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Origin of odd-even staggering in fragment yields: Impact of nuclear pairing and shell structure
on the particle-emission threshold energy
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Strong odd-even staggering (OES) of the yields of fragments, produced by fragmenting "*Kr projectiles, has
been measured by employing the combination of an in-flight fragment separator and a storage ring. It is shown
that the OES of fragment yields of 7, = —1/2 and 7, = 1/2 mirror nuclei critically depends on both pairing and
shell structure, especially at the closed shells Z = 20 and 28. A comparison of the relative OES of yields and
of particle-emission threshold energies reveals unambiguously that the origin of the OES of fragment yields is
mainly determined by the OES of the particle-emission threshold energies, which contain both pairing and shell

effects.
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I. INTRODUCTION

Nuclear reaction yields, especially fragmentation yields,
can provide information on nuclear structure properties, e.g.,
pairing, shell effects, and densities of excited levels. Besides
the straightforward application in nuclear structure, these
nuclear properties are indispensable input data for modeling
nucleosynthesis processes in stars and can have severe impact
on the calculated element abundance distributions [1-3]. By
themselves, fragmentation yields turn out to be sensitive
probes for indicating the emergence of the island of inversion
and investigating the evolution of shell structure [4,5], which
is of basic interest, since new magic numbers may appear
[6,7] and the known ones may disappear far from the valley
of B-stability, due to, e.g., the contribution of tensor forces
[8]. Fragmentation yields can also be used to study halo nuclei
close to the drip lines [9].

Odd-even staggering (OES) has been observed in several
of the most important quantities of nuclear physics, such
as nuclear reaction yields [10,11], nuclear binding (separa-
tion) energies [12,13], and nuclear charge radii [14]. OES
of fragment yields (OES-FY), that is, the enhancement in
yields of even-Z nuclides compared with the neighboring
odd-Z nuclides, has been intensively studied for different
fragmentation reactions [9,11,15-34]. However, the existing
experiments mainly concentrated on light nuclei near the
valley of B-stability or on neutron-rich nuclei [9,11,16-33].
Experimental data on the OES-FY in neutron-deficient nuclei
close to the proton drip line are very scarce mainly due to
the very small production cross sections. In addition, full
A and Z identification was not achieved in most of the
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previous experiments (see, e.g., [16,17,20,24,25]). In such
cases, the OES-FY can hardly be studied quantitatively.
The development of in-flight spectrometers has allowed for
both A and Z identification in recent experiments [11,34].
Experimental studies of the OES of light-fragment yields
revealed a particularly strong OES for N = Z nuclei, an
isospin dependence, and an enhancement of OES when
approaching the neutron drip line [11]. These features of the
OES-FY are very similar to those observed for the OES of
nuclear binding energies (OES-BE) [12,13,35-37], which can
be related to nucleon-nucleon pairing correlations [38] and to
contributions of the deformed mean field [39]. However, shell
effects, which are the most significant and evident feature of the
OES-BE, were not observed experimentally for the OES-FY.

There are many theoretical models aimed at explaining the
origin of the OES-FY [10,11,28,33]. This OES-FY seems to
originate in excited nuclei during the evaporation phase and
can be influenced by pairing effects and level densities. But,
due to the limited experimental data, a quantitative explanation
of this long-standing puzzle about the origin of the OES-FY
does not exist. Thus, more experimental studies are needed to
profile the evolution of the OES toward drip lines, closed shells,
and heavier nuclei. Since the variation of yields over a chain
of nuclides with a constant isospin 7, value is rather slow,
we study in the following the OES-FY along a constant-7,
chain. This will make the signatures of nuclear structure clear,
especially the shell structures.

To make the staggering structure more evident, the mag-
nitude of the local OES-FY for four neighboring fragments
centered at Z + 3/2 can be quantified using a third-order
difference formula [40]:

Dyiea(Z) = g(=1)**{InY(Z 4+ 3) —InY(2)
—3[nY(Z+2)—mY(Z+ D]}, (1)
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where Y (Z) is the yield value for the nucleus with a particular
value of Z and with a given isospin value 7,. A positive
(negative) value of Dyej¢ means an enhanced production of
even-Z (odd-Z) fragments and a value of zero implies a smooth
behavior. The absolute value of Dy;clq indicates the strength of
OES.

A combination of an in-flight fragment separator and a stor-
age ring allows for accurate measurements of relative yields of
short-lived nuclei produced in fragmentation reactions. Such
experimental results can be used to constrain various nuclear
reaction models and to study different contributions, such
as separation energies and level densities, to the OES-FY.
In this work, we present results on the OES of fragment
yields obtained by fragmenting relativistic "*Kr projectiles on
a beryllium production target. The evolution of the OES-FY of
T, = —1/2 and T, = 1/2 nuclei—along or close to the path of
ap- and r p-processes near the proton drip line—is studied over
a wide range (A ~ 20-60), allowing different contributions to
the OES-FY due to nuclear structure effects to be disentangled.

