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Skyrme random-phase approximation analysis of low-energy dipole states in oxygen isotopes
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Low-energy dipole states in oxygen isotopes are investigated using a Hartree-Fock plus random-phase
approximation calculation with Skyrme interactions. We obtain the lowest energy dipole state as isoscalar
dominant on the spherical ground states of 220, while that in 2*O couples to the continuum states. This suggests
that the nature of low-energy dipole mode in light nuclei changes at N = 16.
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I. INTRODUCTION

The low-energy dipole (LED) state is one of the key
ingredients to investigate the properties of nuclear excitations,
and has attracted attention in connection with neutron stars,
nucleosynthesis, the nuclear equation of state, and so on. The
LED state appears around neutron separation energy S,,, having
sizable strength up to several percent of the Thomas-Reiche-
Kuhn sum rule, especially in unstable nuclei. It has been
observed in many mass regions, e.g., *3Ca [1], %Ni [2], *°Zr
[3], *2Sn [4], and 2**Pb [5].

It was found from recent experiments [6—10] that the LED
state in medium-mass and heavy-mass nuclei has two com-
ponents. The lower-energy component has isoscalar (IS) plus
isovector (IV) character, whereas the higher-energy component
has IV dominant character. This phenomenon is called the
isospin splitting of LED, and recently it was suggested that
the LED isospin splitting holds in an unstable light nucleus
[11].

LED states are often interpreted as collective oscillation of
the neutron skin and the remnant core [12,13], which is IS
dominant. However, its nature is still under debate. Reference
[14] implies that the strong IV character of LEDs (IV-LEDs)
is due to the coupling to the continuum in light neutron-rich
nuclei. Although there have been many theoretical studies [15—
18] devoted to clarify the properties of LED, the underlying
structure of the LED isospin splitting is not well understood
yet.

A recentexperiment [11] confirmed that in 2°O there are two
dipole states, at 5.36(5) and 6.84(7) MeV below §,,, and showed
that the lower-energy state has stronger IS character, namely
the LED isospin splitting holds in 2°0. The random-phase
approximation (RPA) calculation with Skyrme interactions
was performed, and it produced one dipole state having IS
character, which is made from proton excitations rather than
neutron excitations. LED states are observed in "0 [11,19—
24], and the lowest energy dipole state in '°0 is known to be IS
dominant. Shell model calculations [22,25,26] produce LEDs,
but their properties are not discussed.

To investigate nature of the LED in oxygen isotopes in
connection with the LED isospin splitting, we study LEDs of
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1240 using a Skyrme-RPA calculation by focusing on the
neutron number dependence of the LED isospin character.
While the RPA calculation has difficulty in describing exci-
tations of light nuclei in which the cluster correlation plays
important roles, the preceding RPA calculation [27] succeeded
in reproducing the lowest energy dipole state of 1°0. We apply
the RPA calculation to '“>*O after confirming its applicability
and limitation. The pairing correlation is neglected in this
paper. Although the pairing correlation would change shapes
of ground states and cause accompanying rearrangement of the
dipole excitation modes, it does not produce additional dipole
excitations [28], unlike the quadrupole excitation. We simulate
the effect of the pairing correlation by taking spherical ground
states that the pairing correlation prefers.

The manuscript is organized as follows: Section II reviews
briefly the Hartree-Fock (HF) and RPA calculation. In Sec. 111,
we analyze LED in oxygen isotopes. First, we calculate LEDs
in '°0 and compare results with the experimental data in order
to confirm applicability and limitations of the Skyrme-RPA
calculation for oxygen isotopes. While the previous RPA
calculation in Ref. [11] was performed with the deformed
ground state, the present calculation is done with the spherical
ground state. With the present calculation, we suggest another
interpretation of the observed dipole states in 2°0. We follow
with a discussion of the neutron number dependence of the
LED structure for the oxygen isotopes. Conclusions are given
in Sec. IV. A part of the result was reported in Ref. [11].

II. METHOD

We employ the HF+RPA approach to describe excitation
states of oxygen isotopes. The numerical code used in the
present calculation is a revised version of the code developed
in Ref. [29]. Here we recapitulate the HF+RPA formalism. For
other details, we refer the readers to Ref. [29].

