.08E-3 6.19E-1 1.47E+0
16.69 18.0 6.07E-1 7.95E-2 4.59E-3 3.16E-1 1.01E+0
17.62 19.0 4.63E-1 6.86E-2 2.23E-3 1.56E-1 6.90E-1
18.55 20.0 3.28E-1 5.50E-2 9.24E-4 7.63E-2 4.60E-1
19.47 21.0 2.02E-1 0.00E+0 0.00E+0 3.71E-2 2.39E-1
20.40 22.0 1.16E-1 0.00E+0 O0.00E+0 1.80E-2 1.34E-1
21.33 23.0 3.62E-2 0.00E+0 O0.00E+0 8.74E-3 4.49E-2
22.25 24.0 3.90E-2 0.00E+0 O0.00E+0 4.22E-3 4.32E-2
23.18 256.0 0.00E+0 0.00E+0 O0.00E+0 2.03E-3 2.03E-3
sums 1.05E+1 9.70E-1 8.15E-1 9.80E+1 1.10E+2
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C.3. Problem 3

120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv
Reaction Strength Passing Thru Configurations

Target Z= 50 N= 70 Projectile z=1 n=0 Shells Z=50 N= O
Excit Energy= 50.40 Rxn Cross Sect.=1582.1  Shell gaps= 2.00 .00
gpi= 3.400 gnu= 4.667 Kpp= 5.70 Knn= 3.40 Knp= 3.40

ipair= 1 iepair= 1
V(central)= 38.00 Veff(1)= 17.00 Veff(2)= 38.00
T=Tz+0 ftegq= .00 Esym(cn)= .00 Ct2= .952
Direct sigma=110.60 Preeq sigma= 953.53 Frac Preeq= .683

p,ppi= 1 2 3 4 5 6 7 sum

1 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000
2 .70319 .30124 .00000 .00000 .00000 .00000 .00000 1.00443
3 .28833 .36618 .06526 .00000 .00000 .00000 .00000 LT71977
4 .12935 .29318 .15010 .01598 .00000 .00000 .00000 .58860
5 .05973 .20321 .18944 .05436 .00405 .00000 .00000 .51079
6 .02811 .13291 .19077 .09715 .01838 .00094 .00000 .46825
7 .01323 .08405 .17215 .13318 .04334 .00526 .00018 .45138
8 .00605 .05091 .14442 .16001 .07753 .01561 .00121 .45577
9 .00264 .02960 .11324 .17381 .11995 .03586 .00441 47974
10 .00108 .01689 .08437 .17402 .16538 .07122 .01298 .52688
11 .00044 .00919 .05998 .16409 .20848 .12438 .03312 .60333
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120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv
Particle Spectra (mb/MeV) z= 0 n= 1
T(cn)=Tz+0 Esym(b)= .000 13.147 Ct2(b)=1.000 .048

eps  eps—-— direct - exciton -- equilibrium -- sum

cm chan——- nutra knock —--primary second —-primary second —-—

1.98 2.0 0.00E+O O0.0CE+0 2.43E+1 7.45E+0 9.01E+1 3.73E+2 4.95E+2
3.97 4.0 O0.00E+0 O0.00E+0 2.89E+1 7.11E+0 6.48E+1 1.52E+2 2.53E+2
5.95 6.0 O0.00E+0 O0.00E+0 2.66E+1 5.26E+0 3.29E+1 5.10E+1 1.16E+2
7.93 8.0 O0.00E+0 O0.00E+0 2.29E+1 3.62E+0 1.43E+1 1.54E+1 5.62E+1
9.92 10.0 0.00E+0 O0.00E+0 1.94E+1 2.42E+0 5.63E+0 4.26E+0 3.17E+1
11.90 12.0 0.00E+0 0.00E+0 1.64E+1 1.59E+0 2.04E+0 1.07E+0 2.11E+1
13.88 14.0 0.00E+0 0.00E+O0 1.40E+1 1.03E+0 6.93E-1 2.46E-1 1.60E+1
15.87 16.0 0.00E+0 0.00E+0 1.21E+1 6.60E-1 2.20E-1 5.10E-2 1.31E+1
17.85 18.0 0.00E+0 0.00E+0 1.07E+1 4.08E-1 6.54E-2 9.41E-3 1.11E+1
19.83 20.0 0.00E+0 0.00E+0 9.48E+0 2.39E-1 1.82E-2 1.51E-3 9.74E+0
21.82 22.0 0.00E+0 O0.00E+0 8.48E+0 1.27E-1 4.68E-3 2.04E-4 8.61E+0
23.80 24.0 0.00E+0 O0.00E+0 7.69E+0 5.61E-2 1.11E-3 2.19E-5 7.74E+0
25.79 26.0 0.00E+0 O0.00E+0 6.87E+0 1.69E-2 2.40E-4 1.75E-6 6.89E+0
27.77 28.0 0.00E+0 O0.00E+0 6.15E+0 2.04E-3 4.63E-5 1.06E-7 6.15E+0
29.75 30.0 0.00E+0 O0.00E+0 5.38E+0 6.40E-5 7.81E-6 6.29E-9 5.38E+0
31.74 32.0 0.00E+0 O0.00E+0 4.56E+0 7.33E-7 1.11E-6 0.00E+0 4.56E+0
33.72 34.0 0.00E+0 O0.00E+0 3.74E+0 O0.00E+0 1.26E-7 0.00E+0 3.74E+0
35.70 36.0 0.00E+0 O0.00E+0 2.80E+0 0.00E+0 1.02E-8 0.00E+0 2.80E+0
37.69 38.0 0.00E+0 O0.00E+0 1.80E+0 0.00E+O 0.00E+0 0.00E+0 1.80E+0
39.67 40.0 0.00E+0 O0.00E+0 6.59E-1 0.00E+0O 0.00E+0O 0.00E+0 6.59E-1
sums 0.00E+0 0.00E+0 4.66E+2 6.00E+1 4.22E+2 1.19E+3 2.14E+3
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120Sn+p at 45 MeV -— coll pair; shells; 2’ary emiss;
angular distributions (mb/MeV)
sys. excit. en.= 52.37;

eps:deg O
2.00 4.24E+1
4.00 2.30E+1
6.00 1.16E+1
8.00 6.46E+0

10.00 4.24E+0

12.00 3.24E+0

14.00 2.73E+0

16.00 2.42E+0

18.00 2.22E+0

20.00 2.09E+0

22.00 1.98E+0

24.00 1.91E+0

26.00 1.82E+0

28.00 1.75E+0

30.00 1.64E+0

32.00 1.50E+0

34.00 1.32E+0

36.00 1.07E+0

38.00 7.40E-1

40.00 2.93E-1

eps:degl00
2.00 3.83E+1
4.00 1.92E+1
6.00 8.55E+0
8.00 3.98E+0

10.00 2.12E+0

12.00 1.33E+0

14.00 9.55E-1

16.00 7.40E-1

18.00 5.97E-1

20.00 4.92E-1

22.00 4.08E-1

24.00 3.42E-1

26.00 2.81E-1

28.00 2.30E-1

30.00 1.82E-1

32.00 1.38E-1

34.00 1.00E-1

36.00 6.55E-2

38.00 3.61E-2

40.00 1.12E-2

NNRPEPREPPREREERENNNNDNOPAOEND

NNPOOREFEFNNOPMPPOOORFWOORW

10

.23E+1
.29E+1
.1BE+1
.41E+0

20E+0

.20E+0
.69E+0
.39E+0

19E+0

.0BE+0
.94E+0

87E+Q

.T8E+0
.TOE+0
.60E+0
.46E+0
.28E+0
.03E+0
.12E-1
.81E-1

NOORRPEPEPEPEPPEPREPONNNNDONOENDD

AR WORNOREONWMDOINKH WO W

20

.20E+1
.26E+1
.13E+1
.26E+0

O7E+0

.08E+0
.B8E+0
.28E+0
.08E+0
.94E+0
.82E+0
.TBE+0
.66E+0
.B7E+0

47E+0

.33E+0
.16E+0
.2BE-1

34E-1

.48E-1

sys.

