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ABSTRACT 
The formulations used for precompound decay models are presented and 

explained in terms of the physics of the intranuclear cascade model. Several 
features of spectra of medium energy (10-1000 MeV) reactions are summarized. 
Results of precompound plus evaporation calculations from the code ALICE are 
compared with a wide body of proton, alpha, and heavy ion induced reaction data 
to illustrate both the power and deficiencies of predicting yields of these 
reactions in the medium energy regime. 

I. INTRODUCTION 
We have heard a part of the range of experimental data for medium energy 

charged particle induced reactions during the preceding part of this symposium. 
Experiments are expensive to perform, there is a limited manpower pool and 
budget with which to do them and there is a limit to the capabilities of 
existing accelerators. The range of reaction data which we may need in terms 
of target and projectile charge, mass, and energy is vast, and some data 
requirei are for unstable target isotopes. For these reasons we need theories, 
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models, or systematics with which we may confidently predict necessary 

properties. The experimental data base is essential in order to test the 

various 'predictive' approaches so that we may estimate the confidence limits 

which should be placed on other than experimentally determined values. 

Guidance on this subject also comes from the evaluation process. 

In this presentation we will primarily be interested in yields and 

excitation functions, and in single differential spectra, do/dc; double 
2 differential spectra d o/dcde, will be mentioned briefly, largely as an 

introduction to later talks which will cover this topic in greater depth. We 

will first consider three main mechanisms which are present in reactions in the 

regime under discussion. The regime of principal interest will be described 

and the main elements of physics used to treat this phenomenon will be 

summarized. A qualitative discussion as to the incorporation of this 'physics' 

into the intranuclear cascade model (INC) and into precompound/exciton models 
2 (PE) will be presented, as well as the rather straightforward quantitative 

formulation of the latter. Then representative comparisons will be shown for 

calculated excitation functions, emission spectra and angular distributions 

with experimental results. 

2. ASPECTS OF MEDIUM ENERGY REACTIONS 
54 In Fig. 1 we see Fe(p.p') spectra at a single angle of observation for 

3 three different incident proton energies. At the highest exit energies we see 

population of discrete low lying levels by single step direct processes. These 

are best treated theoretically by direct reaction theory such as DWBA; as 

incident energies increase the fractional yield due to these processes 

decrease, and we will not consider them further in this presentation. 
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At the low energy end of the spectra one sees the evaporation component; 
4 this is understood in terms of equilibrium thermodynamics using a Weisskopf or 

Hauser-Feshbach evaporation theory. Results to be presented will include this 
4 component; however since the theory is more than half a century old and well 

established, we will not discuss it. 
Between the two components just described is a continuum contribution 

which is intermediate in both lifetime and energy, though it is more a part of 
the direct reaction category. As the incident energy increases, it may be seen 
that this becomes the dominant component of the reaction cross section; to be 
able to predict yields we must be able to accurately predict this intermediate 
component, which is treated either by the INC or by PE models, which we briefly 
describe in Section 3. 

3. MODEL BASIS AND FORMULATIONS 
The INC and PE models used for the medium energy reaction regime assume 

that nucleons collide pairwise with rates and angular distributions given by 
the measured free nucleon-nucleon scattering for results. These are mediated 
for intranuclear scattering by applying an estimate of Pauli exclusion for 
prohibiting scattering into occupied levels, and by the consideration that the 
nucleons of the target nucleus have a Fermi momentum distribution which 
broadens the range of energies of nucleon-nucleon collisions. 

In the intranuclear cascade model, classical nucleon trajectories are 
followed for the reaction as shown schematically in Fig. 2. The N-N cross 
sections define a mean free path, and this is used to select a collision point. 
An energy transfer is selected based on free N-N scattering results, tests of 
occupation of final states are applied (Pauli exclusion) and if the collision 
is allowed the fate of both nucleons is followed until the INC transport shows 
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that the nucleons have either reached the nuclear surface and escaped, or that 

all nucleons have fallen below some arbitrary low energy cutoff. Because a 

vast number of paths may result, the transport is generally followed using a 

random number generator, hence the name often applied is 'Monte Carlo 1 cascade 

model. These cascades are followed in three dimensions, results are exclusive, 

and angular distributions for ejected nucleons are naturally produced as a part 

of the calculation. 

