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Abstract

The reactions 32S+ 58,64Ni are studied at 14.5 A MeV. Evidence is found for important odd–even effects
in isotopic observables of selected peripheral collisions corresponding to the decay of a projectile-like
source. The influence of secondary decays on the staggering is studied with a correlation function technique.
It is shown that this method is a powerful tool to get experimental information on the evaporation chain,
in order to constrain model calculations. Specifically, we show that odd–even effects are due to interplay
between pairing effects in the nuclear masses and in the level densities.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Experimental studies of odd–even effects in fragment production have been performed since a
long time. Nevertheless the analysis of these results has not produced clear-cut conclusions about
their interpretation [1–5]. A priori, these effects point to the pairing residual interaction and its
dependence on temperature. Getting experimental information on this issue is of importance both
in nuclear physics [6] and in nuclear astrophysics [7,8]. Understanding the origin of odd–even
effects is also relevant for studies on symmetry energy [9], which can be linked to the isotopic
distributions [10] if these latter are not too much perturbed by secondary decays [11–13].

In theoretical studies no staggering is associated to the finite temperature yields, but odd–even
effects appear in the asymptotic yields after evaporation [14,15]. This observation suggests that
odd–even effects are low temperature effects associated to the evaporation phase. Two physical
ingredients which can in principle be associated to odd–even effects exist in evaporation mod-
els, namely level densities and binding energies. Then the question arises whether the observed
staggering in the production yields is just a straightforward consequence of the pairing effect in
nuclear masses.

This problem was recently raised in Ref. [2], where odd–even effects in the reaction p + Fe at
1 A GeV at the FRS were studied. The idea proposed in that paper is that indeed nuclear masses
determine the observed staggering through the last step of the evaporation chain1: the hypothesis
is that, independent of the initial thermodynamic condition of the excited pre-fragments, the very
last evaporation step concerns either a neutron or a proton, depending on the relative separation
energies of the two particles. The staggering in the yields would then reflect the staggering in
the neutron–proton separation energies due to the pairing and Wigner term in the mass formula.
This idea predicts correctly the trend of the observed staggering in the experiment at the FRS.
However it does not reproduce the amplitude of the staggering quantitatively: the experimental
oscillations are less important than the ones predicted in this simple scenario. This suggests that
the previous evaporation steps may also play a role.

In a recent paper [16], we have reported on an experimental study of staggering in S + Ni
collisions at 14.5 A MeV. To explore in detail the possible relationship of odd–even effects to
the isospin of the emitting sources, we have measured the yields of isotopes for reaction pairs
differing only in the values of the isospin. We have shown that important odd–even effects exist
in carefully selected peripheral events, while they are masked in central collision by the strongly
decreasing behavior of the production yield as a function of the fragment size. A detailed study
of the most probable decays that can contribute to the yield of the different isotopic chains has
additionally indicated that the lowest emission threshold for particle production cannot be the
unique factor governing the staggering, and a quantitative control on the population at the last-
but-one evaporation step is important to assess the physical origin of the staggering.

1 Throughout the paper, we will implicitly define the last step of the evaporation chain as the last particle emission.
This decay does not necessarily lead to the ground state of the daughter nucleus, but the subsequent gamma emission
chain does not modify the isotopic yields and does not need to be considered for the purpose of this paper.
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To make progress on this issue, in the present paper we estimate directly from experimental
data the effect of secondary evaporation on the staggering using a correlation function based
technique. No specific model is assumed for the source characteristics and decay probabilities.
We show that odd–even effects are already present in fragment yields excited above the particle
emission threshold, in qualitative agreement with GEMINI calculations.

This indicates that in order to quantitatively understand the observed staggering, both pairing
effects on the nuclear masses and on the level densities should be considered.

2. Experimental distributions

The measurements were performed at the TANDEM–ALPI acceleration system of the Leg-
naro National Laboratory. The detecting device is composed by the GARFIELD detector [17]
covering almost completely the angular range of polar angle from 30◦ to 85◦ and an annular
three-stage detector (Ring Counter) [18] covering laboratory forward angles from 5.3◦ to 17.5◦.
The detecting device can identify from light charged particles to heavy fragments with an energy
threshold of the order of few hundreds of A keV.

The results here presented come from the comparison of the data for the two reactions
32S + 58Ni and 32S + 64Ni at 14.5 A MeV. As explained in detail in Ref. [16], the sorting of
the measured events as a function of the centrality has been performed with the method of the
“shape analysis” [19], as in other intermediate and high energy experiments performed with
� 4π detectors [20,21]. Events characterized by the detection of at least 50% of the total incom-
ing parallel momentum were studied as a function of the total detected charge. Due to the energy
thresholds, the quasi-target products are not detected, so that “peripheral” events can be selected
by the additional conditions Ztot � 25 and θflow � 40◦. A comparison to the GEMINI [22] evap-
oration code suggests that for both reactions these events are associated to the evaporation from a
quasi-projectile source with 〈E∗〉 ≈ 1 A MeV, 〈Z〉 ≈ 16, 〈A〉 ≈ 32, and a triangular distribution
of angular momentum between Jmin = 0h̄ and Jmax = 16h̄. More details on the experiment and
data selection can be found in Ref. [16].

Odd–even effects in the decay of this source are clearly established even in relatively inclu-
sive observables. This is shown in Fig. 1 [16], which displays the elemental fragment (Z � 3)
distribution for the two reactions.

The charge (mass) distributions presented in this paper, unless explicitly stated, have been
normalized to the number of events and therefore they represent the elemental multiplicity of a
given charge (mass).