II. EXPERIMENTAL DETAILS

The experiment was performed at the experimental Cooler
Storage Ring (CSRe) at the Heavy Ion Research Facility in
Lanzhou (HIRFL) [41]. After being accelerated and accumu-
lated in the main Cooler Storage Ring (CSRm), a primary beam
of 8 Kr?%* ions at an energy of 482.9 AMeV was directed
onto a 15-mm beryllium target placed at the entrance of the
second Radioactive Ton Beam Line in Lanzhou (RIBLL?2).
Neutron-deficient projectile fragments after the target were
transmitted through the RIBLL2 and injected into the CSRe.
The CSRe was tuned into an isochronous ion-optical mode
to enable isochronous mass spectrometry (IMS) [42-45].
The latter was used for accurate measurements of mass-to-
charge ratios (m/q) of stored nuclides. The isochronous mode
requires the ions to be injected at an energy corresponding
to y =y, =~ 1.4, where y is the relativistic Lorentz factor
and y; is the transition energy of the CSRe [45,46]. At such
high energies, the fragments emerged from the target as fully
stripped nuclei. The magnetic rigidity of both the RIBLL2 and
the CSRe facilities was fixed to 5.95 Tm in order to achieve
the best transmission for the 7, = —1/2 nuclides and 6.14 Tm
for the T, = 1/2 nuclides of interest.

In the IMS with y = y,, the revolution times of stored ions
are the direct measure of their m /g values [45], according to
the following relation:

AT 1 A(m/q)

T  y* (m/g)
where T is the revolution time of the ion. A dedicated
high-performance time-of-flight detector was developed [47]
that allows for accurate revolution time measurement of every
stored ion. A time resolution of about 118 ps (full width at
half maximum) and a detection efficiency of 20%—70% in one
turn, depending on Z of the ions and the number of ions stored
simultaneously in the ring, have been achieved for this detector
[47]. Signals produced by ions in the detector were recorded by
a digital phosphor oscilloscope at a sampling rate of 50 GS/s.
The record time was 200 us per injection, corresponding to
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FIG. 1. Part of the measured revolution time spectrum of
T, = —1/2 nuclides produced in 78Kr fragmentation reactions on
a Be target. Mass and atomic numbers are indicated.

about 320 revolutions in each injection for the stored ions with
a revolution time of about 616 ns. Thus, a detection efficiency
of about 100% was achieved.

III. DATA ANALYSIS

To determine the revolution time of the nuclides in the
ring, the recorded data were analyzed in the same way as
described in Refs. [48-51]. Figure 1 shows a part of the
measured revolution-time spectrum of 7, = —1/2 nuclides.
The measured numbers of particles for all of the 7, = —1/2
nuclides considered here are greater than 100. A high achieved
mass resolving power of m/Am ~ 170000 enabled unam-
biguous A and Z identification. However, the resolving power
reached did not allow us to resolve the 7, = 0 nuclei in this
experiment.

The momentum distributions and the transmission efficien-
cies for various fragments were estimated in a way similar
to that described in detail in Refs. [52,53]. The transmission
efficiency was estimated by using the LISE4-+ program [54].
According to the calculations, the transmission efficiency
varies almost smoothly with Z along a chain of nuclides with
a constant T;,. Decay losses of fragments were neglected, since
the half-lives of all considered nuclei are longer than 100 ms,
which has to be compared to the acquisition time of merely
200 us.

IV. RESULTS AND DISCUSSION
A. OES in fragment yields

Figure 2(a) presents the measured yield values corrected
for the estimated transmission efficiencies of 7, = —1/2 and
T, = 1/2 nuclei, which are the yields of these nuclei leaving
the target. The OES is very evident for 7, = —1/2 nuclides,
but it is small for 7, = 1/2 nuclides. In the former, the ratio of
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FIG. 2. (Color online) (a) Fragment yields of 7, = —1/2 and
T. = 1/2 nuclei measured in this experiment. The error of about
10% is dominated by the systematic uncertainty of the estimations of
transmission efficiencies [52,53]. (b) The magnitude of the OES-FY
for T, = —1/2 and T, = 1/2 nuclei measured in this experiment,
and the data from other experiments [15,55], calculated according to
Eq. (1). The inset shows the predicted OES-FY for nuclei produced
in our experiment by the Abrasion-Ablation model [10], where the
parameters are similar to those used in Ref. [53].

the yields of neighboring even- and odd-Z nuclei can reach a
factor of 5. A sharp drop of the fragment yields near the closed
shells Z = 20 and 28 is seen.

