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Abstract. The prompt component at intermediate velocity of light charged particles is investigated. An
improved coalescence model coupled to the intra-nuclear cascade code ISABEL is used to obtain light
complex particle energy spectra and multiplicities as a function of impact parameter. The results are
compared with experimental data from the 3¢Ar 4 *®Ni experiment at 95 MeV /nucleon, performed with
the INDRA 4n detection system. The calculated prompt component is found to rather well reproduce
proton spectra. For complex light charged particles the calculated components well populate the high
energy part of spectra. Prompt emission can therefore explain the large transverse energies experimentally

observed at mid-rapidity.

PACS. 24.10.-i Nuclear-reaction models and methods — 25.70.Lm Strongly damped collisions — 25.70.Pq

Multifragment emission and correlations

1 Introduction

A good understanding of the reaction mechanisms be-
tween heavy ions at intermediate energies is of major
interest. Indeed, the dissipative collisions involved are a
tool of choice to produce and investigate nuclei at large
excitation energies and temperatures. The precise char-
acterization of the hot nuclei produced calls for a de-
tailed comprehension of the mechanisms since dynamical
or out of equilibrium effects are known to play an im-
portant role in this energy regime. For energies below
10-15 MeV /nucleon dissipative collisions are dominated
by mean-field effects giving rise to complete fusion or bi-
nary deep inelastic collisions (DIC) [1], whereas for much
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higher energies, above 200 MeV /nucleon, nucleon-nucleon
(N-N) collisions take over and the reactions can be in-
terpreted in a participant-spectator framework: here, two
excited spectators are accompanied by a very hot fire-
ball created in the interaction zone of the colliding nuclei.
The situation in the intermediate energy domain is more
complicated. This region exhibits a transitional regime
where two-body collisions come into play and compete
more and more with the mean field as the incident energy
increases. The importance of two-body collisions is partic-
ularly revealed by some direct experimental facts such as
pre-equilibrium emitted particles and high energy v-rays
[2-4]. But it also appears, in an indirect way, through dy-
namical properties of collisions showing deviations from
the pure binary pictures (DIC) observed at lower incident
energy [5-22]. Such deviations are predicted in the frame-
work of transport theories: Boltzmann-Nordheim-Vlasov
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(BNV) [23], Boltzmann-Uehling-Uhlenbeck (BUU) [24], or
Landau-Vlasov (LV) [25]. For heavy systems, depending
on the incident energy and impact parameter, the forma-
tion of a neck between the two partners of a collision can
be observed [12]. Different evolutions with time are pos-
sible: rupture from the two main outgoing nuclei, which
constitutes a third emission source, or re-absorption by
one of the two partners, which leads to the formation of
very deformed nuclei and consequently to favored directed
particle emission or fission [7,8,17]. For light systems an
emission coming from the overlap zone between the two
colliding nuclei is also predicted [19,26].

Thus, emissions of different types are predicted to pop-
ulate the intermediate velocity region, that we can classify
in two groups. One is related to “direct-pre-equilibrium-
prompt” processes that we shall define to simplify as
prompt emissions; the second is rather governed by reac-
tion dynamics (neck-deformation). The aim of this paper
is to bring information about the quantitative contribu-
tion from the first emission type. Prompt complex parti-
cle emission was recently calculated in BUU simulations,
taking into account three-body correlations [27,28], and
well compared to experimental data [29,30]. In another
approach, Antisymmetrized Molecular Dynamics (AMD)
calculations coupled to a coalescence process was found to
reproduce experimental complex particle multiplicities at
150 MeV /nucleon [31]. In this paper we propose a new ap-
proach: a calculation which couples the intra-nuclear cas-
cade code ISABEL (producing prompt protons and neu-
trons) to an improved version of coalescence model. For
comparison, experimental light charged particle (LCP)
spectra in the intermediate velocity region, obtained with
the INDRA 47 detector on the 36Ar + °8Ni system at 95
MeV /nucleon have been selected and confronted to the
model. Both multiplicities and energy spectra are com-
pared.

In section 2 we describe the ISABEL code, and present
a slightly extended version of the coalescence model. In
section 3 the experimental details and results are pre-
sented. Section 4 contains comparison of LCP energy spec-
tra and mean multiplicities and kinetic energies obtained
in the simulation, with the corresponding experimental
observables. We estimate also the excitation energy, re-
maining in the system after direct emission. Finally, con-
clusion of our investigation will be presented.

