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The analysis of exclusive events completely reconstruntedarge for the two reactiod$C+2C
and*N+1%B at 95 and 80 MeV incident energy respectively, is presenfdte comparison of
light charged particles energy spectra with dedicated elabsshbach calculations suggests that
the dominant reaction mechanism is compound nucleus (Ci)dtion and decay. However,
in both reactions, a discrepancy with statistical expémtatis found fora particles detected in
coincidence with a Carbon and an Oxigen residue. The cosgrabietween the two reactions
shows that this discrepancy is only partly explained by anamce channel effect. The ratio of
experimental to predicted branching ratios for differemamrnels involvinga emission finally
suggests the persistency of cluster correlations in théusetd?*Mg source, at excitation energy
well above the 6a decay threshold.
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1. Introduction

The statistical theory of Compound Nucleus decay is the vy to access the fundamental
guantity nuclear Level Density at energies higher thantiheshold for particle decay. Despite the
interest of this issue, few studies, mainly based on ingtuskperiments, exist on the evaporation
of very light nuclei (A~ 20 region) at high excitation energg*(~ 3 A.MeV).

The NUCL-EX collaboration has recently proposed an expental campaign of exclusive mea-
surements of fusion-evaporation reactions with light auak interacting partners. The aim is to
progress in the understanding of statistical propertighatlecay of light nuclei at excitation ener-
gies above particle emission thresholds and to measurevabses linked to the presence of cluster
structures in nuclear excited levels.

The interest on this mass - excitation energy region isyeastified: from the experimental point

of view, measuring light nuclei means low multiplicity e¥sywhich, together with a high detection

coverage and high energy and angular resolution, lead®tpdbsibility of achieving a complete

event reconstruction, thus having a global control on thetien mechanism.

Moreover some excited states of different nuclei in thissragion are known to present pro-
nounced cluster structures; these correlations may péarndise ground state along some selected
isotopic chains [1]; according to the Ikeda diagramsd2¢lustered excited states are expected at
high excitation energies close to the mutidecay threshold in all even-even N = Z nuclei. Evi-
dence for cluster structures comes from decay widths anttbirag ratios, meaning that we should
measure a preferential decaydestructures in daughter nuclei. For such light systemsadiges
of cluster structure in the reactions are therefore expdotbe more evident even at high excitation
energy.

In the framework of this campaign, tHéC+C and“N + 1°B reactions have been measured in
order to study the decay of the saff#lg compound nucleus, populated at the same excitation
energye* = 2.6 A.MeV but through different entrance channels.

2. The experiments

The experiments were performed at the LNL (Laboratori Naaiiodi Legnaro), with°C and
14N beams provided by the XTU TANDEM accelerator. The experitaksetup [3] is composed of
the GARFIELD [4] apparatus and the Ring-Counter (RCo) aandétector [5], now fully equipped
with digital electronics [6]. The combination of the two d®ss allows a nearly# coverage of the
solid angle, which, combined with a high granularity, alfote measure the charge, the energy and
the emission angles of nearly all the charged reaction mtsdwith an excellent discrimination
of the different reaction mechanisms. They also providermhtion on the mass of the emitted
charged products in a wide range of particle energy and type.

The GARFIELD detector, covering almost completely the padage of angles from 3Go 150,

is a two detection stage device, made by a microstrip gas#iiichamber (SGC), filled with
CF4 gas at low pressure (about 50 mbar), and Csl(TI) scintifatietectors lodged in the same gas
volume.

The RCo detector is a forward-angle array of three-stagesdepes realized in a truncated cone
shape. The first stage is an ionization chamber (IC), theska800um reverse-mounted Si(nTD)
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strip detector, and the last a set of CslI(TI) scintillatdt$as azimuthal symmetry, with 8 sectors,
and covers the polar region fromi 8 6 < 18°, with an angular resolutiofA8 =~ 0.7° and an energy
resolution of 0.3% (silicon strips) and 2-3% (Csl (Tl)).

