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Abstract We show all different detection methods for 8Be identification, available in the 4π CHIMERA multidetector. The methods
here presented are interesting because they can be extended to resonances also in radioactive nuclei at the border of drip lines, in
reactions in inverse kinematics that are characterized by small relative angles among the decay products. In particular, an analysis of
the kinematic detection method is done by discussing the effect of the angular resolution on the accuracy determination of the energy
of the resonance. Various “pile up” identification methods are shown, as the well known �E-E method, the time of flight technique
and pulse shape analysis. The last section is focused on simulations, that show how the energy is shared between α-particles emitted
by a 8Be nucleus. A method that tries to recover for the limits in detector angular resolution is also described by investigating its
possibilities and uncertainties.

1 Introduction

The isospin symmetry of nuclear forces is quite evident in light nuclei for which the stability valley is centered on the equal value of
the neutron (N) and proton (Z) numbers. This symmetry is broken in the case of Z � 4 isotopes that need one more neutron to form
the stable isotope 9Be. So 8Be is the only unstable light nucleus with N=Z. The very small resonance energy of the ground state (GS)
of such a nucleus, approximately 92 keV [1], and its short life time produce important effects, specially in the stars where they play
a crucial role in the 12C production [2, 3]. The peculiar behaviour of this resonance induced in the past the development of various
detection techniques. The different techniques can be grouped in two main species, the first one is based on kinematic methods
[4–10] and the second one on “pile-up” methods [8, 11, 12]. The kinematic methods are generally more accurate, and they are based
on the detection and identification of both decaying α-particles, where the excitation energy of the emitting nucleus is calculated
from the reaction kinematics. Various examples can be found in the literature, as a very recent one, in which the accurate position
reconstruction of 8Be events with emulsions [10] was used also at relativistic energy. In the literature also works with dedicated
multi-detector arrays [4, 5, 13, 14], or drift chambers, for a more precise position measurement [6] or using silicon strip detectors
[7] and position sensitive detectors [8] are available.

The “pile-up” methods are usually characterized by a larger 8Be detection efficiency, and they can be used as channel selection
methods for nuclear structure measurements, as for instance it was done in the past years using the ISIS particle array in coincidence
with the GASP germanium array [12]. These methods are based on the detection of both α-particles in the same detection cell
using the peculiar response function of the “pile-up” event firstly observed by Wozniak et al [11] in order to identify particles. The
“pile-up” methods obviously suffer for the background due to random coincidences that must be correctly evaluated.

Since more than 20 years we are using the CHIMERA detector [15, 16] at LNS INFN laboratory in Catania and more recently we
coupled with it an ancillary detector with improved granularity and angular resolution, the FARCOS array [17–20]. Each telescope
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of the FARCOS correlator is made of three detection stages. The first two are DSSSD (Double Sided Silicon Strip Detectors), made
of 32 horizontal strips in the front side and 32 vertical strip in the back one allowing a very good angular resolution measurement
of the detected particles; we will show the advantage of this in the energy resolution of the 8Be measurement. Given the different
detection techniques used and the peculiarity of these two particles arrays we have collected sufficient data to make an extensive
study on 8Be identification. In particular, we will discuss some identification methods based on pulse shape analysis never published
in the literature. We will shortly discuss the different methods comparing their use. Moreover we will also show with detailed
Monte-Carlo simulations some procedures that can be used to improve the precision of the measurement using pile up methods.
We underline that the methods here presented can be relatively simply extended to the measurement of resonances of light medium
nuclei with special attention to resonances in exotic nuclei at the border of drip lines, that have a high relevance in present studies
of modern nuclear physics. In fact, generally, these nuclei are studied in inverse reaction kinematics, therefore the decay cone of
particles is rather narrow in the forward direction, due to the strong kinematic boost of the beam linear momentum. Consequently,
both kinematic and “pile-up” identification methods can be used for the detection of such resonances.

2 Kinematic methods

As discussed in the introduction, kinematic identification methods for the 8Be detection are used since long time in nuclear physics
[4]. The small energy of the resonance usually produces a narrow decay cone of the two α-particles allowing the arrangement of two
or more detectors needed to reconstruct the decaying particle. The measure of this resonance with a reasonable energy resolution is
generally straightforward.

