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Low-lying dipole response in the unstable "’Ni nucleus
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The Coulomb excitation of the neutron-rich nucleus "’Ni was measured in inverse kinematics at 2604 MeV
bombarding energy and with a '’ Au target. The beam energy allowed us to study the dipole response around
the neutron separation energy (up to about 12 MeV). The experiment was performed at the RIKEN Radioactive
Isotope Beam Factory (RIBF). The y decay from the scattered "°Ni ions at around zero degree was measured with
a scintillator detection system composed of large volume LaBr3:Ce detectors (HECTOR™ array) and Nal(TI)
detectors (DALI2 array). Results were obtained for the E'1 strength in the region where the dipole response is
characterized by the presence of the pygmy dipole resonance. The measured E'1 strength is found to be larger
as compared with that of ®Ni below the neutron binding energy. The measured E1 strength as a function of
energy is compared with available predictions based on relativistic and nonrelativistic approaches, and only in
some cases does theory give a reasonable account of the data.
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I. INTRODUCTION

The understanding of the electric response of dipole type,
mainly due collective vibrational dipole mode [1], is needed
because this mode provides one of the key basic pieces of
information on nuclear properties. This information is partic-
ularly important in the uncharted region of nuclei far from
stability where experimental studies are scarce. In the case
of neutron-rich nuclei one relevant property of the dipole
response is the presence of a strength exceeding that of the
tail of the Lorentzian strength function giving the shape of
the giant dipole resonance. This extra strength is called the
“pygmy dipole resonance” and, in the case of stable nuclei,
has been the subject of several studies (see e.g., the reviews
[2-4]). For nuclei far from stability in the medium-mass
region only the ®®Ni and '3!:132:1338n nuclei were investigated.
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While for Sn isotopes the Coulomb neutron dissociation was
measured [5], in the case of °®Ni both the Coulomb neutron
dissociation and the virtual photon-scattering methods were
used [6-8]. The latter has the advantage of being able to probe
the region below the neutron binding energy.

Far from stability, neutron-rich nuclei are important for
learning about neutron matter properties because they provide
very useful inputs for the nuclear equation of state, which is
relevant [9,10] for modeling neutron stars [11,12] and their
merging. The low-lying E1 strength has a connection to
properties of the isovector part of the equation of state (EoS)
of nuclear matter (see, e.g., Refs. [10,13,14]). This connection
is found to be particularly strong via the dipole polarizability,
which in turn can be linearly connected [15] to the neutron
skin. The dipole polarizability is obtained as an integral over
the excitation energy of the dipole cross section divided by
the square of the excitation energy and, thus, depending on
the value of its cross section, the pygmy region with only a
few percent of the energy-weighted sum rule gives a sizable
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value to the polarizability (up to the order 20% and perhaps
even more). It has to be pointed out that the connection
of the nuclear polarizability and the neutron skin is model
dependent, so that improvements in the theory are relevant
for this purpose. The study of the pygmy states, described as
excitation of the neutron skin, is thus important in order to
give additional experimental constraints to theory [16]. Indeed
a comprehensive test of microscopic models using multiple
observables is a very useful approach to make more solid
the application EoS in the study of neutron stars. Particularly
interesting for this purpose is the investigation of the evolution
of the pygmy strength in nuclei magic in proton numbers, as
in the case of the Ni isotopes. It is interesting to determine
whether the excitation of neutrons in the nuclear surface
becomes more important with increasing neutron number [4].

It is also important to point out that the presence of E'1
strength below the neutron binding energy plays a role on the
evaluation of the size of reaction rates in calculations of the
synthesis of the heavy elements [17] for astrophysical models
in which unstable nuclei are involved. The strength in the
pygmy region is directly linked to the radiative strength func-
tion, which is one of the main ingredients within the statistical
model used in r-process description. The determination of the
low-lying E1 strength in nuclei, particularly those far from
stability, is therefore important for the reliability of such types
of calculations. Therefore, also in this connection, an exten-
sive test of the strength of the PDR in modern microscopic
calculations is mandatory.

