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Measurement of the Dipole Polarizability of the Unstable Neutron-Rich Nucleus *3Ni
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The E1 strength distribution in °®Ni has been investigated using Coulomb excitation in inverse
kinematics at the R3B-LAND setup and by measuring the invariant mass in the one- and two-neutron
decay channels. The giant dipole resonance and a low-lying peak (pygmy dipole resonance) have
been observed at 17.1(2) and 9.55(17) MeV, respectively. The measured dipole polarizability is compared
to relativistic random phase approximation calculations yielding a neutron-skin thickness of 0.17(2) fm.
A method and analysis applicable to neutron-rich nuclei has been developed, allowing for a precise
determination of neutron skins in nuclei as a function of neutron excess.
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The knowledge of the nuclear equation of state (EOS)
of neutron-rich matter is key for the understanding of
many phenomena both in nuclear physics and astrophys-
ics, ranging from the properties and reactions of neutron-
rich nuclei to supernova dynamics and properties of
neutron stars. Huge theoretical and experimental efforts
have been devoted in recent years to constrain the isospin-
asymmetric part of the EOS, i.e., the symmetry energy,
and its density dependence, see, e.g., Refs. [1-3]. The
neutron skin of neutron-rich nuclei is a property that is
directly related to the EOS of asymmetric matter close to
saturation density. The density dependence of the sym-
metry energy governs the neutron skin in nuclei as well
as the radius of neutron stars [4]. However, a precise
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experimental determination of the neutron-skin thickness
(AR, ,) remains challenging [5,6].

The electric dipole (E1) response of nuclei and, in
particular, its dependence on the neutron-to-proton asym-
metry, is governed by the symmetry energy and its density
dependence [7-10]. Recently, the low-lying E1 strength
appearing in neutron-rich nuclei, often denoted as pygmy
dipole resonance (PDR) [11], has been utilized to const-
rain the symmetry energy or the neutron-skin thickness
[7,12,13]. It has been pointed out by Reinhard and
Nazarewicz [8] that the electric dipole polarizability ap
of the nucleus provides a more robust and less model-
dependent observable to extract AR, ,. The dipole polar-
izability, indeed very sensitive to low-lying E1 strength
due to its inverse energy weighting, is defined as
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where o(E) is the photoabsorption cross section [9].

Tamii et al. measured the dipole polarizability of 2%8Pb,
amounting to 20.1(6) fm3/e?, and extracted its neutron-
skin thickness [5,14]. It has been demonstrated recently by
Roca-Maza et al. [10] that the mild model dependence of
such an approach, as discussed in Ref. [14], can be further
reduced by correlating the product of aj, and the symmetry
energy at saturation density J with AR, ,, yielding a
value of AR, , = 0.165(26) fm for 2*®Pb. (Here, we added
the experimental and theoretical errors given in Ref. [10]
quadratically.) The importance of independent measure-
ments of ap, and the parity-violating asymmetry for differ-
ent nuclei has been pointed out in Ref. [10] as well. One
would expect much more stringent constraints from com-
plementary measurements and, in particular, from neutron-
skin measurements for unstable neutron-rich nuclei, that
provide increased sensitivity due to larger skin thicknesses
and which can be measured systematically as a function of
neutron excess.

The redistribution of E1 strength as a function of
neutron-to-proton asymmetry is of great interest also
from a nuclear-structure point of view. Considering
neutron-rich nuclei, the appearance of low-lying E1
strength in the vicinity of the neutron separation threshold
has triggered considerable experimental [15] and theoreti-
cal [16] efforts in recent years. In contrast to their stable
counterparts [5,17-20], experimental evidence of low-
lying E1 strength (PDR) in unstable nuclei is still scarce
[11]. Apart from the particular effect of halo structures on
the low-energy response of nuclei at the neutron drip line,
the E1 strength of unstable nuclei has only been studied
for a few cases so far [12,21-25]. From the experimental
evidence for the PDR in '3°Sn and '32Sn [24] at excitation
energies around 10 MeV, exhausting respectively 7(3)%
and 4(3)% of the E1 energy-weighted sum rule strength
(Sewsr)- a first attempt was undertaken to determine AR,, ,
in 1301328n [12]. More recently, an experiment using
(v*, ¥") virtual photon scattering—where y* represents a
virtual photon—to investigate the low-lying E1 strength in
%8Ni has been carried out [25], revealing Sgpwsg = 5.0(1.5)%
under the assumption of a branching ratio for the direct y
decay of ~4% in the PDR energy region.

