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Abstract. Light Charged Particle emission mechanisms were studiedifi@rent mass entrance channel nu-
clear reactions. The 300, 400, 500 Mé&Ni + %zn and 130, 250 Me\V*®O + 116Sn reactions were mea-
sured at the Legnaro National Laboratory using the beanns fhe TANDEM-ALPI acceleration system. Light
Charged Particles were measured in coincidence with Ea#ipar Residues and their spectra were analyzed
using the global moving source fit technique. The charatadn of diferent emission sources (evaporative,
pre-equilibrium, break-up) is discussed. The behaviorefgruilibrium emission as a function of projectile en-
ergy, excitation energy and mass-asymmetry in the entretmanrenel was studied, evaluating the energy, mass and
charge lost by the composite systems and usinffi@exciton model for the pre-equilibrium neutron emission.
The present results are compared with the systematics afsymametric mass entrance channel reactions. The
present work shows that also at the onset the pre-equitibeimission depends not only on the projectile velocity
but also on the reaction entrance channel mass-asymmagyirst attempt of the particle spectra analysis using
the Grifin exciton model is demonstrated for the case of proton earisaithe 130 Me\ %0 + 116Sn reaction.

1 Introduction that further and more complete information is needed to
develop a coherent framework of the pre-equilibrium pro-
Low energy nuclear reactions have been extensively stud-cesses. Many modern new generatiaragparata are now-
ied in the past, devoting mainly the attention to evapora- days available which allow highlyfigcient coincidence mea-
tion of light particles from thermalized systems [1,2]. The surements. A major reconstruction of the whole angular
problem of diferent emissions, before a complete thermal- distribution can be reached with a better discrimination be
ization could occur, shows up as soon as the bombardingween equilibrium and non-equilibrium emitted particles.
energy grows up, especially approaching 10 Me\A cer- A high statistics can be collected which is especially im-
tain progress has been achieved in the understanding oportant to study the high-energy part of the emission spec-
pre-equilibrium emission of Light Charged Particles (LCP) tra and can provide a larger sensitivity for the discrimi-
[3-5] and neutrons [5-8] during the past two decades. Nev-nation of diferent emission mechanisms. Furthermore a
ertheless, the knowledge on the fast emission processessevere selection of the events performed through oppor-
showing a dependence on both the entrance channel massune triggering coincidences can strongly help in avoiding
asymmetry and on the beam velocity, is far from being unwanted competing mechanisms. All these issues have
complete. The pre-equilibrium process plays an important motivated new measurements to study the LCP emission
role on the dynamics of heavy ion fusion reactions in the mechanisms from several nuclear reactions as a function
early stages and also characterizes the features of the hatf different mass asymmetries in the entrance channel and

fused source. different bombarding energies.
The LCP pre-equilibrium process becomes evident around ) i _
a beam energy of 10 Me\.. Since the fast emission re- We performed a series of experiments employing the

members the entrance channel, the final expected distri-GARFIELD (General ARray for Fragment Identification
bution is influenced by the velocity of the fast emitting @nd for Emitted Light particles in Dissipative collisions)
source and will be, therefore, forwardely peaked with a @PParatus [9] at the Laboratori Nazionali di Legnaro. The
shape which is strongly dependent on the reaction dynam-'—CP were _measured in coincidence with Evaporation Residues
ics. It should be noted that the existing experiments mainly (ER)- In this paper we report on the results concerning pro-
employed a small number of detectors (with small solid {ONS andx particles emission for the mass-syrnmg;mc en-
angle coverage), and thus the high-energy tails of the mealrance channel reactions 300, 400, 500 MéMi + ®Zn

sured distribution are characterized by low statisticako ~ and the mass-asymmetric entrance channel reactions 130,

16 116 i
ing at the status of the art on this subject it is obvious 220 MeV 0 + ==Sn. In case of complete fusion they
would all lead to the Compound Nuclet®Ce*, with ex-

@ e-mail:kravchuk@lnl.infn.it citation energies of 100, 150, 200 MeV in the Ni case and
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100, 200 MeV for the O induced reactions, respectively. the opening of the LCP pre-equilibrium emission chan-
The experimentally obtained spectra were analyzed usingnel in the case of mass-symmetric reactions between 6.3
the golobal moving source fit technique. The model for MeV/u (400 MeV total)®*Ni + %8zn and 7.8 MeYu (500

the simultaneous description of the equilibrium and non- MeV total) %*Ni + 88Zn makes it interesting to continue the
equilibrium processes recently developed on the basis ofstudy of the symmetric case at even higher energies,
statistical theory of nuclear reactions and fiami exciton

model was applied to describe experimental results for a

single case of protons emission in the 130 M¥® +
118635 reaction.