This paper addresses the study of the low-lying electric-
dipole response in "’Ni up to an excitation energy of 12 MeV.
There are presently several theoretical works, also for this
nucleus, employing different effective interactions that need
to be tested. Moreover, in contrast with the previous works
on the ®Ni nucleus, this work on the "Ni isotope has better
sensitivity in the region below the neutron separation energy
S, (7.3 MeV) starting from around the £ > 4 MeV region.
This region of excitation energy, although of rather small size,
is indeed interesting and has been the particular focus of the
study of the PDR in stable nuclei. Here we study this region
for in a nucleus in the medium-mass region far from stability
by using the Coulomb excitation.

II. EXPERIMENT

The experiment [18] was performed at the RIBF facility
of the RIKEN Nishina Center. A 2¥U primary beam, at
345A MeV with an average intensity of 25 pnA, impinged on
a rotating Be target (1 g/cm? thick). The secondary beam was
produced via fission and had an incident energy of 260A MeV.
By using the BigRIPS magnetic separator [19], the "°Ni ions
were selected and transported to a secondary Au target. The
particle identification (PID) plot of BigRIPS obtained for this
experiment is shown in the left panel in Fig. 1. The beam par-
ticle identification employed the TOF-Bp-A E method, where
TOF, Bp, and AE are time of flight, magnetic rigidity, and
energy loss, respectively. This allowed the identification of the
atomic number Z and the mass-to-charge ratio A/Q for each
ion. The intensity of the "’Ni ions was 3 x 10* s~! (40% of the
total). The secondary target was made of gold and this choice
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FIG. 1. Particle identification plots with the relation of Z and
A/ Q of the measured nuclei. The left panel identifies the secondary
beam in front of the Au reaction target with BigRIPS spectrometer
(see text). The right panel shows the distribution measured with the
Zero Degree Spectrometer after the target (see text) and with "°Ni
isotopes selected in the incoming beam distribution.

is due to the high value of Z and to fact that this element is
mono-isotopic. Moreover, when gold nuclei are excited, the
emitted y rays with the largest intensity; namely, those from
the first-excited state, have energy less than that of the region
of interest. Reaction products from the secondary target were
identified by using the Zero Degree Spectrometer [19,20]
in large acceptance mode [see PID Fig. 1 (right panel)].
The y rays produced at the secondary target were detected
with a setup including two arrays: one being DALI2 [21]
and consisting of 96 Nal(TI) scintillators, mainly covering
the central and backward angles, and the other array being
HECTOR™ and consisting of eight large-volume LaBr;:Ce
scintillator detectors [22] placed at forward angles. DALI2
was mainly used as a high-efficiency multiplicity filter, while
HECTOR™ was devoted to the y-ray spectroscopy up to high
energies (up to around 15 MeV in the reference frame of the
emitting nucleus). The latter was placed at 44 cm from the
target and in the forward direction at an angle of 30°. The
intrinsic energy resolution (full width at half maximum, or
FWHM) of LaBrj3:Ce was 1.60% at 6.31 MeV. The efficiency
was 0.90% at 1.836 MeV (measured by using a %Y source),
a value reproduced within 2.0% by a Monte Carlo simulation
for this experiment obtained by using the code GEANT4 [23].
At higher energies the efficiency was measured with different
radioactive sources and high-energy y-ray beams [24]. The
time resolution of the LaBr3:Ce detectors was 1 ns (FWHM)
for in-beam events, and this allowed us to reject a large
fraction of background events. To select Coulomb excitation
events, the condition of detecting scattered 7ONi ions at 0° with
an opening of 28 &= 5 mrad was applied. The nuclear contri-
bution here amounts to 10(5)%. This value was deduced from
measurements with 7>Ni and "*Zn beams on a '>C target [25],
which were made at the same energy and by using similar
detection conditions of this experiment. The measured nuclear
reaction cross sections were finally validated by calculations
based on the distorted wave Born approximation (DWBA)
and coupled-channel (CC) approaches, which were performed
by using the computer code ECIS [26]. For these calculations
the optical potential employed was the one from Furumoto
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FIG. 2. The measured Doppler-corrected y-ray spectrum in the
two extreme regions measured in the experiment. The low-energy
region in the left panel shows the excitation of the 2+ state in "°Ni.
The high-energy region is shown in the right panel. The average
counts in the region 20-50 MeV are assumed to be a background

that was extrapolated to the region of interest (4—14 MeV) and then
subtracted.