In this Letter, we present the first experimental mea-
surement of the dipole polarizability in an unstable
neutron-rich nucleus, providing a constraint on AR, ,
for ®Ni. This method will allow in the future for a
systematic measurement of how the polarizability and
neutron skin evolve along isotopic chains, which will
be of enormous value to further constrain the isospin-
asymmetric part of the EOS. The E1 strength in %®Ni
was investigated by analyzing the (y*, n) and (v*, 2n)
channels, allowing us not only to extract the resonance
parameters of the PDR and of the isovector giant
dipole resonance (GDR), but also to measure for the

first time the nonstatistical decay of %8Ni. In addition, a
vy-decay branching ratio for the PDR decay could
be extracted by comparing our result to a previous
measurement [25].

The investigation of the decay of radioactive nuclei
excited beyond the particle threshold requires a high-
efficiency, high-acceptance and kinematically complete
measurement in inverse kinematics. Therefore, the present
experiment was performed at the R*B-LAND setup located
at the GSI Helmholtzzentrum fiir Schwerionenforschung
GmbH in Darmstadt, Germany. A beam of stable %6Kr at
approximately 650 MeV /u was used to produce secondary
beams through projectile fragmentation on a 4.2 g/cm?
Be target with subsequent magnetic separation in the
FRS fragment separator [26]. ®®Ni was delivered to the
experimental area with a midtarget kinetic energy of
502.7 MeV/u. The electromagnetic excitation of ®8Ni
was achieved by using a 519 mg/cm? "Pb target [27]
and the excitation energy was reconstructed using the
invariant mass of the interacting system. In order to
disentangle the electromagnetic, nuclear, and background
components of the measured cross sections, auxiliary mea-
surements were carried out with a 187 mg/cm? "C target
and with an empty target frame. The nuclear breakup
contribution was determined using the measured data on
the "C target scaled to the nuclear radius of 2°Pb [28].
The tracking and identification of the charged species was
performed using several detectors along the beam path,
providing information on their nuclear charge, mass, and
momentum.

Projectilelike neutrons were tracked with the neutron
detector LAND [29]. This detector allows for time-of-
flight and position measurements of neutrons with a time
resolution of o, = 250 ps and a detection efficiency of
94% for single 500 MeV neutrons. The photon detection
was achieved with a Csl y-ray detector covering ~2m
in the laboratory frame and consisting of 144 crystals
arranged in a barrel geometry, with 12 azimuthal and 12
polar segments surrounding the beam pipe.

The complex detector response for neutrons and 7y rays
leads to considerable distortions in the various cross sec-
tion distributions. This has been accounted for in a proce-
dure involving the modeling of the decay of the excited
nucleus and the detailed understanding of the neutron and
y-ray detector response functions [28] and introducing a
new method based on a simultaneous fit of the measured
observables in order to extract an unbiased excitation-
energy distribution, as described below. The decay is
described according to a statistical model, and a nonstat-
istical decay component is included in addition. The
LAND response functions are obtained from neutron data
measured in a calibration experiment. For the Csl y-ray
detector, a GEANT4 simulation is used, describing both the
response of the vy decay of the excited projectile (fragment)
and the atomic background. The CsI detector used here
resulted in a better energy resolution but in a smaller
calorimetric efficiency than obtained with the 47 Nal
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FIG. 1 (color online). Differential cross sections as a function
of the neutron kinetic energy for the (y*, 1n) (upper frame) and
(v*, 2n) (lower frame) channels in the rest frame of the incoming
%8Ni. The total neutron kinetic energy (open red squares) for the
(y*, 2n) channel is shown as well in the lower frame. See text for
the description of the fit functions.

detector in the Sn experiment [24]. The average of the
detected total energy released by photon decay, which is
a measure of the calorimetric efficiency of the CslI detector,
amounts to approximately 40%.

In Fig. 1, we show the neutron kinetic-energy differ-
ential cross sections for the ®®Ni(y*, n) and ®Ni(y*, 2n)
reaction channels in the rest frame of the projectile. In
addition, the sum of the kinetic energies of both neutrons is
presented in the lower panel as well, taking the correlation
between both evaporated neutrons into account. In order to
reconstruct the excitation energy using the invariant mass,
the Doppler-corrected y-ray spectra were also analyzed
for these two reaction channels (Fig. 2). The photon spectra
of both channels are dominated by the low-energy back-
ground originating from atomic interactions between the
beam particles and the Pb target. While no strong y lines
in the Ni(y* n) channel are observed (inset), the
2% — 0" (g.s.) transition at 1.42 MeV in %Ni is clearly
visible in the ®*Ni(y*, 2n) data.