We use the Skyrme effective interaction. The pairing cor-
relation is neglected. The adopted Skyrme interactions are
SkM* [30], UNEDF1 [31], and SLy4 [32]. SkKM* is one
of the most used Skyrme interactions for nuclear structure
calculations. UNEDF1 was recently designed to reproduce
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various experimental data in a wide range of the nuclear chart.
SLy4 was constructed to reproduce a theoretical equation of
state [33] and some experimental data in a wide mass region,
especially for neutron-rich nuclei.

The size of the RPA matrix is reduced by assuming the
reflection symmetry of the ground state with respect to x = 0,
y =0, and z =0 planes. We adopt the three-dimensional
coordinate representation with uniform mesh spacing h =
0.5 fm within a sphere of radius Rpox = 20 fm.

The E'1 operator D is expressed as

DI SIALICIN
iep ien

after the center-of-mass correction. Here i is the index of
nucleons and i € p (i € n) indicates that the sum runs over
protons (neutrons). The E'1 strength from the ground state |0)
to the excited state |«) in an even-even nucleus is B(E1;a) =
|{(a| D|0)|*. For the one-particle—one-hole excitations, we cal-
culate the transition amplitude («|D|0) within the HF+RPA.
The same holds for the compressional IS dipole (ISD) operator
Drs,
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The calculated excitation state is analyzed by use of particle-
hole (ph) contribution Cpp, and transition density §p. The ph
contribution of an excitation from orbit i to orbit m is evaluated,
with the forward and backward amplitudes X;(r) and Y;(r), as

Coi = | Xim|* = Yim|%, 3)

in which X;,, is extracted from X;(r) as
Xim = /dr ¢, (1 X(r), “4)

and similarly for Y;,,. Here ¢,, is mth wave function and the
spin indices are omitted for simplicity. The transition density
3p is expressed as

Spry =Y {¢r () Xi(r) + Y7 (r)ei(r)) &)

ien,p

and the decomposed transition density regarding the ph exci-
tation from i to m orbits, §p;_., is calculated by

8pi>m(r) = ¢ () (r) Xim + Y}, (r)y, (r). (6)

The radial dipole transition density 8o, —(r) is calculated from
ép as

8oL () = / 42 rYO(Q) sp(r). )

In some cases, the transition density §p and the ph contri-
bution Cp, give different interpretations of excitations. The
cause is as follows. The transition density is calculated as
Sp ~ th Xpn¢sén (where we neglect Yy, for simplicity).
So, dp is approximately of order O(Xpn), whereas the ph
contribution Cp, ~ |Xph|2 is of order O(Xgh). Combining
the normalization condition 3 (I Xpn|* — |Ypn|?) = 1, the ph
excitations having small contributions to §p are evaluated
to be much smaller in the ph contribution Cpp. A typical
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FIG. 1. Low-energy dipole states in '°O, calculated with three
Skyrme interactions, are compared with experimental values [34].
Observed proton single-particle level spacing [35] and calculated level
spacing are shown at the bottom.

case is neutron emission mode; while a certain configuration
exhausts almost unity of the ph contribution, Cp, ~ 1, both
proton and neutron have non-negligible dp, which describes
the remnant core receiving recoil motion. This characteristic
feature becomes more noticeable approaching drip-line nuclei.
Therefore, in order to appropriately investigate properties of
calculated excitation states, we use both 60 and Cpy.

III. RESULTS AND DISCUSSION

A. Low-energy dipole excitation in 0

Figure 1 shows the calculated excitation energies of the LED
states in '°0 with experimental data [34]. The excitation energy
E,,ISD energy-weighted sum rule (EWSR) fraction fisp [36],
and E'1 strength B(E1) of observed 1~ states and calculated
states 1, are listed in Table L. The calculated E, of 17, states

TABLEI. Experimental and calculated excitation energy E,, ISD
EWSR fraction fisp, and dipole strength B(E1) of low-energy dipole
states in '°0.