2 Calculation of the prompt component
2.1 The Intra-nuclear Cascade code ISABEL

This model, developed by Yariv and Fraenkel [32], treats
colliding ions as two clouds of nucleons residing in po-
tential wells. The projectile is Lorentz contracted in the
target rest frame. The momentum distribution of nucleons
in each of the collision partners is assumed to be that of
a degenerated Fermi gas. In the overlap region a number
of primary N-N collisions occurs, leading to a cascade of
collisions in each of the reaction partners. N-N scattering
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is described by experimentally measured free N-N cross-
sections. The Pauli blocking is assured by the interdiction
for cascade particle energy to fall below the Fermi energy.
Interaction between two particles from the same Fermi sea
is also forbidden.

Each cascade particle is followed until it leaves the
overlap region. Outside of this region the particle is fol-
lowed until it leaves the system, or until its energy falls
below a given cut-off energy. In the latter case, it is cap-
tured by one of the nuclei and its energy contributes to
the excitation energy of the main outgoing partners. The
cut-off energy is a free parameter of the model and is taken
from the prescription proposed in ref. [33]:

(1)

B { Er + max(2B, Vi), for protons,
cut = Bp + 2B, for neutrons,
where Ep is the Fermi energy, B is the average binding
energy (calculated for three first neutrons and protons),
and V¢ is the Coulomb barrier.

The nuclear density distributions in both the projectile
and the target are approximated by a step-function distri-
bution. As a cascade develops, the density in the partici-
pating Fermi seas is depleted. After each collision a hole
is punched in the density distribution. No more interac-
tions are allowed in this site (so-called “slow rearrange-
ment”). Excitation energies of the two outgoing nuclei are
the sums of the hole energies and of the energies of the
captured particles which fall below the cut-off energy.

The model was first developed for experiments in the
relativistic energy domain, where N-N interactions domi-
nate. In our application at rather low energy we expect the
model to work properly for mid-central and peripheral col-
lisions. Because mean-field effects are neglected (one-body
collisions), energy dissipation is never correctly estimated.
This prevents any precise information on excitation ener-
gies at all impact parameters. Moreover, the fixed density
approximation made in the calculation is especially un-
realistic for central collisions. Consequently, we shall not
use excitation energy from the code to simulate the de-
excitation component. As a lower limit of applicability of
the model we have taken an impact parameter b = 4 fm
which corresponds to about 0.42b,,,«. Such a limit is sug-
gested by [22]: in this range of impact parameters the total
mass of particles emitted at mid-velocity was found equal
to that contained in the overlap zone between projectile
and target, at least if one assumes independence of mid-
rapidity emission of incident energy.

In fig. 1 we present the average multiplicities of protons
and neutrons leaving the system as a function of impact
parameter for 36 Ar + °8Ni reactions at incident energy 95
MeV /nucleon. The number of neutrons is approximately
equal to that of protons, with a small deviation corre-
sponding to the neutron-to-proton ratio in the reaction,
which is equal to 1.04. Energy spectra are also similar for
neutrons and protons. In fig. 2 direct nucleons in momen-
tum space are presented in the form of EdQO'/pJ_dpJ_de
Lorentz invariant differential cross-sections.

Characteristic circles around projectile and target mo-
menta correspond to the cut-off energy parameters. Below
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Fig. 1. ISABEL simulation results. Average multiplicities of
direct nucleons as a function of impact parameter, at the end
of the cascade step.
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Fig. 2. ISABEL simulation results. Lorentz invariant differen-
tial cross-sections for direct protons and neutrons in momen-
tum space (c.m. reference frame), integrated over the whole
impact parameter range. Statistics between two neighboring
contour lines changes by a factor of 2.

this limit one can observe a number of nucleons escaping
directly from the overlap region (the cut-off energy test
is not performed for these particles). Some deformation
of the cut-off energy circle around the projectile is due
to problems with transfer of projectile potential energy to
the target rest frame in a covariant way [34].

To perform a careful study of LCP emission in the in-
termediate velocity region we have restricted our analysis
to particles with polar angles between 60° and 120° in the
center of mass (marked by dashed lines in fig. 2).

2.2 Coalescence model
2.2.1 Standard form

The coalescence model, proposed by Butler and Pearson in
1963 [35] was successfully used in describing LCP energy
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Fig. 3. po values experimentally measured. Results marked by
* (**) are taken from ref. [40] ([36]). The solid lines indicate
the limits taken in present paper.

spectra in heavy-ion experiments at relativistic energies
[36—41]. The first suggestion, that observed deuteron den-
sities in momentum space can be described as proportional
to the product of proton and neutron densities, was ex-
tended by Schwarzschild and Zupancic for the case of more
complex particles, like tritons, *He, and “He [42]. A for-
mal correspondence between the coalescence model and
a thermodynamic calculation for equilibrated fireball was
also shown by Mekjian [43].