30

.1BE+1
.22E+1
.10E+1
.02E+0
88E+0
.91E+0
.41E+0
.11E+0
91E+0
.TTE+0
.65E+0
.B7E+0
.4TE+0
.39E+0
.28E+0
. 14E+0
.86E-1
.T6E-1
.24E-1
.02E-1

NONOFRFRERERRERREREREERONNDWOO RN D

130

.90E+1
.94E+1
.43E+0

70E+0

.00E+0
.B53E-1

WHNWOINHEREEONWDO WO W
~
~
0
n

.04E-3

z= 0 n=1
bind. en.= 7.90

40 50 60
4.09E+1 4.02E+1 3.96E+1
2.17E+1 2.11E+1 2.06E+1
1.06E+1 1.02E+1 9.78E+0
5.73E+0 5.39E+0 5.05E+0
3.63E+0 3.35E+0 3.06E+0
2.69E+0 2.44E+0 2.18E+0
2.20E+0 1.97E+0 1.73E+0
1.91E+0 1.68E+0 1.46E+0
1.71E+0 1.49E+0 1.27E+0
1.56E+0 1.34E+0 1.13E+0
1.44E+0 1.22E+0 1.01E+0
1.35E+0 1.13E+0 9.17E-1
1.26E+0 1.03E+0 8.22E-1
1.17E+0 9.42E-1 7.36E-1
1.06E+0 8.41E-1 6.44E-1
9.34E-1 7.27E-1 5.44E-1
7.91E-1 6.03E-1 4.41E-1
6.12E-1 4.57E-1 3.25E-1
4.05E-1 2.95E-1 2.04E-1
1.53E-1 1.08E-1 7.29E-2

140 150 160
3.94E+1 3.98E+1 4.01E+1
1.96E+1 1.99E+1 2.01E+1
8.50E+0 8.59E+0 8.67E+0
3.68E+0 3.69E+0 3.70E+0
1.74E+0 1.71E+0 1.69E+0
9.46E-1 9.05E-1 8.79E-1
5.97E-1 5.56E-1 5.29E-1
4.18E-1 3.81E-1 3.57E-1
3.11E-1 2.79E-1 2.58E-1
2.38E-1 2.11E-1 1.93E-1
1.84E-1 1.61E-1 1.46E-1
1.43E-1 1.24E-1 1.11E-1
1.09E-1 9.32E-2 8.29E-2
8.24E-2 6.93E-2 6.10E-2
5.99E-2 4.96E-2 4.32E-2
4.15E-2 3.39E-2 2.92E-2
2.72E-2 2.19E-2 1.86E-2
1.60E-2 1.26E-2 1.06E-2
7.87E-3 6.09E-3 5.04E-3
2.16E-3 1.63E-3 1.33E-3

130

BRENOWPOIONOOR,FFPFENDONDW

T consv

70 80
90E+1 3.86E+1
01E+1 1.96E+1
37E+0 9.02E+0
T72E+0 4.42E+0
78E+0 2.53E+0
93E+0 1.70E+0
50E+0 1.29E+0
24E+0 1.05E+0
06E+0 8.80E-1
28E-1 7.54E-1
16E-1 6.51E-1
27E-1 5.68E-1
39E-1 4.89E-1
60E-1 4.19E-1
79E-1 3.49E-1
95E-1 2.80E-1
11E-1 2.15E-1
23E-1 1.50E-1
36E-1 8.83E-2
TOE-2 2.94E-2
170 180
03E+1 4.04E+1
02E+1 2.02E+1
72E+0 8.T74E+0
71E+0 3.72E+0
68E+0 1.68E+0
65E-1 8.60E-1
14E-1 5.09E-1
43E-1 3.39E-1
46E-1 2.42E-1
83E-1 1.80E-1
37E-1 1.36E-1
0O4E-1 1.02E-1
71E-2 7.53E-2
64E-2 5.,49E-2
97E-2 3.86E-2
66E-2 2,58E-2
68E-2 1.63E-2
50E-3 9.16E-3
48E-3 4.31E-3
17E-3 1.12E-3

90

.83E+1
.93E+1
.T4E+0
.17E+0
30E+0
.50E+0
.11E+0
.80E-1
24E-1
.09E-1
.1BE-1
41E-1
.7T0E-1
.10E-1
52E-1
.97E-1
.4TE-1
.89E-2
.65E-2
.82E-2

POORPNWOWODOOTOONORLEFENDORW

total

.9BE+2
.B3E+2
.16E+2
62E+1
.17E+1
.11E+1
.60E+1
31E+1
.11E+1
.T4E+0
.61E+0
.T4E+0
.89E+0
15E+0
.38E+0
.B6E+0
T4E+0
.80E+0
.80E+0
.59E-1

OFRNWPHTOOON0OR,FEFEFENWO NS



120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv
Particle Spectra (mb/MeV) z=1 n= 0
T(cn)=Tz+0 Esym(b)= .000 14.530 Ct2(b)= .952 .000

eps  eps—-— direct - exciton -- equilibrium -- sum

cm chan——- nutra knock —--primary second —-primary second —-—

1.98 2.0 0.00E+0 5.35E-8 2.32E-3 6.32E-4 1.22E-3 1.15E-2 1.57E-2
3.97 4.0 O0.00E+0 1.73E-6 4.35E-2 1.05E-2 1.50E-2 7.74E-2 1.46E-1
5.95 6.0 0.00E+0 9.26E-5 1.47E+0 2.94E-1 3.01E-1 8.78E-1 2.94E+0
7.93 8.0 0.00E+0 7.70E-4 8.27E+0 1.35E+0 9.14E-1 1.61E+0 1.21E+1
9.92 10.0 0.00E+0 1.89E-3 1.47E+1 1.96E+0 7.95E-1 9.17E-1 1.83E+1
11.90 12.0 0.00E+0 2.97E-3 1.77E+1 1.90E+0 4.31E-1 3.31E-1 2.03E+1
13.88 14.0 0.00E+0 3.87E-3 1.85E+1 1.58E+0 1.87E-1 9.57E-2 2.03E+1
15.87 16.0 0.00E+0 4.61E-3 1.84E+1 1.22E+0 7.16E-2 2.39E-2 1.97E+1
17.85 18.0 0.00E+0 5.18E-3 1.79E+1 8.92E-1 2.48E-2 5.22E-3 1.88E+1
19.83 20.0 0.00E+0 5.59E-3 1.72E+1 6.27E-1 7.91E-3 9.92E-4 1.79E+1
21.82 22.0 0.00E+0 5.85E-3 1.66E+1 4.21E-1 2.32E-3 1.60E-4 1.70E+1
23.80 24.0 0.00E+0 5.97E-3 1.59E+1 2.71E-1 6.26E-4 2.10E-5 1.61E+1
25.79 26.0 0.00E+0 9.20E-3 1.51E+1 1.66E-1 1.54E-4 2.11E-6 1.53E+1
27.77 28.0 0.00E+0 1.95E-1 1.43E+1 9.64E-2 3.41E-5 1.57E-7 1.46E+1
29.75 30.0 0.00E+0 1.80E+0 1.32E+1 4.72E-2 6.69E-6 1.08E-8 1.51E+1
31.74 32.0 0.00E+0 2.80E+0 1.20E+1 1.54E-2 1.13E-6 0.00E+0 1.48E+1
33.72 34.0 0.00E+0 8.60E-1 1.04E+1 0.00E+0 1.57E-7 O0.00E+0 1.13E+1
35.70 36.0 0.00E+0 7.60E-1 8.66E+0 0.00E+0 1.68E-8 0.00E+0 9.42E+0
37.69 38.0 0.00E+0 3.50E+0 6.64E+0 0.00E+0 1.23E-9 0.00E+0 1.01E+1
39.67 40.0 0.00E+0 3.41E+1 4.29E+0 0.00E+0O 0.00E+0 0.00E+0 3.84E+1
41.65 42.0 0.00E+0 1.95E+2 1.21E+0 O0.00E+0 0.00E+0 0.00E+0 1.97E+2
43.64 44.0 0.00E+0 4.37E+2 0.00E+O 0.00E+O0 O0.00E+0 0.00E+0 4.37E+2
45.62 46.0 0.00E+0 3.64E+2 0.00E+0O O0.00E+0 0.00E+0 0.00E+0 3.64E+2
47.60 48.0 0.00E+0 1.12E+2 0.00E+O O0.00E+O0 0.00E+0O O0.00E+0 1.12E+2
49.59 50.0 0.00E+0 1.26E+1 0.00E+O O0.00E+0 0.00E+0 O0.00E+0 1.26E+1
sums 0.00E+0 5.11E+1 4.65E+2 2.17E+1 5.50E+0 7.90E+0 5.51E+2
elastic 2.28E+3
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120Sn+p at 45 MeV -— coll pair; shells; 2’ary emiss;
angular distributions (mb/MeV)
sys. excit. en.= 52.37;

