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PRECO-D2: PROGRAM FOR CALCULATINGPREEQUILIBRIUM
AND DIRECT REACTION DOUBLE DIFFERENTIALCROSS SECTIONS

by

C. Kalbach

ABSTRACT

The code PRECO-D2 uses the exciton
model for preequilibriumnuclear reactions
to describe the emission of particles with
mass numbers of 1 to 4 from an equilibrat-
ing composite nucleus. A distinction is
made between open and closed configurations
in this system and between the multi-step
direct (MSD) and multi-step compound (MSC)
componentsof the preequilibriumcross sec-
tion. AdditionalMSD components are cal-
culated semi-empiricallyto account for di-
rect nucleon transfer reactions and direct
knockout processes involving cluster de-
grees of freedom. Evaporation from the
equilibratedcomposite nucleus is included
in the full MSC cross section. output of
energy differentialand double differen-
tial cross sections is provided for the
first particle emitted from the composite
system. Multiple particle emission is not
considered. This report describes the
reaction models used in writing PRECO-D2
and explains the organizationand utiliza-
tion of the code.
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INTRODUCTION

PRECO refers to a family of programs of increasing

sophisticationdesigned to calculate the energy spectra of

particles emitted in nuclear reactions within a statistical

model frameworkwhich includes non-equilibriumprocesses.

The first series of programs (endingwith PRECO-8 and

PRECOM) ran on a PDP-6 computer with teletype input in the

dialogue mode. The present series, which began with the

code PRECO-A, is suitable for large computing center

machines. The model used was first proposed by Griffin

[GR66] and is discussed in detail in [KA77] and references

therein. The formalism used here has been modified to

include division of the preequilibriumcross section into

multi-step direct (MSD)and multi-step compound (MSC)

components [KA81]. Subroutineshave been included to

perform semi-empiricalcalculationsfor direct nucleon

transfer and for knockout and inelastic processes involving

complex particles. Additional subroutinesuse the total

MSD (includingdirect) and total MSC (includingevaporation)

cross sections to calculate the angular distributionsfor

2



the emitted particles. This is done phenomenologically

[KA81a].

I. SUMMARY OF THE EXCITON MODEL THEORY

The Griffin or exciton model is a simple statistical

model which totally neglects angular momentum and shell

structure. The nucleus is pictured with equally spaced

single-particlestates, and the interactionsresponsible

for creating and destroying particle/holepairs are assumed

to be two-body, energy conserving and residual in nature.

Particle emission rates are calculated from microscopic

reversibility.

1.1 State Densities

The states of the system are enumerated by the number

of excited particle, p, and hole, h, degrees of freedom

which they contain. The sum p+h is referred to as the

exciton number and is denoted as n. The system is assumed

to be formed in a unique particle/holeconfiguration

specified by (po,ho),and the difference p-h is assumed to

remain constant so that p-h = po-ho. This is not true near

equilibriumbut is adequate for closed-formpreequilibrium

calculations. Thus once p is specified for a given class

of states, h and n are also specified if the initial

3



configurationis known. The density of equally spaced

single-particlestates is denoted as go.

For a system with excitation energy E, the overall

particle/holestate density is given by

gn(P) [E-A(p~h)in-l
u(p,h,E) = f(P) 7 (1)

p! h! (n-l)!

A(p,h) = EPauli(p’h)
- (p2+h2+n)\4go

EPauli(p’h)= ‘Jlgo ‘

Pm = maximum(p,h).

The quantity g(p) contains corrections

? (2)

(3)

(4)

to g~ assuming that

in the real nucleus the single–particle-statedensity

varies as the square root of the energy in the well, with

g. representingthe average near the Fermi surface. Thus

g(p,{=.o~E]’’2+~lv-E’n11’21,Orh<,

1=90

do 1 (5)

forh>2.

Here V is the

assumed to be

depth of the

38 MeV. The

nuclear potential well and is

variable f(p) gives corrections

to the state density due to the finite depth of the nuclear

potential. It has the form (wherealternativesof V may be

read in)

,(p)(=l-h[Yln-’Q(E-v)‘h‘Nw-j:v)
1 – (6)
= 1 forh>2.
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Here G is the Heaviside function,which is zero for a

negative argument and unity for a positive one.

In the MSD\MSC formalism, the density of states

containing at least one unbound particle degree of freedom

is also needed for each class of states. This is referred

to simply as the density of unbound states. In order to

specify it, we need to define the effective separation

energy, S, which determines the excitation energy at which

particle degrees of freedom become

model we assume

s = minimum(Bn,BP+CP,Ba+Ca),

unbound. In the present

(7)

where the B’s are the binding energies and the C’s are the

Coulomb barriers for the neutron, proton, and alpha particle

exit channels. The Coulomb barrier for a particle of type

b is given in terms of itx proton number, i+, and the proton

number, ZB, of the residual nucleus so that

Zb ZB

Cb = 0.75 —#3 ‘ev “ (8)

The density of unbound states is written as

‘u)(p,h,E)=
9P(p) 9~-l(p) IE-A1 ~(p,h)-s]n-l

w f,(p)
(p-l)! h! (n~l)!

(9)

and contains different effective single–particle-state

densities, gp and gu, for the unbound particle and the

remaining degrees of freedom. These are

5



9U(P)

I

for h~2
(lo)

= 90 for h>2r

I [=gv+-,+-(E-S)/n 1/2
o v )

for h<2—
9P(P)

[1
= 90 y 1’2

(11)

for h>2 .

The finite well depth correctionsare contained in the

quantity f~(p) which, for h~2,is givenby

@(E-iS-jV), (12)

while for h>2 only j=O terms are included. The quantity

Al,~(Pth) is analogous to A (p,h) and is defined by [KA83]

P: + (pm-i)2 (p-i)2 + h2 + n-i
A‘,O(P,h) e “ (13)

2g 4go 0

The density of bound states is also needed and is

found by a simple difference

~ (b)
(p,h,E) = w(p,h,E) - Ju) (p,h,E) . (14)

1.2 Residual InteractionRates

The residual interactionswhich are responsible for

changing the exciton number of the system are assumed to be

energy conserving and two-body in nature so that allowed

transitionsare those for which Ap=Ah=O,*1. The rates for

6



these three general categoriesof transitionsare denoted

Ao, X+ and A . In addition, the superscriptsu and b are

used to indicate the unbound or bound character of the

initial and final state in the interaction. Thus
~(ub)(p,h,E)is the average rate for Creating a Particle/
+

hole pair starting from an unbound state in the class

specified by (plh) and going to a bound final state in the

class (p+l,h+l). All of the transitionrates have the

general form exemplifiedbelow:

~(ub)
+ (p,h,E) = (2?T\fi)M2(p) ($b) (p,h,E), (15)

where Mz is the mean square two-body matrix element and

Jub)
+ gives the density

quantity M2 is given by

1
kn

1
E/n

== .— —

of accessible final states. The

[KA78]

E/n ]1/2

I J for E\n<2 MeV ,
As E (7 MeV 2 Mev

kn

[1

E/n 1/2
=— —— for 2 MeV’E\n<7 MeV ,
A3 E 7 MeV

M2(P)$ (16)
kn

= —— for 7 MeV~E\n~15 MeV,
A3 E

k n 15 MeV ‘/2
=

\ [1
~; — for 15 MeV<E/n ,

E/n

where A is the mass number of the composite nucleus and k

is an empirical constant usually taken to be 135 MeV3.

