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ABSTRACT : 

Semi-classical approaches are proposed to study the trr.-sition 
between the one-and two-body processes in intermediate energy heavy 
ion collisions. The Landau-Vlasov equation is used as a transport 
equation for nucléons in the nuclear matter. We apply our forr ilism 
to the fast proton ejection. On the one hand, the effects of t. e 
nucleon-nucleon collisions are studied for the particles which ra
vel through the nucleus cores. On the other hand, the inertial LS-
sion turns out ~o be an important proton emission mechanism. Our 
results conflict the interpretation of the proton spectra in terms 
of moving sources. Reasonable agreements with the experinentai data 
are found without reference to any thermal equilibrium. 



1. INTRODUCTION 

We want to study the heavy ion reactions in the intermediate 
energy range (10 to 100 MeV per nucléon). This energy domain is 
called intermediate since it provides a link between the low 
energy reactions - dominated by the interaction of the nucléons 
with the nuclear mean field - and the high energy reactions where 
the reaction is dominated by the individual nucleon-nucleon colli
sions. 

A theory that would satisfactorily treat all the one-body and 
two-body processes in nuclear reactions seems presently out of scope. 
It seems difficult to include collision effects in self-consistent 
theôYies of the nuclear mean fie ici such as TDHF 1). On trie other hand, 
pure kinetic models -such as cascade model, Boltzmann equation for 
high energy reactions1)- do not consistently include the mean field 
contributions that we expect to be still important in the energy 
range that we consider. 

To step towards our general goal, we have first chosen a semi-
classical framework, since heuristic methods -very early pioneered 
by Uehling and Uhlenbeck3 )-• have succeeded in incorporating the 
effects of two-body collisions in the evolution equations of semi-
classical phase»space density distributions. Such semi-classical 
equations of motion can be derived from fully quantal ones by a 
perturbative development in powers of h"), 

We have then chosen to apply our formalism to a particular sub
set of the whole phase space distribution : i.e. the class of fast 
particles which have been -experimentally observed in the whole 
energy range. This experimental phenomenon appears then as the 
natural link to study the transition from the one-body to the two-
body processes ; its characteristics, mainly fixed by the mean 
potential at low energy, must progressively bear signatures of the 
nucleon-nucleon collisions when the energy increases. Technically, 
this choice eases also the treatment of the ;nean field, since the 
fast particle emission seems correlated with the early stages of 
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the reaction, where, with a gooa approximation, the mean field car. 
be taken within the sudden approximation. 

This paper is organized as follows. Xn section 2, we present 

se space distribution of protons in nuclei (§ 2.1) and its dynami
cal evolution equation (§2.2). In the two last sub-sections, we 
present our method to take into account the two-body correlations 
through the Landau-Vlasov equation. In section 3, we discuss the 
application of our formalism to the proton emission in nuclei in 
intermediate energy reactions ; we distinguish three phases in the 
process. The first phase (§3.1) corresponds to the collision of the 
two ions , the considerable slowing down of the relative motion and 
the brutal modification of the potential landscape pulling.nucléons 
out of their equilibrium state in their mother nucleus. Part of 
these nucléons may escape to the laboratory, travelling through the 
nuclear matter of the interacting nuclei. We study their transport 
(§3.2) and the effects of collisions of the transferred fluxes. Fi
nally, we show (§3.3) the spectra of emitted protons and make some 
comparisons with the experimental measurements. In-the whole saction 
we discuss the various approximations to the general treatment rhat 
one may,introduce at each stage of the model. 

2. GENERAL FORMALISM 

2.1 The phase space distribution of protons 

The Wigner transform of the single-particle density matrix 
o(r, r 1) is defined by : 

f0(?,p) = / ds expfiEg5-) s (? + | , ? - | ) . (2.1) 

Trie- single-particle density operator can be written E"5 an 
inverse Laplace transform : 

a - r 1 Colli) 
c? °^ S-c 3 (2.2) 
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A ( S ) * 
and C = exp (-SH) is the single-particle propagator. The Ferrai 
energy e_ is determined by the particle number and the degeneracy 

of states g. 
n( 3 ) 

The propaga-or C can be expanded into a power series of 

h 6 ) . It is convenient to write down directly the expansion of its 

Wigner transform ; up to terms h1, one finds : 

CC8)(r,p") = exp 

h J B 2 

( - 6 ( u ( r - ) + £ >+^»Cr)r) 
Ms 3 - * 

(2.3) 
U(r) + 0 (h* )). 

Inserting the semi-classical expression (2.3) into (2.2) immediatly 

yields the phase space distribution f 0(r,p). 

The expansion (2.3) displays a scheme of successive approxima

tions with respect to the local potential U(r) and its derivatives.At 

the lowest order one considers the potential locally as a constant 

(Thomas-Fermi theory), which yields the familiar step function : 

f0(r,p) sU* El 
2m 

U (r)). (2.4) 

For,nuclear matter (U(r)= 0), this is the exact result. The higher 

order derivatives of U are then incorporated successively. The 

expansion (2.3) can be considered as an approximation to the pro

pagator in the locally harmonic case where derivatives of the poten

tial up to second order are taken into account. 

2.2 Dynamics of phase space distributions 

So far we considered the statics of phase space distributions 

which will us allow to define our initial conditions properly. However, 

since we are studying the collisions of nuclei, we are interested 

in their time evolution. The Wigner transform of the Liouville-von 

Neumann ecuation : 

ih p !H,S! (2. 

wnich governs the evolution of the density operator 

réf.") : 
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(2.6 

We want to truncate the expansion (2.Ô) consistently with our semi-

classical treatment in the static case. We have emphasised that 

the h-expansion (2.3) can also be considered as an approximation 

scheme in which the higher order derivatives of the potential are 

successively taken into account. The fact that there were retained 

the derivatives up to second order, gives the following equation for 

the distribution : 

K * £ 5 P

f - v 5P f = 0 . (2.7) 

which is the Vlasov equation. The static solution obtained in the 

previous section is, within the locally harmonic approximation, 
3f 

obviously a solution of this equation for -.— = 0. 

Introducting the global propagator K(t), the solution f't) of 

the Vlasov equation can be written : 

f(r,p,t) =!•' dr„ dp„ K (r,p,t ; r„,"p0,t0) f 0(r 0 ,p„, t„) , (2.8) 

where K(t) satisfies the Vlasov equation itself with the initial 

condition : 

lira K(r,p,t ; rt,p,,t„) = «(?-?„)« (p-P 0). (2.9) 

t -t. 

