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Background: Two-phonon excitations originating from the coupling of two collective one-phonon states are of
great interest in nuclear structure physics. One possibility to generate low-lying E1 excitations is the coupling
of quadrupole and octupole phonons.
Purpose: In this work, the γ -decay behavior of candidates for the (2+

1 ⊗ 3−
1 )1− state in the doubly magic nucleus

40Ca and in the heavier and semimagic nucleus 140Ce is investigated.
Methods: ( �γ ,γ ′) experiments have been carried out at the High Intensity γ -ray Source (HIγ S) facility in
combination with the high-efficiency γ -ray spectroscopy setup γ 3 consisting of HPGe and LaBr3 detectors.
The setup enables the acquisition of γ -γ coincidence data and, hence, the detection of direct decay
paths.
Results: In addition to the known ground-state decays, for 40Ca the decay into the 3−

1 state was observed, while
for 140Ce the direct decays into the 2+

1 and the 0+
2 state were detected. The experimentally deduced transition

strengths and excitation energies are compared to theoretical calculations in the framework of EDF theory plus
QPM approach and systematically analyzed for N = 82 isotones. In addition, negative parities for two J = 1
states in 44Ca were deduced simultaneously.
Conclusions: The experimental findings together with the theoretical calculations support the two-phonon
character of the 1−

1 excitation in the light-to-medium-mass nucleus 40Ca as well as in the stable even-even
N = 82 nuclei.

DOI: 10.1103/PhysRevC.93.034311

I. INTRODUCTION

The interaction of the atomic nucleus with an electromag-
netic field gives rise to the excitation of various modes of
different spin and parity which provide useful information on
the nuclear structure. Among them of special importance is the
electric dipole (E1) response which is generally dominated by
a strong, collective isovector nuclear vibration, the isovector
giant dipole resonance (IVGDR) [1]. The IVGDR is classically
described by a Lorentzian shape [2]. Recently, in nuclei with
neutron excess an additional dipole strength component below
and around the neutron threshold was found on top of the
low-energy tail of the IVGDR [3–6]. This mode of excitation
is usually denoted as pygmy dipole resonance (PDR) because it
resembles a resonance-like accumulation of close-lying Jπ =
1− states with similar spectroscopic features [6]. In a simple
macroscopic picture, a displacement of center of mass and
center of charge of the nucleus generates a vibrational motion
trying to restore the proton-neutron symmetry. Nowadays,
the rapidly increasing number of experiments using different
probes and techniques allow for systematic studies of the PDR
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over isotopic and isotonic chains from different mass regions
[4,7–17]. A close connection between the total PDR strength
and the amount of the neutron excess of neutron-rich nuclei
which on the other hand is correlated with the neutron skin
thickness was proposed [6,18–20]. Furthermore, experiments
with complementary probes like α particles at intermediate
energy, indicate an isospin splitting of the low-lying 1−
states [21]. Similar to the experimental findings, theoretical
models show that at lower energies the E1 strength is
predominantly of isoscalar character which gradually becomes
more isovector with increasing excitation energy toward the
IVGDR [18,19,22–26].

Various theoretical explanations of the E1 strength below
and around the particle-emission thresholds exist. These
include the low-energy tail of the IVGDR, PDR [18,19,27,28],
multiphonon excitations [19,29], toroidal modes [23], and
α-cluster vibrations [30,31]. Furthermore, in recent studies it
has been pointed out that the interaction between quasiparticles
and phonons is important for a correct theoretical description
of the low-lying E1 strength because it can influence its
fragmentation and mixing with the core polarization and
the IVGDR [18,19,29,32–35]. This affects strongly the elec-
tromagnetic strength distribution, which can have further
consequences on the dipole polarizability and nucleosynthesis
processes [29,34,36].
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Of particular interest are low-energy two-phonon states
related to the coupling of collective quadrupole and octupole
core vibrations. The collective quadrupole and octupole excita-
tions of electric character are usually among the lowest-lying
excitations in nuclei in the vicinity of shell closures. They
are interpreted as surface oscillations and theoretically treated
as phonons with the possibility to couple to multiphonon
states, like for example double-quadrupole or double-octupole
states [37–40]. The mixed harmonic coupling of quadrupole
and octupole collective phonons (2+

1 ⊗ 3−
1 )Jπ results in a

quintuplet of Jπ = 1−–5− states which are located at an
excitation energy equal to the sum of the excitation energies
of the corresponding 2+

1 and 3−
1 one-phonon states. Anhar-

monicities in the phonon-phonon interaction can affect the
excitation energies and break the degeneracy of the multiplet
states. Nevertheless, due to the different nature of the two
phonons Pauli blocking is small compared to, e.g., (2+ ⊗ 2+)
or (3− ⊗ 3−) states.

Detailed theoretical descriptions of two-phonon states
related to members of quadrupole-quadrupole and quadrupole-
octupole multiplets [32,37,41] are obtained in the framework
of the quasiparticle-phonon model (QPM) [32,41,42]. Another
model which has been intensively applied in studies of
multiphonon states [43,44] is the interacting boson model
(IBM) [45]. Recently, the spdf IBM has been applied in
systematical studies of low-lying J = 1 states in the Nd
isotopes and other rare-earth nuclei [31].

The first step in identifying two-phonon 1− states is to
determine spin, parity, and B(E1,1− → 0+

1 ) strength for
possible candidates. A widely used experimental tool for the
investigation of J = 1 states is nuclear resonance fluorescence
(NRF) [46]. In the last years, the B(E1) strength distributions
of many nuclei were measured using this method. The
evaluated data serve as a systematic basis for the discussion
of two-phonon E1 excitations like, e.g., in the Sn isotopes
[7,47], for N = 82 isotones [48] and in the compilation of
Andrejtscheff et al. [49] for A = 48–148 nuclei. An alternative
way to determine B(E1) strengths in particular for states
of rare isotopes, for which NRF measurements are difficult,
are lifetime measurements using the Doppler-shift attenuation
method (DSAM) in particle-γ coincidence measurements
[50]. Since several years, the DSAM technique is applied
in inelastic neutron-scattering at the University of Kentucky
[51,52]. Furthermore, direct access to the ground-state decay
width �0 can be obtained using the self-absorption method [53]
or inelastic proton-scattering experiments [54] for some cases.