Several quantities are useful in describing the

densities of accessible final states. We therefore define

Xi(p) = ~E-Ai,O(p,h)-iSj@(E-Ai,O(p,h)-iS) (17)t

7



as well as the correction functions

f+(p)
{

~= ‘ - IEmn-l@’E-s-v)-+[=In-’‘(E-2’)
[1

~ E-”-V ‘-1 ~~E_2S_vl
+ 2 E-S for h~2, (18)

1=1-w]”-’‘(E-2’)

[11 E-2S ‘-1 ~~E-2S);f.(p) = 1 - – —2 E-S

and the effective single-particle–state densities

[

n-1
= ~ 9U(p+l)+ Ln 9P(P+l)

ga(P+l)
= 90

9h = g. [(v-s)/v]l’2 f

for h<l ,—

for h>l ,

for h>2,

(19)

(20)

(21)

where we have assumed that V>S. The fraction of unbound

states in a given class which have more than one unbound

particle also enters in and is given by

h’ ~ (E-is-]v) m-is-m
~(p) 1:=21;=O(-l)i+J n-1

= ~~=1 ~~=0 (-~)i+j+ll’
~-1 (22)~ (~_j-S_jv) (E-is-jv)

for h~2,while forh>2 only j=O is considered. Finally we

need the three miscellaneousquantities

2fl(p) m(p)
fu(P) =

p-1

8

[1E-S ‘-1
I

E-2’
(23)



‘1 = maximum(E-v,O) ,

G2 = maximum(E-v-S,O) . (24b)

In terms of these quantities, the necessary densities of

final states for the two-body interactionsare given by

Juu)
+ (p,h,E) =

9a(P+u 9:(P+1) X:+l(p+l)
[
:f+(p+l)++f(p+l)

1

2n x;-l(P)

m(p)
+ Jub)

(P,h,E), (25)
l-m(p) +

~(ub) l-m(p)

+ (p,h,E) =
[
93(P+1) f(pi-1)

2n(n+l)

{
$[xo(p+l)-xl(P)12 + ;[x:(p+l)-x:(p)]+ Xo(p+l) X1(P)

}
n+l

‘1 (p+l)~
- 29P{P+1) 9:(P+1) f+(p+l)

J
,(26)

X:-l(P)

“(bu)
+ (P,h,E) =

9-(P+l) g2(P+l) h

x;-1(P) f(P) - PX;-l(p) fl(p)

1x;+1(p+l) .-px;+l(p+l) 1

2n (n+l) 4n (n+l)

[
G~-l[n(n-l)G~- 2(n+l)(n-1)GIX1(p+l) + n(n+l)X:(p+l)]

\

‘-l[n(n-l)G~-- PG2
1}

2(n+l)(n-1)G2X2(p+l)i-n(n+l)X;(p+l)] ,

(27)

9



1
‘bb)(p,h,E) =

1
u+

2n (n+l) X~-l(p) f(p) - p X~-l(p) f~(p)

[
ng3(p+l) X~+l(p+l) f(p+l)

p(n-1) g~(p+l) x~+l(p+l) fl(p+l)

- P93(P+1) X;-l(P) fl(p)

{
$[XO(P+l) -Xl(p)]z + ;[X:(P+l)-X:(P)]+ XO(P+l) X1(P)

~

-u ‘bu)(p,h,E),+ (28)

(ub)(p,h,E)=
‘o

+

(bu)
‘o (p,h,E) =

[

[l-m(p)% ‘+2h-1n[x (p) - x (p) ] f (p)

2 0 1n

1(p-1) xl(p)[f(P)-Zfo(P)1 , (29)

9H(P) 9-(P) 1

2n x:-1(P) f(P) - PX:-l(p) f,(p)u J. .x.

[

(p+2h-1){2x?(p) + n[xo(p)-Xl(P)]X~-l(p)} f(P)

(p-1)(p+2h-1){2x;(p)+ n[Xl(P)-x2(P)]X~-l(p)} fl(P)

1- 4(n-1) X?(p) fl(p) + 4(p-l)(n-2)X:(p) f2(P) , (30)

(1)
(ub)

(P,h,E) = [l-m(p)] cjhh(h-1)/2 , (31)



~ (bu) 9P(P-1) hp(p-1) 1
(p,h,E) =

4 ~n-l
o (P) f(P) - PX:-l(P) fl(p)

{x:-s(p-1)[(n-2)(n-3)X:(p-1)

- 2(n-l)(n-3) Xl(P-1)X.(P) + (n-l)(n-2)X;(P)] f(P)

- (p-2)x;-3(p-1)[(n-2)(n-3)X:(p-1)

- 2(n-l)(n-3)X2(p-l) Xl (p) + (n-l)(n-2)X;(P)1 fl(P)

- 4[X;-1(P) fl(P) - (P-2)xy1 (p) fu(p)]} .

1.3 Particle Emission

The average

energy s from an

from microscopic

rate

(32)

Rates

for emitting a particle of type b and

unbound state

reversibility

specified by (p,h) is derived

to be

(2sb+l)
l“7~u)(p,h,e)de =

u(p-Ab,h,U)

~2 X3 % ‘ ab(c)d’ Qb(P) ~ul t (33)
u (p,h,E)

where sb and Ab are the spin and mass numbers of the emitted

particle. The quantity ab is the cross section for the

inverse process of composite nucleus formation,while U is

the excitation energy of the residual nucleus. The

quantity Qb(p) takes account of the fact that proton and

neutron degrees of freedom are distinguishable. It assumes

that in each pair-creationinteractionprotons and neutrons

11



are excited with the relative probabilitiesZ\A and N/A,

and it has the form

(

(P-AJ!=

P!
‘s ‘p-Aa (~+a) !