[27-29]. The angular position of the outgoing "°Ni ions was
measured event by event in order to correct for the Doppler
effect. After Doppler reconstruction, the energy resolution of
the LaBr;:Ce detectors was, on average, 9%.

Figure 2 shows the measured y-ray spectrum for 7°Ni
in two different energy regions. The left panel displays the
Doppler-corrected y-ray spectrum up to 3 MeV and in the
right panel are displayed the data above 15 MeV, the latter
in bins 1.6 MeV wide. Note that the shape of the spectrum
between 20 and 50 MeV is basically flat because of the
lowering of the virtual photon flux and the very small y-
branching no signals from the giant dipole resonance (GDR)
is expected, but only a few counts of background, mainly from
cosmics. For the evaluation of this background the approach
of taking a line extrapolated by a regression fit has been
used, as shown in the right panel of Fig. 2. The peak in
the left panel corresponds to the excitation of the known 2%
state at 1.260 MeV. The population cross section and B(E?2)
value of 428(£50)(4£200) ¢*fm* for this excited state is
found to be consistent within the error bars with the B(E2)
reported in Refs. [30,31]. The discussion of the measurement
of the B(E?2) extracted with this experiment is the subject of
another presentation since the theoretical models addressing
this quantity differ from those existing for the B(E1) at higher
excitation energy.

The measured y-ray spectrum for "°Ni in the region 2—13
MeV is shown in Fig. 3. It was obtained by using the LaBr;:Ce
data requiring scattered "°Ni ions and applying a narrow gate
on the time of flight of the y rays (£l ns). To favor the
detection of ground-state decays this spectrum was obtained
by requesting multiplicity one for y-ray emission. Because
of the excitation mechanism, this spectrum at E > 4 MeV is
expected to be dominated by E1 transitions. This is supported
by the measurement of the ratio of the cross section in the
region 5-8 MeV with that of the 2% state as a function of
the angle of the detected y rays. These data, shown in Fig. 4,
are well reproduced by Eikonal predictions obtained with the
computer code DWEIKO [32] which uses the distorted-wave
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FIG. 3. Measured y-ray spectrum (thick line) and simulations.
The dotted and short dashed lines give the statistical decay of
the target and projectile, respectively. The long dashed line is the
extrapolation of the fit of counts above 20 MeV. The solid line is the
sum of these contributions.

approach. For these ratio calculations we assumed E1 decay
in the region 5-8 MeV together with the known E2 decay at
1.26 MeV and normalized the datum at 30° (see the red curve
in Fig. 4).

The measured spectrum of Fig. 3 contains direct decays but
also decays from compound nuclei. The latter was computed
with the statistical model [8,33] and considering the decay
of the excited nuclei of the target and of the projectile (the
dotted and short-dashed lines in Fig. 3, respectively). These
calculations of the y-ray emission were made by using the
code GEMINI++ [34,35], which employs a Monte Carlo ap-
proach. The calculations of the y-ray emission were done
at each excitation-energy bin, starting from the population
of states of 1~ type with a cross section decreasing as a
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FIG. 4. The plot shows the ratio of the yield in the region
5MeV < E, < 8 MeV with that of the first 2" state as a function
of the angle of the emitted y rays. The corresponding distorted wave
predictions (eikonal type) for this ratio assuming E'1 and E2 decay
is shown with a red curve.
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FIG. 5. (a) Quantities used to obtain the cross section in panel
(c) and in Fig. 7 (lowest panel). The kinematical factor contains the
virtual photon number (VPN) and energy of the photon. (b) The y /n
branching ratio. The shaded area shows the uncertainty [38] for the
level density used in the statistical model. (c) The cross section for
the Coulomb excitation of "°Ni as a function of energy (full drawn
line). The data for %8Ni [8] are shown with a dotted green line.

function of excitation energy in the same way as that of the
virtual photon spectrum (see top panel of Fig. 5, showing
the kinematical factor containing the inverse of the virtual
photon spectrum). This is also supported by the measurement
of the angular distribution of the high energy gamma-rays. For
the E1 strength a single Lorentzian centered at 18.02 MeV
(13.73 MeV) and with a width of 6.73 MeV (4.74 MeV)
was used for °Ni (17 Au). For the level density, an important
quantity to deduce the gamma decay in competition to the
neutron emission, the value from the RIPL3 database [36]
was used. This level density was chosen since it is the one
which is presently widely employed. In the next section the
calculation of values of the y /n branching ratio are described
and shown in Fig. 5. Other important quantities considered
for these calculations are the target thickness, the number
of incident particles, the detector response function, and the
Doppler correction. To mimic the experimental conditions
which allow us to determine the velocity and angle of the
emitting projectile nuclei only, the emission from the excited
target nuclei was corrected by the Doppler of the projectile.