Once a candidate is found, it is desirable to study also
its decay behavior to test the two-phonon structure more
thoroughly since this information is one of the key signatures in
addition to the excitation energy and correlations of transition
strengths [55,56]. In the case of harmonic phonon coupling,
the lowest-lying 1− state is a two-phonon excitation and the
corresponding B(E3) strengths for the 1−

1 → 2+
1 and 3−

1 → 0+
1

transitions as well as the B(E2) strengths for the 1−
1 → 3−

1
and 2+

1 → 0+
1 transitions are equal. Such a direct proof of the

two-phonon character of the 1−
1 state via its decay behavior was

found some years ago only for the two N = 82 nuclei 142Nd
and 144Sm in inelastic proton-scattering experiments [57–59].
It is the aim of the present work to further test the two-phonon

quadrupole-octupole 1− states in the N = 82 isotones by
extending the knowledge about the decay behavior of the
two-phonon 1− candidate at 3.6 MeV in 140Ce. In addition, the
decay behavior of the two-phonon 1− candidate at 5.9 MeV in
the significantly lighter nucleus 40Ca is investigated to study
the existence of this collective excitation mode in a different
mass region.

The experimental method and data analysis tools are
introduced in Secs. II and III. The new experimental results
for 140Ce and 40Ca are presented and discussed in Secs. IV
and V, respectively. A systematic theoretical description of
two-phonon 1−

1 states and corresponding transitions in N = 82
nuclei is discussed in comparison with data in Sec. IV.

II. EXPERIMENTS

Real-photon scattering ( �γ ,γ ) experiments were performed
to study the γ -decay behavior of possible two-phonon Jπ =
1− states in 40Ca and 140Ce. The states of interest were
populated by the quasi-monochromatic, linearly polarized,
and intense beam of real photons provided at the High
Intensity γ -ray Source (HIγ S) facility [60,61] at the Triangle
Universities Nuclear Laboratory (TUNL) in Durham, NC,
USA. The excitation is selective to low spins (mainly J = 1)
and excitation-energy regions (due to the narrow bandwidth
of the beam) and, therefore, well suited for the study of
specific Jπ = 1− states. The intense γ -ray source in the
entrance channel is combined with the newly installed high-
efficiency γ -γ coincidence setup γ 3 [62] for the detection of
de-exciting γ rays in the outgoing channel. For the present
experiments the setup was used in a configuration with
four 3 in. × 3 in. LaBr3:Ce scintillation detectors at θ = 90◦
and four 60% high-purity germanium (HPGe) semiconductor
detectors at θ = 135◦ with respect to the beam axis. The LaBr3

detectors were placed symmetrically at azimuthal angles
of φ = 45◦,135◦,225◦, and 315◦ relative to the horizontal
polarization axis, whereas two HPGe detectors were placed
parallel (φ = 0◦,180◦) and two perpendicular (φ = 90◦,270◦)
to the polarization axis. Using this detector configuration
and distances of 5 to 10 cm between detector end-cap and
target for the LaBr3 and HPGe detectors, respectively, results
in a total photopeak efficiency of about 6% at 1.3 MeV.
Data was acquired in parallel by two data acquisition (DAQ)
systems. One is the analog so-called Genie DAQ which was
used to store singles spectra of the HPGe detectors. The
second DAQ system is the digital MBS DAQ which acquires
event-by-event list-mode data for HPGe and LaBr3 detectors.
Customized trigger conditions allow to generate, e.g., singles
and coincidence triggers and are adjusted individually. More
details on the γ 3 setup can be found in Ref. [62].

Photon energy settings of 3.6 MeV and 5.9 MeV were
used in the experiments on 140Ce and 40Ca, respectively, to
cover the excitation energies of the corresponding two-phonon
candidates. The beam-energy profile of the incoming photon
beam is monitored by an additional 123% HPGe detector
which can be moved into the beam. In the present experiments
the bandwidth of the photon beam amounted to 4%. The 140Ce
target was composed of 2 g highly enriched (99.72%) plus 7.5 g
natural cerium-oxide powder, whereas for the 40Ca experiment
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an 11.2 g natural calcium-carbonate target was used. Both
measurements were carried out for about 23 h, each.

III. DATA ANALYSIS

In general, a number of quantities are directly accessible
in nuclear resonance fluorescence (NRF) experiments such as
spin, parity, excitation energy, and transition strengths. For
a transition of electromagnetic character σ and multipolarity
L without multipole mixing, the reduced transition strength,
B(σL), and the partial decay width to a specific final state, �f ,
are related via

B(σL,Ji → Jf ) = L[(2L + 1)!!]2

8π (L + 1)

(
�c

Eγ

)2L+1

g�f , (1)

where Eγ is the transition energy and g = 2Jf +1
2Ji+1 is the spin fac-

tor. In the present cases, the cross section, Ir,f , for the resonant
excitation of the 1− states decaying back to the ground state
has been measured in previous NRF experiments [4,8,63] via

Ir,f = π2

(
�c

E

)2

g
�0�f

�
. (2)

In the present analysis, the ratio of partial and total decay
widths can be deduced from the peak area in the singles γ -ray
spectra:

A
single
i,f = gπ2

(
�c

E

)2
�0�f

�
NtNγ 	live,iεi(E − Ef )Wi,f , (3)

where Nt is the number of target nuclei, Nγ is the photon flux at
the resonance energy, 	live,i is the relative live-time of detector
i, εi(E − Ef ) is the absolute photopeak efficiency of detector
i at the transition energy, and Wi,f is the angular distribution
of the scattered photons at the position of detector i.

