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ABSTRACT 

Several treatments of multiple preequilibrium decay are reviewed with 
emphasis on the exciton and hybrid models. We show the expected behavior of 
this decay mode as a function of incident nucleon energy. The algorithms 
used in the hybrid model treatment are reviewed, and comparisons are made 
between predictions of the hybrid model and a broad range of experimental 
results. 

This work was performed under the auspices of the U.S. Department of 
Energy by the Lawrence Livermore National Laboratory under contract number 
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1. Introduction 
This presentation is intended first, to compare different treatments of 

precompound (PE) decay, secondly, to show the importance of multiple decay 
versus energy, and finally, to compare calculated and experimental results 
where multiple PE decay is an important component of the calculated yield. 

In Section II, we will describe the INC approach [1-3] to the multiple 
PE decay problem, and then two different exciton model [4] approaches: the 
Exciton [5,6] and Hybrid models [7,8]. In Section III, we will compare pre
dictions of the latter two approaches versus incident neutron energy, and we 
will present comparisons of hybrid model calculations with a range of ex
perimental results. Conclusions will be presented in Section IV. 

2. Models for Multiple Preequilibrium Decay 

2.1 Intranuclear Cascade Model 

Although we are primarily concerned with exciton model formulations for 
multiple PE decay, it is worth remembering that the first treatment was the 
intranuclear cascade model [1-3]. In Fig. 1, we show three cascade pro
cesses in which one and only one, two and only two, and three and only 
three, PE particles are emitted. By following the history of each reaction 
separately (rather than by an average ensemble) the distribution of PE 
multiplicities naturally follows. Here the treatment of multiple PE decay 
is very clear; the calculation, however, is tedious, so we wish to consider 
exciton model approaches. 

2.2 The Exciton Model 

The Exciton model may be expressed in the following familiar form: [5,6] 

n 
do V"* d 7 = °R 2^, 

n=n o 
where the first set of square brackets represents the number of excitons of 
type y which could be emitted with channel energy c, and the second set 
represents the probability that the particle will be emitted before any n 
exciton configuration either emits a particle or undergoes an intranuclear 
(two body) interaction. Here the decay normalization is based on any action 
of all members of the n-exciton configuration ensemble, a two-body inter
action or particle emission. One can calculate precisely the fraction of 
the ensemble which will emit a particle, and the fraction which will make a 
two-body transition, and these two fractions sum to unity for the n exciton 
ensemble. This mode is shown pictorially in Fig. 2. In this work we use 
Exciton model with a capital "E" to refer to formulations which may be used 
to predict absolute cross sections; we use the lower case to refer to any 
models using exciton densities. 

Under this proper and civilized normalization, the ensemble at excita
tion E will either (in the never-come-back approximation) go to an n+2 
exciton configuration, or emit an exciton at energy c leaving the residual 
nucleus with a residual excitation and one particle exciton fewer. Multiple 
emission is then treated in a completely straightforward fashion by follow
ing the decay of the daughter nuclei with p-1 particles and h holes, and 

X pn-l _ I 
pn(E) 

;u) x c(«) 
W C(£)+W +(E) (Eq. 1) 
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distribution of excitation energies U corresponding to the initial excita
tion E, reduced by the particle binding energy B T and distribution of 
channel energies e. This formulation of PE decay has been elegantly for
mulated and exploited by Gadioli and his collaborators [5,9] for single PE 
decay. Akkermans and Gruppelaar have explored the importance of the multi
ple precompound decay mode at incident energies up to 50 MeV, and their 
results will be presented shortly [10,11]; first, it is instructive to 
describe the much more convoluted approach to this problem which is taken in 
the hybrid model. 

2.3 Hybrid Model 

The hybrid model is a semi-classical approach analogous to the INC, 
where each particle interacts independently of all others. A consequence of 
this is a different normalization than that of the Exciton model, with: 

n 
d£ _ V * 
dc ~ aR Z-» n=n o 

where the second set of square brackets has a denominator consisting of the 
two-body transition rate and continuum emission rate of the exciton under 
consideration, rather than integrated over all excitons as in Eq. 1. The 
consequence of this difference for decay normalization is great, for now, 
e.g., a 2plh configuration could decay by both particles (and the hole) 
making a two-body transition (which would give a 3n exciton final configura
tion), or by one and only one exciton being emitted, or by two and only two 
excitons being emitted [12,13]. With two types of excitons (neutrons and 
protons) the number of exclusive possibilities increases. The choices for a 
one exciton gas are illustrated in Fig. 3. 

