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Abstract : Nuclear friction can be connected to the number of nucléons ex
changed between two interacting nuclei. The proximity scaling allows 
to reduce this problem to a calculation of the nucléon current between 
two semi infinite slabs of nuclear matter facing each other. In this 
paper we review the approximations and the results concerning this 
problem with a special emphasis on the physical ideas. Applications of 
nucléon currents to Fermi jets and to the calculation of a part of the 
imaginary potential are also discussed. 
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1. Introduction 

At bombarding energies per nucléon much smaller than the Fermi energy, 
heavy ion reactions are characterized by dissipative collective motions. Com
pared to macroscopic systems this dissipation is of special nature, because 
it is dominated by the mean field created by all the nucléons. Therefore, 
instead of having the usual two-body dissipation, observed for macroscopic 
bodies, we have the so-called one-body dissipation 1» 2). It means that during 
the course of the interaction, particle-hole excitations are created. These 
elementary excitations decay in more complicated states (temperature) because 

• 2 2 

of the residual interactions3'1*).This occurs in a time of the order of 10 s 
and corresponds to what is called relaxation of the intrinsic degrees of free
dom. Several microscopic theories 5' 6) have been developed from this picture 
in order to explain dissipative phenomena in heavy ion reactions. These theo
ries a 1^-' to calculate the response of the nuclear system to large scale col
lective motions. Friction and diffusion coefficients 3) can be computed on a 
microscopic basis. These calculations although fundamental in nature since they 
incorporate most of the nuclear structure information, are complicate. A simple 
but phenomenological way to handle the problem is to consider a nucleus as a 
container filled with an ideal gas. The importance of the mean field, which is 
represented here by the container, occurs because the nucléons have a very long 
mean free path. In the extreme picture, where residual interactions are com
pletely neglected, the nucléons suffer collisions only with the container walls. 
An interesting situation corresponds to two heavy ions in close contact. In this 
case nucléons can be exchanged between the two containers. A consequence of that 
will be the appearance of dissipation in the relative motion of the two col
liding ions. This is so because it is always assumed that when a nucléon crosses 
the boundary separating the two containers, it looses its memory and is therma-
lized in the acceptor nucleus. This hypothesis is nothing but saying that the 
relaxation time of the nucleonic (intrinsic) degrees is very short. This is the 
basic assumption of the one body dissipation picture. This assumption is sup
ported by microscopic calculations') which show the fundamental importance of 
residual interactions for obtaining a very short relaxation time. 

Using the simple idea that two nuclei can be represented as two ideal 
gases (Knudsen gases since their mean free path is much larger than the con
tainer size),it is interesting to calculate the number of nucléons whicn can 
be exchanged between two interacting nuclei and relate it to nuclear friction. 
In this paDer we g' the main ideas underlying this approach and we show 
examples of these calculations. 



2. The window formula (ref. 2) 

To get a feeling of how a friction force occurs, let us consider the 
following simple case : 

Two big containers filled with a Knudsen gas are assumed to be connec
ted by a small hole of area AS which we shall call the window. The containers 
are assumed to be in relative motion. The relative velocity U is assumed to 
be much smaller than the Fermi velocity of the gas. Furthermore no mean field 
barrier exists at the window : consequently nucléons are free to flow between 
them. 

Due to this flow of nucléons the rate of change of the total momentum 
of contained2), 111 , will be : 

dt 

& = m p o A S dv vv 
Vo 

f(v-ff) - f(v)| (1) 

where m is the nucléon mass, p Q the density of the gas, z the coordinate nor
mal to the window area, directed from container (1) to (2), and f(v) is the 
nucléon velocity distribution function for a nucleus at rest. It is assumed 
here that the densities and the Fermi energies of the two nuclei are the 
same. 

-*• 

A friction force proportional to the collective velocity U is obtained 
- * • 

after a first order expansion of eq. (1) in powers of U. The loss of relative 
kinetic energy is given by : 

d E - m p ° <v> AS (U 2 + l l ) 2 ) (2) 
dt 4 z 2 1 

and the friction force by : 

F = -± <v> AS (2 U_ + U.) (3) 
4 z •"• 

where <v> is the mean velocity of the nucléons, U z and U, are the radial and 
tangential components of the relative velocity. Note that the radial damping 
is twice as strong as the tangential one. 