It is well known that its general time-dependent solution K(t) is 

given by : 

K(r,p,t ; r 0,p 0,t 0) = «(r-rjr,,,p.,t0))« (p-p.(r0,p„,t0)), (2.10) 

where r. and p. solve the Hamiltonian system of classical mechanics, 

m 
P t = -» "I — (2.11) 

The distribution f(r,p,t) can consequently be viewed as an ensemoi 

?f quasi - particles moving along classical trajectories in the 

potential U{r). 

The Vlasov equation is the quantum mechanically correc" 

equation wi-nm a locally harmonic acprcximation. In the case cf 



quadratic potentials, it describes the dynamics of phase space 
distributions even exactly ; quantum mechanics is respected 
throueh the initial distribution f . Within our model for the & o 

turn out to be the convenient means for the practical solution 
of the Vlasov equation. 

2.3 The Landau-Vlasov equation 
The previous scheme of approximations up to the second order 

in the h-expansion provides us with a semi-classical version of 
the time-dependent Hartree Fock equation. As a matter of fact, 
the Wigner transform of the one-body density matrix evolves as a 
function of time according to eg .{2.7). The mean field. U(f) is 
obtained in a self-consistent way. As a consequence the one-body 
interaction picture is depicted in the available phase space. It 
can be understood within a phenomenological framework by taking 
into account proximity effects between the surfaces of the nuclei, 
the stochastic «changes of nucléons between the partners and the 
reflexions of nucléons at the edges of the mean field. . 

The distribution function f(r,p,t) generally describes quasi-
particles and nothing prevents it to take negative values. However, 
due to the constancy of the nuclear potential within the bulk of 
the nucleus, the Wigner transform is always positive if one neglects 
small negative oscillations around the surface of the nuclei. The 
behaviour is here very similar to the behaviour of the distribution 
of electrons inside a metal. It will allow us to treat the quasi -
particles as real nucléons and the distribution f{r,p,t) as a genuine 
probability density2*). 

As far as the Pauli blocking hinders the two-body collisions 
(as in the low relative energy regime), it turns out that the Vlasov 
equation is a convenient basis for describing the heavy ion reactions') 
On the other hand, ir, the high energy range, a large domain of the 
available phase space becomesaccessible for the scattered particles. 
Above a relative energy of 150 MeV/nucleon, the respective Fermi 
spheres fcr the target and for the projectile are disconnected and 
two-cccy collisions ' residual interac-ior.) may play a major role. 



An heuristic approach to treat the effects of the collisions on the 

distribution function is given by the following Boltzmann equation : 

3 fi g 1 , .- ,- . •* /do . . ,* - -
ir = ^-TTrp 'to d P 3 dp, ^ ) ft(r>l+Pi-Fi-

M Ei«a -€, -£„ ) [ (l-f,)(l-f2 ) f,fu- (l-f^(l-f„) f,^ 

(2.12) 

where ("TtJ is the nucleon-nucleon cross section. 

f. holds for the occupation numbers in the Pauli 

blocking terms (1-f.), whereas it represents the 

phase space distributions f.(r,p,t) otherwise. The 

index i can take the values 1,2,3,4 and eq .(2.12) 

refers to the colU-sions 3+4* 1 •»• 2 for the .̂ a in term 

and to the collision 1+2 * 3+4 for the loss term, 

g is the degeneracy factor of each single-particle state 
m is the nucléon mass. 

The right-hand-side term is the Uehling-Uhlenbeck collision term *) 

and the previous equation can be considered as a particular expression 

of the Extended-Time-Dependent-Hartree-Fock approximation for an infi

nite homogeneous system of Fermions. The total energy and the total 

momentum are conserved. Below the pion production threshold the nucleon-

nucleoT) cross section can be restricted to the elastic channel and 

the energy consei^ation has to be merely fulfilled for the kinetic 

energies of the two colliding phase space cells. 

In the intermediate energy regime, the extreme assumption of homo

geneous systems is no more valid. One has to deal with a more general 

transport equation, which treats the effects both of the nean field 

and of the collisions on the time-evolution of the distribution 

function, namely the Landau-Vlasov equation : 

9t m r * r p r u ;coll (2.13) 

where (I) is the collision term from eq. (2.12). 

In this equation, the non-linearity has a two-fold origin : it 

cc~es firs~ from -he self-eor.sis tency cf the -near field 'J and then 

f m the collision integral ^ern. As •"* matter cf fact, -he collision 

ter™, acts as a diffusion terrr. ir. the ncmen.turn sçace. It is consti

tuted by a gain tern '..enhancement of the phase soace cell f, ) and a 



loss term (depletion of the phase space ceil Tx ). These two terms 
contribute to a mean slowing down of the velocity field associated 
with the distribution f. Simultaneously, a dispersion around the mean 
value is produced mainly by the gain term as we shall see later on. 

2.4 Linearisation of the Landau-Vlasov equation 

Even if the Landau-Vlasov equation represents a rough approxi
mation to a full self-consistent quantal theory, it is barely useful 
in its general form due to the great complexity of 1rs numerical 
solutions. Part of this complexity lies in its high non linearity 
Cf(p) occurs with the power three in the collision terms). 

A standard issue of statistical mechanics consists in the 
search for linearized forms of Similar kinetic equations, by assuming 
that the solution is close to the equilibrium one (see ref.') : 

f (p) = (1 + X(p))fe (p) (2.14) 

The Landau-Vlasov equation for f(p) is transformed into a 
reduced linear one for X(P)I which represents the slight departure 
from the equilibrium. This standard technic is net applicable in our 
context, since we precisely want to describe the far-from equilibrium 
part of the nucléon distributions. Another class of linear kinetic 
equations can D~e formally derived') when the total distribution 
function can be split into two parts : an equilibrated saturated 

e •* t •*• 
part f (p) and a low-density, unequilibrated one f (p) : 

f (p) = fe(p) - f^p) (2.15) 

The low-density hypothesis allows to write down our only ad-hoc 
approximation for the occupation probability: 

f* (p) <<1 for all p's (2.16) 



From eqs. (2.15Ïand fe.16), we can draw the immediate consequences 

i) The collision term vanishes for f (p) ; there are no colli

sions between nucléons in nuclear matter at equilibrium : 

;••• [ (i - f^Hi - fe

z)f*ff -Ci - f®)(i - ffjffff) 1 = o (2.17) 

ii) the collision term is vanishingly small for f (p) ; the 

collisions are scarce between nucléons belonging to the far-from-

equilibrium part of the distributions 

/••• [ (1 - f^Ml - f^fjf* - (1 - f*)(l - f*) fff* ] =0 (2.18) 

iii) The Pauli blocking is mainly due to the states occupated 

in the saturated nuclear matter : 

(1 - f.e - f.*) =(1 - f.e) for all i's (2.19) 
l i l 

Formalalgebraic manipulations then lead to our final form for 

the collision term : 