L,., ‘! ‘p-Aa-i) !

Qb(P)

1

(Za+i)! (p-Za-i)!

(Za+i-Zb)! (p-Za-i-Nb)!

(=1

Z*1 [1
i- Zb ~ p-Aa-i-Nb

T— —
AT AT

for n:fiand n<20

(34)

for n>; or n>20 .

Here Zb and Nb are the proton and neutron numbers of the

emitted particle, and Aa=Za+Na is the nucleon number of the

projectile. The quantities ZT, NT and AT are the proton,

neutron and mass numbers of the target. Finally R is the

most probable number of degrees of freedom at equilibrium

(i.a.,the number for which u(p,h,E) is a maximum).

21nalternativeto Qb(p) has been added in this newer

version of PRECO-D. It is assumed that proton and neutron

particle/holepairs are excited in proportion to the state

densities of the configurationsformed [GA77]. This

assumption is more consistentwith the assumptionmade in

deriving the emission rates from microscopic reversibility

(i.e.,all configurationsof a given p, h, and E are equally

likely to be populated). It leads to the Qb values of

12



nn-zb ~ rIv-Nbn II1~- (P-Ab)! h!

pm A A (pn-Zb)! (pv-Nb)!hn! hv!
Q~G\P) = r

‘~ N ‘V

[1 [1
(35)

2 z - “ “Pm ; A Pm! pV! h ! h !IT v

where the subscripts m and v refer to proton and neutron

degrees of freedom, and Z, N, and A are for the composite

nucleus. Either form for Q may be chosen by specifying

an input parameter.

Particle emission rates for the bound states are, of

course, zero.

At equilibrium the emission rates for the full system

are calculated from the Weisskopf-Ewingevaporation formula

and are given by

(2sb+l) w(u)
Wb(c)dc = Ab c ab(E)dE — 1

7T253 w(E)
(36)

where in the present case the state densities are assumed to

be those for a single Fermi gas,

u(E) a E-l exp[2(aE)l/2],

and a = m2 gO/6.

(37)

1.4 Fission Rates

In order to facilitateapplicationof the model to very

heavy nuclei, fission competition in the equilibrium limit

has been considered. Barrier penetrationhas been neglected

13



in order to obtain a closed-form integral over the kinetic

energy degree of freedom. Thus one obtains

1 I
E-Bf ~(E_Bf_&f)

Wf(E) = — dEf r
2~h ~ u(E)

(38)

where cf is the kinetic energy in the fission degree of

freedom.

1.5 Closed-FormReaction Equations

In the closed-formapproach, the strength of the system

is imagined to pass sequentiallythrough configurationsof

increasing complexityuntil the most probable class of

states at equilibrium (specifiedby ~=~+fi)is reached.

Particle emission is allowed at each stage.

In the MSD\MSC formalism it is necessary to know for

each class of states how much of the reaction strength passes

through unbound states and how much through bound states.

These quantities are denoted SU(p,h) and ~b(p,h)~

respectively. In addition, it is necessary to know the amount

of strength which passes through unbound states of the class

(p,h)and which was unbound

This is denoted Sd(p,h) and

the MSD cross section.

Strengths of the three

at all previous stages as well.

is the strength responsiblefor

types arriving at the (pth) stage

of the hierarchy through pair creation are denoted Pu(p,h),

Pb(p,h) and Pd(p,h),respectively,and differ from the

14



corresponding.Squantities by the effect of the A
o and A

interactions.

Initially it is assumed that the unbound states are

populated in proportion to their relative state densities

so that

Pu(po/ho) = Pd(P ,hO) = W(u)o @orhorE1/dpotho,E) , (39a)

Pb(po,ho) = 1 - pu(PO,ho). (39b)

At this exciton number and at each succeedingexciton

number it is assumed that there will be at most one exciton–

scattering interactionwhich takes the system from a bound

to an unbound configurationor W~Ce ut?k~a. Further, it is

assumed that there can be at most one pair-annihilation

interactionwhich changes the boundlunboundcharacter of

the state and that it will immediatelybe followed by a pair-

creation interactionwhich does not change the bound/unbound

character. (ub)Thus in effect A. and A(ub) are treated

together, (bu)and similarly for A. and ~~bu).

Because of these assumptions, strength arriving for the

first time at a given hierarchy is assigned a lifetime of

Tu(P,E) = [A:uu)(p) + A;ub)(p) + A:ub)(p) + A:ub)(p)

+ lb /wb(P IE)dE1-l ‘

(wherethe hole label has been suppressed)if it is in

unbound states or

(4Oa)

Tb(P,E) = [A;bb)(P) + A:bu)(p) + A:bu)(p) + ~(bu)(p) ]-1 (40b)

if it is in bound configurations. Strength which has already

15



undergone an exciton-scatteringor pair–annihilation

interaction starting from this hierarchy is assigned a

different lifetime, one of the two quantities

[A(uu)(p) + A:ub)T;(p,E) = ~ (p) + ~b ~Wb(p,C)d@ J

T:(P,E) = [A;bb)(p) + A;bu)(p)]-1

The strengthspassing through states of different p

values are then found from a set of recursion relations:

Sd(p) = Pd(p) ,

Su(p) = pu(P) + Pb(P) I’~bu)(P) T~(P)\Tu(P) ,

Sb(p) = ‘b(p) + ‘u(p) r&b)(P) T~(P)/Tb(p) ,

and

pd(P+l) = Sd(p) r~uu)(p) = Pd(p) r‘Uu)+ (P) ‘

Pu(P+l)= Su(p) r~uu)(P) + Sb(P) r~bu)(P) ~

‘b(p+l) = Sb(p) l’(bb)+ (P) + Su(p) r~ub)(p) ~

with

r(Uu)
i- (p) = ~~uu)(p) Tu(p),

~(ub)
+ (P) = ~~ub)(p) Tu(p),

r(ub) 1A(ub)~pl + ~~ub)(p)]Tu(P) ,
0 (p) = o

(41a)

(41b)

(42a)

(42b)

(42c)

(43a)

(43C)

(43C)

(44a)

(44b)

(44C)

and similarly for r~bb), r~bu) and r(bu) but with the u and
o

b labels interchanged.

