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The y-ray emission from the nuclei 52-64Fe following Coulomb excitation at bombarding energy of 400-
440 AMeV was measured with special focus on E1 transitions in the energy region 4-8 MeV. The
unstable neutron-rich nuclei 5264Fe were produced at the FAIR-GSI laboratories and selected with the
FRS spectrometer. The y decay was detected with AGATA. From the measured y-ray spectra the summed
E1 strength is extracted and compared to microscopic quasi-particle phonon model calculations. The

trend of the E1 strength with increasing neutron number is found to be fairly well reproduced with

Keywords: calculations that assume a rather complex structure of the 1~ states (three-phonon states) inducing a
64Fe strong fragmentation of the E1 nuclear response below the neutron binding energy.
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The interaction of the atomic nucleus with an electromagnetic
field is a topic largely investigated both experimentally and the-
oretically. It provides useful and selective information on the nu-
clear structure. Among the possible excitation modes the electric
dipole (E1) type is of particular interest. It is generally dominated
by a strong, collective isovector nuclear vibration, the isovector gi-
ant dipole resonance (IVGDR) [1,2]. However, the simple dipole os-
cillation of nucleons giving rise to the IVGDR mode is not the only
focus of the investigation. Several studies concentrate on the de-
tails of the low-energy part of the electric dipole response, i.e. the
so called pygmy resonance [3]. This is because, it provides relevant
information, crucial for testing predictions related to the nuclear
equation of state (see [4] and [5] and references therein), and addi-
tionally supplies inputs for calculations of the r-process nucleosyn-
thesis [6] and astrophysics [7]. The r-process chain for fast neutron
capture involves stable Fe isotopes as seed and goes through 52Fe
and %4Fe towards the drip-line. But only little is known about
their low-lying E1 strength, an important ingredient for this pro-
cess. Model predictions suggest an increase of E1 strength with
neutron number and a sizable difference between stable and un-
stable isotopes (see supplementary material for this manuscript).
It is thus important to provide an experimental ground to test
theory far from stability also in view of extending the calcula-
tions to the uncharted region of even more neutron rich nuclei. In
connection with the present situation on the study of the pygmy
resonance, it is important to stress that the main effort is con-
centrated in understanding the nature of the excitation mode. For
this purpose, the investigations are moving in two directions: one
is the study of selected nuclei with different probes, the so called
multi-messenger approach, the other is to select one probe and in-
vestigate various isotopes of the same element, with the ambitious
goal to reach neutron-rich nuclei far from stability. These concepts,
together with many existing results on the pygmy resonance, are
discussed in Refs. [1,3,8,9,5].

Concerning the approach grounded on the use of different
probes to populate low-lying 1~ states, the existing extensive work
concerns mostly stable nuclei [10-15] for which the used reactions
are the electromagnetic (), y’) and nuclear inelastic scattering of
p, @, C and O particles, at energies for which the interaction has a
dominant isoscalar component. In all cases, for each given nucleus
comparisons were made of the different excitation cross sections.
The overarching picture is that up to approximately an excitation
energy between 6-7 MeV the pygmy states have a large isoscalar
component.

Within the study of the evolution with neutron number of the
dipole strength at energies below the neutron binding energy in
stable nuclei, the cases of Sn and Xe were measured, as these
elements have the longest chains of isotopes. The results for Sn
and Xe isotopes show a marked increase of E1 strength and of its
fragmentation with increasing neutron number (see [16-18] and
references therein), which is found to be in rather good agreement

with theory [19-22]. Several calculations exist suggesting that the
isovector dipole response has a component shifted to low energy
with an enhancement below the binding energy, becoming more
and more pronounced by going further and further away from sta-
bility (see [5] and references therein). It is clear that the way to
test this effect is to extend the investigations for the electromag-
netic excitation to nuclei produced as radioactive beams. This can
only be done by using virtual photons from the Coulomb excitation
with a high Z target. Up to now there are only few measurements
of the low-lying E1 strength in unstable nuclei. They concern the
nuclei of 20220, 26Ne, 68:70Nj and 130-1325n [1,15,23-30]. In %8Nij
and 1391325p nuclei, low-lying E1 strength was found above the
neutron separation energy at 9-11 MeV. In contrast, in the more
recent work on 7ONi [23], it was possible to infer the presence of
strength above and also below the particle binding energy, cover-
ing the region 6-11 MeV.