To highlight the odd–even effects, the bottom panel of Fig. 1 displays the ratio between the
elemental charge distribution and a smoothed distribution obtained by a parabolic interpolation
of the measured yields over 5 consecutive points.

Considering that for almost all the isotopically resolved yields (that is up to Z = 8) the most
abundant isotope of each element is N = Z, as shown in Fig. 7 of Ref. [16], the staggering
observed in the global distributions Fig. 1 can be interpreted as dominance of even–even isotopes
over odd–odd ones as one would naively expect from the pairing contribution in the isotope
masses.

The striking persistence of pairing effects in the fragmentation phenomenon which is thought
to occur at finite temperature, has been tentatively interpreted in Ref. [2] as an effect of the last
step of the evaporation chain. This decay is almost deterministically established by the Q-value
of the decay to the daughter nucleus energy states which lie below the threshold for particle
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Fig. 1. (Color online.) Elemental fragment (Z � 3) distribution from the decay of the quasi-projectile source formed
in 32S + 58Ni (full symbols, dashed line) and 32S + 64Ni (open symbols, full line). Upper part: Fragment distribution
normalized to the total number of peripheral events. Bottom part: Ratio of the fragment distribution by a smoothed
distributions obtained by a parabolic interpolation over 5 consecutive points. Lines are drawn to guide the eye.

emission. This latter is maximal if the daughter nucleus presents an extra binding due to pairing,
since the pairing shift increases the particle emission threshold.

This simple explanation however only holds if the last evaporation step changes the isotopic
content N − Z of the decaying nucleus. This is indeed the case if the last evaporation step
concerns only neutron and proton evaporation, but not if the last emitted particle is an α particle.
It comes out that the nucleon decay channel is dominant for N = Z + 1 isotopes, but the same
is not true for N = Z. This is demonstrated in Fig. 2, which compares the energy of the first
particle-unstable level [23,24] of a given daughter nucleus, to the particle emission thresholds of
this latter, as obtained from mass differences. In this figure, in order to disentangle the staggering
behavior from the rapidly decreasing trend of the mass distribution, the measured yield of each
isotope is normalized to the total detected yield for the considered element.

We can see that in the case of the N = Z + 1 isotopic chain the first particle unstable state
approximately coincides with the Q-value for neutron emission, which presents a staggering
behavior due to the pairing term in the nuclear mass. This trend is nicely followed by the experi-
mental yields for both reactions, as shown in Fig. 2 [16]. In the case of the N = Z isotopic chain,
which is responsible of the global staggering behavior of the elemental distribution, the situation
is less clear. Indeed the lowest emission threshold for N = Z light nuclei typically corresponds to
α decay, with the only exception of 14N. The α decay preserves the isospin difference N −Z and
thus shows a smooth behavior, which does not correspond to the staggering trend of the yields.
This in turn means that the extra yield of even–even isotopes cannot be simply due to the energy
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Fig. 2. (Color online.) Fragment (3 � Z � 8) isotopic distribution normalized to the total elemental yield for 32S + 58Ni
(full symbols) and 32S + 64Ni (open symbols) corresponding to the isotopic chain N = Z (upper part) and N = Z + 1
(lower part). For each isotopic chain, the panels on the right show the energy of the lowest unstable state (thick lines)
decaying in a given daughter isotope, the Q-value for alpha decay (open squares) and the neutron (Sn) and proton (Sp)
separation energies.

balance of the last evaporation step, but has to be related to the isotopic population of the excited
nuclei prior to their last decay by particle emission.

This expectation is confirmed by the GEMINI model, which is able to describe satisfactorily
the main features of this same data set [16] and to very well reproduce the even–odd staggering
observed in fragmentation data, when applied to simulate the decays of the prefragments gen-
erated by a dynamical model [15]. As in Ref. [16], an excited source with Gaussian distributed
parameters centered in 〈E∗〉 = 1 A MeV, 〈Z〉 = 16, 〈A〉 = 32 and a triangular distribution of
angular momentum between Jmin = 0h̄ and Jmax = 16h̄ is considered. The “warm” elemental
yield, obtained by summing up the cold products emitted in the last step by the same parent,
is represented in Fig. 3. We can see that this distribution is not smooth. To better evidence the
staggering already present in the excited yields, the bottom part of the figure shows the same
yield divided by a parabolic interpolation over 5 consecutive points as in Fig. 1 above.

From this discussion it is clear that, in order to fully understand the staggering in final mea-
sured yields, it is necessary to have experimental information on the population of parent nuclei
at the previous step of the decay chain. To this aim, we present in the next section a correlation
function study of isotopically resolved pairs. This technique allows us, at least in some selected
cases, to reconstruct the primary yields of decaying nuclei.

3. Correlation functions

To address the problem of understanding quantitatively odd–even effects and in the long run
gather information on pairing and isovector properties of the nuclear level density, we propose in
this section a back-tracing technique based on correlation functions of the relative kinetic energy
of isotope pairs.
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Fig. 3. (Color online.) Elemental “warm” fragment (Z � 3) distribution from the decay of an excited source with 〈A〉 =
32, 〈Z〉 = 16, 〈E∗〉 = 1 A MeV and a triangular distribution of angular momentum between J = 0h̄ and J = 16h̄, within
the GEMINI evaporation model. Upper part: inclusive charge distribution. Lower part: Ratio of the fragment (Z � 3)
distribution shown in the upper part by smoothed distributions obtained by a parabolic interpolation over 5 consecutive
points.