This resulted in the emission spectrum from target nuclei to
be decreasing very fast within 4 MeV. The computed sum
spectrum obtained by adding the statistical model calculations
(for the target and of the projectile) and the background (the
continuous red line in Fig. 3 assumed to be due mainly to
cosmics events and deduced from the counts in the interval
20-50 MeV) was subtracted from the measured spectrum and
this resulted in the yield of interest discussed in the next
section.

III. E1 STRENGTH

The measured y-ray spectrum for ’°Ni in the region
3-13 MeV was used to obtain the electric-dipole strength
for this nucleus. The experimental yield, after subtracting
the contribution due to the statistical emission of the target
and projectile was then converted into the excitation cross
section. For this purpose the standard kinematical factor [in
Fig. 5(a)] was used. The latter was deduced by using the
method in Ref. [37] and assuming virtual photons of E'1 type.
In the region above 7.3 MeV (a value of S, for "°Ni) the
y/n branching ratio [in Fig. 5(b)] was taken into account
to determine the excitation strength. Owing to the detection
resolution, a measurable branching starts from 7.9 MeV. The
y /n branching ratio is a critical point in the analysis and is
found to depend mainly on the level density, which is not
always well pinned down experimentally.

The computation of the y /n branching ratio is done within
the statistical model by using the computer code GEMINI++
for calculating the decay cascades. The calculation of this
branching requires as input three quantities: One is an as-
sumption of the entry point taken as the population of states
of 17 type since at the virtual photon spectrum is dominated
by E1 ones at angles at which the measurement is made.
The second quantity is the neutron transmission coefficient,
and for this we used the value tabulated in the GEMINI code,
which was deduced by making use of neutron absorption
cross sections and by using the principle of detailed balance.
The third and most important quantity, on which this ratio
has the strongest dependence, is the level density. In our
case we used the level density given in the RIPL3 database
[36], which is presently widely employed. Moreover, a recent
measurement of the level density of E1 states in the region
6-20 MeV for the nucleus *°Mo [38] was compared with
three different calculated level densities and it was found that
only the prediction from the RIPL3 database reproduces the
data. For our analysis we then considered as uncertainty the
experimental uncertainties of the work on %Mo [38]. This
choice resulted in the shaded band areas in Figs. 5(b) and 6.

The Coulomb excitation cross section for °Ni as deduced
from y-ray emission events is shown in Fig. 5(c) in the
region 2-13 MeV together with the data from the previous
measurement for ®*Ni [8]. The measured spectral distribution
for °Ni is characterized by two distinctive features: one is an
increase of strength followed by a drop of counts at around
8 MeV due to the neutron emission threshold which reduces
the y-ray emission; the other is a general raising trend of the
cross section above the neutron binding energy, although with
fluctuations due to the low statistics of counts in the measured
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FIG. 6. The E1 strength extracted from the data of Fig. 7(d). The
filled (dashed) bars are the data below (above) 8 MeV (being S, =
7.3 MeV). The dashed line shows the standard Lorentzian (SLO)
values [39] for the giant dipole resonance (GDR) with centroid
Egpr = 18.2 MeV and width I'gpr = 6.7 MeV as from the database
[36]. The shaded area shows the confidence band of the E1 strength
due to the uncertainty in the level density used in the statistical model
calculations, which lies within the statistical errors bars. The lower
panel shows the running sum of the experimental E1 cross section
for "°Ni with the full-drawn line and with the shaded area including
errors. The same three different predictions as in the upper panel for
"ONi are also shown for the running sum (see text and the legend).