eps:deg O
2.00 1.41E-3
4.00 1.46E-2
6.00 3.37E-1
8.00 1.60E+0

10.00 2.71E+0

12.00 3.29E+0

14.00 3.58E+0

16.00 3.75E+0

18.00 3.88E+0

20.00 3.99E+0

22.00 4.12E+0

24.00 4.25E+0

26.00 4.38E+0

28.00 4.58E+0

30.00 5.16E+0

32.00 5.57E+0

34.00 4.64E+0

36.00 4.36E+0

38.00 9.98E+0

40.00 1.05E+2

42.00 6.40E+2

44.00 1.48E+3

46.00 1.26E+3

48.00 3.96E+2

50.00 4.58E+1

WNORBRNORPTORPADPWWWWWNRWRE

10

.40E-3

45E-2

.35E-1
.B8E+0

68E+0

.2BE+0
.B3E+0
.69E+0

81E+0

.91E+0
.03E+0

15E+0

.27E+0
.45E+0

00E+0Q

.37E+0
.47E+0
.1BE+0

19E+0

.68E+1
.62E+2

06E+3

.99E+2
.80E+2
.21E+1

FRWOWWOFRWOWWSDPPOWWOWWWWWWNERE W

20

.39E-3

43E-2

.28E-1
.B4E+0

B9E+0

.13E+0
.39E+0
.B52E+0

61E+0

.69E+0
.T8E+0

86E+0

.94E+0
.08E+0
.B4E+0
.84E+0
.98E+0
.61E+0

08E+0

.15E+1
.TTE+2
.96E+2
.30E+2
.01E+2
.13E+1

NHEOOWOWNWEHARWWWWWWWWWNNREWR-

sys.

30

.37E-3
40E-2
.16E-1
.4TE+0
46E+0
.9BE+0
. 16E+0
.26E+0
31E+0
.35E+0
.40E+0
44E+0
.4TE+0
.B4E+0
88E+0
.Q7E+0
.29E+0
.91E+0
09E+0
.T9E+0
.94E+1
34E+1
.69E+1
.98E+1
. 1BE+0

z=1 n=0
bind. en.= 7.75
40 50
1.34E-3 1.32E-3 1
1.35E-2 1.30E-2 1.
3.02E-1 2.86E-1 2
1.39E+0 1.29E+0 1
2.28E+0 2.09E+0 1.
2.71E+0 2.45E+0 2
2.87E+0 2.56E+0 2
2.93E+0 2.57E+0 2
2.95E+0 2.55E+0 2
2.94E+0 2.51E+0 2
2.94E+0 2.47E+0 2
2.93E+0 2.41E+0 1
2.91E+0 2.35E+0 1
2.92E+0 2.30E+0 1
3.14E+0 2.42E+0 1.
3.22E+0 2.42E+0 1
2.55E+0 1.85E+0 1
2.19E+0 1.54E+0 1
2.06E+0 1.38E+0 8.
2.89E+0 1.50E+0 8
7.44E+0 2.51E+0 1
1.35E+1 3.66E+0 1
1.01E+1 2.51E+0 1
2 6 2
3 6 2

.86E+0
.00E-1

.T4E-1
LTTE-2

132

60

.29E-3

25E-2

.69E-1
.19E+0

89E+0

.17E+0
.24E+0
.21E+0
.16E+0
.08E+0
.01E+0
.92E+0
.83E+0
.TBE+0

79E+0

.T3E+0
.29E+0
.03E+0

81E-1

.96E-1
.32E+0
.TBE+0
.12E+0
.82E-1
.66E-2

FROONOOIOORRRRPRRERREPRPRRPREBPREERNDRRE

T consv

70 80

26E-3 1.24E-3
20E-2 1.16E-2
52E-1 2.36E-1
08E+0 9.88E-1
69E+0 1.50E+0
91E+0 1.66E+0
93E+0 1.65E+0
88E+0 1.57E+0
TOE+0 1.47E+0
TOE+0 1.36E+0
60E+0 1.26E+0
50E+0 1.15E+0
39E+0 1.03E+0
29E+0 9.33E-1
28E+0 8.95E-1
20E+0 8.09E-1
56E-1 5.56E-1
60E-1 4.10E-1
39E-1 3.19E-1
20E-1 2.93E-1
23E-1 3.84E-1
OOE-1 4.48E-1
39E-1 2.51E-1

5.
4,

FORNONRRENWOIODN0OR R ON R R



120Sn+p at 45 MeV -- coll pair;
angular distributions (mb/MeV)

eps:degl00
2.00 1.20E-3
4.00 1.09E-2
6.00 2.10E-1
8.00 8.26E-1
10.00 1.19E+0
12.00 1.25E+0
14.00 1.19E+0
16.00 1.09E+0
18.00 9.81E-1
20.00 8.69E-1
22.00 7.64E-1
24.00 6.62E-1
26.00 5.64E-1
28.00 4.78E-1
30.00 4.28E-1
32.00 3.59E-1
34.00 2.28E-1
36.00 1.54E-1
38.00 1.08E-1
40.00 8.92E-2
42.00 1.04E-1
44.00 1.07E-1
46.00 5.18E-2
48.00 9.68E-3
50.00 6.59E-4

NN OFRNWWAPRITOOOODOOR,FFNNDRRF

110

.20E-3
.07E-2

HEENWONWOOOFRNDNWWMOITON0WOONE -

COORRPREPNNPMPORPEPRERPNDNWWNOOION0000O0F -

shells; 2’ary emiss; T consv

NOTWORRPEPNPOREPNNNWNDPOOIOONW0OR -

z= 1

n= 0

HPWONONOFRFNWNOFRFRFNNWAPIOIOONNO PP
[}
<
o
=

133

ONFE PO FPWOORFRFEPNWRMPOONNORE R

NREr R OWPPOORNOONFRFRRERPNOOPAPOIOONO PP

NFEr R OWPPROOORNOONORFEFNNWOWPAPOOIOONO -

PRWOBMRPWRORRPRREPPREPPEPREONDRRERNORRE

total

.B7E-2
.46E-1
.94E+0
.21E+1
.83E+1
.03E+1
.03E+1
.97E+1
.88E+1
.T9E+1
.TOE+1
.61E+1

53E+1

.46E+1
.51E+1

48E+1

.13E+1
.42E+0
.01E+1
.84E+1
.9TE+2
.37E+2
.64E+2
.12E+2
.26E+1



120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv

Reaction Strength Passing Thru Configurations

Target Z= 50 N= 70 Projectile z=1 n= 0 Shells 7Z=50 N= O
Excit Energy= 50.40 Rxn Cross Sect.=1582.1  Shell gaps= 2.00 .00
gpi= 3.400 gnu= 4.667 Kpp= 5.70 Knn= 3.40 Knp= 3.40

ipair= 1 iepair= 1

V(central)= 38.00 Veff (1)= 17.00 Veff(2)= 38.00

T=Tz+1 fteq= .00 Esym(cn)=13.74 Ct2= .048

Direct sigma= 3.39 Preeq sigma= 53.27 Frac Preeq= .740
p,ppi= 1 2 3 4 5 6 7 sum
1 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000
2 .69957 .30865 .00000 .00000 .00000 .00000 .00000 1.00822
3 .29510 .38730 .07422 .00000 .00000 .00000 .00000 . 75662
4 .13600 .31625 .17066 .01973 .00000 .00000 .00000 .64264
5 .06452 .22404  .21660 .06478 .00528 .00000 .00000 .57522
6 .03060 .14813 .21995 .11363 .02217 .00124  .00000 .53571
7 .01398 .09239 .19826 .15518 .05041 .00619 .00024 .51665
8 .00588 .05312 .16066 .18413 .09005 .01770 .00136 .51294
9 .00221 .02898 .11678 .18730 .13467 .04115 .00482 .51615