In principle, the model treats light complex particles
as clusters of emitted nucleons, formed in a reaction. This
process is expected to take place in the vicinity of or even
inside the colliding ions, because an interaction of joined
nucleons with a nuclear potential is necessary for energy
conservation [35]. It is assumed that once formed, a com-
plex particle does not decay, so the momentum vectors of
joined nucleons should be reasonably close to each other.
In the standard version of the model one assumes that
a cluster composed of A nucleons is created at the point
7Dc in momentum (per nucleon) space, if all these nu-
cleons occupy a “small” sphere of radius pg, centered at
D [36,44]. The radius pg is the only free parameter of
the model and can be determined by simple fit to exper-
imental data. The py parameters, relative to the different
complex particles, are expected to be independent of inci-
dent energy and colliding systems. Within error bars this
is rather well observed over a broad incident energy range
from around 100 MeV /nucleon to 100 GeV /nucleon [41].
Figure 3 presents py parameters for d, t, >He, and “He
particles, obtained in refs. [36,40] in our incident energy
region.

We can see that py values vary from about 100 MeV /¢
to about 150 MeV/c depending on complex particle. As
can be checked in fig. 2, the diameter 2pg of our sphere
cannot be treated as negligible in comparison with the
available volume in momentum space. Direct nucleon den-
sity can change strongly inside the sphere and cannot be
approximated by a constant value, given by the density in
the center of the sphere. So, calculations presented in [44]
correspond to some approximation, justified for high in-
cident energies when the momentum space is also suffi-
ciently large, but not at lower energies. In this latter case,
the average number of particles occupying the sphere can
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no longer be expressed by the simple product of the vol-
ume %ng by the nucleon density at the center of the
sphere, but should rather be calculated as an integral of
density over the whole sphere.

Usually, the coalescence model is applied starting from
experimental proton spectra (neutron spectra are sup-
posed to be identical to proton ones, corrected for N/Z
of the studied system). Then, complex particle spectra
are built using the formula

Pozy  (No+Ne\Y 1 (dap\ T (3o, \ !
dpd  \Zr+2Zp N!Z! \ 309 dp3 ’
2
where 925 is the differential cross-section of a cluster

dp3
composed of Z protons and N neutrons, dj—"; is the dif-
ferential cross-section for observed protons, N1, Np, Zr,
Zp are neutron and proton numbers in target and projec-
tile, A = N + Z is the mass number of the cluster, and
oo the total reaction cross-section. In our case we dispose
with ISABEL of complete information relative to “pri-
mary” protons and neutrons needed to produce complex
particles. In such a way a more precise calculation can be
envisaged.

2.2.2 Improved version

Let us consider the momentum (per nucleon) space of di-
rect particles, emitted in a collision. We assume that direct
nucleons are statistically independent, or, in other words,
no N-N correlations occur. At the beginning we take into
account a set of events with fixed direct particle multi-
plicity m. For each point 7" in momentum space one can
determine direct particle density p,, (). Of course, an
integration of p,,, (") over the whole space gives the total
multiplicity of direct particles m:

/ o () dp® = m. (3)

Now, let us take a point in momentum space, denoted by
D¢, where a complex particle is created by clusterization
of neighboring direct nucleons. For each point p” we can
determine a probability P (7", P’c), that a nucleon placed
in the point P will be used to form a complex particle
in the point .. Now, one can determine the density of
particles used for clusterization:

P (P, Pe) = pm (V) P (D, Pe) - (4)

In fact, P (P, Pc) should be a function of the distance
between P and P, | D — P, so an integration of
P (7, D) over the whole space gives a characteristic vol-
ume V' (in momentum space), independent of the point

?)c:

/ P(F,Fo) dp® = / P(F. Tl =V. ()
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Dividing P (7", P’c) by the volume V one obtains a cor-
responding density of probability A, normalized to unity:

1

AP, Pe) =P (P 7o)

- (6)

Now, using equations (3), (4) and (6), we calculate the
probability of a nucleon to join a cluster located at the
point P’c:

The last integral in (7) is a simple average value of nucleon
density p, (7)), weighted by A (P, P’c). The standard
form in the model corresponds to the function A with the
prescription:

where pg is the radius of the coalescence sphere, and V =
%Wp% is its volume. Such a choice is convenient because
in this case both V' and A are characterized by the same
parameter pg. We keep this choice in the present work,
but it should be stressed here that, in principle, V and A
can be considered as two independent quantities. Now, we
can introduce (8) into (7) to obtain a simple formula for
the probability P,,:

P70 = o [ o0 (78" o)

In what follows, we use a reasoning similar to that
presented in [44]. We calculate the conditional probability
Py /m (P'¢) of clusterization of n nucleons in the point 7,
if m direct nucleons were emitted in the collision:

() pna-pm,

Then, the total probability of occurrence of a cluster com-
posed of n nucleons is