A great simplification is possible over the INC approach if we look only 

at the partition in energy that results when there is a nucleon-nucleon 

scattering process. This approach, the exciton model, which was originally 
2 

suggested by Griffin, is shown schematica^y in Fig. 3, showing a hierarchy of 

configurations following one, two, or three N-N scattering events. One may use 

simple statistical formulas, or partial state densities, to calculate the 

number of equally likely energy partitions for each hierarchy based on number 

of scattering events. Ericson gave this distribution as 
p p h ( E ) = g(gE) n" 1/(p! h!(n - 1)!) (1) 

where p,h are the number of excited particles above the Fermi energy or holes 

below it, n = p «• h, and g is the number of single particle levels/MeV. 

Griffin's work gave a prescription for calculating the shape of the PE 

spectrum. A formula to calculate absolute differential cross sections was 

presented by Blann, 

Xr(c) 
— °n ( 2 ) 

\(c) + \l(c)\ 
where o. is the reaction cross section, n is the initial particle-hole R • o 

number, n the equilibrium value, E is the composite nucleus excitation, c the 
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channel energy, 8 the binding energy of particle v, \ (c) is the rate of 

emission into the continuum of an unbound particle of energy e (calculated from 

time reversal), \ (e) is the rate at which the same particle undergoes two body 

scattering with bound nucleons, and 0 is a depletion factor for the population 

surviving to the exciton state being summed. Otherwise stated, the quotient in 

the first set of brackets gives the number of excitons of type « in the energy 

interval e to c + dc, and the quotient in the second set of brackets gives the 

fraction of those nucleons which are emitted rather than undergoing additional 

two body scattering. This formula is easily evaluated on a pocket calculator. 

Other equally successful variations of the model were subsequently put 

forth, and they are doubtless every bit as useful. However, all results to be 

presented herein will be the result of the hybrid model (or its density 

dependent version, the GDH model) essentially with the parameters from the 

original works of 1971 and 1972. 

4. RESULTS AND DISCUSSION 

In Fig. 4 we show comparisons of experimental (p,n) spectra on Pd, 
109 108 107 

Pd, Pd and Ag targets at incident proton energies of 18, 22, 24 and 25 
8 9 MeV, with experimental results due to Grimes et al. ' In Fig. 5 we compare 

209 90 calculated results with (p,n) and p.p') experimental spectra on Bi and Zn 
10 targets. Similarly good agreement has been achieved for incident proton 

energies up to 160 MeV, and satisfactory results have been reported by 
12 Pearlstein at yet higher energies. Tests of the model for exclusive reactions 

13 
are shown in the comparison of excitation functions in Figs. 6 and 7. The 

14 hybrid plus evaporation models contained in the ALICE code do a quite 

satisfactory job of reproducing these proton induced reaction data. We may 

next ask how well reactions produced by other projectiles are reproduced. 
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In Fig. 8 we compare calculated and measured (a,p) spectra, and in Fig. 9 

we compare excitation functions of a induced reactions. . Once more, the 

modeled results give quite satisfactory agreement with experimental spectra and 

yields. In Fig. 10 we compare precompound spectra from several heavy ion 

induced reactions with experimental results finding excellent agreement even 
12 20 17-19 

for C and Ne induced reactions. Similar success has been found also 

for Ar induced reactions. Finally in Figs. 11 and 12 we show neutron 

spectra and product yields following the capture of stopped pions. Again the 

model does an excellent job of reproducing experimental yields, as it does 

also for photo nuclear reactions, tested so far for photon energies up to H O 

MeV. 

Thus far we have said nothing about angular distributions in the hybrid/ 

exciton model approach; a result of such a calculation is shown in Fig. 13. 

Since the model is one of successive N-N scattering events, the angular 

distribution should be given by 'folding' the angular distribution of a nucleon 

scattering from a Fermi gas for each successive scattering event. This 

approach, basically one suggested by Goldberger and by Kawai and Hayakawa, 

generally is satisfactory up to angles jround 90°; beyond this angle semi-

classical approaches fail as a predictive tool, and one must either use 

systematics or quantal theory to describe the angular distributions. Experts 

in both areas will mahe presentations within this symposium, so that no more 

will be said on this topic in this presentation. 