The preequilibriumenergy differentialcross sections

are then given in terms of the strength variables. The total

MSD and MSC preequilibriumcross sections are
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~(a ,b)~RE = CJJEa) ~;=Po -SU(P) TU(P)W:u)(Pr~), (45a)

$~(a,b) = Oa(Ea) ~;=PO S#) TU(P) W&) (P, E) ‘ (45b)
pre-MSD

do . da~(a, b)~RE - ~(a, b)~ (a~b,~re-MsC pre-MSD , (45C)

where Oa(ca) is the cross section for forming the composite

nucleus when the projectile has energy Sa. The evaporation

or equilibrium components are determined by taking all of the

input reaction cross section not used in the preequilibrium

phase of the reaction and distributingit among the various

reaction channels in proportion to their phase space. Only

evaporation from the original compound nucleus is presently

considered in the program. Subsequent emission from the

residual nuclei is left out.

The energy differentialevaporationcross section for

the first emitted particle in a reaction is

da wb(&)
— (a,b)~vAP = [aa(sa)-oPRE]——
ds ~b~wb(e)d~ ‘

where the total preequilibriumcross sectionr aPRE~ is

1.6 Pairing Corrections

(46)

(47)

While preequilibriumpairing correctionsare best made

and studied in the two-componentexciton model, they are



sometimes included in the one-componentmodel.

In the present code, two sets of pairing corrections

are used: A~re(Z,N) is used for states with h<2, while the—

equilibriumpairing correction A~q(Z,N) is used for h>2.

The quantity A may be zero, the equilibriumvalue or apre
special preequilibriumpairing correction,perhaps related

to the number of broken proton or neutron pairs in states

with n=no [GR73][GR76]. Likewise, Aeq(z,N) may also be

taken to be zero.

Whenever pairing energy correctionsare used, the

quantity E in the state density expressions should be replaced

by (E-APre) or (E-Aeq)depending on the value of h, and

similarly for U in the state densities for the residual

nuclei.

II. DIRECT REACTION MODELS

Two classes of direct reactions which are not included

in the Griffin model are nucleon transfer (stripping,pickup

and exchange) and knockout or inelastic–scatteringprocesses

which involve complex particle degrees of freedom. These

are treated semi-empiricallyin subroutinesin PRECO-D. The

formulae used are refined somewhat from those in [KA77].
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11.1 Nucleon Transfer

The basic equation for the energy differentialcross

section for nucleon transfer is

da (2sb+l)
—(a, b)~U =
d& (2sa+l)

0.0127
E Pm

Ab s ab-NE(c) [1[Aa 2n 2860 n
— K
A Aa E a’p E=+V

a a a 53

!.

PT! pV! hn! hv! gn

u(p,h,U) ,

where the subscriptsa and

(48)

B refer to the projectile and

residual nucleus. The inverse cross sections, CJb(E) , used

in the main program are assumed to be the total composite

nucleus formation cross sectionfwhileo
lmm(~

total nonelastic cross section. The two are

related by

{

= 0.95 ab-NE(E)
cJb(&)

= 0.85 ub-NE(c)

for

for

here is the

assumed to be

b= nucleon
(49)

b= complex .

The quantities E and E are the laboratory and center ofa a
mass energies of the projectile,while Va is the average

potential seen by the projectile in the direct reaction

region. It is taken to be one-fourth of the real central

well depth or

50 MeV A
v= a.
a (50)

4

The constant K gives a factor of 12 enhancement to thea,p
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nucleon transferwhenever the projectile and ejectile are

both tightly bound (i.e.,anucleon or an alpha Particle).

It is unity for all other reactions. The particle and hole

numbers are given by p=pm+pv and h=hm+hv,where

and hv are the numbers of stripped protons and

picked-up protons and neutrons, respectively.

these variables are uniquely determined by the

neutrons and

In general,

natures of

the incoming and outgoing particles.

of weakly bound projectiles (d, t or

of either a proton or a neutron with

Thus there will be two contributions

For inelastic channels

3He), however, exchange

the target is allowed.

to the nucleon transfer

cross section, one with pm=hn=l and pv=hv=O, and the other

having pm=hm=O and p =hV=l.v This is the only case where the

sum over pm is needed. Finally, gn and gV are the proton

and neutron single-particle-statedensities, assumed to be

9= = 90(ZlA) and gv = 90(N\A) evaluated in the residual

nucleus.

The nucleon–transfercross section as given here will

be in mb/MeV. All of the energies are assumed to be in MeV

and the nonelastic cross sections in mb.

11.2 Knockout and Inelastic Processes with Complex

Particle Degrees of Freedom

In this type of mechanism, a complex projectile is

assumed to be able to excite a proton, neutron or alpha

cluster particle/holepair in its initial interactionand

20



to retain its own cluster identity in the interaction.

Nucleon pair excitation by a nucleon projectile is already

considered in the exciton model, so only alpha cluster

excitation is considered here for incident neutrons and

protons. The basic equations for knockout and inelastic

scattering are

do a
—(a, b)~. = - (2sb+l)Ab e ob-NE(c)
de 13.5

Pb ga gb[U-A(Aa,Ab)]

(2sC+1) Ac ;C (cm+2Bc)(Cm-Bc)2(ga g@gC)
r

~c=a,b

(51)

do (s
—(a, a’)~NEL = a-NE (2sa+1)Aa E Oa-NE(E)
dc 13.5

‘r- P, gf[U-A(A,,A,)]

L
. . -LA

i=n,p,a I~=i,a (2sC+1)Ac ~c (&m+2Bc)(Em-Bc)2 (ga g~\6gC)

for a = complex , (52a)

da a
—(a, a’)~NEL = - (2sa+l)Aa E aa-NE(c)
dE 13.5

Pa ga [iJ-A(4,4)]

1~=a,a (2sC+1) Ac ~c (cm+2Bc)(cm-Bc)2 (ga g~/6gc)

for a = nucleon . (52b)

The quantity cm is the energy of the ground state transition

for emission of a particle of type c, while Oa NE with no

energy variable specified is the nonelastic cross section

for the entrance channel. The cross section ~C is the

average for all emission energies above the Coulomb barrier
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for particles of type c. The probabilitiesfor exciting

the different kinds of

P =
n

Pp =

P =
a

NT - f ZT

AT-2f ZT+f ZT/2

ZT - f ZT

AT-2f ZT+f ZT/2

f zT/2

Am-2f Zm+f Zm/2
J. 1. 1.

Here the quantity f is

particle/holepairs are

NT
E—

AT ‘

ZT
=— ?
AT

f ZT
E— ● (53C)
2 AT

defined as the fraction of the time

(53a)

(53b)

that four nucleons in correlated orbits will “look like” an

alpha cluster or, alternatively,the fraction of the possible

alpha clusters that will, on the average, exist at any given

time. It has been assumed that N~Z,so that a maximum of z/2

alpha clusters is possible. In general f<cl. The exact

size and systematic of f are not well known. Here the

values obtained from (p,a)reactions by neglectingpickup

[M174] are renormalizedslightly and parameterizedto give

[
= 0.08 NT<116

I

= 0.02 + 0.06(126-NT)\10 l16<N~<126
f’

= 0.02 + 0.06(NT-126)/3 126~NT<129

= 0.08 129~NT .