Figure 1 shows (red histogram) 8Be excitation energy spectrum, observed by measuring in coincidence two α-particles in the
angular region between 30◦–50◦, angles covered by the sphere of the CHIMERA detector. In this angular region, the opening angle of
the detectors is θ � 8◦ (polar angle) and φ � 11.5◦ (azimuthal angle). This spectrum was detected in the reaction α +12 C measured
at 64 MeV beam energy for the study of the decay of excited 12C levels [22]. The resonance of the 8BeG.S. with the peak around
100 keV can be well seen; furthermore, also the first excited state at around 3 MeV is observed. The position of the peaks is not
exactly what expected mostly due to the error performed in the detection angle of the particles but also due to the effect of spurious
coincidences (yellow spectrum normalized to reproduce the high energy background). The energy resolution, as it is estimated in
8BeG.S. peak, is of the order of 50 keV. Evidently due to the small value of the resonance peak, the relative error is quite large, more
than 50%. The large relative error depends mainly on the angular resolution of the used detectors. A fundamental ingredient for
the reconstruction of the relative energy of the two particles is in fact the correct measurement of the detection angle. At least two
choices can be performed with large size detection cell. The first one is to use the centroid of the detector (CA in the following). This
choice is used for the red histogram, shown in Fig. 1. The second one is to use a random angle (RA) chosen in the angular range
covered by the detector cell. When applied to the same set of raw data, this last choice produces the filled cyan histogram of Fig. 1
with a larger relative energy resolution, around 70 keV. Therefore, using the CA choice we have a better resolution, as shown in
Ref. [14]. This is due to the smaller average difference between the real detection angle and the assigned one, as we will show in the
simulation paragraph. However, in some cases, the fixed angular difference of the detection angles can generate spurious structures.
One of these structures can be noticed for instance in the red spectrum between 200 and 400 keV, while a more smooth behaviour
is seen with the RA choice. Anyway, when spurious fluctuations appear closer to a peak of physical interest or with low statistics,
the RA choice is better [21].

To understand the effect of the angular resolution on the shape of the 8BeG.S. resonance, in Fig. 2 we show this peak as extracted
by analysing α-particles coincidences (CA choice, normalized to the maximum) collected in two other rings of the CHIMERA
detector, namely ring 8I and ring 9E, centered respectively at 21◦ and 28.5◦. The Gaussian parameter σ , extracted from the fit of
the peak, is reduced to only 18 keV for the ring 9E (filled cyan spectrum �θ � ±1.5◦), with respect to the more than 50 keV of the
sphere. It is further reduced to 14 keV for ring 8I (filled yellow spectrum �θ � ±1◦).

Fig. 1 8Be excitation energy
spectra observed measuring in
coincidence two α-particles in
detectors of the spherical region of
CHIMERA. The filled cyan and
empty red spectra are evaluated
respectively with the RA and CA
assumptions on the detection
angle of α-particles (see text), the
ground and first excited states can
be observed. The yellow spectrum
is the background evaluated with
the mixed event method [21]
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Fig. 2 Comparison of the 8BeG.S.

energy width, detected in different
rings of CHIMERA and with
FARCOS detectors. The different
width observed is a consequence
of the angular resolution of the
detectors

In the same plot, we also show the peak measured in the same reaction with the new FARCOS array (filled green spectrum). In
this case we measure a σ value of the peak of about 7 keV. This is due to a much better angular resolution obtained with the 2 mm
wide front and back strips of the first two stages, providing a precision �θ � ±0.14◦ when mounted at around 40 cm of distance
from the target. The thickness of the silicon strip detectors (300 and 1500 µm) is enough to stop α-particles with energy up to
65 MeV. Thus, they can be easily detected and identified, with an energy resolution which is better than the ones obtained with the
telescopes of CHIMERA, where the second stage is a CsI(Tl) scintillator. The quite good absolute error of 7 keV can be obtained
only with a precise measurement of the angle of each pixel of the detector. In the case of FARCOS detector, this is performed by
using a laser system as described in Refs. [17, 23].

