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On light cluster production in nucleon induced reactions at intermediate energ y

Denis Lacroix, Valentin B lideanu and Dominique Durand
Laboratoire de Physique Corpusculaire,

ENSICAEN and Université de Caen, IMPS-CNRS,
Blvd du Maréchal Juin, 14050 Caen, %nce .

(September 7, 2004)

A dynamical model dedicated to nucleon induced reaction between 30-150 MeV is presented. I t
considers different stages of the reaction : the approaching phase, the in-medium nucleon-nucleo n
collisions, the cluster formation and the secondary de-excitation process . The notions of influence
area and phase-space exploration during the reaction are introduced . The importance of the ge -
ometry of the reaction and of the conservation laws are underlined . The model is able to globally
reproduce the absolute cross sections for the emission of neutron and light charged particles for
proton and neutron induced reactions on heavy and intermediate mass targets (Fe and 'Pb) .

PACS: 25.40: h,24.10: 1,28 .20:v
Keywords: Phenomenology, nuclear reactions

I . INTRODUCTION

The main purpose of the present work is to provide a phenomenological model able to account for light cluste r
production in nucleon induced reactions for incident energies between 30 to 150 MeV. In the ten past years, in
particular in the context of the HINDAS program [1], a large variety of nuclear data has been collected with proto n
and neutron incident beams on different targets below 200 MeV . In these experiments, not only emitted nucleon s
have been detected but also various light charged particles (LCP) [2] . The reproduction of LCP properties appear s
as one of the most challenging problem. Indeed, it has been shown in ref. [3], that different widely used models are
generally able to describe the properties of emitted nucleons. However, they fail to account properly for the yield o f
light clusters .

From a physical point of view, very specific effects are expected around the Fermi energy that may explain th e
discrepancies between the models and the experimental data . Certainly, one of the most difficult issues is relate d
to the fact that this energy region is a transition region between a mean-field dominated dynamics (much belo w
the Fermi energy) and a high energy regime where individual nucleonic degrees of freedom and associated two-bod y
effects become predominant (see discussion in Ref. [4,51) . This competition between mean-field effects and in-medium
nucleon-nucleon interactions is a long standing problem in heavy-ion reactions around the Fermi energy and has le d
to two classes of models . The first ones start from the mean-field and extends this latter to account perturbatively fo r
the residual two-body interaction [6-8], while in the second class, the two-body interaction is treated exactly whil e
mean-field effects play a secondary role . Intra Nuclear Cascade (INC) [9] and Molecular dynamics models are th e
prototypes of this second class of models . In heavy ion collisions, it has been shown that the transition between mean -
field and nucleon-nucleon degrees of freedom is smooth and both should be accounted at the same time to properl y
reproduce experimental data [ll] . In the context of nucleon induced reactions, a similar tendancy is observed wit h
the use of microscopic models based either on extended mean-field [10] or INC's [4] .

In such collisions, the total energy involved is rather small . Thus, the energy deposited inside the target is close t o
or below the energy threshold for the evaporation of LCP's or light clusters . A special attention should thus be pai d
to the interplay between pre-equilibrium and post-equilibrium effects . In microscopic models, this can be hardly be
achieved due to the difficulty to define properly excitation energies or thermal equilibrium conditions .

In a recent work dedicated to nucleus-nucleus collisions [111, we have developed a dynamical model to accoun t
for light as well as massive cluster emission during the reaction . This model naturally accounts for the transitio n
between nucleonic and mean-field effects . It properly connects the pre-equilibrium stage with the de-excitation phase,
introducing the important notion of phase-space exploration during the reaction . The price to pay in order to solve
the problem discussed above is to disregard some microscopic effects and to work at a more phenomenological level.

We present in this paper a model hereafter called n-IPSE [nucleon-Ion Phase-Space Exploration]) largely inspire d
from the work of ref. [ll] . We then compare the predictions of this model with different experimental data obtaine d
with neutron and proton projectile on 56Fe and 208Pb (see section III) . In section IV, a discussion is made on the
origin of clusters in the model . Conclusions and perspectives are drawn at the end of the paper .



II. DESCRIPTION OF THE MODEL

In this section, we briefly describe the model and focus on specific aspects introduced to treat the nucleon-nucleu s
case . We will not enter into the details of the technical aspects and the validity of the hypothesis of the model whic h
have already been discussed in Ref . [ll] . Similarly to the nucleus-nucleus case, the model describes the reaction wit h
help of several phases : the entrance channel, the intra-nuclear cascade, the early cluster formation, the chemica l
freeze-out and the de-excitation .

A. The phase of approach and the cluster-cluster potential s

For given initial beam energy EB and impact parameter b, in the phase of approach, the dynamics of the incident
nucleon is treated classically up to the minimal distance of approach inside the target, noted dmi„ (b) (see Figure 1) .
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FIG. 1 . Illustration of the different geometrical quantities defined in the text . d,nin corresponds to the minimal distance o f
approach . s is equal to the distance of travel inside the nucleus assuming a straight line trajectory. Last, Rinf is the radius of
the sphere of influence of the incident nucleon . The white points gives an example of the sampled nucleons inside the target .
Nucleons in the sphere of radius R;,, f belongs to the influence area while nucleons outside form the so-called quasi-target.