1208n+p at 45 MeV -— coll pair; shells; 2’ary emiss; T consv

Particle Spectra (mb/MeV) z=0 n=1

T(cn)=Tz+1 Esym(b)=13.147 27.677 Ct2(b)= .952 .087
eps eps—-— direct - exciton -- equilibrium -- sum

cm chan—-- nutra knock —--primary second —--primary second —-—

1.98 2.0 O0.00E+0 0.00E+O0 1.60E+0 2.13E-1 3.80E+0 1.48E+1 2.04E+1
3.97 4.0 O0.00E+0 0.00E+0 1.76E+0 1.69E-1 2.74E+0 7.41E+0 1.21E+1
5.95 6.0 0.00E+0 O0.00E+0 1.53E+0 1.03E-1 1.39E+0 2.68E+0 5.70E+0
7.93 8.0 0.00E+0 O0.00E+0 1.26E+0 5.74E-2 6.04E-1 8.27E-1 2.75E+0
9.92 10.0 0.00E+0 0.00E+0 1.04E+0 3.09E-2 2.37E-1 2.28E-1 1.54E+0
11.90 12.0 0.00E+0 O0.00E+0 8.63E-1 1.64E-2 8.62E-2 b5.69E-2 1.02E+0
13.88 14.0 0.00E+0 O0.00E+0 7.21E-1 8.77E-3 2.92E-2 1.29E-2 7.72E-1
15.87 16.0 0.00E+0 O0.00E+0 6.10E-1 4.80E-3 9.29E-3 2.61E-3 6.26E-1
17.85 18.0 0.00E+0 O0.00E+0 5.06E-1 2.72E-3 2.76E-3 4.71E-4 5.12E-1
19.83 20.0 0.00E+0 O0.00E+0 4.15E-1 1.52E-3 7.66E-4 7.39E-5 4.17E-1
21.82 22.0 0.00E+0 0.00E+0 3.22E-1 7.86E-4 1.97E-4 9.78E-6 3.23E-1
23.80 24.0 0.00E+0 0.00E+0 2.26E-1 3.40E-4 4.68E-5 1.04E-6 2.26E-1
25.79 26.0 0.00E+0 O0.00E+0 1.18E-1 9.90E-5 1.01E-5 8.26E-8 1.18E-1
27.77 28.0 0.00E+0 0.00E+0 O0.00E+0 1.01E-5 1.95E-6 5.00E-9 1.21E-5
29.75 30.0 0.00E+0 0.00E+0 O0.00E+0 1.80E-7 3.29E-7 0.00E+0 5.09E-7
31.74 32.0 0.00E+0 0.00E+0 O0.00E+0 5.10E-9 4.68E-8 0.00E+0 5.19E-8
33.72 34.0 0.00E+0 0.00E+0 O0.00E+O 0.00E+0 5.29E-9 0.00E+0 5.29E-9
35.70 36.0 0.00E+0 0.00E+0 0.00E+O 0.00E+0O 0.00E+0 0.00E+0 0.00E+0
37.69 38.0 0.00E+0 0.00E+0 O0.00E+O 0.00E+0 0.00E+0 0.00E+0 0.00E+0
39.67 40.0 0.00E+0 0.00E+0 0.00E+0 0.00E+O 0.00E+0 0.00E+0 0.00E+0
sums 0.00E+0 O0.00E+0 2.19E+1 1.22E+0 1.78E+1 ©5.20E+1 9.30E+1
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tsum

.15E+2
.65E+2
. 22E+2
.90E+1
.32E+1
.21E+1
.68E+1
.37E+1
.17E+1
.02E+1
.94E+0
.97E+0
.01E+0
.15E+0
.38E+0
.56E+0
. T4E+0
.80E+0
.80E+0
.B9E-1



120Sn+p at 45 MeV -— coll pair; shells; 2’ary emiss;
angular distributions (mb/MeV)
sys. excit. en.= 52.37;

eps:deg O
2.00 1.77E+0
4.00 1.11E+0
6.00 5.74E-1
8.00 3.17E-1

10.00 2.07E-1

12.00 1.57E-1

14.00 1.32E-1

16.00 1.16E-1

18.00 1.02E-1

20.00 8.94E-2

22.00 7.42E-2

24.00 5.58E-2

26.00 3.13E-2

28.00 3.16E-6

30.00 1.06E-7

32.00 9.51E-9

34

eps:degl00
2.00 1.58E+0
4.00 9.15E-1
6.00 4.20E-1
8.00 1.94E-1

10.00 1.03E-1

12.00 6.45E-2

14.00 4.60E-2
16.00 3.54E-2
18.00 2.74E-2

20.00 2.11E-2

22.00 1.53E-2

24.00 9.99E-3

26.00 4.83E-3

28.00 4.81E-7

30.00 2.23E-8

32.00 2.30E-9

34

NMNNWWNR,FEFNWWOAOOR PO

10

1.76E+0
1.10E+0
5.71E-1
3.1BE-1
2.05E-1
1.66E-1
1.30E-1
1.14E-1
1.
8
7
5
3
3
1
9

00E-1

LTTE-2
.27E-2
.46E-2
.06E-2
.08E-6
.03E-7
.23E-9

110

.58E+0
.13E-1
.14E-1

87E-1

.B5E-2
LTTE-2

99E-2

.00E-2
.27E-2
.T1E-2

22E-2

.81E-3
.69E-3

99E-7

.31E-8
.64E-9

WNWNOOOFEFENWOITOR DO

20

1.75E+0
1.09E+0
5.61E-1
3.07E-1
1.98E-1
1.50E-1
1.25E-1
1.09E-1
9.
8
6
5
2
2
9
8

54E-2

.30E-2
.84E-2
.11E-2
.8BE-2
.8BE-6
.B3E-8
.4BE-9

120

.B9E+0
.16E-1
.12E-1

83E-1

.00E-2
.24E-2

51E-2

.B7E-2
.91E-2
.41E-2

87E-3

.19E-3
.87E-3

53E-7

.60E-8
.23E-9

1
1
5
2
1
1
1
1
8.
7
6
4
2
2
8
7

DWW N UT N WD DO R

sys.

30

.7T3E+0
.Q7E+0
.4BE-1
.96E-1
.89E-1
.41E-1
L17E-1
.01E-1
7T8E-2
.B8E-2
.20E-2
.B9E-2
.B3E-2
.51E-6
.34E-8
.32E-9

130

.60E+0
.23E-1
.13E-1
80E-1
.62E-2
.84E-2
14E-2
.24E-2
.63E-2
.19E-2
15E-3
.03E-3
.29E-3
34E-7
.06E-8
.06E-9

z= 0 n=1
bind. en.= 7.90

40 50
1.70E+0 1.67E+0 1
1.04E+0 1.02E+0 9.
5.26E-1 5.04E-1 4
2.81E-1 2.64E-1 2
1.77E-1 1.63E-1 1.
1.31E-1 1.18E-1 1
1.06E-1 9.51E-2 8
9.14E-2 8.07E-2 6
7.85E-2 6.84E-2 5.
6.70E-2 5.76E-2 4
5.42E-2 4.59E-2 3
3.96E-2 3.31E-2 2.
2.16E-2 1.77E-2 1
2.12E-6 1.72E-6 1
6.97E-8 5.62E-8 4.
6.05E-9 4.81E-9 3

140

1.61E+0
9.32E-1
4.16E-1
1.79E-1
8.37E-2
4.54E-2
2.86E-2
1.
1
1
6
4
1
3
3
5

99E-2

.43E-2
.02E-2
.91E-3
.20E-3
.88E-3
.34E-7
.63E-8
.0BE-9

150

.63E+0
.43E-1
.20E-1
7T9E-1
.21E-2
.34E-2
66E-2
.82E-2
.28E-2
.04E-3
05E-3
.63E-3
.60E-3
46E-7
.23E-8
.08E-9

OB WR WO LN DOR DR
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ND W WO R N0 DR

60

.64E+0

87E-1

.83E-1
.47TE-1

49E-1

.06E-1
.3BE-2
.98E-2

82E-2

.83E-2
.T9E-2

68E-2

.41E-2
.3BE-6

42E-8

.T6E-9
o OO 5k 3k sk sk ok sk sk ok sk ok ok sk ok sk sk sk ok ok sk ok ok sk ok sk sk ok sk sk ok sk ok ok sk ok sk sk ok ok s sk sk ok sk ke sk ok sk ok ok sk ok ok sk ok sk sk ok sk sk ok sk ok sk sk sk sk sk ok ok sk ok sk ok sk skok sk ok sk ok