( I ) c o i i = '•••[2(i-f1)f1fl: - (i - f1> t 1 - f t i f f c i <2- 2 0 ' 

The factor 2 in the gain ;erm arises from the relabelling 

symmetry of the indexes 3 and 4. We can then make use of the linearity 

of (I) } in terms of f. The Landau-Vlasov equation appears now 

as a set of two coupled differential equations : 

~ + 2 7 f e - v U-7 f R = o (2.21) 
3t n r r p 

+• ^ 

all + E .Ç f* - Ç u.S f* = (I) (9.22) 
3t m r i* p coll 

The a.-ayticai form of the occupation probabilities f at 

equilibrium is : 



energy and temperature. Our final version of the linear Landau-

Vlasov equation then reads9) : 

where W and W respectively are the gain and loss transition rates : 

WGtp,, P.) = W L(p M, p, ) (2.25) 

WG(P,, pj^/dpjdp,^ 5Cp^P2-p3-P, )ô'ei + £2-£]-,-J(l-f
e

2)f^ (2.26) 

The loss term can be worked out independently since it is indepen-
* t "" •*• 

dent on f ; it can be cast in terms of a local mean free path X(pt ) : 

* "''P'1 = ' ^ V p ^ dP» w L(P,. P-Hl-f?) (2-27) 

The linearized Landau-Viasov equation describes the transport 

of a low-density nucléon distribution through a saturated nuclear 

matter in thermal equilibrium. The underlying assumption, following 

from eq. |2.16),is that one can neglect; the excitation created in nuclear 

matter by the particle-hole pair creations induced by the collisions. 

3. MODELS FOR THE PROTON EMISSION 

IN THE INTERMEDIATE ENERGY RANGE 

We study the promet emission of protons during collisions between 

heavy ions. The characteristic time for the nucléon emission is 

assumed to be smaller than the characteristic time for the reorgani

zation of the nuclear densities which occurs during the collision. 
-21 

Indeed, this latter time is of the order of a few 10 s and one 

expects - in the energy range between 20 MeV and 100 MeV/nucleon -

that the fragmentation processes and the prompt emission occur in 
-2" 

a time scale of the order of a few 10 s. With regard to -he proton 

emission, we have to follow the progression through the di-nucleus 

system of energetic proton flows. As discussed in the preceding sectior.t 

we shall use the linearized landau-VIasov equation as a theoretirai 

tool, wnich allows to treat the one-and two-body processes. However, 



these two processes do not play an equal role during the proton 
emissicn and we shall decompcse the emission mechanise into three 
steps : 

i) an approach phase, where the two-body collision term for the 
proton'flews is negligible, when compared with the contribution of 
particle exchanges between the two 7ermi seas (1 particle -I hole 
excitations). The Landau-Vlasov equation reduces to a Vlasov equa
tion whose solutions can be sketched by any phenonenclogicai model 
describing the dynamical evolution of nucléons in the mean field of 
a nucleus, when this nucleus undergoes the conservative and frictional 
forces of a ion-ion collision, 

ii) A transport phase of nucléons from one partner through the 
nuclear matter of the other one. The dominant processes are given by th 
nucleon-nucleon collisions in - ~uasi-homogeneous me ium described 
by the Boltzmann integral of 5 1.(2.12). 

iii) An ejection phase, where part of the nucléons are ejected 
to the laboratory after the refraction of their trajectories at the 
nuclear potential edges. The less energetic ones are trapped in the 
nuclear potential well, where they contribute to the one-body dissi
pation. This redaction occurs in the low-density region of the 
nuclei where the collisions are scarce. 

For the approach and transport phases, some phenomenological 
approximations to the full treatment can be propounded. Our aim is to 
give some comparisons between these different treatments and to draw 
some conclusions about the proton emission results. 



3.1 Approach phase in a nucleus-nucleus collision 

3.1.a Propagation of quasi-particles (model A). 

Let us consider the isolated nuclei (infinite relative distance). 
The phase space distribution of the nucléons depend on the relative 
distance of the nucléon with respect to the center of mass of each 
nucleus, and on the momenta parallel and perpendicular to the nuclear 
surface : f (|r|,p ,p ). o " j . 

The semi-classical approximation with the Bhaduri-expansion6) 
(see eq. 2.3) gives the momentum distributions. It turns out that 
the distribution is more diffuse perpendicular to the nuclear surface 
than parallel to it. Nevertheless, in the present description, we shall 
aàôpt an averaged distribution f (|rj, !p"l), the averaging procedure 
being done over all the momentum directions' '). To study the dynamical 
evolution of various subsets of this semi-classical distribution func
tion, we divide it in small cells whose width is frozen =s long as they 
remain in their mother nucleus. In this case, the propagation of these 
cells (called quasi-nucleons) reduces to a classical three-body pro
blem where the partners are a quasi-nucleon which belongs to the 
projectile (resp. target), the refraining part of the projectile 
(resp. target) and -the target (resp. projectile). We shall call quasi-
projectile (or'-quasi-target) the projectile (or the target) from 
which a quasi-nucleon is removed. 

We assume that the three partnrrs interact only through two-
body forces. For the quasi-projectile/target (or projectile/quasi tar
get) nuclear interaction, the ion-ion potential was calculated in 
the framework of tne energy density formalism with "he sudden appro
ximation' °). For the interaction potential of the quasi-nucleon with 
each ion, we assume that it is a Wood-Saxon potential, consistently 
with the original Wigner transform calculation see ref.1') : 

U(r) = V (1 + exp ( r " R o l)" 1 (3.1) 
o a 

where a = 0.67 fm , s = 1.27 A V = 44 MeV 
o ' o 

The one-bcriy dissipation between -he target and the quasi-
projectile is taken into account according to the model of ref.'2) 
where radial and tangential friction forces are phenomenologicaliy 
described. They are chosen for their accuracy in the prediction of 
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fusion cross-sections at low energy and of the grazing angles in 
deep inelastic collisions. In view of generalizing the previous 
expressions to the higher energy range, we have done a readjust
ment. The ansatz of constancy for the absolute value of Y

 v* where 
Y is a friction coefficient and V the relative velocity, was used 
in the following calculation"). 

The potential landscape experienced by the quasi-nucleons consti
tutes a three-dimensional barrier, which governs their possible 
transition from the projectile to the target (or vice-versa). The 
slowing-down process during the approach phase of the collision 
partners coupled with the nucléon intrinsic motion allows a part 
of the quasi-nucleons to cress thi% barrier. When a quasi-nucleon 
reaches the target nuclear medium, one switches from the approach 
phase to the transport phase. The transferred fluxes of quasi-nucleons 
yielded by the approach phase calculations provides us with the initial 
conditions for the transport phase. The quality of the results in the 
above approach is correlated with the precision of the sampling of the 
initial nuclear distribution function. Then, we shall compare them 
with those of a simpler phenomenological model based on the window 
concept, widely used in the lower energy reaction studies. 