spectrum. It is in general difficult to infer the shape of the
B(E1) at the binding energy because the modeling of the
y /n branching shows an abrupt behavior. This behavior could
produce a type of an artifact for the B(E1) slope at 8 MeV
and therefore should be taken with caution. This is why, in the
same figure, we give the value used for the y/n branching to
make the reader aware of it. With the available information we
cannot do better but, on the other hand, by noticing that there
is a rising of the E'1 strength from 6 to 8 MeV one cannot
exclude that this is a bump peaking at about 7.5 MeV. If one
assumes the y /n ratio to be smoother at around 8 MeV one
obtains a slightly less sloping E'1 spectrum corresponding to a

change of 5% in the B(E1) value. However, one can see that
there is on average an increase of the cross section towards
the centroid of the GDR expected to be at around 18 MeV
[36]. By examining Fig. 5(c) one sees that improvements in
efficiency and energy resolution are key factors for this type
of studies. In addition, the comparison of the 7ONi data with
the % Ni data clearly shows that for the "°Ni nucleus there is an
additional strength at lower energy. A simple explanation, also
justified by the existing systematics on stable nuclei, could be
related to the increase in neutron number by going from ®*Ni
to "’Ni. Note that the experimental sensitivity to decays below
neutron binding was much lower in the case of ®®Ni than in the
present experiment.

The E1 strength corresponding to the measured cross
section is shown with filled (dashed) bars below 8 MeV (above
8 MeV) in Fig. 6 (upper panel) as a function of energy. The
difference in visualization is to recall the correction that was
made by using the y/n branching. The energy resolution of
the detectors (varying between 0.9 to 1.8 MeV going from
6 to 12 MeV) does not allow us to identify fine structures
in the strength function. The shaded area at energy E >
8 MeV shows the deduced strength when the uncertainty in
the y /n branching is taken into account (as described above
in connection with Fig. 5).

The deduced E'1 strength and the fraction of the energy-
weighted sum rule (EWSR) are 1.06 & 0.14 ¢* fm? (1.5% +
0.2%) at 6-8 MeV and 2.2 + 0.4 ¢*>fm? (4.8% + 0.9%) at
8-12 MeV. One important uncertainty in the normalization
is due to the presence of isomeric states in the beam. The
isomeric content of the beam was measured with the same
experimental setup and beam condition in another dedicated
measurement [25]. The value of 6.9(9)% was found and
thus a number of ions corresponding to this fraction was
subtracted in the case for the determination of the first 27" state
from the total measured ions to determine the cross section
for prompt-y-ray emission. In this way we are in the same
conditions as those of the direct kinematic experiment where
the nuclei in the target are in the ground state. Concerning
the GDR built on the isomeric 8% state, this contribution is
included (see, e.g., Ref. [40] presenting data with gates on
isomeric states). The systematic error of the B(E1) includes
the correction due to the feeding of high-energy y rays into
the first-excited state. For this purpose, y-y coincidences
were used. The total number of high-energy y rays (with
E, >4 MeV) in coincidence with the first-excited states
corrected for efficiency divided by the number of single events
provided the feeding. It was found to be 8(2)%. One can note
a significant excess of strength around S, as compared with
the simplest prediction [dashed line in Fig. 6 (upper panel)]
based on a single Lorentzian function (SLO) for GDR [36,39]
not including a pygmy strength.

Several predictions are available for the E'1 response in
"ONi which use different approaches in terms of the involved
nuclear configurations and interaction types [41-47]. It is
interesting to compare them to the present result by using
the running sum quantity. Figure 6 (lower panel) shows this
comparison between experimental ’Ni data (full-drawn line)
and predictions including a shaded area of the experimental
uncertainty around the data. The different predictions are
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FIG. 7. Comparison of theoretical calculations of the E1 cross
section distribution with the experiment. (a)—(c) The predicted E1
cross section for "’Ni is shown for three different predictions for "°Ni
(see text). (d) The measured cross section for the Coulomb excitation
of "Ni as a function of energy.

(i) calculations made with the quasiparticle random-phase
approximation (QRPA) method and using as interaction the
Skyrme interaction denoted SkM* [41,42] [Fig. 7(c) and
dotted-dashed line in Fig. 6 (lower panel)]; (ii) calculations
made with the quasiparticle time-blocking approximation
(QTBA) method and using the interaction the Skyrme force
denoted SLy4 [43,44,48] [Fig. 7(b) and dotted line in Fig. 6
(lower panel)] and (iii) calculations made with the relativistic
quasiparticle time-blocking approximation (RQTBA) method
and using the interaction denoted NL3 [45-47] [Fig. 7(a) and
dashed line in Fig. 6 (lower panel)]. From the comparison of
the data with predictions one finds agreement for the QRPA
and QTBA calculations but only in the region £ > 9 MeV.
Both calculations are based on two different Skyrme effective
interactions and many-body techniques. The first is based
on the small amplitude of a time-dependent Hartree—Fock
(HF) calculation, the second includes important contributions
beyond the HF approach. In contrast, the RQTBA calculation,
allowing a parameter-free description of the fragmentation

