
Z. Phys. A - Atomic Nuclei 333, 45-56 (1989) 
Zeitschrift for Physik A 

Atomic Nuclei 
�9 Springer-Verlag 1989 

Analysis of Excitation Functions from Light Ion Induced Reactions 
in the EXCLUSIVE INDEX Model* 

J. Ernst, W. Friedland**, and H. Stockhorst 
Institut ffir Strahlen- und Kernphysik der Universit~t Bonn, 
Federal Republic of Germany 

Received September 26, 1987; revised version December 20, 1988 

The previously introduced EXCLUSIVE INDEX model allows to predict the population 
of 6 residual nuclei including the primary compound nucleus through two stages of 
the preequilibrium phase. The present version is limited to maximum two-nucleon emis- 
sion. The preequilibrium ejectiles may reduce the brought-in rotational energy by a 
model of maximum angular momentum decoupling. Subsequent evaporation of protons, 
neutrons and e-particles is treated in the frame of the Weisskopf-Ewing and s-wave 
approximation considering pairing effects only in compound nucleus state densities. The 
sensitivity of essential preequilibrium parameters on the shape of calculated excitation 
functions is tested. The model predictions well compare to excitation functions from 
p, d, 3He and 4He induced reactions including the large set from the reaction 93Nb(4He, 
x n  y p )  up to 170 MeV bombarding energy. The general importance of two-nucleon pre- 
equilibrium emission is accentuated in several examples. The deduced preequilibrium 
parameters corroborate the results from the INDEX model analysis of nucleon spectra. 

PACS- 24.60.Dr; 24.60.Gv; 25.40.-h; 25.45.-z; 25.55.-e; 25.70.Gh 

1. Introduction 

In a recently published paper 1-1] we have developed 
a detailed precompound model of i n d e p e n d e n t l y  in- 
teracting excitons (INDEX model) resuming the basic 
ideas of a previous investigation [2]. Here, we may 
only recall the basic statistics of the INDEX model 
1-3, 4]; the n excitons of any stage, i.e. p particles 
and h holes, which are not emitted undergo two-body 
collisions and create further particle-hole pairs inde- 
pendently from each other. Thus the energy of an 
exciton is redistributed on three excitons of the fol- 
lowing stage. The total number of excitons increases 
from stage/~ to stage #+  1 by a factor of three neglect- 
ing particle emission (n(,+ 1)= 3 n(u)). The proliferation 
of particles and holes is given by the recurrence rela- 
tions p(~ + a ) = 2 p(u) + ho,) and h~u + ~ ) = p(u) + 2 h(~ ). At 
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the one hand this preequilibrium model is capable 
to predict inclusive proton and neutron spectra (IN- 
CLUSIVE INDEX model) comprising multi-nucleon 
preequilibrium emission up to any order of practical 
importance. With some restricting assumptions, on 
the other hand, a second version of the model allows 
to determine exclusive nucleon spectra being needed, 
e.g. for calculating residual nucleus excitation func- 
tions (EXCLUSIVE INDEX model). 

In a subsequent investigation I-5] we have com- 
pared and inter-compared both versions of the IN- 
DEX model to inclusive nucleon spectra from p-, e- 
and stopped ~z--induced reactions up to 170 MeV ini- 
tial energy. The theme of the present study is a rigor- 
ous test of the predictive power of the EXCLUSIVE 
INDEX model regarding excitation functions from 
light ion induced reactions. 

Residual nucleus excitation functions naturally 
cover a wide range of bombarding energies. Hence, 
they complement the knowledge gained from the 
study of inclusive particle spectra and supply valuable 
information on the division of the total reaction cross 
section into specific exit channels. 
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These are characterized by the number of protons 
and neutrons which have been emitted from the com- 
posite system of target and projectile. In [-1, 4] we 
have outlined the new and powerful method for com- 
puting the exclusive reaction probability to populate 
an arbitrary energy bin of a certain residual nucleus. 
The actual code [-6] is capable of computing excita- 
tion functions including the preequilibrium emission 
(PE) of up to two nucleons in two stages. The formal- 
ism comprises 15 principal paths to attain nuclear 
equilibrium. One leads to the compound nucleus of 
the initial projectile-target system while the other 14 
lead to the 5 residual nuclei which can be reached 
by PE emission of one or two nucleons. E.g., the resid- 
ual nucleus with AZ= 1 and AN= 1 can be reached 
via four different paths: Proton-neutron emission 
from the first and second PE stage and two cascades 
with a proton (neutron) being emitted from the first 
PE stage followed by a neutron (proton) from the 
second one. 

In Sect. 2 we recall the important  input parame- 
ters of the EXCLUSIVE I N D E X  model including 
the option of angular momentum decoupling in pre- 
equilibrium emission which gets important  for heavier 
projectiles. In Sect. 3 we sketch the formalism under- 
lying the subsequent compound nucleus (CN) decay 
chain calculations. Here, one may account for effects 
of the brought-in rotational energy in the frame of 
the s-wave approximation [7], The latter is a special 
case of a more generalized approximation treating 
average angular momentum decoupling in CN evapo- 
ration which we introduce in the appendix. The com- 
parison of EXCLUSIVE I N D E X  model predictions 
with excitation functions from light ion induced reac- 
tions is the main theme of Sect. 4. The conclusions 
drawn from the present investigation are summarized 
in the last section. 

blocking of available final states. Hence, they strongly 
influence the continuum escape probability of an exci- 
ton particle. The overall strength of calculated PE 
emission spectra and excitation functions can be ad- 
justed by the empirical "mean-free-path" multiplier 
kUF P which is usually __> 1 and reduces the rate of 
nucleon-nucleon collisions in nuclear matter. 