Py(Te)= > f(m)Pum (Pe),

m>n

(11)

where f (m) is the nucleon multiplicity distribution, nor-
malized to unity. In fact, we have to distinguish neutron
and proton densities and multiplicities. So, the probabil-
ity Pzn (P’e) of occurrence of a cluster consisting of Z
protons and N neutrons is given by
Pz (?c) =Pz (?C) Py (7(:)7 (12)
where Pz (7’) and Py (P’¢) are given by eq. (11).
Our goal is to find density of complex particles in mo-
mentum space. Formula (12) gives the probability to form

a cluster (Z, N) in the point P’., if there exists in P'c a
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center of condensation. So, the complex particle density
is given by
pzn (D) = pe (D) Pzn (Do), (13)

where p. (P’.) denotes the density of condensation centers
in momentum space. The presence of the variable p. (7’¢)
is necessary to assure particle number conservation. Ac-
tually, the concept of condensation center is not so easy
to define. If few nucleons attempt to form a cluster, they
have to be sufficiently close to each other in configuration
space, to interact by nuclear forces. One could say that if
such a chance occurs, the sum of their momentum vectors
divided by the nucleon number gives directly the point 7’
in our calculation. But, as the presence of a nuclear po-
tential seems to be necessary to form a complex particle,
the location of the point P’ can be different. Moreover,
in terms of the coalescence model, protons and neutrons
observed as free particles are treated as one-nucleon clus-
ters. These facts complicate strongly the sense of p. (P’c).
As we do not know anything about conditions of clus-
ter formation, we assume that condensation centers are
distributed uniformly. Such an assumption is also taken
implicitly in the standard version of the model.

If the condensation center density p. (P’¢) is really uni-
form, it can be written in the form

Pc (WO) = s (14)

where « is a constant. Inserting eq. (14) into eq. (13) one
obtains the final formula for complex particle density:

1

pzN (Pe) = ——=Pzn (D).

o (15)

The constant « is not a free parameter of the model, be-
cause it is determined by nucleon number conservation.
If one assumes that only p, d, t,>He, and *He particles
are formed in the model, the proton number conservation
requires:

Mé = M, + Mg + My + 2Msye + 2Map, (16)
where M]’) is the number of primary protons, M, is the
number of secondary (not clusterized) protons, and My,
M, Mg, and Mag, are the numbers of deuteron, triton,
helium-3 and helium-4 particles, respectively. Secondary
protons can be obtained from the model, taking py — 0.
Variables on the right-hand side of eq. (16) depend on
«. For a given density of primary protons and given py
parameters for d, t,3He, and *He one can obtain a unique
value of « satisfying this equation. But, as the density of
protons is a function of collision centrality (see fig. 1), one
can expect an evolution of o with impact parameter. In
our calculation the a parameter varies from 1.08 to about
1.30, when the impact parameter decreases from 8 to 4 fm.
Note that the « parameter is the scaling factor between
primary and secondary proton spectra (o = M} /M,).

To summarize, we can say that complex particle den-
sity is governed by
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— Volume V, chosen as the volume of a sphere of radius
po; this parameter changes the total cross-section for
complex particle production, but does not change the
shape of energy spectra.

— Function A, taken in the form given by (8), so governed
by the same parameter pq.

— Proton and neutron densities p;;,.

— Primary nucleon multiplicity distributions, separately
for protons (M) and for neutrons (My).

In our calculation we take all the quantities we need, i.e.
proton and neutron densities, and proton and neutron
multiplicity distributions, directly from the intra-nuclear

. - dm’
cascade model. Thus we built the average densities # b

dp
M/, . s
3 asa function of | P’|, in the angular range con-

and ]%
sidered (see fig. 2). These quantities are also used when
part of the coalescence sphere extends beyond the consid-
ered region, i.e. when the sphere is centered close to the
c.m. point or close to the region borders. To obtain com-
plex particle density we use formula (15), i.e. we do not
use any of the simplifications listed in appendix. Only pg
is taken from previous experiments using formula (2). To
take into account dispersion observed for py values, our
calculation has been performed with two sets of values
indicated by solid lines in fig. 3.

2.3 Calculation consistency

The standard coalescence formula (2) treats complex par-
ticle production as a perturbation. Consequently, the pri-
mary proton spectra are same as the secondary ones. In
our more precise calculation the primary proton spectra
differ from secondary ones by the constant factor a.. Never-
theless, we use experimental values of py determined with
the help of formula (2). In this situation we have to ver-
ify the correctness of such a procedure. Firstly we use
alternatively two possible treatments of data: a) we use
formula (15), applied to primary proton and neutron den-
sities taken from ISABEL and b) as above, but without
integration of density inside the sphere (i.e. we take into
account the simplification no. 1 — see appendix).