2 Experimental Setup

The measurements were performed in the third experimen
tal hall at the Legnaro National Laboratory. Pulsed beams
(around 1 ns FWHM) of*Ni and *®0O provided by the
TANDEM-ALPI acceleration system were used to bom-
bard, respectively, self-supportiigzn and''%Sn targets,
500ug/cn? thick.

The LCP emitted either in fast processes or in slower
evaporation decays were detected with the GARFIELD ap-
paratus. The GARFIELD array was specially designed to
study nuclear processes in the low and intermediate energ
range (5-20 MeYu) heavy-ion induced reactions. The op-
eration of the GARFIELD apparatus largely bases on the
AE-E technique, in which theE signal is given by the drift
chamber, where gaseous micro-strip detectors collect an
amplify the primary electrons produced along the ioniza-
tion track of the detected particle. The CsI(Tl) scintitiat
detectors, lodged in the same gas volume, are used to g

information on the residual energy E. The advantages of
using micro-strip gas chambers are in the large dynamical

range and high signal-to-noise ratio (Z identification from
low energy protons up to highly ionizing heavy ions). The
GARFIELD drift chamber, filled with CE-gas at low pres-
sure (50 mbar), is azimuthally divided into 24 sectors, and
each sector consists offE-E telescopes,for a total of 192
telescopes covering an angular range fil89° to 6=82°

and Zr in ¢. The ER produced in the complete or incom-
plete fusion reactions under study have been detected usin
two couples of Position Sensitive Parallel Plate Avalanche
Counters.

3 Results and Discussion

%

€

3.1 Moving Source Analysis

To describe the experimental LCP spectra, we employed
the commonly used moving source analysis technique (see
e.g. [3]). The moving source global fit allows to consider
different sources of emitted particles, which give rise to
different energy distributions. The strength of the global fit
is that the resulting parameters have been obtained consid-
ering the whole experimental angular distribution covered
by 192 detectors used in this work. Initially in our anal-
ysis we considered two thermal sources. The first (evapo-
rative) source is based on the surface emission from the
fully thermalized composite system and associated with
the statistical particle distribution. The evaporativetioke
spectrum in the emitting source frame is represented by a
Maxwellian distribution. The second (fast or pre-equiliion)
ource we used is based on a volume emission. For the
description of the pre-equilibrium contribution to theait
experimental yield, we used the Watt distribution, which

Jvas successfully applied in previous works (see e.qg. [3,5])

in order to fit an excessive yield of the total LCP spectra.
In Fig. 1 the result of the moving source fit farpar-

ficles for the 500 MeVe*Ni + ®8zZn reactions is shown.
In this case the description of the experimental spectrum
using only the evaporative source fit is reasonably good.
The very small extra yield, which was not described by the
evaporative source fit in the 500 Me¥Ni + %8zn reac-
tion gives a signature of a possible very small contribution
coming from a pre-equilibriure-particle emission. Quite
different results from the moving source fit were obtained
in the 250 MeV0 + 116Sn reactions. As we can see from
Fig. 2, a unique evaporative source fit is noffimient to

escribe the experimental spectra fowparticles. In the

50 MeV %0 + 116Sn reaction, the large yields of non-
equilibrium nature were observed both for tlgarticle
and proton emissions. The ratio representing the totad yiel
of pre-equilibrium particles divided by the total yield of
evaporative particles and the results of experimental pre-
equilibrium multiplicities are shown in Table 1. The large
difference between the ratios farparticles and protons