The distribution of these many inclusive channels is not clear and 
exact as it is in the Exciton model formulation. Rather, the differentia
tion is made on statistical arguments, which is a euphemistic manner of 
stating that we make an educated guess, and hope that intuitive arguments 
will not leave us too far from the truth. We will present a discussion of 
the algorithms used which will be quoted almost completely from Ref. 12, 
without explicitly indicating quotation. 

Multiple precompound decay processes must be considered at higher 
excitations since they are important in determining the cross section sur
viving to the (equilibrium) compound nucleus, and in determining yields of 
products which require multiple precompound emission for population, e.g., a 
(p,2p) reaction on a heavy element target. There are two types of multiple 
precompound decay which might be considered. Type I results when a nucleus 
emits more than one exciton from a single exciton hierarchy (see Fig. 3). 
It may be seen that, e.g., in a two-particle-one-hole configuration, up to 

' two particles could be emitted; in a three-particle-two-hole configuration 
up to three particles could be emitted, etc. The particle density distri
bution of these excitons, as given in the first set of brackets in Eq. 1, 
may be seen to be governed by the total composite system excitation. For 
illustrative purposes, we show the number of excitons expected at excita
tions above 8 MeV (taken as an estimate of average particle binding energy) 
versus composite nucleus excitation in Fig. 4. The importance of consid
ering this "type I" multiple decay mode at excitations above 50 MeV is evi
dent from Fig. 4. 

pn(E) 

x c(c) 
xc(0+x+(0 (Eq. 2) 
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The second type of multiple precompound decay (type II) would be de
scribed by the sequence "particle emission, one or more two body intra
nuclear transitions in daughter nucleus, particle emission." If the inter
vening two-body transitions are omitted from this sequence, it becomes 
type I multiple emission. 

In the type II sequence for nucleon induced reactions, the leading term 
would be two-particle-two-hole. The particle density for this hierarchy for 
nucleons above 8 MeV is shown as a function of residual nucleus excitation 
energy in Fig. 4. It should be recognized that the relevant residual exci
tation of this population curve should be reduced by the nucleon binding 
energy and by the kinetic energy of the first emitted nucleon before com
paring with the type I curve. Then it may be seen that at excitations below 
-50 MeV for the residual nucleus following one particle emission, type II 
multiple precompound decay should rapidly become small compared with type I 
decay. We have investigated type II decay quantitatively in unpublished 
work. Results confirm the speculation that type I multiple precompound 
decay is far more important than type II for most reactions at moderate 
excitations. Because the first particle emission leaves a range of residual 
excitations and exciton numbers, a calculation of type II emission becomes 
more complex and time consuming than for type I emission. Nonetheless, one 
version of the ALICE code has been written to compute both type I and 
type II PE emission. 

To extend Eq. 2 to higher energies and maintain its simplicity, we have 
made some arbitrary assumptions to estimate type I multiple particle emis
sion branches. Me define these assumptions based on simple probability 
arguments. 

If P n and Pp represent the total numbers of neutron and proton ex-citons emitted from a particular exciton number configuration, we assume that 

Pnp = Pn pp (E^ 3) 
is the number of either type of particle emitted in coincidence with the 
other from the same nucleus and exciton hierarchy. This definition covers 
Ppn since in an emission from the same exciton number there is no distinc
tion to be made. 

We assume that the number of neutrons which are emitted in coincidence 
with another neutron from a particular exciton number configuration is given 
by 

Pnn = 2 - H < E « - 4 > 
with the fraction of the reaction cross section decaying by the emission of 
two coincident neutrons being P n n/2. The value of P n n is restricted to 
be <Pp-Pnp- Similar expressions are used for proton-proton coincident 
emissions. 