Using these two treatments one obtains similar sec-
ondary proton spectra but different spectra for complex
particles d, t, 3He, and *He. We present them in fig. 4 for
deuteron and alpha-particles as solid (a) and dashed (b)
lines. Then we apply the formula (A.3) from appendix for
the secondary protons obtained in (a) (dotted line in fig.
4). In this way we “simulate” a real situation of measure-
ment of pg. In all cases we keep the same values of pq,
corresponding to the lower limit presented in fig. 3.

One observes that dotted and dashed lines nearly co-
incide. A larger difference can be observed in the case of
more central collisions, but slopes of both distributions are
perfectly the same. This good agreement shows that one
can use the same pg parameter when applying coalescence
to primary or secondary proton spectra (remind that pg
values are deduced from only the high-energy part of the
spectra). The complete method (a) with integration of nu-
cleon density over the sphere gives slightly broader spectra
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Fig. 4. Simulation results. Energy distributions for deuterons
and alphas in two ranges of impact parameter. For solid,
dashed and dotted lines see text.

and lower maxima. But this difference is just caused by
a more correct calculation as compared to the previous
cases and disappears at larger incident energies.

3 The experiment
3.1 Experimental set-up

The experiment was performed at the GANIL facility, us-
ing the INDRA 47 multi-detector system [45]. The 36Ar
beam was scattered on a *®Ni target of 193 ug/cm? thick-
ness. At least four detectors were required to fire as on-line
trigger. The detection system contained a total number of
336 detection modules grouped in 17 rings. In the first
ring covering the most forward angles, 2° < Oppp < 3°,
phoswich detectors were used, made of plastic scintillators
NE102 + NE115. Between 3° and 45°, in eight rings, triple
telescopes were employed, consisting of ionization cham-
ber, silicon, and CsI(T1) scintillator. Three rings between
45° and 88° contained double telescopes (ionization cham-
ber + CsI(T1)). In the five remaining rings, between 92°
and 176°, CsI(T1) detectors were installed. The total solid
angle covered by detectors was about 90% of 4. Light
particle isotopes are separated up to Z = 4 in CsI(T1)
crystals. Charge identification reaches Z = 64 in the for-
ward region (below 45°) and Z = 20 between 45° and 88°.
In the absence of ionization chambers in the backward re-
gion (beyond 92°), separation of charges larger than 4 was
there impossible. The LCP energy accuracy is equal to
about 5% [46].

In our analysis we take into account the events where
the total multiplicity of detected particles is larger than
3, and the total detected charge larger than or equal to
18 (i.e. argon charge). Other results of analysis of this
experiment can be found in refs. [20,22,47-49].
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Fig. 5. Experimental LCP multiplicity distribution (a)
and correspondence with impact parameter (b). Numbers 1
through 4 denote the four regions considered in the analysis.

3.2 Impact parameter selector

The impact parameter selector should be independent of
studied observables, to avoid auto-correlation effects. In
our investigation we would like to study the evolution
of energy spectra with impact parameter. Therefore, one
should avoid dynamic observables, like the transverse en-
ergy, isotropy ratio, or flow angle [50-53], because they
influence directly the energy spectra. More useful are vari-
ables taking advantage of charge partition only, with no
dynamic admixture. In this class the simplest one, multi-
plicity of LCP’s (Z < 2), Mycp, is a good compromise:
some auto-correlation effect can also occur in this case,
because direct particles contribute to My cp, nevertheless,
it does not influence the shape of particle energy spectra.

In fig. 5 we present the experimental distribution of
Micp (a) and a correspondence between Mpcp and im-
pact parameter (b), obtained with the use of the geometri-
cal prescription [54] and with a calculated byax of 9.5 fm.
Four regions were selected, marked from 1 to 4, each cor-
responding to about 1 fm range in impact parameter, be-
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Fig. 6. Experimental data for 3¢Ar 4 ®®Ni at 95 MeV /nucleon. Lorentz invariant cross-sections in 8 versus rapidity plane
for different LCPs and different “experimental” impact parameter ranges. The scales are expressed in units of the projectile
rapidity Yproj. The dashed lines correspond to the c.m. angular range shown in fig. 2. The Z-axis is logarithmic.

tween 4 and 8 fm. This selection will be used in the follow-
ing analysis. The experimental distribution of Z,.y from
QP was also used as impact parameter selector to avoid
any possible auto-correlations. The LCP energy spectra as
a function of the corresponding calculated impact param-
eter are found quasi-identical to those derived with the
Mji,cp selector.