3.1.b Window Model (model B) 

The ejection of fast protons within a window model has been 
treated in a precedent work 1 3), to which we refer for the details of 
the calculations. We just recall here its main features. As in the 
previous section, the nucléons are considered as moving indepen
dently in an average potential without interacting directly with the 
other particles but only via with the potential wall. Then the 
mechanism which leads to the transfer of nucléons between the two 
ions is always the collapse of the potential barrier in the contact 
region. Instead cf the dynamical picture of model A where all the 
individual trajectories are followed in the time-dependent notential 
landscape, the window model provides a static description which 
leads to much simpler numerical treatments. The transferred nucléon 
:-' J X 1 3 provided by -r.e shifted equilibrium denor chase space 
distribution function modulated by the influence of the instantaneous 



barrier transparency ; the transferred nuclear distribution 

function reads : 

f (r.q.t) = f (r,q,t) T (r,q,t) n (q,t)(l-nT( q,t)) (3.2) 

q is the intrinsic velocity of the phase space quasi-particles, and 

v is its velocity at the window in the recipient reference frame. 

They are bounded by the following relation : v = q + u where u is 

the relative velocity given by the ion-ion dynamics which takes into 

account the one-body dissipation. 

The Pauli blocking is taken into account, introducing the terms 

n (1 - n_), where n (resp. n„± is the projectile (resp. target) occu

pation number. T (r,q,t) represents the nucléon transfer probability 

from one nucleus to the other, above or through the barrier ; it depends 

strongly on the potential surface profile in the contact region of the 

two ions. Special care has then besntaken to compute the mean potential 

experienced by the nucléons. 

Owing to the shortness of the preequilibrium emission time scale, 

the di-nucleus system can be described by the sudden overlap of two 

frozen nuclear densities and the mean field is then estimated in the 

sudden approximation. In this approximation the energy density (ED) 

formalism allows to simply compute the local energy density as a 

function of the nuclear matter density. Therefore, the local energy 

density reads : 

etc) = T(o) + V(o) (3.3) 

where T(p) and V(p) denote respectively the kinetic energy density 

and the potential energy density. To keep consistency with the senû-

classica.l harmonic approximation, the kinetic energy density is deter

mined in the extended Thomas-Fermi approximation- The ED formalism 

provides a sudden approximation to the ion-ion interaction potential 

that has been used in the ion-ion reaction model12,. It dominates the 

dynamics of the entrance channel and therefore the icr.-ion relative 

motion. 



In an independent particle model, on can dedice, with functional 
derivatives, a mean field potential for the levels we are interested 
in : those close to the Fermi surface. Typical potential maps can 
be found in ref•l )•In actual calculations, the three-dimensional 
barrier transparency has beenassumed to depend only on the projected 
component of the velocity along the axis joining the nucleus centers. 

3.1. c Results and comparisons 

« First of all, let us define the intrinsic momentum p. ,_ of the quasi-
m t 

nucléon with respect to its mother nucleus and the relative momentum 
p with respect to the target nucleus by : 

» p. «. = P. - P, 
l n t ' ' (3.4) 

P t = P, " P, 
where the subscripts 1, 2 and 3 respectively label the quasi-nucleon, 
the quasi-projectile and the target. The relative motion between the 
ions is : p =55-5; and t n e relation for these composed momenta 
is : 

P* = P--4. + P.. < 3 - 5 ) 

With the cylindrical symmetry around the displacement vector p , 
the intrinsic momentum p. can itself be decomposed according to 
fig.l). This plot shows the physical problem in the momentum space. 
The Fermi spheres are drawn with a respective displacement p and : 

p
t = p.. fiu + p+ *u 

S <3-s> 
pu with n =,»—r and t orthonormal to n u lpul u u 

The orientation of p. , with respect to n is given by the angle <5. 

In fig. 2a) to 2d), a few typical examples of initial conditions 
are givenfor the 'fc(1032 MeV) + '^C-system. They only concern the 
r.uciecns which have been emitted after crossing the target. The full 
curves she* the results obtained fron the propagation of quasi-
perticies, and the dotted curves are those deduced from the window 
tocel. To easily compare these different curves, their magnitudes 



have been adjusted to the same maximal value. 
Fig. 2a shows the distribution of the displacement vectors for 

the emitted nucléons. It turns out that only the energy relaxed 
components contribute to the emission after travelling through the 
target nucleus. The mean displacement velocity is roughly located 
at half the initial relative velocity between the ions. 

Fig. 2b shows the differential cross section da /dl as a 
function of the initial orbital relative momentum lb of the collision. 
Most proton ejection events are populated by the head-on and central 
Collisions where the relaxation of the relative kinetic energy is 
the most effective. Also, protons are transferred predominantly 
when the slowing down is already sensible. This explains that the 
mean displacement velocity of fig^ 2a is roughly half the beam velocity 

The absolute value of p. which is required for a subsequent 
nucléon emission is distributed around the high momentum components 
of the initial momentum distribution (fig. 2c). The emission is possi
ble only if the kinetic energy of the quasi-particles above the sepa
ration barrier is large enough and only if the nucléons are not 
refracted on the target surface. . 

Finally the flux da /dt of passing nucléons is drawn in fig. 2d. 
One can observe that, in spite of the large number of different 
geometrical situations at the contact point, the flux reaches a rather 
well peaked maximum. The small dispersion expresses the relatively 
high incident energy. This supports our initial hypothesis that the 
emission process occurs on a very short scale in the entrance channel 
of the reaction. This also confirms our conjecture that the mean 
nucléon potential which governs the emission can be taken in its sudden 
approximation. 

As a preliminary conclusion for this section, we notice that 
both models provide almost surprisingly comparable results for the 
approach phase. It means that, in spite of its approximations (static 
barrier transparencies and instantaneous transfer of the relative 
motion damping to the nucléon distribution), model 3 contains most 
dynamical features of model A. The only apparent discrepancy appears 
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in fig. ?..c, it reflects mainly the difference in the static 
nucléon distribution functions, the prescription of model A de
scribing better the nucléon distributions at the surface. This 
effect is particularly sensible for the light ions that we consider. 

3.2 Transport phase of nucléons in nuclear matter 

The travelling of the donor nucléons through the recipient 
nucleus is then studied with the Landau-Vlasov equation where the 
potential is taken ?s a constant. Before entering the details of a 
realistic calculation, we briefly discuss, in the next sub-section, 
the role of nucleon-nucleon collisions in the semi-infinite nuclear 
matter. .. 