In evaluating the single–particle–statedensities for the

different types of emitted particles,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 Ab

22
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nucleons will carry Ab times the energy of a single particle

in one of these orbits. Thus we get

9n = g. N/A = (N/13)MeV-l

9P = 90 Z/A = (2/13)MeV-l

9d = go/4 = (A/52)MeV-l

9t = 9T = 9./12 = (A/156)MeV-l

9a = go/16 = (A/208)MeV-l

In each case they are evaluated in

nucleus. Once again, the final cross sections are in mb\MeV.

t (55a)

t (55b)

r (55C)

t (55d)

. (55e)

the appropriateresidual

III. ANGULAR DISTRIBUTIONS

The angular distributions

phenomenologicallyin terms of

the formula [KA81a]

are calculated

Legendre polynomialsusing

+ ao(MSC) ~f=obk(e) P1(cos6) ,

AE=2

where e = c+ I .Bb and Iang is either O or 1, and whereang

[
aO(MSD) = ~ ~(a,b) + ~(a, b)~u +

1
~(a, b)~. .pre-MSD

(For the reaction (a,a’) the knockout contributionis, of

course,replaced by an inelastic

aO(MSC) =
[* %(a’b)pre-MS. +

contribution.)

)
~(a, b)~vAP ,

(56)

(57a)

(57b)
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I
(2k3+l)

= for 1>1

bg(c) 1 + exp[AL(B1-e)]
(58)

=1 for 1=1 ,

‘E = 0.036 MeV-l + 0.0039 MeV-l .t(~+l), (59a)

‘1 = [92 + 6 (IJ ]MeV - 90 MeV [/3(1+1)]-1’2 . (59b)

Iv. ISOSPIN

For reactions induced by protons or 3
He ions with

sufficientenergy, states in the composite nucleus with two

different total isospins can be populated: T<=TZ and

T>*T +1. Therefore, it may sometimesbe desirable toz

perform preequilibriumcalculationsin which the isospin

quantum number is conserved [KA74].

To perform such isospin-conservedcalculations,itis

necessary to know the state densities for both the T< and

T> configurationsin a given nucleus. At equilibrium it is

usually a reasonable approximationto take

U(E,T<) = (A)(E), (60a)

u(E,T>) = u(E-E~ym(Z,A)), (60b)

where E~Ym(Z,A) is the nuclear symmetry energy and can be

obtained from the empirical formula [AN65]

E~Ym(Z,A) = 1.44 MeV ‘~~~~ -1.13 MeV + Q(P,n)(Z-l,A), (61)

where Q
(p,n)

is the Q-value for the (p,n)reaction on the

nucleus with the indicated proton and mass numbers.
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For particle/holestate densities, a similar

approximationhas been used [KA74] giving

w(p,h,E,T<)= u(p,h,E), (62a)

u(p,h,E,T>)= u(p,h,E-E~Ym(Z,A) . (62b)

Similar assumptionsare assumed to apply for the T-conserving

transition-statedensities.

While such relations are the only ones which can

currently be used in PRECO-D because isospin is not

explicitly considered,they have a serious shortcoming for

small values of n=p+h where the state densities increase

only as E‘-1 [KA84]. Thus,isospin-dependentcalculations

are probably better carried out using the two-component

exciton model code PRECO-E [KA84a] in which more accurate

state density formulae are used.

In either code two calculationsare performed, one for

each isospin in the composite nucleus. The reaction cross

sections are multiplied by the appropriateisospin Clebsch-

Gordan coefficients and the state densities are evaluated

using excitation energies measured relative to the lowest

energy state of the isospin in question.

v. DESCRIPTIONOF THE PROGRAM

The program PRECO-D2iswritten in simple FORTRAN designed

to be compatible with most computer systems. A general flow

diagram is contained in Fig. 1; a list of variables is given
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in Tables 1 and 2; Appendix A is a FORTRAN listing of the

code; Appendix B contains sample input; Appendix C gives the

correspondingoutput; and Appendix D lists the differences

between PRECO-D2 and its predecessor,PRECO-D.

Input and output device numbers are assigned

and IWRI, respectively,just following the COMMON

so they may be easily altered.

as IREA

statements,

The Griffin, or exciton, model calculationsare carried

out in the main program, while direct reaction cross sections

and angular distributionsare calculated in subroutines. The

subroutinesNUTRA, KNOCK, and INEL handle, respectively,

nucleon transfer, knockout involving cluster degrees of

freedom, and inelastic scattering involvingcluster degrees

of freedom. The subroutinePOLLY calculates a library of

Legendre polynomials,while ANGEL generates the angular

distributionsfor the emitted particles.

Reaction cross sections for the projectile and inverse–

reaction cross sections for the emitted particles may, as

an option, be calculated internallyusing an empirical

approximation [NA7g][cH81]. It has been modified here to go

over to the geometrical cross section

‘b-GEO(c) = m(l.23A’/3+ Rb + %)2 (63)

at high energies, where Rb is the radius of the particle (O

for b=n,p; 0.8F for b=d,t,~; and 1.2F for b=a). The parameter

values are set in subroutineSIGPAR, while the entrance and

exit channel

and the main

26
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Initial calculationsare always performed for the

principal reaction channels of neutron, proton and alpha

particle emission. Fission competition is included at

equilibriumif a fission barrier has been specified. Spectra

for other ejected light ions may be calculated at a later

stage in the program. In the setup and calling of the direct

reaction subroutines,it is assumed that both the incoming

and outgoing particles have mass numbers no larger than 4.

The range of exciton numbers considered is determined

from the input initial configuration,(po,ho),and the state

density, u(p,h,E). The difference p-h is assumed to remain

constant at po-ho. The smallest n=p+h considered is the

minimum value consistentwith there being at least one

degree of freedom to carry the excitation energy and with

both p and h being nonnegative. In most cases (po,ho)=

(Aa+l,l),so the simplest configurationof the system is

(Aa,O). At the other extreme, the most complex configuration

consideredhas its exciton number given by minimum (fi,20),

where n is the exciton number correspondingto the maximum in

the u(p,h,E) vs p curve and is therefore the most probable

equilibriumvalue of n.