2.2. The Set of Initial Exciton Numbers 

The shape of spectra and excitation functions are very 
sensitive to the initial exciton number no which is 
the sum of p particles and h holes. With the indices 
rc indicating protons and v neutrons the total set of 
initial exeiton numbers is written no(p~ , p~) with h =  
n o-p~-p~.  These numbers need not to be integers 
so that a continuous averaging between succeeding 
integers is possible. Our standard choice, n o =Aproj" 
+ 2, is in accordance with the idea that the projectile 
dissolves into its constituent nucleons following the 
first p - h  excitation of the target nucleus. The well 
known free nucleon-nucleon scattering cross section 
relation [8], namely ap,: apv: a , , = 3 : l  :1 is assumed 
to hold throughout  the nuclear equilibration. It enters 
into the calculation of the particle numbers p~ and 
p~ of the first and second PE stage thereby determin- 
ing the relative strength of proton and neutron exci- 
ton distributions [-1, 4]. Since we do not specify the 
charge of holes a first stage hole creates second stage 
particles of type ~ or v with equal probability. The 
neglect of the finite hole depth E v in the evaluation 
of exciton distributions can be compensated by an 
appropriate reduction of the initial hole number h, 
and hence of no, as well as by increasing the value 
of kMvp (cf. Sect. 2.1). 

2. Important Parameters Determining 
Preequilibrium Emission 

2.1. The Fermi Energy and Related Parameters 

In the I N D E X  model particles and holes occupy 
available s.p. states of a Fermi gas. At the Fermi level, 
the s.p. state density g is related to the Fermi energy 
E F according to E v = 1.5 A/g holding for nuclei with 
Z ~ N. Our preferred choice is g = A/13.3 MeV-1 cor- 
responding to a maximum hole depth of E F 

= 20 MeV. For  simplicity we assume that g is con- 
stant. These Fermi gas parameters have to be used 
in a consistent fashion. They determine the nuclear 
density and influence the velocity of particles inside 
the nuclear medium as well as the amount  of Pauli 

2.3. Angular Momentum Effects 

For  heavier projectiles, typically with Z____ 2, angular 
momentum effects in PE processes have to be consid- 
ered. In [5] we have introduced a simple model in 
which part (Lout) of the brought-in angular momen- 
tum Lin is removed from the system by one or two 
fast PE particles assuming maximum angular momen- 
tum decoupling [9]. It is assumed that the remaining 
rotational energy Erot(Lin-Lout, Z' ,N',  U') is not 
available for PE emission and subsequent CN evapo- 
rations. Hence, this rotational energy may be sub- 
tracted from the excitation U' of the intermediate nu- 
clei following PE emission. This option is used togeth- 
er with the s-wave approximation for CN emission 
of particles (see below). 
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3. Important Parameters Determining 
Equilibrium Emission 

For the evaporation part of the code INDEX [6] 
the code OVERLAID ALICE [10] is employed with 
the few modifications as mentioned below. 

3.1. Standard Options for Target 
and Projectile Parameters 

The total reaction cross sections for 3He and 4He 
projectiles were calculated from the the parabolic bar- 
rier approximation E11] while for protons and deuter- 
ons the inbuilt optical model subroutines were used 
(for details see [103). The latter also provided the 
inverse cross sections for neutrons, protons and 4He 
particles in the exit channels. Since the inclusion of 
neither d, t and 3He evaporation particles nor of fis- 
sion had noticable effects on calculated excitation 
functions for nuclei 89 < A < 209 these optional decay 
modes [3, 6, 10] were neglected throughout. All bind- 
ing energies were deduced from inbuilt experimental 
mass tables [12, 13]. 

3.2. Level Density Options 

Effective residual nucleus level densities at total exci- 
tation energy U' are calculated by 

peff ( U ' )  = ( U *  -~- A) r exp {2 Ea(U* + A)] 1/2} (1) 

A 'soft pairing' correction [143 

A = 12n,/A 1/2 (2) 

is usually employed where nu is the number of un- 
paired protons and neutrons in the nucleus. The posi- 
tive pairing correction A avoids an effective change 
of thresholds which occurs in the more common form. 
There A gets negative for even and odd nuclei and 
is zero for doubly-odd ones. The equivalence U'-- U* 
together with an exponent r = -  5/4 is valid for the 
Weisskopf-Ewing approximation [15] while r = - 2  
holds for spin-dependent level densities [14]. For cal- 
culating effective excitation energies U* the remaining 
rotational energy has to be subtracted from the total 
excitation energy U'. For the sake of a quite general 
formulation we write 