In order to treat the entrance channel dynamics as well as the various steps of the dynamical evolution, a large
variety of cluster-cluster potentials is needed . Here, the label "cluster" is affected to heavy and light nuclei as wel l
as nucleons . Such potentials are largely unknown in particular in the case of strongly overlapping clusters . We have
adopted the following procedure : at large relative distance r > Rl + R2 , where R1 and R2 are the radius of the two
interacting clusters, the proximity potential [12,13] for the nuclear part of the potential V„ (r) is used . The parameters
of the proximity potential have been optimized to reproduce the fusion barrier for a variety of nuclei combination s
[14] . The coulomb part Vc (r) is calculated assuming two uniformly charged spheres [15] . The potential obtained wit h
this method, noted V (r) = V,, (r) + V., (r) is not well suited for small relative distance r < R1 + R2. In order to
obtain the potential in this case, we interpolate the potential between r = 0 and r = R1 + R2 using a third order
polynomial and assuming the continuity of the derivative of the potential at each point . The value retained at r = 0
is conveniently expressed as V (r = 0) = Q 121 where Q12 = M12 — M1 — M2 is the Q-value corresponding to the
fusion of the two clusters . The mass are calculated according to the macroscopic mass parametrization from [16] .
If the composite system is not bound, we simply assume that V (r = 0) corresponds to the fusion barrier energy.
Note that macroscopic estimates of the nucleus-nucleus potential are not a priori well suited for interactions involvin g
light clusters . Nevertheless, we have used the same prescription for all types of interacting clusters . However, we
have observed that the results are sensitive to the effective sharp radius, noted R,f f , used for the definition of the
nuclear potential involving light charged particles . As discussed in the next section, the low energy part of the energy
differential cross sections are affected by &ff when the beam energy is close or below the Fermi energy . In the
calculation, we have taken : R.f f = 1.3 fm for nucleons, 1 .5 fm for deuterons, 2 .3 fm for triton and 3He. For all other
nuclei, the effective sharp radius is given by: &ff = 1 .28 A1/3 — 0.76 + 0 .8 A—1/3

The dependence of the potentials as a function of the relative distance is illustrated in figure 2 respectively for 4 11e ,
16Fe and 208Pb interacting with LCP's : neutron, proton, deuteron, triton and alpha .
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FIG. 2 . Sketch of the interaction potentials obtained respectively for the reaction indicated on the top of each panel : neutron
(thin solid line), proton (tick solid line), deuteron (dotted line), triton (dashed line) and alpha (dot-dashed line) .

B. The participant region and the nucleon samplin g

In heavy-ion collisions, once the minimal distance of approach dmin has been reached, a participant-spectator picture
is used as a starting point to describe the reaction [11] . In this case, the spectator is defined geometrically and cluster s
are formed in the overlapping mid-rapidity region. Due to the very asymmetric nature of nucleon-nucleus reactions ,
the notion of a projectile spectator cannot be used anymore . However, we consider that the incident nucleon will onl y
interact locally with the nucleons of the target to form clusters . Thus, for a given minimal distance dmin , we define
an influence radius Rinf (dmin) as follows :

Rinf (dmin) = Max
(#TRT~J – (dmin )2

, Ro

where PT is a free parameter, RT is the target radius . With this parametrization, the influence radius start from a
small value at large impact parameters and increases rapidly when b decreases . Here RO = 1 fm is used to authorize
the possible emission of particles at or just above the grazing impact parameter . Note that the increase is directly
proportional to s(dn;,i ) where s represents the distance of travel inside the target assuming a straight line trajector y
(see illustration figure 1) .

As in the heavy-ion case, for each event, the position and momentum of each of the AT nucleons inside the target
are sampled using a Metropolis algorithm according to a Thomas-Fermi distribution . All nucleons inside the sphere
of radius Rinf around the incident nucleon form the participant area while nucleons outside belong to the spectato r
part and form the so-called Quasi-Target (QT) . The radius of the influence area is an important parameter of the
calculation . Indeed, it first assigns the nucleons that can participate to the forthcoming in-medium nucleon-nucleo n
collisions . It also gives the number of particles that will serve as a reservoir to produce light clusters . Finally, it also
determines the average size of the quasi-target .

The values of OT have been adjusted at best to reproduce the experimental data by considering some scaling
properties of the parameters as a function of the target size . A constant value of PT !-- 0.32 gives reasonable results
for all target masses and beam energies considered in this work .

C. The nucleon-nucleon cascade

An important aspect of the model is to properly account for the Fermi motion of the nucleons . Indeed, such a
motion influences drastically the kinematical properties of the clusters formed by the nucleons . However, when the
beam energy increases, the Fermi distribution tends to be more and more distorted due to direct in-medium nucleon -
nucleon collisions . This has been approximately accounted for in the nucleus-nucleus reaction [11] . In the nucleon
induced case, we have improved the treatment of nucleon-nucleon collisions by assuming that the incident nucleo n
initiate a cascade inside the influence area defined earlier .