3 “Pile-up” methods

In the previous paragraph we have observed the disadvantage of using large detectors in the reconstruction of the excitation energy
by kinematics. However, large surface detectors provide an opportunity for the application of the “Pile-up” methods. We specify
that in these methods both α-particles are detected in the same detector and one can use the information given by that only detector
to identify the 8Be. In effect, CHIMERA telescopes of the spherical region benefit from a relatively efficient detection mode with
“Pile-up” methods. Many identification techniques are used with CHIMERA detector, as shown recently in [16], and in all these
methods we can observe the particular response function of 8Be events. In the following, we will start discussing the most peculiar
method used by CHIMERA i.e. the Time of flight method (TOF). In successive paragraphs we will present the “pile-up” effects in
silicon and CsI(Tl) pulse shape methods and finally we will close with the well known �E-E method.

3.1 8Be identification by Time of flight technique

This identification method is the most peculiar for the CHIMERA detector design [24–27] and it mainly decreases as much as possible
the energy threshold for particle identification. For example, thanks to the use of Time-of-flight (TOF) technique it is possible the
identification of target-like fragments with mass around A � 20 − 30 in semi-peripheral reactions and velocity thresholds as low as
0.5 cm/ns or less [28].

In this case, it is quite simple to show that 8Be events behave effectively as a particle of mass A � 8 stopped in the detector. For
the sake of simplicity, we can assume that the 2 particles have the same energy, written as function of the velocity Vα , in the non
relativistic approximation (reasonably good for particles stopped in the 300 µm silicon detectors of CHIMERA) Eα � 1/2mαV 2

α .
It is clear that summing two equal energy α-particles, the energy is equivalent to the one of a particle with the same velocity and
two times the mass of the particle, namely mass 8.

A scatter plot with energy and time of flight (TOF) of particles detected in the silicon detector of the CHIMERA sphere, in the
reaction α+12C at 64 MeV, is shown in Fig. 3. The three lines plotted in such plot show the expected non relativistic correlation
between energy and time for masses 4, 8 and 12. One can note that the lines follow the observed trend of the events at least at low
energy. Some distortion is observed at higher energy (increasing with the charge of the particle) due to differences in the signal
rise time that slightly changes the response function of the CFD discriminators (as better discussed later). One has to note that the
largest effect of the signal rise time is observed for higher energy particles, that are stopped in the low field region of the detectors,
where the charge collection is slower. As it will be shown in the simulation section, the energy of the two α-particles from the decay
of 8Be stopped in the same detector is generally not equal and in the case of the studied reaction it can have a difference of the
order of 2–3 MeV. This difference in the energy of the two particles produces a small time difference in the arrival of particles on
the detector, that in detection systems equipped with digital acquisition of adequate frequency could be used to discriminate the
“pile-up” events from single particle detection. In the used analogic ACQ these signals are integrated with 1 µs shaping time and

123



   89 Page 4 of 11 Eur. Phys. J. Plus          (2023) 138:89 

Fig. 3 Energy and time of flight
scatter plot of particles detected in
the reaction α+12C at 64 MeV.
The behaviours expected for
particles of mass 4, 8 and 12 are
plotted as lines

do not produce significant variation in the energy sum of the two particles, while the time of the faster particle generally dominates
the time response of the discriminator. To well reproduce this behaviour, we did a simple simulation of the event, where the spread
observed on the T 2 � md2/(2 · E) line (being m the particle mass and d the travel distance) is within the energy (E) and time (T)
resolutions of our detectors.

