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Abstract 

An explanation for the experimentally observed l inear momentum transfix 

in l igh t and heavy-ion induced reactions is propounded by simple geome

t r i ca l considerations in momentum space. We display exp l i c i t l y the 

transi t ion from one-body to two-body dissipation. We obtain a surprising 

agreement with the experiments over the whole measured energy range. 
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Introduction. The observation of a l imitat ion of the l inear momentum 

transfer is a current subject of study in experimental heavy-ion physics. 

A lo t of results were recently obtained using the f ission fragments 

angular correlation method [ 1 , 2, 3, 4, 5, 6] or by the measurement of 

recoil products [7» 8 ] . The general trend is an almost l inear decrease 

of the ra t io of the transferred linear momentum over the available i n c i -

dentmomentum during the co l l i s ion . In other words, the fusion reactions 

are more incomplete when the incident energy above the Coulomb barrier 

increases. A-few processeswere already considered in order to understand 

this general behaviour. For instance, intranuclear cascade calculations 

were done in ref [8, 9 ] . Nevertheless, 1t appears, that some additional 

sophistications l ike the account of clusters are needed to predict the 

incomplete mechanisms. On the other hand, the non-linear character of the 

equations of motion have suggested [10] the presence of solitons in 

heavy-ion reactions. This picture is certainly appealing, but i t might 

not account for the large amount of the missing transferred momentum. 

The aim of th is le t te r is to present an analysis by looking at the evo

lut ion of a dinuclear system in the momentum space. As a matter of fact , 

the Wigner transform f ( r , p ) of the density matrix f u l f i l l s the Landau-

Vlasovequation : 

4 + £. 5£ - 11.. I f = i ( f ) M) 
3t T - » 3r 3 r 3p K ' l 1 ' 

where r is the space coordinate, p the momentum, m the nucléon mass. 

U is the self-consistent f i e l d and I ( f ) a col l is ion term. The Landau-

Vlasov equation can be obtained within a semi-classical treatment [11]. 

The left-hand side term contains the so-called one-body dissipation as 

far as the interdistance D between the center of mass of each partner 

is concerned. Above the Coulomb barr ier , the project i le is slowed 

down in the entrance channel through the window and the wall dissipation 

[ 12 ] . The dissipative processes can be understood by nucléon exchanges 

between the ions (window) and nucléon reflections on the mean f i e l d 

(wal l ) . Since the interdistance D is a col lective coordinate [ 13 ] , the 

associated momentum can be already transferred to the in t r ins ic degrees 

of freedom by means of the one-body dissipation. The right-hand-side tennis 



the col l is ion term of the Boltzmann equation. I t expresses the effect of 
the individual nucléon - nucléon coll isions upon the system. At low 
relat ive veloci ty, the Pauli principle cancels this term, but in the high 
energy regime, i t becomes the main slowing,- down factor. Let us consider 
successively both (one- and two- body dissipation) momentum transfer 
processes. 

One-body dissipation. The simplest way to study the l inear momentum 
transfer is to consider the geometry of spheres in momentum space. Figure 
1 shows the typical situation : the Fermi sphere of the project i le pa r t i 
cles displaced from the Fermi sphere of the target particles by the relat ive 
momentum p of the two ions. This picture is extremely schematic since i t 
restr ic ts the form of the momentum distr ibut ion to a Fermi bisphere and, 
in addition to that , disregards i t s dependence on real space. The energy 
difference between the surfaces of the dashed sphere and the target Fermi 
sphere corresponds to the average binding energy Efa = 8MeV. Project i le 
particles within the dashed sphere (hatched area) are trapped inside the 
target potential well and transfer their momentum completely, whereas the 
particles outside w i l l transfer no momentum at a l l as long as two-body 
col l is ions are neglected. In this l im i t of one-body dissipat ion, the mo
mentum transfer is simply given by the probabil i ty to f ind the project i le 
particles trapped. The result is displayed as a function of the square-root 
of the available energy per nucléon above the Coulomb barr ier on figure 2 
by the dashed-dotted l ine . I t is in this simple version independent of 
project i le and target combinations. As a matter of fac t , the independence 
of the momentum transfer on the system is shown to a large extent by the 
experimental results. 
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Two-body dissipation. The col l is ion integral in the equation (1) was 
obtained in an heuristic way as the difference between a loss and a gain 
term : I ( f ) = G ( f ) - L ( f ) (2) 

Contrary to the problem of the nucléon emission r l 4 j , the Pauli principle 
between the project i le nucléons might play here an important role f i 5 ] . 
The collective displacement of the momentum distr ibutions requires a sel f -
consistent treatment of the gain term. The loss term i t s e l f is simpler 
because i t reads : 

L <f> ' I T ( P ) f & ( 3> 
where \(p) is the local mean free path. 

