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Pygmy dipole resonance built on the shape-isomeric state in **Ni
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The pygmy dipole resonance (PDR) of % Ni was measured by Wieland ef al. [Phys. Rev. Lett. 102, 092502
(2009)] through virtual photon scattering and Rossi et al. [Phys. Rev. Lett. 111, 242503 (2013)] through a
photoneutron reaction. However, the PDR peaks are observed at different positions: 11 and 9.55(17) MeV
respectively. Our calculation based on the deformed relativistic random phase approximation suggests that the
discrepancy between these two measurements might be induced by the effect of the shape-coexistence isomeric

state in %®Ni.
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I. INTRODUCTION

The low-lying responses of a nucleus to an external electric
field can provide abundant information about nuclear structure
and excitation properties. Among them, the pygmy dipole
resonance (PDR) has been intensely discussed in recent years,
and fruitful achievements have been realized [1-6]. The PDR
is closely related to the neutron skin thickness [7-10] and is
expected to introduce meaningful constraints on the parameters
important to the nuclear equation of state, such as the slope of
symmetry energy L [11]. In the light nucleus ''Li, the picture
of this soft mode was proposed by Jonson [12] and Suzuki [13]
as the relative motion between two valence neutrons and a °Li
core. With enormous efforts for years, it has been shown that
this low-lying excitation mode, typically emerging in neutron-
rich nuclei, is induced by the loosely bound valence neutrons
oscillating against a compact isospin-saturated core. It has
been reported in some nuclei, such as 1384, 140Ce [14], and
12481 [15], that the low-lying electric dipole strength splits into
two different types. One of them, having isovector character,
can be observed in both («, @’y) and (y, y’) reactions, while
the other can be observed only in (&, o'y) experiments and
has isoscalar character. Whether the isovector part of the
pygmy dipole excitation is the low energy tail of the giant
dipole resonance (GDR) is still an open question. Therefore,
in this work, we regard the main part of PDR as isoscalar
vibrations.

The PDR of the unstable neutron-rich nucleus ®*Ni has
been measured in recent years. However, there is a strong
discrepancy between the results deduced from virtual photon
scattering (y*, y) [9] and photoneutron (y*,n), (y*,2n)
reactions [16], where y* represents a virtual photon. In both
measurements mentioned above, the beams of °Ni are pro-
duced by bombarding a Be target using *Kr. In the former
case, i.e., (y*, y), the electromagnetic excitations of %8N ions
are achieved by impinging them on an Au target and the y
rays emitted at the target location are measured. In the latter
case, the electromagnetic excitation is introduced by using a
Pb target and the invariant mass in one- and two-neutron decay
channels is measured. The low-lying photoabsorption spectra
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have been constructed and the PDR peaks are observed at 11
and 9.55(17) MeV respectively. Details of the experimental
setups can be found in the related references [16,17]. The shift
of the PDR peak positions has been discussed by the authors
of Ref. [16] due to a possibly energy-dependent branching
ratio. However, our study shows this might be explained
as the PDR being built on different shape states, i.e., the
spherical ground state and the shape isomeric state with prolate
geometry.

The appearance of isomeric states is an interesting phe-
nomenon in atom nuclei. In theoretical research, usually the
primary minimum of the potential-energy surface (PES) is
interpreted as the ground state of a nucleus, and in some nuclei
there is a secondary minimum (or several minima, separated by
energy barriers) which implies the occurrence of a metastable
state, such as a spin isomer, K isomer, shape isomer [19], etc.
Shape coexistence is thought to be important to interpret the
observed irregular yrast sequence in some nuclei [20], and the
relationship between shape coexistence and phase transition
is currently under debate [21,22]. The shape coexistence has
been found in many spherical nuclei near magic shells, e.g., the
nucleus Ni has been studied for years and several isomeric
states, both prolate and oblate, have been identified [23,24].
The first isomeric state (05) was reported lying at 1604 keV
[25] with a lifetime of about T = 390 ns [26]. Such an isomeric
state is implied in some relativistic mean field models, like
DD-ME2 [27] and NL3 [28], as a secondary local minimum in
the PES at (8 ~ 0.4, y = 0°), where 8 and y are Hill-Wheeler
coordinates [29], as demonstrated in Fig. 1.