The number of neutrons (protons) emitted from the n-exciton configura
tion, which were not in coincidence with another particle, would be given by 

P n (n only) = P n-P n n- pnp' (E<>- 5 a ) 
Pp (P only) = Pp-Ppp-P n p. (Eq. 5b) 

and the fraction of the population F n which had survived decay of the 
exciton number in question would be 

F n=l.-P n(n only)-P p (p only) -Pp p/2-P n n/ 2-Pnp- (E«I- 6 ) 
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This fraction would multiply the fractional population which had sur
vived to the n exciton state, i.e., is the depletion factor multiplier. 

The treatment of multiple emission is completed by storing spectra of 
excited nuclei into the appropriate daughter nucleus buffers following the 
emission of one neutron only, one proton only, one neutron and one proton, 
two neutrons only, and two protons only. The sum of these cross sections 
plus the cross section predicted to survive to the original parent compound 
state, must equal the reaction cross section. This aspect of the calcula
tion will have very little effect on the predicted emission spectra (none on 
the precompound spectra) but will have major impact on the predicted excita
tion functions for products for which one or two neutrons or protons, or one 
n and one p are emitted in the precompound mode. We describe next the meth
od used for this last step of the precompound calculation, following which 
the evaporation calculation is performed within the code. 

Within each exciton hierarchy, we calculate the number of neutrons 
(protons) emitted in singles, in coincidence with protons, or in coincidence 
with neutrons, as the product of the nucleon numbers from Eqs. 3-5 multi
plied by the surviving population cross sections and the reaction cross sec
tions. These cross sections ([C n(C p), C n p , C n n , etc.] are defined 
in Table I. 

From the calculated total precompound neutron emission spectrum 
da n(c)/dc, the cross section which could be involved in the emission 
of two neutrons is calculated as 

>-E-B,„ dc. U ) r-H2n a v c > . 
J u=o d c °2n ~ J u = 0 dc u " ' (Eq. 7) 

where B2 n represents the sum of first and second neutron binding energies. 
Similarly the neutron cross section which could be emitted in coinci

dence with protons is given by 
/-E-B -B do (c) 

np J u = 0 dc 
where B n is the first neutron out binding energy and B p is the proton binding energy of the daughter nucleus following neutron emission. Similar 
integrals are made for the proton emission cross section which could consist 
of two coincident protons, <jpp, and of a proton in coincidence with a 
neutron o p n . The cross section available for the emission of a single 
nucleon a n(p) i s> °f course, the sum of all do(c)/dc (the integrals are 
replaced by sums since the code computes spectra at fixed energy intervals). 

For the daughter nucleus following emission of one and only one precom
pound neutron, we store 

« i -, da (c) C 
A-l.Z,... n n_ ._ Q. 

a ( U ) = ~c T ' vEq- 9 ) 

n 
where U=E-B n-e; for the daughter nucleus following the coincident emis
sion of two neutrons, we store A-2.Z,,,, d o n ( g ) Cnn/2 ,_ ... a (U) = — z , (Eq. 10) DC 0__ 
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where U=E-B2n _ £ _ < :n' 
where T n is the average kinetic energy of the second neutron for a given 
energy c of the first neutron. For the case of the daughter nucleus pro
duced by the coincident emission of a neutron and a proton, 

aA-2,Z-l = ^np_ 
2°np 

where U=E-Bn-Bp-e-"Fp(n) as previously defined, and where ^n(n) 
is the average kinetic energy of the proton (neutron) emitted in coincidence 
with a neutron (proton) of kinetic energy c. An expression analogous to 
Eq. 10 is used for the case of two proton emission. 

3. Comparisons of Different Approaches with Data 

The algorithms presented limit multiple precompound decay to two parti
cle emission. For nucleon induced reactions at energies below 200 HeV does 
not provide a serious shortcoming. The types of algorithms employed could 
be extended beyond the two particle limit, if necessary, by someone with 
greater energy. 

The calculated contributions to single vs. multiple PE decay are shown 
versus neutron energy for the system n + i a 7 I for neutrons up to 300 HeV 
in the hybrid model approach (in the geometry dependent form) [8] and for 
neutrons up to 50 MeV in the Exciton model formulation of Ref. 10 in 
Fig. 5. There is a quite reasonable agreement between these two approaches 
for the energy range of overlap. These comparisons are for a one Fermion 
gas, and for type I multiple PE decay in the hybrid model approach; type II 
decay is relatively less important. Results for a two Fermion system are 
summarized in Fig. 6. 