U *  = U ' -  Erot(Jeff(x , 8, J ) )  (3) 

where J'ef(x, ~, J) has the meaning of a suitably chosen 
average total spin of the residual nucleus being 
formed by the emission of particle x with kinetic ener- 

gy 8 x from the preceding compound nucleus of total 
spin J. As outlined in the Appendix this ansatz allows 
to retain the practical features of the Weisskopf-Ew- 
ing approximation, i.e. the use of inverse cross sec- 
tions instead of summing over angular momentum 
and channel spin dependent transmission coefficients. 
This latter Hauser-Feshbach approach [16] is rather 
prohibitive for computing long evaporation cascades. 
In the present paper we use the most simple approach, 
the s-wave approximation [7]: 

Erot(J'ff(x, 8, J))= Erot(J ) = J ( J +  1) h2/20 (4) 

where 0 is the moment of inertia of the emitting 
CN. N.B., the assumption J'ff = J only means that on 
average the residual nucleus keeps the spin J of the 
parent CN. Thus, the usual name "s-wave approxima- 
tion" is somewhat misleading (see Appendix). It fol- 
lows that the original rotational energy of the primary 
compound nucleus, or the left-over rotational energy 
in the intermediary nuclei following PE emission is 
frozen-in and can be subtracted from the available 
excitation energy. Then, one may easily integrate over 
the incoming partial waves contributing to different 
bins of the effective excitation energy - a procedure 
considerably simplifying the calculations of subse- 
quent CN cascades [10]. 

3.3. Parameter Choice 

Since many parameters enter into the INDEX model 
calculations a very large number of different input 
options can be selected. In order to allow for a reason- 
able comparison of theory and experiment, however, 
we keep fixed the relevant parameters as much as 
possible. Regarding the projectile and target depen- 
dence of evaporation cascades two exceptions from 
this ' rule' are made: 

a) While for proton and deuteron induced reac- 
tions the Weisskopf-Ewing approximation is applied, 
the s-wave approximation is used for 3He and 4He 
induced reactions together with angular momentum 
decoupling in the PE emission of nucleons (see above). 
The rotational energies were calculated from the mo- 
ments of inertia due to the liquid drop model [17]. 
Figure 7b illustrates the differences resulting from 
both approaches. 

b) To keep the code managable the level density 
parameter a is taken to be the same for all residual 
nuclei which is a rather drastic assumption. By vary- 
ing this global parameter the shape of evaporation 
spectra, and even more important the relative flux 
into proton and neutron channels can be adjusted. 
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For  target nuclei A ___ 93 we took the standard value 
a=A/8  while for nuclei A___181 we found a=A/13 
to be a better choice. 

4. Comparison of Calculated 
and Measured Excitation Functions 

4.1. General Dependence on Preequilibrium 
Model Parameters 

The general sensitivity of the shape and height of exci- 
tation functions on the parameters no, EF and kMFp 
is demonstrated in Fig. 1. The 5 excitation functions 
of the reaction 93Nb(4He, xn yp) with y = 0 ,  1, 2, 4 
and 6 and x + y = 3 ,  4, 7, 11 and 15, respectively, give 
examples for small, medium and large numbers of 
removed protons and neutrons. In the experiment 
[18] the corresponding residual nuclei could be well 
separated from neighbouring feeding isobars thus rep- 
resenting a valuable sample for theoretical compari- 
sons (cf. Figs. 8-12 in Subsect. 4.5). The figure comple- 
ments Fig. 5 in [1] where the division of the total 
reaction flux into CN formation, and one- and two- 
nucleon emission was studied for different values of 
no, kMv P and E v. The purely theoretical predictions 

10 100 150 50 100 150 
Ect[MeV] 

Fig. 1A-D.  Calculated excitation functions of the reaction 
9SNb(4He, xn yp) with (y/x +y) as indicated in the figure. A, B and 
C show the effect of  varying the parameters no, kMFp and Er ,  respec- 
tively, while keeping fixed the other quantities of  the s tandard ver- 
sion (no = 6, EF = 20 MeV, kuFp = 2). D compares different parameter  
sets of  Table 1 which fit the data  about  equally well 
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Table 1. Different sets of input parameters used in the analysis of 
the 181Ta, 93Nb(4He, xn yp) reaction 

=[t- nO (Pv, P~) kMFP E F(MeV) 

(1) 6(2.5, 2.5) 2 20 
(2) 5(2.5, 2.5) 2 20 
(3) 6(2.5, 2.5) 1 20 
(4) 6(2.5, 2.5) 4 20 
(5) 6(2.5, 2,5) 2 40 
(6) 6(2.5, 2.5) 1 40 
(7) 5(2.5, 2.5) i 40 

in Fig. 1 base on the sets of input parameters listed 
in Table 1. 

Figure 1 A proves that a variation of n o mostly 
affects the shape of excitation functions with zero or 
one emitted proton. The variation of the parameter 
kMF v mainly influences the height of the predicted 
yields. While in Fig. 1 B the assumption of a long 
mean free path (kMFV = 4) increases the yield for residu- 
al nuclei with AA__<7, at the same time the reaction 
flux into nuclei with AA > 7 is strongly reduced. The 
increase of E F in Fig. 1 C has similar but less pro- 
nounced effects. At bombarding energies below 
140 MeV the PE emission is somewhat stronger for 
E F = 40 MeV than for E v = 20 MeV so that generally 
less flux is available for multi-nucleon evaporation. 
Figure 1 D shows the sets which - depending on AA 
- best describe the measured excitation functions. As 
can be learned from comparing set (1) and (6) an in- 
crease of the finite hole depth E F by a factor of 2 
is practically compensated by a corresponding de- 
crease of kMF P. The same is true for the calculations 
(7) in Fig. 1 D and (2) in Fig. 1 A. This fact corrobo- 
rates our conclusions on the parameter dependence 
of the particle escape probability in Sect. 5.1. of [-1]. 
On the whole, it is found that the input parameter 
sets (1), (2), (6) and (7) are about equivalent for AA > 7 
while the smaller value of no = 5 in set (2) and (7) 
leads to higher tails of the (4He, x n) and (4He, p x n) 
excitation functions. 