The present work concerns the nuclei %2-64Fe. It was motivated
by the search of E1 strength in nuclei far from stability below the
neutron binding energy, an energy region which is particularly in-
teresting for the modeling of the r-process where the E1 decay is
competing with neutron capture. In addition, this choice was made
to study the evolution of the strength over four isotopes since data
for the two stable nuclei >*°6Fe obtained with real photons are
available.

The experiment was performed in FAIR-GSI laboratories using
62.64Fe beams at 400-440 AMeV impinging on a 1 g/cm? thick Au
target. At this bombarding energy the cross section for Coulomb
excitation is larger than 10 mb in the region of interest. The ra-
dioactive 62-64Fe beams were produced by fragmentation of a pri-
mary 36Kr beam delivered by the SIS-18 heavy ion synchrotron at
700 and 900 AMeV and focused on a natural 2.5 g/cm? thick Be
target. The ions of interest were selected and separated in mass
and charge with the in flight Fragment Separator (FRS) [31] and
transported to the target area. The settings of the FRS were cho-
sen to accept secondary fragments with a magnetic rigidity cor-
responding to a specific mass-over-charge ratio. This provided a
beam cocktail containing 62-%4Fe in a large fraction. The different
nuclei contained in the secondary beam were identified uniquely,
according to their nuclear charge and mass number on an event-
by-event basis. In particular, the incoming isotopes of interest were
selected using reconstructed identification scatter plots, namely
mass over ion charge (AoQ) versus atomic number (Z). The pri-
mary beam intensity of 86Kr was between 8 x 108 and 8 x 10°
pps, the count rate after the production target and the first stage
of selection was between 1 to 5 x 10° pps and the total number of
event-by-event traced and registered Fe isotopes up to the outgo-
ing particle and beam identification at the end of the beamline was
1.4 x 10° for %4Fe and 1.8 x 10° for 62Fe. The corresponding iden-
tification plots are shown in the top part of Fig. 1, panel a) for 52Fe
and panel b) for %4Fe. The two beams of Fe isotopes, 52Fe and 4Fe,
are clearly separated from the other isotopes. The outgoing ions,
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Fig. 1. Top panels a) and b) show the particle identification plots obtained when
the fragment separator was set for the optimal transmission of the 2Fe (left) and
64Fe (right) secondary beams. The circles indicate the isotopes of interest. Panels c)
to f) show the low energy part (left) and high energy part (right) of the measured
y spectra. The shaded areas in these figures display the spectral shapes obtained
with gates corresponding to events outside the Coulomb excitation conditions (red
area) or out of the prompt time of flight peak (blue area). The dotted lines (green)
in panels d) and f) give the calculated statistical contribution to the spectra. The
insets in the panels c) and e) display the known transitions from the first 2% states,
as obtained with full tracking together with the Monte Carlo simulations of the
expected peak. In the insets of panels d) and f) the counts forming peak structures
at around 4.5 MeV are compared with simulations taking into account the detection
conditions. An increase of the bin size with energy has been chosen to take account
for the efficiency loss in the detection of high energy y rays.

after interaction with the secondary Au target nuclei, were iden-
tified and selected using four pieces of information: energy loss,
total energy, time of flight and deflection angle. All these quan-
tities were measured with a special calorimetric detector system
[32-34], called LYCCA (Lund-York-Cologne CAlorimeter) and placed
behind the secondary target covering angles around zero degree
and a system of fast scintillators. In the present case, particle mul-
tiplicity of one and very small deflection angles of 8 £ 1 mrad, far
below the grazing angle, were chosen in order to assure Coulomb
excitation to be the main interaction mechanism. This corresponds
to values of the impact parameter larger than 17 fm, at which
the nuclear contribution of the dipole excitation cross section is
strongly suppressed (see [23] and ref. therein).