of the 17 states induced by coupling to phonons, gives a
satisfactory agreement with the data at low energy but fails
above 8 MeV, resulting in an excess of strength. To see more
details of these calculations one should examine Fig. 7 which
shows the energy distribution of the cross section in the region
of interest in comparison with the data. Also in this case it is
difficult to select the theory which better reproduces the data,
although there is a common feature for the three predictions,
that of having strength also below the neutron binding energy.
It is clear that the predictions depend on the many-body
approach used (see also, e.g., Ref. [13] for ®®Ni) and further
effort, concentrating on the low-energy part, should be made
to improve the description of the data.

IV. CONCLUSION

This work has provided for the first time a measurement
of 1~ PDR states in "°Ni by using the Coulomb excitation
process populating selectively these states. The E'1 strength,
measured in the unstable nucleus in the region below and
above particle binding energy, suggests some softening of
the pygmy strength for "°Ni. In addition, the comparison of
the ®*Ni [8] and "°Ni data, in particular if integrated in the
region 6-8 MeV, shows an increase with neutron number.
This integrated strength is 0.6 & 0.22 ¢ fm? for ®*Ni and
1.06 £ 0.14 ¢*fm? for °Ni. However, it should be pointed
out that the experimental conditions for the *Ni data were
less ideal to probe that region and thus measurements with
better sensitivity are called also for this nucleus. At this level
the presence of additional undetected strength in **Ni below
neutron binding cannot be excluded. To be pointed out that a
very recent work on the y strength function of "°Ni provided
also some evidence of a pygmy strength below the binding
energy. In that work the experimental approach is different
and the signal for the PDR is related to the presence of
an upbend in the y strength function [49]. In addition, the
beta-decay approach used in that interesting paper is probing
only particular decay paths [50].

For the E1 strength the comparison between data and
theory is satisfactory above 9 MeV for predictions obtained
with the QRPA and QTBA methods (with the SkM and SLy4
interactions). At E < 9 MeV the predictions obtained with the
RQTBA method (and NL3 interaction) which include phonon
couplings give a better account of the data. Improved calcu-
lations require refined modeling which is needed to provide a
better interpretation of the experimental data [17,51-53].

It should be pointed out that efforts are presently being
made to perform fully microscopic calculations (e.g., the ad-
vanced large-scale interacting shell-model calculations [54])
to predict the fragmentation of the dipole and quadrupole
strengths around the binding energy. These calculations need
quite extensive computational power and are still under de-
velopment in this mass region for 1~ states at low-medium
energy [55,56].

Further studies are needed for the more neutron rich Ni iso-
topes to see whether there is a further softening of the pygmy
states and to learn more on the nature of these 1~ states, such
as their isovector and isoscalar components. For this last point
one needs to use also other probes (see, e.g., Refs. [57-60]).
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Recent results on unstable nuclei using as a target nuclei “He
and '2C were obtained for °O and %Ni beams showing the
expected presence of an isoscalar component in the pygmy
region. In light nuclei, however, single-particle states play a
role in the E1 response.

Another mass region of great interest, presently under
investigation with new measurements, is that of neutron-rich
Ca isotopes. There, predictions using complex computations
based on the shell model are available [54,55,61] for low-lying
states and masses and tested in experiments [62,63].

The most difficult experimental effort for the future is the
improvement of the energy resolution of the y-ray detection
which is a key issue to determine the fine structures that,
based on systematic studies in stable nuclei, are expected to be
present. The fine structure gives more insight into the nature
of these states. This improvement requires the employment of
y-tracking techniques as in the arrays AGATA and GRETA.

Moreover, this work calls for further development of a
theoretical framework describing the pygmy 1~ states below
neutron and around the particle binding energy. For example,
one direction could be a better modeling of the phonon
vibration couplings which are at play in general in many-body
systems and are known to provide the width of the giant dipole
resonance.
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