3. The proximity scaling (ref.7) 

The window formula can be extended to more complex geometries assuming 
that nuclei are leptodermous systems to a good approximation. Then eq. (2) 



J 
can be generalized to : 

dE H| - n „( $ 0) (2 UJ * UJ) (4) 

where I 1 9 C l C ! i(s)ds (5) 

with s = R-d-C; (6) 
R is the distance separating the center of mass of the two nuclei, Ci and 
C 2 are their central radii and $(s) is the flux per unit area from one semi 
infinite slab of nuclear matter to another one located parallel to it. s is 
the distance separating the half density points along their symmetry axis 
(see fig. 1). Eq.(4) gives the less of energy per unit of time when the two 
nuclei have the closest half density points at distance s.. 
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The problem reduces thus to calculate the one side current o(s) and to 
deduce from it the incomplete integrated moment : 

-,(s) = J - ; Ms') ds* 
'^ -s 

(7) 

where i Q is the bulk flux (when the SPP barrier has completely disappeared) 

4. Principle of the calculation of z(s) 

i(s) is usually calculated in the Thomas Fermi approximation 3 _ i 3 ) . 
The principle is the following : let us consider two semi-infinite slabs of 
nuclear matter as shown in fig. 1 (Top). They are supposed to be infinie 



in the x and y directions and semi-infinite in the z one. They are parallel 
to each other and s is the distance separating the planes corresponding to 
half density. Our problem is to calculate the flux of nucléons which can go 
from one slab to the other. However all the nucléons cannot do so because 
of two reasons : 
1 - They should move in the right direction. For instance the nucléons which 
belong to the left slab should have a velocity component v >0. 
2 - There is a barrier separating both slabs (see fig. 1 bottom) which arises 
from the mean field (it is the functional derivative of the potential energy 
density of the system with respect to the density). This single particle po
tential (SPP) barrier will prevent certain nucléons from going across it. 

Two different fluxes «ire defined and calculated in the literature 1 0) : 
a) The exchange flux : it is the number of nucléons per unit of time and area 
which can go from one slab to the other without paying attention to Pauli's 
principle. Therefore the transfer of nucléons is independent of whether the 
final state in the second slab is occupied or not. 
b) The transfer flux : It is the number of particles per unit of time and 
area which can go from one slab to the other, but taking into account the 
occupation probability of second one, i.e., of the Pauli blocking. 

Although there are contradictory opinions in the literature concerning 
which flux should be used in the one body friction formula (eq. 4-6), it 
seems now that the transfer flux is the relevant quantity 1 0 - 1 1*). 

5. Nucléon currents : physical effects to be taken into account. 

We shall now examine the physical effects which should be taken into 
account to calculate the flux of nucléons between two slabs of symmetric nu
clear matter assuming that nuclei can be represented as two simple gases in 
a mean field. 
1 - The SPP barrier which can prevent nucléons from going from one slab to 
the other. The crossing of this barrier can be calculated either classically 
(ref. 3) or quantically whith a given approximation (WKB method in ref. 9 or 
with Hill-Wheeler formula in r e f s 1 0 " 1 3 ) . 
2. During the collision of the two heavy ions a big part of the kinetic en
ergy in the relative notion is transferred into heat. Therefore the occupa
tion probabilities of the nucléons will change. This will be of major im
portance in the case of the transfer flux since the Pauli blocking will be 
greatly affected by this effect. This temperature dependence has been con
sidered in ref. i : and more extensively in refs 1 2 and 1 3. 
3. The existence of a temperature will also change the structure of the SPP 
barrier. In particular the height of the SPP barrier will decrease as the 



temperature T increases. This effect has been investigated in refs. 1 2* 1 3) 
and fig. 2 displays this dependence in a particular case. 
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4 - In fact, during the collision the nuclei are not at rest but move with a 
relative momentum per nucléon equal to'ftq. This will influence also greatly 
the Pauli blocking factor in the case of the transfer flux since the Fermi 
spheres in momentum space will be shifted from each other (see fig. 3). The 
modification of the Pauli blocking factor due to this effect has been inves
tigated in refs 1 0 and : i ) for special configurations and in ref. 1 3 for the 
general case. 