Using Eq. (3), the branching ratio relative to the ground
state, �f /�0, can be derived from

�f

�0
= A

single
f

∑
i 	live,iεi(E)Wi,0

A
single
0

∑
i 	live,iεi(E − Ef )Wi,f

(4)

after summing over all detectors i. For the coincidence data,
two γ rays from the de-exciting γ cascade are detected.
This leads to an additional experimental access to the relative
branching ratio:

�f

�0
= Acoinc

f

∑
i 	live,iεi(E)Wi,0

A
single
0

∑
ij 	live,ij εi(E − Ef )εj (Eγ2 )Wij,f

, (5)

where Acoinc
f is the peak area in the energy-gated coincidence

spectrum summed for all detector combinations, 	live,ij is the
relative live-time of detector i and j , Wij,f is the angular
distribution of the scattered photons at the position of detector
i and j , and γ2 denotes the second γ ray that is detected in
addition to the 1− → Jf transition.

The focus in the present work lies on the determination
of relative branching ratios �f /�0 which gives access to
�f for known �0 and can be transferred into reduced
transition strengths using Eq. (1). In principle, both singles and
coincidence data can be used for the determination of �f /�0

as shown above. With the coincidence data the selectivity
is improved, however, the intensity in the γ -ray spectra is
reduced. Two-dimensional γ -γ coincidence matrices filled
with the γ -ray energies measured by HPGe and LaBr3

detectors are used to generate projected γ -ray spectra as shown
in Fig. 1 for the measurement on 140Ce. The upper panel shows
the full projections of the HPGe-LaBr3 coincidence data. A
large background in particular at lower energies is visible in
the full projections which mainly stems from non-resonant
scattering processes in the target itself. The lower panel of

2+
1 → 0+

1 2+
1 → 0+

1

1−1 → 3−1

1−1 → 2+
1

1−1 → 0+
2

1−1 → 3−1
1−1 → 2+

11−1 → 0+
2

FIG. 1. Projected γ -ray spectra of (a) the HPGe detectors with HPGe-LaBr3 coincidence condition, (b) the LaBr3 detectors with HPGe-LaBr3

coincidence condition, (c) the HPGe detectors with HPGe-LaBr3 coincidence condition and energy gate on the 2+
1 → 0+

1 transition in the LaBr3

detectors, and (d) the LaBr3 detectors with HPGe-LaBr3 coincidence condition and energy gate on the 2+
1 → 0+

1 transition in the HPGe detectors
after background subtraction. Arrows indicate a hypothetical 1−

1 → 3−
1 transition. The data was taken in the measurement on 140Ce with a

γ -beam energy of 3.6 MeV.
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1−1 → 0+
1

1−1 → 0+
1

FIG. 2. Singles γ -ray spectra of (a) HPGe detectors and (b) LaBr3

detectors. The data were taken in the measurement on 140Ce with a
γ -beam energy of 3.6 MeV.

Fig. 1 shows the projected γ -ray spectra after applying an
energy gate (Eγ ≈ 1596 keV) on the secondary 2+

1 → 0+
1

transition of 140Ce. The primary transitions 1−
1 → 2+

1 and
1−

1 → 0+
2 are clearly visible in the gated γ -ray spectra obtained

with the HPGe and LaBr3 detectors. Their peak areas can
be used to determine branching ratios for the different decay
channels relative to the ground-state decay. The singles γ -ray
spectra of HPGe and LaBr3 detectors are shown in Fig. 2.

In addition, the setup allows for parity measurements via the
polarization information carried by the angular distribution,
W (θ,φ), of the de-exciting γ rays. The analyzing power for a
fixed scattering angle θ is defined as

� = W (θ,0◦) − W (θ,90◦)

W (θ,0◦) + W (θ,90◦)
. (6)

The position of the HPGe detectors differed from the usual
parity measurements where the analyzing power is maximized
[64]. The detectors at θ = 135◦ give analyzing powers of � =
±1/3 for J = 1± states and � = ∓1 for J = 2± states. The
experimentally accessible observable is the asymmetry

ε = I‖ − I⊥
I‖ − I⊥

= q�, (7)

where I‖ and I⊥ are the efficiency-corrected photon intensities
in the horizontal (‖) and vertical (⊥) detectors with respect to
the horizontal polarization axis. The experimental sensitivity
q ≈ 0.9 accounts for the finite opening angle of the detectors.

IV. RESULTS FOR 140Ce

The two-phonon candidate in 140Ce, which is investigated
in the present work, is the 1−

1 state at 3.6 MeV with a
B(E1,1−

1 → 0+
1 ) transition strength of 4.1(6) mW.u. [8]. Its

decays to the first 2+
1 and to the second 0+

2 states are clearly
visible in the projected γ -ray spectrum of the HPGe detectors
with a gate on the ground-state transition of the first 2+

1
state (see Fig. 1). The transition strengths can be deduced

using these primary γ -ray transition from the excited 1−
1 state

into the corresponding excited state (seen in the coincidence
γ -ray spectra shown in Fig. 1) and ground state (seen in the
singles γ -ray spectra shown in Fig. 2) as well as the known
B(E1,1−

1 → 0+
1 ) transition strength. The results are 0.54(3)

and 0.75(6) m.W.u. for the B(E1,1−
1 → 2+

1 ) and B(E1,1−
1 →

0+
2 ) transition, respectively. The decay of the first 1− state to

the 3−
1 state is not visible on top of a pronounced background.

However, for the B(E2,1−
1 → 3−

1 ) transition strength an upper
limit of 28 W.u. was deduced by analyzing the background
in the γ -ray spectrum. In the harmonic model a 1−

1 → 2+
1

E3 transition would be expected, but a measurement of this
transition is difficult because E1 radiation dominates over E3
radiation. We assumed that the observed 1−

1 → 2+
1 transition

is of E1 character. The observation of 1−
1 → 2+

1 and 1−
1 → 0+

2
E1 transitions cannot be explained in the simple harmonic
picture but needs further explanation which will be discussed
in the following paragraphs.