3.2 8Be identification by pulse shape analysis on silicon detectors

Continuing to discuss the identification of particles stopped in a silicon detector, it is well known that the plasma produced inside
a silicon detector by the interacting ions can strongly perturb the electric field inside the detector, changing the collection time
of electrons and holes [25]. This effect, somewhat presented in Fig. 3, was studied since long time [29, 30] and it is now used
in various detection systems in order to identify in charge and sometime also in mass, particles stopped inside silicon detectors
[30–34]. This effect is particularly enhanced when the particles impinge on the low field side of the detector. However, it is also
present when, as in the case of the CHIMERA detectors, the particles experience a high electric field in the initial portion of their
track in the detector (front injection), thus producing a faster signal for time measurement [35]. We exploit, since many years, this
effect with a dedicated electronics based on the measurement of the signal rise time. The method used is based on the availability
of two CFD channels with different fractions, where the first one with 30% fraction, measures the starting time of the signal, the
second CFD is set with a 80% fraction, and it approximately measures the time when the signal reaches the 80% of its maximum.
The time difference between the two CFDs is proportional to the signal risetime. The electronics is implemented with N1568b 16
channel CAEN modules in which, for each channel, a spectroscopic and a time amplifier are present, plus a stretcher for the energy
signal and the two CFD with automatic walk adjustment for the time and risetime measurement. An example of the obtained charge
identification is shown in Fig. 4. In this figure we plot the energy and rise time of particles detected in the reaction 78Kr +40 Ca at
10 AMeV [36, 37]. A nice identification of ions up to charge at least 8 is shown by this detector of the CHIMERA sphere, placed
at 34◦ (the dynamic is small in such a reaction, at relatively large angles, due to the inverse kinematics). Also mass identification
can be observed for Beryllium isotopes, enhanced by the missing 8Be events. We will find the place where these missing events
actually produce a signal. To our knowledge the possibility to identify 8Be also with pulse shape “pile-up” method was never been
explored until now. We will show with an example that such events can be observed near the Lithium region. If the energy of the
two α-particles is not so much different and their arrival time in the detector is simultaneous within the detector time response, the
two pulses can be simply summed. Assuming that a step signal is generated in the preamplifier, with a defined rise time, the two
signals will reach the maximum in approximately the same time. Thus, a good approximation is that the 8Be signal has the same
rise time of the single α-particle but with a corresponding doubled energy. Using the identification line observed for α-particles and
multiplying by a factor 2 its energy, we can therefore generate the region expected for 2-α “pile-up” events.

This is done in the lower inset of Fig. 4 (red dots). The region is placed roughly between Lithium and Beryllium ions. Once
defined the region where 8Be events are expected we can rather well identify them both in the main picture or in the upper inset
where the zoomed view is plotted. The smaller dynamical range of these 2-α event with respect to the one of the 7,9Be events is due
to the larger range in silicon of α-particles, thus the particles with larger energies punch-through the silicon detectors and can not
be observed in the RT-Energy plot of Fig. 4. One can also note that the slope of the line identified as 8Be is also slightly different
with respect to the nearest Li lines. The distance of this line from the 6,7Li lines is similar to the distance from the 7,9Be lines, so
the 8Be region seems the one where 9Li should be observed. For neutron-poor reactions this simplifies the identification, being the
expected 9Li contamination rather small. The TOF technique, discriminating among different masses, could be used to clean from
this possible background, but in our case with only 40 cm of time-flight path, the time resolution is not sufficient for this goal.

The 2-α line here observed was deduced assuming α-particles of equal energy. In the more usual case of two α-particles with
different energy (see Sect. 4) the measured rise time can be affected by the different time of flight of the two particles. Due to the
small flight path (only 40 cm) this change is of the order of few ns. This is inside our error bars as can be easily estimated from the
plot.
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Fig. 4 Energy and rise time scatter
plot of particles detected in the
reaction 78Kr +40 Ca at
10 AMeV. The particles detected
with different charge Z can be
observed. In the lower inset a
zoom around the Lithium region is
shown. Red dots are obtained
multiplying by a factor 2 the
energy of α-particles, this is the
region where 8Be is expected. In
the upper inset the presence of
8Be events in such region can be
better noted

Fig. 5 a Fast-Slow correlation
plot for the reaction 124Xe+64Ni
at 34◦. b �E-E scatter plot for the
same detector, in the inset a zoom
around the zone of Lithium lines
is plotted. The red dots are the
events that in the Fast-Slow plot
are labelled as 2-α