If we concentrate on light nuclei (3 � Z � 8), their discrete spectrum is so extended that the
last particle evaporation step takes place typically from a discrete resonance, which can at least
in principle be recognized as a peak in a relative kinetic energy two-body correlation function.

To fully reconstruct the last-but-one evaporation step one should measure also neutron-
charged products correlations functions which is not possible with our detector. Another limi-
tation is given by the statistics of the experiment. Because of that, we analyze peripheral events
as a whole, which corresponds to a distribution of sources in A and E∗. Due to these problems,
we will not be able to extract any quantitative information on the temperature dependence of the
pairing. However, we can experimentally assess how much the fragment yield is influenced by
the last particle decay step, when this latter consists of a charged particle decay. This will give us
important information on how relevant is this last step in the production of the odd–even effect.

3.1. The correlation function technique

Correlation functions, initially introduced to measure distant astronomical objects [25], have
shown their predictive power over the years independent of the specific reaction and decay mech-
anism. In particular they have been intensively used as a tool to investigate source sizes and
freeze-out conditions for nucleus–nucleus collisions at intermediate [26] and relativistic [27]
incident energies.
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This same methodology is at the basis of very powerful model-independent imaging tech-
niques [28] and is routinely used to determine the spectroscopic characteristics of dripline nuclei
produced in direct reactions [29]. This flexibility of the correlation function tool makes it a very
sound and powerful technique to experimentally access loosely bound and unbound states.

Experimentally the two-particle correlation function may be defined as:∑
( �p1− �p2)

2/2μ=Erel

Y12( �p1, �p2) = C
[
1 + R(Erel)

] ∑
( �p1− �p2)

2/2μ=Erel

Y1( �p1)Y2( �p2), (1)

where Y12 is the two-particle coincidence yield of a given pair of particles with their individual
momenta �p1 and �p2, respectively, and the Yi( �pi) are the single particle yields for the two particles
measured under the same impact parameter selection but not in the same event. The summations
on both sides of the equation run over pairs of momenta �p1 and �p2 corresponding to the same bin
in relative energy Erel. The correlation function describes how the correlation between interacting
particles measured in the same event differs from the underlying two-particle phase space. This
phase space can be modeled by mixing the single particle distributions of particles from different
events [30]. The correlation constant C is chosen [31] as the ratio between the total (integrated
over momentum) number of generated mixed events and the total number of coincident yields:
C = ∑

Y12/
∑

(Y1Y2).
To investigate the decay of particle unbound states it is necessary to consider the modifications

of the two particle phase space by the long range Coulomb and short range nuclear interactions
and to disentangle these contributions. We have chosen to parametrize the Coulomb contribution
by an empirical expression [32,33]

1 + RCoul(Erel) = 1 − exp
[−(Erel/Ec)

γ
]

(2)

which vanishes at zero relative energy and reaches unity at large relative energy. This
parametrization was recently shown [34] to be flexible enough to well reproduce the background
of fragmentation reactions in the Fermi energy domain.

Given this relationship, we obtain a practical expression for the correlation function as a func-
tion of relative energy Erel

1 + R(Erel) = 1 + RCoul(Erel) + Rnuc(Erel), (3)

where

Rnuc(Erel) = 1

(2S1 + 1)(2S2 + 1)

h3

4πVf μ
√

2μErel
e−Erel/Teff

× 1

π

∑
i

(2Ji + 1)
Γi/2

(Erel − E∗
i )2 + Γ 2

i /4
(B.R.). (4)

Here S1 and S2 are the spins of the considered particles, μ is their reduced mass, Vf is the
effective emitting source volume, Teff is the associated effective temperature, Ji , E∗

i , Γi are the
spin, excitation energy and width of the level i, and (B.R.) is the branching ratio for decay to the
measured channel. It is worth mentioning that this parametrization has been successfully used
in fragmentation reactions not only to reproduce measured correlations, but even to deduce spin
and parity of excited states unknown to traditional spectroscopic studies [34].

Only levels where spins, excitation energies, widths of the levels and branching ratios were ex-
perimentally measured [23,24] were considered. Some modifications in the widths were allowed
to account for the finite efficiency of the detection apparatus, as it will be discussed in detail in
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Fig. 4. (Color online.) Upper part: d–α relative kinetic energy correlation function (symbols) measured in peripheral
32S + 58Ni collisions and fitted through Eq. (4) (thick solid line). The obtained Coulomb background (thin solid line)
is also indicated together with its uncertainties (dashed lines). Middle part: experimental population of primary 6Li
parent (symbols) and single excited state contributions (thin lines) together with their sum (thick line) as a function
of the excitation energy: E∗ = Erel + QV , with QV = Q-value of the decay. Lower part: extracted Ni Breit–Wigner
contributions of the different populated excited states.

the next section. The Coulomb background parameters Ec, γ are free parameters of the fit. The
same is true for the parameters Vf , Teff , which would represent a physical source volume and
temperature only in the idealized situation of a single decay step of a fully equilibrated source in
the absence of any collective flow and experimental deformation. Qualitatively, collective energy
components act in the direction of increasing Vf in respect to a physical volume, which leads
to a suppression of high-lying resonances, while efficiency issues point to an increase of Teff in
respect to a physical temperature, with an opposite effect on the resonant population. Because of
this correlation, the parameter space is degenerate and no physical meaning can be attributed to
the Vf , Teff values extracted from Eq. (4).

3.2. Extraction of primary fragments

Examples of typical correlation functions and resulting fits via Eq. (4) are shown in the top
panels of Figs. 4 and 5. The errors associated to the fit parameters Ec, γ produce an upper and
lower bound for the estimated Coulomb background, which are indicated by the dashed lines.