For the work presented in this paper, the y rays were measured
with AGATA (Advanced GAmma Tracking Array) [35] placed around
the Au target. AGATA was installed in the PreSPEC (Pre SPEC-
troscopy) configuration [32,36-40] and consisted in 5 triple and 3
double clusters of segmented HPGe (High Purity Germanium) de-
tectors mounted in forward angles between 15 to 60 degree (with
an add back efficiency of 3% at 1 MeV determined with source
calibration runs and validated with GEANT simulations). Energies
up to 20 MeV were measured with the segmented HPGe detec-
tors of AGATA which are equipped with digital electronics allowing
pulse shape analysis (PSA) of the signals. This leads to a very pre-
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cise information on the y ray interaction position (o ~ 2 mm),
which is crucial if one wants to minimize the Doppler broadening
of the measured spectral lines. In addition, the y-ray tracking al-
lows to increase the peak-to-total ratio in the spectrum [41] and to
lower the background. This is especially important at lower ener-
gies where a high atomic background is present. For what concerns
high energy y rays, the response of the AGATA was validated in
ref. [42].

The y rays detected with AGATA were measured in coincidence
with incident and outgoing ions, whose position information was
used to apply the Doppler correction. In this case y rays were
emitted from projectiles moving with a velocity up to 72% of the
speed of light. The y -ray spectra discussed below are all corrected
for Doppler shift using the velocity and direction of the scattered
beam particles with respect to the first interaction point of the y
ray, which is for energies higher than some hundreds of keV in
general the one with the highest deposited energy. In addition to
the pulse shape analysis, the add-back technique was used [42].
For the energies up to 1 MeV, the full tracking technique, suited
for this energy region, was also exploited in order to better recon-
struct the low-energy y transitions.

The y rays from the first 27 states in $2:64Fe at energy of 0.746
and 0.877 MeV, respectively, are visible. The measured spectra in
AGATA are shown up to 3 MeV in Fig. 1 c) and e). The inset in
each panel displays the region around the first 2+ —0% peak for
64Fe the 600-800 keV and for %2Fe the 800-1000 keV region. Since
the energy and the E2 strength of the 2% states of %2:64Fe are
well known (see [43] and ref. therein) their B(E2) values were
used to calculate the population cross section via distorted wave
Born approximation (DWBA) and relativistic coupled-channel (CC)
approaches [44,45]. Using a Monte Carlo (GEANT4) code [46,47],
the y-ray interaction distribution inside AGATA was simulated and
analyzed with the same procedure employed in the experimen-
tal data analysis. An atomic X-ray background at low energies was
also included. Peak structures before and after the 2t —0T peak
of interest were included in the evaluation as background. They
do not influence the result as Compton events are strongly sup-
pressed by the very effective tracking. All uncertainties like beam
straggling, spreading in the target, detector resolution, dead lay-
ers, time and space limitations and losses were included in the
simulation made to deduce the measured counts for the first ex-
cited state. The obtained intensity of the simulated 2+ — 0% decays
of the two 52:64Fe isotopes was found to match the best reported
value in the literature only after an additionally correction of 20%
(similar to the findings in [48,49]). In this way, the known B(E2)
values were used as a reference to extract new information on E1
transitions from higher lying states in the same nucleus.

The y-ray spectra measured at energy larger than 3 MeV are
shown in panels d) and f) for the %4Fe and 5%Fe nuclei, respec-
tively. The binning was chosen to be consistent with the obtained
statistics. This part of the spectra below the neutron threshold and
the IVGDR, is the region of interest in which the search for E1
transitions, which could originate from 1~ states, is done. The de-
tectors were calibrated in this region with 88Y, PuC and AmBe(Ni)
y-ray sources emitting y rays of 1.836, 4.438, 6.13 and 9. MeV.
The measured spectra shown in Fig. 1 d) and f) have a quasi-
continuum feature, with some peak structures in the region 4-6
MeV. Few counts are found up to 7.5 MeV and the statistics is not
sufficient to detect y decay events above the neutron separation
energy, which is 7.4 MeV in %*Fe and 8.0 MeV in 52Fe.