For particle emission to be allowed from a state, its

particle number must be greater than or equal to the nucleon

numb’erof the emitted particle (~.e.,p~Ab) and n must be

large enough for the residual nucleus to be left with at

least one exciton (i.e.,n~Ab+l).
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VI. USE OF THE PROGRAM

VI.1 Initial Input

The input informationrequested for the first phase of

the calculationsis given below. Each numbered item

correspondsto a new card or record of input, and the

appropriate formats are given in parentheses. Default

values are also indicatedwhere they exist.

i)

ii)

1)

2)

3)

4)

5)

6)

7)

Angular distributionparameter, Iangfiand Q-factor
parameter, IG, (213) for all problems in the data file.

Effective well depths V(h=l) and V(h=2) in MeV (2F1O.2)
for all problems in the data file.

Composite nucleus excitation energy and projectile
binding energy in MeV (2F1O.2).

Z and N of the target nucleus (2F1O.2)

n, p, and a binding energies and fission barrier height
in the composite nucleus, all in MeV (4F1O.2). If no
fission barrier is specified,no fission is calculated.

Pairing energies for the n, p, and a residual nuclei
and for the composite nucleus to be used in the
preequilibriumphase of the calculation for states with
h<2 (4F1O.2).—

Pairing energy corrections for states with li>2and for
equilibriumcalculations. These are the conventional
pairing energies that would be used in an evaporation
model. (4F1O.2).

Entrance ~hannel nonelastic cross section and estimated
average, era,for inelastic scattering (2F1O.2). If
either one is read in as zero, it is calculated internally
using a parametric approximationto the optical model
potentials indicated in Sect. VI.7 below.

Number of channel energies considered,NEPS(l), the lowest
channel energy in MeVr and the increment in the channel
energy also in MeV (113,2F10.2). If the lowest channel
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7a)

8)

9)

10)

11)

energy is greater than zero, the remaining channel
energies and all of the inverse reaction cross sections
are calculated internally. (If the channel energy
increment is zero,it defaults to 1 MeV.) If the lowest
channel energy is read in as zero, input according to
item 7a, below, is read in.

NEPS(l) records, each containing (4F1O.2)a channel
energy in MeV and the correspondingn, p and a non-
elastic cross sections in mb. The energies must be
in ascending order.

Z and N of the projectile (213). If preferential
excitation of an unpaired target nucleon is considered,
then this nucleon should be counted as if it were part
of the projectile.

Initial particle and hole numbers, p and h (213).
If these are read in as zero, PO def~ults tg Aa+l and
h. defaults to unity.

Single–particle-statedensities, go, in MeV‘1 for the
composite system; the n, p and a residual nuclei; and
the fission saddle point (5F1O.2). If only the value
for the composite nucleus is read in, the others are
calculated assuming that g. is proportionalto A.
If g. for the composite nucleus is read in as zero, it
defaults to A/(13 MeV).

Matrix element scaling factor divided by 100 (i.e.,
k/loo)”(1F1O.2). If it is read in as zero, it defaults
to 1.35 (k=135MeV).

VI.2 Initial Calculations

After initial input, the program proceeds to the cal-

culation of state densities, transition rates

emission rates. The branching ratios, I’,are

the closed-formcalculationsare executed.

and particle

generated and

At this point, the three principal

p, and a) are considered in turn. For

direct reaction subroutinesare called

particle types (n,

each, the necessary

to generate the

29



appropriate energy spectra. The results of the closed-form

exciton model calculationsare used to obtain MSD and MSC

preequilibriumenergy spectra. A first-chanceevaporation

spectrum is also calculated. For each emission energy the

total MSD and MSC cross sections are used in the subroutine

ANGEL to calculate an angular distribution. Finally, the

single and double differentialcross sections are printed out.

VI.3 Initial Output

The first quantities to be printed are S, the average

effective separation energy, and the fraction of the total

reaction cross section which goes into preequilibrium

particle emission. These are part of a heading labelled

OCCUPATION PROBABILITIES. Below the heading is a table with

the following columns:

P particle number of the class of states

H hole number of the class of states

RHOU/RHO ratio w‘u)(p,h,E)/0(p/h#E)of unbound and total
state densities

STRU/STR ratio Pu(p)/P(p) of strength arriving at states
with p particle degrees of freedom which is in
unbound states

STRD/STR ratio pd(p)/P(p) of MSD strength to total strength
arriving at states specifiedby p

Following this are two pages of output for each particle

type, one containing the energy differential spectra and the

other the angular distributionsfor the various outgoing

energies. The column headings for the angle-integrated
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spectra are

EPS &, the outgoing channel energy

DIRECT/NUTRA nucleon transfer cross section from Eq.
(48)

DIRECT/KNOCK knockout or inelastic cross section
from Eq. (51) or (52)

PREEQUILIBRIUM/MSD MSD preequilibriumcross section from
Eq. (45b)

PREEQUILIBRIUM/MSC MSC preequilibriumcross section from
Eq. (45c)

EQUIL/WEISS evaporation cross section from Eq. (46)

TOTAL/MSD “NUTRA+’’KNOCK’’+”PREEQUILIBRIUM\MSDu

TOTAL/MSC “PREEQUILIBRIUM/MSCH+”EQUIL/WEISS”

TOTAL/MSD+MSC grand total

At the bottom of each column is the summed cross section for

that component of the spectrum. If a fission barrier has

been specified,the equilibrium fission cross section is

printed below the sum of EQUIL/WEISS for the alpha spectra.

The angular distributionsare printed in 10-deg incre-

ments. Angles from O to 90 deg are in one block of the table,

while angles from 100 to 180 deg are in a second block. The

first column of each block gives the channel energy; the re-

maining columns give the double differentialcross section

at the angle indicated in the column heading. The last col-

umn in the second block gives the angle-integratedcross sec-

tions and is identical to TOTAL/MSD-t-MSCabove.



VI.4 Secondary Input

After printout of the occupation probabilitiesand of

the neutron, proton and alpha particle spectra, the program

reads the secondary input,whichcontains the following

items:

12)

13)

14)

15)

16)

16a

Z and N of an additional particle type (213). (If
Z<o, input passes to item 13a below.)

spin degeneracy, 2s+1, of the emitted particle (113)

binding energy of emitted particle in MeV and the
single-particle-statedensity in its residual nucleus
in MeV-L (2F1O.2). If the single-particle-state
density is zero, it defaults to (g A~e~/ACn).0

preequilibrium (h~2) and equilibriumpairing
corrections for the residual nucleus in MeV (2F1O.2)

number of emitted particle energies considered =
NEPS(2), the lowest emission channel energy, and the
channel energy increment (1I3,2F1O.2). If the lowest
energy is greater than zero, the remaining energies
and the inverse cross sections are calculated internally.
(A zero channel energy incrementdefaults to 1 MeV.)
If the minimum energy is zero (or less), input item
16a is read in.