In the present analysis, the neutron kinetic energies, the
total neutron kinetic energy (in the 2n decay channel), and
the reconstructed excitation energy were used simulta-
neously by the fitting algorithm. Establishing an unbiased
description of the spectral shape of the E1 strength distri-
bution, a series of 8 independent bins (as shown in Fig. 3)

E1 strength between the neutron threshold at 7.792 and
28.4 MeV. A x> minimization was performed using the
experimental data to adjust the cumulated strength in each
bin. The convoluted distributions of the obtained result are
shown in Figs. 1 and 2 as the fit functions of the respective
observable distributions. With the neutron and photon
spectra properly described, the result can be considered
as being the deconvoluted excitation-energy distribution
and is shown in Fig. 3, with the associated statistical
fluctuations and systematic uncertainties arising from cor-
relations among the bins due to the instrumental response
discussed above. The resulting spectral shape is robust
with respect to variations in the bin width, as long as these
values are not chosen to be smaller than the experimental
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FIG. 3 (color online). E1 strength distribution (histogram and
black data points) with GDR + PDR fit function (solid red line).
The GDR contribution (dashed blue line) and the GDR from
systematics (dotted gray line) are shown for reference. The
neutron threshold is indicated by the dashed vertical line at
7.792 MeV.
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TABLE I. GDR and PDR parameters for Ni from fit to E1
strength, as shown in Fig. 3. Included as well are the GDR and
PDR parameters from the literature.

This work  Literature  Reference
E, [MeV] 17.1(2) 17.84 [30]
GDR r [MeV] 6.1(5) 5.69 [30]
Sewsk (%] 98(7) 100
E, [MeV] 9.55(17) 11.0(5) [25,31]
PDR o [MeV] 0.51(13) <1 [25]
SEWSR [%] 2.8(5) 5.0(1.5) [13,25]

resolution. Considering the 2 of the description of the
experimental data by the deconvoluted result, we obtain a
value of 149.2/162 = 0.92 for the distribution shown in
Fig. 3. Removing the low-lying E1 strength increases the
value to y2 = 307.4/162 = 1.90. Our data also do not
reproduce well a PDR at 11 MeV as in Ref. [25], indicated
by an increase of y2 to 1.31.

The neutron kinetic energies in the 1n channel cannot be
described by a statistical decay alone (dashed line in upper
frame in Fig. 1). Since the 2n channel opens 5.81 MeV
above the 1n threshold, neutron energies far above this
value are not expected to be observed, unless a second
decay mode is considered. By adding a nonstatistical decay
component (see Fig. 1) to the fit procedure, in which the
excited nucleus decays to the vicinity of the A-1 ground
state by the emission of one highly energetic neutron, the
neutron Kinetic energies in the (y*, n) channel can be
described properly. The nonstatistical decay branching
ratio, considered constant over the energy range including
both the GDR and PDR, was obtained from the )(2 mini-
mization and amounts to 25(2)%, which is in good agree-
ment with the expected values for nuclei in this mass
region [30].

In order to extract the GDR and PDR parameters from
the E1 strength distribution, a function comprising a
Breit-Wigner curve and a Gaussian curve was fit to the
deconvoluted experimental data. The values obtained for
the centroid energy (E,,), width (I for the GDR, o for the
PDR), and Sgwsg are listed in Table I, which includes
the GDR parameters predicted by systematics [30] as
well. Figure 3 shows the composite fit function as well
as the strength attributed to the GDR alone. A slight shift
towards a lower centroid energy is observed for ®®Ni
compared to the systematics for stable nuclei. Extracting
the PDR parameters in this manner allows for a direct
comparison with the results obtained by Wieland et al.
[25], reporting a centroid energy of 11 MeV, a width of
less than 1 MeV and Sgwsg = 5.0(1.5)% (under the assu-
mption of a direct photon decay branching ratio from the
PDR region of ~4%). From this comparison, we extract a
direct y-decay branching ratio of 7(2)% for the decay of
the PDR in ®Ni, which is significantly larger than the
estimate of Ref. [25] assuming a statistical decay. The
slight difference of our result compared to the peak energy
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FIG. 4 (color online). Inverse energy-weighted dipole strength
(black dots) with FSUGold calculations of Piekarewicz [9] for
three neutron-skin thickness values for Ni. Inset: Experimental
dipole polarizability cumulated sum with corresponding
FSUGold calculations. The curve for the GDR from systematics
is shown as well for comparison.

of 11.0(5) MeV of Refs. [25,31] might indicate an energy-
dependent branching ratio.