The cascade is performed as follows . First, for a given energy and impact parameter, a mean number of collision
is evaluated: the distance s (dmin ) of travel of a nucleon inside the target is estimated . This distance is calculate d

(1)



assuming a straight line trajectory. The mean number of collision (N,oil ) is evaluated according to (N, ii ) = 9 (d-, ,
A ff(EB) '

In this expression, A, f f (EB ) represents an effective mean-free path of the nucleon inside the nuclear medium . In
order to estimate X ef f the simple prescription Ae f f = Poop f1

B
has been used where po = 0 .16 fin' .7 -7

Once (N,oil ) is calculated, for a given event, we assume that a number Nott of collisions occurs in the participant
region. Here, Nooit is obtained assuming a Monte-Carlo sampling with a Poissonian distribution of mean value (N,ott) •
As we already mentionned, the incident nucleon initiates the cascade . In order to perform the first collision, another
nucleon of the participant area is chosen and the elastic classical two-body collisions is done . Then, in the spirit o f
the leading particle formalism, the particle of largest kinetic energy is followed and considered for the next collision .
Then, another nucleon is randomly chosen and a new collision is performed . The procedure is iterated until Ncou
collisions have occured. Note that, for simplicity, the two-body collisions are only considered in p-space . In r-space,
we have assumed that in-medium collisions induce a complete loss of memory of the entrance channel and that th e
collided nucleons are randomly distributed in a sphere of target radius RT .

The values of veff (EB), adjusted for different beam energies, are reported in figure 3 for neutron incident (stars )
and proton incident (circles) reactions . For a given energy, the same value of Qe f f (EB ) has been retained for all
targets . For neutron incident reactions, vef f (EB) starts from a very small value around the Fermi energy an d
increases with beam energy. This is indeed what is expected due to the Pauli effects which tend to reduce strongl y
nucleon-nucleon collisions when the beam energy is below or close to the Fermi energy . For proton induced reactions ,
it turns out that a larger value of ae ff (EB) gives a better reproduction of the experimental data. This may be due to
the fact that nucleon-nucleon collisions essentially occurs between protons and neutrons at the surface of the nucleus .
Indeed, in particular for heavy nuclei, a large neutron excess may be present near the surface . In addition, since in
this case, the density is lower than the normal density po, the Pauli blocking effect is less effective .

We would finally like to emphasize that although Qef f (EB) is certainly related to an effective in-medium cross
section it could not directly be related to the nucleon-nucleon cross section felt by the incident nucleon with othe r
nucleons in the influence area . Indeed, in the course of the cascade, many other couples of nucleons may participate
with very different relative energies . In order to treat properly the cascade, one should account for a different in -
medium cross section for each binary collision . Here, we do not treat the explicit cascade in time and use Qeff (EB)
as an effective parameter related to the average properties of the nucleon-nucleon collisions .

0

	

50

	

100
EB (MeV)

FIG. 3. Effective cross section retained for the different reactions as a function of the beam energy for proton (circles) an d
neutron (stars) induced reactions .

D. Absorption of the incident nucleon by the quasi-target

In heavy-ion collisions [11], it is necessary to relax slightly the pure participant-spectator picture by assuming tha t
the quasi-target and the quasi-projectile do exchange particles . This concept is adapted to the nucleon-nucleus cas e
by assuming that the incident nucleon can be absorbed by the quasi-target . In our approach, the incident nucleon is
absorbed if drain is lower than a cut-off value bcut . Again, bit is a free parameter that is adjusted to reproduce the
experimental data . In the example presented here, we have used bit/A1/3 = 1.2 and 1 .1, 0 .8 and 0 .7 for 56Fe target
respectively at energy EB = 37 — 39 MeV, 62 MeV, 96 MeV and 135 MeV while for 208Pb and natU we have taken
1 .27 for EB = 37 MeV and 62 MeV and bcut/A113 = 0 .8 at EB = 96 MeV and 135 MeV . Note that, only in the case
of medium targets (here 56Fe), the spectra are very sensitive to the retained values of bit .
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E. Cluster Formation

The global effect of two-body collisions is to share the kinetic energy of the incident particle among the nucleons
in the participant region . Then, a coalescence algorithm is used to build clusters from the particles located in th e
participant region . The growth of the nuclear droplet is performed by the procedure described in ref . [111 . At each
step, a nucleon can be absorbed by a droplet if it is close in r and p space with a proximity condition of respectively

rit = 0 .6AT3 fm and p,,,t = 500 MeV/c (see ref. [111) . An additionnal condition, at each step, is that the growing
droplet is stable . Note that the fact that the proximity condition in r-space depends explicitly of the mass of th e
target AT is only assumed to insure that the initial partition properties are scale invariant with respect to the targe t
radius RT . Indeed, after the nucleon-nucleon collisions, particles are randomly distributed according to a sphere o f
radius RT and, thus, without this scaling factor, two nucleons would have more chance to form a deuteron in a smal l
nucleus than in a large one which is contrary to the experimental facts .