The %Ni nucleus has a magic proton number 28 and
the neutrons fill up to pf orbitals, which makes the ground
state of this semiclosed nucleus spherical. In contrast, the
prolate geometry has a different particle-hole content: there
is a severe shell mixing between pf and 1g9/, orbitals.
The shape isomeric state acquires extra freedom through the
breaking of the rotation symmetry; it will definitely respond to
external electromagnetic perturbations in a different way when
compared to its spherical partner. This might be the missing
pagt8 to solve the conflict between different PDR measurements
in *°Ni.
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FIG. 1. PES of ®Ni predicted by the relativistic nuclear force
DD-ME2, generated using the code in [18]. Apart from the spherical
ground state (marked by x ), there is a prolate shape isomer (marked by
v)at(8 ~ 0.4, y = 0°). The NL3 model predicts a similar secondary
minimal and is marked by [J. The contours are drawn with spacings
of 0.5 MeV.

II. METHOD AND RESULT

Concerning the small amplitude vibrations in the vicinity
of an equilibrium position, the random phase approximation
(RPA) method [30] is a useful tool that is widely used in the
research of low-lying nuclear excitations in closed shell nuclei
[31,32]. The generalization of the RPA method by including
pairing correlations, namely, the quasiparticle random phase
approximation (QRPA) method, also has been developed in
a self-consistent framework [33] and has been applied in
the study of charge-exchange excitations [34,35]. Under the
nonspherical symmetry condition, the dimension of the QRPA
matrix increases rapidly and the diagonalization of the QRPA
equation becomes a serious numerical challenge. By truncating
the configuration space, some nonspherical QRPA calculations
have been performed [36,37]. Otherwise, the finite amplitude
method (FAM) is an alternative approach if one does not
need the details of every excited state [38,39]. Meanwhile,
we notice that the effect of the pairing correlation on PDR is
relatively small [40,41], and is sometimes omitted in related
studies [42,43]. Therefore, in this work, we adopt a deformed
relativistic RPA approach, assuming that the effect of the
pairing interaction on the results is mild and focusing on the
deformed isomeric state. Our RPA calculation is implemented
in a relativistic framework and is fully self-consistent; the
interaction used in the determination of the nuclear stationary
state and the evaluation of excitation properties are the same.
Moreover, the influence of the antiparticle states and the
time-odd components of meson fields are both considered.

The energy of the nuclear system can be described by a
functional of the density operator g [30],

E[p] = Tr(ep) + 3T Tr(pVp), ey

where € is the kinetic energy and the single-particle Hamil-
tonian is defined by 4 = 8 E/8p. In the single-particle space,
the static parts of the density operator and the single-particle
Hamiltonian are simple, i.e., pY = o8y and hY, = xSy,
where p, = 1 for “hole” states (below Fermi level) and p, = 0
for “particle” states (above Fermi level, also including the
antiparticle states in the Dirac sea). Under the small amplitude
approximation,

p(t) = p° + 8p(w)e " + 5pT (w)e'". 2)

p is a projector operator; that means p> = 5. Therefore, the
nonvanishing matrix elements of the transition density are 5o,
and 8py,, which leads to the variation of the single-particle
Hamiltonian,

oh oh oh
Sh=—8p=Y —8p+> —3ppp. (3
ap %: aIOph P th: alohp Phe

Substituting the above equations into the equation of motion
of the density operator, i.e.,

i9,p = [h, pl, “

then leaves us coupled equations for 80, and 80, which can
be expressed as

(& &)E)=e6 2)E) o

by introducing

Apnpne = (€p — €1)8ppSnnw + Vpwny,
op'hh - (6)
Here X and Y denote 50, and §p;,,, respectively, and the matrix
elements of the residual interaction are defined by
hge
dpoap
In our study, the relativistic mean filed force NL3 [28] is used,

the nucleons interact with each other via exchanging o, @, p
mesons and photon y. The two-body interaction reads