Primary yields are calculated by multiplying the nuclear contribution R − RCoul of the corre-
lation function for the uncorrelated yield of Eq. (1), Ycor(E

∗) = (R(E∗) − RCoul(E
∗))

∑
E Y1Y2

[32,33]. This experimentally reconstructed primary population is shown by full symbols for some
selected nuclei in the middle panel of Fig. 4 and bottom panels of Figs. 5, together with the con-
tributions from the different parent excited levels entering in Eq. (4), shown as lines. The bottom
panel of Fig. 4 additionally shows the extracted Breit–Wigner distribution of the different popu-
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Fig. 5. (Color online.) Upper part: representative relative kinetic energy correlation functions (symbols) of different
isotopes measured in peripheral 32S + 58Ni collisions and fitted through Eq. (4) (thick solid line). The obtained Coulomb
background (thin solid line) is also indicated together with its uncertainties (dashed lines). Lower part: experimental
population of primary parents (symbols) and single excited state contributions (thin lines) together with their sum (thick
line) as a function of the excitation energy: E∗ = Erel + QV , with QV = Q-value of the decay. From left to right: α–α

correlations and corresponding excited states of 8Be (a view of the correlation function around 3 MeV is shown in the
insert), α–6Li correlations and corresponding excited states of 10B, p–13C correlations and corresponding excited states
of 14N.

lated excited states. We can notice that the peaks of the correlation function closely correspond to
the resonant energies. It is also interesting to remark that the different excited states significantly
contribute to a large interval of relative energy which extends relatively far from the resonance
peak in a non-symmetric way. The lack of symmetry is due to the combined effect of the phase
space factor 1/

√
(Erel2μ12) which deforms the Breit–Wigner distributions, the suppression fac-

tor exp(−Erel/Teff ) which accounts for temperature and the distribution of the uncorrelated yield
Y1Y2 of Eq. (1), Maxwellian-like shaped, as well as non-equilibrium effects that can be present
in the sample. Further distortions come from efficiency effects and will be discussed in the next
chapter. The errors of the reconstructed yields are calculated by taking into account the statistics
of correlated and uncorrelated pairs in each bin of relative energy and the propagation of the
errors on Ec and γ in the Coulomb background subtraction.

The systematic error in the reconstructed yield can be estimated by the difference be-
tween this correlated yield Ycor(E

∗) and the expected resonant yield from Eq. (4), Yres(E
∗) =

Rnuc(E
∗)

∑
E Y1Y2. This latter quantity is shown by thick lines in Figs. 4, 5.

The main uncertainty is associated to the highest relative energies, due to the lack of statistics
of the data, the possible inadequacy of Eq. (2) to correctly account for all the different sources of
background and to the incomplete spectroscopic information of the tables of Refs. [23,24].

The global capability of Eqs. (2), (3), (4) to extract the yields of excited parents was checked
for the ideal case of only one level plus the Coulomb interaction, with a simulation performed
with the SMM model [36], by letting decay a 6Li in its first excited state. The reconstructed
primary yield corresponds to 99.6% of the SMM generated and filtered resonant 6Li population.

The total primary population of a given isotope at the last-but-one evaporation step Y(A∗,Z∗)
is calculated by integrating over the excitation energy the primary yields given in the bottom part
of Figs. 4 and 5. The primary yields obtained by this procedure for the unstable 8Be have been
already reported in Fig. 2.
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Fig. 6. (Color online.) Upper part: relative kinetic energy correlation functions (symbols) of different isotopes measured
in the whole sample of 32S + 58Ni collisions and fitted through Eq. (4) (line). The obtained Coulomb background is also
indicated together with its uncertainty (dashed lines). Lower part: experimental population of primary parents (symbols)
and single excited state contributions (thin lines) together with their sum (thick line) as a function of the excitation energy:
E∗ = Erel + QV , with QV = Q-value of the decay. From left to right: p–13C correlations and corresponding excited
states of 14N, t–α correlations and corresponding excited states of 7Li.

Interestingly enough, some excited levels which energetically lie above the lowest threshold
for particle emission in the daughter nucleus contribute to the data. To give an example, most of
the correlated yield associated to the α+ 6Li correlation function presented in Fig. 5 is associated
to excited levels of 10B around E∗ = 6.6 MeV, lying about 300 keV above the threshold for the
6Li decay in α + d and below the separation energy for the neutron emission for this daughter
nucleus. Since the α + d correlation function (shown in Fig. 4) was measured, it should be
interesting for this case to perform a 3-body decay correlation α + α + d to calculate the amount
of primary 10B fragments before their last step of the decay.

Unfortunately, due to the limited statistics associated to the peripheral sample, we can neither
perform 3-body correlations nor show other cases of successive decays. To show however that the
α + 6Li is not a single case of possible ternary decays, we analyzed the whole sample, obtained
for the detected events without any selection on the collision mechanism. In Fig. 6 we show the
correlation function p + 13C, already shown in Fig. 5 for peripheral events.

The fact that high-lying resonances appear more clearly in the inclusive sample shows that a
higher statistics would allow to explore a higher range of excitation energies of the parent nuclei,
and have a better reconstruction of the evaporation chain. We also show in Fig. 7 the p + 7Li
correlation function, corresponding to the decay of 8Be∗. The excitation energy of the parent
8Be∗ overcomes of about 2 MeV, with non negligible yield, the threshold for α + t emission
of 7Li∗, which is below the separation energy for neutron emission. Also the correlation function
for t + α is measurable, as shown in Fig. 6.

