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Abstract. A part of the osci l lat ions of the phase space distribution function is 
shown to be a surface effect . A series expansion for this function is 
given, which takes partially into account this osci l latory structure. 

The phase-space density of the nuclear matter i s a very useful quantity 

not only in order to describe the nucleus i t s e l f in i t s normal or excited states 

(hot or compressed) but also in order to describe nuclear co l l i s i ons . In particular, 

the surface of the nucleus plays an important role In peripheral co l l i s ions where, 

due to the uncertainty principle, the momentum distribution allows for large 

momenta and therefore for the emission of energetic l ight part ic les , for example. 

, I t turns out that the phase-space density f (r,p) which i s the Wigner 

transform of the density matrix p is a strongly osc i l la t ing function of both r 

and p and i s even not a definite positive function although i t plays the role of 

a distribution function for the mean value of any operator Çf : 

J (mi* i 

In particular, the usual (non-local) density and the momentum distribution are 

given by : 

*(f) * [ *'* {(*.?) (3) 

For the harmonic oscillator potential, the exact phase-space distribution 

is available and only depends on the total energy e - —?- + T i n 2 r 2. 



Fig. la Fig. lb 

Phase-space distribution for the harmonic oscillator and for K • S (—),, 
15 (---), 20 (-••) Fig. la and K - 40 (Fig. lb) occupied major shells. 

Fig. la exhibits the oscillations around a step function for energies lower than 
the Fermi energy and for different numbers K of occupied major shells. The first 
feature is that the oscillations survive even when the number of particles goes 
over into infinity (semi infinite matter) and the second feature is that the 
amplitude of the oscillations decreases when e increases from zero and then 
increases again close to the Fermi energy (Fig. lb), before the final fall-off. 
This means that two effects are superimposed (ref. I): 

- the low-lying oscillations are shell-effects and are a picture of 
standing waves, 

- the oscillation near the Fermi energy is a quantal but not a shell 
effect. Its amplitude is quite independent of the (large) number of particles : 
it is due to the reflection of the waves on the potential surface. 

In many cases, the details of the distribution function are not necessa
ry (input in a time dependent equation (V.U.U.), study of peripheral collisions, 
etc.) and the Strutinsky smoothing procedure has been used. An alternative to 
suppress pure shell effects is to deal with half infinite nuclear matter in order 
to only study the surface effects. 

As a first example of an exactly solvable potential, the semi infinite 
wall [v(r) - 0 if z < 0, V(r) - » if z < oj is studied. The Wigner distribution 
f (r,p) • f (z, p . p, ) is shown in Fig. 2 for the usual value k_ - 1.35 fm" z X c 
of the Fermi momentum and k, « 0 : it exhibits strong oscillations, even far away 
from the wall, and does not behave like in infinite matter where a step function 
is expected. Instead, the oscillation at k « 0 has a sinusoidal limit 2 (f • 1 + — sin 2 z k„) with the wavelength Tr/k_. Moreover, in the range 
- k, O j ^ kp, a new oscillation appears between two minima of the central oscilla
tion : with increasing z, the wiggles are pushed towards k t> 0 and |k I <\. k_ 
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Fig. 2 : phase-space d i s tr ibut ion 
E(i ,k ,k - 0) for the wall potential 

Fig. 3 : the same as Fig. 2» but for the Woods-
Saxon potent ia l and in the W.K.B. approximation 

with their amplitudes kept, whereas a new extremum shows up at k *v> ± k„/2 with 
a lower amplitude. As a result, far from the surface the slope of the distribution 
fall-off increases towards the slope of a step function but the number of oscilla
tions with decreasing but finite amplitude increases :the limit when z •* » is not 
a step function. 

In order to check vliether this persistence of oscillations is not an 
effect of the steepness of the wall potential, the half-infinite Woods-Saxon potential 
V(r) - V [1 + exp (-z/a) J has also been studied. 

Although an exact calculation is possible, it implies rather involved 
sums, and the W.K.B. approximation has been found to be a good approximation for 
a potential diffusivity a - 2 fm (ref. 2). Although the structure is smoother 
than in the case of the infinite wall (fig. 3), concentric ridges and valleys deve
lop in increasing number as going towards the interior, with an almost constant 
amplitude, but with a well defined outer ridge (not central as previously). Cuts 
at given values of z prove that the oscillations evolve in the same way as in the 
wall potential, leading to the same conclusion : the phase-space distribution 
shows up surface effect oscillations. In the case of a finite nucleus, they inter-
fer with the shell oscillations : the latter may be averaged by a Strutinsky smoothing 
or by semi-classical calculations, but the former must be preserved after the 
averaging. It turns out that a Strutinsky smoothing with the correct width fulfills 
this condition (ref. 3) at variance with some too severe semi-classical approxima
tions giving completely smooth distributions. 

In order to keep traces of these oscillations at least in the vicinity 
of the Fermi energy, the density operator p - 8(e., ~ H) may be formally expanded 
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in a Taylor series around the c lass ica l hamiltonian H . • E 

1 £ . n! 
the Wigner transform of which reads for a local potential (ref. 4) 

(5) 

and leads to the usual Wigner-Kirkwood expansion for the local density. When 

f (r,p) is used to calculate a mean value, the Dirac distribution derivatives 

mimic Che structure of the phase-space density near the Fermi energy and thus 

lead to particle and momentum distributions with surface effects taken into account. 

It is well known that bulk properties are well reproduced by semi classical 

calculations for heavy nuclei : expansion (S) is a convenient tool to deal with 

both bulk and surface effects. 

References 

1 . Thorpe, M.A. Thouless, D.J. : Nucl. Phys. AI56, 225 (1970) 

2 . Ayachi, A., Durand, M., Schuck, P., Ramamurthy, V.S. : Z. Phys. A327, in press 

(1987) 

3 . Shlomo, S., Prakash, H. : Nucl. Phys. A357, 157 (1981) 
Durand, M., Schuck, P. : Phys. Lett. B172, 135 (1986) 

4 . Durand, M-, Schuck, P., Vinâs, X. : Phys. Rev. A, in press 