3.3 8Be identification by pulse shape analysis on CsI(Tl) detectors

The light produced by the particle interaction with CsI detectors (Tl doped) is strongly dependent on the charge and mass of the
impinging ions. Therefore, we can use such peculiarity to perform particle isotopic identification. Various identification techniques
were developed for the CsI(Tl) detectors, see for instance [16, 18]. For CsI(Tl) of CHIMERA detector we use the two gate method
described in Ref. [38]. As well illustrated in [39], two different scintillation modes are present in the CsI(Tl) detectors. They have
a different sensitivity to the charge of the detected ion and are also characterized by different decay times. In our case the Slow
signal is particularly enhanced when low ionizing radiations are detected as electrons, γ rays and ultra relativistic particles. The
Slow contribution instead decreases when more ionizing particles as proton, deuteron, triton, α-particles and so on are detected. A
saturation of the discriminating power of the scintillator is obtained for charges 4–5 depending on the crystal quality. The Fast signal
is proportional to the energy released by the particle. This signal is also smoothly depending on the ionizing power of the particle.
This produces a small quenching effect in the response function of the detector, as a function of the detected charge, well described
by the Horn formula [40, 41]. When two α-particles of similar energy are detected in the scintillator, we measure the sum of the
two Fast component. Also the Slow signal is the sum of their two Slow signals. This means that the ratio Fast/Slow should remain
constant. This is different however from the behaviour of a single α-particle of double energy. In fact, increasing the energy of the
α-particle, its ionizing power decreases, consequently the Slow component contribution increases, and the observed ratio Fast/Slow
is slightly smaller. This is the reason why the two-α events generate a line in the Fast-Slow plot different from the one of α-particles,
namely a region from 6He and 6Li near the region where 8He should be found [42]. In most reactions the production of 8He is so
small that can be neglected and all events attributed to 8Be. In Fig. 5a an example of this behaviour is shown. Fast-Slow components
plot for a telescope of the ring 10 in the reaction 124Xe+64Ni at 35 AMeV are shown where the 8He/2-α line is quite evident (red
dots). The proof that these events are really 2-α events detected in “pile-up” in the same detector, coming from the decay of a 8Be
nucleus, is given by the fact that the particles in the line labelled as 2-α lie on the 8Li line in the �E-E matrix in Fig. 5b), as we can
observe in the inset, where they are also reported as red dots. As we will show in the next paragraph this behaviour, in our telescopes,
is the signature of 2-α produced in the decay of a 8Be nucleus.
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3.4 8Be identification by �E-E analysis

This identification method works rather well when both α-particles have enough energy to pass the first stage of telescopes. As told
in the introduction, this method was used since long time [11] and it is particularly useful in particle-γ coincidence experiments
as a tagging method to select definite reaction channels, as done in [12]. In this case, the 2-α event generally does not behave as
a Beryllium ion, as already observed in the silicon pulse shape method. And in fact, the missing 8Be line in the �E-E scatter plot
is an important signature, often used as a reference point to identify the charge and mass of the observed lines in such plots (see
Figs. 5b, 6). The 2-α behaviour can be understood analytically by using the approximate dependence of the energy loss signal from
the energy, mass and charge of the particle as shown in [11]. Assuming K constant (depending on the detector properties) and being
A and Z respectively the mass and charge number of the particle, approximately we can write: �E � K · A · Z2/E . For a 8Be
event with 2 α-particles detected in the same detector, if the energy of the two α-particles is approximately equal, we can write
�E8Be � 2 ·�Eα � 2 · K · Aα · Z2

α/Eα . Taking into account that Eα � 1/2 · E8Be and inserting mass and charge of α-particles we
have �E8Be � K · 64/E8Be. Therefore, the A ∗ Z2 constant becomes 64. This value is very close to 63 that is the value expected
for 7Li events. Obviously the 2α loci can be mixed with 7Li ones, in fact this isotope is in general abundantly produced in Heavy
Ions reactions. In order to better observe 2-α events, one can screen the detectors from 7Li with absorbers as was done in [12], or
alternatively, 8Be particles can be selected by using a double identification method combining the �E-E analysis with the pulse shape
analysis of CsI(Tl) signals, as shown in the previous paragraph. The peculiar behaviour of events with 8He characteristics in the
Fast-Slow CsI(Tl) line and with Lithium properties in the �E-E plot makes this method relatively robust. In the case of CHIMERA
detectors, as already shown in Fig. 5b), however we do not observe the two “pile-up” α-particles as 7Li in the �E-E plot, but they
are observed as 8Li. In fact, because of the above described quenching effect on the scintillator light production, the energy response
function of CsI(Tl) detectors decreases by increasing the charge of the nucleus. Therefore, the energy of 2 α-particles produces more
light than an equal energy of a 7Li ion; as a consequence events are moved around the line corresponding to 8Li ions. This has the
advantage to further reduce the background for the 8Be identification because 8Li is surely produced with smaller probability than
7Li in most reactions between stable nuclei.