Due to the reverse mounting of the nTD Silicon detector itlieen possible to identify the charge
of stopped fragments via pulse shape analysis (PSA) withiatliglectronics, according to the
results obtained in the R&D of the FAZIA detectors [7]. It is@ possible obtain the isotopic
separation via PSA in silicon detector for fragments withrgle up to Z = 14 [3].

3. Results

The fusion-evaporation events are selected setting ¢ongion the total detected charge and
on the coincidence between a residue at forward angles (F82@) 6 < 18) and light charged
particles (LCP) detected in GARFIELB(, > 30°). Only complete events where the total charge
of the entrance channel {& = 12) is detected are retained for this analysis.

Experimental data are compared to the predictions of a MOaté® Hauser-Feshbach code (HIF
[8, 9] for the evaporation of the compound nuclétilg, ats* = 2.6 A.MeV, corresponding to a
complete fusion source, and filtered through a softwaraazpif the experimental set-up.

The inclusive charge and multiplicity distributions are presented, for both reans, in Fig. 1 in
comparison with the filtered HFcalculations.

The two experimental charge distributions are globallylwagbroduced by the theoretical cal-
culation and their overall shape is typical of fusion-evation reactions. However, a few dis-
crepancies can be observed. Notably, lightest fragment3,475) are underestimated in the HF
prediction for thel2C+2C experimental sample. This could be interpreted as the=peesof a
break-up contribution in the data which is not treated bydéleulation, which takes into account
only light particle evaporation.

Another discrepancy between the two data samples ardccBiEulations concerns the Z = 6 yield
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Figure 1: (Color online) Left part: Inclusive charge distribution @fents completely detected in charge.
Right part: alpha particle multiplicity distribution fohé same data set. Experimental data (black and
blue dots for'2C+2C and*N+19B respectively) are compared to filtered H&alculations (red line). All
distributions are normalized to the total number of events.
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which is underestimated by the model for both reactionshén'tC+2C experiment, the Carbon
excess could be attributed to the entrance channel of tlitigra A partial confirmation of this
hypothesis comes from the reduced Carbon yield measurée #iN reaction, althought the Car-
bon experimental cross section is found again to disagregthdiF¢ calculations. Concerning the
a-multiplicity distribution, reported in the right part ofid= 1, the model reproduces the data quite
well. The largest observed deviation is the underestimatio3-a coincidences in both reactions:
this is cleary linked to the underproduction of the Carbaichee.

The good reproduction achieved for several global obsésauggests anyway that the dominant
reaction mechanism is the compound nucleus formation. ddrisbe concluded also from Fig. 2,
in which the energy spectra for protons amgbarticles detected at GARFIELD angles are plotted,
for residues of different charge, for th&N reaction, and compared to calculations [8] and to data
for the 12C+'2C reaction.
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Figure 2: (Color online) Proton (upper part) armd(lower part) energy spectra in completg.Z12 events
detected in coincidence with a residue of chargg, Zndicated in each figure column. Data (black and blue
dots fort?C+2C and'*N+1°B respectively) are compared to model calculations (reshnAll distributions
are normalized to unitary area.

For both reactions, a good reproduction of proton arehergy spectra is achieved in all chan-
nels but in events with an Oxygen residue, where the enellgyida o particles are not reproduced
by the model. For thé’C+C reaction it has been already shown in [9, 10] that this djsancy
is mostly due to the an extra experimental cross sectiontfanels of the type (2, 16095*).

Such outgoing channels populated in th€+2C collisions can be attributed to an entrance chan-
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nel effect, given thex-like structure of reaction partners and produced fragmeHbwever, this
seems not to exhaust the global discrepancy witlf Elifculations, as we infer from the energy
spectrum ofx particles in coincidence with Oxygen for th&\ reaction.

Thanks to the completeness of event reconstruction, a @@\ehistribution [11] can be built to
further investigate the (2, “O) channel in both reactionQuin = Zi2:1 Eq, + Eo — Epeam WhereEy,
andEp are, respectively, the laboratory energyooparticles and Oxygen, arttheamis the energy
of the incident projectile. Fig. 3 displays the obtair@g, distributions for’2C+2C (left panel)
andN+19B (right panel) reactions.
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Figure 3: Q-values distribution of the chanrf + a + a for 12C+2C (left) and*N+1°B (right). For more
detalls see text.