F. Final-State Interaction and de-excitatio n

At the end of the stages decribed above, a set of fragments has been produced which constitutes an initial partition
to be propagated . An important aspect of the model is that the properties of the fragments are obtained from th e
properties of their belonging nucleons. Each fragment is characterized by its mass, charge, position and momentum
(Af , Zf , Rf, Pf ) . At that point, a "clock" is started corresponding to t = 0 fm/c for the forthcoming dynamics and
exactly the same procedure as for heavy-ion reactions is followed . We consider the classical evolution of the partitio n
assuming that clusters interact only two by two . The complete Hamiltonian reads

z
H =

	

P` + Ept

	

(2 )
2mAi

where Est is the potential energy resulting from the interaction between fragments :

Ep,t = 1: VAiAt (IRn' – Rit)

	

(3 )
{<,j

In this expression VA;A; corresponds to the nuclear plus coulomb two-body potential calculated according to the
procedure described in section II A. Contrarily to heavy-ion collisions, only the potentials between small clusters an d
the quasi-target or between two small clusters are essentially needed . Some examples are displayed in figure 2 .

Using these potentials, the partition is propagated up to tFSI = 50 fm/c, a time equivalent to the reaction time .
Then, the partition is in a less compact configuration and a test of the possible fusion (re-aggregation) of two clusters i s
performed. This enables to take into account possible final state interactions (FSI's) . Following this step, the partition
is propagated untill the condition Ey,t > 0 is fullfilled . At that time, the coulomb part of the interaction dominates
and the system has reached the chemical freeze-out, meaning that clusters do not exchange nucleons anymore . This
corresponds to the end of the pre-equilibrium stage . Then, the total excitation energy E` is obtained by considering
according the energy balance of the partition

Eo = Q + EK + Ep,t + E'

	

(4 )
where Eo is the available energy in the center of mass, EK is the sum of the kinetic energies of the fragments and Q
is the mass energy balance between the entrance channel and the considered partition . Here, we neglect the possible
rotational energy. If the deduced E' is negative, the partition is rejected. It is essential to note that this rejection
condition is a very constraining condition due to the small available energy in the entrance channel . Indeed, at
very low beam energy, most of the partitions are rejected showing the importance of energy conservation in this case .
Energy constraints will be discussed in more details in section IV . The condition (4) defines the accessible phase-space
before de-excitation . The total excitation is then shared among fragments according to the rules described in ref .
[111 . Finally, the in-flight statistical de-excitation of the partition is followed up to several thousand of fm/c using th e
SIMON event generator [18] .

III . COMPARISON WITH EXPERIMENTAL DATA

In the previous sections, we have described the different ingredients of the model n-IPSE emphasizing the possibl e
scaling with the target size and the effect of the geometry of the reaction . The model presented here gives a com-
plete dynamical description of nucleon-induced reactions . Particles can be emitted from the very first instants of the
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reactions up to the very end of the de-excitation process . Both pre-equilibrium and de-excitation effects are treated
consistently. The hypothesis used in our phenomenological model are tested by confronting systematically the calcu-
lated energy differential cross-sections of light particle production with the experimental data . In these experiments ,
various targets are available concerning both the proton and neutron induced reactions over a wide range of energy .
For all reactions, Ne„t = 500000 events have been generated with impact parameters between 0 and a value b,,,, . We
have set b,,,, = 7Îm, 8 fm and 9 fm respectively for 56Fe, 208Pb and natU target . In the calculation, the absolute
cross section are unambiguously obtained by weighting each event by a factor o, = 7rb,2 IN,,t •

We first consider proton induced reactions on 56Fe and 208Pb . Then, recent neutron induced reaction data obtained
in ref. [3] are compared with the predictions of our model . Note that, in some cases, the calculation for a Lead targe t
are compared to experimental data of Bismuth while the calculations for Iron are sometimes compared to experiment
with Cobalt .

A. Proton-induced reactions

Figure 4 shows the calculated kinetic energy differential cross-sections (solid lines) of the emitted proton, deuteron ,
triton and alpha in the reaction 208Pb(p,Xicp) . They are compared with exp . data (black circles) at three different
beam energies EB = 39 (left), 62 (middle) and 135 MeV (right) . The dashed line corresponds in each case to
the contribution of the pre-equilibrium emission. As mentioned previously, according to the available energy in th e
entrance channel, the de-excitation process is almost negligeable for heavy target . This is clearly seen in figure 4 wher e
the pre-equilibrium (dashed line) coincides in most cases with the full contribution (solid line) . Figure 5 displays th e
same figure for proton induced reactions on 56Fe at three energies. In this case, the charged particle evaporation
threshold is lower and a significant de-excitation contribution is observed .