Another effect that certifies the identification of such events as 2 α-particles detected in “pile-up” can be noted by comparing
�E-E plots of ring 8E, Fig. 6a, (angular coverage 23◦ ± 1◦), and ring 10, Fig. 6b, (angular coverage 34◦ ± 4◦). The plot is relative
to the reaction 78Kr+40Ca at 10 AMeV beam energy [43]. This reaction is between neutron poor ions, thus we do not expect to
populate neutron rich isotopes [36]. This is evident also by the large population of 6Li with respect to 7Li and 7Be with respect
to 9Be. However in both spectra, (more evidenced in Fig. 6b) we note events in the region of 8Li, with a clearly different energy
loss dynamical range behaviour. The residual energy of these events is larger than the residual energy of the other lithium ions.
This is again another signature of the fact that we are looking two particle “pile-up” events combined with the smaller quenching
of α-particles with respect to lithium ions. The larger solid angle of the ring 10 detector increases the detection efficiency of 8Be
events, with the effect of apparently enhancing the detection yield of 8Li ions.

Finally we should note in Fig. 6b the presence of other “pile-up” events. A group of events can be envisaged in the region near
6He where we are probably observing p+α “pile-up”. Moreover 2p events seem also present as it can be noted by looking to the
forth line in the region of Z=1 isotopes.

4 8Be simulations

If a 8Be is detected and identified by one of the above described “pile-up” methods, the event can be treated in the analysis as a
single particle fully identified in charge, mass and total energy. However, as we will show in the following it is not obvious that
two α-particles measured in the same detector always come from a decaying 8Be. Consequently, in this last case, it is necessary to
consider anyway the detected event as two separate α-particles (for instance in order to extract the correct reaction Q-value) assigning
the appropriate energy and detection angle to each of them. As done in the previous paragraphs, one could simply estimate that the
energy of each particle is one half of the total detected energy. This is reasonably good, as a first approximation, for experiments
realized by using high energy beams, while it can be wrong in the case of low energy experiments. In fact, to be measured in the
same detector, thus in the same approximate direction, the α-particles must be emitted in two opposite sides with respect the original
8Be velocity vector. In this case, at low energy, the sum of the speed of the Center of Mass (8Be) and of the decay speed can be
quite different producing a not negligible variation in the energy of each particle. As above outlined, for instance in the case of 12C
decay, it is not obvious that the two α-particles detected together belong to a 8Be decay. In this paragraph we will present results of
simulations performed for a low energy reaction α+12C at 64 MeV beam energy, showing examples of all these effects. Simulations
will be performed for the CHIMERA detector following the recipe of Ref. [21] . We will concentrate our attention on the study of
the recoiling excited 12C emitted from 30◦ to 60◦, the region with the highest efficiency for “pile-up” methods for the CHIMERA
detector.

In this angular region the 12C has a relatively low energy, lower than 30 MeV, depending on the detection angle and excitation
energy of the level. Looking for instance to the decay of the Hoyle state of the 12C, performed simulations show that in about 20% of
the cases two α-particles can be observed in the same silicon detector. However, in more than 44% of these cases the two α-particles
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Fig. 6 �E-E correlation plots detected in the reaction 78Kr +40 Ca at 10 AMeV at a 23◦ ring 8E and b 34◦ ring 10. In the plot b the larger solid angle
covered by the detector produces a higher contribution of “pile-up” events 2p, 1p+1α, and 2α-particles detected in the region of 8Li with much larger energy
with respect to other lithium isotopes

Fig. 7 Simulated correlation plots
between the laboratory energy of
two α-particles measured in the
same detector in the reaction
α +12 C at 64 MeV beam energy.
The α-particle decays of the Hoyle
state in α+8Be is assumed. a The
two particles are emitted in the
decay of the 8Be. b The two
particles are the first emitted
α-particle and one of the other two
α-particles from the 8Be decay

do not belong to a 8Be decay. In fact, one α-particle has origin from the first α-decay of the 12C and the other one α-particle from the
sequential decay of 8Be residue. As shown in Fig. 7a, b, the sharing of energy between the two particles is different in the two cases.
In the top panel the energy sharing of the two α-particles is shown in the case they belong really to the 8Be decay. In the bottom
panel the other case is shown. The energy sharing of the two α-particles belonging to 8Be is rather well defined by the reaction
kinematic. The particles were ordered to have the energy of α1 larger than the energy of α2. This means that α1 was emitted in the
same direction of the original 8Be and thus with larger energy in the laboratory reference frame. The energy difference between the
two particles can be of the order of 3 MeV or more. Even larger fluctuations in the energy distribution are observed when the two
α-particles do not belong to a real 8Be (see Fig. 7b) . This depends on the fact that their emission angles in the CM system are not
correlated. In this case the energy difference is larger due to the larger CM energy of the two particles (see Refs. [21, 44]).