3.3 Binary character of reactions

The binary character of the studied collisions appears in
fig. 6. Invariant cross-section plots for different “exper-
imental impact parameters” calculated with the use of
My,cp are presented in 0, versus rapidity plane. One
can clearly see characteristic circles around the projectile
and the target momenta, especially in the case of protons
and alphas, due to emission components from QP and
QT. However, the figure also evidences the presence of a
contribution at intermediate rapidities, around the c.m.

rapidity and the N-N rapidity. As can be checked in [22],
the increase of transverse energy in the intermediate ra-
pidity region is observed around the N-N reference frame
for protons, and rather around the c.m. for more com-
plex particles. Both reference frames can be considered
for observation of intermediate velocity emission. In the
present paper we use c.m. reference frame for all particles.
It should be mentioned here that switching to the N-N (or
mid-rapidity) reference frame does not change the results.
In fact, these two possible reference frames are fairly close
to each other in our reaction.

The dashed lines correspond to the two limits for c.m.
polar angle, imposed on simulation data (see fig. 2). In the
selected mid-rapidity region evaporation components from
QP and QT only contribute to small momenta, at least in
the case of complex particles. For deuterons, tritons and
helium-3 we observe a characteristic picture indicating a
relatively important production of these particles at mid-
rapidity [22].
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Fig. 7. LCP differential multiplicities dM/dE. Comparison of simulated energy spectra for p, d, t, 3He, and *He (double solid
lines) with experimental ones (circles). Impact parameter windows, marked from 1 to 4 are defined in fig. 5.

As excitation energies of QP and QT are not well pre-
dicted by the ISABEL code, we did not attempt to re-
produce this de-excitation component in simulation, using
some additional statistical code. We prefer to study only
the prompt component, keeping in mind that a large con-
tamination of prompt particles by thermal emission from
the two main partners can be expected at small energies.

4 Comparison data-calculation

To obtain quantitative information on the contribution of
prompt processes, we shall now compare energy spectra,
multiplicities and mean kinetic energies obtained exper-
imentally with those from the calculation previously de-
scribed. There is no normalization between calculations
and experimental spectra.
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Table 1. Mean multiplicities and energies per nucleon of LCP’s obtained in calculation as compared with experimental data.
Calculated errors correspond to the two extreme hypotheses for po values (see fig. 3).

——exp

Mtot

——exp

b Particle M60°—120°

——calc

—=exp —calc

E60°—120°

60°-120° 60°-120°
(fm) (MeV /nucleon) (MeV /nucleon)
P 3.41 0.49 0.66 £ 0.02 26.5 23.4
d 0.54 0.142 0.041 =+ 0.009 15.3 178 +£0.8
7-8 t 0.17 0.041 0.003 =+ 0.002 9.2 13.5 £0.6
3He 0.17 0.038 0.003 =+ 0.002 11.4 13.3 +£0.6
‘He 1.22 0.061 0.0005 £ 0.0003 7.0 109 +£04
p 4.75 0.89 1.13 =+ 0.04 27.1 25.7
d 1.06 0.291 0.099 =+ 0.018 15.9 196 +£1.1
6-7 t 0.35 0.090 0.012 =+ 0.006 9.8 151 +£0.8
3He 0.32 0.077 0.012 =+ 0.006 12.0 15,0 +£0.8
‘He 2.13 0.135 0.0028 £ 0.0017 7.0 124 +£06
p 5.83 1.43 1.89 =+ 0.08 28.7 27.4
d 1.74 0.521 0.216 =+ 0.025 17.1 221 =£16
5-6 t 0.64 0.179 0.038 =+ 0.015 10.7 170 +£1.3
3He 0.56 0.151 0.037 =+ 0.014 13.4 169 +£1.3
‘He 3.35 0.289 0.0122 £ 0.0065 7.4 142 +£1.0
P 6.81 2.00 294 £0.13 30.2 29.6
d 2.47 0.814 0.391 =+ 0.018 18.2 252 £23
4-5 t 1.00 0.308 0.088 =+ 0.026 11.6 19.7 £19
3He 0.83 0.251 0.086 =+ 0.026 14.7 196 +£1.9
‘He 4.31 0.512 0.0351 £ 0.0154 8.0 16.7 +£1.6

4.1 LCP energy spectra

In calculations we use the complete formula given by eq.
(15). Figure 7 presents energy distributions for p, d, t,
3He, and “He in four impact parameter windows, defined
in fig. 5. Impact parameter decreases from the left to the
right. Double solid lines correspond to the two limits for
Po, indicated in fig. 3. For deuterons, which are the most
produced coalescence particles, a good agreement can be
observed, except in the region of smaller energies, where
a contribution of evaporative components from QP and
QT is expected. Increasing the mass of complex particles,
contributions from prompt emissions decrease and only
populate correctly the high tails of energy spectra. These
results clearly reveal the importance of prompt processes
for populating the high-energy parts of complex particle
spectra.

The proton spectra are not so well reproduced, be-
cause of an excess of protons in the lower energy region
and slopes somewhat too steep at large impact parameter.
This last effect reflects in the small disagreement, observed
at large energies, for complex particles in impact param-
eter regions 1 and 2, as compared to experimental data.
However, without any normalization the agreement is re-
markable and we can infer, as expected, that the major
part of protons in the selected region comes from prompt
processes.