These examples show that the emission is not necessarily associated to the lowest particle
emission threshold, but it depends in a more complicated way on the history of the evaporation
chain.
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Fig. 7. (Color online.) Upper part: relative kinetic energy correlation functions (symbols) of different isotopes measured
in the whole sample of 32S + 58Ni collisions and fitted through Eq. (4) (line). The obtained Coulomb background is also
indicated together with its uncertainty (dashed lines). Lower part: experimental population of primary parents (symbols)
and single excited state contributions (thin lines) together with their sum (thick line) as a function of the excitation
energy: E∗ = Erel + QV , with QV = Q-value of the decay. From left to right: p–7Li correlation and corresponding
excited states of 8Be, α–9Be correlation and corresponding excited states of 13C.

The population of different primary nuclei reconstructed via Eq. (4) and their average exci-
tation energy are shown in Fig. 8. The possible contribution from higher mass compounds due
to the evaporation of Z � 3 fragments could not be evaluated because of the lack of statistics.
However, GEMINI calculations already used to describe this same data set in Ref. [16] predict
that the probability of evaporating fragments in the last evaporation step is small, of the order
of 7%.

The decay channels contributing to the excited yields are given in Table 1. This table shows
that at least three channels are measured for each element, and most populated particle unsta-
ble levels significantly contribute to the measured yield. This guarantees that no trivial auto-
correlations between the Z of the daughter and the Z of the parent is at the origin of the behavior
of the “warm” yields. The huge number of contributing levels also suggests that a complete real-
istic description of the discrete part of the light fragments level density, with the correct statistical
weight of the different levels, will be necessary to have quantitative statistical model predictions
of the observed isotopic yields.

The yields of “warm” fragments of charge Z∗ have been normalized as:

P
(
Z∗) =

∑
A∗ Y(A∗,Z∗)∑

A∗ Y12(A∗,Z∗)
(5)

where two different estimations of the yield Y(A∗,Z∗) of a primary fragment (A∗,Z∗) are ex-
tracted from correlation functions (Ycor(A

∗,Z∗)) and from Eq. (4) (Yres(A
∗,Z∗)), respectively.

The denominator of Eq. (5) is given by the sum of the coincidence yields of Eq. (1) over all the
isotope pairs with sum of charges equal to Z∗. In this way P(Z∗) represents the fraction of the
coincidence yield corresponding to the emission by “warm” pre-fragments.
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Fig. 8. (Color online.) Upper part: isotopes reconstructed (in at least one of their lowest lying particle unstable excited
states) by the correlation function technique in the two data sets. Lower part: extracted population of the different primary
fragments (left) and their average excitation energy (right) for the 32S + 58Ni (full symbols and dashed lines) and
32S + 64Ni (circles and full lines) data set. Panels a, b: peripheral sample. Panels c, d: all well detected events.

It is evident that the reconstructed “warm” yields keep on showing the staggering, and the fact
of restricting the analysis to the peripheral sample (panels a, b in Fig. 8) does not modify the
observed trend. This result means that the reaction dynamics or the previous evaporation chain,
essentially coming from continuum states, play a role in establishing odd–even effects, and these
latter are not a simple effect of the energetic balance of the last evaporation step.

Particularly striking is the fact that this staggering shows an opposite trend in respect to the
experimental asymptotic distributions shown in Fig. 1. This fact can be qualitatively understood
as a level density effect: even–even nuclei have a lower density of levels at low energy because
of the pairing gap, which leads to a reduced population at the last-but-one evaporation step.

4. Systematic errors and corrections

In Fig. 8 the filled (32S + 58Ni) and empty (32S + 64Ni) circles are associated to the numerical
integration of the estimated correlated yield Ycor , once the Coulomb background is subtracted.
The error bars give statistical errors as well as the error propagation of the fit parameters. Con-
versely the lines correspond to the integral of the fitting function Eq. (4) Yres containing all
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Table 1
Charge of the “warm” parent nuclei, measured decay channels contributing to the excited yields, maximal observed
excitation energy, number of unstable levels implemented in the correlation function analysis [23,24], excitation energy
and relative contribution of the dominant states.

Z∗ Decay channel E∗
max (MeV) Nlevels Most probable levels: E∗ (MeV), %

3 d + 3He 20. 3
d + α 8. 3 2.186 (66%), 4.31 (22%)
t + α 9. 3

4 p + 6Li 9. 3
p + 7Li 20. 10
p + 8Li 20. 3
α + α 12. 2 3.03 (82%), 11.35 (12%)

5 p + 7Be 3. 2
p + 9Be 11. 6
α + 6Li 10. 13 4.774 (12%), 6.025 (11%), 6.56 (10%)
α + 7Li 17. 13

6 p + 11B 19. 9 16.57 (10%)
α + 7Be 15. 6 10.68 (8%)
α + 9Be 17. 17 11.95 (6%), 12.10 (8%), 12.44 (6%)

7 p + 12C 5. 3 2.36 (5%), 3.50 (6%)
d + 12C 15. 14
p + 13C 12. 17 8.49 (5%), 8.96 (4%)
α + 10B 23. 28
α + 11B 22. 23

8 p + 14N 12. 4
α + 11C 22. 10
α + 12C 20. 3 10.82 (21%), 14.32 (17%)
α + 13C 15. 14

tabulated levels with parameters fixed from the fit [23,24], shown in the bottom panels of Figs. 4
and 5.