To interpret the peak structures in terms of the detection fea-
tures, Monte Carlo simulations were made to be compared with
the spectral shape. This comparison is shown in the insets in Fig. 1
d) and f) for calculated peaks with centroids at 4.4 and 5 MeV
for 64Fe and at 4.5 MeV for %2Fe, all with a width of ~200 keV.
The simulation includes Doppler broadening, target energy broad-
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Fig. 2. Panel a): ratio of y-ray yield in different y-ray energy regions for 62:64Fe

with that of the corresponding 2*-state as a function of the corresponding angle.
The lines give the predictions of the angular distribution for the same ratio assum-
ing pure E2 (dashed line) and E1 (solid line) transitions. Panel b): the same ratio
integrated in angle up to 60 degree as a function of energy. The lines are the pre-
dictions for transitions of E1 and E2 types.

ening and straggling of the impinging beam and uncertainty in
the direction of the emitting nucleus, plus the PSA uncertainty
in the reconstruction of the interaction points of the y rays. The
yields of events outside the Coulomb excitation angular window
and of time uncorrelated events (10 ns out of the prompt time
peak) were measured simultaneously and properly normalized to
the incoming beam statistics. These distributions are shown with
the wide red shaded area and blue narrow shaded area, respec-
tively. The detector response corrected contribution from statistical
decay, assuming the standard Lorentzian as a tail of the IVGDR
in the projectile, summed to cosmic background events [23,24] is
shown with the green dashed line in the high energy spectra of
Fig. 1 d) and f). The comparison with the measured spectrum pos-
sibly shows a difference in size and shape indicating that the E1
strength is different in this case from the tail of a Lorentzian shape
for the IVGDR systematics. We note that for the present configura-
tion of AGATA the statistical decay from the target when corrected
for the Doppler shift of the projectile, produces counts in the re-
gion below 2 MeV and thus can be very well decoupled from the
projectile emission which is the focus of this experiment.

At this bombarding energy, in the excitation region larger than
5 MeV the Coulomb excitation mechanism is dominated by ex-
change of virtual photons of E1 type. To verify this relevant point,
the angular distributions of counts were measured for different
energy regions of the y-ray spectra. The difference in the angu-
lar distribution between E1 and E2 type due to the effect of the
Lorentz boost is very small and far below the detection capabil-
ities, but the ratio between them is detectable. For this reason,
the angular distributions of y transitions from the first 2% states
were used as reference. Fig. 2 a) shows the ratio of y-ray yields
of 62:64Fe with the ones of the corresponding 2% -state decay, for
energies at 3.5 MeV, 4.5 MeV and above 5 MeV. The data are com-
pared with the corresponding predictions. In Fig. 2 b) the data for
62Fe are shown as a function of y-ray energy and from there one
sees that y transitions above 5 MeV have E1 character. Therefore
the continuum type spectrum above 5 MeV is the one for which
the discussion in connection with theory is considered, for further
analysis and interpretation. In particular, B(E1) strengths were
obtained in this quasi-continuum region where the E1 character
dominates. The measured spectra were converted directly into E1
strength considering the detector efficiency and a bin size of 160
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keV. The counts were background subtracted. The background con-
sisted in off prompt, no Coulomb excitation events, as shown in
Fig. 1, and in a continuum cosmic event background which was
measured during and after the experiment for events with energy
higher than 20 MeV. The total background contribution amounted
to about 1 count per bin in the present configuration. The mea-
sured counts in the high energy continuum region were then cor-
rected for the detection efficiency and response function. After
subtracting the background, the counts were converted into cross
section. The conversion into B(E1) strength used the method of the
relativistic Coulomb excitation of Ref. [50,51,23] and assumed vir-
tual photons of E1 type in the region above 6 MeV. In doing this
the energy variation of the virtual photon yield was taken into ac-
count. We note that no valuable feeding to lower states was found
in y-y coincidence spectra and no isomers were detected in the
off prompt or in the beam like implantation spectra. The corre-
sponding E1 strength values in the region above 6 MeV are shown
in Fig. 3 in the two top panels, for %4Fe and ®2Fe. The error is ap-
proximately 35%. The integrated E1 strength between 6 and 8 MeV
is 0.26 +0.10 and 0.10 & 0.03 e2 fm? for %4Fe and 52Fe, respec-
tively.