4.2 LCP characteristics

In table 1 we summarize characteristic parameters ob-
tained from energy spectra presented in fig. 7. Integrat-
ing over energy we obtained mean particle multiplici-
ties. These quantities are compared with the experimental

ones, which differ from those of ref. [22] due to another se-
lection in space and different sorting variables. Mean en-
ergies are also presented and compared with experimental
measurements. Error bars for calculation correspond to
the two pg limits and to the width of corresponding im-
pact parameter bins.

One observes here an overestimation of proton multi-
plicities in calculation, particularly for the lower impact
parameter. The proportion of prompt complex particles
decreases when the particle mass increases but increases
with the violence of collisions. Multiplicities of deuterons,
tritons and 3He seem to be reasonable, if one remembers
that contributions of evaporative component and neck
emissions are present in experimental data.

For alpha-particles the proportion of calculated
prompt emission is quasi-negligible. One could increase
the proportion of alpha particles by increasing pg, but then
the calculated spectrum would be too broad, in disagree-
ment with the experiment. On the other hand, the num-
ber of prompt *He can be underestimated, as it can also
originate from pre-formed alpha structures in nuclei [2,
55]. Finally it should be remarked that the excess of pro-
tons corresponds approximately to the deficit of alphas,
multiplied by two. It suggests that the number of cascade
protons produced by the ISABEL code is quite correct,
and that the calculation is not able to create enough al-
pha particles.

In refs. [21,22], LCP emission in the mid-velocity re-
gion was recognized by an increase of their average trans-
verse energy values. From our simulation it clearly emerges
that prompt particle emission is responsible for such a
fact. In table 1 we present also mean kinetic energy for
various particles. An increase of this value can be observed
when the impact parameter decreases. The calculated val-
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Table 2. Average total kinetic energy (Exin) and total excitation energy (Ef.) obtained from four reaction scenario hypotheses:
pure binary reaction scenario (BRS), BRS with prompt emission, pure ternary reaction scenario (TRS), and TRS with prompt
emission. The first column refers to different impact parameter windows, the second column gives results of the thrust method
applied to obtain QP-QT relative velocity (vre) from the experimental data. Seventh column corresponds to the QP-QT relative

velocities, determined with three-sources fits.

b VUrel BRS BRS + Prompt Vrel TRS TRS + Prompt
(fm) | (¢ Eyin Efo Exin Efo (c) Eyin Efo Exin Efo
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)

7-8 0.39 1565 521 1578 459 0.39 1597 397 1720 251
6-7 0.37 1460 625 1497 572 0.39 1404 590 1556 370
5-6 0.34 1225 860 1326 695 0.39 1212 784 1450 516
4-5 0.31 1020 1066 1236 818 0.39 1081 934 1471 399

ues are the total kinetic energy of particles, and cannot be
directly compared with transverse energy values. Never-
theless, as the region selected in momentum space includes
only angles between 60 and 120 degrees, the main part of
these values is attributed to the transverse motion. Ex-
perimental values are evidently smaller than calculated
ones (except for protons), which can be attributed to con-
tributions of evaporative components from QP and QT.
For protons one observes slightly smaller values for cal-
culation, which are linked with distorted proton energy
spectra (see fig. 7). This effect disappears while impact
parameter decreases.

4.3 Prompt emission and the total excitation energy
of the system

Finally, one can estimate from our calculation the average
total excitation energy EY.; remaining after the prompt
emission stage. Note, that one does not presume that Ef,,
will be fully thermalized. For estimating Ef., we take into
account two possible hypotheses: binary reaction scenario
(BRS) and ternary reaction scenario (TRS). The former
corresponds to creation of QP and QT, accompanied pos-
sibly by prompt emission. The latter hypothesis concerns
creation of an additional neck-like structure in between
QP and QT, which can sometimes separate from QP and
QT. We shall try to estimate influence of both prompt
emission and neck creation effects on Ef,.

General energy balance gives the following formula for
E‘:ot:

Et*ot = Fcm. — Eyin — Qv (17)
where F. .. is the total kinetic energy available in the
center of mass (2085 MeV in our reaction), Ej, is the
total kinetic energy in the output channel, after prompt
emission, but before de-excitation. @ is the mass balance.
FEyn is given by

Ekin = Ercl + Encck + Z Eiv (18)

where Fyq is kinetic energy of QP-QT relative motion,
FElecx is c.m. kinetic energy of the “neck”, and ZZ FE; is

the sum of prompt particle energies. Similarly, the mass
balance @ splits into

Q = Mqp + Mgt + Mpeck + ZMZ' — (Mp + M),
i

(19)

where Mqp, Mqr, and My are the masses of QP, QT,

and “neck” respectively, >, M; is the sum of prompt par-

ticle masses, and Mp (M) refers to the mass of projectile

(target).