All in all, the model gives a reasonable reproduction of the data in particular for the production of deuteron, trito n
and alpha particles for all energies and both for 56Fe and 208Pb targets . In general, not only the absolute cross sectio n
is globally reproduced but also the shape of the distribution . In our model, we recall that the kinetic energies of
the composite particles are essentially given by the internal motion of the nucleons randomly sampled according to a
Fermi sphere, although some distortions are induced by in-medium two-body collisions as the beam energy increases .

There are however systematic deviations . First, one should note the absence of "direct" contributions at EB = 39
MeV and 62 MeV leading generally to peaks in the nucleon, deuteron and sometimes triton spectra close to the bea m
energy. These contributions are not accounted for in the present model . The second systematic deviation is in the
proton pre-equilibrium energy spectrum . This is clearly evidenced for Pb target where almost no evaporated proto n
are present but it is also present in the 56Fe case . More, the high energy component of the proton emission deviate s
more and more from the experimental data when the beam energy increases . In our model, this discrepancy is directly
assigned to the very schematic way of treating the intranuclear cascade . Indeed, it has been shown in ref. [4] that the
shape of the proton kinetic distribution can only be properly reproduced if particles can be emitted at all stages of
the cascade . In n-IPSE, the cascade is treated only in p--space while in r-space, a random distribution is assumed . A
proper treatment of the simultaneous emission of particle during the cascade would require a complete treatment of
the nucleon-nucleon collisions in r and p-space which is out of the scope of this work.

The last systematic deviation is related to the production rate of alpha particles which is sometimes underestimate d
in the low energy part of the spectra. Part of the difference can originate from the barrier of alpha emission used i n
the de-excitation channel which may be too high and lead to an underestimation of the number of evaporated alph a
particles.

As we will see in section IV, the magnitude and the shape of the calculated energy differential cross-sections ar e
expected to be sensitive to the interacting potential between pre-equilibrium clusters and the quasi-target . We have
used a simple prescription for all types of emitted light particles (see figure 2) . We do expect in particular that a
specific optimization of two-body potentials would lead to sizeable improvments .
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FIG. 4 . Energy differential cross section for proton, deuteron, triton and alpha particles(from top to bottom), obtained with
the model calculation (solid line) for proton induced reaction on 208Pb at beam energy Ea = 39 MeV (left), EB = 62 MeV
(center) and EB = 135 MeV (right) . The dashed line corresponds to the pre-equilibrium contribution . The calculated spectr a
are systematically compared to experimental data (black circles) taken from ref . [19] for the two first energies and ref. [20] for
EB = 135 MeV .
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ref. [19] for the first two energies and from ref. [20] for EB = 135 MeV .

Besides the emission of charged particles, the energy spectrum of the emitted neutrons may be also available .
We show in figure (6) the calculated spectrum of emitted neutron (solid line) obtained in proton-induced reaction s
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on 208Pb (top) and 56Fe (bottom) target at beam energy EB = 62 MeV . The calculated spectra are compared to
experimental data (black circles) taken from ref . [21] . In both cases, the pre-equilibrium contribution is displayed a s
dashed line. A reasonable agreement with the data is obtained for both cases .
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FIG. 6 . Energy differential cross-sections calculated for proton-induced reactions on 208Pb (top) and 56Fe (bottom) target
at beam energy EB = 62 MeV. The calculated spectra (solid line) are compared to experimental data (black circles) take n
from ref. [21] .

B. Neutron induced reactions

A similar study has been performed for neutron-induced reactions . The case of "Pb target is presented in figure
(7) for beam energies EB = 37 MeV (left), 62 MeV (middle) and 96 MeV (right) . The calculated energy differentia l
cross section are systematically compared with experimental data (black circles) taken from ref . [22] for EB = 37 MeV
and EB = 62 MeV and from ref. [3] for EB = 96 MeV. Again, a global agreement is obtained. We observe however,
for the two lowest energies, that the low energy part of the deuteron and triton cross-section is always overestimate d
while the alpha particle production rate is underestimated . This effect tends to disappear when the beam energy
increases . We have also performed calculations at 96 MeV for a neutron incident on 56Fe and natU target for which
data are also available in ref. [3] (see figure 8) . In the case of b6Fe, it is clear that the large underestimation of alpha
production is due to the underestimation of alpha emission during de-excitation signaling again an overestimation o f
alpha particle emission barrier in the model . The rate of light clusters in ""T case is slightly overestimated. It is
important to note that these results for all targets have been obtained with a single set of parameters . For instance ,
a better agreement can be obtained in the `U case by reducing slightly AT.

Pb(p,Xn)

Fe(p,Xn)
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FIG. 7 . Energy differential cross sections for proton, deuteron, triton and alpha particle (from top to bottom) for neutro n
induced reaction on 208Pb at beam energy EB = 37 MeV (left), EB = 62 MeV (center) and EB = 96 MeV (right) . Solid lines
are the full model calculation while the pre-equilibrium contribution is associated with dashed line. Experimental data from
ref. [22] for EB = 37 MeV and EB = 62 MeV and ref. [3] for EB = 96 MeV correspond to black circles .
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FIG. 8 . Same as Figure 7 but for neutron induced reaction on 56Fe (left) and "tU target at beam energy EB = 96 MeV .
Data from ref. [3] .

