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Abstract: Using a unified description on multiplicity distributions of final-state particles, the ener-

gy spectra of light charged particles and evaporation residues in heavy ion induced reactions at low

energy are studied in the framework of a multisource ideal gas model. Each source in an excited

composite contributes energy spectra of light charged particles and evaporation residues to be an

exponential law. The calculated results are compared and found to be in agreement with the expe-

rimental data of inclusive and exclusive energy distributions for light charged particles and evapora-

tion residues measured in the **Ne (158, 170, 180, and 200 MeV) -+ '“C reactions.
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1 Introduction

It is known that an excited composite is usual-
ly formed in light or heavy ion induced reactions at
low energy (a few MeV/u). To investigate the
properties and behaviors of the excited composite
at various stages of the deexcitation cascade
process, light charged particles such as protons
(p), deuterons (d), tritons (t), and a-particles
evaporated from the reactions are widely measured
to give their multiplicity distributions, angular dis-
tributions, energy spectra, and others. In light ion
induced reactions the excited composite gains low
excitation energy and low angular momentum, and
the energy spectra of light charged particles emit-
ted in such reactions are satisfactorily explained by

[1—2]

the statistical model predictions Oppositely,
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in heavy ion induced reactions the excited compo-
site gains high excitation energy and high angular
momentum, and the energy spectra of light
charged particles emitted in such reactions are in-
consistent with the respective predictions of the
statistical model®’. It is known that in heavy ion
induced reactions the high angular momentum in-
duced the deformation of the excited composite.
Meanwhile, a-cluster structure in a-like nuclei in-
fluence the reaction process and contribute to the
deformation of the concerned composite.

As a 5a+ 3a system, the “Ne +'* C system
were extensively investigated in recent years™ % in
connection with the study of nuclear orbiting in
a-cluster systems. The deformation of the excited

composite formed in the *Ne +'* C reactions at
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7~10 MeV/u was estimated from the study of the
respective a-evaporation spectra and found to be
much larger than normal deformation in non-
a-cluster systems. With emissions of a-particles in
the large deformation composite, the emissions of
other light particles, such as p, d, and t, in coinci-
dence with individual evaporation residues are also
interesting to study and probe the finer details of

=10 Such studies may

the reaction mechanism
enable us to explore the evaporation decay cascade
of the composite system and estimate the contribu-
tions from fission-like, pre-equilibrium, and other
non-evaporative decay channels.

1. "% reported an inclusive

Recently, Dey et a
and exclusive measurement of (non-evaporative)
light charged particles emitted in coincidence with
individual evaporation residues of hot (excited) *S
nucleus produced in the *’ Ne+'"C reactions at 7~
10 MeV/u. It is obvious that the inclusive and ex-
clusive energy spectra are different from each
other. Especially, such exclusive energy data may
provide important clues to reveal the intricacies of
the decay cascade’™. At intermediate and high
energies, final-state charged particles and nuclear
fragments emitted in particle-particle, particle-nu-
cleus and nucleus-nucleus collisions were measured
in the past years (e. g. Refs. [13—19]). Multipli-
city distributions of charged particles and nuclear
fragments, isotropic production cross-sections of
nuclear fragments, and other interesting results
were reported.

Very recently, we proposed a unified descrip-
tion on multiplicity distributions of final-state par-
ticles in different collision systems at high ener-

giest "

and studied the multiplicity distributions
and isotopic production cross-sections of nuclear
fragments in pA (p-nucleus) and AA (nucleus-nu-
cleus) reactions at intermediate and high ener-

~221in the framework of our multisource ideal

giest?!
gas model. Although the reaction mechanisms are
different at low, intermediate, and high energies,

it is expected that our model can be used to de-

scribe the energy spectra of light charged particles
(light nuclear fragments) and evaporation residues
(heavy nuclear fragments) produced in nucleus-nu-
cleus collisions at low energy. In this paper, we
shall use the unified description™ to describe the
energy distributions of light charged particles and
evaporation residues emitted from the hot compo-
site formed in the **Ne + "*C reactions at 7 ~ 10
MeV/uM4.,