Tests of the algorithms for multiple PE decay must ultimately be made 
by reference to experimental data. One set of comparisons is presented in 
Fig. 7, where we have made comparisons for the reactions 2 o aHg(p,2p) and 
2° 2Hg(p,2pn) using the new multiple emission algorithms versus the older 
single precompound particle emission decay code [14]. These excitation 
functions should provide a fairly rigorous test of the multiple decay 
assumptions, as proton evaporation is very highly inhibited in nuclei of 
high atomic numbers. The proton emission yields should therefore result 
primarily from the precompound process. The earlier GDH-evaporation calcu
lation may be seen to give poor shapes for the excitation functions, and 
more signicantly to underestimate yields of the (p,2pn) and (p,2p) products 
by 3 and 5 orders of magnitude, respectively. The new algorithm gives cross 
sections to the correct order of magnitude, and of quite satisfactory 
shapes over nearly the entire energy range. It should be emphasized that 
these cross sections are only around 0.3% of the total reaction cross sec
tion, so that the fraction of the reaction cross section calculated to popu
late these yields is given surprisingly well. 

In Fig. 8, we present calculated (p.pxn) and (p,2pxn) yields from 
6 2 N i targets for incident protor energies of 80 to 164 HeV [15]. The 
relatively good agreement of the (p,p) and (p,2p) yields indicates that the 
algorithms used are quite successful in estimating the multiple yields. 
Similar comparisons are shown in Fig. 9 for the s*Ni(p,xpyn) reactions 
[15]; again the multiple decay algorithms work quite well. 

A very interesting test of multiple PE decay is the case of reactions 
following the capture of stopped negative pions. For these reactions, both 

d« n(c) 
d E 2a. 'pn 

<ioU) 
(Eq. ID 
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mass yields and nucleon spectra are available. An unusual aspect of these 
reactions is that the neutron spectra result primarily from the initial 
exciton distribution, whereas the proton spectra result primarily from decay 
of configurations following an intranuclear two-body transition. Then we 
have a good test of the contribution of higher order (than n 0) terms to 
the PE decay; in terms of the hybrid model this also means a large contribu
tion from type II PE decay. 

The reason for this result is the quasi-deuteron mechanism for stopped 
pion capture; the pion may be captured either by a pn or by a pp pair 

ir"+p+n -» n+n ir~+p+p •» n+p . (Eq. 12) 
The ratio of these reactions becomes a parameter to determine from the emit
ted nucleon spectra; results indicate that the first reaction dominates, 
consistent with the observation that the np interaction is stronger than the 
pp interaction. 

In Fig. 10-12, we show calculated and experimental neutron spectra 
following stopped pion capture [16,17], and in Figs. 13-15 [18-21], we show 
proton spectra. In Figs. 16 and 17, we show the neutron and proton spectra 
from a l 2 C target divided into type I and type II precompound decay. We 
see that the different slopes of the neutron and proton spectra are given 
quite nicely by the hybrid model, reflecting the contributions of first vs. 
higher order (for protons) contributions. Me see also that the type II con
tributions are important to the total proton spectrum, and that the multiple 
decay (I+II) contributions dominate the proton spectra. The success in re
producing these proton data so well is strong evidence in support of the 
algorithms adopted for treating multiple PE decay in the framework of the 
hybrid model. Detailed results for the division of single and multiple PE 
decay for nine targets between l 2 C and J o a P b (following *~ capture) are 
tabulated in Ref. 22. 

In Figs. 18-20, we show calculated and experimental yields following 
stopped IT" capture by 2 0 , B i , 1 9 7 A u and 1 B 1 T a [23,24]. The generally good 
agreement in both the xn and pxn channels, once more supports the validity 
of the algorithms adopted, testing both type I (xn channels) and type II 
decay (pxn channels). 
4. Conclusions 

The Exciton PE model offers a precise normalization for considering 
multiple PE decay processes. There are, however, unanswered questions about 
the consistency of rates and partial state densities used in some formula
tions. It is important to compare results of exciton model codes with 
experimental results for which multiple PE decay is important. To the 
authors knowledge, this has not yet been done. 