If the fit were perfect the two would coincide. As already discussed above, the distance be-
tween symbols and lines, for each reaction, can be interpreted as the systematic error associated
to the analysis. This error can arise from the background present in the data but also from the
global amount of excited particle unstable unknown levels in Figs. 4 and 5. Indeed some mea-
sured yields at the highest values of the relative energy do not correspond to tabulated levels
and therefore they cannot be fitted by Eq. (4). However, it is clear that this uncertainty does not
modify our observation about the opposite trend of measured cold isotopes and reconstructed
“warm” isotopes.

4.1. Efficiency corrections

In order to calculate the efficiency of the employed apparatus for the measured correlation
functions and extract the associated error on the extracted pre-fragments yields, we have followed
the procedure of Refs. [32,33].

The efficiency function of the apparatus for the decay of “warm” fragments in the observed
channels was determined by Monte Carlo calculations, taking into account the geometry of the
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Fig. 9. (Color online.) Integral efficiency (top panel) and deviation (bottom panel) between the generated and detected
relative energy as a function of the relative energy of detected particles for all the measured correlation functions.

detectors, the energy resolution, energy thresholds and the granularity of the telescopes. We as-
sumed that the energy spectra and the angular distribution of excited parents have the same shape
as those observed for stable fragments. For parent nuclei with particle unstable ground state, a
distribution of neighboring stable nuclei was used to calculate the boost in the laboratory frame
for the produced pair of daughters. The decay of parent nucleus was made isotropic in its rest
frame. Only the angular range covered by the forward detector (θ = 5.3◦–17.5◦), where detected
particles and fragments are isotopically resolved, was considered for efficiency calculations.

The integral efficiency for each decay channel was defined [32] as the ratio between the yield
of detected pairs and the number of generated pairs for each bin of relative energy. For a generated
flat distribution of excitation energy of the parent nucleus (corresponding to a flat distribution of
relative energy of the daughter particles) the integral efficiency shows a rapidly increasing trend
in the first MeV of relative energy, starting from zero at zero relative energy, and reaching about
80% at 0.5 MeV. From about 1 MeV of relative energy on, the integral efficiency remains constant
at about 90%, similarly to the case of other experimental devices with cylindrical arrangement of
the detectors [35] around the beam axis. The reduced efficiency at small relative energies is due
to the finite granularity and the rejection of double hits in the same telescope.

Since in the present experiment the identification of isotopes is obtained via the energy loss in
the silicon detector, a double-hit of two particles in the same strip of the silicon detector cannot be
recognized, resulting in a decrease of the parent yield. For instance, in the simulated decay of the
8Be decaying in two α-particles, we found 2.5% of double hits in the same strip, corresponding
to a relative energy smaller than 200 keV.

At high relative energies the efficiency results smaller when pairs of light particles or frag-
ments are considered, as for instance p,d, 3,4He and 6,7Li, while the kinematics favors a higher
efficiency in the case one of the two partners is heavier, as for instance Be, B or C.

To give some specific examples, the integral efficiency factors are found to be 79% and 95%
for the 8Beg.s. and the 3.04 MeV excited state, respectively. In the case of the first excited state
of 6Li (2.186 MeV excitation energy) the integral efficiency resulted to be 88%.

The distortions on the widths of excited states, due to the finite opening angles of the in-
dividual telescopes, to the limited granularity of the experimental device and to low energy
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Fig. 10. (Color online.) Upper part: population of the different primary fragments (already shown in the panel a of
Fig. 8). Lower part: population of the different primary fragments corrected for the integral efficiency of each correlation
function. Data for peripheral events for 32S + 58Ni reaction are drawn as full symbols. Data for peripheral 32S + 64Ni
reaction are drawn as circles. The grey regions represent the analog quantities for the fitting function Eq. (4).

cuts in the relative kinetic energy distribution was evaluated by comparing the generated and
filtered relative energy spectra. We show in the bottom panel of Fig. 9 the deviation be-
tween the relative energy Erel before the filter and the value E′

rel after the filtering procedure:
�(Erel)/Erel = |Erel − E′

rel|/Erel. To this deviation very small contributions come from the fi-
nite energy resolution of the detector, typically less than 0.5% FWHM for the silicon strips [18].

We have also considered specific cases and we have evaluated the modifications of the FWHM
of the relative energy distribution by the experimental device. To give some examples, for the
3.04 MeV excited state of 8Be the detected FWHM is 2.3 MeV to be compared with the gener-
ated resonance width of 1.5 MeV. Much larger is the deformation of the 8Beg.s. emission, with
a detected FWHM of 0.7 MeV instead of the generated 5.6 eV. In the case of the first excited
state of 6Li the FWHM after the filter is 0.447 MeV instead of the unfiltered 0.024 MeV, again
similarly to other experimental devices [35]. Following this Monte Carlo simulation, the tabu-
lated level widths in Eq. (4) smaller than 400 keV, were increased to account for the estimated
efficiencies.

In Fig. 10 we show the fraction of the coincidence yield, corresponding to the emission by
“warm” pre-fragments and defined in Eq. (5), before and after the integral efficiency correc-
tion [32] (top and bottom panels, respectively).

Pcorrected
(
Z∗) =

∑
A∗

∫
Y(A∗,Z∗,E′

rel)ε(E
′
rel,Erel)

−1 dErel∑
A∗ Y12(A∗,Z∗)

(6)

where Erel is the actual relative energy, E′
rel is the measured one, and the integral efficiency

ε(E′
rel,Erel) has been shown in Fig. 9.