In order to add the two-body dissipation to the previous schematic 
picture with the one-body dissipation, we consider f i r s t the mean free 
path x* at the target escape surface p (dashed c i rc le in figure 1). 
The value of X* is estimated in ref [14] and [16] to be equal to 15.5 fm. 
We can then assume that the project i le and target Fermi spheres approach 
each other according to the following equation for i t s mean relat ive momen
tum p u : 

d P u Pe2 

d l = " " IT I ^ f f (4) 

which governs the motion of phase space cells on the target escape surface 
and can be obtained start ing from eq. (2) ; x e f f is an effective mean 
free path parametrized by : 

Xeff = 9 (Pu). * ( 5 ) 
with 

g ( P U ) • g 0 / (P f +P u ) z (6) 

The factor g (p ) accounts for the gain term around the target escape 
surface and for the distortions of the Fermi spheres during the col l is ion ; 
g,, is an adjustable parameter and p f i s the Fermi momentum. 
The momentum transfer can then be computed according to the one-body 
picture plus the slowing-down of the displacement vector "p due to the 
two-body dissipation. I t depends s l ight ly on the maan distance (essentially 
the diameter of the target nucleus) covered by the project i le nucléons in 



- 5 -

the target. For the practical calculation of the distance, we use 

the mean velocity of the project i le nucléons which are v i r tua l ly not 

yet trapped by the mean f i e l d . 

Résulta. The fiqure 2 shows our results for the reactions a + 2 3 8 U 

I full l ine) and a+ 5 9Co (dotted). With gQ=8p£,the agreement of the 

calculation with the experiments is excellent over the whole energy range. 

We ver i f ied thereby the weak dependence of the linear momentum transfer 

on the target s ize. As far as the project i le species is concerned, the 

description is only dependent on the energy per nucléon above the barr ier. 

I t renders the comparison between the model and the experiments rneaningfuli 

also for the other systems. At low energies, the momentum transfer is 

pract ical ly ent i rely due to one-body dissipation. I t becomes incomplete 

around the average nucléon binding energy Eu. The transit ion between 

one-body and two-body dissipation takes place around 40 MeV/nucleon 

above the barrier where each mechanism accounts for about 50 % of the 

transfer. Beyond 150 MeV/nucleon no momentum transfer can be ascribed 

any more to the one-body dissipation alone, because the i n i t i a l Fermi 

spheres are disconnected. 

Conclusion. The previous description which considers the dinuclear 

system -in i t s momentum space predicts the l imi tat ion of the momentum 

transfer in nuclear reactions. One- and two-body dissipation define 

three regimes of incident energies with a transit ional region between 

about 20 and 100 MeV/nucleon. The independence on the studied system 

refers to the basic momentum properties of the nucléons inside the nuclei. 

Final ly, we exhibit the importance of the gain term in the col l is ion 

integrals near the target escape surface, since the effective mean free 

path is larger than the local mean free path defined by the loss term 

alone. Self consistent treatments of the gain term might allow to extract 

this quantity micros cop ica l l y t' 17 1 . 
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Figure Captions 

Figure 1 : The Ferai spheres of the target and project i le particles 
displaced from each other by the relative momentum p u 

of the col l id ing nuclei. The particles inside the dashed 
sphere p (Fermi energy E. + nucléon binding energy Eu) 
are trapped by the mean f i e l d . 

Figure 2 : The linear momentum transfer, calculated with one-body 
dissipation alone (dashed-dotted) and with one- arid two-
body dissipation for the reactions a + 2 3 8 U ( f u l l l ine) 
and a + S 9Co (dotted). The experimental data are indicated : 
T from ref . [9] for a + 2 3 8 U , *from ref . [ 7 ] for o + 2 3 2 T h , 
a from re f . [18] for a + 5 9Co and • from [ 2, 6 , 19, 20, 2 1 , 

22, 23] for other systems. 
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