4.2. Comparison with Proton Induced Reactions 

Figures 2-4 show a comparison of IN D EX  model cal- 
culations with excitation functions from the (p, x n) 
and (p, p'xn) reactions on 89y [19] and 2~ [-20] 
(cf. [-5] for the corresponding analysis of p-spectra 
at E v-- 62 MeV). The use of the ' s tandard '  values for 
E F = 20 MeV, kMr P = 4 and n o = 2.5 give the best agree- 
ment with the experimental data. Smaller values of 
kMvp generally result in higher maxima in the (p, xn) 
and (p, p'xn) excitation functions together with lower 
yields in the corresponding tails. For  89y we use a 
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Fig. 2. sgy(p,  xn) and 89y(p, p'xn) excitation functions in compari- 
son with INDEX model predictions. Thick curves: experiments 
[19]; thin curves: calculations with no = 2.5(0.67, 1.33), kMFp = 4 and 
E v = 20 MeV 
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Fig. 3. 2~ xn) excitation function in comparison with INDEX 
model predictions. Thick curves: experiments [20]; thin curves: cal- 
culations with no=2.5(0.75, 1.25), kMvp=4 and E F =20  MeV. Each 
excitation function is labelled by the neutron multiplicity x 

neutron to proton ratio of pv/p,~=0.67/1.33 (Fig. 2). 
By this choice we use the same input parameters E v 
and kMFp as Gadioli et al. [21] for the EXCITON 
model analysis of the same data set 89y+p. Our 
choice of kMvp=4 and no=2.5 instead of % = 3  in 
[-21] practically compensates for effects of the limited 
hole depth E v which could not be included in the 
computation of particle densities in the EXCLUSIVE 
INDEX model but is accounted for in the EXCITON 
model calculations. For 2~ we 
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Fig. 4. 2~ p'xn) excitation function in comparison with IN- 
DEX model predictions. The data are taken from [20]. The notat ion 
and model parameters are the same as in Fig. 3 

notice typical deviations for proton energies above 
120 MeV and x > 7  (Figs. 3, 4). After the steep rise 
at the reaction threshold, the experimental yields are 
practically constant or are even slowly increasing to 
higher energies. This feature means a stronger vanish- 
ing of the thermalization in the primary compound 
system than the EXCLUSIVE INDEX model pre- 
dicts. It demonstrates that the present limitation of 
our approach to two contributing PE stages gets a 
rough approximation in nucleon induced reactions 
above 120 MeV. 

4.3. Comparison with d-Induced Reactions 

Several d-induced excitation functions have been re- 
ported up to 86 MeV bombarding energy [9, 22, 23, 
24]. For a comparison of data with the INDEX mod- 
el we selected the reaction on 181Ta which had been 
measured by Bisplinghoff et al. [-23] from 10 to 
80 MeV (Fig. 5). The used input parameters no 
=4(1.5, 1.5) and kMvp=4 with Ev=20 MeV give the 
best agreement with the data. The somewhat earlier 
rise of the calculated excitation functions can be as- 
cribed to the use of the Weisskopf-Ewing approach 
which does not account for angular momentum ef- 
fects. It gets the better approximation the more parti- 
cle are emitted since in real nuclei the initial rotational 
energy is not available for few nucleon emission but 
is gradually regained in multi-particle cascades. It is 
interesting to note that the predictions for the (d, p) 
reaction, which is strongly enhanced by the stripping 
reaction, are off from the experimental yields by a 
factor of 20 to 30 while the (d, 2p) and (d, p4n) calcula- 
tions are in excellent agreement with the data. The 
latter prove the importance of PE emission of one 
or even two nucleons. In previous Monte Carlo type 
equilibrium calculations with full angular momentum 
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Fig. 5. lSaTa(d, X) excitation function in comparison with INDEX 
model predictions. Thick curves: Experimental data 1-23]; thin 
curves: INDEX model with n0=4(1.5, 1.5), kMFp=4 and Er 
= 20 MeV. The excitation functions are labelled by the emitted par- 
ticles X 

coupling [23] practically no 'events '  were gained for 
the (d, p) and (d, 2p) reactions, and the computed 
yields for the (d, p 4 n) reaction were off the experiment 
by one to three orders of magnitude. 