E, (MeV) fisp (% of EWSR)  B(E1) (e*fm?)
Experimental data in '°0
1y 7.11685(14) 4.2 1.5(1) x 107
15 9.585(11) 2.7(5) x 1073
13 12.440(2) 5.7(8) x 1073
1 13.090(8) 1.3(2) x 1072
1] o state in '°O
SkM* 6.41 1.25 3.6 x 1074
UNEDFI 7.79 1.67 54 x 107
SLy4 9.52 2.57 21.8 x 107*
15 ¢y state in '°O
SkM* 9.68 0.008 5.09 x 1072
UNEDF1  10.30 0.006 3.16 x 1072
SLy4 10.83 0.016 5.85 x 1072
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FIG. 2. Radial transition densities r?8p;—1 (r) of 17 , 15 o States,
and neutron emission mode in '°0, calculated with the SKM* inter-
action. Thick solid blue and thick dashed red lines denote neutron
and proton transition densities. Thin dashed red and thin long-dashed
green lines denote neutron transition densities decomposed to 1p3,
and 1p;; hole orbits, respectively.

are scattered depending on the interactions used. Differences of
the calculated E, of 17, states come from the level spacing of
the single-particle energies €, denoted in the bottom of Fig. 1.
Narrower level spacing produces lower excitation energy. The
calculated fisp are smaller than experimental data, while the
B(E1) values are overestimated. This trend is also seen in other
RPA calculations [27].

The transition densities of the 1, state calculated with
SkM* are plotted in Fig. 2(a). Proton and neutron transition
densities §p™ and §p" are almost the same, indicating that this
state is ISD, in which the proton and neutron act coherently.
The transition densities have nodes at » ~ 3.2 fm, in good
agreement with the measured transition density [20] as well
as the preceding RPA calculation [27]. UNEDFI1 and SLy4
interactions produce similar transition densities, as shown
in Fig. 3 in which we plot the proton transition densities
calculated with three Skyrme interactions. However, these
well-reproduced transition densities give different fisp and

A ———= SkM*
—-—-=— UNEDFI

-0.1

FIG. 3. Protonradial transition densities r28p7_, (r) of 17, states
calculated with SkM*, UNEDF1, and SLy4 interactions.

TABLEIL Calculated particle-hole contributions Cyy, of 17, and
15 . states in '°O.

SkM* UNEDF1 SLy4
17 . state in '°0
v:lpip— 251 0.416 0.391 0.322
v lpsp — 1dsp 0.031 0.034 0.029
v 1psp — ldsp 0.016 0.021 0.013
7w piyy — 281 0.455 0.479 0.561
T 1p3/2 — 1d5/2 0.031 0.035 0.038
o 1psp — 1dsp 0.012 0.014 0.014
15 . state in '°O
v:lpip— 2510 0.488 0.494 0.581
v: lp3p — ldsp 0.014 0.014 0.022
e piyy — 281 0.464 0.435 0.357
7 1psp — 1dsp 0.011 0.007 0.008
7w 1psp — 1dsp 0.006 0.004 0.005

B(E1)values (see TableI). This differential can be explained as
follow. The fisp (i.e., ISD strength) and B(E1) are obtained as
the radial integral of the transition density. Since the transition
density has a negative part up to the node (~3 fm) and positive
part above the node as shown in Fig. 3, the small difference
in the transition density leads the large difference in fisp or
B(E1) values.

In Fig. 2(a), we also plot the neutron transition densities
decomposed to 13/, and 1p s, hole states, Spfp3/2 and 8,0})p]/2.
Those for protons are not plotted since they are almost identical
to neutrons. Both of p], ~and 8py, = have sizable but out-
of-phase contributions to §p”. More detailed analysis of the
transition densities decomposed to ph excitations shows that
Yol i is made from three ph excitations, from 1p3; to 1ds,
1d3 >, and continuum sates, all of which have quantitative and
coherent contributions, while 57 e is made mainly from one
excitation, 1pi/, — 2s1,,. It is instructive to point out that
these contributions to §p are apparently different from the ph
contributions Cp, shown in Table I, in which we list the three
largest Cpp, values for the proton and neutron. The neutron and
proton 1p;» — 25y, excitations exhaust alarge fraction of the
contribution, ~0.87, and the ph contributions related to 1p3»
states are rather small, irrespective of the Skyrme interactions.
Even summed ph contributions from 1 p3, states to all particle
states of the proton and neutron carry Cp, ~ 0.1 only, although
8p1ps,, and 8p1p, , have comparable contributions to ép.