3.2.a Nuclear transport in infinite nuclear matter 

Within the semi-infinite nuclear matter approximation, we can 
neglect the space derivatives in the transverse directions : 

f = P,7,f (3.7) 

where oz is the propagation direction". In a permanent regime, the 
Landau-Vlasov equation "reduces to : 

(p,/m) |j ffc (p,z) = CI) coll '3.8) 

In fig. 3, the evolution of the invariant cross sections : 

3 * t -* dj/dp = pf (p.z), z*~ (3.9) 

in the (p , p )-plane is shown in a sample situation. We take a 
gaussian initial cross section centered at p = 2.0p_ with a full 

z r 
width at half maximum equal to 0.4 p . Such conditions are chosen in 
order to mimic the flow through a thick target nucleus of a light 
projectile in a head-on collision at approximative^ SO MeV per 
nucléon. 

The Figure 3.a shows -he initial gaussian in the o = 0 ' y plane ; the half ci re Ismarks the border of the Fermi sea where the 
occupation probability :"" ''net shewn '.:-. the figure) 13 g (p - p„; 



(see eq . (2.23)at the limit T*0 ). The figure 3.b shows the 

situation after that 8 fermis of nuclear matter have been crossed 

through. There are slight modifications of the initial gaussian 

(norm, mean position and width) ; they are little perceptible due 

to the logarithmic scale. The lost nucléons from f and those pulled 

out from f by the collisions lie in an almost isotropic distri

bution around the Fermi sphere. Notice that the outer edges have 

been cut off during the calculations. The constant slope of the 

curves is a signature of an exponential fall-off of the distribution ; 

* this sample calculation illustrates how two-body collisions in cold 

nuclear matter can simulate thermal equilibrium emissions. However, 

the direct calculations are lenghty and barely applicable to realistic 

situations. In the next section,.we develop an approximate treatment 

of the problem. 

3.2.b Approximate treatment with gaussian propagators (model A) 

In order to study the dynamical evolution of the transferred par

ticles f into the target nucleus under the influence of the collision 

terms, we assume a constant potential (VU = 0). Furthermore, we assume 

that the particles move along straight lines without dispersion in real 

space through the target nucleus. These assumptions allow us to treat 

the dynamics of f in momentum space only, and the Landau-Vlasov equa

tion reduces to : 

•5-- = «J - L (3.11) 

For the evaluation of the loss term Lip), we shall use che lsospin 

averaged nucleon-nucleon cross section which depends on the relative 

momentum : 

a- = (Ne- + Z3" )/A (3.12) 
pr, pp 

of ref. 1"). For a constant J = a 0 the loss term can be worked out 

analyticallyl5t9 ). For Che somen-urn dependent one, it is still quite 

acc^razàly represented by *he factorized form : 

L(p) = *- T-T^^- f (p) = ̂ ûJip) f fp) f (£) (3.13) 



where the form factor F(p) can be found fir example in ref. ). 
In the present calculation, we reserve a pai'ticular treatment to 

the gain term G(p). We consider the gain due to the ensemble of pro
jectile particles which invade the target during the contact of the 
nuclei. For the numerical integration of the gain term, we assume 
that these particles remain at all times essentially within the Fermi 
sphere : 

f* (?) = 9 (pF - \p - p j ) (3.14) 

« 
which is desplaced from the target particle Fermi sphere by p 
(fig. 1). The displacement vector p is, at least in the moment of 
the penetration of a specific projectile particle into the target 
nucleue, a well defined quantity (see section Z.i.c). We shall de -
scribe in the next section how it is adjusted during the dynamical 
evolution. The assumption is consistent with the neglect of the colli
sions between the transferred particles f . f (see sect. 2.4). 

As to the practical evaluation of the 5-dimensional integral G(p), 
we performed the integration with respect to the variable cos (Cp-"p ) , 
(p *- p j ) analytically and the remaining 4-dimensional integral by a 
Monte Carlo procedure. The contour diagram of G(p) for the specific 
case p *= p = 1 is displayed or. fig. 4, Within the inner sphere, 
which is the Fermi^sphere f of the target nucléons, the gain (and loss 
term for the projectile particle vanishes. On the other hand, it can 
be shown that there are contributions to G(p) only from particles p 
with momenta plt> p, so G(p) vanishes also outside the outer sphere 
with radius p = p + p- = 2. G(p) is cyiindrically symmetric with 
respect to the p -axis and depends explicitly only on the two varia
bles (p M, P x) which are the momentum components parallel and perpen
dicular to this symmetry axis respectively. The distribution G(p) 
within the spherical shell 1< p <2 shows a clear forward-backward 
asymmetry and decreases monotonically, at a given polar angle, from 
the inner sphere towards the outer sphere where it vanishes. 

Mow we have to soive the equation (3.11). We note that because of t! 
cylindrical symmetry, f and G(p) do not depend en the azimuthal angle 
o . We define therefore f* = 2T p, f1" grid G* = 2- p, G and write the 
reduced equation : 

3f* ~* •* * , of* 
— = L>* ip ; ptiJ - . .' , . . '.3.15 ) 



where we display the parametricsL dependence of the gain term on 
the displacement vector p explicitly. The distribution f* depends 
only on the two variables (p,,, p ±) which can be treated as rectan
gular-coordinates. Sc we perform the calculation in a fixed plane 
and restore the 3-dimensionality, when occasion arises, dividing 
by 2* p ± . 

For the practical solution to eq.(3.15), we subdivide the phasi» 
space into N cells and study the propagation of these cells indivi
dually. We require that the propagators K•• i = 1,2...N, satisfy the 
same equation as f* : 

3Kr pK*. 
^-T- = G* (p; p ) r-f-r , (3.16) 
3t ^ ' *u mA (p; 

the initial condition : 

l i m K * ( t ) = s(p„ - p i 1 j L C t o ) ) 6 <p x -~p ( t Q ) ) 

t * * 0 ( 3 . 17 ) 

and the normalisation condition : 

^ /K* dp,, dp ± = 1 (3.18) 

The Monte Carlo procedure which generates the initial conditions 
for the penetrating particles provides also the statistical weights 
w. of these cells in phase space at the time t - t 0. Multiplying the 
equations (3.16)with w. and summing them up we recover the equation 
(3.15)for the entire distribution. 