The measured spectra from which the E1 strength was obtained
are dominated by a continuum structure due to the experimental
conditions, and data are restricted to observable energy region up
to ~8 MeV. The main finding is an increase with neutron number
of the total E1 strength and of its fragmentation, which shifts the
strength towards lower energy.

The experimental results are compared with the B(E1) values
reported in the literature for *Fe and *6Fe isotopes resulting from
y scattering experiments [52,53], they are displayed in the two
bottom panels of Fig. 3. One can see an increase of the E1 strength
with the neutron excess and the shifting down of strength to lower
energy in the case of the more neutron-rich isotopes of 52Fe and
64Fe. In addition, there is a noticeable increase of the strength in
64Fe nucleus with respect to the one in %2Fe, due to the addition
of only two neutrons. A neutron effect is thus visible in the E1
strength below the neutron separation energy. In particular, the
summed E1 strength is shown in panel a) of Fig. 4. In 4Fe, it is
found to be approximately 2 to 4 times larger than that in %2Fe.
The spectra of the theoretical calculations (discussed below) are
also shown. They have been binned in a way to be comparable to
the experimental findings (the unbinned theoretical data can be
found in the supplementary materials to this manuscript).
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included.

To describe the obtained results calculations were made for
the 62-64Fe isotopes in the framework of the quasi-particle phonon
model (QPM) [54]. This model has been widely used from the late
90’s [55,56] to describe the extensive existing data of pygmy states
from (y,y’) experiments. The QPM predictions are well suited to
describe the E1 strength at low energy among the many available
predictions of the dipole response (see, e.g. [3] for review). This
is because the model considers complex configurations by going
beyond the simple one-particle one-hole (1p-1h) states and in-
cluding two-particle two-hole (2p-2h) or even three-particle three-
hole (3p-3h) configurations. In particular, the QPM uses single-
particle energies from a global Woods-Saxon parametrization ob-
tained from a fit to experimental data over a wide mass range [57].
The simplest modes of nuclear excitation are treated as phonons
(ph) which are obtained by solving quasiparticle RPA equations on
1p-1h basis. The excited levels are assumed to have more complex
structure: their wave functions contain a mixture of 1ph and 2ph
(and 3ph) components. The former plays a role of doorway states
and carry the major part of the excitation E1 strength. The latter
are the background configurations, their density increases expo-
nentially with excitation energy and they participate in fragmen-
tation of the strength of the doorway components. Following this
approach the QPM calculations are found to give a rather realistic
description and a rather good account of the strongly fragmented
experimental strength seen in many stable neutron rich nuclei in
different nuclear reactions [58]. Therefore, the description of the
present data focuses on the comparison with the QPM predictions.
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The E1 strength distribution, calculated in the QPM, depends on
the strength parameter of the isovector residual interaction and
is shown and explained in Fig. 4 in the Supplementary Material. In
Fig. 4 the QPM predictions for the summed E1 strength in 62Fe and
64Fe are shown in panel (b), while the corresponding experimental
data are shown in panel a). One sees that the calculations fol-
low well the experimental trend. In addition, the relative increase
is also reasonably accounted. Indeed, the summed E1 strength in
64Fe is found to be approximately 2 to 4 times larger than that in
62Fe in the observed energy range, similarly to the experimental
data. In order to emphasize this relative increase of the summed
E1 strength as a function of energy the ratio of the strength in
the two isotopes is shown both for the data and the calculations
in panel (c). An additional prediction (dashed line) is also shown
and this considers only up to 2ph configurations. This last calcula-
tion is far away from the experimental data and predicts a rather