The observed 1, state at 9.585(11) MeV is known to be
12C + o cluster state [37—44]. The RPA calculation does not
describe such a cluster state. The calculated second lowest
dipole state 1, ., appears at ~10 MeV, with an IV dipole
character. Similar to the 1; <a1 State, the decomposed transition
densities dpy, , and dp;, ,~ have large contributions with
opposite signs [Fig. 2(b)], and the main ph excitations are
1p1/2 — 2512 excitations of the proton and neutron (Table II).
On the other hand, in contrast to the 1, state, the 1,
state has negligibly small fisp and large B(E1) as shown in
Table I. This 1, state is considered to correspond to the 1
state at E, = 13.090(8) MeV which has IV character and large
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spectroscopic factors of 1p3,, and 1p1, orbits [45,46]. Since
Skyrme interactions underestimate the level spacing of 1p;,
and 1dsp, 251/, orbits (see bottom of Fig. 1), the calculated
excitation energy of the 1, ., state is lower by a few MeV than
that of the observed 1, state. The main difference between
the 17 ., and 1, ., states is that the proton and neutron act in
phase or out of phase, i.e., they have IS or IV character. This
isospin behavior is consistent with the LED isospin splitting
observed in the experiments: the lower-energy (higher-energy)
component has stronger IS (IV) character.

It is worthwhile to note that the nucleon emission mode
has a transition density which is different from those to the
bound excited states. An example is shown in Fig. 2(c), in
which we plot the transition density of the neutron emission
mode appearing at 14.4 MeV with an adjusted vertical scale
for comparison. Inside the nucleus, the proton and neutron
move coherently while only the neutron has a large transition
density outside. These transition densities apparently resemble
those of the so-called pygmy dipole resonance, i.e., collective
oscillation of the neutron skin and the remnant core, but §p” has
along tail which comes up tor 2 10 fm. This slow damping of
8p" reflects the neutron excitation to the continuum state which
is expressed by the plane waves. Also the neutron emission
mode has a characteristic Cpyp, that is, a certain excitation to
the continuum state exhausts almost unity. In the present case,
the neutron excitation of 1p;,; — continuum states carries
Cpn = 0.93. Therefore we can identify nucleon emission mode
from §p and Cpp,.

As a summary of °O calculations, the Skyrme-RPA calcu-
lation fairly reproduces the properties of 1] state, i.e., the ISD
state, and produces the LED isospin splitting. However, it is
difficult to reproduce excitation energies E, of LEDs, which
are sensitive to the single-particle levels. And, as is known, the
RPA calculation does not describe many-particle—-many-hole
states, including cluster structure.

B. Low-energy dipole excitation in 2’0

Next, we move to the LED states in 2°O to interpret the result
obtained in Ref. [11]. The Skyrme-HF calculations produce
a prolately deformed ground state of 2’0 with quadrupole
deformation parameter 8, ~ 0.2. The RPA calculation with
SkM* on top of the deformed ground state gives one dipole
state at 4.45 MeV below neutron threshold energy |A, |, which
is defined from the neutron Fermi energy A,. Some of the
results with this deformed ground state have been shown
already in Ref. [11]. This 4.45 MeV dipole state couples the
octupole mode due to deformation. This indicates that octupole
states have some dipole strength in a deformed nucleus. In
the 2°0 case, the octupole state appears at 7.4 MeV with a
small B(E1) value. We neglect it since we pay our attention
to the dipole state in this paper. The second lowest dipole
excitation appearing at 8.7 MeV, which is above [A,], is a
neutron emission mode. The excitation energy E,, ISD EWSR
fraction fisp, E 1 strength B(E 1), and neutron threshold energy
|A,.| calculated with SKM* interaction are listed in Table IIT
with experimental data. Here, although the deformation splits
the dipole state into two states with an energy difference of a
few tens keV, we treat them as one state and pick up the K = 0

TABLEIII. Properties of observed and calculated dipole states in
0. The SKM* interaction was used.