Since the gain term depends on the entire distribution f* which 
evolves in time, the equation (3.la for the propagators is only valid 
within a short tine interval (At = t - t 0}. Thereafter f* should be 
reconstructed in order to readjust G*. It would be a formidable task 
to readjust G* during the dynamical evolution after each time step At 

To keep the procedure numerically feasible we proceed as follows. \>ie 

assume that th$ entire distribution f*, needed for the evaluation of 
G*, remains at ail times a Ferrr.i sphere of the form '.3.14). In order 
tc readjust the displacement vector n during the dynamical evolution 
we assumed that its fastest particle p^ = 1 + p (on fig. «a at ?,, = 
p, = 2) moves under the influence of the loss term er.Iy and that 
the ^hola sphere is slewed down at the same rate. One deduces from 



eq _ (3.Lô)in the case of vanishing gain G* = 0, that p„ obeys the 

equation 

dp f p f

2 

dt m \ (p ) 

.̂  a further simplification we calculate the propagator K* within a 

gaussian approximation. To this end we define the moments of the 

distributions K* and G* : 

p„ = /p„K*dp„dpi g {p )= /G«dp„dp± 

P. = J. Pi

K*dp„dpJ_ -g (p ) = S p„G*dp„dp, 

r = /(p„ -P,,) 1 K*dp„ dPj_ g p (pu) = / p^G-dp,^ 

- / (p1.-p„)(pi-pl)K*dp11dpJ. V„ ( Pu> - / P " G * d P " d P -

I (p ) = /p„pJLG*dp„dpi 

= / ( P i - P j _ )
! K*dp„dPi

 P | , PA 

Zp, (pj = J-p?J_G*dp„dpA. 

(3.20) 

Within the gaussian approximation, the propagator K* can be written 

in terms of the first and second moments : 

P„P, 

_1 
2J/4 "•>" 2A "p,,2 K * - - ^ 7 Ï e x P ( - 5 S (rB..»lPj. " P ^ 

2r p i | P i(p„-p„) ( P ±-p ±) + r p i 2 <P„-P„>!)) (3-21> 

with A= r 2 r 2 - r J 

p.. p, P„P. 



which satisfy the following system of ordinary non-linear first 
order differential equations : 

dD„ 

srS)+ S P „ (p"' 
dp^ p Pj. 

d t m x(p) 

' "* _L 

i, + V ^ (p..) 

d t m x ( p i 

d T 
P..P. P 

r P.! + 'p.? " 2 g P„ P " + g n P " (3 -22) 

d t m \ ( p ) 
r

P „ P i

 + Jp„ P i - 8 P„ P - - v p- * v » p -

d r p f p 

d t . U p ) p I + EPi ' 2 S P / - + ^ 

i 7 , 

with p = (p„ + Pj_ ) z 

On the rhs of the system there appear originally integrals of 
the general type 

IK» = J" A (p„, p j K* dp,, dPj_ (3.23) 

In order to convert this system of integrn-differential equations 
into the system of ordinary differential equations, we expanded the 
function A(p„, p ) into a Taylor series at the mean values (p,,, p,) 
and kept then only the first non-vanishing terms. 

As a salient feature of the equations (3.22), we remark that the 
dispersion of the propagator K* in momentum space is due to the presen 
ce of the gain term G*. In the case of the Vlasov equation, the propa
gator shows no dispersion and the eventual presence of ..he loss term 
a^one vouii r.or change this feature. The gaussian approximation for 
the spreading of the distribution poses the problem of the tails which 



extend to infinity. Due to these tails there will be always some 
unphysieal events, for example events which are not compatible with 
energy conservation. Nevertheless we conserve the energy on the ave
rage and we expect that the main characteristics of the distribu
tions are well represented by this approximation. 

The behaviour of the propagator is displayed on fig. 5. The 
initial condition was chosen to be p„ (t=0) = 1.5, p x (t=0) = 0 with 
a displacement p (t=0) = 0.7 which is typical for the "C(1032 MeVl + 
1 2C reaction (fig. 2)-One observes that the particle, initially on the 
p - axis, acquires a momentum perpendicular to that axis. The scat
tering is due to the nonvanishing gain tern (p ^01. The most remar
kable fact is however the quite violent spreading of the propagator in 
the initial phase (-10~c' s). Thereafter it maintains a quasi stable 
final orientation and extension, continuing a slow approach towards 
the Fermi sphere f . We remark that the time to reach this quasi 
stable configuration is less than the time required by a nucléon at 
Fermi velocity to traverse a nucleus. 

3.3 Photon emission 
3.3,a Refraction and Coulomb correction 

In the model calculations with gaussian propagators (sect. 3,2.b), 
we assumed a constant potential in the interior of the target nucleus. 
So for the emission cf the nucléons we have still to treat their 
refraction at the nuclear surface. In practice we have to handle a 
gaussian propagator K* impinging onto a sharpe potential step of 
heightiU = 44 MeV There is one Gaussian for every projectile parti
cle which succeeds in penetrating into the target (primary event). 
We used, in addition to this primary Monte Carlo calculation, a 
secondary one by taking fifty "random particles" out of every Gaus
sian K*. These "secondary particles" are then reflected in the 
classical way. It is at this place, after emerging out of the 
target, where the inverse process can conveniently be taken into 
account, namely the target particles which pass througn the projec
tile : since WJ treat the symmetric system12C( 1C32 MeV) •*• l 2C, 
it will be sufficient to take for every projectile particle with 

V in the cer.ter-of-^ass frame the corresoondin? target carti-
o u t ,c**i • 



inverse process would require, however, a separate calculation. 
The refraction of the particles at the nuclear potential wall 

turned out to be an important piece of the whole approach. In fi.ct, 
many of the particleswith a sufficient tigh energy can finally not 
escape, they are reflected back into the interior of the nucleus 
because of their unfavorable angle of incidence onto the surface. 
The final cross sections are likely to be most sensitive to the • 
details of the refraction. In fact one should better consider a 
smooth refraction which is automatically included in the treatment 
of ref.11) (see further}. Within the sam* order of approximation, the 
Coulomb correction has also been taken into account in an approxi
mative way. The total electric charge of the target and of tlie pro
jectile (except the proton undeir consideration) was placed into the 
center of mass of the system and the total velocity |V" | of 
the outgoing particle was adjusted according to its Coulomb energy 
in this electrical field, leaving its direction unchanged. The 
Coulomb corrected velocity vector V" ,_ wa*̂  then transformed into 

out,cm 
the laboratory system, where it can finally be used to generate 
the spectra of the emitted protons. 

•+ 3.3.0 Two model calculations 

Vie have seen that as well for the approach phase as for the 
transport phase different schemes c n be propounded, each with a 
certain ]evel of phenomenology. It is now possible to illustrate 
these pictures along two lines by completion of two emission 
models. 

Model A is the guide-line model of the present work (see also 
ref.16): the approach phase is treated by propagation of quasi-
particles (sect. 3.1.a) and the transport phase is solved taking 
into account the gain and loss terms of the collision integral 
within the approximation of a gaussian propagation (sect. 3.2.b). 

