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ABSTRACT. The effective Dumber of nucleons with which a [:, (1232) shares its 
energy when it decays inside a nucleus is calculated by assuming that the [:, 
simultaneously interacts with all the surrounding nucleons within a certain range. 

It is now becoming evident that nucleon isobars are formed inside nuclei during 
their interaction with high energy pions, nucleons and heavy ions. These isobars 
are normally short lived. For example , when a 6 (1232) isobar is formed, it decays 
in a time of 0.6 x 10-23 it has a decay width of 100 MeV. The process by which the 
6 decays in nuclear matter is still an open question Hufner (1975), Brown and 
Weise (1975). Experiments on pion absorption in nuclei indicate that there are 
more than two nucleons involved in the decay of the 6 isobar. A brief account of 
these experiments is given in Sec. 1. 

Additional evidence for the involvement of more than two nucleons in sharing 
the 6 decay energy comes from the analysis of the angular distribution of negative 
pions produced in 183 MeV/nucleon heavy-ion induced reaction Nagamiya et al. 
(1982) as well as the recoil properties on neutron-deficient fragments produced in 
the interaction of relativistic protons with nuclei Abdulmomen and Abul-Magd 
(1984). 

In Section 2, we present a model in which the 6 decays in finite nuclei by 
sharing its excitation energy with its nearest neighbours which form a sphere of 
radius d. By averaging over the nuclear density and taking into account the nuclear 
surface , one obtains the dependence of the number of nucleons involved in the 
delta decay on the mass number of the host nucleus. In Section 3, we discuss the 
results. 
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Summary of Pion Absorption Experiments 

The main features due to the L, (1232) is strongly evident in all pion-nucleus 
scattering and absorption cross sections , even in the heaviest elements Hufner 
(1975) and Jackson (1968). It is generally thought that the absorption of pions in 
the energy range of the resonance (100-300 MeV) is due to the capture by a 
correlated pair nucleons according to the process 

n + 2N ~ L, N ~ NN 

while the residual nucleus remains as a spectator. The emitted nucleons in this 
process should be ejected at 1800 with respect to each other. Nordberg et ai. (1968) 
have found that, for nuclei in the region of lithium to oxygen , about 40% of all 
stopped n produce back-to-back correlated nucleons . Cheshire and Sobottka 
(1969 , 1970) found that even within the spectrum of correlated nucleons , emitted 
after absorption by 12C there is a large part which is not attributed to the quasi-free 
two nucleon absorption model. The importance of other mechanisms for pion 
absorption in nuclei has also been noted in early emulsion Redotov (1966) and 
bubble chamber Belotti et ai. (1973) experiments . In Belotti's experiment , it is 
found that 24% of 130 Me V n - 12C absorption events result in the emission of 
three charged particles and 15% in more than three charged particles. It is hard to 
understand the emission of more than two particles with such a high probability 
with the quasi-free two particle absorption model. Because the mean free path of 
100 MeV nucleons in nuclear matter is 4-9 fm , the probability that the correlated 
pair of nucleons knock more nucleons in their way out of a small nucleus like 12C is 
small , even if pions are absorbed in the surface region. More recent measurements 
of inclusive proton spectra from pions incident on a variety of nuclei Jackson et ai. 
(1977) show that the peak corresponding to the kinematics of the quasi-free 
two-nucleon absorption is only evident in the lightest nuclei. In heavier nuclei (A ~ 
12) it is a minor feature of the proton energy spectrum and is barely evident in 
nuclei like Ta. 

Recently McKeown et ai. (1980) analysed energy spectra of protons emitted at 
different angles after the absorption of n± at 100, 160 and 220 MeV by different 
nuclei. They represented their spectra by rapidity distribution curves which 
appeared to be well described by isotropic emission of protons from a Lorentz 
frame . The latter is moving with a laboratory velocity equal to the velocity of the 
centre of mass of a pion plus N nucleons which absorb the energy and momentum 
of the pion, with N =3-6 for nuclei with A=12-181. They also found that the ratio of 
the total proton yield for n + to that of n - averaged over three incident pion 
energies varies from R=5-3 which is consistant with absorption proceeding through 
N nucleons deduced from the rapidity analysis , but much less than R= 11 expected 
from the two-nucleon mechanism. These results suggest that there is a different 
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mechanisms other than the two-nucleon one. Mckeown et a1. (1980) suggest that 
when a 6, is formed in nuclear matter , it prefers to decay via soft-pion exchange 
with several nearby nucleon rather than a hard-pion exchange with another 
nucleon. In the next section we explore the possibility and try to predict the 
number of nucleon involved in the decay deduced from the rapidity analysis of 
absorption in nuclei. 