160

.64E+0

.52E-1
.24E-1

80E-1

.13E-2
.21E-2

53E-2

.7T0E-2
.18E-2
.27E-3

48E-3

.26E-3
.42E-3

61E-7

.TTE-8
.00E-9
L OOk sk sk s ok sk sk o ks o sk o sk o sk sk s ok sk o ok o sk o o ks sk o sk o ko o sk o s ok sk s sk o ks sk sk sk ok sk sk o ok

NWOFRFFPNMNWOWOWPAPOAONORND O

1
9
4
1
8
4
2.
1.
1
7
5
3
1
3
5
7

T consv

NNNOFRNWPHOTOOFND O

1
9
4
1
8
4
2.
1.
1
7
5
2
1
3
5
7

90

1.58E+0
9.2BE-1
4.30E-1
2.04E-1
1.12E-1
7.28E-2
5.3BE-2
4.
3
2
1
1
6
6
2
2

21E-2

.33E-2
.61E-2
.93E-2
.29E-2
.37E-3
.Q9E-7
.38E-8
.24E-9

total

OO, FEFNOWAOOONR,EFE,NDORN

.04E+1
.21E+1
.7TO0E+0
.7T5E+0

.02E+0

72E-1



120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv
Particle Spectra (mb/MeV) z=1 n= 0
T(cn)=Tz+1 Esym(b)= .000 14.530 Ct2(b)= .048 .913

eps  eps—-— direct - exciton -- equilibrium -- sum tsum

cm chan——- nutra knock —--primary second —-primary second —-—

1.98 2.0 O0.00E+0 2.68E-9 1.07E-3 1.18E-3 5.13E-5 5.06E-4 2.81E-3 1.85E-2
3.97 4.0 O0.00E+0 8.64E-8 1.71E-2 1.29E-2 6.34E-4 4.61E-3 3.53E-2 1.82E-1
5.95 6.0 0.00E+0 4.63E-6 4.53E-1 1.91E-1 1.27E-2 5.79E-2 7.14E-1 3.65E+0
7.93 8.0 O0.00E+0 3.85E-5 1.90E+0 4.55E-1 3.86E-2 1.04E-1 2.49E+0 1.46E+1
9.92 10.0 0.00E+0 9.44E-5 2.46E+0 3.63E-1 3.35E-2 5.70E-2 2.91E+0 2.13E+1
11.90 12.0 0.00E+0 1.48E-4 2.21E+0 2.28E-1 1.82E-2 1.95E-2 2.47E+0 2.28E+1
13.88 14.0 0.00E+0 1.94E-4 1.82E+0 1.33E-1 7.90E-3 5.32E-3 1.97E+0 2.23E+1
15.87 16.0 0.00E+0 2.30E-4 1.50E+0 7.50E-2 3.02E-3 1.26E-3 1.58E+0 2.13E+1
17.85 18.0 0.00E+0 2.59E-4 1.27E+0 4.15E-2 1.05E-3 2.62E-4 1.31E+0 2.01E+1
19.83 20.0 0.00E+0 2.79E-4 1.06E+0 2.25E-2 3.34E-4 4.80E-5 1.09E+0 1.89E+1
21.82 22.0 0.00E+0 2.92E-4 8.78E-1 1.30E-2 9.79E-5 7.57E-6 8.91E-1 1.79E+1
23.80 24.0 0.00E+0 2.98E-4 6.81E-1 7.33E-3 2.64E-5 9.84E-7 6.89E-1 1.68E+1
25.79 26.0 0.00E+0 4.60E-4 4.61E-1 4.00E-3 6.49E-6 9.84E-8 4.65E-1 1.57E+1
27.77 28.0 0.00E+0 9.75E-3 2.03E-1 2.05E-3 1.44E-6 7.30E-9 2.15E-1 1.48E+1
29.75 30.0 0.00E+0 8.99E-2 1.12E-1 9.02E-4 2.82E-7 0.00E+0 2.03E-1 1.53E+1
31.74 32.0 0.00E+0 1.40E-1 9.49E-2 2.73E-4 4.76E-8 0.00E+0 2.35E-1 1.51E+1
33.72 34.0 0.00E+0 4.30E-2 7.82E-2 0.00E+0 6.63E-9 O0.00E+0 1.21E-1 1.14E+1
35.70 36.0 0.00E+0 4.70E-2 6.26E-2 0.00E+O 0.00E+0 0.00E+0 1.10E-1 9.53E+0
37.69 38.0 0.00E+0 5.79E-1 4.69E-2 0.00E+O0 O0.00E+0 0.00E+0 6.26E-1 1.08E+1
39.67 40.0 0.00E+0 8.42E+0 2.99E-2 0.00E+0 0.00E+0 0.00E+0 8.45E+0 4.68E+1
41.65 42.0 0.00E+0 5.08E+1 8.34E-3 0.00E+0 O0.00E+0 0.00E+0O 5.08E+1 2.47E+2
43.64 44.0 0.00E+0 1.14E+2 0.00E+O O0.00E+0 O0.00E+0 0.00E+0 1.14E+2 5.51E+2
45.62 46.0 0.00E+0 9.45E+1 0.00E+O0 O0.00E+0 O0.00E+0 0.00E+O 9.45E+1 4.58E+2
47.60 48.0 0.00E+0 2.88E+1 0.00E+O O0.00E+0 0.00E+0 O0.00E+0 2.88E+1 1.40E+2
49.59 50.0 0.00E+0 3.23E+0 0.00E+0 O0.00E+0O 0.00E+0 O0.00E+0 3.23E+0 1.58E+1
sums 0.00E+0 2.55E+0 3.07E+1 3.10E+0 2.32E-1 5.01E-1 3.71E+1
elastic 5.99E+2
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1 n=20

z
bind.

120Sn+p at 45 MeV -- coll pair; shells; 2’ary emiss; T consv

angular distributions (mb/MeV)

7.75

en.=

sys.

en.= 52.37;

excit.

sys.

20 30 40 50 60 70 80 90

10

eps:deg O

3.05E-4 3.04E-4 2.99E-4 2.91E-4 2.81E-4 2.69E-4 2.56E-4 2.43E-4 2.30E-4 2.18E-4

4.16E-3 4.13E-3 4.05E-3 3.92E-3 3.75E-3 3.55E-3 3.34E-3 3.12E-3 2.91E-3 2.71E-3
9.16E-2 9.08E-2 8.86E-2 8.52E-2 8.07E-2 7.55E-2 7.00E-2 6.44E-2 5.90E-2 5.39E-2
3.48E-1 3.45E-1 3.3BE-1 3.19E-1 3.00E-1 2.77E-1 2.53E-1 2.20E-1 2.06E-1 1.85E-1
.00 4.40E-1 4.35E-1 4.21E-1 3.99E-1 3.70E-1 3.38E-1 3.04E-1 2.71E-1 2.40E-1 2.11E-1