We can see that the two spectra show a common structure, wathmarrow peaks and a
broader region extending up to a high energy shortage. Isttiistical model interpretation, the
two peaks correspond to-decay chains, starting from tR&Mg* compound nucleus and leaving a
160 residue either in its ground state or in one of its excitaghoicstates, which are not resolved in
the experiment. The Q-valu€ki, = —15.78 MeV for1°C andQ;» = —0.8 MeV for 1*N reactions
correspond to the opening of the 4-body chartf@hn -+ a + a. We will therefore call less (more)
dissipative the events characterized b@g, value greater (smaller) than such threshold values.
Neutrons are not detected in the experiments, and the brdadebution observed for loweDyin
values is due to events in which neutron(s) emission has tplkeee, and their kinetic energy has
not been collected.

Besides the common pattern observed for the Q-value disitvits, a difference in the relative
population of less dissipative events is evident betweet®+2C (left panel) and*N+1B (right
panel) reactions in Fig. 3. In particular, a much higher petage of (&,160) events populates the
less dissipative Q-value region in th&C experimental sample. This difference between the two
data-set confirms the possible contamination of directti@as for thel?C+2C experiment.

Since a residual deviation is observed in Fig. 2 dos emitted in coincidence with an Oxygen
in the 1N reaction, we turn now to an estimation of the possiblelustering effects for both
reactions, both in the entrance channel and in the hot f#f$éd. This can be achieved through the
definition of a new variable g,s;, obtained for each residue as a difference between expeiane
and expected probability for the maximuwmmultiplicity channel:
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Yexp(Z;nz0)  Yure(Z;nza)
Rolust(Z) = —~
w2 =N ) Yir:(2)
WhereY (Z;nza) (Y(2)) indicates coincident (inclusive) yieldsza = (12— Z) /2 is the max-
imum a multiplicity associated to the residue of charge Z and thessupts “exp” and “HIE” refer

to experimental data and theoretical predictions, regmygt The extra probability ofr emission
defined by (3.1) is plotted in Fig. 4.
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Figure 4. (Color online)Branching ratio excess (Eq. 3.1 in the teat)d decay as a function of the charge
of the final residue. Black line¥C+'2C. Blue line*N+'B.

The evaporation chains leading to a final Carbon or Oxygeiduesshow a preferentiak
decay in both reactions. The relatively small differencgh@ Oxygen case is due to entrance
channel effect in thé2C+2C reaction, which, as also inferred from Fig. 2, does not egshthe
global discrepancy with statistical expectations.

A possible interpretation of thig excess could be the presence of residuaorrelations in the
excited?*Mg or in its daughter nucleu®Ne, populated irrespective of the entrance channel of the
reaction.

4. Conclusions

In this work we have presented preliminary results for'thé+1°B reaction at 80 MeV beam
energy, measured at LNL-INFN with the GARFIELD+RCo expeirtal set-up.
Using the same selection described in Ref. [9, 10] we havepeosd experimental data to the
12C+12C reaction and to HFstatistical model calculations for the decay of #i#lg* source. The
selected sample is compatible with the expected behaviaramimplete fusion-evaporation reac-
tion, with the exception of a specific channels correspandinthe emission of two or threg
particles in coincidence with a Oxygen or Carbon residue.
The experimental branching ratio excess doparticle emission has been quantified for both re-
actions, putting in evidence an effect due to the clusteureadf projectile and target it#C+2C
reaction but, at the same time, an indication of the persist®f cluster correlations also in the
fused ho*Mg as suggested by the data of #&l+1°B collisions.
The ensemble of these observations tends to indicate tiséstegice of cluster correlations for
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24Mg and/or its daughter nucledNe, at excitation energies well above the threshold enegy f
full disintegration intoa’s.
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