V(ri,r)=—g,B'Go(r1,1r2)g, B
+ gwﬂlquw("l - r2)gw,327u

+ 8, BV G, (r — 1), By

2
1 -1

>
where g, , is the coupling constants. The propagators of
®, p, v have Yukawa form e ""1="2l /4x|r, — r,|, while,
for the o meson, the form depends on the self-coupling
U (o), which is essential for a reasonable description of the
nuclear incompressibility [44] and can be solved from the
Klein-Gordon equation

[—A +m§ + U”(o)]Gg(I‘l, ry)=-=6(ri—rz). (9

The matrix elements of the residual interaction are calculated
by expanding the single-particle wave functions using a de-
formed harmonic oscillator basis [45]. The calculation details
as well as the validation of the numerical implementation,

B[)h[)/h/ =

(N

Va bed =

1
21—

+e G,(ri—r2) ®)
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FIG. 2. (a) Cross section obtained in the spherical case, smeared
with different width I (in MeV). (b) The solid line (Total) denotes
the cross section built on the prolate isomeric state, and the dashed
(dash-dotted) line denotes the K = 0 (K = 1) part.

especially the decoupling of the spurious states, can be found
in our previous work [46].

Diagonalizing the RPA equation (5) in the vicinity of the
spherical (SPH.) ground state and the prolate (PRO.) isomeric
state respectively, we will l§2et two sets of transition densities,
(X ;'hSPH', Y;;ISPH'} and {X ;’h Oy p”;,PRO'}, as well as the excited
energies w5t and wPRO-. The transition densities X and Y are
used to calculate the transition matrix elements of the electric

dipole operator through

(OIE1[v) = > ElypXs, + Elpu Y. (10)
ph

where |0) is either the spherical ground state |[SPH.) or the
prolate isomeric state |[PRO.), and |v) denotes the excited state
built on them correspondingly, i.e., |v, SPH.) or [v, PRO.). The
electric dipole operator can be expressed with the recoil charge
as [47]

Ne & Ze &
Buw=ry ;rl,ylﬂ iz Ernym. (11)

In order to get a continuous strength function, a Lorentzian
function is used to smear the discrete transition probabilities
relating to RPA states [48],

. 1 ry/2
R(w) = E110)*— , (12
(@) ;uvn 0P emer e 2
and the photoabsorption cross section reads [8]
m3e?
= R(w). 13
o () one @R@) 13)

I' is the width of the Lorentzian distribution; it controls
the sharpness of the distribution while having no effects on
the peak position. In Fig. 2(a), the cross section built on the
spherical ground state is smeared with different widths; the
larger I is, the more the peak is flattened.

The cross sections in these two cases have distinct behavior
both in the pygmy energy region (0—12 MeV) and the giant
energy region (12-35 MeV). In the giant energy region, the
dipole transition strength in the prolate case splits into two
wide peaks, mainly because the shape isomeric state is axially
deformed. From Fig. 2(b) we learn that the peak originating
fromthe K™ = 1~ channelis located higher than the peak in the
K™ = 07 channel. In the spherical case, the K = 0 part and the

0.2 1 17.54

0 17.29

Pop (fm ™)

FIG. 3. Theradial distribution of the dominant states contributing
to PDR and GDR in nucleus Ni, excited from the spherical ground
state. The density belonging to neutrons (protons) is expressed with
a solid (dash) line. The quantum number (K™) and energy (in MeV)
of each state is labeled at the up right corner.

K =1 part coincide. In the pygmy resonance region, the PDR
peak is well separated in the spherical case; however, in the
prolate case, GDR and PDR overlap significantly. Therefore,
it is necessary to separate the resonance structure belonging
to PDR in order to evaluate the related cross section correctly.
Such a requirement can be fulfilled by picking out the excited
states with strong isoscalar character, which will be revealed
in detail in the following context.