12.00 4.05E-1 4.00E-1 3.85E-1 3.62E-1 3.33E-1 3.00E-1 2.66E-1 2.33E-1 2.03E-1 1.75E-1
14.00 3.47E-1 3.42E-1 3.28E-1 3.06E-1 2.79E-1 2.48E-1 2.17E-1 1.87E-1 1.59E-1 1.35E-1
16.00 3.02E-1 2.97E-1 2.83E-1 2.62E-1 2.36E-1 2.07E-1 1.78E-1 1.51E-1 1.26E-1 1.05E-1
18.00 2.70E-1 2.66E-1 2.52E-1 2.31E-1 2.05E-1 1.78E-1 1.50E-1 1.25E-1 1.03E-1 8.38E-2
20.00 2.42E-1 2.38E-1 2.24E-1 2.04E-1 1.79E-1 1.52E-1 1.27E-1 1.03E-1 8.29E-2 6.62E-2
22.00 2.16E-1 2.11E-1 1.98E-1 1.78E-1 1.54E-1 1.29E-1 1.05E-1 8.39E-2 6.59E-2 5.14E-2
24.00 1.81E-1 1.77E-1 1.6BE-1 1.47E-1 1.2BE-1 1.03E-1 8.21E-2 6.39E-2 4.90E-2 3.72E-2
26.00 1.33E-1 1.30E-1 1.20E-1 1.06E-1 8.87E-2 7.1BE-2 5.57E-2 4.23E-2 3.1BE-2 2.32E-2
28.00 6.73E-2 6.54E-2 5.99E-2 5.20E-2 4.29E-2 3.38E-2 2.57E-2 1.90E-2 1.37E-2 9.81E-3
30.00 6.95E-2 6.73E-2 6.11E-2 5.23E-2 4.23E-2 3.26E-2 2.41E-2 1.72E-2 1.20E-2 8.34E-3
32.00 8.82E-2 8.52E-2 7.67E-2 6.4BE-2 5.11E-2 3.83E-2 2.75E-2 1.90E-2 1.28E-2 8.55E-3
34.00 4.99E-2 4.80E-2 4.27E-2 3.53E-2 2.73E-2 1.99E-2 1.38E-2 9.20E-3 5.97E-3 3.82E-3
36.00 8.00E-2 6.85E-2 4.77E-2 3.28E-2 2.33E-2 1.63E-2 1.09E-2 6.95E-3 4.32E-3 2.64E-3
38.00 1.69E+0 1.24E+0 5.13E-1 1.43E-1 4.60E-2 2.43E-2 1.51E-2 9.19E-3 5.44E-3 3.17E-3
40.00 2.76E+1 2.00E+1 7.72E+0 1.70E+0 2.82E-1 7.79E-2 4.04E-2 2.32E-2 1.30E-2 7.19E-3
42.00 1.72E+2 1.24E+2 4.67E+1 9.80E+0 1.42E+0 3.04E-1 1.39E-1 7.51E-2 3.98E-2 2.07E-2
44.00 3.94E+2 2.82E+2 1.0BE+2 2.13E+1 2.93E+0 5.78E-1 2.46E-1 1.2BE-1 6.23E-2 3.04E-2
46.00 3.32E+2 2.36E+2 8.62E+1 1.70E+1 2.26E+0 4.28E-1 1.73E-1 8.26E-2 3.84E-2 1.74E-2
48.00 1.03E+2 7.30E+1 2.61E+1 5.01E+0 6.42E-1 1.18E-1 4.53E-2 2.02E-2 8.70E-3 3.66E-3
50.00 1.18E+1 8.31E+0 2.91E+0 5.39E-1 6.68E-2 1.19E-2 4.33E-3 1.79E-3 7.11E-4 2.75E-4
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120Sn+p at 45 MeV -- coll pair;
angular distributions (mb/MeV)

eps:degl00
2.00 2.06E-4
4.00 2.52E-3
6.00 4.94E-2
8.00 1.66E-1
10.00 1.87E-1
12.00 1.52E-1
14.00 1.15E-1
16.00 8.77E-2
18.00 6.84E-2
20.00 5.28E-2
22.00 4.00E-2
24.00 2.82E-2
26.00 1.72E-2
28.00 7.02E-3
30.00 5.77E-3
32.00 5.70E-3
34.00 2.44E-3
36.00 1.62E-3
38.00 1.85E-3
40.00 3.97E-3
42.00 1.08E-2
44.00 1.48E-2
46.00 7.93E-3
48.00 1.54E-3
50.00 1.06E-4

POWNUONRPPRPPRPOPOARPNWOWPOINOREFEREBNRE

HWHWWHOORNNWO RN WRROGME DN

VR ONRNEANRNONREONWOIN R B WN -

shells; 2’ary emiss; T consv

POTRFUONWOIORRERNOFRREPNWPAPOOOR,EFEWNE

z= 1

n= 0

NPBPWONWNNNPRPRP PP OORNWOPOOOR P WRE
=
N
o
w
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C.4. Problem 4

238U+n at 14.1 MeV —- simp pair; T consv; fiss.
Reaction Strength Passing Thru Configurations
Target Z= 92 N=146

Excit Energy=
gpi= 6.133 gnu= 9.800

ipair= 1
V(central)= 38.00
T=Tz+0 fteq= .00
Direct sigma=928.60

QOO NOOTdWN -

,ppi= O

1.00000
57121
.28434
.15355
.08464
.04574
.02309
.01042
.00397
.00121

18.84

.00000
.43751
.48992
.41349
.31489
.22377
. 14622
.08573
.04419
.01943

Projectile

z= 0 n=1

Rxn Cross Sect.=3060.2
Kpp= 5.70 Knn= 3.40
iepair= 1

Veff(1)=

7.01

Esym(cn)= .00
Preeq sigma= 583.65

.00000
.00000
.13050
.26529
.34148
.36505
.34762
.29601
.22689
.15808

.00000
.00000
.00000
.03822
.11868
.21819
.32168
.41127
.46139
.46857

139

.00000
.00000
.00000
.00000
.01045
.04440
.10991
.21920
.37224
.54815

Shells

0 N=

Shell gaps=

Knp= 3.40

Veff(2)= 38.00

Ct2=1.000
Frac Preeqg=

.00000
.00000
.00000
.00000
.00000
.00245
.01327
.04359
.11867
.26833

.00000
.00000
.00000
.00000
.00000
.00000
.00046
.00305
.01344
.05063

.274

[N

.00

sum

.00000
.00871
.90477
.87055
.87014
.89961
. 96226
.06933
.24129
.51737



238U+n at 14.1 MeV —- simp pair; T consv; fiss.

Particle Spectra (mb/MeV)

T(cn)=Tz+0

eps
cm

.50
.00
.49
.99
.49
.99
.49
.98
.48
.98
.48
.97
AT
.97
.47
.97
.46
.96
.46
.96
10.46
10.95
11.45
11.95
12.45
12,95
13.44
13.94
14.44
14.94
15.44
15.93

QOO NNNOOOOUTOEPPWWNNRE -

sums

eps—-

chan—- nutra

10.
10.
11.
11.
12.
12.
13.
13.
14.
14.
15.
15.
16.

elastic
fission

QOO NNOOOODUTOEPPWWNN -

QUIOUIOUNOUITOUTOUIOUITOUITOUNOUITOUITOUITOUTO UTO UTO U

eloNoNoNololoNoloNoloNololoNoloNololoNooloNoNoNolololoNoloNoNe]

o

z= 0 n=1

Esym(b)= .000 20.460
direct
knock —--
.00E+0 2.96E-1 3.63E+1
.00E+0 8.92E-1 6.48E+1
.00E+0 1.65E+0 7.56E+1
.00E+0 2.53E+0 7.79E+1
.00E+0 3.47E+0 7.63E+1
.00E+0 4.38E+0 7.30E+1
.00E+0 b5.17E+0 6.91E+1
.00E+0 b5.75E+0 6.52E+1
.00E+0 6.08E+0 6.13E+1
.00E+0 6.15E+0 b5.76E+1
.00E+0 6.00E+0 5.42E+1
.00E+0 b5.70E+0 5.11E+1
.00E+0 b5.32E+0 4.84E+1
.00E+0 4.95E+0 4.59E+1
.00E+0 4.62E+0 4.30E+1
.00E+0 4.37E+0 4.02E+1
.00E+0 4.20E+0 3.75E+1
.00E+0 4.08E+0 3.48E+1
.00E+0 4.01E+0 3.22E+1
.00E+0 3.96E+0 2.94E+1
.00E+0 3.90E+0 2.58E+1
.00E+0 3.82E+0 2.21E+1
.00E+0 3.77E+0 1.82E+1
.00E+0 b5.52E+0 1.39E+1
.00E+0 3.97E+1 9.30E+0
.00E+0 3.78E+2 4.10E+0
.00E+0 1.70E+3 0.00E+0
.00E+0 3.00E+3 0.00E+0
.00E+0 1.97E+3 0.00E+0
.00E+0 4.80E+2 0.00E+0
.00E+0 4.47E+1 0.00E+0O
.00E+0 3.21E+0 0.00E+0
.00E+0 9.28E+2 b5.84E+2
2.93E+3

Ct2(b)=1.000

QOO BRFRLRUOIFONONONOOIFWONPDPROFRFWNFRL,NWONO

[

[y
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—-—exciton-- equil —-

.66E+2
.19E+2
T1E+2
.83E+2
.3BE+2
.3BE+2
.3B5E+1
.85E+1
.94F+1
.43E+0
.43E+0
.00E+0
.7T3E-1
.66E-1
L47E-1
.61E-2
.03E-2
.94E-3
.21E-3
.69E-4
.02E-4
.10E-5
.84E-5
.52E-6
.65E-6
.95E-7
.48E-7
.42FE-8
.00E+0
.00E+0
.00E+0
.00E+0