5. CONCLUSIONS 

While there is no substitute for good experimental data, good predictive 

results may be obtained for a very broad range of nuclear reactions using the 

hybrid PE plus evaporation models. For incident nucleon energies above 100 or 

-6-



£00 HeV, the INC plus evaporation models are frequently applied for predictive 

applications. These codes are used in technology in conjunction with transport 

codes in order to follow the slowing down of particles due to electronic and 

nuclear stopping processes, and due to secondary nuclear reactions. Other 

presentations at this symposium wi11 give some additional insights into these 

transport codes. 

Work performed under the auspices of the U.S. Department of Energy by the 

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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FIGURE CAPTIONS 
54 Fig. 1 Inelastic Fe(p.p') spectra at 35° for three incident proton 

energies. 

Fig. 2 Representation of intranuclear cascade reactions in which 1 (only), 

2, or 3 nucleons are emitted following nucleon-nucleon collision 

processes. 

Fig. 3 Representation of the equilibration process as formulated in the 

exciton model. Successive two-body interactions are indicated with 

some fraction of each exciton hierarchy having unbound particles. 

Fig. 4 Calculated and experimental (8, 9) (p, n) spectra on targets of 
110,108 p d a n d 109.107 A g a t 1 8 > 2 2 a n ( ] 2 5 H e V i n c i d e n t p r o t o n energy. 

Dotted lines are the equilibrium contributions. The solid line is 

the equilibrium plus hybrid model result, the dot-dash line 

represents equilibrium plus geometry dependent hybrid model result. 

Horizontal bars are experimental results. 
20'j Fig. 5 Calculated ami experimental (p, p') and (p, n) spectra from Bi and 

90 

Ir targets for 90 HeV incident protons. Solid lines are results of 

equilibrium plus geometry dependent hybrid model; dashed lines 

represent hybrid model results. 

Fig. 6 Calculated (ALICE) and experimental excitation functions for proton 

induced reactions on natural vanadium. These results are from Ref. 

13. The k and n values refer to ALICE precompoum1 parameters. The 

default values are k = 2, n Q = 3 (1.21, 0.79, 1). 55 59 Fig. 7 As in Fig. 6 for reaction on Mn and Co targets. 93 Fig. 8 Calculated and experimental («, p) spectra for the Nb(a, p) reaction 

at incident energies of 30, 42 and 55 HeV. Data are from Ref. 15. 
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Fig. 9 Experimental and hybrid/evaporation model calculations for 
1 Ql 

Ta(a, xn) excitation functions. Data are from Ref. 16. 

Calculated results are given by solid lines. 

Fig. 10a Upper: Neutron spectra from the reaction Ne + Ho at 220 and 292 

HeV beam energy- The open triangles and closed circles represent 

evaporation residue and fission fragment gated spectra from Ref. 18. 

Fig. 10b The dotted curve is the hybrid and evaporation model result from 

code ALICE, and the solid curve is the result of the Bolt7.r;>ann 
12 master equation. Lower: For the reaction of 300 HeV C with 

165 
Ho. Data are from Ref. 19. Calculated resu l ts are from Ref. 

197 

Fig. 11 Calculated and experimental Au(ir , xn) spectra. Experimental 

results are from Ref. 21. The solid curve is calculated for 1.9 

neutrons and a Fermi energy of 20 HeV. The dotted curve is calculated 

for capture in nuclear matter for which maximum energy per hole is 10 

HeV, assuming 1.95 neutron and 0.05 proton excitons following ir 

capture. 

Fig. 12 Calculated and experimental (ir , xn) and (ir , pxn) yields for stopped 
197 pions on Au. Experimental yields are from Ref. 22. The solid line 

represents a calculation with 1.95 n and 0.05 p (primary) and with 

the maximum hole depth of 5 HeV (10 MeV maximum for the hole pair 

assumed in the 2 plh primary excitation). The dashed line is for an 
.2, emission spectrum multiplied by 2 4 x exp - [(•£ - 5.5) /16]. The 

dotted curve is for 5 = 10 HeV, 1.95 n, 0.05 p. 
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Fig. 13. Calculated and experimental angular distributions for Zr(p, n) at 
25 MeV incident energy and 9 and 14 HeV neutron emission enercy. 
Calculated histograms use the Goldberger N-N scattering approach 
(dot-dash line) and the latter plus a Snell's law refraction. This 
figure is from Ref. 23. 
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