4.4. Comparison with 3He-induced Reactions 

The projectile ZHe is loosely bound like the deuteron, 
and is known for strong stripping processes and elas- 
tic and non-elastic breakup reactions 1-25]. Neverthe- 
less, a comparison of experimental yields with calcula- 
tions comprising PE and CN processes will show to 
which extend the effect of these truly direct reactions 
is taken care of in the present ansatz. As an example 
we analyze the extensive experimental data set on 
t97Au by Bousshid et al. [26] which cover the energy 
range from 15 to 135 MeV for alltogether 15 excita- 
tion functions including many with AZ=I  and 2 
(Fig. 6A, B, C). Other PE analyses of 3He induced 
reactions are reported in Eg, 27]. For  our calculations 
we use the ' s tandard '  input no=5(1.6, 2.4), kMVp=2 
and E v = 2 0  MeV. The shapes of the (3He, xn) and 
(3He, p xn) excitation functions are quite well repro- 
duced (Fig. 6A, B). The use of the s-wave approxima- 
tion well accounts for the rise of subsequent (aHe, xn) 
excitation functions. However, the experimental yields 
are generally much smaller than predicted (cf. the scal- 
ing factor of 0.6 in Fig. 6A). Contrasting the calcula- 
tions, for x = 10 the typical experimental evaporation 
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Fig. 6A-C. Excitation functions from 19VAu+3He [25] (thick 
curves) in comparison with INDEX model predictions (thin curves) 
with the parameters %=5(1.6, 2.4), kMFp=2 and Ev=20 MeV. A, 
B and C present the X97Au(SHe, xn), (3He, p xn) and (3He, 2p xn) 
reactions, respectively 

maximum vanishes proving that beyond 100 MeV at 
least the first particle out is due to a direct or PE 
process. The over-prediction for (3He, xn) yields cor- 
responds to an under-prediction of (aHe, p xn) pro- 
cesses that is lessened with increasing neutron 
numbers. 

Quite strikingly, the flux into the (3He, 2pxn) 
channels is nearly as strong as that into (3He, pxn) 
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(Fig. 6C). This feature is either tpyical for a strong 
(aHe, 4He) pickup reaction (cf. 2p 2n curve) or for 
a non-elastic breakup of 3He into 2 spectator protons 
and a stripped off projectile-neutron being bound in 
197Au, or inducing a subsequent reaction [25] (cf. 
2p, 2p 2n and 2p 4n curves). Apparently, the IN D EX  
model fails to reproduce these very direct processes 
up to a factor of 40. However, the mismatch decreases 
with increasing neutron number down to a factor of 
4 regarding the 2p 4n excitation function. The fact 
that the code does not  account for PE 4He emission 
explains the deep valley between the calculated 
(aHe, 4He 2 n) evaporation maximum and the subse- 
quent rise to the (3He, 2p 4n) process. 

4.5. Comparison with 4He-Induced Reactions 

For  the study of PE effects besides nucleons 4He is 
the ideal projectile since it is tightly bound and thus 
less amenable to stripping and pickup reactions. Here, 
we refer to previously published measurements on the 
reactions 9SNb, ~aaTa(4He, yp xn) up to 170 MeV 
[18]. The reaction on 93Nb was also the theme of 
a parallel experimental as well as theoretical investi- 
gation by Gadioli et al. [28] comprising part of the 
Bonn data so that the INDEX model results can be 
compared with the predictions of the EXCITON 
model for ~-induced reactions (see Sect. 5). The fol- 
lowing I N D E X  model results for both targets are 
based an the parameter  sets (t), (2), (4) and (7) of 
Table 1. 

At first, in Fig. 7, the results for the t S t T a + 4 H e  
reaction are presented. For  a better display we restrict 
the data in Fig. 7A to an even number of nucleons 
emitted from ~SSRe*. Generally, set (1) better repro- 
duces height and shape of the excitation functions 
while set (2) is merely of advantage for the case of 
(4He, 2 n). A larger value of a = A/8 instead of the used 
one a=A/13 (see above) would result in a better fit 
of the maxima of the (4He, 4He' ( y - 2 )  p ( x -  2) n) exci- 
tation functions. Then however, other features of the 
theoretical prediction like the rise of the (~He, xn) 
curves would deteriorate. 

Figure 7 B shows (for odd numbers of emitted nuc- 
leons) the improvement gained in using the s-wave 
approximation instead of the Weisskopf-Ewing de- 
scription (dashed curves). Especially, at the higher en- 
ergies the neglect of angular momentum effects leads 
to a much too early rise of the excitation functions. 
Switching off the 'soft pairing' option (cf. Chap. 3.2) 
does not produce a big difference to the standard 
WE calculation. However, such pairing effects have 
been found to be important  when crossing closed 
shells by multi-nucleon emissions [9]. 
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Fig. 7. A tStTa(4He, xn yp) excitation functions in comparison with 
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For  the 93Nb(4He, yp xn) reaction the standard 
option a=A/8 worked out quite sufficiently. As for 
other projectiles, excitation functions for y < 2  and 
x < 4  are most sensitive to the choice of the PE op- 
tions (Figs. 8, 9). Since many residual activities could 
be followed over more than 100 MeV their typical 
PE tails provide a stringent test on the model parame- 
ters. We note that neither n0=5 nor n o =6  exactly 
reproduce the measurements. Typically, the sets (2) 
or (7) with n o = 5 best describe the (4He, n), (4He, 2 n) 
and (4He, 2p) reactions while for 3, 4 and more re- 
moved nucleons set (1) with no=6  gets more and 
more advantageous. Using a mean-free-path multipli- 
er of kMvp = 4 in set (4) does not considerably improve 
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the agreement. One explanation for this ambiguity 
is that for the emission of up to two protons or neu- 
trons, the contribution of stripping reactions is not 
negligible, especially in the high energy tails [29], so 
that a smaller inital exciton number is better repro- 
ducing few nucleon emission. The relatively strong 
population of 95Nb by the (4He, 2p) reaction is well 
reproduced by the curves with no = 5 while that shown 
for no = 6 is an order of magnitude off. This reaction 

