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(?°0 + Au) and a dominant isoscalar probe (*°0 4 ) were compared and analyzed by the distorted-wave
Born approximation to extract independently the isovector and isoscalar dipole strengths. Two known
17 states with large isovector dipole strengths at energies of 5.36(5) MeV (17) and 6.84(7) MeV (15)
were also excited by the isoscalar probe. These two states were found to have different isoscalar dipole

Keywords: strengths, 2.70(32)% (17 ) and 0.67(12)% (1;), respectively, in exhaustion of the isoscalar dipole-energy-
200 weighted sum rule. The difference in isoscalar strength indicated that they have different underlying
Low-energy dipole excitation structures.
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1. Introduction

The electric dipole response, or E1 response, is one of the
most interesting properties of atomic nuclei. In medium to heavy
neutron-rich nuclei, the electric dipole excitation is fragmented
into a low-energy region around the neutron separation energy
[1-3]. These low-energy dipole excitations, or so-called Pygmy
dipole resonance, are of great interest, since they can have signif-
icant cross sections in photo-absorption reactions, and thus, have
an impact on astrophysical phenomena, such as r-process nucle-
osynthesis.

Following an early study on a set of stable magic nuclei [4,5],
recent experimental studies on 4%48Ca [6], 74Ge [7], 1?4Sn [8],
138Ba [9], and %9Ce [9,10] have demonstrated that low-energy
dipole excitations exhibit a specific isospin character, sometimes
referred to as “isospin splitting”. These experiments compared the
dipole excitations populated by two probes: the inelastic scatter-
ing of alpha particles, populated by a dominant isoscalar probe,
and real photon scattering, populated by a dominant isovector
probe. They revealed that some dipole excitations, mostly in the
low-energy region, were populated by both probes. These results
suggest that low-energy dipole excitations have underlying struc-
tures different from the widely observed isovector giant dipole res-
onance [1-3]. Comparison with N = Z nuclei, where pure isoscalar
dipole excitations are observed, shows that the low-energy dipole
excitations in N > Z nuclei also differ from simple isoscalar dipole
excitations [6].

Whether the isospin splitting in low-energy dipole excitations is
universal among neutron-rich nuclei remains unknown. Of partic-
ular interest is the low-energy dipole excitation in unstable nuclei,
because recent experimental results point to the enhancement of
these excitations in neutron-rich unstable nuclei [1] as compared
with stable nuclei in the isotopic chain. However, there is still con-
siderable debate over the mechanism of these excitations [1-3], as
well as their systematic behavior in the isotopic chain. To advance
the theory and enable a deeper understanding of the mechanism
of low-energy dipole excitations in general, it is important to in-
vestigate the isospin properties of these excitations in the whole
isotopic chain further into the unstable-nuclei region.

In this Letter, the isospin character of low-energy dipole exci-
tations in neutron-rich unstable nucleus 2°0 was investigated. It is
a good nucleus to examine the structure of the low-energy dipole
excitation, since four neutrons are added on the doubly magic core
of 180. This nucleus is known to have significantly strong dipole
excitations at energies below the neutron threshold [11,12], but
only the isovector dipole strength has been determined. Measuring
the isoscalar dipole strength of these states is particularly impor-
tant, since several theories based on collective models [13,14] pre-
dict that these states have strong isoscalar dipole strength [14]. By
determining both the isoscalar and isovector dipole strength, we
should be able to gain more information on the structure of these
states.

Our goal was to investigate the isospin character of low-energy
dipole excitations in 2°0 using the same method that was success-
fully used for stable nuclei to compare two probes with different
sensitivities to the isospin. Since the unstable nucleus 2°0 was pro-
duced via projectile fragmentation as a fast beam, in-beam y -ray
spectroscopy was combined with a liquid helium target, used as
a dominant isoscalar probe, and a gold target for virtual photon
excitation [15], used as a dominant isovector probe. The sensitiv-
ity is limited to energies below the neutron separation threshold
(7.6 MeV).