The hybrid model is decidedly less satisfactory for treating multiple 
PE decay than is possible in principle using the Exciton model normaliza
tion. Intuitive statistical arguments were made to estimate the contribu
tions of exclusive reactions involving multiple PE decay. These algorithms 
have been tested against a very broad range of experimental results which 
are sensitive to the correctness of these algorithms, with quite satisfac
tory results. Similar comparisons are needed for Exciton formulations be
fore reaching conclusions on that approach, which could offer a preferable 
alternative if the same predictive power were shown to be present. 
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Figure ? Diagrammatic representation of the Exciton 
model. A change in exciton configuration occurs when 
any member of the hierarchy either emits a particle 
Dr makes a two body transition. If a nucleon of 
energy £ is emitted, the daughter nucleus of one 
fewer particle at excitation U may be put into an 
ensemble to treat secondary PE decay. 

Figure 1 Diagrammatic representation of the Intra
nuclear cascade calculation. Each projectile-target 
interaction is individually followed so that each 
reaction is treated on an exclusive basis. 
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Figure 3 Diagrammatic representation of type I and 
type II multiple precompound decay processes. This 
figure is supplemented by the discussion in the text. 
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Figure 4 Number of particle excitons at excitations 
greater than 8 Mev above the Fermi energy versus com
posite nucleus excitation and particle exciton num
ber. The heavy solid curve is for a 2plh configura
tion, the dotted-dashed curve is for 3p2h, and the 
dashed curve is for 4p3h. The thin solid curve is 
for a 2p2h configuration which would be relevant for 
type II multiple precompound decay as discussed in 
the text. 
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Figure 5 Calculated PE emission for one and only 
one, two and only two particles, vs. incident neutron 
energy for n + x a , I . These results are for a one 
component Fermi gas. The upper scale gives one minus 
the fraction of the reaction cross section surviving 
to the compound nucleus. The solid line is the 
result of the GDH model calculation. The open 
circles represent one minus the sum of first plus 
second chance PE emission from the Exciton model as 
reported in Ref. 10. The lower scale gives one 
particle emission (solid line) and two particle emis
sion (dashed) in mb as predicted by the hyr id model. 
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Figure 6 As in Fig. 5, for a two component Fermi 
gas. The solid curve gives the reaction cross sec
tion versus incident neutron energy (abscissa). 
Other curves give the excitation functions for emis
sion of one neutron only, two neutrons only, etc. 
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Figure 7 Calculated and experimental 3"Hg(p.2p) 
and (p,2pn) excitation functions. The points repre
sent experimental yields from Ref. 14. The long 
dashed curve is the (p,2pn) prediction of this work, 
and the solid line the {p,2p) result. Multiple pre-
compound decay algorithms are used in these results. 
The dotted-dashed curve is the GDH result (xlO*) 
for (p,2p) from the precompound formulation without 
multiple precompound decay, and the short dashed 
curve is the same (x!0 a) for the (p,2pn) reaction. 
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Figure 8 Calculated and experimental yield*: from 
TOO and 136 HeV proton bombardment of ••Hi. 
Experimental points are from Ref. 15. The calcul.itiJd 
GDH model results have been connected by solid line 
segments. The dashed line is the result when the 
equilibrium level density parameter is varied from 
A/9 to A/12. 
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Fiqure 9 Experimental and calculated product yields 
from 80-164 MeV proton bombardment of * aN1. 
Points and lines are as In Fig. B. 
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spectra following the capture of stopped pions on Cu 
a'AI, and " 0 . Data are from Ref. 16. The 
calculated result 1s for the hybrid model with 1.90 
primary neutron excitons and 0.10 proton excitons. 
Other details of the calculation are given in the 
text. The arrows indicate the thermodynamic end 
points for the spectra. 
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Figure 12 Calculated and experimental l»*Au(ir~ 
spectra. Experimental results are from Ref. U 
solid curve is as in Fig. 10. The dotted curve 
calculated for capture in nuclear matter for wh 
maximum energy per hole is 10 MeV, assuming 1.9 
tron and 0.05 proton excitons following n" capt 
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Figure 13 Calculated and experimental l lC(«~,xp) 
spectra. Experimental results are from Refs. 1B-20. 
Results of the hybrid model calculation (with maximum 
hole depth of 30 MeV) due to different initial proton 
exciton numbers are shown. A result with maximum 
hole depth of 10 MeV is also shown. 