Already some years ago, the QPM was applied to study two-
phonon structures including the quadrupole-octupole coupled
1− state in stable N = 82 nuclei [41]. Lowest-lying 1−

1 states
with a large (2+

1 ⊗ 3−
1 )1− content and excitation energies close

to the sum energy of the first 2+ and 3− states were calculated
and interpreted as two-phonon excitations. However, the
previous calculations in the N = 82 isotones do not discuss
the excited 0+

2 state. Thus, also the B(E1,1−
1 → 0+

2 ) transition
strength which we measured for the first time could not
be compared to available theoretical predictions within a
consistent framework. For this reason we performed new
calculations for the N = 82 nuclei 138Ba, 140Ce, 142Nd, and
144Sm in the framework of a more advanced microscopic
nuclear structure approach based on the self-consistent energy-
density functional (EDF) theory and QPM including up to
three-phonon configurations [18,19]. The theoretical method
has been widely tested in systematic studies of electric and
magnetic excitations from different energy and mass regions
[4,8,10,12,16,17,65] and also in predictions of new modes of
nuclear excitations related to the pygmy quadrupole resonance
(PQR) [66–68]. A further advantage of the three-phonon
EDF+QPM calculations is that we consider explicitly all
one-phonon configurations up to the neutron threshold in-
cluding explicitly the PDR. Additional dynamical dipole core
polarization contributions are accounted for by the isovector
interaction strength which is fitted to reproduce the properties
of the GDR. Differently from Ref. [41] no additional effective
charges are needed.

In Table I, the experimental and theoretical QPM results
for excitation energies, wave function structures and transition
strengths are summarized. The QPM wave functions of the
2+

1 and 3−
1 excited states are dominated by one-phonon

components related to the collective 2+
1 (about 93%) and 3−

1
(about 90%) QRPA one-phonon states, respectively. The main
contributions to the 2+

1 QRPA state vectors in N = 82 nuclei
come from [2d5/2]2

p, [1h11/2]2
p, [1g7/2]2

p, and [1g7/22d5/2]p
two-quasiparticle proton configurations located close to the
Fermi surface. This is related to the fact that the [1g7/2]p level
is the proton Fermi-level in 138Ba and 140Ce and the [2d5/2]p
level is the proton Fermi level in 142Nd and 144Sm. Because
of the pairing interaction the two-quasiparticle states situated
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TABLE I. Comparison of experimental data with QPM results for stable even-even N = 82 isotones.

138Ba 140Ce 142Nd 144Sm

Ex(2+
1 ) [MeV] 1.436 1.596 1.576 1.660 Exp.

Ex(2+
1 ) [MeV] 1.415 1.550 1.547 1.670 QPM

Structure 97.3% 2+
1 96.0% 2+

1 92.7% 2+
1 94.2% 2+

1

+1.9% (3−
1 ⊗ 3−

1 )2+ +3.4% (3−
1 ⊗ 3−

1 )2+ +3.5% (3−
1 ⊗ 3−

1 )2+

Ex(0+
2 ) [MeV] 2.340 1.903 2.217 2.477 Exp.

Ex(0+
2 ) [MeV] 2.400 1.901 2.170 2.220 QPM

Structure 97.6% 0+
2 64.2% 0+

2 60.3% 0+
2 61.1% 0+

2

+1.3% (2+
1 ⊗ 2+

1 )0+ +15% 0+
3 +20.8% 0+

3 +14.7% 0+
3

+14.3% (3−
1 ⊗ 3−

1 )0+ +14.8% (3−
1 ⊗ 3−

1 )0+ +22.6% (3−
1 ⊗ 3−

1 )0+

Ex(3−
1 ) [MeV] 2.881 2.464 2.084 1.810 Exp.

Ex(3−
1 ) [MeV] 2.845 2.390 2.030 1.730 QPM

Structure 92.7% 3−
1 88.9% 3−

1 91.2% 3−
1 92.3% 3−

1

+7.2% (2+
1 ⊗ 3−

1 )3− +8.4% (2+
1 ⊗ 3−

1 )3− +6.6% (2+
1 ⊗ 3−

1 )3− +3.6% (2+
1 ⊗ 3−

1 )3−

Ex(1−
1 ) [MeV] 4.026 3.643 3.424 3.225 Exp.

Ex(1−
1 ) [MeV] 4.350 4.140 3.850 3.589 QPM

Structure 94.6% (2+
1 ⊗ 3−

1 )1− 93.1% (2+
1 ⊗ 3−

1 )1− 93.2% (2+
1 ⊗ 3−

1 )1− 93.1% (2+
1 ⊗ 3−

1 )1−

+1.9% 1−
5 +1.8% 1−

5 +1.8% 1−
4 +1.7% 1−

4

+2.6% +3.5% +2.2%
(2+

1 ⊗ 2+
1 ⊗ 3−

1 )1− (2+
1 ⊗ 2+

1 ⊗ 3−
1 )1− (2+

1 ⊗ 2+
1 ⊗ 3−

1 )1−

B(E1,1−
1 → 0+

1 ) [mW.u.] 5.6(3)e 4.1(6)c 3.3(7)a 3.7(5)d Exp.
7.8 6.7 5.3 4.9 QPM

B(E1,1−
1 → 2+

1 ) [mW.u.] 0.48(12)e 0.54(3)b 0.77(16)a 0.61(13)d Exp.
0.21 0.20 0.33 0.30 QPM

B(E1,1−
1 → 0+

2 ) [mW.u.] – 0.75(6)b – – Exp.
0.5 2.3 2.1 2.3 QPM

B(E2,1−
1 → 3−

1 ) [W.u.] – <28b 15.7(33)a 16.6(40)d Exp.
14.2 17.6 16.1 16.0 QPM

B(E2,2+
1 → 0+

1 ) [W.u.] 10.7(4)f 13.7(3)f 12.3(4)f 11.9(4)f Exp.
10.6 13.2 12.1 12.0 QPM

B(E3,3−
1 → 0+

1 ) [W.u.] 16.8(1.6)g 26(3)h 29(5)i 38(3)j Exp.
16.0 19.5 24.6 29.5 QPM

aAdopted from Ref. [58].
bThis work.
cAdopted from Ref. [8].
dAdopted from Ref. [57].
eAdopted from Ref. [69].
fAdopted from Ref. [70].
gAdopted from Ref. [71].
hAdopted from Ref. [72].
iAdopted from Ref. [73].
jAdopted from Ref. [74].