The magnitude of the OES for four consecutive yields from
our experiment, which is the red point in Fig. 2(b), is calculated
by Eq. (1). It is always larger for 7, = —1/2 nuclei than
for T, = 1/2 nuclei. For the 7, = —1/2 nuclei, a significant
impact on the OES-FY from the shell structure is observed
and the largest Dyiciq value of about 60% is reached near the
closed shells Z = 20 and 28. The 7, = 1/2 nuclei show a very
weak OES and there is a transition from reversed OES, with an
enhanced production of odd-Z nuclei, to OES at Z =~ 14, as
shown in Fig. 2. This is in excellent agreement with the results
reported in Ref. [11] for 7, = 1/2 nuclei with Z < 20.

To study the projectile-target dependence of this OES, we
also calculate the magnitude of this OES by using Eq. (1),
using the reported cross sections from ®Ni 4 Be reactions in
Ref. [15] and the cross sections from 8Ni + Ta reactions and
38Ni + Be reactions in Ref. [55]. For their data, the magnitude
of the OES is extracted and studied first by this method. The
impact of shell structure on the OES-FY is also evident at
the Z = 20 shell for the 7, = —1/2 nuclei produced in their
experiments. For the OES-FY of both 7, = —1/2 nuclei and
T, = 1/2 nuclei, their data, especially the data from **Ni + Be
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reactions, show almost the same evolution tendency as our
results. Our experimental results agree well with their data in
the low-Z region and thus this OES almost does not depend
on the projectile-target combinations within the uncertainties
from all these data, as presented in Fig. 2(b).

B. Origin of OES in fragment yields

To our knowledge, no nuclear reaction model can reproduce
the above OES-FY over such a wide range, especially for the
T, = —1/2 nuclei. For instance, the inset of Fig. 2(b) presents
the prediction of the OES-FY for our reactions by using
the Abrasion-Ablation model [10]. The evaporation process
is simulated by using this model with parameters similar to
those used in Ref. [53]. For example, an effective proton
evaporation radius [56] of 4 fm and an average excitation
energy of about 13 MeV per abraded nucleon are used in the
simulation. The separation energies are from the Atomic Mass
Evaluation AME’03 [57]; these are in excellent agreement
with the latest Atomic Mass Evaluation AME’12 [13] for the
nuclei studied in this work. In this model the OES-FY for the
T, = —1/2 nuclei is stronger than that for the 7, = 1/2 nuclei,
but it cannot reproduce the above OES-FY, especially for the
shell structures in the OES-FY of the 7, = —1/2 nuclei near
Z = 20 and 28. The discrepancy may come from the choice
of parameters in the evaporation model, such as the effective
Coulomb barrier parameter, the level density parameters, and
the excitation energy.

In the following we will introduce the particle-emission
threshold energy (PETE), where all particle decays will cease
and the final particle stable fragments will be formed in
the evaporation phase [58]. The PETE was proposed to
be an important quantity to calculate the fragments yields
[10,58,59]. It is the smallest value from either the neutron
separation energy (S,) or the proton separation energy (S,)
of this fragment, which is from the latest Atomic Mass
Evaluation AME’12 [13], when there is no other particle
stable isomeric states. Indeed, for the case of >3Co, there is
a particle stable isomeric state at the excitation energy of
E* = 3.174 MeV observed in our experiment, which is higher
than S, = 1.615 MeV. This indicates that the particle decays
stop at this isomeric state and its excitation energy is the PETE
value since it is the observed final particle stable fragment [58].
Figure 3(a) shows the PETE for nuclides with 7, = —1/2 and
T, = 1/2. For these light nuclei, «-particle emission can be
neglected, and the Coulomb barrier, which is a smooth factor
and less than 1 MeV for the Z > 16 fragments produced in
our reactions according to the results in Ref. [60], can also
be neglected [58]. The contribution of the y-ray emission to
the OES-FY, which will be studied in detail and reported in
a future publication, is also small for these light nuclei. The
systematics of PETE values in Fig. 3(a) shows a very similar
global tendency and fine structure as the fragment yields in
Fig. 2(a), except for the much slower decreasing tendency of
PETE than that of fragment yields.

Let us discuss odd-A nuclei. The nuclides measured in this
work are close to the proton drip line and will emit predom-
inantly protons. However, due to proton-proton pairing, S, is
large for the even-Z nuclei but small for the odd-Z nuclei.
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FIG. 3. (Color online) (a) Particle-emission threshold energy for
T, = —1/2 and T, = 1/2 nuclei, which equals the lowest value from
the neutron- or the proton-separation energy of one particular isotope,
except for 33Co, where an isomeric state at an excitation energy of
E* =3.174 MeV was observed as the final particle stable state and
this excitation energy is the PETE value. For the PETE, the error bars
are less than 1% [13], except for ¢! Ga. (b) Magnitude of the OES in
PETE for T, = —1/2 and T, = 1/2 nuclei, calculated with Eq. (1)
and by substituting the yields Y with PETE.

