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Abstract 

A Semi-classical model of compound nucleus is developed, where time evolution and 

recurrence for many degrees of freedom(osciIlators) excited simultaneously is 

explicitly considered. The effective number of oscillators play role in the compound 

nucleus, and the nuclear temperatures are derived, which are in good agreement with 

the traditional values. Time structures of the compound nucleus at resonance is 

considered, from which equidistant level series with an envelope of strength function 

of giant resonance nature is obtained. S-matrix formulation for fine structure 

resonance is derived. 

1. Introduction 

In observed neutron resonance levels, equidistant level series are found 

frequently than the prediction of the statistical distributions based on GOE 

[1.2,3,4]. These facts suggest that a diametrically different phenomena might be 

embedded in the neutron resonance compound nucleus, which are ordinarily believed to 

be a typical quantum chaos. As a step to understand these facts, a semi-classical 

model of neutron resonance compound nucleus is developed where time evolution with 

recurrence is considered explicitely. In this article, a brief description of the 

results is made because of limited space. 

2. Oscillator Number and Nuclear Temperature 

In the neutron resonance compound nucleus, many degrees of freedom are excited 

simultaneously and may be coupled with each other. By the analogy of resonance in 

classical physics, these degrees of freedom must recur to the initial phase 

repeatedly [51 We assume that the amplitude of the compound nucleus is a product of 

independent M normal modes(osciIlators) which play roles in the compound nucleus. At 

a resonance, i-th normal mode depicts a closed orbit with a recurrence time T s. The 

recurrence time of the compound nucleus, T is the least common multiple (LCM) of T J 

(i=1. 2,... M). As a recurrence criterion, we assume an angular tolerance of 1 radian 

for these oscillators [6]. Then, the average value of T is described by the number 
M-1 

of oscillators M. and the total excitation energy Ex(6-8MeV) as T = h(2 n ) /Ex, 

where h is Plank's constant. Combining a quantum mechanical relation T =h/D, where 
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D is an average resonance level spacing, we can derive the oscillator number M as 

M = 1 + ln(Ex/0)/ln(2n) (1) 

In eq. (1), h is not included. Using Ex and D from the neutron resonances data, M can 

be obtained for many nuclei, and are shown in Fig. 1. 
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On the other hand, by the Fermi-gas model [7] 

the exciton number nex of compound nucleus is 
1/2 

given by n e x~(goE x) , where gQ(~A/13) is 

single particle level density at Fermi energy. 

The ratios of M/nex vs mass number is shown in 

Fig. 2. It is stressed that M are nearly the 

same values to n e x 

Nuclear temperature T is derived assuming that M is proportional to Ex • 
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Nuclear temperature T by eq. (2) are shown in Fig. 3 for many nuclei. No correction is 

made on Ex and D. These T are in good agreement with the traditional values [8] 

except for the light nuclei and for the nuclei near the closed shell. 

3. Reaction Mechanism. Time Structures and S-matrix 

The neutron wave has a frequency of OJ = 2rt E^/h, and a wave length of p/h, where 

Ek is kinetic energy and p is neutron momentum. Also the wave packet length of a 
-8 

incident neutron is at least 10 m, which is very long compared to the nuclear radius. 

On a target nucleus, incident neutron wave is divided into 1) pass-by component, and 

2) absorbed component. The 2nd component excites M oscillators in the compound 

nucleus, where the average energy of the oscillators is Ex/M — 1 MeV. An ensemble of 

oscillators is selectively excited, if the recurrence frequency of the ensemble is 

equal or integer ratios to the incident neutron frequency. We define the initial 

phase as 'coalescent phase', where the neutron density is high on the surface of the 
-21 

compound nucleus. The duration P of the coalescent phase is about 10 s, which is 

equal to the transit time of neutron through the nuclear potential. Also P is nearly 

equal to the passing time for an oscillator of energy Ex/M~1 MeV, through the angle 

of 1 radian. 

A density distribution of coalescent phase, or a nuclear response function is shown 

schematically in Fig. 4. There are two components [9]. The first one is a 5-function 

like single peak responsible for the direct reaction, and the second one is a pulse 

array responsible for the resonance reactions, with an envelope of exponential decay 

of resonance life time X. The coalescent phases reappear at every recurrence time, 

and keep coherent interaction with pass-by component, during passing of the wave 

packet. Energy spectrum of coalescent phase is shown in Fig. 5. It consists of 

equidistant resonaces with a spacimg of D, with a level width of I", and with an 

envelope function of width W. Here, there are three-fold uncertainty relations; l~~ 

h/ X , D ~ h / T , and W~h/P. S-matrix is derived by the Fourier transform of the 

response function [10]. We tentatively adopt a S function as 

(1- DACE) 
S(E)= exp(-2ikR){l - i - r e x p ^ i i u / h ) 1, (3) 

where r = exp(-T / X ) 2» 1, and A(E) is a Fourier transform of the coalescent phase, 

with a limit of 0<A(E)<2. For large resonances at low energy region, A(E)~2, and in 

higher energy A(E) gradually decreases to 0 above ~ 1 MeV. S(E) in eq. (3) has poles 

in lower half plane of complex E at E=n(h/T) - i(h/(2n X)), where n is integer. 

Eq. (3) gives equidistant resonance cross sections(Fig. 6) with an envelope A(E). In 
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high energy region, A(E) becomes 0, and S(E) tends to 1 with no resonance structure. 
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Fig. 4 Time Structure of the coalescent phase 
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Fig. 5 Energy Spectrum 

It must be noted that many ensembles of oscillators are possible to be excited in 

the same energy region, which have different recurrence times. They overlap in the 

same energy region, and the statistical distributions of the observed resonances may 

show similalities to the predictions of the GOE. 
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Fig. 6 Equidistant resonances derived from eq. (3). Energy unit is (h/-r). 
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