close to the Fermi surface could spend part of the time below or
above the Fermi surface. The major configuration reaches from
a fraction of about 38% in 140Ce up to about 47% in 138Ba. The
neutron contribution is related mainly to the [1h11/22f7/2]n
two-quasiparticle neutron configuration and varies between
≈3–5%. The B(E2) transition probabilities follow closely the
amount of collectivity of the 2+

1 QRPA states and consequently
the largest B(E2) value is obtained for the 140Ce nucleus as it
is shown in Table I both from theory and experiment.

In the case of the 3−
1 QRPA states there are two major

competing contributions to the state vectors due to the
[2d5/21h11/2]p and [1g7/21h11/2]p two-quasiparticle proton
configurations. The [2d5/21h11/2]p proton component con-
tributes from about 63% in 138Ba up to about 76% in

144Sm. The [2d5/21h11/2]p proton component also contributes
dominantly to the B(E3) transition matrix elements to the
ground state. The neutron contribution to the 3−

1 QRPA states
in N = 82 nuclei is related mainly to the [1h11/21i13/2]n two-
quasiparticle neutron component and varies between ≈3–6%.
The experimentally observed general trend of decreasing
energy of the 3− excited states with the increase of the
proton number in N = 82 nuclei is reproduced well in our
calculations with smooth changes of the residual interaction
model parameters.

The theoretical properties of the 2+
1 and 3−

1 QRPA phonons
can be further examined in studies of low-energy two-phonon
states related to the quadrupole-octupole multiplet. The QPM
1−

1 state has a major two-phonon (2+
1 ⊗ 3−

1 )1− content of
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0+
1

2+
1

0+
2

3−1

1−

FIG. 3. Experimental (left) and theoretical (right) decay pattern of
the 1−

1 state in 140Ce. The numbers indicate the transition strengths in
mW.u. for E1 transitions (blue and green) and W.u. for E2 transitions
(black).

more than 93%. However, in all nuclei a contribution to the
state wave function of higher-lying one-phonon PDR states
of larger than 1% was found. With increasing proton number
toward 144Sm, the excitation energy of the 1−

1 state decreases
following the decrease of the excitation energy of the 3−

1
state, which, on the other hand, reduces the coupling with
PDR and IVGDR phonons. Three-phonon contributions are
found of minor importance for the wave function and transition
properties of the 1−

1 states in the considered N = 82 nuclei.
The decay pattern of the 1−

1 state in 140Ce is illustrated in Fig. 3
in terms of the transition strengths, indicated by the arrow
thicknesses. The general agreement between experiment and
QPM calculations is reasonably good.

Now we would like to discuss the results within the
systematics of the two-phonon E1 excitation mode in the
N = 82 isotones. For this purpose the compiled experimental
data and the QPM results are shown in Fig. 4. The upper
panel shows the energy trend of the excitation energies with
increasing proton number. The excitation energy of the 3−

1 state
decreases steeper than the energy of the 2+

1 state increases.
This leads to a decrease of the excitation energy of the 1−

1
state. The proton number dependence of the excitation energy
of the 0+

2 state shows a different behavior with a minimum for
cerium. The energy trends for all states are well reproduced
by the QPM. The experimentally observed excitation energies
of the 1−

1 states are typically lower than compared to the sum
energy of the constituent phonons which is a known feature
for two-phonon 1−

1 states [49].
In the following, some theoretical details on the structure of

the QPM 0+
2 state in N = 82 nuclei are given (see Table I). The

QPM 0+
2 excited states are dominated by one-phonon compo-

nents related to the 0+
2 QRPA phonon which has the largest

contribution of 97.6% in 138Ba. For comparison the same
component gives 64.2% in 140Ce, 60.3% in 142Nd, and 61.1%
in 144Sm, respectively. A considerable contribution, due to to
the 0+

3 QRPA phonon, of 15% in 140Ce, 20.8% in 142Nd, and
14.7% in 144Sm, is found as well. In addition two-phonon
(2+

1 ⊗ 2+
1 )0+ and (3−

1 ⊗ 3−
1 )0+ configurations contribute to the

structure of the 0+
2 excited states. In particular, the latter are

very important for transitions between two-phonon states.
Thus, from the calculations it is found that the (3−

1 ⊗ 3−
1 )0+

state has the largest counterpart to the structure of the 0+
2

excited state in 144Sm which corresponds also to one of the
largest B(E1,1−

1 → 0+
2 ) transition probabilities in comparison

1−

3−1
0+

2

2+
1

1− → 0+
1

1− → 0+
2

1− → 2+
1

1− → 3−1
2+

1 → 0+
1

FIG. 4. Compilation of experimental (markers) and QPM (lines)
data in N = 82 isotones: (a) Excitation energies, (b) E1 transition
strengths of 1− → J

πf

f transitions, (c) E2 transition strengths.

with the other considered N = 82 nuclei. In general, the
energy of the 0+

2 QRPA state should increase with the total
strength of the monopole pairing interaction and the width of
the pairing gap 	p, which in turn increases with the proton
number in the case of the neutron-magic N = 82 isotones.
This means the pairing gap in 140Ce is larger than that in
138Ba. However, different effects can lead to a lowering
of the energy of the 0+