'*' 93N b(ct, x n y p )  ( y / x+y )  
E 90Nb(2 /7  ) 

,oo  :,oo 
[/ 
/I ~ ...- 

lO / j ' ~ * " " " ~  ~ 00 
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Fig. 10. 93Nb(4He, xn  yp) excitation function in comparison with 
INDEX model predictions. Same notat ion as in Figs. 8 and 9 

clearly demonstrates the importance of PE codes like 
the present one which allow for the emission of two 
PE nucleons. Calculations accounting only for one 
PE proton out and subsequent CN evaporation of 
a second one do miss the measured yields by orders 
of magnitude. The experimental yield for 9~ con- 
tains that for the neighbouring isobar 9 ~  which is 
indicated in Fig. 8 by the notation (y/x + y)= (__< 1/7). 
The corresponding precdictions for 9~ were added 
to those of 9~ but were found to be rather weak. 
Here, the calculations (1) and (7) fit about equally 
well. 

In Figs. 9-11 some curves correspond to isomer 
production yields. Fortunately, the s-wave approxi- 
mation allows a rough theoretical estimate of isomeric 
yields: introducing a smooth cut-off angular momen- 
tum leo the contribution to low spin isomeres is gained 
by multiplying each partial wave with angular mo- 
mentum Lin by the factor 1/[1 +exp(Lin-/co)] while 
that for high spin isomers is obtained by the weight 
(1 -  1/[1 +exp(Li,-/oo)] } [-3, 4, 6]. This procedure 
holds for evaporation cascades from the primary 
compound nucleus. If PE emission precedes CN de- 
cay, the quantity Lin has to be substituted by the 
remaining angular momentum Lrem(Lin ). The yield 
curve for 93"Mo(I=21/2) is excellently reproduced 
by the calculation using set (1) with a cut-off angular 
momentum /co=6.5 while set (7) shows a too high 
PE tail as for 9 3 ' 9 4 T c .  For the residual nuclei 9 o m y  

and 92'91"Nb the calculations only give the right 
order of magnitude, which is to be expected since 
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the code does not account for PE e-emission. In the 
measured yields for 9 ~  and 89'88'86Zr 
(Figs. 10, 11) this process leads to a typical filling of 
the valley between the first maximum due to e-emis- 
sion and the following rather flat plateau where nuc- 
leon emission dominates. For the residual nuclei 
88,87,86,85,84y as well as for 8sm'83Sr the emission 
of two e-particles is possible (Figs. 10-12). The first 
e-bumps clearly show up in the measurements as well 
as in the predictions down to 84y and 8SmSr. The 
isotopes of rubidium, 84, 83, 82mRb ' can be reached by 
the emission of three e-particles. According to our 
calculations, however, the first e-bump is very weak. 
In fact, it has not been observed except for a slight 
indication in the 82mRb yield curve (Fig. 12). 

Generally, the curves due to set (1) somewhat bet- 
ter account for the mentioned e-bumps in the excita- 
tion functions. However, they mostly overpredict the 
measured yields in the region of multi-nucleon emis- 
sion. Here, set (2) with n o = 5 displays a somewhat 
better agreement with the data. The rise and fall of 
the excitation functions is, on the whole, quite well 
reproduced by the s-wave option together with the 
soft pairing in the level density. The drawback of the 
s-wave approximation clearly shows up for the case 
of maximum nucleon emission leading to the isotopes 
o f  8 4 ' 8 2 m ' 8 1 g R b :  the large amount of frozen-in rota- 
tional energy cannot be regained by the emission of 
the more energetic charged particles so that the pre- 
dicted rise of the excitation functions is shifted more 
and more to higher energies. 

5. Conclusions 

In its present form, the EXCLUSIVE INDEX code, 
in connection with the slightly modified particle evap- 
oration code OVERLAID ALICE [10], is able to pre- 
dict residual nucleus yields up to 200 MeV excitation 
energy [6, 14]. We have compared the model predic- 
tions with a large variety of excitation functions from 
p, d, 3He and 4He induced reactions in the mass range 
A = 89-209 up to 170 MeV bombarding energy. Also 
residual nucleus yields from stopped n-- induced reac- 
tions on 197Au and a~ are well reproduced [30]. 

With regard to the global set of CN input parame- 
ters the predictions agree remarkably well with the 
experimental data except where PE e-emission, which 
is not included in the INDEX model, gets stronger 
than the emission of four separate nucleons. Larger 
deviations also occur in case of strong stripping or 
breakup processes, especially at lower bombarding 
energies of complex projectiles [25]. While part of 
the projectile stays outside the target as a mere specta- 
tor one or more nucleons are captured into s.p. states 
[29]. In the language of PE decay, the typical spectra 
due to these processes are roughly reproduced by 
smaller initial degrees of freedom than found for the 
total equilibration of target and projectile. 