small variation of strength among the two isotopes. We notice that
the lowest 1ph configurations in both 52-64Fe isotopes have excita-
tion energy of about 9 MeV and their B(E1) values are too small
in comparison to data (see Fig. 1 in Supplementary material). In
the case of inclusion of 2ph only, a comparable behavior to the
observed E1 strength appears in this doorway picture only around
11 MeV and it is not much different between the two isotops. Only
the coupling of the doorway states to more complex configurations
pushes a part of the dipole strength to lower energies and dramat-
ically improves the agreement with data. The coupling is stronger
in a softer ®Fe with more collective low-lying phonons, leading
to the enhancement of the E1-strength below the threshold, in
comparison to 52Fe. Otherwise, at higher excitation energies, in-
cluding the GDR the QPM predicts no essential differences in the
E1-strength distribution between the two isotopes (see Fig. 1 in
Supplementary material). In the supplementary material to this
manuscript the strength distribution in 1 phonon approximation is
shown for 62:54Fe isotopes in Fig. 1 in Supplementary material, for
the 1+2 and 1+2+3 phonon approximation in stable 54°6Fe and un-
stable 62.64Fe isotopes in Figs. 2 and 3 in Supplementary material.
One can note that the low-lying strength for the stable isotopes is
one to two orders of magnitude smaller than the exotic ones. The
stable isotopes show an even more pronounced effect of increase
of strength with neutron number below neutron threshold energy,
which opened the question if this trend is still valid for unsta-
ble nuclei or damped. The 1 phonon approximation does not show
any low-lying states, the two phonon approximation does show lit-
tle difference in the strength sum between 2Fe and %4Fe. Only the
three phonon approximation can reproduce the experimental find-
ings in this manuscript.

The finding of this work, that in the interval 6-7.5 MeV, the
summed E1 strength is in 4Fe a factor of 2 to 4 times larger than
in 62Fe is interesting and this trend is on the other hand in line
with what found in stable neutron rich-nuclei [8]. However, the
identification of E1 strength below binding energy in unstable nu-
clei is very relevant to test nuclear structure far from stability and
how well the models, in this case the QPM, can also describe these
nuclei precursors of stable nuclei in explosive nucleosynthesis pro-
cesses.

In summary, we have measured for the first time E1 transi-
tions in the region above 5 MeV up to the neutron separation
energy, for the two unstable nuclei ®2Fe and %4Fe. These nuclei
appear to have a continuum structure in spectra measured with
the technique of virtual photon scattering, the only one which al-
lows to access this excitation energy region and populate mostly
1~ states. The comparison with QPM model predictions is made
for the summed E1 strength as a function of energy. The trends
and the relative increase going from the 52Fe nucleus to the 54Fe
nucleus are reproduced rather well by the QPM predictions in-
cluding complex configuration of 1~ states up to 3p3h states. In
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contrast, the inclusion of only 2p2h states cannot explain the data.
The present findings shed more light on the understanding of the
structure of the low-lying E1 strength, which is found in the en-
ergy region below the particle binding energy to be sizable and to
increase with neutron number. Moreover, the fact that the main
features for the two measured unstable isotopes are rather well
reproduced by the QPM calculations including couplings up to the
three particle level, gives a relevant test to this model, which so
far was widely used for stable nuclei. However, the description of
nuclei even more neutron rich might be more complex as more
couplings might be required. The ambition for the future is to go
further away from stability with this type of investigations which
need also more statistics. With a more efficient AGATA detector,
as it is planed to be in the future, and more intense fragmenta-
tion beams, this challenging program is expected to be feasible for
example within the HISPEC project [59].
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