The radial distribution of the transition density §5 in the
axial symmetry case can be projected from the intrinsic frame
to the laboratory frame through

SpL(r) = /dcos@dgo(Sp(rl,z)Yf‘K(GJp). (14)

The isospin property of an excited state can be determined
by the transition density’s radial distribution, i.e., according
to whether neutrons and protons oscillate in phase or out of
phase. For instance, the GDR levels are induced by the relative
motion of neutrons against protons, therefore they have strong
isovector characters. In the PDR area, the dominant excited
states are caused by the vibration of excess neutrons, and the
neutrons and protons are oscillating in phase. The typical types
of the transition densities corresponding to GDR and PDR built
on the spherical ground state are shown in Fig. 3. It is easy
to see that in most areas the transition densities of neutrons
and protons have opposite signs (out of phase) for GDR levels,
while for PDR the situation reverses. In a quantitative analysis,
for example, one can label a state as “isoscalar” if the radial
distribution of neutrons and protons oscillate in phase in more
than 70% of the area. Such a treatment was proposed by Paar
et al. [5] (called “IS” percentage). Here, based on the distinct
patterns of the radial distribution, we define a coefficient

[ 7218pp(r) + Spu () Par
[ r2160,(r) = 8pu(r)2dr”

5)
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FIG. 4. Electric dipole excitations built on the spherical ground
state (SPH.) and the prolate isomeric state (PRO.) in ®Ni. The total
photoabsorption cross section and the isospin-scalar part are illus-
trated with solid lines (Total) and dashed lines (S part), respectively.
The smear width used in the calculation is I' = 1 MeV.

to describe the isospin character of an excited state. The
isoscalar states have rather large R’s while isovector states
have relatively small ones. (For states with strong isoscalar
and isovector characters, R’s differ by one order of magnitude.
For convenience, R = 1 is chosen in our work as the criterion
to distinguish isoscalar states and isovector ones.)

The isoscalar part of the electric dipole resonance can be
separated by picking out RPA excited states with R > 1, and
the corresponding cross section are generated, as the ““S part”
illustrated in Fig. 4 with dashed lines. In the spherical case,
almost the whole low-lying cross section is exhausted by
PDR, while in the prolate case the low-lying part contains
some mixing from GDR tails and can be ruled out by R.
Once the pygmy resonance is separated, it is clear that the
peak in prolate case (right panel) shifts to higher energy.
The centroid energiy Ece, = m1/mg is 10.89 MeV, where ith
energy weighted moment m; [30] is evaluated in the energy
region 8—13 MeV. In the spherical case (left panel), the peak
of PDR concentrates at about 9.25 MeV. The explicit values
of the centroid energy in each case will have a dependence
on the energy region [ Enin, Emax] Where the energy moment is
measured, as well as the definition of “S part,” i.e., the choice of
the critical R, but the shift is very small (tens of keV) and does
not change the main conclusion of the current investigation. It
is well known that the theoretical evaluations of the integrated
cross section f o (w)dw are overestimated by about 20%—40%
[8,43,49] compared to the classical one [47],

classical —

. NZ
ot o~ 60—= (MeV mb), (16)

where N, Z, A are the neutron number, the proton number,
and the mass number, respectively. Therefore, for convenience,
the ratios of PDR integrated cross sections are compared with
the energy weighted sum rule (EWSR) exhausted by PDR (the
total value of EWSR exhausted by PDR and GDR is about
100%—-105% in experimental measurements). In Table I, a
comparison of PDR parameters between two distinct geomet-
rical cases has been made. The calculated centroid energies
are in good agreement with experimental measurements in
both cases if one relates the experimental result of the y
decay to the prolate geometry and relates the result of the

TABLE 1. The comparison of PDR parameters in two different
geometry cases. The experimental data are extracted from [16] and
[9,11].