2 The model

In our recent work'*!, a unified formula was
proposed to describe the multiplicity distributions
of final-state particles produced in e'e”, pp, pp»
et p, pA, and AA collisions at high energies. If we
regard the neutron number in a nuclide as the neu-
tron multiplicity-like in a final state, the unified
formula can be used to analyze the isotopic produc-
tion cross-sections of nuclear fragments?. Tt is
shown that the model describes also the multiplici-
ty distributions of nuclear fragments in pA and AA

]

collisions™. The main idea of our model is that

many emission sources of particles and fragments
Each

source contributes multiplicity distribution to be an

are assumed to be formed in collisions.

exponential law. If we regard the kinetic energy of
a given nuclear fragment as a result of multisource
contribution, the unified formula can be used to
describe the energy spectra of nuclear fragments.
Although the model used in the present work can
be found in our recent work"*!, we give the model
in the following in terms of energy and its distribu-
tion for a whole presentation of the present work.
In the model, many emission sources of parti-
cles and fragments are assumed to be formed in
collisions. According to different interaction
mechanisms or event samples, the sources are di-
vided into [ groups (sub-samples). The source
number in the jth group is assumed to be m;. Each
source contributes energy distribution to be an ex-

ponential law, i. e. , the energy (E;) distribution

contributed by the ith source in the jth group is
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given by

_ 1 _ by

where (E;)=]E,;P,; (E;)dE; is the mean energy
contributed by the ith source in the jth group, and
corresponds to the temperature of the considered
source in the model. Generally, we assume (E,;)
=(E,;j)="+~= <E’”ﬂ >. The energy (E. .. ) distribu-
tion of nuclear fragments in center-of-mass refe-
rence system contributed by the jth group is then
given by the folding of m; exponential functions,
i. e. we have an Erlang distribution
Eu,! E. .
P E ) = B,y P [* <E,,»>j :

(2)

The energy distribution contributed by the / groups
is given by a weighted sum of / Erlang distribu-
tions

1 dN

14
zﬁﬁzzkjpj(Ec.m.) ’ (3)

i=1

P(EC.T‘(L )

where N and k; denote the fragment number and
weight factor respectively. Generally, k&, +k; + -
+k =1.

In the above discussions, m; denotes the
source number in the jth group. To avoid calcula-
tion of (m;—-1)! when m;-1 is too large, we use the
Monte Carlo method to calculate the energy distri-
bution of nuclear fragments. Let R; denote ran-
dom variable in [0, 1]. According to Eq. (1), we
have

The fragment energy contributed by the jth group
can be obtained by

m

E. =— D (E)IR,, (5)

i=1
due to it being the folding of m; exponential func-
tions. The energy contributed by the [ groups is

given by a weighted sum

’ &
Ecw =— D0k > (E))InR,. (6)

j=1 i=1

The energy distribution is finally obtained by a sta-
tistical method.

The present model does not answer what the
sources are. In the framework of a combination
model of constituent quarks and the Landau hydro-

257240 ' we may regard the sources as

dynamics
quarks and gluons in the case of m; being a large
value. If m; is a small value, we may regard the
sources as nucleons or nucleon clusters. In the
framework of a two-stage gluon model or a gluon

1!’25727—\

dominance mode , the sources can be regar-

ded as active gluons and evaporated gluons.

3 Comparisons with experimental data

The inclusive and exclusive (non-evaporative)
spectra for protons emitted in 158 MeV *’Ne-+"C
reaction at different angles are presented in Fig. 1

by the closed and open circles respectively?. 1

n
the figure, o, Q, and E(E., ) denote the cross-
section, spherical angle, and kinetic energy, re-
spectively. Fig. 2 shows the measured exclusive
proton spectra (circles''”’) emitted in 170 and 200
MeV *Ne+"*C reactions at 10°, The experimental
data of Dey et al. " are compared with our calcu-
lated results (curves). The parameter values ob-
tained by fitting the experimental data are shown
in the figures and the values of y” per degree of
freedom (%°/dof) are given in Table 1, where the
unit of (E;) is MeV and the same unit is used in
the following figures. One can see that the model
describes the experimental data of inclusive and ex-
clusive spectra for protons emitted in **Ne-+"C re-
actions at 158, 170 and 200 MeV.