IV. SPACE, ENERGY AND TIME CHARACTERIZATION OF THE DYNAMIC S

The n-IPSE model gives a complete characterization of the space-time properties of clusters from the very firs t
instants of the reaction up to the end of the secondary evaporation. The understanding of the physical effects at the
origin of light particle emission before equilibrium is of particular interest . In our model, this can be traced back b y
inspecting the properties of light clusters when they are produced at the freeze-out time .
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A. Partition at freeze-out

Although clusters are formed during the early instants of the reaction, their properties are a priori fixed only a t
freeze-out. Indeed, we have set the time t = 0 fm/c as the time just after cluster formation . However, we do expect
rather large differences between the properties of the partition at t = 0 fm/c and those at freeze-out . The first reaso n
comes from FSI's . At tFSI = 50 fm/c, two clusters may fuse if their relative energy is too small, so that cluster s
formed previously may disappear . Secondly, at t = 0 fm/c, clusters are formed in the interior of the quasi-target an d
feel the two-body potential of several other clusters (including the quasi-target) leading to a large modification i n
the kinetic energy space during the first instants of the propagation . These two effects are thus crucial and lead to
important reorganization in mass and kinetic energy of the partition before de-excitation .

In n-IPSE, we have used the condition Epat > 0 in order to define the freeze-out and to start the de-excitation step .
There, FSI's are accounted for and pre-equilibrium clusters are close to the potential barriers of mutual interaction
with the other surrounding nuclei . Note that particles that have escaped early in the calculation are also expecte d
not to feel anymore the nuclear part of the interaction and are already largely boosted by coulomb interaction . In
order to compare the properties of emitted light particles, we have calculated the relative energy E, .ei of each pre-
equilibrium clusters of mass AC with respect to the quasi-target . We show in figure 9 the distribution of normalize d
kinetic energy CK = E,1 /AC , noted P (eK), for neutron, deuteron, triton and alpha in the reactions p+ 56Fe (left )
and p+ 208Pb (right) for various beam energies . In all cases, the distributions are normalized to one . Note that the
distributions obtained in neutron-induced reactions on 208 Pb target (not shown here) at EB = 37 and 62 MeV are
almost indistinguishable from the ones obtained with an incident proton at respectively EB = 39 and 62 MeV.
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FIG. 9 . Distribution of relative kinetic energy between neutron (solid line), deuteron (dashed line), triton (open square)
and alpha (black circles) with respect to the biggest fragment at the chemical freeze-out deduced from the calculation. All
distributions are normalized to 1 . Left: proton induced reaction on "Fe . Right: proton induced reaction on MPb . From top
to bottom, the beam energy EB = 39, 62 and 135 MeV are presented .
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Let us first consider the lowest energy. We see on top of figure 9 that at a given energy the neutron kinetic energ y
distribution is very large while it is more and more narrow for deuterons, tritons and alpha particles . As we will see in
next section, this gradual reduction may be attributed to the random partition of nucleons used to form clusters . In
all cases, the distributions start from zero . Indeed, light charged particles with very low energy have not yet felt th e
coulomb boost at freeze-out while we do expect that more energetic particles have already overcome the quasi-target
barrier and may already have been accelerated by its coulomb potential . It is worth to notice that charged particle s
with energy close to zero are expected to be positioned at or slightly above the cluster/quasi-target fusion barrier .

When the beam energy increases, the distributions become more and more large . This can directly be attributed
to the increasing number of nucleon-nucleon collisions that leads to higher energy for nucleons forming clusters . In
addition, since more energy is available for the energy balance (eq . (4)), a larger part of the phase-space can be
explored and in particular more energetic clusters are "allowed" at t = 0 fm/c . An interesting effect, which was no t
expected, is that the relative kinetic energy distributions for triton, alpha and also 'He (not shown here) seem to b e
identical for a given energy and a given target .

B. Partitions at t = 0 f n/c

All distributions at freeze-out do results from the initial partition at t = 0 f n/c and from a rather complex
reorganization up to the beginning of the de-excitation . In particular, the partition at t = tFSI fm/c may differ
significantly from the one at t = 0 fm/c . However, in order to get a deeper insight in the origin of light clusters, i t
is highly desirable to have their properties at the initial time but still accounting for the FSI's and energy balance
constraints .

In order to do so, we have performed a second type of calculation where we have assumed that both the cluster
formation, the FSI's and the beginning of the evaporation occurs at t = 0 f n/c, i .e . tFSI = 0 f n/c . For each reaction
presented, 500000 events have been generated and the partitions have been evolved up to the end of the complete
statistical de-excitation . The first remarkable result is that the final kinetic energy spectra are globally comparable t o
the spectra presented previously . Only in a few cases, the number of emitted alpha's and tritons are slightly increase d
as compared to the previous calculation. The invariance is at variance with heavy-ion collisions, and can certainly be
assigned to the small number of clusters initially formed at t = 0 fm/c . This fact gives indications that the partition s
retained with tFSI = 50 fm/c and displayed when Ep, t > 0 (figure (9)) are nothing but the same partitions retaine d
in the second calculation but propagated until the coulomb repulsion becomes dominant .