The choice of the reactions was dictated by the follow- can be explained with the fact that the binding energyfor
ing purposes. The first one was to study the LCP emissionpatrticles is smaller; therefore, it is easier to emit taptar-
mechanism from the composite systems formed with theticles. The fact that first-step-particle emission is more

same excitation energi&s cy =100, 200 MeV but result-
ing from fusion reactions with élierent mass asymmetries
in the entrance channel: the symmetric sysféi + 68zn

at 300 and 500 MeV and the asymmetric 3f@ + 116Sn

favorable than proton emission is normally supported by
statistical model calculations for the thermalized enissi

The dominant process responsible for the pre-equilibrium
emission is a pre-compound decay; however, another mech-

at 130 and 250 MeV. The second purpose was to gain in-anism, namely projectile breakup, could also contribute to
formation on the LCP emission mechanism in reactions in the final yield. In Fig. 2 one can see that a very small extra
which the same energy per nucleon is used for the projec-yield is still present in the—particle spectrum even after

tile, but with different entrance channel mass asymmetries:the double-source fit procedure. We had, therefore, to in-

7.8 MeV/u (500 MeV total)®*Ni + %8Zn and 8.1 MeVYu
(130 MeV total)1®0 + 116Sn. Finally, the observation of

10006-p.2

troduce a further source of production, that is again a fast
emission source. In addition to a classical pre-equilitriu
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Fig. 1. Moving source fit (red line - evaporative source, green line Fig. 2. Moving source fit (red line - evaporative source, green line

- pre-equilibrium source, black line - sum of the two soujdes - pre-equilibrium source, black line - sum of the two soujdes
the experimentak-particle laboratory energy spectra (symbols) the experimentak-particle laboratory energy spectra (symbols)
for the 500 MeV®*Ni + 8Zn reaction. for the 250 MeV*80 + 1%6Sn reaction.

Table 1. The ratio of the total yield of particles from the pre-
equilibrium source to the total yield of particles from thep- 160 + 11650 and®Ni + %8Zn due to the pre-equilibrium particle
orative sourceg? and pre-equilibrium LCP Multiplicitiesv™e. emission in comparison with other experimental data (facre
The error for the ratidj—i is 10%. tions 80 + %Mo [3] and?°Ne + 15°Tb,1%°Tm [5]) in the projec-
tile energy region from 8 to 16 Me\d.

Table 2. Energy loss of the composite system formed in reactions

Reaction LCP R MPE _
Epeam, MEV/U  Reaction E*,MeV Es'F, %
130 MeV*®0+%sn o 021  0.05:0.01 TR
250 MeV 160+1165n P 0.30 0.25% 0.03 7.8 Ni + °°Zn 203 3.6+ 2.0
250 MeV0+16Sn o 1.30  0.22+0.02 81 PO+71%Sn 100 5.6:2.9
500 MeVONi+%Zn o«  <0.1 <0.04 111 0 +1%Mo 174 21.4+ 2.6
— — 13.0 ONe + %°Tm 197 127+ 1.5
13.0 Ne + %Th 201 13.9+ 1.5
. . 15.6 160 4 1165 206 19.9- 3.4
Wher_e the composite system emits neutrons and LCPs_ be- 160 2Ne + 199Tm 251 15.9+ 2.4
fore it will be equilibrated, another source of the fastemis 16 o WNe+ 159Th 254 18.5+ 2.4

sion could be due to the projectile breakup. In our case, the.
oxygen projectile could break into a carbon andvgrarti-
cle. Thea particles are detected by the GARFIELD appa- ) ] o o
ratus in coincidence with the ER resulting from the fusion €xperimentally obtained pre-equilibrium multiplicitiésr
of the remaining system-€Sn. Thus, in the 250 MeV60 ~ Protons andr particles, respectively. The pre-equilibrium
+ 11650 reaction we may say we observe three emissionneutron multiplicityM,"® which is one of the key parame-
mechanisms which contribute to final yield, namely evapo- ters in the CN energy loss calculations was estimated from
rative emission, pre-equilibrium emission and presumably the systematic work of Cabreetal. [S]. The average ki-
projectile break-up netic energy of the pre-equilibrium neutrolg, was cal-

culated using Gfiin’s exciton model (see Sect. 3.3).