©. 

Fig. 3. Schematic figure cf the 
colliding slabs in ordinary and 
k-avace. 

5 - The two nuclei are separated by a kind pf window which wi l l not be at rest 
during the col l is ion. This motion wi l l also affect the flux;we shall come 



back to this effect later on, although we anticipate that a complete calcula
tion of the transparency of the time dependent moving and changing SPP barrier 
remains an open problem. 

6. Basic features of the nucléon flux between two slabs 
of nuclear matter at rest (ref. 1 2) 

We shall now summarize the main features which have been obtained in 
ref.12. We shall not enter the technical details but only give the physical 
ideas coming out of the calculations. 

In the approach of ref.12 symmetric semi-infinite slabs of nuclear matter 
are generated by a self consistent Thomas-Fermi calculation at finite tempera
ture using the modified Skyrme interaction 1 5). The SPP potential is easily ob
tained from the knowledge of the energy density. The transmission through the 
SPP barrier is obtained by means of the Hill-Wheeler formula after a parabolic 
fit of the SPP barrier. 

6-1. EXCHANGE FLUX 

The number of particles per unit of volume with a momentum between k and 
k + dk is : 

dk dk dk 
d 3p. = -S *^L-± (3) 

8ir 1+exp -fi2k2 

2m" /T 

where g is the spin-isospin degeneracy (g=4 for symmetric nuclear matter), m* 
is the nucléon effective mass, U the SPP, u the chemical potential and T the 
temperature. 

The one-way nucléon exchange flux, $(s), is given by the following ex
pression : 

r° fik7 ([ 
*(s) = i dk P(k_,s) —- dkdky d3p. . (9) 

JO z z
 m* J J x * 

-co 

P(k ,s) being the transmission probability through the SPP barrier (ca'cilated 
here with the Will-Wheeler formula). 

The evolution of the incomplete integrated moment of $(s) , v(s), is 
shown in fig. 4 as a function of s for different values of the temperature. 
,'(s) slightly increases because momenta larger than k- can be obtained with a 
non zero probability at finite temperature. However this temperature dependence 



is rather small, ̂ (s) increases when s decreases as it is expected. At s=0, it 
should be noted that o(s) reaches a constant value : the bulk flux (the SPP 
barrier separating the two slabs has completely disappeared). 
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6.2. THE TRANSFER FLUX 

When we take into account of the Pauli principle, the number of nucléons 
per unit of volume with a momentum between k and k + dk which can go to an 
unoccupied (or partially occupied) state in the other slab is now : 

d3o, = _3_ d k x d k y d k z 
1+exp + U-y 

2m* 
/T 

1- 1 1 
1+exp 

rtfy} 
2m* 

+ U-y /T 
(10) 

It differs from eq.(8) by an extra term which corresponds to the Pauli 
blocking factor. .5 

Fig. 5. Zeroth momentum transfer parti
ale fl-AX function ^(s). Starting from 
zhe bo-zom the ouwes correspond to 
F = 1 zo 5 MeV. 

6.0 7.3 slfml 
In fig. 5 is shown \;(s) associated to the transfer flux. We see that it 

« 
strongly depends upon T. It is zero for T = 0 because all available states of 



the second slab are occupied.The strong dependence of 'jj(s)upon T comes from 

the Pauli blocking factor. 

7. Basic features of the transfer flux when the relative 

motion is incorporated to the Pauli blocking factor 

Suppose now slab B at rest and slab A moving with respect to B with a 

relative momentum per nucléon -nef. The Fermi sphere corresponding to A is 

shifted from the origin by an amount q (see fig. 3b). Due to the symmetries 

of the problem, we may choose the vector q to lay on the k = 0 plane and 

describe it in polar coordinates : q(q sin 9, 0, q cos 9). The number of nu

cléons per volume unit with a momentum between k and k + dk which can go from 

slab A to slab B is (in the reference frame where A is at rest) : 

d 3p. 
8TT3 

d k x d k y d k z 

1+exp 
2l,2 

2m* 
+ U-u /T 

1 

1+exp *iiM + u-
2m* 

/T 
(11) 

y now depends on s, T, q and 9 and is shown in figs 5 and 7 ) for selected values 

of its arguments. Fig. 6a shows •]> at T = 0 as a function of s, for selected 

values of q and different values of 9. Fig. 6b is similar but for T = 4 MeV. 