E, fisp B(E1) Sy or [ Ay

(MeV) (% of EWSR) (€*fm?) (MeV)

Expt. 17 536(5) 2.70(32)  3.57(20) x 1072 7.608
Expt. 1; 6.84(7)  0.67(12)  3.79(26) x 1072  7.608
Deformed 0 4.45 0.23 0.72 x 1072 7.79
Spherical 2’0 6.52 0.51 0.11 x 1072 7.65

mode as representative since the experimental resolution was
not enough to separate them [11]. The calculated dipole state
has smaller fisp and larger B(E1) than those of the 1] state in
160, This tendency is consistent with the experimental data of
0 and '°0.

As displayed in Fig. 4(a), the transition density of the
4.45 MeV state shows that the state has IS character similar
to the 17, state in 160. The proton and neutron transition
densities have similar shapes to each other. Therefore, proton
and neutron contributions to §p are comparable. However, the
ph contribution Cyp, listed in Table IV claims that this state
is made mainly by proton excitations. The proton excitation
[101]1/2 — [220]1/2 (energy difference is 4.4 MeV) has the
largest ph contribution Cpp, = 0.59. The decomposed transition
density of this ph excitation is responsible for §p" outside the
nucleus, » 2 3 fm. The second and third largest ph contribu-
tions are also proton excitations, whose transition densities
contribute mainly at » < 3 fm. The neutron excitations carry
only Cp, =0.022 in total. It should be noted that, in the
octupole state at 7.4 MeV, the neutron excitation [101]1/2 —
[211]1/2 carries the largest ph contribution Cp, = 0.61 in
contrast to the dipole state at 4.45 MeV. UNEDF]1 and SLy4 in-
teractions give similar results: One LED state with IS character
(IS-LED) appears below |),| and the largest ph contribution
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FIG. 4. Radial transition densities 28, —; () of (a) the 4.45 MeV
state obtained on the deformed ground state and (b) the 6.54 MeV
state obtained on the spherical ground state. Thick lines denote proton
and neutron transition densities and thin lines neutron decomposed
transition densities. The SkKM* interaction was used. See text for
details.
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TABLE IV. Particle-hole contribution Cyy, of the calculated LED
states in deformed and spherical °0. The SKM* interaction was used.
See text for details.

Deformed 0 Spherical 2°0
m :[101]1/2 — [220]1/2  0.593 vilpiyy — 2s1p 0.648
w:[101]1/2 — [211]1/2 0188 7 :1pip — 251 0.225
m :[101]11/2 — [200]1/2  0.176 7 :1ps3p — ldsp,  0.018
v:[101]1/2 — [211]1/2 0.016 v:ldsy, = 1fip 0.014
w2 [110]1/2 — [200]1/2  0.003 7 :1ps;p — lds;,  0.011
m:[110]1/2 — [220]1/2  0.002 v lpspn — ldsp 0.011
m:[110]1/2 — [211]1/2  0.001 vilpiy — 1dsp 0.009

is carried by the proton excitation [101]1/2 — [220]1/2 with
Cph ~ 0.6.

The shell model calculation [22] produces four 1~ states
below excitation energy 8 MeV in 2°0. Using a weak-coupling
model with a simple ph interaction [47,48], we expect that two

lower 1~ states are the proton excitation "N(g.s.) x 2'F(?

and the neutron excitation 15O(g.s.) X 210(%+) and that the
next two 17 states are coupling states of the 1p;, hole state

to the lowest %+ states in 2'O and 2'F. This proton excita-

tion N(g.s.) x 21F(?) would correspond to our resulting
dipole state at 4.45 MeV, in which the main ph excitation is
[101]1/2 — [220]1/2 of the proton.