2 state. In particular, the structure
of the QRPA 0+

2 state is a pure proton excitation resulting
from recoupling processes of two-quasiparticle states from
the [2d5/2]2

p, [1g7/2]2
p, and [1h11/2]2

p proton subshells. The
energy of the [2d5/2]2

p two-quasiparticle proton configuration,
which has the major contribution of 55.9% to the QRPA
0+

2 state in 138Ba, is higher than that in 140Ce, where the
[2d5/2]2

p two-quasiparticle proton configuration is the second
of importance with 48%. Furthermore, the main contribution
of the QRPA 0+

2 state in 140Ce is due to the [1g7/2]2
p (50.1%)

two-quasiparticle proton configuration whose energy is also
lower than the energy of the [2d5/2]2

p two-quasiparticle proton
configuration in 138Ba. Consequently, even though the total
pairing energy 	2

p/Gp, where Gp is the monopole pairing
strength constant, is larger in 140Ce than that in 138Ba, the
mentioned shell effects lead to the lowest energy of the QRPA
0+

2 state in 140Ce in comparison with the other investigated
N = 82 isotones. In addition, the calculated anharmonicity
contributions to the QPM 0+

2 state are larger than those in
the neighboring 138Ba and 142Nd nuclei, in the case of 140Ce
which further reduce the excitation energy of the 0+

2 state.
The B(E1)↓ transition strengths for three different decay

channels of the 1−
1 state are shown in Fig. 4(b). The predicted
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minimum of the 1−
1 → 0+

1 transition strength for 144Sm is
not seen in the data, but still the trend is consistent within
the experimental uncertainties. The theoretical value of this
transition strength is strongly correlated with the contribution
of the two-phonon matrix element. The latter depends strongly
on the amplitude of the two-phonon (2+

1 ⊗ 3−
1 )1−

1
component

which is one of the smallest in 144Sm (see also Table I) and
also on the collectivity of the involved two-phonon states.
Furthermore, as discussed above, the presence of PDR and
IVGDR counterparts to the wave function of the 1−

1 states
influences as well their decay rates. In particular, the total
amount of one-phonon contributions to the B(E1,1−

1 → 0+
1 )

transition probability varies from 7.2% in 140Ce up to 29%
in 138Ba. A relatively constant behavior of the 1−

1 → 2+
1

transition strengths for 140Ce, 142Nd, 144Sm is found in
both, experiment and theory, although the absolute values are
slightly underestimated. In the QPM the 1−

1 → 2+
1 transition

strength is determined by the matrix element which couples
the two-phonon components of the 1−

1 and 2+
1 state and

depends mainly on the collectivity of the 2+
1 state which is

an almost pure one-phonon state in the N = 82 isotones.
In this case, the nucleus 138Ba has the least collective 2+

1
state and consequently one of the smallest 1− → 2+

1 transition
strength. However, one should also note that the B(E1)
transition probability is determined by the sum of the matrix
elements of all two-phonon contributions which might have
different signs and cancel out. This is the case for 142Nd
and 144Sm. In general, this transition belongs to the so-called
boson-forbidden transitions. In particular its value is very small
and even minor contributions to the state vectors can affect the
transition probability.

The lower panel of Fig. 4 displays the B(E2) values
for the 1−

1 → 3−
1 and 2+

1 → 0+
1 transition, respectively. The

agreement between QPM and experimental data is excellent
for, both, the 2+

1 → 0+
1 and the 1−

1 → 3−
1 transition strengths.

The B(E2,1−
1 → 3−

1 ) values for 142Nd and 144Sm were mea-
sured in proton-scattering experiments [57,58]. The presently
determined upper limit for the B(E2,1−

1 → 3−
1 ) value of 140Ce

is consistent with the QPM and would also fit into the N = 82
systematics. More experimental effort is needed to measure
this transition strength or further reduce its upper limit.

1−1 → 0+
1

2+
3 → 0+

1

44Ca

SE
DE

FIG. 5. Singles γ -ray spectrum of the HPGe detectors for the
measurement on 40Ca. The transitions within the excitation window
defined by the beam profile (dashed curve) are labeled. Single (SE)
and double (DE) escape peaks are visible at lower energies.

TABLE II. Experimental asymmetries of J = 1 and J = 2 states
in 40,44Ca obtained in the present ( �γ ,γ ′) experiment.

Ex [keV] nucleus J π asymmetry ε J π (this work)

5628.9 40Ca 2+a −0.8(4) 2+

5806.3 44Ca 1b −0.31(4) 1−

5875.8 44Ca 1b −0.33(6) 1−

5902.5 40Ca 1−a −0.336(12) 1−

aReference [63] and references therein.
bReference [77].

From the newly observed decays of the 1−
1 state into the

2+
1 and 0+

2 states we find strong evidence for the two-phonon
character of the 1−

1 state in 140Ce. This conclusion is fully
supported by our new QPM calculations.

V. RESULTS FOR 40Ca AND 44Ca

The calcium chain has five stable even-even isotopes in
the light-to-medium mass region covering a wide N/Z range.
Low-lying E1 excitations have been studied systematically
in 40Ca, 44Ca, and 48Ca by means of NRF experiments
[14,63,75–77]. The doubly magic N = Z nucleus 40Ca ex-
hibits almost no low-lying E1 strength, whereas 44Ca and
48Ca exhaust more and a similar amount of the Thomas-
Reiche-Kuhn energy-weighted sum rule [76,77].