Ecen Uli;lgk O-li"gR/ U%:tml Expt. SEwsR
(MeV)  (mb MeV) (%) MeV) (%)
SPH. 9.25 84.8 6.77 9.55(17)  2.8(5)
PRO. 10.89 61.0 4.90 11.0(5) 5.0(1.5)

neutron decay to the spherical geometry. In the prolate case,
the integrated cross section corresponding to PDR is about
4.90%, which stays at the same level as the EWSR exhausted
by PDR that was measured in experiment, namely, 5.0(1.5)%.
In the spherical case, the calculated result (6.77%) is larger
than the experimental value [2.8(5)%] [16]. The discrepancy
between different PDR energies in the same nucleus **Ni from
different measurement methods implies that our understanding
about the low-lying electric dipole excitation in the shape-
coexistent nucleus Ni should be improved. In this work,
we approximate the excitation of the ®*Ni shape isomer by a
one-particle—one-hole transition built on the prolate deformed
isomeric state. The structure of PDR is separated from the
whole spectrum according to the strong isoscalar character. The
large deformation makes the dipole resonance structure split;
the peak of PDR is pushed to a higher position compared to
the spherical case. Our calculation may shed some light on the
nature of the pygmy resonance built on the shape isomeric state.

III. DISCUSSION

We notice that in the previously mentioned experiments
the averaged kinematic energies of the ®Ni ions before the
virtual y absorption happened are very close (600 MeV /u
in the y decay reaction [17] and 502.7 MeV in the neutron
decay reaction [16]). Therefore, unless the branching ratio of
each reaction channel is very energy sensitive, the peak of
PDR is unlikely to shift as high as about 1.5 MeV. When
the unstable nuclei %®Ni are produced by bombarding 36Kr
onto a Be target, shape isomeric states are expected to emerge.
Due to the sufficiently long half-life time, once produced, they
will survive to be transmitted to the electromagnetic reaction
target. It was reported in Ref. [26] that the fraction of the ®*Ni
isomeric 0; state is less than 1%, where ®Ni is produced
by the fragmentation of a 140 MeV/u %>Se beam on a °Be
target. This incidence energy is far less than the ones we
mentioned previously, namely, 900 MeV /u in the y decay case
[17] and 650 MeV /u in the neutron decay case [16]. Therefore,
if the isomeric ratio is energy sensitive, the shape isomers are
expected to share a larger percentage in the incoming ®*Ni
beams in the (y*, y) case, so there should be an enhancement
of the shape isomer’s influence on PDR as the ratio increases,
namely, pushing the PDR peak higher.

The second possibility is that the fragmentation of *®Ni
in neutron decay channel is incompatible with the shape
isomeric state. In the y decay channel, the nucleus is not
perturbed far from the equilibrium position, i.e., the shape
coexistence states. The excitation of prolate shape ®Ni ions
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via photon scattering will be detected. However, in neutron
decay channels, 68N} fragments into 67Ni or °Ni, the nucleons
will be rearranged, and then the delicate shape isomeric state
is destroyed. Therefore, the influence of the shape isomeric
state on pygmy dipole resonance does not manifests itself
in the (y*, n) or (y*, 2n) channels. To identify the collapse of
the shape isomeric state in this scenario, it is required to detect
the corresponding transition events. Fortunately, the isomers
always decay in particular patterns; e.g., for the ®*Ni nucleus,
the 05 state decays through internal pair production, emitting
the signature 511-keV y line [23-25].

A way to check whether the energy-dependent isomeric
ratio or the collapse of the isomeric state matters is to set up the

electromagnetic excitation of O8N} by the same means, i.e., the
same incident energy and the same target. If the measurements
in the photon scattering and the photoneutron channel coincide
with each other, it will be proof of the energy sensitive isomeric
ratio; otherwise, if the measurements still mismatch, it might
be a strong hint of the collapse of the shape isomeric state in
the photoneutron reaction.
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