2. Experiment

The experiment was performed at Radioactive Isotope Beam
Factory (RIBF), operated by RIKEN Nishina Center and the Cen-
ter for Nuclear Study, University of Tokyo. A #8Ca primary beam
was accelerated using a cyclotron complex to an energy of 345
MeV/nucleon with an average intensity of 250 particle nA. The
primary beam impinged on a 15-mm-thick beryllium target to pro-
duce a secondary 2°0 beam via a projectile fragmentation reaction.
The secondary beam was analyzed and identified event-by-event
by the fragment separator BigRIPS [16], using the TOF-AE-Bp
method [17]. The properties achieved for the 20 beam were 45%
purity, 1.3 x 10 particle/s intensity, and 276(9) MeV/nucleon ki-
netic energy. The 2°0 beam impinged on two different reaction
targets, a 2.45(5) mm gold target and a 317(28) mg/cm? liquid
helium target [18]. The liquid helium target system is composed
of a cylindrical cell with 10-pm-thick Havar foils as entrance and
exit windows. The cell is surrounded by a radiation shield whose
windows consist of 7-pm-thick aluminum foils. The reaction prod-
ucts were analyzed by the ZeroDegree spectrometer [16] using the
same TOF-Bp-AE method. In addition, a low-pressure multi-wire
drift chamber [19] was used with standard detectors [16] for par-
ticle identification of the reaction products. Decay y rays from the
reaction products were detected by a large-volume LaBr3:Ce scin-
tillator array [20] located at a laboratory angle of 30°. The energy
resolution in FWHM was 1.60% at 6.31 MeV. The efficiency was
0.90% for the full-energy peak of 1.84-MeV y rays emitted from a
88y calibration source. The efficiency was reproduced within 2.0%
precision by a Monte Carlo simulation code built with GEANT4 [21].

3. Analysis

Doppler-corrected y -ray single spectra are presented in Fig. 1(a)
(290 + «) and (c) (2°0 + Au) in black dots with statistical error
bars. In order to suppress the background, the spectra were gated
by the time of flight from the targets to the LaBrs:Ce scintilla-
tors. The achieved time-of-flight resolution was 610 ps in FWHM.
A comparison of the spectra from the two reactions reveals that
there are three strong peaks at around 3.68, 5.35, and 6.85 MeV in
the 200 + Au spectrum, while these peaks are rather weak in the
200 + o spectrum. This means that these peaks are excited more
strongly by the Coulomb potential (gold target) than by the nuclear
potential (« target). This target dependence suggests that they are
y rays from the decay of 1~ states. They are consistent with the
two 1~ states and their cascade decay via the ZT state (1.67 MeV)
reported in Refs. [11,12], where a lead target was employed for vir-
tual photon excitation. We performed y -y coincidence analysis to
determine the decay scheme. The y-ray spectra detected in coin-
cidence with the 27 state are presented in Fig. 1(b) (*°0 + &) and
(d) (*°0 + Au). It was confirmed that several peaks in the singles
spectra decayed via the 2}“ state, and no coincidence with other
states was observed within statistical limits.

The spectra were fitted using the least x2 method with re-
sponse functions produced by a Monte Carlo simulation. The re-
sponse functions were obtained by taking into account the energy
of the decay y rays, placement of the LaBrs:Ce crystals, attenua-
tion of the y rays by the materials in between the targets and de-
tectors, and velocity of the reaction products emitting the y rays.
As input for the simulation, we employed the established excited
states reported in Refs. [11,12] as input for the simulation. In ad-
dition, a strong peak was observed at about 3.9 MeV in the y-ray
singles spectra from both reactions, which was also observed in
the y-y coincidence spectra. The peak was most consistent with
a possible 37 state at 5.62 MeV reported in Ref. [22]. This state
was incorporated in the fit as well. Cascade decays via states other
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Fig. 1. The Doppler-corrected y-ray spectra: 2°0 4+ « singles (a), 2°0 + «, detected in coincidence with the ZT state (1.67 MeV) (b), 2°0 + Au singles (c), 2°0 + Au, detected
in coincidence with the 2?’ state (d). The gray histograms are the background spectra. Error bars are statistical. The fit was performed above the energy of 1900 keV (energy

higher than vertical gray-dotted lines).

Table 1

Excited states and decay y-ray energy, used to produce response functions. E; and
j,’{i indicate the energy and spin-parity of the initial state, while E; and J7 ; indi-
cate the same for the final state. The values were taken from Refs. [11,12,22,25].