For smaller numbers of emitted nucleons (say 
x + y < 8) it was found that the s-wave approximation 
better describes the onset of excitation functions while 
for a larger number of emitted nucleons the simple 
Weisskopf-Ewing approach is more favourable. The 
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Table 2. Global set of parameters used in the analysis of excitation 
functions 

Pro- Target no (Pv, P~r) E F kMV P X + y 
jectile (MeV) 

p 89y 2.5(0.66, 1.34) 20 4 ~ > 1 
2~ 2.5(0.75, 1.25) 20 4 a => 1 

d 181Ta 4(1.5, 1.5) 20 4" _>_ 1 
3He 197Au 5(1.6, 2.4) 20 2 => 1 
4He 93Nb, lSlTa 5(2.5, 2.5) 20(40) 2(1) <2, >8  

6(2.5, 2.5) 20(40) 2(1) >2  

a Inclusion of the finite hole depth in the calculation of exciton 
densities with no = 3 (p) or 4(d) would result in kMrp ~ 2 (see text) 

PE input parameters providing the best global fits are 
listed in Table 2. The results confirm the thumb rule 
no ~Avro i. + 2. As though excitation functions for a 
large number of removed nucleons (x + y > 8) are not 
so sensitive to the choice of no preequilibrium multi- 
particle emission still plays a visible role. Calculations 
with only one PE nucleon cannot well reproduce the 
rather slow decline or practically constant yield in 
the high energy part of these excitation functions (e.g. 
curves for A=90-85 in Figs. 10 and 11). We hold 
this feature as important as the possibly more striking 
result that the computed (d, 2p), and (4He, 2p) excita- 
tion functions in Figs. 5 and 9 do quite well agree 
with the experiment regarding shapes and absolute 
yields. Here, the predictions for one PE particle out 
are too low by several orders of magnitude (cf. [31]). 

With respect to the detailed study of the 4He 
+ 9aNb reaction the INDEX model describes the data 
as well as the quite sophisticated analysis of Gadioli 
et al. [28] where four contributing processes are con- 
sidered: inelastic 4He scattering, binary fragmentation 
of the projectile, and dissolution of 4He in the field 
of the target nucleus, all leading to no =4 starting 
configurations, as well as 4He-nucleon collisions lead- 
ing to no = 6. Indeed, our analyses agree with the pres- 
ence of more direct reactions like two- or three-parti- 
cle stripping [29] that contribute to few-nucleon emis- 
sion at lower energies, and require no = 5 for x + y < 2. 
Though one notes the neglect of PE a-emission in 
our model the features of most excitation functions 
are well explained PE and CN nucleon emission 
alone, and with less assumptions. We also point out 
that our analysis is consistent with a mean-free-path 
multiplier kMv P = 2(Ev = 20 MeV) while the EXCI- 
TON model fits require twice that value [21, 28] using 
the same Fermi energy. This fact corroborates similar 
conclusions we gained from the analysis of spectra 
[5] and yields of other light-ion induced reactions. 
The noted discrepancy is related to intrinsic statistical 

differences in both models [2, 32, 33]. Roughly speak- 
ing, in the INDEX model only the life-time of parti- 
cles is important while in the EXCITON model the 
interaction of holes counts as well. Hence, for getting 
the same particle emission probability as in the model 
of independently interacting excitons, the resulting 
faster nuclear equilibration has to be compensated 
by doubling kMF P- 

Concerning the absolute value of the mean free 
path of nucleons in nuclear matter the present analy- 
ses and others of this kind [31, 33-35] can hardly 
give a unique answer [36]. In the frame of the simpli- 
fied Fermi gas model they may provide an effective 
mean value, at best. Firstly, because the interaction 
length of nucleons in finite nuclei is not a well defined 
quantity, in view of potentials and densities rapidly 
changing with the impact parameter of the projectile 
[36, 37]. Secondly, our analysis shows that parameter 
sets with a constant product of E v x kMV P ~ 4 0  MeV 
are practically equivalent for light ion induced reac- 
tions. According to Kikuchi and Kawai [38], the 
values kMF v = 2 and E F --'-- 20 MeV lead to a rising mean 
free path of 7-12 fm for 30-200 MeV proton energy 
while for kMVa= 1 and EF=40 MeV the mean free 
path drops from about 3.6 to 2.6fmI For E F 

= 30 MeV and kMvp = 1.33 one would get a mean free 
path of 4-5 fm that would nicely agree with results 
from nuclear matter calculations by Negele et al. [39] 
and with those from analyses of the imaginary part 
of the optical potential [33, 39]. Regarding PE inves- 
tigations the ambiguity in E v and kMF P would be 
solved if, as suggested in [5], a more refined analysis 
of appropriate nucleon spectra were able to deduce 
the average depth of the nuclear potential. 

Concluding we think the very value of the present 
approach lies in its simple ansatz which is carried 
through by help of an admittedly intricate statistics. 
For reactions where the whole projectile fuses with the 
target and initiates PE and CN equilibration cascades 
the present EXCLUSIVE INDEX model code quite 
well predicts the complex partition of the reaction 
flux into the many residual nuclei. The code can easily 
be extented to energies beyond 200 MeV. Then how- 
ever, in order to be meaningful, three particle emission 
from up to three PE stages has to be included together 
with PE emission of light clusters - a task that re- 
quires new, quick and powerful approximations. 