The results of the energy loss of the composite sys-

3.2 Total CN Energy Loss tems formed in reactions 8.1 Méy, 15.6 MeVu 60 +

1165 and 7.8 MeYu %*Ni + %8zn obtained in this work
The total composite system energy loss was determined usare shown in Table 2 together with other published exper-
ing the following formula:Ejoss = (Exq + Ebn) X MaFF + imental results in the projectile energy range from 8 to 16
(Exp + Enp) X MpPE + (Ex, + Eby) X Mo, whereEy, Ex, MeV/u. Our results follow the general trend of the energy
are the experimentally obtained average kinetic enerdies o |oss values obtained in [5]. Comparing the two reactions
the pre-equilibrium protons and particles, respectively.  with mass-symmetric (7.8 MeM ®*Ni + %8zZn) and mass-
Ebn, Ebp, andEy, are the binding energies for neutrons, asymmetric entrance channel (15.6 MaV*®0O + 1165n)
protons, andr particles, respectiveIWIpPE andM,"E are leading to thesame composite system, we can confirm a

10006-p.3
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4 Conclusion

Light Charged Particle spectra were measured in coinci-

§ 105 erier ‘§ 67 dence with heavy recoiling nuclei using a selective trigger

S E ] on Evaporation Residues forftéirent mass asymmetries
10 E 3 in the entrance channel andffégrent projectile energies
103 E E (300, 400, 500 MeV*Ni + 8Zn and 130, 250 MeWeO +

1165n). The experimental results were analyzed through a

2
0 . ] , ] global moving source fit. In the case of mass-symmetric re-
O 25 50 75 100 O 25 50 75 100 actions, very small yields associated with the pre-equilih
E, Mev E Mev emission were obtained even for the highest energy case
P T g T (500 MeV®Ni + ®8Zn reaction), while no pre-equilibrium-
310° M5 2 109 297417 emission yields were obtained for tfd\i + 58Zn reactions

] at 300 and 400 MeV. In the case of the mass-asymmetric
reaction (250 Me\VA®0 + 116Sn to be compared with the
] mass-symmetric reaction 500 Mé¥Ni + 58zn), an evi-
E dent contribution from a pre-equilibrium emission mech-
et Nar T T anism is found in the production yield. Furthermore, the
0 25 50 75100 0 25 50 75 100 analysis indicates the presence of a second fast emission
mechanism. The second fast emission source seems to be
associated with the-cluster structure of the oxygen beam
Fig. 3. Results of the model calculation (solid line) are shown and linked to the projectile break-up process. The energy
together with the experimental proton laboratory energcsp loss of the mass asymmetric reaction 250 Mé® + 116Sn
(symbols) for the 130 MeV®O + 118Sn reaction. was determined to be 40.9 MeV; therefore, the composite
system is losing 19.9% of the initial excitation energy.

A small yield due to the pre-equilibrium emission was
strong dependence of the pre-equilibrium emission on thealready observed in the reaction 130 M&Q + *°Sn for
projectile velocity. a particles. From the comparison of the result obtained in

this case (8.1 MeMI beam energy) with the upper limit
of the pre-equilibriunz—particle yield in the reaction 500
MeV ®Ni + %8zn (7.8 MeVJu beam energy) we found
3.3 Model Calculation that in the mass-asymmetric entrance channel case the pre-
equilibrium to the evaporative yields ratio is at least two
times larger. This confirms a dependence of the pre-equifibr
In the Grifin's exciton model [10], the state of a nuclear €mission not only on the projectile velocity but also on the
system produced by the collision between a bombardingreaction entrance channel mass-asymmetry.
particle and a target nucleus is determined by the exciton  This campaign of experiments stimulated the continu-
numbem = p+ h and excitation energy E*. Hemis the ation of the work in the research line concerning the devel-
number of particles above the Fermi energy level kil opment of the Gffin exciton model in a convolution with
the number of holes under the Fermi energy level. Among an evaporative statistical code.
the free parameters of the model we vary the parameter
k of transition matrix element, the initial exciton config-
uration (o, ), and the parameter. The single particle ~ References
level densityy around the Fermi surface is related with the
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