Fig. 7 shows TJJ at T = 0 MeV in polar coordinates for selected values of s and 

q (the radial distance gives the value of -li and the angle corresponds to the 

polar angle of q). These figures give us a rather good feeling of the depen

dence of ̂  upon s, T, q and 9. The general trends are the following : 

The nucléon integrated transfer flux, 'p, increases with T and q and de

creases when S goes from 0 to TT. Although the results drawn in the figure stop 
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at q = 0.8 fm' 1, it should be noted that ty reaches a maximum value which is 

the integrated exchange flux at a certain q value, q s a t , which depends on 6. 

This saturation value is reached when the Pauli blocking has completely dis

appeared. 

Let us stress again that this calculation takes into account of the re

lative motion of the two slabs only to compute the Pauli blocking factor. 

Thus, we have neglected the window velocity. The main reason for that is that 

<jj(s) can be connected to friction if q is small compared to kp. In this case, 

neglecting the window velocity is a good approximation. For large values of 

q, our results have to be taken only as semi-quantitative. 
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TABLE 1 

For the **°Ca + ""Ca system investigated in ref. 2 0)we show the total 
reaction cross section deduced from the experimental angular distributions 
by a best fit optical model calculation and the one obtained using W T 

J irans 
! —" — j 

E-M(MeV) a D(ref. 1 3) j c„{our calculation) 
C M j R m b j R m b 

j I 
64.3 669 | 651 

I i 
71.3 | 939 

I 
907 

88 ' 1390 
1 

1326 

93 1495 1422 

i 

112.5 | 1808 1706 

120 | 1900 j 1738 

8. Contribution of nucléon transfer to the imaginary 
part of the optical potential (ref. 1 3) 

Beck and Gross 1 7) have shown that friction can be connected to the imag
inary part of the optical potential. Therefore it should also be connected to 
the nucléon flux. It has been pointed out 1 8) that particle exchange constitu
tes the main component to the imaginary part of the optical potential at large 
separation distances. Stancu and Brink 1 1) have performed a calculation of this 
contribution, ^jrà{]S, based on this idea. They show that : 

W Trans 
CxC 2 

= Trh $ -Ms,T,q,9) 
Ci+C2

 u 
(12) 

We have also performed such a calculation in ref. 1 3) using the transfer 
flux calculated accordirj to section 6. This value of W T r a n s was used, together 
with the real part of the interaction potential obtained in ref.13) using the 
modified Skyrme interaction 1 5), in an optical model calculation. For the 
- 3Ca + u 0 C a system,in table 1 are compared the total reaction cross sections 
obtained by this way with those obtained from'the analysis of the experimental 



data 2 3). Despite a rather good agreement between the reaction cross sections, 
we want to point out that the angular distributions are, as expected/poorly 
described. 

9. Application to promptly emitted particles 

At bombarding energies of the order of 10 MeV/u and larger, nucléons can 
be emitted with large kinetic energies at forward angles. It has been proposed 
in ref. 2 1) that these nucléons come from the projectile and are emitted after 
being transferred to the target. Indeed, if the relative velocity is large 
enough, the transferred nucléon may have, in the receptor nucleus, an energy 
corresponding to an unbound state, hit the SPP "surface" and escape. Such a 
nucléon is called a promptly emitted particle (PEP) or Fermi j e t 2 2 ) . It should 
be noted that these nucléons do not contribute to friction. Indeed, to do so, 
the nucléon should be thermalized in the target (acceptor) nucleus. In the 
range of 10-20 MeV/u the multiplicity of PEP remains however small. 

Phenomenological models have been developed to explain the jetting of nu
cléons 2 1" 2 3). They are based on a classical trajectory model. In the interac
tion region the number of nucléons going from one nucleus to the other is eval
uated in a more or less sophisticated way. Then one looks if the transferred 
nucléons can escape. To do that, two important physical effects have to be tak
en into account: the mean free path (usually deduced from the optical model), 
and the refraction at the surface. If the kinetic energy of the nucléon remains 
large enough to surmount the SPP at the surface of the acceptor, it can escape 
and gives a jet. 