Since the integral efficiency resulted quite high, as shown in Fig. 9, these corrections do not
change the oscillating behavior observed in the left-bottom panel of Fig. 8.
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4.2. Estimation of neutron decay

A limitation of our analysis is the systematic absence of neutron-decaying states in our recon-
struction of excited levels, due to the lack of neutron detection. It is interesting that whenever
an excited state has a known and finite probability of decaying through charged particle emis-
sion, the excited yield can be entirely reconstructed through Eq. (4) even if this channel is less
important than neutron emission. However many excited states exist, especially in neutron rich
isotopes, for which the charged particle branching ratio is negligible and that therefore are not
included in our analysis.

One may then wonder if this systematic lack may be at the origin of the inverse staggering
displayed in Figs. 8, 10.

To estimate the contribution of neutron decay we start writing the total yield of a given primary
fragment (A∗,Z∗) as the sum of charged particle decay and neutral decay channels:

Y
(
A∗,Z∗) =

∑
i

Y
(
A∗,Z∗, i

)
(B.R.)ich +

∑
i

Y
(
N∗,Z∗, i

)
(B.R.)in

= Ych

(
A∗,Z∗) + Yn

(
A∗,Z∗) (7)

where the sum runs over the particle unstable levels of the considered isotope, (B.R.)i
ch(n)

is the

branching ratio of level i to charged (neutral) channels, and by definition (B.R.)ich + (B.R.)in = 1.
By writing the yield of each level Y(A∗,Z∗, i) as a function of its spin, Boltzmann factor and

branching ratios and by integrating the level contributions, one gets the total yield Yn(ch)(A
∗,Z∗):

Yn(ch)

(
A∗,Z∗) = g

(
A∗,Z∗)∑

i

(2Ji + 1) exp
(−E∗

i /T
)
(B.R.)in(ch) (8)

where T is the average emission temperature, and the function g depends on the considered
isotope (A∗,Z∗), on the characteristics of the emitting source (energy, mass, charge and angular
momentum), but does not depend on the considered level i. Indeed the dependence on the level,
i.e. on the good quantum numbers E∗

i , Ji , is already explicitly factorized in Eq. (8) under the
hypothesis that the emission is governed by statistical laws.

If for a given isotope at least one energy level i exists such that (B.R.)ich �= 0, then we can
consider the ratio:

f
(
A∗,Z∗) = Yn(A

∗,Z∗)
Ych(A∗,Z∗)

=
∑

i=1(2Ji + 1) exp(−E∗
i /T )(B.R.)in∑

i (2Ji + 1) exp(−E∗
i /T )(B.R.)ich

. (9)

This implies that we can build a correction factor for each isotope:

Y
(
A∗,Z∗) = Ych

(
A∗,Z∗)(1 + f

(
A∗,Z∗)) (10)

where Ych(A
∗,Z∗) = Ycor(res)(A

∗,Z∗) represents the reconstructed, efficiency corrected yield
obtained through correlation functions of charged decay products.

An example of this neutron correction is given by Fig. 11, which gives the mass distribution
of reconstructed primary oxygen isotopes. For this correction we have considered in Eq. (9) all
the tabulated particle unstable excited states up to the maximal excitation energy experimen-
tally accessed in the charged channel decays. For the temperature parameter T we have taken
T = 2.5 MeV, i.e. the average temperature measured by excited states thermometers for this
same sample. This is consistent with the measured excitation energy of the peripheral sample,
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Fig. 11. (Color online.) Left part: Elemental mass distribution of primary oxygen fragments for 32S + 58Ni peripheral
events, reconstructed with correlation functions with (solid histogram) and without (symbols connected by a dashed line)
correction for neutron decay, Eq. (10). Right part: prediction of the GEMINI model at the last-but-one step of the decay.

Fig. 12. (Color online.) Effect of neutron decay on the primary yields reconstructed with correlation functions for the
isotopic chain N = Z + 1, for 32S + 58Ni peripheral events. Symbols connected by a line represent data not corrected
for neutron decays. The continuous line corresponds to data corrected via Eq. (10).

assuming a level density parameter about a = A/6 [37,38]. As expected, the estimation of neu-
tron contribution goes in the direction of increasing the yield of excited neutron-rich fragments,
typically leading to an increase of one mass unit of the most probable isobar. The fact that the
excited fragments result more neutron rich than the projectile may be somewhat surprising, but
this is in qualitative agreement with GEMINI calculations, as shown in the right part of the same
figure. The distribution of excited oxygen produced by the GEMINI calculation already opti-
mized to describe this data set [16] shows indeed a yield of the neutron rich A = 17 isotope a
factor 3 larger that lighter isotopes, even if the global width of the distribution appears overesti-
mated. 17O then decays in the last step in n + 16O with a 90% probability and in α + 13C in the
remaining cases.

Fig. 12 shows the global effect of this correction for neutron decay on the reconstructed pri-
mary yields for the N = Z + 1 isotopic chain. As it can be seen from Fig. 11 above, the effect
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Fig. 13. (Color online.) Upper part: efficiency corrected population of the different primary fragments as extracted from
correlation function. Lower part: estimation of the primary yields with a correction for neutron decay from Eq. (10). For
both panels the reconstructed yield is normalized to the detected yield of the same element. Data for peripheral events
for 32S + 58Ni reaction are drawn as full symbols. Data for peripheral 32S + 64Ni reaction are drawn as circles.

of this correction on N = Z and N = Z − 1 is small, while the statistics for the isotopic chain
N = Z + 2 is too low to make reliable estimations.

Odd–even effects persist in Fig. 12, showing that the absence of neutron detection cannot be
at the origin of the observed staggering.