Now, we consider four hypotheses:

. Pure BRS — with no “neck” and no prompt emission,

average masses and charges of QP and QT are assumed

to be the same as for projectile and target (average net
mass transfer equal to zero).

BRS with prompt emission — average masses and

charges of QP and QT are given by ISABEL, prompt

emission is given by ISABEL + Coalescence calcula-
tion in the 6 range 0°-180°.

Pure TRS with no prompt emission — average QP, QT

and “neck” masses are evaluated using three-sources

fit measurements [47].

. TRS with prompt emission — as 3, but the prompt
particles obtained in ISABEL + Coalescence model
are subtracted from the “neck”, and prompt particle
kinetic energy is added to the total kinetic energy term.

In the case of binary scenario (1 and 2) the average QP-QT
relative velocity is drawn from experimental data using the
thrust method [17] (in the current paper all detected par-
ticles were used for this analysis). For ternary scenario (3
and 4) the velocities obtained by the three-sources fits [47]
were used (the QP-QT relative velocity was found there
to be rather constant for all impact parameters, and the
“neck” velocity close to mid-rapidity).

The results obtained for four different hypotheses and
for four different impact parameter regions are presented
in table 2. Comparing the hypotheses “with” and “with-
out” prompt emission one can see, that prompt particle
emission decreases Ey.; by about 12-23% in the BRS. This
is comparable with influence of “neck” formation (5-24%).
In the case of TRS, the amount of excitation energy car-
ried out by prompt emission is about 34-57%, depending
on impact parameter. This observation reveals the impor-
tance of direct prompt emissions in heavy-ion reactions
close to 100 MeV /nucleon.
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5 Conclusion

Light charged particles emitted in the intermediate veloc-
ity region were studied for the 3¢ Ar + 58Ni reaction at 95
MeV /nucleon. Experimental data have been confronted to
result of a calculation performed to predict prompt par-
ticle emission. A two step calculation was used. It was
composed of the intra-nuclear cascade code ISABEL pro-
ducing primary prompt protons and neutrons, and of an
extended version of the coalescence model producing as-
sociated complex particles. This calculation is found to
describe rather well proton energy spectra and well the
high-energy part of the spectra for emitted light complex
particles like deuteron, triton and helium-3. For alpha-
particle energy spectra, only the very high energy tail is
well reproduced. Thus production of coalescent particles
with rather high energies can be found responsible for
large transverse energies experimentally observed in the
intermediate velocity region at incident energies around
100 MeV /nucleon [21,22].

More quantitatively we can infer from this work that
protons emitted in the selected intermediate velocity re-
gion come mainly from prompt emission. The proportion
of prompt deuterons varies from ~0.3 to 0.5 when impact
parameter decreases. For A = 3 particles this proportion
reduces to ~0.1 to 0.3. For alpha-particles the contribu-
tion from prompt emission is found very weak revealing
the limit of the proposed calculation for heavier particles.

Estimation of total excitation energy of the system
shows the importance of prompt emission that was found
to carry out about 10-30% of the total excitation energy,
depending on the reaction scenario and impact parameter.

Appendix

In the standard version of the model some simplifications
were introduced, to obtain an analytical formula for pzy,
convenient to determine the py parameter as a fit to ex-
perimental data:

1. The integral in eq. (9) is replaced by Vp,, (Pc); it
corresponds to the limit of small py discussed at the
beginning of section 2.2.

2. The P,, value in equation (9) is assumed to be inde-
pendent of m; multiplicity m is replaced by average
multiplicity m, and p,, is taken from experiment, i.e.
it is averaged over all possible multiplicities. This re-
quires also putting o = 1 (eq.( 15)).

3. A Poisson distribution is assumed for the multiplicity
distribution f (m) used in eq. (11):

- m

m

f(m)= e exp (—m) . (A.1)

4. The neutron distribution is taken identical to the pro-

ton one, corrected for neutron-to-proton ratio in the
studied reaction:

(A.2)
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where p,, is the experimentally measured proton dis-
tribution.

These assumptions lead to the explicit formula for
complex particle density:

Nr+Np\V1 /4 A=l A
pox (70 = (2T 517 (308 o (70",

which corresponds to eq. (2). Let us recall that P’ is a
momentum per nucleon. For very low incident energies,
corrections for Coulomb repulsion have been introduced
in [44].

One can remark that inserting Z = 1 and N = 0 in
(A.3) one obtains a correct (i.e. observed) proton density.
In other words, the formula treats protons (and neutrons)
as one-nucleon clusters. Our more precise version of the
coalescence model has the same property, but instead of
secondary proton density we have to put the primary one.
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