Figure 15 Calculated and experimental '•Co(«",xp) 
and 1 1 7Au(w",xp) spectra. Experimental results are 
from Ref. 19. The solid line is the result of the 
calculation described in Fig. 10. Different initial 
proton exciton numbers are used for the dotted and 
dashed curves, maintaining the 30 MeV maximum hole 
depth. The dotted-dashed curve assumes 0.05 initial 
proton excitons, and a maximum hole depth of 10 MeV. 

100 130 
„ (M .V I 

Figure U Experimental and calculated "Cafw' .xp) 
spectra. Experimental results are from Refs. 20 and 
21. Calculations are as in Fig. 10, plus a result in 
which the I n i t i a l proton exciton number is reduced to 
0.05. 
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Figure 16 Contr ibut ions to the calculated l i C(«~ ,xn ) 
spectrum from several components. Results are as 
described f o r F i g . 17. 
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Figure 17 Cont r ibut ions to calculated , 3 C ( i t - , x p ) 
spectrum due to several components. The dot ted l i n e 
represents the primary (n=3) proton spec t rum, ' Inc lud
ing type I m u l t i p l e precompound decay. The dashed 
l ine represents con t r ibu t ions from a l l precompound 
decay terms (n-3 to n) Including type I m u l t i p l e 
decay. The dotted-dashed curve represents only the 
con t r ibu t ion of type I I mu l t ip le precompound decay. 
The so l i d Hne gives the su-m of type I ( t o t a l ) plus 
type I I precompound decay. No equ i l i b r i um component 
has bpen added t o these spectra. Calcu lat ions were 
performed fo r the parameters used in F ig . 10. 

10 

W -

' * * / 

ir-/fX ^Tx -
1 A 

•I / 
1 / 
1 1 

' ' / \ "" 
' / 

/ 7 1 8 1 Ta(7 r -
/- / 

xpyn) 
• ^ 

/ • xn 
{ *Pxn 
± 

1, 

0.1 

- It ^ 
-1/ 1 ^ ̂ \ * 
- ijji 1 9 7 AU(TT" , xn; pxn) 
" | f * x n ~ 

" '/ . 1 p x n -

0.1 

0.01 
168 172 176 

Mass number 

Figure 18 Calculated and experimental j«" ,x - i ) and 
(ir",pxn) y ie lds f o r stopped pions on 1 B M a . 
Experimental r esu l t s are from Ref. 23. The s o l i d l i n e 
1s the in t ranuc lea r cascade resu l t reported 1n Ref. 
23. The dashed U n e i s fo r an emission spectrum mul
t i p l i e d by 2.4 x exp - [ ( / F - 5 . 5 ) J / 1 6 ] . The dot ted 
curve is fo r t f=10 HeV, 1.95n, 0.05p. 

10 

I, 
184 188 192 

Mass number 

Figure 19 Calculated and experimental («~,xn) and 
(o",pxn) yields for stopped pions on '"Au. 
Experimental yields are from Ref. 24. Calculated 
results given by the dotted and dashed lines are as 
in Fig. IB. The solid line represents a calculation 
with 1.95n and 0.05p (primary) and with the maximum 
hole depth of 5 HeV (10 HeV maximum for the hole pair 
assumed 1n the 2plh primary excitation). 
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Figure ZO Calculated and experimental («",.<n) and 
(IT",pxn) y ie lds f o r stopped pions on 3 °»Bt . 
Experimental r esu l t s (points wi th er ror bars) are 
from Ref. 24. Calculated points have been connected 
by l ine segments. The dotted l i ne resul ts fror. the 
parameters (Ef=10, 1.95n, 0.05p). The dashed l i n e 
results from the parameters g iv ing the dashed l i n e 
y ie lds in F ig . I S . 