The HF+RPA calculations are performed without pairing
correlation. While the paring correlations tend to form the
spherical shape, they have small impact on the dipole excitation
[28]. Since the HF+BCS and Hartree-Fock-Bogoliubov (HFB)
calculations [28,49] produce the spherical ground state of 2°0
and the experimental data also prefer the spherical one, we
also perform the RPA calculation on the spherical ground state.
The spherical ground state is produced by the constrained HF
calculation. The center-of-mass motion, which is an indicator
for accuracy of self-consistency of the RPA calculations,
appears at the imaginary energy 0.04i MeV, close to zero
energy with the SKM* interaction. One LED state is obtained
below |A,| on the spherical ground state. The bottom row of
Table III shows properties of this LED state. Compared with
the deformed case, higher E,, larger fisp, and smaller B(E'1)
are obtained. Its transition density, shown in Fig. 4(b), is quite
similar to that of 17, state in '°O, other than the different
amplitudes of §p” and §p" coming from N > Z, showing the
IS character of this state.

The decomposed transition densities [Fig. 4(b)] and the ph
contribution Cpy, (right column in Table IV) exhibit similarity
between this LED state in spherical *°O and the 17, state in

160. The largest ph contributions are carried by the proton and
neutron excitations 1p;,» — 2sy,,. Reflecting the difference
of level spacing of 1py,, and 2s,, orbits in spherical 200,9.0
MeV for the neutron and 11.0 MeV for the proton, the neutron
ph contribution is larger than that of the proton. The second
largest proton ph contribution is carried by the 1p3;, — 1ds;»
excitation, the same as that in '°O. Since the neutron 1ds 2
orbit is partially occupied in °0, the 1p3/» — 1ds), excitation
is hindered and the 1ds;» — 1 f;7/, excitation has the second

largest neutron ph contribution. The neutron 1ds;; — 172
excitation contributes to §p, compensating for the contribution
of the neutron 1p3,, — 1ds,, excitation which is suppressed
in 2°0. As a result, the transition density of the LED state in
spherical 2°0 is similar to that of the 1} cq State in 160,

In the cases of both the deformed and spherical ground
states, IS-LEDs appear below |X,|. However, they exhibit
very different ph contributions Cpyp. In the deformed case, the
dipole state is made by proton excitations with summed ph
contribution Zn Cpn = 0.98 while, in the spherical case, it is
made by neutron excitations with ) °, Cpr = 0.73.Itis not clear
what causes this discrepancy. This problem must be solved but
it is beyond our scope in this paper.

UNEDFI produces an IS-LED on spherical 2°0 at 7.1
MeV. Even though its excitation energy is higher than |A,],
the IS-LED decouples well from the neutron emission mode.
Its transition density is similar to those calculated with SkM*.
The largest ph contributions are carried by the neutron 1 p;/, —
251, excitation, Cpp, = 0.82, and the second largest by the pro-
ton 1py/5 — 2s13 excitation, Cpy, = 0.09. SLy4 also produces
an IS-LED above |A,|, but one which couples with neutron
emission modes.

The Skyrme-RPA produces one IS-LED around [A,|
whereas two dipole states are observed below S, [11]. If we
deepen the attractive potential by multiplying the parameter #,
in the Skyrme interaction SkKM* by a factor 1.04, we obtain
an IV-LED state appearing below |A,|, which resembles the
15 cq State in 160, This suggests that this IV-LED state can
be interpreted as the LED isospin splitting partner of the
low-energy ISD state.

From the discussions above, we have three inferences on
the IV-LED state as the LED isospin splitting partner. (1) As
shown by deepening the potential, the calculated higher-energy
IV state can be the LED isospin splitting partner. (2) The
partner could not be reproduced by the present calculation.
(3) One of the observed dipole states in 2°0 has a complex
structure which the present calculation cannot describe. One
possibility for the complex structure originates from the pairing
correlation. The HFB and HF+BCS calculations result in a
fractional occupation probability of the neutron 2s, /, orbit and
the RPA calculation does not deal with excitations from it.
However, the canonical-basis time-dependent HFB calculation
[50] gives only one dipole state below |4, |. Another possibility
is connected with many-particle-many-hole excitation, which
can be described by the shell model calculation and the second
RPA (the extended RPA) calculation. Another possibility for
the observed 1~ state is a cluster structure such as that of the
14C + He system [51].