The inclusive energy spectra for tritons, deu-
terons, and protons emitted in * Ne+'?C reactions
at different incident energies and emission angles
are displayed in Figs. 3, 4, and 5, respectively.
The circles and squares indicted by timing different
amounts represent the experimental data of Dey et
al. ") at different emission angles. The curves are
our calculated results with different parameter
indicated in the terms of

values figures in
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“((E;)s my) 7. The corresponding values of describes the experimental data of light charged

x?/dof are given in Table 1. Once again the model particles.
F p, *Ne+"C, 158 MeV, 15° 350
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Fig. 1 Inclusive (closed circles and solid curves) and exclusive (open circles and dotted curves) spectra for protons emitted in
158 MeV ?Ne+"? C reactions at different angles. The symbols represent the experimental data of Dey et al.['?!, The

curves are our calculated results by Eq. (6).

B p. e + Iz(" 170 MeV, 10° 200 MeV, 10°
: ¢ E,,)=2.T5‘. m=6 4 !:'II}=4,3(J. m=35

10°

/ (mb/sr-MeV ")
=
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d’c
dQdE
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Fig.2 As for Fig. 1, but showing the measured exclusive proton spectra emitted in 170 and 200 MeV ** Ne-+'2C reactions at

10°.
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Table 1  Values of %?/dof corresponding to the fits in Figs. 1~9"
Figure Type %2/ dof Figure Type %% /dof
Fig. 1 15° 1.544/1. 408 Fig. 5 170 MeV, 50° 1. 799
20° 1.369/1. 066 180 MeV, 10° 0. 447
35° 1.590/1.718 180 MeV, 20° 0. 400
40° 1.474/1.337 180 MeV, 30° 0.393
Fig. 2 170 MeV 0.744 180 MeV, 40° 0.712
200 MeV 0.231 180 MeV, 50° 0.221
Fig. 3 158 MeV. 30° 1. 359 200 MeV, 10° 0.663
158 MeV, 40° 0.818 200 MeV, 20° 0.487
158 MeV, 50° 1. 585 200 MeV, 30° 0.546
170 MeV, 30° 0. 760 200 MeV, 40° 0.733
170 MeV., 40° 0.596 200 MeV, 50° 0.312
170 MeV, 50° 1.228 Fig. 6 15° 0.763
180 MeV, 30° 0.973 20° 1.002
180 MeV. 40° 0. 906 35° 1. 563
180 MeV, 50° 1. 080 40° 1.293
200 MeV, 30° 0. 308 Fig. 7 10° 0.970/0. 697
200 MeV, 40° 0.452 20° 1.657/0. 684
200 MeV, 50° 0.892 30° 1.468/0.708
Fig. 4 158 MeV, 30° 1. 533 40° 1.209/0. 836
158 MeV. 40° 1.174 50° 1.231/0.717
158 MeV, 50° 0.619 Fig. 8 a-Ne, 20° 1. 700
170 MeV, 30° 1. 469 a-Ne, 40° 0.691
170 MeV, 40° 1.373 a-Na, 20° 1. 429
170 MeV, 50° 1. 141 a-Na, 40° 1. 206
180 MeV, 30° 1.038 p-Na, 20° 1. 652
180 MeV, 40° 1.039 p-Na, 40° 1. 320
180 MeV. 50° 0. 936 a-Mg. 20° 0.935
200 MeV, 30° 1. 367 a-Mg, 40° 0.676
200 MeV, 40° 0.522 p-Mg, 20° 1. 662
200 MeV, 50° 0.882 p-Mg. 10° 0.872
Fig. 5 158 MeV, 10° 1. 755 a-Al, 20° 1. 333
158 MeV, 20° 1.014 a-Al, 40° 1. 159
158 MeV. 30° 0. 390 p-Al, 20° 1.624
158 MeV, 40° 0.540 p-Al, 40° 1. 516
158 MeV, 50° 0.496 Fig. 9 Ne 1.596/1. 222
170 MeV, 10° 0.701 Na 1.702/1.713
170 MeV., 20° 1. 475 Mg 1.387/1.743
170 MeV, 30° 0. 948 Al 1.441/1.524
170 MeV, 40° 1.043