Ei (MeV) Iz Es (MeV) T Ey (MeV)
1.67° 2f 0.00 (U 1.67
4.07° 25 1.67 2f 2.40
0.00 0. 4,07
4.46° o5 1.67 2f 2.79
5.00° (37) 167 2f 333
0.00 0. 5.00
5.35" 17 1.67 2f 3.68
0.00 0. 535
5.62¢ (37) 1.67 2f 3.94
6.85" 15 1.67 2f 5.18
0.00 05 6.85

4 Values from Ref. [26].
b values from Refs. [11,12].
¢ Values from Ref. [22].

than the ZT state (1.67 MeV) were not considered, since no such
decays were identified by the -y coincidence analysis. The decay
y rays used to produce response functions are listed in Table 1.
The background spectra obtained from an 240 beam are presented
as the gray histograms in Fig. 1(a) and (c). Because no bound ex-
cited states are known in 240 [23,24], the spectra are assumed to
represent the background. The backgrounds were parametrized for
inclusion in the fit. The decay branching ratio of each state to the
ZT state (1.67 MeV) was set as a free parameter in the fit, while
the y-ray energy from each state was fixed. In order to improve
the sensitivity to the minimum of x2, the histograms for Ey, >
1.9 MeV (vertical gray dotted line in Fig. 1) were fitted to exclude
the high-statistics ZT state (1.67 MeV). The fits, indicated by the
red solid lines in Fig. 1, overall reproduced the spectra well. Al-
though the resolution was limited by Doppler broadening, the fits
decomposed two 1~ states from the spectra, as shown by the blue
dashed lines (17; 5.36(5) MeV) and green dash-dotted lines (15 ;
6.84(7) MeV). The branching ratios of the 1~ states were deter-

Table 2
Branching ratios (Br) determined by fitting.
E; (MeV) Jr Ef (MeV) n Br (%)
5.36(5) 17 1.67 27 26(6)
0.00 0g. 74(2)
6.84(7) 15 1.67 27 48(6)
0.00 0} 52(3)

mined through y-y coincidence analysis. The results are summa-
rized in Table 2.

4. Results

In order to extract the cross sections and transition strengths,
a distorted-wave Born approximation (DWBA) analysis was per-
formed by using the Ecis97 code [27]. As nuclear potential, we
employed the theoretically developed global optical potential de-
scribed in Refs. [28-30]. This optical potential, widely used in the
analysis of experimental data on unstable nuclei within the suit-
able energy range, is known to reproduce data well [31].

The cross sections were determined by taking into account the
angular distributions of the y rays and scattering angles of the
projectiles, both calculated by the Ecis97 code. In order to ac-
count for the effect of the thick gold target, the scattering angle
distributions of the projectiles were analyzed in the same way
as described in Ref. [31]. The calculated scattering angle distribu-
tions were smeared by the average scattering angles from mul-
tiple Coulomb scattering in the targets (8 mrad in gold) and by
the anglar resolution of the detectors (4 mrad). Then, the experi-
mental cross sections were determined by considering the angular
acceptance of the ZeroDegree spectrometer coupled to the smeared
scattering angle distributions. For example, in the case of the 2;“
(4.07 MeV) state, the angular acceptance of the ZeroDegree spec-
trometer in the 204 Au system was 72%, while that in the 2°0+«
system was 90%. The experimental cross sections are tabulated in
Table 3. The errors considered were the uncertainties related to the
statistics, the fits of the y-ray spectra, the thicknesses of the tar-
gets, and the angular acceptance. In the case of the liquid helium
target, the contributions from the cell and the heat shield windows
were taken into account as well.
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Table 3 Table 4
Measured cross sections in millibarns. Estimated multipole strength.
Ex (MeV) I o (*0 +a) (%00 + Au) Ex (MeV) 4 ISD EWSR (%) B(EA) 1 (e?fm?*)
4.07(4) 25 111(16) 5.10(62) 4.07(4) 25 28.8+6.6
5.36(5) 17 0.376(43) 7.92(35) 5.36(5) 1 2.70(32) 3.57(20) x 1072
5.62(5) (37) 3.10(28) 7.10(55) 5.62(5) (37) 1.19(10) x 10°
6.84(7) 1; 0.079(13) 5.42(35) 6.84(7) 1; 0.67(12) 3.79(26) x 1072
In order to confirm if the potential model yields a consistent 5, 1‘6 T 5, 20‘ T
value with the literature value, we first calculated the transition i O(o, o'y) 1 4 o 1 -
strength B(E2)1 of the 22+ (4.07 MeV) state, employing the macro- = 3l 1 Z 3L |
scopic vibrational form factor by following the prescription in [32]. 2t 2t
While converting the measured cross sections into the B(E2) 1t a r 1A r L i
strength, both the Coulomb and nuclear contributions were in- I 4 2k T
cluded via the two deformation parameters, namely, the nuclear of T S of I I %
deformation B, and the Coulomb deformation Bc. The two de- < (1); | | 1% (1)7 | | ]
formation parameters were determined sush as to reproduce con- :; N N:; L
sistently the measured cross section from each reaction. The con- < T 1 e ]
tribution of B¢ to the cross section for the 2°0 + Au system was &30 1 &3 b
48%, while that for the 2°0 + « system was 2%. The Coulomb de- = 4 0y, v) 4 &4 Yo g
formation 8,. was then converted into the B(E2)+ strength by us- Sl L T IR
ing the model-dependent relationship B(EA)+ = (3ZeficR% /47)? 4 EX6(MeV)7 4 Exé(MeV)7