The B(E1) strength of 40Ca below the particle threshold
is mainly carried by one excitation at 6.9 MeV which was
also strongly excited in an (α,α′γ ) experiment [78]. It is
interpreted as a pure isoscalar oscillation which is predicted
in all Ca isotopes [79] and was experimentally identified in
40Ca and 48Ca [14]. The quadrupole-octupole two-phonon
candidate which is investigated in the present work, is the
1−

1 state at 5.9 MeV that has a B(E1,1−
1 → 0+

1 ) strength of
0.20(2) mW.u. [63]. In total four ground-state transitions of
excited states in 40Ca and 44Ca lie within the beam profile as
shown in Fig. 5. Spin and parity of the two excited states in
40Ca are known from previous studies [63] and are confirmed
in the present experiment. For the two J = 1 states in 44Ca the
parity was unknown. Therefore, the data taken in the present
experiment was also used to perform a parity assignment as
explained in Sec. III. The results are given in Table II. On

3−1 → 0+
1

1−1 → 3−1

FIG. 6. Low-energy part of the singles γ -ray spectrum obtained
with the HPGe detectors. The insets show the energy regions where
the 1−

1 → 3−
1 (left) and 3−

1 → 0+
1 (right) transitions are located.
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TABLE III. Experimental results for the γ -decay behavior of the
1−

1 state in 40Ca.

transition strength

B(E1,1−
1 → 0+

1 ) [mW.u.] 0.20(2)a

B(E2,1−
1 → 3−

1 ) [W.u.] 4.2(12)
B(E2,2+

1 → 0+
1 ) [W.u.] 2.7(7)a

aTaken from Ref. [63].

the basis of the measured experimental asymmetries, negative
parity can be assigned to both states.

Concerning the decay behavior of the 1−
1 state in 40Ca,

the coincidence data suffered from low statistics. Therefore,
the γ -ray singles spectra were taken into account in the further
analysis. Compared to the much heavier 140Ce the nonresonant
background at low energies is strongly reduced in 40Ca. The
decay into the first 3−

1 state at 3.7 MeV is observed in the
singles γ -ray spectrum in terms of the primary 1−

1 → 3−
1

transition as well as the secondary 3−
1 → 0+

1 transition. These
transitions are visible in the γ -ray spectrum shown in Fig. 6.
A decay into the higher-lying first 2+

1 state at 3.9 MeV is not
observed. Note that the 3−

1 state is the lowest-lying excited
state in 40Ca. The reduced transition strengths which were
determined in previous experiments and in this work are
summarized in Table III. The B(E2) values for the 1−

1 → 3−
1

and the 2+
1 → 0+

1 transitions agree within the error bars. This
means the first 1−

1 state in 40Ca is supported as a candidate for
the two-phonon 1− state. Hence, the possibility of a collective
phonon mode exists also in light nuclei like 40Ca.

VI. SUMMARY

We investigated the decay pattern of two-phonon 1−
candidates in 40Ca and 140Ce by means of ( �γ ,γ ′) experiments
at the HIγ S facility. The experiments were performed using

the γ -γ coincidence setup γ 3. For both nuclei new decay
paths were found in addition to the known strong ground-state
decay. For 140Ce the E1 strength for the 1−

1 → 2+
1 transition

was determined. The deduced value fits into the N = 82
systematics. For the first time in 140Ce and in the N = 82
isotones an E1 transition of the 1−

1 state into the first excited 0+
2

state was observed and quantified. Microscopic calculations on
the basis of the EDF+QPM approach support the interpretation
of a dominant two-phonon character of the 1−

1 state. In the
future, a measurement of the 1−

1 → 3−
1 transition strength

or a more stringent upper limit for this observable could
serve as an additional test of the model and associated
interpretation.

For 40Ca the direct decay of the 1−
1 state into the first 3−

1
state was observed. Its transition strength is equal to the 2+

1 →
0+

1 transition strength within the experimental errors. Thus,
it is consistent with the harmonic model and hints to a two-
phonon structure of the 1−

1 state. A systematic investigation of
the decay behavior of two-phonon 1− candidates in other Ca
isotopes could help to establish this collective excitation mode
in the light-to-medium mass region.

ACKNOWLEDGMENTS

The authors would like to thank K.-O. Zell and S. Thiel
for their help concerning the target preparation and J. Jolie
for providing LaBr3 detectors. We thank M. Spieker for
valuable discussions. We furthermore highly acknowledge the
support of the accelerator staff at HIγ S during the beam times.
This work is supported by the DFG (ZI 510/7-1 and SFB
634) and the Alliance Program of the Helmholtz Association
(HA216/EMMI). N.T. is supported by the Helmholtz Interna-
tional Center for FAIR within the framework of the LOEWE
program. HIγ S and the TUNL group is supported by the US
Department of Energy, Office of Nuclear Physics, Grant No.
DE-FG02-97ER41033.

[1] M. N. Harakeh and A. van der Woude, Giant Resonances
(Oxford University Press, New York, 2001).

[2] B. L. Berman, At. Data Nucl. Data Tables 15, 319 (1975).
[3] G. A. Bartholomew, Annu. Rev. Nucl. Sc. 11, 259 (1961).
[4] R.-D. Herzberg, P. von Brentano, J. Eberth, J. Enders, R. Fischer,

N. Huxel, T. Klemme, P. von Neumann-Cosel, N. Nicolay, N.
Pietralla, V. Yu. Ponomarev, J. Reif, A. Richter, C. Schlegel,
R. Schwengner, S. Skoda, H. G. Thomas, I. Wiedenhver, G.
Winter, and A. Zilges, Phys. Lett. B 390, 49 (1997).

[5] A. Zilges, S. Volz, M. Babilon, T. Hartmann, P. Mohr, and K.
Vogt, Phys. Lett. B 542, 43 (2002).

[6] D. Savran, T. Aumann, and A. Zilges, Prog. Part. Nucl. Phys.
70, 210 (2013).

[7] J. Bryssinck, L. Govor, D. Belic, F. Bauwens, O. Beck, P. von
Brentano, D. De Frenne, T. Eckert, C. Fransen, K. Govaert,
R.-D. Herzberg, E. Jacobs, U. Kneissl, H. Maser, A. Nord,
N. Pietralla, H. H. Pitz, V. Yu. Ponomarev, and V. Werner,
Phys. Rev. C 59, 1930 (1999).