% The values of x%/dof given under “/” are for the dotted curves.
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- Inclusive tritona, *Ne + "C 100 &= 180 MeV, 507,
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Fig. 3 As for Fig. 1, but showing the inclusive energy spectra for tritons emitted in *” Ne+'*C reactions at different angles and

Inclusive tritona, *Ne + '*C
158 MeV, 50°,
%100, (3.00,3)
40°, %10, (2.40,4)

30°,(1.93, 5)

180 MeV, 50°, x 100, (2.94, 3)
40°, % 10,(2.97,3)
307,(2.30, 4)

40°, x10,225.4) F
30°, 221, 4)

200MeV, 50°, % 100, (3.00, 3)
40°, » 10, (3.00, 3)
307, (2.31, 4)

energies.
107
10! 3
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o
=
2
=] -1
= 10
= ARF
SF Ot
5 B
= e
10!
100k
10-!
0

Fig. 4 As for Figs. 1 and 3, but showing the results for deuterons.
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F Inclusive tritona, *Ne + *C E 180 MeV, 50°, X 10°, (3.50, 2)
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Fig. 5 As for Figs. 1 and 3, but showing the results for protons.
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Fig. 6 As for Fig.

20
E._/MeV

30

1, but showing the exclusive proton

spectra at different angles measured in coincidence

with ERs (Z=10~13) emitted at 10° in 158 MeV

“Ne+"C reaction.

Fig. 7 As for Fig. 1, but showing the inclusive energy spec-
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E [ MeV

tra for protons emitted in 158 MeV ** Ne-+*" Al reaction

at different angles.



“32 . B F Y BT R % 20 %

Fig. 6 presents the exclusive proton spectra at
different emission angles measured in coincidence
with evaporation residues (ERs with charge Z =
10~13) emitted at 10° in 158 MeV *Ne-+"C reac-
tion. Fig. 7 shows the inclusive energy spectra for
protons emitted in 158 MeV *Ne-+*" Al reaction at
different emission angles for a comparison. The
energy distributions of protons and a-particles at

different emission angles measured in coincidence

with different evaporation residues at 10° in 158
MeV *Ne—+"C reaction are given in Fig. 8. The
circles and squares represent the experimental data

. % and the curves are our calculated

of Dey et a
results. The parameter values are indicated in the
figures in  terms of “({E;)>, m)”  or
“((Ea>s mys ki <E3)s my)”. One can see that
the model describes the experimental data of light

charged particles.

10° |- WNe+"C, 158MeV | p or o with Mg, Mg at 10°
[i o with Ne. Neat 10° | p at 40°(2.92, 3); 20° (2.40, 4)
- o at40° (2.58, 4); 20°(2.55,4) - o at40° (2.84, 4); 20°(2.75, 4)
10° |-
1o
p 40°
p20°
o 10-" o 40°
2 0. 40°
E
ES o 20° o 20°
2 10 L | I I L | L I I L
Ly 1 p or o with Na, Na at 10° [~ p or o with Al, Al at 10°
»E = p at40° (2.00,4): 20°(2.10,4) [ p at40° (2.905, 3); 20° (2.10, 4)
=] - o at40°(2.24, 5); 20° (2.24, 5) - o at40°(2.90, 4); 20°(2.95, 4)
10¢
10
p 40°
Ht p 20°
o 407
| 1120"'
10~
0 10 20 30 40 500 10 20 30 40 50
E__ [ MeV

Fig. 8 As for Fig. 1, but showing the inclusive (circles) and exclusive (squares) energy spectra for a-particles and protons at

different angles measured in coincidence with different ERs emitted at 10° in 158 MeV #* Ne-+"2C reaction.