.38E+3

.69E+2

W PP WFR WAL NDNNNWWWRRMPPOOOITOIONOREFENWPRAROINOD

N

.018

sum

.03E+2
.84F+2
.48E+2
.64FE+2
.14E+2
.12E+2
.48E+2
.09E+2
.68E+1
.31E+1
.46E+1
.88E+1
.46E+1
.12E+1
.T8E+1
.46E+1
J17E+1
.89E+1
.62E+1
.33E+1
.97E+1
.59E+1
.19E+1
.95E+1
.90E+1
.82E+2
.TOE+3
.00E+3
.97E+3
.80E+2
JATE+1
.21E+0

.89E+3



238U+n at 14.1 MeV —- simp pair; T consv; fiss.
Particle Spectra (mb/MeV) z=1 n= 0

T(cn)=Tz+0 Esym(b)= .000 21.204 Ct2(b)= .982 .000
eps  eps—-— direct —-—exciton—-- equil —— sum
cm chan-- nutra knock -- -= —-=

5.97 6.0 0.00E+0 O0.00E+0 1.72E-4 7.72E-7 1.73E-4
6.47 6.5 0.00E+0 O0.00E+0 1.86E-4 3.33E-7 1.86E-4
6.97 7.0 0.00E+0 O0.00E+0 1.83E-4 1.26E-7 1.83E-4
7.47 7.5 0.00E+0 O0.00E+0 2.30E-4 5.83E-8 2.30E-4
7.97 8.0 O0.00E+0 O0.00E+0 5.85E-4 5.18E-8 b5.85E-4
8.46 8.5 0.00E+0 O0.00E+0 1.95E-3 6.12E-8 1.95E-3
8.96 9.0 O0.00E+0 O0.00E+0 5.75E-3 6.68E-8 b5.75E-3
9.46 9.5 0.00E+0 O0.00E+0 1.38E-2 6.36E-8 1.38E-2
9.96 10.0 0.00E+0 0.00E+0 2.13E-2 5.27E-8 2.13E-2
10.46 10.5 0.00E+0 O0.00E+0 1.57E-2 3.75E-8 1.57E-2
sums 0.00E+0 0.00E+0 2.99E-2 8.12E-7 2.99E-2

238U+n at 14.1 MeV —- simp pair; T consv; fiss.

Particle Spectra (mb/MeV) z=2 n= 2

T(cn)=Tz+0 Esym(b)= .000 21.076 Ct2(b)=1.000 .000
eps  eps—-— direct ——exciton—-- equil —— sum

cm chan-- nutra knock -- -- -

19.67 20.0 1.92E-3 b5.32E-2 3.66E-6 3.96E-6 5.51E-2
20.16 20.5 2.83E-3 1.04E-1 3.98E-6 2.85E-6 1.06E-1
20.65 21.0 2.49E-3 1.30E-1 1.91E-6 1.43E-6 1.33E-1
21.14 21.5 1.48E-3 1.23E-1 0.00E+0 6.23E-7 1.24E-1
21.63 22.0 4.03E-4 0.00E+0 O0.00E+0 2.51E-7 4.03E-4
sums 4.56E-3 2.05E-1 4.78E-6 4.56E-6 2.10E-1
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C.5. Problem 5

54Fet+alpha at 59 MeV
Reaction Strength Passing Thru Configurations
Target Z= 26 N= 28

Excit Energy=
gpi= 1.867 gnu= 2.000

ipair= 1
V(central)= 38.00
Direct sigma=669.16

© 00 ~NO U o)

,ppi= 2

1.00000
.49754
.18324
.06461
.02098
.00608

61.15

.00000
.63327
. 46507
.30044
.16537
.08013

-— T mixed

Projectile

z= 2 n= 2

Rxn Cross Sect.=1518.7
Kpp= 5.70 Knn= 3.40

iepair=

1

Veff(1)= 17.00
Preeq sigma= 627.44

.00000
.00000
.20655
.31030
.30870
.24040

.00000
.00000
.00000
.07222
.16352
.22844
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.00000
.00000
.00000
.00000
.02095
.06735

Shells

Shell gaps=
Knp= 3.40

Z= 28 N=
1.50

Veff(2)= 38.00

Frac Preeqg=

.00000
.00000
.00000
.00000
.00000
.00451

8

.00000
.00000
.00000
.00000
.00000
.00000

.739

28
1.30

sum

1.00000
1.03082
. 85486
.TAT57
.67952
.62691



54Fe+alpha at 59 MeV -- T mixed
Particle Spectra (mb/MeV) z=1 n= 0

eps eps—- direct - exciton -- equilibrium -- sum

cm chan—-- nutra knock —--primary second —--primary second —-—

1.97 2.0 1.80E-2 6.85E-5 1.61E-1 1.48E-1 2.11E-1 4.63E+0 5.16E+0
3.93 4.0 7.65E-1 3.14E-3 4.89E+0 3.16E+0 5.20E+0 5.60E+1 7.00E+1
5.90 6.0 3.11E+0 1.38E-2 1.43E+1 6.73E+0 1.21E+1 8.63E+1 1.23E+2
7.86 8.0 5.93E+0 2.84E-2 1.98E+1 6.82E+0 1.31E+1 6.71E+1 1.13E+2
9.83 10.0 7.93E+0 4.10E-2 1.94E+1 4.93E+0 9.85E+0 3.75E+1 7.97E+1
11.79 12.0 9.22E+0 5.17E-2 1.68E+1 3.17E+0 6.36E+0 1.83E+1 5.39E+1
13.76 14.0 9.94E+0 6.06E-2 1.37E+1 1.93E+0 3.76E+0 8.19E+0 3.76E+1
15.72 16.0 1.02E+1 6.77E-2 1.09E+1 1.15E+0 2.09E+0 3.43E+0 2.78E+1
17.69 18.0 1.01E+1 7.32E-2 8.40E+0 6.70E-1 1.10E+0 1.36E+0 2.17E+1
19.66 20.0 9.71E+0 7.71E-2 6.39E+0 3.81E-1 5.58E-1 5.05E-1 1.76E+1
21.62 22.0 9.12E+0 7.95E-2 4.78E+0 2.09E-1 2.71E-1 1.77E-1 1.46E+1
23.59 24.0 8.37E+0 8.04E-2 3.51E+0 1.09E-1 1.27E-1 5.81E-2 1.23E+1
25.55 26.0 7.54E+0 8.01E-2 2.52E+0 5.33E-2 5.69E-2 1.77E-2 1.03E+1
27.52 28.0 6.65E+0 7.8BE-2 1.76E+0 2.37E-2 2.46E-2 4.96E-3 8.54E+0
29.48 30.0 b5.75E+0 7.58E-2 1.18E+0 9.19E-3 1.01E-2 1.26E-3 7.03E+0
31.45 32.0 4.86E+0 7.20E-2 7.64E-1 2.92E-3 4.01E-3 2.86E-4 b5.70E+0
33.41 34.0 4.00E+0 6.72E-2 4.67E-1 6.57E-4 1.50E-3 5.70E-5 4.54E+0
35.38 36.0 3.21E+0 6.15E-2 2.66E-1 6.88E-5 5.31E-4 1.01E-5 3.53E+0
37.34 38.0 2.48E+0 5.51E-2 1.37E-1 1.78E-7 1.76E-4 1.47E-6 2.67E+0
39.31 40.0 1.85E+0 4.82E-2 6.20E-2 0.00E+0 5.41E-5 9.72E-8 1.96E+0
41.28 42.0 1.31E+0 4.11E-2 2.28E-2 0.00E+0 1.53E-5 9.27E-9 1.37E+0
43.24 44.0 8.52E-1 3.32E-2 5.89E-3 0.00E+0 3.82E-6 0.00E+0 8.92E-1
45.21 46.0 4.81E-1 2.45E-2 8.01E-4 0.00E+0 8.12E-7 0.00E+0 5.06E-1
47.17 48.0 2.08E-1 1.51E-2 0.00E+O 0.00E+0 1.54E-7 0.00E+0 2.23E-1
49.14 50.0 6.31E-2 0.00E+0 0.00E+O 0.00E+0 2.90E-8 0.00E+0 6.31E-2
51.10 52.0 1.03E-2 0.00E+0 O0.00E+0 0.00E+0 5.48E-9 0.00E+0 1.03E-2
sums 2.47E+2 2.46E+0 2.61E+2 5.90E+1 1.10E+2 b5.67E+2 1.25E+3
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54Fe+alpha at 59 MeV -- T mixed
Particle Spectra (mb/MeV) z=1 n=1