[33], where the R. is a Coulomb radius. B(E2)1 was found to be
28.8 +6.6 e2fm*. The result is consistent with B(E2)4 =30 e*fm?*
reported in Refs. [11,12], indicating that this potential model is suf-
ficiently reliable for our purpose.

Furthermore, the spin-parity assignment of a possible 3~ state
at 5.62 MeV was tested by deducing the transition strength
B(E3)*+. We used the same method as for the 2% state, employing
the macroscopic vibrational form factor. The two deformation pa-
rameters fB3; and B3c were tuned to reproduce the two measured
cross sections. But since the Coulomb contribution to the cross
section is less than 1% even in the 290 + Au system, neither probe
is sensitive to the Coulomb deformation Bs.. In order to determine
B(E3)1, we assumed a simple relationship: B3;R, = B3cRc, where
Ry is a nuclear radius. The strength calculated for the 2°0 + o sys-
tem was B(E3)1 = 1.30(12) x 103 e2fm®, and for the 200 + Au
system, B(E3) 1 = 1.19(10) x 103 e2fm®. The two values are aver-
aged to yield a B(E3)1 value of 1.24(8) x 10* e2fm®. This result
is also consistent with the 3~ strength in oxygen isotopes at
similar excitation energy: B(E3)1 = 1.49(7) x 10° e2fm® in 160
at 613 MeV [34] and B(E3)1 = 1.30(4) x 103 e%fm® in '80 at
5.10 MeV [35]. This strongly suggests the 5.62 MeV state to be 3.

The transition strengths of the 1~ states were determined
in the same manner, by including both the Coulomb and nu-
clear contributions in either system, but under the assumption
that the Coulomb potential contributed only to the isovector
dipole strength and the nuclear potential contributed only to the
isoscalar dipole strength. The strength was calculated in units of
B(E1) 1 (e2fm?) for the isovector dipole strength, and isoscalar
dipole energy-weighted sum rule (ISD EWSR) fractions (%) for the
isoscalar dipole strength [3,4]. The Harakeh-Dieperink dipole form
factor [4] was employed to determine the isoscalar dipole strength.
The strengths were determined so that the experimental cross sec-
tions from both the 2°0+« and 2°0+ Au systems were reproduced
by the same isoscalar and isovector dipole strengths.

The estimated multipole strengths are listed in Table 4. The re-
sult for the 17 (5.36(5) MeV) state of B(E1) 4t = 3.57(20) x 102
e2fm? is 60% smaller than the B(E1) 1 value of 6.2(16) x 1072
e2fm? reported in Refs. [11,12], while the result for the 1, (6.84(7)
MeV) state (B(E1)1 = 3.79(26) x 10~2 e%fm?) is consistent with
the reported B(E1)4 value of 3.5(9) x 1072 e2fm?. The discrep-
ancy in the 17 state is most likely due to the 3~ state at 5.62 MeV,
newly incorporated in the present fit.

Fig. 2. Measured ISD EWSR (top) and B(E1) 4 (bottom) strength in 290 (right panel),
in comparison with 160 (left panel).

5. Discussions

The estimated ISD EWSR fractions and B(E1)1 strengths of 200
are plotted in Fig. 2 (right panel), along with the 160 values (left
panel) in the same energy region. The 10 ISD EWSR fraction is
from Ref. [4], and the B(E1)1 strength is from Ref. [36]. There
is a significant difference in B(E1) 4 strength between 160, the
doubly magic nucleus in the oxygen chain, and 2°0. The B(E1)4
strength integral over the two states (X B(E1)1) is increased from
0.492 x 1072 e2fm? in 160 to 7.36(33) x 10~2 e2fm? in 200. More
interestingly, the integrated ISD EWSR fraction (XISD EWSR) does
not show much variation: 4.2% in 180 and 3.37(34)% in 2°0. In the
case of 160, because it is N = Z, the isovector dipole strength is
strongly suppressed. This explains the almost purely isoscalar na-
ture of the state referred to as the macroscopic squeezing mode
[3,4], but the present results indicate that low-energy dipole exci-
tations in 20 exhibit a dual character, suggesting that these states
have different underlying structures.