The inclusive Chigher yields) and exclusive
(lower yields) energy spectra for the evaporation
residues Ne, Na, Mg, and Al measured in 158
MeV *Ne + "C reaction at 10° are shown in

Fig. 9. The undulating lines and the solid (dotted)

curves represent the experimental data of Dey et
al. *) and the calculated results of our model re-
spectively. Once again the model describes the ex-

perimental data of evaporation residues.
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Fig. 9 Inclusive (higher yields) and exclusive (lower yields) energy spectra for different ERs at 10° measured in 158 MeV *’ Ne

+'2C reaction. The undulating lines represent the experimental data of Dey et a

sults.

4 Discussions and conclusions

From the above comparisons, we see that the
source numbers for different light charged particles
are very small, and these numbers are sometimes
different in quantity for different samples. We
need only a few sources to give a description for
light charged particles. This renders that the
sources for light charged particles are nucleons or
nucleon clusters which surround the light charged
particles in nucleus. These sources stay in a small
excitation region in collisions, and are not the light
charged particles themselves. A smaller source
number corresponds to a smaller excitation region
and a lower excitation degree. The light charged
particles have only connections with these sources
due to the short range property of nuclear force.

We notice that the source numbers for evapo-
ration residues are very large. This renders that
the excitation energy remained by light charged and
neutral particles is distributed to most or all spec-

tator nucleons, including not only the sources for

1. 12). The curves are our calculated re-

light charged particles, but also the other spectator
nucleons. Mostly, the sources for evaporation resi-
dues are nucleons or nucleon clusters. In some ca-
ses, the source numbers for evaporation residues
are larger than nucleon numbers in collisions. This
does not indicate that the quark degrees in some
nucleons have contributions to the results. Because
the energy scale considered in the present reactions
is much smaller in comparison with GeV or TeV
energy ranges. The high density region, where

hadron-to-quark transition may occur, is not

achievable in the present reactions. If the large
source number for the produced particles is expec-
ted to be related to quark degrees of freedom, the
large source number for the evaporation residues is
expected to indicate a different physics. In fact,
the indication of the large source number for the

evaporation residues is still an open question in the

present work.

.
The mean energy can be given by 2 k;(E; )m,

i=1
which is generally expected to increase with the in-

creases of incident energy and product mass. We
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have not found an obvious dependence of (E; ) and
m; on the light charged particle mass at the con-
cerned incident energies. For a given kind of light
charged particles, e. g. protons, the differences
among {E; ) as well as m, are not essential, but
only quantitative, for different samples. The mean
value of inclusive spectrum is larger than that of
exclusive one. In our opinion, the differences be-
tween the two spectra are not essential, too. Our
analyses show that the source temperature is a few
MeV. This is in agreement with the value obtained
from emulsion experiment"**.

The number of free parameters in the model is
3l -1. We use mostly /=1 in the investigation of
energy spectra. In a few cases, we have to use /=2
due to the contributions of two processes or two
sub-samples. It does not always mean that we can
get a better result if we use /=2 instead of /=1.
For instance, for the dotted curves in the left panel
in Fig. 9, we find that the best result can be ob-
tained by using (E;;>=<(E;> and m, =m, if we use
[=2 instead of /=1. This means that we describe
in fact the data by using [=1.

To conclude, the energy distributions of light
charged particles and evaporation residues meas-
ured in heavy ion induced reactions at 7 ~ 10
MeV/u are studied by using a unified formula.
This formula was firstly proposed by us to describe
the multiplicity distributions of final-state particles
produced in “elementary” particle interactions and
heavy ion collisions at high energies. The basis of
the formula is a multisource ideal gas model in
which each source contributes multiplicity distribu-
tion to be an exponential law. The model treats
uniformly the final-state particles and nuclear frag-
ments by the same formula. It is shown that the
model is successful in the descriptions of
multiplicity distributions of different particles and
fragments, isotopic production cross-sections of
nuclear fragments, and energy spectra of light
charged particles and evaporation residues.

Heavy ion reactions are a complex process.

Generally, a few fragments are emitted at low en-

ergies, and many particles and fragments are emit-

—31]

ted at high energy'” From low to ultrahigh

energies, the interaction mechanisms are expected
to be different. Meanwhile, one believes that there
are commonness laws existing at different ener-
gies. The present work is one of the useful at-

tempts in searching for the commonness laws.
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