NEPS(2) records, each containing a particle enerqy in
MeV and the correspondingnonelasti~ cross secti~~ in
mb (2F1O.2). Energies must be in increasingorder.
[This ends the secondary input.]

13a) NEW (113)
If NEWP = 1, input passes to item 8 in the initial in-

put and new parameter values are read in.

If NEWP - 0, input passes to item 1 in the initial in-
put for the beginning of a new problem.

If NEWP = -1, the job is terminated.
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VI.5 Secondary Calculations

If a new particle type was chosen in item 12) above,

the program uses the stored informationon the results of

the closed-formcalculationsto obtain the preequilibrium

spectra for this particle type, and the appropriatedirect

reaction subroutinesare called. The single and double

differentialcross sections are then printed in the same

format as for the neutron, proton and alpha particle spectra.

After printout, the program returns to item 12) in the

secondary input so that an additionalparticle type may be

specified.

VI.6 Calculationswith Isospin

Preequilibriummodel calculations in which isospin

conservation is considered can be accomplishedwith PRECO-D2

by actually doing two calculations,one for each isospin in

the composite nucleus. The changes in the input needed for

the isospin-conservedcalculationsrelative to the general

(isospin–mixed)calculations just described are indicated in

the table below for the initial input. All other quantities

in the initial input are as indicated in VI.1 and VI.4 above.

In the table, the second set of input for B andn
a (E) for the T> calculationsapplies if the neutronn-NE

channel to the T> states in the residual nucleus is open.
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Neutronsdecay from the T> composite nucleus states to the

ground state isospin if the residual nucleus is isospin–

forbidden.

Normal T< T>

E E E-E~~m(Z,A)

B B
{
o

n n Bn-ESYm(Z,A)+E~Ym(Z-1,A)

B B B -E~Ym(Z,A)
P P
Ba Ba o

a a~-NE[2T0/(2TO+l)] aa-NE[l/(2TO+l)]a-NE

(Jn-NE(&) ‘n-NE(E) {
o
a~-NE (c) [2T0/(2TO+1)]

ap-#) ‘P-NE(E)[2T0/(2To+l)] Op-NE(s)[1/(2TO+1)]

(sU-NE(E) ‘a-NE(&) o

k k k[E-E~Ym(Z,A)]/E

VI.7 Suggested Input

Appropriate values for the various input quantities

are summarizedbelow

(PO,hO) (Aa+l,l?,where Aa is the mass number of the
projectlle (thedefault values).

90 A/13 with values for the residual nuclei
calculated in the program (thedefault).

k 135 MeV3 (inputnumber is 1.35) (thedefault).

‘b from [WA77] or similar mass tables
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(Yrl-NE(E) from [MA63]
)

CYp-NE(E) from [BE6!I]

[

(Thedefault is
approximationsto

(sa-NE@) from [HU62] these optical model
cross sections.)

‘b-NE(E) from [CL72] for b=d,t,3He

The choice of IANG = O or 1 is discussed in the sec-

ond paper in [Ka81a]. In general, IANG=l is probably to

be preferred.

In addition, there is the choice of whether to

IG = 0, invoking Eq. (34),or IG = 1, invoking Eq.

use

(35),

for the Q-factors that account for proton/neutrondis-

tinguishability. For reasons of consistency in the

model, IG = 1 is to be preferred.
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9INITIALIZATION(cal1 POLLY)
(cal1 SIGPAR)

/

m
CALC . W & o.)(u)

CALC . A‘S
CALC . Qb , Mb, w~u) for b = n,P,a

CALC . r‘s
SOLVE CLOSED FORM EQUATIONS

PRINT STRENGTH RATIOS INPUT NEW
PARAMETERS

I

ICALC. AND PRINT da/de & d2cj/dS2d~for n
(cal1 NUTRA, KNOCK, INEL, and ANGEL)

CALC. AND PRINT do/de & d20/d~dc for p
(cal1 NUTRA, KNOCK, INEL and ANGEL)

‘1’
CALC. AND PRINT da/de & d2a/d~dc for a
(cal1 NUTRA, KNOCK, INEL, and ANGEL) I

/ \
I

CALC . Qb , Wb , Wju) Figure 1. Schematic
flow diagram of the
program PRECO-D2.
The circles represent

CALC . AND PRINT dujdc & d20/d~dc branch points.
(cal1 NUTRA, KNOCK, INEL, and ANGEL)

/ I

3a



J.&aDJJ&
mn=r v

1. LIST OF VARIABLES IN PREC@D2

ACOM

AP

ASP,ASPR,AFISH

BEA

BEN

BF

BNEU,BPRO,BALFA

CLOSD(NP)

CLOSU(NP)

COUL(J)

DBL(NP)

E

EC

EMU(J)

EPS(JHALF,NE)

ES(I)

F2

Mass number of composite nucleus

= JOUT, mass number of emitted particle

Level spacing parameter, a, for composite
and residual nuclei and for top of fission
barrier

Binding energy of projectile in composite
nucleus (MeV)

Binding energy for extra emitted particle
types (or temporarilyof n, p or a) (MeV)

Height of fission barrier (MeV)

Binding energies of neutrons, protons and
alpha particles in the composite nucleus

Time-integratedstrength, .Sd(p)Tu(p),
responsiblefor MSD preequilibriuncross
section

Time-integratedstrength, Su(p) Tu(p),
responsiblefor MSD+MSC preequilibrium
cross section

Coulomb barriers for particles of type J,
with J=l-5 correspondingto n, p, a,
extra particle type and projectile,
respectively;used in calculatingdirect
reaction cross sections

m(p), fraction of multiple unbound states

Excitationenergy of composite nucleus (MeV)

Coulomb barrier for use in calculating total-
reaction cross sections (MeV)

Maximum possible emission energy for
particles of type J with J=l-3 for n, p
and a

Particle emission energies (MeV)

@(E-iS) (E-iS)/(E-S)for i=l,10

Matrix element scale factor, k
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FISHW

FLOW,SPILL,POUR

FRAC(NP)

FWD(NH)

FWDHI(NP)

FWDU(NP)

G,GNEU,GPRO,
GALFA,GR,GFIS

GF,GFU,GU,GFAV

GFPU,GFHU

GAMBB,GAMBU
GAMUB,GAMUU

GAMZBU,GAMZUB

GEL(NP)