Model B is the model developed in ref.13) : the new initial 
conditions obtained after achievement of the approach phase are 
simulated by the window mcdel (sect.3.1.b) and the transport phase 
is described by neglecting the gain ter^ (in such a case, the 
gaussian propagation approximation is not required) ; this simpli
fication has allowed to treat the transport and the refraction 



phases in an unified way, taking into account the diffuseness of 
the potential wells. 

Let us first discuss ^ e results obtained *iith the model A for the 
12G(1032; * IZC-system. The contour diagram of the velocity distri
bution (invariant cross section } of the emitted protons is displayed 
on fig. 6 . It turns cut that the plot is symmetrical about the mean 

-23 
drift velocity. It presents a dip near this value vi( = 0.6 fm/10 3 

-23 
and v,= 0 and a maximum for v1(= 1.2 fm/iO s, i.e. around the beam 
velocity in the forward direction. The contribution JI nucléons of 
the target travelling through the nuclea" matter of the projectile 
is centered at v„ = -o2fm/10 "" s and v ± = 0. These shapes look like 
diagrams for a thermal emission from a source with the velocity of 
the symmetrical point {around the half of the beam velocity). Never
theless we have to keep in mind that the extreme assumption of cold 
nuclei was done for the evaluation of the collision integrals. 

The influence of the collision terms can be appreciated on fig.7. 
The n—'^inroqnt-pri <ii ff**r»nti *1 cross section was calculated on 
one hand from the figure 6 where the collision terms are considered, 
and on the other hand by neglecting the two-body collisions. In 
this latter case the two bumps correspond to the nucléons belonging 
initially to the projectile and to the target respectively. This 
doubie-hump structure is washed out by the collisions to a great 
extent. The very essential effect of the collisions seems to be a 
modification of the slope at energies above the beam energy. As a 
matter of fact, the dispersion in the momentum space is responsible 
for this increase of the effective temperature. The reduction of 
the absolute cross sections is due to the two-b.dy dissipation pro
cess which hinders the ejection of parts of the nucléon distri
bution by a slo'-'ing down effect inside- the nuclear matter. 

The differential cross sections allow a direct comparison between 
the experiment and the previously exposed models. In fig.8, we show 
the calculated curves with model A (dashed-and-dotted line), model 
3 (dotted line) and the experimental <-urve (full line). The calcu
lated cross sections exhibit an important feature : a thermal-like 
cehavicur can be obtained using purely dynamical effects. Notice 
that there are no adjusted parameters m the -odeis. In ref.1*) , the 



experimental spectrum has been parametrized by a thermal source 
with a temperature of T = 17 MeV and a source velocity of 

-23 v -. v. /2 = 0.64fm/10 3. A tentative fit of the calculated beam 
spec-rum yields the same source parameters ! 

The comparison between the results of model A and B shows 
that the high energy tail of the spectra follows in first order 
from the momentum width of the transferred fluxes. This explains 
to a great extent the agreement between the two models, we have 
seen in sect. 3.1.c how close to each other were the initial con
ditions. Two processes in the transport phase can broaden the 
initial distribution : 

i) the gain term in the collision integral (see eq .3.22) 
w&ich is treated in model A " 

ii) the refraction by the potential wall which is better 
taken into account in model B. The good comparability of the final 
results shows that both effects have the same order of magnitude. 

On the results of model A, one clearly sees the role of the 
gain term in feeding the low energy part of the spectrum ; indeed, 
the two-body interactions yield slo* nucléons either by slowing 
down the faster ones or by pulling particles out of the Fermi sea. 
-* However, it remains that the calculated differential cross 

sections are an order of magnitude lower than the experi
mental ones. We shall examine in the next section that 
in the forward directions the peripheral collisions can lead to the 
ejection of nucléons which do not cross the nuclear cores and are 
not included in the presently discussed results. 

3.3.c Inertial emission 

The two above models have a common feature : actually the 
transport of the nucléons belonging to one nucleus through the 
nuclear matter of the partner nucleus. It is already clear that 
this type of mechanism occurs mainly for the rather central 
collisions (see fig. 2). Following the same behaviour during the 
approach phase, one can imagine a direct proton emission for the 
more peripheral collisions without Transport Through the nuclear 
•natter. We refer this direct r̂.issior. phenomenon 'is The insrtrial 



emission. It is strongly supported by toe topography of the potential 
landscape :ting on the quasi-nucleons. Some valleys along the fron
tiers of L J partner nucleus allow an ejection process towards these 
directions under the conjugate action of an up-stroke of the effec
tive potential and of the drift velocity given to the quasi-
particle by its mother nucleus. Indeed this kind of inertial emission 
was already predicted for the a -particles by the cluster jet pic
ture l ' ) . In this model, the repulsive part of the effective target 
potential prevents the passing of particles belonging to the 
projectile through the target nuclear matter. 

We can extend the propagation method fo. the transferred quasi-
particles in the approach phase. According to the initial conditions 
at the infinity (phase space location and impact parameter"between 
the ions) three dynamical situations for the quasi-particles can 
occur : the overpassing of the potential barrier between the nuclei 
which initiates the transport phase, the confinement inside the 
mother nucleus (bound state) and the inertial emission (continuum 
state). In this latter case, the dynamical characteristics of the 
emitted protons are obtained directly by solving the equations*of 
motion till a sufficient separation distance between the protons and 
the regaining system. In the inertial emission, there is no broadening 
b;: the two-body collisions of the quasi-particles which is defined 
by a phase cell. 

In fig. 8, the contribution of the inertial emission to the 
energy spectrum of the protons observed at a laboratory angle of 
32° in the lîC<1032 MeV) +l2C-system is indicated. 

It turns out that the associated cross section is very large 
and gives the absolute magnitude of the calculation closer to the 
experimental values than in the case where the inertial emission 
is not taken into account. This large cross section is found to be 
due to peripheral collisions (large number of involved partial 
waves). In spite of the absence of two-body collision terms, one 
sees also that the thermal behaviour of the energy spectra is pre
served. On zhe other hand, the angular distribution is more forward 
peaked for the inertial emission than for the proton emission after 
transocrt Through the nuclear matter i'fig.9). 
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3.3.d Variation of the effective temperature with the incident 
energy and the impact parameter 

Up to the present our discussion focussed onto the12C(1032 MeV) + 
1 2C - reaction. In section 3.3.b we mentioned already that a tenta
tive fit of the calculated proton spectrum at 9= 32° by a moving 
thermal source yields the same source parameters as the ones extrac
ted from the experiment. Fits at more backward angles are also found 
to be in perfect agreement with the experiments of ref.18. In parti
cular we reproduce the observed angle dependence of the temperature, 
indicating a lower temperature at 9= 90° (T = 13 MeV) than at the 
more forward angle 9 = 32° (T = 17 MeV). 