2. 	 A Model [or .6 Decay: 

In this section, we evaluate the effective number N of nucleons that share the 
excitation energy of a 6, when it decays in a nucleus with mass number A, and 
compare it with the corresponding number obtained in the analysis of pion 
absorption at the 6, (3,3) resonance energy carried by McKeown et a1. (1980). To 
do this we assume that the decaying delta shares its energy with its nearest 
neighbours. Thus, if the delta decays at a position described by a radius vector r, 
then after the decay the excitation energy carried by the delta will be distributed 
among nucleons contained within a sphere of radius d centred at r. The number of 
nucleons in this region is given by 

nCr) = f 8 (d - 1r - r' I) p (r') dr' 	 (1) 

where p (r) is the nuclear density and 8 is the step function. At the nuclear centre , 
if d « R where R is the nuclear radius, eq. (1) becomes 

nCO) = (411:/3) d3 p(O) 	 (2) 

We shall estimate the distance d by assuming that the central part of the nucleus 
can be approximately described within the lattice cell model of liquids Reed et al. 
(1973) . As the name implies, the model assumes that the particles constituting the 
liquid spend most of their time near one location of the volume. This model serves 
as a satisfactory description for the liquid state when the density is not less than 
twice the critical density. This condition is satisfied for nuclear matter at the centre 
where the density is approximately 0 .1 6 fm - 3, while the critical density is of the 
order of 0.07 fm- 3 Curtin et al. (1983). The number of nearest neighbours of a 
particle in a lattice depends on its crystal structure. If the particles are regarded as 
closely packed (cp) spheres, then the crystal will have either a hexagonal or 
face-centred cubic structure. In this case the number of nearest neighbours is 12. 
Other possible less packed structures are the body-centred cubic (bcc) lattice and 
the simple cubic (sc) lattice with the number of nearest neighbours being 8 and 6 
respectively Kittel (1971). The number of nucleons sharing the decay of the delta at 
the nuclear centre is taken to be the number of nearest neighbours plus one (the 
delta itself) . Therefore, 

nCO) = 13 for cp lattice, 
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9 for bcc lattice, (3) 
7 for sc lattice . 

corresponding to values of 2.68 fm, 2 .38 fm and 2.19 fm , respectively, for the 
distance d_ The effective number of nucleons sharing the energy of decay anywhere 
in the nucleus is obtained by averaging n(r) with respect to the nuclear density: 

N = (l/A) f f 8(d-x) p(y+h) p(y-h) dx dy 	 (4) 

Assuming again that d «R, we simplify eq. (4) by expanding p (y-h) in powers 
of x and keeping only second order terms_ We then obtain 

1 	 dp
N = 	 n(O) [<p> + (d 2110) < > ]1 p(O) (5)

Y 	 dy 

where 
<F> (l/A) f p(y) F(y) dy 
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Fig. 1. 	The average number of nucleons sharing the excitation energy of a delta in a nucleus of mass 
number A calculated using eq. (5) assuming that the number of nearest neighbours at the 
nuclear center is 6 (solid curve) , 8 (deashed curve) and 12 (dashed dotted curve). The 
experimental points are those of Mckeown el al. (1980) from the rapidity distribution of 
nucleons following the absorption of Jt - (solid circles) and Jt+ (open circles) at the /:,. (3,3) 
resonance energy . 
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Equation (5) is used to calculate the effective number of nucleons which share the 
excitation energy of a delta in a nucleus as a function of the mass number of the 
nucleus. We take 

per) = p(O) [l+exp {(r-R)/a) r 1 

with r = 1.07 A' fm, a = 0.55 fm and 

The results of calculation are plotted in figure 1. The solid curve corresponds to 
n(O)=7, the dashed to n(O)=9 and the dashed-dotted to n(O)=13. The 
experimental points of McKeown et al. (1980) are also plotted. The increase of N 
with A shown by the experimental data is correctly reproduced by the present 
calculation. 

3. Discussion: 

We have calculated the number of nucleons involved in decay in finite nuclei 
for different assumption about the number of nearest neighbours based on the 
lattice cell theory of liquids. We compared the results we have obtained for the 
number of nucleons sharing the delta decay energy with the numbers deduced from 
pion absorption analysis . Our predictions agree well with the experiment. We 
consider this agreement as an evidence that delta decay in nuclear matter is not a 
two body process but a many body process in which the delta shares its energy 
between its neighbours . In fact, the leading term in the expansion (5) of N is 
proportional to the mean nuclear density < p > which monotonously increases 
with A. . 

We also see from the figure that the comparison of the experimental data with 
the theoretical curves does not support a model of nearest neighbours based on 
close packing (n(O)=13); rather it supports a lattice structure at the nuclear centre 
between the base-centred cubic and the simple cubic. As yet there is no solid 
foundation for the application of lattice cell models of liquids for nuclear matter; 
nevertheless the predictions generated here by such an application seem to be 
reasonable. 

We finally note that eq . (4) can only provide an approximate calculation of the 
number of nucleon involved in pion absorption . The integrand should involve a 
term describing the dependence of the probability of pion absorption to form the 
delta on the distance from the nuclear centre, giving a preference for pion 
absorption at the nuclear surface. The effect of this term is small when the sum of 
pion absorption length and the distance the delta makes before it decays is large 
compared to the nuclear surface thickness. Unfortunately , this is not the case in the 
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(3,3) resonance region, where the mean free path of a pion is of the order of 1 1m 
for nuclear matter density (Hufner and Thies 1979), although it may be larger in 
the nuclear surface region . 
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