Similarly to the previous case, the distributions of kinetic energy EK obtained at time t = 0 fm/c including FSI's are
shown in figure (10) for the same reactions and light clusters . Distributions differ significantly from the previous case,
in particular due to the presence of a low energy threshold in the cluster production . However, for a given energy, we
still observe that the distributions become narrower when the mass of the cluster increases . When the beam energy
increases, the kinetic energy distributions are larger .
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FIG. 10 . Distributions of the relative kinetic energy between neutrons (solid line), deuterons (dashed line), tritons (open
square) and alpha' s (black circles) with respect to the largest fragment at chemical freeze-out . Here, the FSI time is set to 0
fin/c. All distributions are normalized to one. Left: proton induced reaction on 56 Fe . Right : proton induced reaction on 208Pb .
From top to bottom, the reactions with the beam energy EB = 39, 62 and 135 MeV are presented .

1 . Role of the Thomas-FeiTni sampling

The shape and the evolution of P (E K) as a function of the beam energy and of the mass can be directly understoo d
by the production mechanism of the clusters in n-IPSE . Indeed, in our model, nuclei are created essentially by a
random sampling of the nucleons with positions and momenta given by a Thomas-Fermi distribution slightly distorted
by two-body effects. As an illustration, we give in figure 11 the distribution of P (EK) obtained in a `Pb nucleus
if a random sampling on the Thomas-Fermi distribution is used to create clusters . For a cluster of mass Ac and
charge Zc, (Ac – Zc) neutrons and Zc protons are randomly chosen in the Fermi sphere obtained for 208 Pb. EK is
then deduced by calculating the center of mass motion of the Ac nucleons. Curves presented in figure 11 correspond
respectively to neutron (solid line), deuteron (dashed line), triton (open square) and alpha (filled circles) . In this
figure, we see that the mean value of E K reduces with the mass of the cluster while the width also becomes narrower .
When nucleon-nucleon collisions are added on top of the random sampling, higher momentum component of nucleo n
are populated and a spreading of P (E K) towards higher energy is expected . We see that the distributions significantl y
differ between figure 10 and 11 . These differences can not be explained by the role of two-body collisions but the y
indicate that only a small specific part of the accessible phase-space of light clusters is indeed populated in the firs t
instants of the reaction .

1 2
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FIG. 11 . Distribution of kinetic energy obtained by a random sampling of the Thomas-Fermi density distribution of the
nucleons obtained for a 20SPb nucleus . For a cluster of mass Ac and charge Zc, (Ac - Zc) neutrons and Zc protons are
randomly chosen in the Thomas-Fermi distribution obtained in 208 Pb. EK is then obtain by calculating the center of mass
motion of the Ac nucleons . The curves correspond respectively to neutron (solid line), deuteron (dashed line), triton (open
square) and alpha particles (filled circles) .

2. Role of the conservation laws

Let us now turn to the role of the conservation laws and in particular the conservation of energy . We study here
the origin of the energy thresholds in P (sK ) . In order to simplify the discussion, let us assume that the partition a t
freeze-out has only two clusters, the quasi-target and the light particle of interest. We note A C and ZC the mass and
charge of the cluster. The relative energy of the light particle in the frame of the quasi-target is noted Erel = AC-'K-
Due to the large asymmetry in mass of the input and the output channels, we assume for simplicity that the laborator y
frame identifies with both the target frame and quasi-target frame . In that case, the available energy Eo entering in
eq. (4) can be replaced to a good approximation by EB .

There exists essentially two constraints on ETei . The first one is directly given by the total energy conservatio n
given by eq. 4. The partition at freeze out is only be retained if E' > 0. Thus, if we assume that the cluster is a t
position rC, we have the local condition

EB — QPart — VC — QT (rC) ~t Erel

	

(5 )

where VC-QT (rC ) is the cluster-quasi-target potential described in section II A while Qprt is the energy balance
between the entrance channel and the partition . Equation (5) gives an upper limit for the energy Ere, for each
relative position rC . This constraint becomes less important as the beam energy increases .