Thus, the yields of these nuclei close to the proton drip line
show OES. However, for the 7, = 1/2 and Z < 14 nuclei,
the situation is opposite. These nuclei will predominantly emit
neutrons. S, is large for the odd-Z (even-N) nuclei but small
for the even-Z (odd-N) nuclei due to neutron-neutron pairing.
This was also seen for other nuclei closer to the neutron drip
line (see Refs. [11,28]). Thus, the yields of these odd-A nuclei
close to the neutron drip line should show a reversed OES
pattern as compared to nuclei close to the proton drip line.
This indicates the evident impact of the proton-proton and
neutron-neutron pairing correlations on the PETE and in turn
on the OES-FY.

The magnitude of OES in PETE was calculated by using
Eq. (1), where the yields Y were replaced by the corresponding
PETE values. The obtained results are shown in Fig. 3(b). The
OES in PETE and the OES-FY show remarkable similarities:
(1) stronger OES for 7, = —1/2 nuclei than that for 7, = 1/2
nuclei, (2) the strongest OES near the closed shells Z = 20 and
28 for T, = —1/2 nuclei, and (3) a transition of OES for 7, =
1/2 nuclei from reversed OES to OES at Z ~ 14. They present
almost the same evolution pattern, as indicated in Figs. 2(b)
and 3(b). The above results demonstrated unambiguously that
the OES-FY mainly originates from the OES in the minimum
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FIG. 4. (Color online) Difference between the relative OES in
PETE, A Dpgre(A) = Deere(A, T, = —1/2) — Depre(A, T, = 1/2),
and the relative OES-FY ADyii(A) = Dyiea(A, T, = —1/2) —
Dyie1a(A, T, = 1/2) for mirror nuclei measured in our experiment,
and the data from other experiments [55].

value of §, and S, which are strongly affected by both pairing
and shell effects. However, the OES-FY is slightly weaker
than the OES in PETE, as presented in Figs. 2(b) and 3(b).
One possible reason for this is that the influence of the level
densities on the OES-FY is not yet considered [10,11,33,58].

Since the dependence of level density on isospin is weak
[58], and mirror nuclei with the same A measured in our exper-
iment have very similar level structure, the contribution of level
densities to the relative OES-FY of these mirror nuclei will
almost be negligible. Therefore, we plot in Fig. 4 the difference
of the relative OES in PETE, ADPETE(A) = DPETE(A»TZ =
—1/2) — Dpgre(A,T, = 1/2), and the relative OES-FY
ADyie1d(A) = Dyierd(A,T; = —1/2) — Dyiea(A, T, = 1/2) of
mirror nuclei. A striking observation is that the relative OES is
almost the same and A Dpgrg(A) — ADyie1a(A) ~ 0. Both the
new results from our experiment and the OES-FY extracted
from other experiments [55] with different projectile-target
combinations support this observation. A small local deviation
near A = 31, although compatible with the statistical 1o un-
certainties, may come from the Coulomb barrier difference for
nuclides with different particle (neutron or proton) emission
around the transition area. For these mirror nuclei, the results
quantitatively prove that the origin of the OES-FY is mainly
from OES in PETE.

All of the above results can be explained with the theory of
Campi and Hiifner [58]. The isobaric and isotopic yields are
dominated by the phase space (level density) of the final parti-
cle stable fragment at its PETE in the evaporation phase. Both
our experimental results and the data from other experiments
[55] strongly support the theory that the OES-FY is dominated
by the OES in PETE, where the influences of both pairing
correlations and prominent shell effects are clearly observed.

V. SUMMARY

In summary, we have measured the fragments yields of
T, =—1/2 and T, = 1/2 nuclei, over a wide range of mass
numbers, produced by "8Kr fragmentation on a Be target
at an energy of 482.9 AMeV. The OES-FY is very strong
for T, = —1/2 nuclides but weak for 7, = 1/2 nuclides.
The significant impact of both pairing and shell structure,
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especially at the closed shells Z = 20 and 28, on the deduced
OES-FY is observed.

The OES in PETE was also investigated quantitatively.
Striking similarities are demonstrated between the OES-FY
and the OES in PETE. The measured OES-FY for the T, =
—1/2 and T, = 1/2 mirror nuclei allowed us to compare the
relative OES-FY and the relative OES in PETE of mirror
nuclei. The comparison proved that the origin of OES-FY
is mainly due to the OES in PETE, where the strong impact of
both nuclear pairing and shell structure exists.
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