We show in Fig. 13 the yields of primary fragments, corrected for neutron decay contributions,
normalized to the measured yield of the same element. Due to the impossibility of evaluating the
non-coincident yield of neutral channels, we cannot indeed use the normalization of Eq. (5) and
Figs. 8, 10.

We can see that the effect of neutron decay is more sizable in the more neutron rich source
especially for oxygen isotopes, and slightly reduces the observed staggering. From a qualita-
tive point of view, the same staggering observed for reconstructed primary fragments (Fig. 8) is
present, again opposite to the trend of measured cold isotopes of Fig. 2.

GEMINI calculations again confirm our findings. Fig. 14 presents the same theoretical calcu-
lation as Fig. 3 above, where the solid line corresponds to an incomplete reconstruction of the
last-but-one evaporation step obtained by ignoring neutrons decaying channels, as it is done in
the experimental data. The similarity between the full and dashed curves in Fig. 14 confirms that
the trend of the experimental “warm” distribution at the last-but-one evaporation step of Fig. 8 is
not qualitatively distorted by the lack of neutron detection.

5. Conclusions

In this paper we have reported on an experimental study of staggering in 32S + 58Ni and
32S+ 64Ni collisions at 14.5 A MeV, performed with the TANDEM–ALPI acceleration system at
the Legnaro National Laboratory. The data collection was assured by the GARFIELD apparatus
coupled to a high resolution annular detector for correlation measurements, the Ring Counter.
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Fig. 14. (Color online.) Elemental “warm” fragment (Z � 3) distribution in the GEMINI model, with the same conditions
as in Fig. 3 above. Solid lines: neutron decaying parents are not considered in the reconstruction of the excited yield.

Important odd–even effects are seen in the intermediate mass fragment yields as well as in the
residue yields produced in the decay of a quasi-projectile sources formed in peripheral collisions.

For the light fragments (3 � Z � 8), which are the only ones isotopically resolved by the
experimental apparatus, the discrete spectrum of excitation energy of “warm” pre-fragments
extends over a wide energy range which can overcome the neutron and proton emission thresh-
olds. This allows a partial reconstruction of the excited fragment yields prior to their last decay,
through a model-independent correlation function technique.

This analysis shows that the distribution of excited fragments displays odd–even effects with
an opposite sign in respect to the asymptotic distributions. This important result has a two-fold
consequence. First, the quantitative understanding of the odd–even effect needs a global control
of the evaporation chain. Second and more interesting, the understanding of the staggering cannot
be attributed to the pairing effect of nuclear masses alone, but is also influenced by pairing
and isospin effects in the level density. We expect it to be especially sensitive to the pairing
effects in the level density via the back-shift parameter [39], and thus potentially useful to gather
information of the temperature dependence of nuclear pairing.

First preliminary calculations with the GEMINI model confirm that staggering effects are
present during the evaporation chain. The GEMINI distribution at the last-but-one evaporation
step is in good qualitative agreement with the experimental correlation function data. This is
however only a first step in the comparison, and further work is needed to fully constrain the
level densities and different ingredients of the statistical calculations. Indeed it has been already
observed [4,16] that important deviations appear when the behavior is analyzed in different iso-
topic chains. Limiting ourselves to the elemental distribution, an important discrepancy concerns
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the relative yield of Li and Be isotopes, which is inverted in the calculation in respect to the
trend shown by the experiment. Different explanations can be invoked to understand this dis-
crepancy. First, the GEMINI code makes a switch from the Hauser–Feshbach formalism, used
to describe light nuclei (Z � 3) evaporation, to the Bohr–Wheeler formalism, used to treat the
emission of complex fragments heavier than Li. The absence of a unified description of fission
and evaporation may be at the origin of the observed discrepancy. Moreover, the Be/Li ratio in
the GEMINI code is sensitive to the value of the maximal angular momentum, which is poorly
constrained in the experimental sample. Another problem concerns the treatment of the discrete
particle unstable spectrum, which in GEMINI as in the other existing codes is approximated
through a continuum level density. Our analysis shows that the discrete particle unstable states
have to be explicitly included with their correct statistical weight, because they dominate the last
evaporation step of light fragments.

From the experimental point of view, it is important to stress that the reconstruction of excited
yields is only partial and some efforts should be made in the future to improve the situation.

The first is to improve the detector granularity so that more resonant states can be observed in
the correlation functions. Our group is presently upgrading the set-up in this direction.

Moreover, a more abundant statistics is clearly needed for this exclusive analysis. In particular,
since one would follow the evolution of the decay with increasing source excitation energy (i.e.
the impact parameter), it is important to collect sufficient statistics to allow correlation functions
analysis for bins of inelasticity.

In addition the analyses presented in this paper and those of Ref. [16] have to be performed
for reactions where systematically the isospin of the emitting source is varied, by changing the
combination of projectile and targets.

Finally, neutron detection would also be highly desirable to precisely trigger on the N/Z of
the source and have a more quantitative control on isotopic effects on the last step of the de-
excitation chain. However the branching ratios of the different decays for particle unstable levels
of light fragments are typically experimentally known, or can be calculated through Hauser–
Feshbach calculations. As we have explained, a sufficiently complete measurement of a given
isotope through correlation functions can then allow to get also some quantitative information
on the population of n-decaying levels. Alternatively this information can be deduced from the
models if these latter are sufficiently constrained.

This will in the long run not only allow us to understand the origin of odd–even effects, but
also to reconstruct primary fragments and thus access the thermodynamic information at the time
of fragment formation, that is the temperature dependence of pairing and symmetry energy.
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