GELU(NP)

GELUU(NP)

IANG

IG

IREA,IWRI

JBAR

JHALF

JHI

Equilibriumcross section going into fission

10 -18
, 10+18, and 10+35; comparison numbers

for underflow and overflow checks

Fraction of the available strength in states
with p=NP which is lost due to n, p and a
emission in one unit of time, At=TAUWM

Correction factor, f(p), applied to
u(p,h,E) for h<2 to account for the finite
potentialwell–depth

f+ (p) and (forh>2) f.(p)

Single-particle-statedensities in the
composite nucleus; in the n, p, a and extra
particle residual nuclei; and at the top
of the fission barrier

g(p)~ gu(p)~ 9P(P) and g=(p) for h:z

gP(p) for h>2 and gh for all h
~lbb)(p), r~bu)
+ (P), r~ub)(P), and r~uu)(p)

‘Ub)(P)r(bu)(p) and r.
o

g[E-A(p,h)]

g[E-A~ o(p,h)-S]or O, whichever is greater
t

, (p,h)-2S] or O,g[E-A2 o whichever is greater

Angular distributionparameter. Energy
parameter is C+(IANG)(Bb)

‘G)(P)IG=O invokes Qb(p); IG=l invokes Qb

Input and output device numbers

Most probable particle number at equilibrium

JHALF=l for primary calculations;JHALF=2 for
secondary calculations (for additional
emitted particle types)

minimum of 20 and JBAR; maximum p considered
in closed–formreaction equations
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JLO Minimum p which can supply the protons and
neutrons for the emitted particle

JPIN,JNIN,JIN Z, N and A of the projectile

JRZ,JRN Z and N of target

JPOUT,JNOUT,JOUT Z, N, and Aof emitted particle

NE Index for emission channel energies

NEPS(1),NEPS(2) Number of emitted particle energies for
primary and secondary calculations

NEWP Control variable for selectingnew values
of the model parametersor recycling to a
new problem

NLOE

NAP1

NP

NPART,NHOLE

NPHD,PHD

NDWN,NHDWN

NUP

NSD,SD

PRET2

PU,PB,PMSD

PRMSC,PRMSD

PROB(J,NP)

PTOT

P0,P1,P2,P

Particle number of simplest states which
can undergo nucleon emission

Particle number of simplest states which
can undergo emission of a given type of
complex particle

Index for particle number, p, of states

Initial particle and hole numbers, p. and ho
p-h=po-ho

Lower limit on particle and hole numbers

Maximum particle number accessible to system

Spin degeneracy of emitted particle

Full preequilibriumcross section for a
given reaction and emission energy

pu(p), pb(p) and pal(p); strengths arriving
at states of given p by pair creation for
the first time

MSC and MSD preequilibriumcross sections

Qb(P) or Q~G)(p); J=1,2,3,4 indicates b=n,p,a
and extra particle type, respectively

Fraction of strength left at end of
preequilibriumcalculations

parameters PO, Pl, P2, and p for calculating
entrance channel and inverse cross sections



. . —.
RHO(NP)

RHOU(NP)

RA

RNN,RZZ

RN,RZ

s

SIGCN

SIGIN(J,NE)

SIGBAR(J)

SIZE

SNOCK

SNUTRA

STRB

STRU

SUMKE,SUMNE

SUMSC,SUMSD

sum

TAUWM

TAUWU(NP)

THIBB,THIBU,
THIUB,THIUU
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b)‘u)(p,h,E)

radius of incident or emitted particle (used
in calculating total-reactioncross sections)

N and Z of target (sameas JRN and JRZ)

N/A and Z/A of target

Average effective separationenergy

Entrance channel nonelastic cross section

Inverse nonelastic cross sections; J=l-4
has the same significanceas for PROB

Average nonelastic cross section for
channel J; J=l-5 has same significanceas
for COUL

Cross section for knockout or inelastic
scattering involvingcluster degrees of
freedom

Cross section for direct nucleon transfer

Strength in bound states, = Sb

Strength in unbound states, = Su

Energy integrals of the cross sections
SNOCK and SNUTRA

Energy integralsof the cross sections
PRMSCandPRMSD

Energy integral of the cross section WEISS

Time unit, At, for evaluatin transition
rates, = [20 A+(pmin,hmin)]-?

Lifetime of an unbound state against all
two-body interactionsconsidered and n, p
and a emission; = Tu

(bb)Pair-creationrates ~+ , #bU), ~(uh),
+and ~~uu)
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TLOBU,TLOUB

TNOBU,TNOUB

TIMHI

TOMSC(NE),
TOMSD(NE)

u

WU(J,NP,NE)

WEISS(J,NE)

XLO,XLl

XLAMB

XMO,XM1,XMU

Pair-annihilationrates A(bu) and l(ub)

Exciton-scatteringrates AO (ub)‘bu)and XO

A+(pmin,hmin)

Total MSC and MSD cross sections for a
given emission energy

Residual nucleus excitation energy

w~u)(p,h,&)with J=l-4 having the same
significanceas for PROB

Weisskopf-Ewingevaporationcross section;
J=1,4 as for PROB

Parameters AO and A for calculatingentrance-
channel and lnverse~reactioncross sections

Parameter A for calculating entrance-channel
and inverse-reactioncross sections

parameters Uo, VI and u for calculating
entrance-channeland inverse-reactioncross
sections

XN0,XN1,XN2,XNU Parameters VO, Vl, V2, and v for calculating
entrance-channeland inverse–reactioncross
sections
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TABLE 2. ADDITIONAL VARIABLES IN SUBROUTINES

ANGEL

AL,BL

AOMSC,AOMAD

EPSCM

POL(J,L+l)

SIGMA

CROSS

(none)

INEL

EMAX,UMAX

GBN,GBA

GII,GIR

KNOCK

EMAX,UMAX

GA,GBR,GBT

Ag and BL for calculatingLegendre polynomial
coefficients

TOMSC and TOMSD from MAIN, each divided by
41T;= ao(MSC) and ao(MSD)

EPS(JHALF,NE)

Legendre polynomial of order L for an angle
of 1O(J-1) degrees; (generatedin subroutine
POLLY)

Double differentialcross section

Maximum emission energy and maximum residual
nucleus excitation energy

Nucleons and alpha particles in the residual
nuclei formed by the knock-out of these par-
ticles

Cluster single-particle-statedensity in
the residual nuclei formed from emission of
the cluster and from remission of the pro-
jectile

(as in INEL)

Projectile single-particle-statedensity in
the residual nucleus and emitted-particle-
state densities in the residual and target
nuclei
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