eps eps—- direct —-—exciton—-- equil —— sum
cm chan—-- nutra knock —-- - -

3.86 4.0 1.18E-1 0.00E+0 2.52E+0 1.16E+0 3.80E+0
5.79 6.0 5.29E-1 0.00E+0 7.50E+0 2.73E+0 1.08E+1
7.72 8.0 9.53E-1 0.00E+0 9.02E+0 2.54E+0 1.25E+1
9.66 10.0 1.30E+0 0.00E+0 8.29E+0 1.76E+0 1.13E+1
11.59 12.0 1.57E+0 O0.00E+0 6.88E+0 1.06E+0 9.52E+0
13.52 14.0 1.77E+0 O0.00E+0 5.46E+0 5.90E-1 7.82E+0
15.45 16.0 1.92E+0 O0.00E+0 4.23E+0 3.06E-1 6.46E+0
17.38 18.0 2.01E+0 0.00E+0 3.25E+0 1.51E-1 5.40E+0
19.31 20.0 2.05E+0 0.00E+0 2.46E+0 7.04E-2 4.58E+0
21.24 22.0 2.05E+0 0.00E+0 1.85E+0 3.13E-2 3.92E+0
23.17 24.0 2.01E+0 0.00E+0 1.36E+0 1.32E-2 3.38E+0
25.10 26.0 1.93E+0 0.00E+0 9.77E-1 5.29E-3 2.91E+0
27.03 28.0 1.82E+0 0.00E+0 6.77E-1 1.99E-3 2.50E+0
28.97 30.0 1.69E+0 O0.00E+0 4.46E-1 7.04E-4 2.14E+0
30.90 32.0 1.53E+0 0.00E+0 2.74E-1 2.30E-4 1.81E+0
32.83 34.0 1.35E+0 0.00E+0 1.52E-1 6.84E-5 1.50E+0
34.76 36.0 1.15E+0 0.00E+0 7.20E-2 1.81E-5 1.22E+0
36.69 38.0 9.14E-1 0.00E+0 2.63E-2 4.09E-6 9.41E-1
38.62 40.0 6.54E-1 0.00E+0 4.94E-3 8.13E-7 6.59E-1
40.55 42.0 3.58E-1 O0.00E+0 0.00E+0 1.61E-7 3.58E-1
sums 5.53E+1 0.00E+0 1.11E+2 2.09E+1 1.87E+2
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54Fe+alpha at 59 MeV -- T mixed
Particle Spectra (mb/MeV) z= 1 n= 2

eps eps—- direct —-—exciton—-- equil —— sum
cm chan—-- nutra knock —-- - -

3.79 4.0 2.70E-2 0.00E+0 3.64E-1 1.03E-1 4.94E-1
5.69 6.0 1.19E-1 0.00E+0 9.75E-1 2.22E-1 1.32E+0
7.59 8.0 2.17E-1 0.00E+0 1.07E+0 1.93E-1 1.48E+0
9.48 10.0 3.04E-1 0.00E+0 9.07E-1 1.26E-1 1.34E+0
11.38 12.0 3.81E-1 0.00E+0 6.96E-1 7.22E-2 1.15E+0
13.28 14.0 4.48E-1 0.00E+0 5.12E-1 3.77E-2 9.98E-1
15.17 16.0 5.07E-1 0.00E+0 3.72E-1 1.83E-2 8.97E-1
17.07 18.0 5.57E-1 0.00E+0 2.72E-1 8.34E-3 8.37E-1
18.97 20.0 6.00E-1 0.00E+0 1.99E-1 3.57E-3 8.03E-1
20.86 22.0 6.36E-1 0.00E+0 1.47E-1 1.43E-3 7.84E-1
22.76 24.0 6.67E-1 0.00E+0 1.08E-1 5.38E-4 7.75E-1
24.66 26.0 6.93E-1 0.00E+0 7.73E-2 1.87E-4 7.71E-1
26.55 28.0 7.17E-1 0.00E+0 5.33E-2 5.92E-5 7.71E-1
28.45 30.0 7.41E-1 0.00E+0 3.45E-2 1.68E-5 7.75E-1
30.34 32.0 7.65E-1 0.00E+0 1.98E-2 4.12E-6 7.85E-1
32.24 34.0 T7.93E-1 0.00E+0 9.00E-3 8.75E-7 8.02E-1
34.14 36.0 8.27E-1 0.00E+0 2.45E-3 1.83E-7 8.30E-1
36.03 38.0 1.22E+0 0.00E+0 O0.00E+0 3.82E-8 1.22E+0
sums 2.04E+1 O0.00E+0 1.16E+1 1.57E+0 3.36E+1
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54Fe+alpha at 59 MeV
Particle Spectra (mb/MeV)

eps

5.
7.
9.
11.
13.
14.
16.
18.
20.

22

24.
26.
27.
29.
31.
33.
35.
37.
39.
40.
42,
44 .
46.
48.
50.
52,
54,
55.

cm

59
45
31
17
03
90
76
62
48
.34
21
07
93
79
66
52
38
24
10
97
83
69
55
41
28
14
00
86

sums

eps—-

direct

chan—- nutra

6.

8.
10.
12.
14.
16.
18.
20.
22.
24.
26.
28.
30.
32.
34.
36.
38.
40.
42.
44,
46.
48.
50.
52.
54.
56.
58.
60.

[eNeoNoNoNoloNoloNoNoNoNoNoloNololoNoNoNoloNoNoNoNoNoNoNe

[eleololoNoloNololololoNoNoloNololoNoNoNoloNoloNoNoNoNoNe

(@]

.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0
.00E+0

.00E+0

GQONFFPEFEFNNNOWAPPWWWPWWWWNNREENNDN

[y

—-— T mixed
z= 2 n= 2

knock —--

.09E-2
.38E-1
.22E-1
.35E+0
.91E+0
.41E+0
.84E+0
.23E+0
.57E+0
.83E+0
.97E+0
.00E+QO
.97E+Q
.94E+Q
.99E+0
.10E+0
.01E+0
.58E+0
.09E+0
.85E+0
.82E+0
.63E+0
.92E+0
.67E+0
.23E+0
.28E-1
.83E-3
.7T8E-5

.36E+2

QOO0 WHFH WO FRLRFPLPWUOIOORNPOIFRLREFEPNWWPAPWEN

i

.08E-1
.64E+0
.37E+0
.23E+0
.92E+0
.17E+0
.34E+0
.63E+0
.07E+0
.79E-1
.14E-1
.46E-1
.44F-1
.42E-2
.01E-2
.08E-2
.98E-2
.32E-2
.18E-3
.49E-3
.58E-3
.09E-3
.75E-3
.99E-4
.00E+0
.00E+0
.00E+0
.00E+0

.66E+1

QOO WRFRNWHFEFNNONOONOOFRNOFRNPPOFRLNWWNDW

N
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.38E-1
.07E+0
.33E+0
.28E+0
.39E+0
.53E+0
.99E-1
.97E-1
.61E-1
.31E-1
.32E-2
.92E-2
.29E-2
.43E-3
.18E-3
.26E-4
.94E-4
.67E-5
.91E-5
.T7TE-6
.78E-6
.T1E-7
.7T2E-8
.60E-8
.33E-9
.00E+0
.00E+0
.00E+0

L.97E+1

—-—exciton-- equil —-

TONRFERNONNDWWE DD BDDSDNDNDUC O W W

N

sum

.66E-1
.94E+0
.43E+0
.86E+0
.23E+0
.10E+0
.08E+0
.36E+0
.91E+0
.64E+0
.45E+0
.28E+0
.13E+0
.03E+0
.04E+0
.14E+0
.03E+0
.59E+0
.09E+0
.86E+0
.82E+0
.64E+0
.92FE+0
.67E+0
.23E+0
.28E-1
.83E-3
.7T8E-5

.13E+2
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