We have used a simple dynamical model in which two degrees of freedom 
are explicitly taken into account : the distance between the center of mass of 
the two nuclei and the corresponding polar angle. A friction force proportional 
to the velocity acts in the radial motion and angular momentum dissipation is 
described in a phenomenological way. In the interaction region a window opens 
between the two nuclei which was parametrized according to r e f . 2 u ) . 

We have paid a particular attention to the number of nucléons which can 
be transferred between the two heavy ions but we have made no distinction be
tween neutrons and protons. The calculation was performed at T = 0 . The fol
lowing points, which were disregarded in previous works 2 1" 2 3) have been 
treated : 
1 - We have taken the relative motion on the Pauli blocking factor into account 
(see sect.6). 
2 - We have also taken the window velocity between the two nuclei into ac
count. In this case,the number of nucléons with a momentum between k and 



k + dk, going per unit of time and of area from one nucleus to the other is : 

d6N h(MO 
dtdSd 3k m* 

P(k z,s) d3p-k (13) 

h q W where —x- is the velocity of the window (this effect was also considered in m 
r é f . 2 3 ) . The penetration probability, P(k ,s) was taken, as in sect. 6, from 
the static case. 
3 - The total number of nucléons is obtained after integration over the win
dow's area. However we do not assume that nucléons are crossing the central 
region of the window but that they can cross it anywhere. In other words they 
can be emitted from any point of the window area. 

The absorption and the refraction of the transferred nucléons have been 
treated in the same way as in r e f . 2 1 ) . 

In the present paper we will just show the influence of the improvements 
made in the flux calculation (see points 1-3 above) on the PEP production. For 
that we have investigated the Ne + Ho system at two laboratory energies 220-and 
402 MeVjjtef.25)]. The results concerning the PEP multiplicity are shown in 
table 2 for different I values. The first line corresponds to the full calcula
tion wr-reas,in the other ones, we have removed one of the three improvements 
already mentioned. 

TABLE 2 
Nucléon multiplicity for the systems ?§Ne + ^ H o 

Elab = 220 MeV Elab = 402 MeV 

I = 0 fi 80 H I = 0 h I00 fi 

* 1.17 
a) 1.17 
b) 0.72 
c) 1.39 

0.44 
0.97 
0.36 
0.54 

1.61 
1.61 
0.9 
1.76 

1.18 
1.82 
0.76 
1.29 

* With the three effects mentioned in the text. 
a) Whithout Pauli's blocking. 
o) Whithout window velocity. 
c) Neutron crossing through the window center. 



As we can see, the Pauli blocking factor plays an important role only 

for peripheral collisions especially at the lowest bombarding energy. This 

can easily be understood by geometrical considerations in momentum space. 

The velocity of the window has also some influence on the multiplic

ities for all energies and angular momenta. 

Table 2 shows that considering that the nucléons are emitted from the 

center of the window is a good approximation for the PEP multiplicity. How

ever this is not the case for angular and energy distributions. 

Finally, in fig. 8 we show the neutron multiplicity measured in ref. 2 5) 

for different bombarding energies and the result of our model. 
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10. Conclusion 

In this paper we have reviewed different ways of calculating the nu

cléon f1<.'\ between two heavy ions. If one uses the proximity scaling pre

scription, it is sufficient to calculate the transfer of nucléons between 

two semi-infinite slabs of nuclear matter. A direct application of this 

calculation is the evaluation of the friction force acting in the relative 

motion of two colliding heavy ions. Another application concerns the part of 

http://3ctneta.ev.3e


the imaginary optical potential related to particle transfer. 
For high energy collisions there is no need to use the proximity 

scaling for computing the nucléon flux. Indeed most of the particles are ex
changed (and jettered) when the nuclei are in close contact (s<0). Using our 
flux calculation we have checked several approximation made in earlier works. 
A more detailed account of these results will be the subject of a forthcom
ing paper 2 6). 
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