In order to see the dependence of the moving source temperatures 
on the incident beam energies we used model A to calculate the dif
ferential cross section for proton emission in the l s0(310 MeV) + 
1 9'Au reaction at 0= 50° (figure 10). The inertial omission 
was not taken into account since it is supposed to contribute appre
ciably only at more forward angles. As in the 12C(1032 MeV) + l 2C-
reaction the absolute value of the cross section is suppreesed by 
an order of magnitude compared to the experimental one of ref;») 
The temperature extracted from the experiment is T = 5.9 MeV for 
this reaction. We find a slightly higher value of T = 7.5 MeV which 
is, within tffë numerical precision of our calculation, in good agree
ment with the experimental one. So our model seems to be able to 
reproduce the observed energy dependence of the temperature over a 
wide range of incident energies. 

On the other hand, recent experimental evidence 
concerns the dependence of the temperature on the 
impact parameter (^f.2021^. The authors of ref. 2 0) have studied the 
lflQ(4B0 MeV) +l9TAu-system. We calculated for this reaction the dif-
rential cross sections at 0= 16°. Figure 11 displays our results 
for the central collisions (0< 1< 60), the intermediate impact 
parameters (60< 1< 120) and the peripheral collisions ( 120< 1< 220). 
The slopes of the spectra indicate a continuous decrease of the 
temperatures from the central up to the peripheral collisions. 
It is rs-arkaole that the cross section for the peripheral collisions 
is practically only due to the inertia! emission mechanism 
(section 3.3.c) which on the other hand does not contribute to the 
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proton emission in the mere central collisions. The transition 

region between the different emission mechanisms can be recognized 

as a minimum in the cross sections at intermediate impact para

meters. 'Afe stress again that we obtain the thernal-like character 

of the spectra without invoking the concept of a temperature 

This is particularly true for the contribution due to inertial 

emission which is the predominant mechanism at forward angles. 

« CONCLUSIONS 

The Landau-Vlasov equation including as well the mean field 

properties and the two-body collisions through the Boltzmann inte-

gral*provides us with a general framework for a proper description 

of the intermediate energy heavy ion reactions. Applied to the 

problem of proton emission, it turns out that the main features 

of inclusive proton cross sections can be easily obtained. They 

are not strongly dependent on the phenomenology of the models. 

For instance, the window model can be considered as a good scheme 

for defining the proton distributions at the contact point. In 

spite of the crudeness of certain assumptions, the two described 

models permit an accurate comparison with the experiments. The 

thermal behaviour is obtained either by the two-body collisions 

or even by the dynamical effects of the inertial emission. In 

both situations it is puzzling to quote that the hypothesis of a 

short emission time is done, i.e. cold nuclei. As far as the colli

sion integral is concerned, it is clear that the Uehling-Uhlenbeck 

expression is only approximatively valid since inelastic channels 

could be open in the intermediate energy range. Moreover, we have 

seen that the gain term should be treated in a self-consistent way. 

This question is then a challenging problem for further theoretical 

studies. Finally one can guess that it should be possible to extract 

correlations between particles in the same general scheme with the 

usual Stosszahlansatz originally proposed by Boltzmann2;). The 

application, to exclusive cross sections could be consequently done, 

allowing 3 barter selectivity with -̂ rĥ r theoretical "iescriptions 

:':r ~r.e proton rnissicr.. 
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FIGURE CAPTIONS 

Figure 1. : Definition of the displacement vector "b , the intrinsic 
= • u 

momentum D. , the total momentum V with its components p„ and D, 

and the angle a. The Fermi spheres of the target nucléons (left) and 

-he projectile nucléons (right) are indicated. 

Figure 2. : Initial distributions for the nucléons at the entrance 

fioint into the target nucleus in the : 2C(1032 MeV) + ' ' C-reaction : 

a) distribution of the displacement vector "v ; the beam velocity 

v . is indicated ; 
proj 

b) the cross section (-r-2) as a ûnçiion of the initial orbital 
« dl ^ 

angular momentum I h ; 
c) the intrinsic velocity I v. i 

. int 
d) oarticle flux — as a function of time. 

at 

Figure 3 : Evolution of pf (p;z) in the (p ,p '/-plane. The momenta 

are expressed in units of p_ (Fermi momentum), the vertical axes 

are in logaitnmi: scale with arbitrary units. The fig.3a shows the 

initial gaussian distribution ; the fig. 3b shows the situation after 

that 3 fermis of nuclear matter have been crossed through. The 

calculations have*-been limited to the for.-jard angles (smaller than 

70' relatively to the p -axis). 

Figure 4. : Contour diagram of the gain term G(p) 

Figure 5. : Contours of the propagator K* (p„,p,) as a function of 

time :"or the initial condition p(t=o) = 0.7, p(,(t=o) = i.5, 

?,(t=o) ̂ =0 at a) t=0.2*10~23s, b', t=l é10 - S 3s , c ) t=2*lC~2"s 

Figure 5. : Invariant cross section fs/v dv,dv„ of -he emitted 

protons in the laboratory frame for the l !C(iC32 MeV! -1 : J-reaction. 

?:?---e 7. : The cross section l — ; for proton emission Lr. the'; ;(1032) 

' ' Z- reaction calcula-ed vi-h collisions • fuil '.ine'1 and without 



Figure 8. : The double-differential cross section ( .„"' ? for oroton 
aEdft 

emission in the 1 !C(1032 MeV) -: ! C-reaction at e = 32° calculated 
within 

a) model A without inertial emission (dashed-dotted lower curve) 
b) model A with inertial emission (dashed-dotted upper curve) 

c) model 3 without inerrial emission (dotted) 

compared to the experimental resuic (full line). 

• Figure 9. : Invariant cross section d ! j/v^dv^dv,, for the inertial 
emission of protons in the ! JC(1032 MeV) + ' 2C-reaction. 

Figure 10. : The calculated double-differential cross_section 
'(^Trf-J for proton emission in the "0(310 MeV) + " ' Au-reaction 
uEd " 
(full line) compared to the experimental result (dashed) at the 
scattering angle S= 50°. The inertial emission is not included. 

Figure 11. : The calculated double-differential cross sections 
(2—rs) for proton emission in the "0(480 Mel/) + "Au-reaction for 
• Ed " * 

central collisions ( 0 < 1 < 6 0 ) , intermediate impact parameters 
( 6 0 < 1 < 1 2 0 ) and peripheral collisions ( 120 < 1 <220). The inertial 
emission is included. 
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