Appendix 

Average Angular Momentum Decoupling 
in Evaporation Cascades 

In the computational treatment of long evaporation 
cascades the full book-keeping of angular momentum 
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effects by Hauser-Feshbach type calculations [16] is 
rather prohibitive since large energy-spin matrices 
have to be populated and depopulated when going 
from one nucleus to the other. In addition, a large 
set of transmission coefficients TL(E) has to be used 
for each ejectile of a particular energy instead of the 
one inverse cross section entering the simple We- 
isskopf-Ewing approach [15]. On the other hand an- 
gular momentum effects do play an important role. 
In the mid-sixties several practical compromises have 
been discussed by T.D. Thomas and others [7], one 
being the s-wave approximation mentioned above. 
Keeping the notations of Sect. 3.2. we want to outline 
a more general scheme which allows to treat on aver- 
age the angular momentum decoupling in even long 
evaporation chains. We start from the rate expression 
of T.D. Thomas [7, (3.1)] for populating a residual 
nucleus of excitation energy U' and total spin J' by 
emission of particle x of kinetic energy e~ and spin 
sx from the preceding compound nucleus of energy 
U and total spin J with d' and s~ coupling to the 
channel spin S. The transmission coefficients are as- 
sumed to depend only on the orbital angular momen- 
tum L but not on the coupling of s~,d' and d to 
L. Summing over all final spins J' yields the total 
rate expression 

R~(U, J, U') dex 

= ~ h-IO(U',J')/Y2(U,J) 
J ' = O  

J ' + s  x J + S  

E E TL(S~) de~' 
S= IJ ' -Sx]  L - I J - S I  

(A1) 

As in Sect. 3.2 we use a level density form according 
to [14]: 

o(g,  J)= const.(2J + 1) p(U, J) (A2a) 

The reduced level density p(U, J) is given by 

p(U,J)=(U-- E~ot(J)+ A) - 2 exp{2[a(U- Erot(J ) 
-}- Z[)] 1/2 } (AZb) 

The rotational energy is determined by 

E~o t (d) = J (Y + 1) h2/2 0 ( 1 3 )  

where 0 is the moment of inertia. 
The main point of the present approach is that 

the residual nucleus level density is assumed to be 
strictly proportional to (2 J ' +  1): 

Y2(U', J ')= const.(2J' + 1) peff(U', Jeff(X, 8x, J)) (A4) 

i.e. the rotational energy of the residual nucleus is 
approximated by a constant, E,ot(Jeff(x, e~, J)). The 
effective average spin may be suitably chosen for each 

value of the total spin d of the parent CN nucleus. 
It may also depend on the energy Sx of particle x. 
Reversing the order of summation in (A 1) and leaving 
out constant terms for fixed total spin J one gets 

c o  J ' + s  x J + S  

(2J '+ 1) 2 ~, TL@x) 
J ' = 0  s = l J ' - s x l  L = I J -  SI 

=(2J+1)(2s~+l) ~ (2L+1) rL(e~) 
L = 0  

=(2J  + 1) (2s~+ 1) 2px ex ai,v(ex)/(rch 2) (A6) 

applying the usual definition for inverse cross sec- 
tions. This leads to the final result 

Rx(U, J, U') dsx= const.(2s~+ 1) #x ex alnv(sx) 

.poff(U', Jeff(x, sx, J))/p(U, J) dsx. (17) 

The probability P~(U, J, U') de:, to populate a specific 
energy bin of the residual nucleus, U'+dsx is given 
by 

P~(U, J, g') de~ 
sx, (max) 

= Rx(V, J, U') ds~/~ ~ Rx,(V, J, U') de~,. (A8) 
X" 8x~ = 0 

In this expression the parent CN level density expres- 
sion p(U, J) for spin J drops out. In evaporation cas- 
cades the effective average spin Jeff (x, s:,, J) of a nucle- 
us gets the starting spin "J" for the next transition. 
Many approaches, also such dependent on specific 
particle energies seem to be feasible. 

One simple but quite effective approach would be 
decoupling prefixed amounts of angular momentum 
for each ejectile in a consistent manner, e.g. A J = J  
--Jeff(X, ex, J )=2 for neutrons, A J=3 for protons, 
A J= 5 for deuterons and A J= 10 for alphas, an op- 
tion that has been already introduced by Blann [10]. 
Here, for each value of the initial partial wave angular 
momentum J, the spin J e f f ( J ,  Z ' ,  N') does only depend 
on the number of removed nucleons but not on the 
individual path the nucleus A'(Z', N') is reached by 
n-, p-, d- or a-emission cascades. 

On the other hand, putting AJ=J--Jef f (x  , 8x, J) 
= 0 automatically leads to the usual s-wave approxi- 
mation for evaporation cascades. There, the rotation- 
al energies may be subtracted from the beginning if 
all residual nuclei do possess the same moment of 
inertia. However, if fission is important separate CN 
calculations have to be made for each incoming par- 
tial wave because fission probabilities, and hence reac- 
tion thresholds vary with the entrance channel angu- 
lar momentum. Also the changing moment of inertia 
in CN decay chain nuclei then has to be observed 
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for a proper energy book-keeping. In order to account 
for these effects in the code INDEX [6] we have con- 
siderably altered the nesting of routines as compared 
to the OVER LAID ALICE code [10]. 
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