4.1 The best 8Be method

As discussed in the introduction, we can use simulations to compare the ability of different analysis methods to attribute a correct
energy and detection angle to each of the two α-particles detected in pile-up. The most simple method is to share the energy between
the two α-particles requiring that they are really due to a 8Be decay, therefore their CM energy must be 92 keV. We have shown that
this is not always true, and it is therefore interesting to observe the effect of such an assumption. We call this method “best 8Be”. A
search loop can be defined in the data analysis program, sharing in a random way the energy between the two α-particles and by
assigning them a random angle inside the area covered by the detector (in this case the CA approximation is clearly not useful). The
CM energy of the two particles can be evaluated with a vector algebra, for instance with the Root TVector3 class, being negligible
relativistic corrections. Once calculated, this CM energy can be compared to the 92 keV assumed within a window of the energy
resolution. If the computed energy is out of this window the calculation can be repeated for a defined number of iterations. Over
these iterations one can assume that this is not a 8Be event and reject it.
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Fig. 8 CM excitation energy of
the Hoyle state computed
assigning energy and angle of the
particles with “best 8Be” and
“BRE” methods. The filled red
histogram is obtained with “best
8Be” for true 8Be events measured
in one detector. The filled yellow
histogram is obtained for two
α-particles not belonging to 8Be.
The cyan histogram is the sum of
the two contributions. The green
histogram is obtained minimizing
the energy of the Hoyle resonance
with BRE method. In the inset the
dots are the average number of
iterations needed to minimize data
with “BRE” method searching for
a resonance as a function of its
energy

As outlined the limit of this method is that it often fails to reasonably account for events not belonging to a real 8Be. Therefore
the reconstruction of the excitation energy of the Hoyle state can be worse as shown in Fig. 8. In fact, in this figure we note a smaller
average CM excitation energy with respect to the 380 keV available for the Hoyle state reconstructed with this method for events
with α-particles measured in the same detector not belonging to 8Be (yellow filled spectrum). While a more symmetric distribution
is obtained for true 8Be events (filled red histogram).

The filled cyan spectrum is the sum of the two contributions. The suggested method cannot therefore improve the global total
energy resolution of the measurement because the random angle chosen optimizing only the CM energy of the 8Be particle can
deteriorate the total CM energy for instance of 3-α events.