The experimental results were compared with the random-
phase approximation (RPA) calculation using SLy4 and SkI2 Skyrme
interactions [37]. The properties of the 1~ states predicted by RPA
below the neutron-separation threshold are tabulated in Table 5.
The transition density calculated by using the SLy4 interaction is
plotted in Fig. 3. In contrast to previous theoretical studies [13,
14], which mainly predicted the neutron contribution, RPA pre-
dicted that the excitation mostly involved the one-particle-one-
hole state of the proton. This leads to a rather strong isovector with
weaker isoscalar strength. The relationship between the isovec-
tor and isoscalar strengths was similar to that observed for the
1, state at 6.84(7) MeV, regardless of the interaction. Meanwhile,
another 17 state at 5.36(5) MeV had a much stronger isoscalar
strength that hardly compared to the prediction. Thus, we deduce
the 1, state at 6.84(7) MeV is generated by the proton excita-
tion, leading to its dominant isovector character. The other 17
state at 5.36(5) MeV hardly explained by the present RPA may
originate from more complex effects. One possibility is that this
17 state cannot be represented by the superposition of the one-
particle-one-hole excitations, on which the present RPA is built. In
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Table 5
RPA calculation results.

Interaction Eyx (MeV) ISD EWSR (%) B(E1)%} (e*fm?)
SkI2 6.51 0.43 3.49 x 102
SLy4 5.52 0.22 1.02 x 1072
0.04—
'
=) 20 SLy4
=002~ below S,
3
S0 —]
- 10, (fm)
—-0.02 —
—0.04 — - - - protons
—— neutrons
-0.06 —
-0.08-

Fig. 3. The transition density of the 1~ state below the neutron-separation threshold
calculated by RPA. Protons are represented by the dashed red line and neutrons by
the solid blue line. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

this scenario, more elaborate calculation considering two-particle-
two-hole states is desired. Another possibility is the paring cor-
relation. In this case, the valence neutrons may contribute to the
17 state, because the paring correlation affects the orbital occu-
pancy of the valence neutrons. Further theoretical studies consid-
ering these effects are called for to reveal the structure of this 1}
state.

It is also interesting to compare the low-energy dipole strengths
with those in other neutron-rich nuclei. The low-energy dipole
strengths in mid-to-heavy-region neutron-rich nuclei listed in
Ref. [2] show that there is a similar trend among neutron-rich
nuclei: The isoscalar dipole strength decreases with increasing
energy, while the isovector dipole strength is largely unchanged
below the neutron threshold. When we compare the two low-
energy dipole excitations in 200, the first even-even neutron-rich
unstable nuclei in the oxygen chain, we find that the two states
show the same trends in strength. Since the comparison with
RPA suggests that the proton excitation generates the dominant
isovector character, investigating such state in various neutron-rich
nuclei is possibly important to understand the isovector-dominant
part of this tendency. For the understanding of the other part of
the tendency with both isoscalar and isovector strengths, further
theoretical studies are necessary.

6. Summary

In summary, the isospin character of low-energy dipole excita-
tions in 2°0 was investigated for the first time in unstable nuclei
by comparing inelastic o scattering as a dominant isoscalar probe
and virtual photon scattering as a dominant isovector probe. Two
known low-energy 1~ states were populated not only by virtual
photons, but also by inelastic a scattering. The 1; state (5.36(5)
MeV) had an isoscalar dipole strength of 2.70(32)% in ISD EWSR,
while the 1, state (6.84(7) MeV) had a strength of 0.67(12)% in
ISD EWSR. These states, however, have comparable isovector dipole
strengths: B(E1)1 = 3.57(20) x 1072 e?fm? for the 1; state and
B(E1)1 = 3.79(26) x 1072 e?fm? for the 1, state. The difference
in isoscalar response suggests that these states have different un-
derlying structures. The comparison with RPA calculation suggests
the 1, state derives from the proton excitation, meanwhile the

1] state possibly originates from more complex effects, such as
coupling to the two-particle-two-hole state and the paring corre-
lation.
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