C. Evolution of low-energy dipole state in oxygen isotopes

Let us examine LEDs in oxygen isotopes. Figure 5 gives
the E'1 and ISD transition up to excitation energy 12 MeV in
14240, calculated with the SkM* interaction on the spherical
ground states. The E'1 and ISD strengths are indicated by blue
disks and open circles, respectively. The area of a disk or circle
is proportional to the strength. The basic features of LEDs and
how they evolve with neutron number N are clearly visible.
The lowest energy dipole states in '*O and >*O appear above
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FIG. 5. E1 strengths and compressional isoscalar dipole strengths
in 4240, represented by blue disks and open circles. Red arrows
located below the horizontal axis denote the calculated proton ("*0)
and neutron ('**0) threshold energies. Green open arrows located
above the horizontal axis denote the experimentally known proton
(**0) and neutron ('*2*0) separation energies. See text for details.

|1, | and have large E'1 and ISD strengths. In 16220, the lowest
energy dipole states appear at excitation energy ~6.5 MeV
below |1, [, being insensitive to N. They are IS dominant states,
and their ISD strengths decrease slightly as the neutron number
N increases.

The transition densities of the lowest energy dipole states in
14240 are shown in Fig. 6. Those of '®2°0 are the same as in
Figs. 2(a) and 4(b). The lowest energy dipole states in '*O and
240 have transition densities of the particle emission mode. It
is clearly seen that the lowest energy dipole states in 20
are IS-LEDs. The neutron transition density is not sensitive to
the neutron number N, while the proton transition density is
suppressed and shrinks with increasing N. This is related to
the fact that the neutron single-particle energies of 1py,, and
251, orbits change only by ~1 MeV (and the level spacing
changes only by 0.3 MeV) in shifting from '°O to 220 while
the proton Fermi level 1p,, orbit deepens by 10 MeV.

In %O, the lowest energy dipole state appears at 6.0 MeV
which is above the proton threshold energy |A,| = 5.7 MeV.
Note that the observed 1] state in 140 appears at 5.17 MeV
which is above the proton separation energy S, = 4.63 MeV.
As is seen in Fig. 6(a), this state is a proton emission mode.
Since the nucleon emission mode contributes to both the IV
and IS dipole modes, not only E1 but ISD strengths have
large values. The calculated B(E1) value, 0.064 e*fm?, is
very consistent with experimental data: B(E'1; 1) = 0.064(12)
e*fm? [21]. A large ISD strength is also observed [24]. These
observables support our result that the lowest energy dipole
state in '*Q is the proton emission mode.

Let us turn to the LED in '0. The results are similar to
those of 2°0. The same as for 2°0, the ground state of 180
is expected to be spherical [28,49], although the Skyrme-HF
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FIG. 6. Radial transition densities 28, _, (r) of the lowest dipole
modes in '®220. Solid and dashed lines denote neutron and proton
transition densities, respectively. The SKM* interaction was used.

produces a deformed ground state with 8, = 0.15. We perform
the RPA calculations on the spherical ground state of '*0. One
ISD state is obtained at 6.5 MeV below |1, |, while three LEDs
are observed at 4.45554(10), 6.19822(40), and 7.6159(7) MeV
below S, [34]. The properties of the calculated state are again
similar to those of the ISD states on spherical 2°0 and '°O.
The transition density displayed in Fig. 6(c) clearly shows
the IS character. The neutron excitation 1p;,» — 251> has
the largest ph contribution, Cp, = 0.56. The second largest ph
contribution, Cp, = 0.32, is carried by the proton excitation
1p1/2 e 2S1/2.

220 is a semimagic nucleus in which the HF calculation
produces a spherical ground state. The ISD excitation appears
at 6.4 MeV below |A,|. The transition density shows IS
character, as displayed in Fig. 6(e). The neutron excitation
1p1/2 — 2512 has the largest ph contribution, Cpp, = 0.73.
The second largest ph contribution, Cp, = 0.18, is carried by
the proton excitation 1p;/ — 2s1/2. And the third largest is
Cph = 0.02 by the neutron excitation 1ds; — 1f7,2. In 20,
out-of-phase transition densities of neutron 1p;, — 25y, and
1ds;» — 1 f7/, excitations make the node at r ~ 3 fm.