4.2 The Best Resonance Energy method

A more constrained method could be used for events with one α-particle in coincidence with two ”pile-up”-α-particles, trying to
fulfil the whole characteristics of the 3-α resonance from which these particles were produced. We call this method best resonance
energy (BRE). In Fig. 8 an example of the use of this method is plotted as filled green histogram. We note that with BRE we can
obtain a much better energy resolution than with the use of the simple CA, RA or best 8Be methods. This is because we choose
the random angles assigned to all the three detected α-particles and share the energy of the two α-particles observed in the same
detector, requiring that the CM energy of the 3-α-particles system corresponds to the one of the Hoyle state. This is done within a
defined energy window that after we can identify as the width of the peak. Obviously we also require that one of the three pairs of
α-particles comes from the decay of a 8Be (assuming to be negligible the direct 3-α decay probability [45]). Adopting a reasonable
error bar (±30 keV in the plotted example) for the correspondence with the Hoyle resonance energy (±10 keV for the 8Be) and by
optimizing the search strategy one can find a solution for each event on average with around 70 iterations. We note however that the
peak has a not Gaussian shape. This is just one of the characteristics showing that the obtained resolution is artificially small. In fact,
for each event there are many possible solutions and the chosen one is not necessarily the correct one. We could search if the same
events belong to a status with a different excitation energy, finding also a solution. However, we must note that if in the simulated data
coming from the decay of the Hoyle state we search solutions for a different resonance energy, much more iterations are required
on average in order to obtain the correct angle and energy partition of the detected α-particles. This required average number of
iterations needed as a function of the resonance energy assumed is plotted as dots in the inset of Fig. 8. The minimum is observed
at around the correct energy of the Hoyle resonance. This method could be adopted searching for an unknown resonance energy.
The width of this distribution gives a more realistic value of the resolution that could be attained with this method (approximately
200 keV FWHM). Also the 8Be spectrum is improved when the BRE method is used. In Fig. 9 we can compare the 8Be CM energy
spectrum obtained with the best 8Be method (red empty histogram) with the one extracted with the BRE (filled cyan histogram). In
both cases a ±10 keV energy window was selected to get the correct 8Be resonance energy. The strong request to consider any 2-α
pair as a 8Be produces a not symmetric peak in the best 8Be method. Some little improvement on the shape of the peak is obtained
in the BRE case. However the limitation on the detection angular range of the two α-particles stopped inside a detector does not
allow to produce a reasonably symmetric peak. In the inset it is shown an application of the BRE method to 3-α events collected
in 3 different detectors. Two cuts in the energy window are shown, ±10 keV (filled green histogram) and ±30 keV (empty blue
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Fig. 9 8Be center of mass energy
spectra obtained in the case of best
8Be method (red empty
histogram) and BRE (filled cian
hystogram). While in the inset the
same spectrum is shown in the
case of 3α-particles detected into
3 different detectors applying the
BRE method with ±10 (green
filled histogram) and ±30 keV
(blue empty histogram) precision
window

Fig. 10 Difference from the true
angle and the one assigned by
different data analysis methods in
the simulated Hoyle state decay in
the reaction α+12C at 64 MeV,
with particles detected in the
CHIMERA sphere. The filled
yellow histogram is the CA
choice; the filled cyan spectrum is
the RA choice; the empty red
histogram is obtained assigning
the best angle in the search of the
Hoyle resonance (see text)

histogram). A more symmetric behaviour of the peak can be observed and in the case of ±30 keV window a Gaussian fit can be
performed producing a σ value of about 45 keV. Due to the error in the angle the peak it is not exactly centred around 92 keV.

Analysing simulated data it is simple to characterize the quality of the analysis procedures in order to compare the different
methods. We can for instance measure the difference between the angle resulting from the minimization procedure and the real one
(obtained by the Montecarlo procedure, in the simulation of the event). We note that the BRE method (empty red spectrum of Fig. 10)
produces, in more events than with the other methods, a result that is less than one degree different from the real angle. Moreover
the maximum of its distribution is peaked at 2.5◦ therefore it is better than the one of CA (yellow filled spectrum with maximum
at 3.5◦) and RA distribution (cyan filled spectrum with maximum at 4.5◦). However, the σ of the distribution of the CA method
is narrower, while a large tail of the distribution is present for the BRE method, rather similar to the RA choice. This method is
therefore surely better than RA distribution, but generally the CA choice is still the best one comparing the three different methods.

5 Conclusions and outlooks

In this paper we have presented and analysed the various methods available with the CHIMERA+FARCOS arrays for the identification
of 8Be events. The availability of many identification methods, that can be also applied in combination, allows a clean extraction
of events with a large background reduction. Some of the used methods have a response function depending on the peculiarity of
our detector as shown in the paragraph relative to the �E-E analysis. However, in general the described methods can be extended
to many other kind of detection systems. The crucial importance of the angular resolution of the measurement in order to obtain an
accurate energy of the observed resonance was also pointed out. In the last section, the evaluation of the energy sharing between
two α-particles impinging on the same detector is investigated. More in detail, we analysed the possibility to extract from the
experimental data, the information about the energy of each α-particle emitted in “pile-up” events, by imposing external constraints
as the reproduction of 8BeG.S. peak or of resonances as the Hoyle level. We have evidenced that, apart from spurious coincidences, it
is not always true that two α-particles impinging in the same detector belong to a 8Be, especially in reactions involving light medium
nuclei with strong α-cluster structures and high α-particle multiplicity, like 12C, 16O, or 20Ne and others. The precise understanding
of these detection methods is crucial for their extension to the study of resonances in light nuclei near to drip lines, that are important
for the investigations of reactions with exotic beams.
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