[8] S. Volz, N. Tsoneva, M. Babilon, M. Elvers, J. Hasper, R.-D.
Herzberg, H. Lenske, K. Lindenberg, D. Savran, and A. Zilges,
Nucl. Phys. A 779, 1 (2006).

[9] D. Savran, M. Fritzsche, J. Hasper, K. Lindenberg, S. Müller, V.
Yu. Ponomarev, K. Sonnabend, and A. Zilges, Phys. Rev. Lett.
100, 232501 (2008).

[10] A. P. Tonchev, S. L. Hammond, J. H. Kelley, E. Kwan, H.
Lenske, G. Rusev, W. Tornow, and N. Tsoneva, Phys. Rev. Lett.
104, 072501 (2010).

[11] H. K. Toft, A. C. Larsen, U. Agvaanluvsan, A. Bürger, M.
Guttormsen, G. E. Mitchell, H. T. Nyhus, A. Schiller, S. Siem,
N. U. H. Syed, and A. Voinov, Phys. Rev. C 81, 064311
(2010).

[12] R. Schwengner, R. Massarczyk, G. Rusev, N. Tsoneva, D.
Bemmerer, R. Beyer, R. Hannaske, A. R. Junghans, J. H. Kelley,
E. Kwan, H. Lenske, M. Marta, R. Raut, K. D. Schilling, A.
Tonchev, W. Tornow, and A. Wagner, Phys. Rev. C 87, 024306
(2013).

[13] F. C. L. Crespi, A. Bracco, R. Nicolini, D. Mengoni, L. Pellegri,
E. G. Lanza, S. Leoni, A. Maj, M. Kmiecik, R. Avigo, G.
Benzoni, N. Blasi, C. Boiano, S. Bottoni, S. Brambilla, F.
Camera, S. Ceruti, A. Giaz, B. Million, A. I. Morales, V.
Vandone, O. Wieland, P. Bednarczyk, M. Ciemała, J. Grebosz,
M. Krzysiek, K. Mazurek, M. Zieblinski, D. Bazzacco, M.

034311-8

http://dx.doi.org/10.1016/0092-640X(75)90010-8
http://dx.doi.org/10.1016/0092-640X(75)90010-8
http://dx.doi.org/10.1016/0092-640X(75)90010-8
http://dx.doi.org/10.1016/0092-640X(75)90010-8
http://dx.doi.org/10.1146/annurev.ns.11.120161.001355
http://dx.doi.org/10.1146/annurev.ns.11.120161.001355
http://dx.doi.org/10.1146/annurev.ns.11.120161.001355
http://dx.doi.org/10.1146/annurev.ns.11.120161.001355
http://dx.doi.org/10.1016/S0370-2693(96)01374-3
http://dx.doi.org/10.1016/S0370-2693(96)01374-3
http://dx.doi.org/10.1016/S0370-2693(96)01374-3
http://dx.doi.org/10.1016/S0370-2693(96)01374-3
http://dx.doi.org/10.1016/S0370-2693(02)02309-2
http://dx.doi.org/10.1016/S0370-2693(02)02309-2
http://dx.doi.org/10.1016/S0370-2693(02)02309-2
http://dx.doi.org/10.1016/S0370-2693(02)02309-2
http://dx.doi.org/10.1016/j.ppnp.2013.02.003
http://dx.doi.org/10.1016/j.ppnp.2013.02.003
http://dx.doi.org/10.1016/j.ppnp.2013.02.003
http://dx.doi.org/10.1016/j.ppnp.2013.02.003
http://dx.doi.org/10.1103/PhysRevC.59.1930
http://dx.doi.org/10.1103/PhysRevC.59.1930
http://dx.doi.org/10.1103/PhysRevC.59.1930
http://dx.doi.org/10.1103/PhysRevC.59.1930
http://dx.doi.org/10.1016/j.nuclphysa.2006.08.012
http://dx.doi.org/10.1016/j.nuclphysa.2006.08.012
http://dx.doi.org/10.1016/j.nuclphysa.2006.08.012
http://dx.doi.org/10.1016/j.nuclphysa.2006.08.012
http://dx.doi.org/10.1103/PhysRevLett.100.232501
http://dx.doi.org/10.1103/PhysRevLett.100.232501
http://dx.doi.org/10.1103/PhysRevLett.100.232501
http://dx.doi.org/10.1103/PhysRevLett.100.232501
http://dx.doi.org/10.1103/PhysRevLett.104.072501
http://dx.doi.org/10.1103/PhysRevLett.104.072501
http://dx.doi.org/10.1103/PhysRevLett.104.072501
http://dx.doi.org/10.1103/PhysRevLett.104.072501
http://dx.doi.org/10.1103/PhysRevC.81.064311
http://dx.doi.org/10.1103/PhysRevC.81.064311
http://dx.doi.org/10.1103/PhysRevC.81.064311
http://dx.doi.org/10.1103/PhysRevC.81.064311
http://dx.doi.org/10.1103/PhysRevC.87.024306
http://dx.doi.org/10.1103/PhysRevC.87.024306
http://dx.doi.org/10.1103/PhysRevC.87.024306
http://dx.doi.org/10.1103/PhysRevC.87.024306


DECAY OF QUADRUPOLE-OCTUPOLE 1− STATES IN . . . PHYSICAL REVIEW C 93, 034311 (2016)

Bellato, B. Birkenbach, D. Bortolato, E. Calore, B. Cederwall,
L. Charles, G. de Angelis, P. Désesquelles, J. Eberth, E.
Farnea, A. Gadea, A. Görgen, A. Gottardo, R. Isocrate, J.
Jolie, A. Jungclaus, N. Karkour, W. Korten, R. Menegazzo, C.
Michelagnoli, P. Molini, D. R. Napoli, A. Pullia, F. Recchia, P.
Reiter, D. Rosso, E. Sahin, M. D. Salsac, B. Siebeck, S. Siem,
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