We now turn to the extraction of the dipole polarizability
ap, which is enhanced by the PDR in neutron-rich nuclei,
as expected for species exhibiting an appreciable neutron
skin. Figure 4 presents the experimental inverse energy-
weighted dipole strength distribution [integrand of Eq. (1)]
of %8Ni compared to the results of a relativistic RPA
calculation by Piekarewicz [9], which uses the accurately
calibrated FSUGold parametrization of the mean-field inte-
raction. The variation of an empirical coupling constant
responsible for isoscalar-isovector mixing leads to a modi-
fication of the density dependence of the symmetry energy
as well as of the overall E1 strength. The tuning of this
parameter allows correlations between theoretical and
experimental quantities to be established, such as between
AR, , and &, [9]. The calculated dipole response functions
have been convoluted with the experimental energy reso-
lution for comparison. Three cases for different values of
AR, , are shown in Fig. 4 on top of the experimental data.

While the spectral shape of the inverse energy-weighted
dipole strength allows us to identify and separate the
regions of low-lying and GDR strength, the integral dipole
polarizability itself provides sufficient and robust informa-
tion to correlate AR, , with an experimental observable.
The inset in Fig. 4 depicts the cumulative sum, both
for the experimental data as well as for the calculated
curves. The experimental value amounts to ap =
3.40(23) fm?, evaluated with an upper integration limit
of 284 MeV. It is interesting to compare the extracted
ap value with the one resulting from the GDR alone (see
inset in Fig. 4). The polarizability of ®Ni is about 13%
larger than from an assumed GDR strength from system-
atics, where the largest contribution (~10%) to this differ-
ence comes from the PDR.
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FIG. 5 (color online). Correlation between neutron-skin thick-
ness and dipole polarizability in Ni using FSUGold [9]. The
shaded zones indicate the experimental errors on the measured
ap and extrapolated AR, , values.

Making use of the nearly linear relationship between ap
and AR, , provided by the calculations of Piekarewicz [9]
as shown in Fig. 5, we deduce AR, , = 0.17(2) fm for ®Ni
using the measured dipole polarizability. The same calcu-
lation which reproduces the measured a, in %Ni predicts
AR, , = 0.15(3) fm in 2®Pb, which is in very good agree-
ment with the values extracted in Refs. [5,10,14]. Applying
the method outlined by Roca-Maza et al. [10], excellent
agreement is also found with the measured value of «p
for 29%Pb [5,10]. A combined analysis, which is beyond
the scope of this Letter, will tighten the constraints on the
density dependence of the symmetry energy further. In
particular, future precise measurements for several neutron-
rich nuclei with an appreciable neutron skin using the
method presented here will be of great importance.

In summary, we presented results on the E1 strength in
the neutron-rich %Ni, with excitation energies spanning
the PDR and GDR regions. A bin-wise deconvolution
of the experimental data was performed and revealed not
only the GDR at its expected location, but also a PDR
described by a Gaussian at 9.55(17) MeV exhausting
2.8(5)% of the E1 energy-weighted sum rule strength. In
combination with a previous measurement [25], a surpris-
ingly large direct photon decay branching ratio for the
PDR of 7(2)% has been found. The dipole polarizability
was determined from the deconvoluted data for the first
time in an unstable nucleus, leading to a value of ap =
3.40(23) fm? integrated up to 28.4 MeV. A comparison of
this result with theoretical calculations yielded a neutron-
skin thickness of 0.17(2) fm for ®Ni using the measured
dipole polarizability. This result can also be compared to
the value of 0.200(15) fm deduced by Carbone et al. from
an analysis of the PDR strength in ®*Ni [13]. The method
described in this Letter will allow the measurements of the
dipole polarizability to be extended to more neutron-rich
systems, which will be important to understand and quan-
tify remaining model dependencies and to further constrain

the isospin-dependent part of the equation of state of
nuclear matter.
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