The second constraint on the relative energy comes from the possible fusion of the quasi-target and the cluster . If
we note VC-Q T the fusion barrier height associated to the potential VC-QT, a cluster can escape from the quasi-targe t
if

Erel > VC—QT — VC — QT (rC)

	

( 6 )

This second inequality gives a local lower limit for the relative kinetic energy. In order to illustrate these constraints ,
we show in figure 12 the two-dimensional correlation between the position of the cluster and its kinetic energy eK for
proton, deuteron, triton and alpha for proton induced reaction on 208 Pb (with tFSI = 0 fin/c) . The considered beam
energies are EB = 39, 62 and 135 MeV . In each case, we display the function e" (rC) = (EB - Q - VC-QT (re)) /Ac
(open squares) and CK (rC ) = (VC-QT - VC-QT (rc)) /AC (black circles) . We clearly see in figure 12, that the tw o
constraints are at the origin of a drastic reduction of the available initial phase-space of the model . Since, figur e
10 is obtained by integration over all possible positions of the cluster, most of the difference observed between thi s
figure and figure 11 are due to the low and high energy threshold. Note finally that the existence of a low energy
threshold for cluster emission in our model is due to the fact that light clusters are randomly placed in a sphere o f
target radius RT . This radius is always below the fusion barrier position (see figure 2) . This effect may disappear
if we allow clusters to be formed at larger distances (in particular up to the barrier position) . It can also change if
we use a different prescription for the calculation of the cluster-nucleus potentials . Concerning now the high energy
threshold, as shown in figure 12, the energy constraint given by eq . (5) is less and less effective in reducing the initial
phase-space as the beam energy increases . In particular, for deuteron, triton and alpha particles at EB = 135 MeV ,
this constraint removes only a small fraction of the accessible configurations . However, at low energy, it has a major
effect as it can already be seen in figure 10 .
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In this section, we have made a careful analysis of the interplay between the available phase-space under th e
assumption of a random partition of the nucleons and the conservation laws in our model . As in the case of heavy ion
reaction [11], the sudden approximation for the sampling of the nucleons in addition to the notion of a constraine d
phase-space lead to results which are compatible with the experimental data .

EB=39 MeV EB=62 MeV EB=135 MeV

01

r' ft)

	

r, ft)

	

r, ft)
FIG. 12 . Two-dimensional correlation between the normalised kinetic energy of the light clusters and their position inside

the target nucleus at time t = 0 fm/c. From top to bottom are presented the neutron, deuteron, triton, alpha particles cases for
the proton induced reactions on 208Pb at EB = 39 MeV (left), Ea = 62 MeV (center) and EB = 135 MeV (right) . In each case,
we display the function fK (rc) _ (EB - Q - Vc-QT (rc)) /Ac (open squares) and c` (rc) _ (Vc-qT - VC-QT (rc)) /Ac
(black circles) .

V. CONCLUSION S

In this work, we have presented a model dedicated to nucleon induced reactions . In this empirical approach ,
clusters are formed in the early instants of the reaction using very specific rules . First, the participant-spectato r
picture generally used for heavy ion collisions is adapted to the nucleon-nucleus case leading to the notion of quasi-
target and of influence area . Pre-equilibrium clusters are essentially formed by a random partition of the nucleons i n
the participant region, the nucleons properties being assumed to correspond to a Fermi zero point motion distorted
by a nucleonic cascade . Finally, partitions obtained in this manner are propagated up to a chemical freeze-out where
matter exchange between fragments cease . At freeze-out, the energy balance is made leading to a reduction of the
accessible phase-space. The partitions are then propagated until the system is completely de-excited . Such a model has
some advantages . Firstly, it considers nucleons, light charged particles as well as heavier nuclei at the same level and
thus avoid some difficulties encountered in microscopic models to define clusters . In addition, it treats event-by-event
the transition from the pre-equilibrium stage up to the de-excitation stage. The results of the calculation have bee n
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systematically compared with experimental data for p- 56 Fe, p-208Pb and n_208Pb reactions . An overall reasonabl e
agreement for light clusters production has been obtained . It is worth noting that the model does a priori provid e
all the information on the reaction, such as energy and angular differential cross-sections or even the kinematical an d
chemical properties of the residues produced in such reactions .

The differential cross-sections have been used as a benchmark to optimize the model parameters . A special attention
has been paid in order to precise the possible scaling properties of these parameters with the size of the target. In
general, for a given beam energy, parameters are uniquely defined for all targets . This strategy is of particular impor-
tance if one wants to use such a model for targets that have not yet been studied without changing any parameters .
Finally, the study has revealed some systematic deviations : the shape of the proton energy differential cross section, a
small underestimation of alpha particle emission and an overestimation of triton and deuteron emissions, and finall y
a lack of direct effects in particular at low energy. The origin of these deviations have been discussed and can be use d
as a guideline for future improvements of the model . It appears that among the amelioration, a realistic intranuclear
cascade, precise alpha particle emission barriers and a proper account for the direct particle emission are in order to
improve the model.

Finally, we have made a special discussion devoted to the hypothesis used in the model and its consequence on the
origin of light cluster production in n-IPSE . We have shown that the total energy balance as well as the FSI 's must
be taken into account . In our model, the interaction potential between light clusters and the quasi-target is of majo r
importance. An interesting aspect that has not been developped here is that, assuming that the physical picture
given by the model is correct, we do expect an important effect of the interaction potential between the emitte d
light clusters and the quasi-target . Then, we may wonder whether nucleon induced reactions are not a good tool to
investigate light cluster emission barrier properties .
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