In 2*Q, since the neutron 2s, /2 orbit is occupied, the neutron
excitation 1py/s — 251/, is not allowed. Due to the small
number of resonant states, it is difficult to generate the neutron
transition density having a node at » ~ 3 fm. Accordingly, the
ISD state does not appear below |, | in 2*O. The lowest energy
dipole state, which appears above |1, |, is the neutron emission
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mode (251, — continuum states), as seen by its transition
density, shown in Fig. 6(f).

The nature of the lowest energy dipole state in '®220 is
common (in the present calculation), since the two largest
ph contributions are always carried by the 1pj, — 2512
excitation of neutrons and protons in 16220, In addition, the
nature of the LED is changed in the very proton/neutron-rich
regions, '*O and 2*0, as shown by the change of transition
density to the particle emission mode. This is in line with
the rapid increase of the IV component of LED at N = 16
calculated previously [14].

UNEDF1 produces IS-LED states on spherical ground
states at excitation energies around |A,| in 16220, which
decouple from neutron emission mode. SLy4, which most
overestimates the excitation energy of the ISD states in '°O,
also produces some IS-LED states around |A,| on spherical
ground states, but some of these strongly couple with the
neutron emission mode.

The Skyrme-RPA with SkM* interaction produces one IS-
LED state below |, | in 220, whereas two or three LEDs are
observed in '%2°0. Since the properties of the lowest energy
dipole states in '°0 and >°0 are reproduced by the present RPA
calculation, we think that one of the observed LEDs in '¢2°0
corresponds to the calculated IS-LED state. In order to discuss
the other LEDs, we should consider beyond-RPA effects such
as the many-particle—many-hole excitation and/or the cluster
correlation.

IV. CONCLUSION

We calculated LED states in oxygen isotopes using the
HF+RPA approach with Skyrme interactions to clarify the
properties of LEDs. The Skyrme-RPA calculation reproduces
the LEDs in '°O. The lower-energy state is ISD dominant
and the higher-energy state has IV character, in coincidence
with known LED isospin splitting in heavier nuclei. The
calculated transition density of the 1, state agrees well with
the experimental data, while the calculated ISD strength is
underestimated.

The ISD state appears in 220 below or close to the neutron
threshold energy |,|. In '%2°0, the HF produces deformed
ground states whereas the HFB calculation and experimental
data prefer spherical ones. The RPA calculations on both
the deformed and spherical ground states give ISD states,
but the particle-hole excitations having large contributions
strongly depend on the shape of the ground state. For the
deformed (spherical) ground state, proton (neutron) excitations
are dominant. For all calculated ISD states on the spherical
ground states in 16220y the transition densities are quite similar
to each other, showing clear IS character. The particle-hole
excitations having the largest contributions are 1p;,, — 2512
of the proton and neutron. Since the 25y, orbit is occupied in
240, the ISD state does not appear below |, | in 2*O.

We obtained only one LED at excitation energy < |A,|
in %220, while two or three dipole states are observed
experimentally. The LED which would correspond to the
higher-energy component of the LED isospin splitting does
not appear in the present calculations, since its excitation
energy is higher than |1, | and it may couple neutron emission
modes, even if it exists. Since there is competition of collective
excitation and cluster correlations in light nuclei, cluster model
and shell model calculations are desired to clarify the nature
of LEDs in light nuclei, which the RPA calculation fails to
reproduce.

Our Skyrme-RPA calculations, combined with the results of
Ref. [14], demonstrate that the LED mode in oxygen isotopes
changes from the ISD mode to the neutron emission mode at
N = 16, for which the 2s;,, orbit is occupied. The present
results helps the deeper understanding of LED behavior in
heavier neutron-rich nuclei, such as the LED isospin splitting
and neutron number dependence of the LED properties.
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