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Direct demonstration of the two-phonon structure of the J* = 15,,,.y state of **Sr
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We have studied the decay pattern of the J™ = 1;,,,, .y state of %Sr to probe its quadrupole-octupole coupled
two-phonon structure. In particular, a unique fingerprint to prove the two-phonon nature is the E2 decay strength
of the 1,,,,.y — 3] transition into the one-octupole-phonon state. y-ray spectroscopy was performed after the
B decay of 38Rb to obtain the necessary sensitivity for this weak-intensity decay branch. Sufficient amounts of
8Rb (Ti» = 17.8 min) were produced by neutron activation of natural Rb in the TRIGA Mark II reactor. The
results show that the B(E2) value of the 1,,,,,., — 37 transition is equal to the B(E2) of the 2] — 0 transition,
directly demonstrating the quadrupole-octupole coupled two-phonon nature of the 1~ state. A comparison
of the results with energy-density functional plus quasiparticle-phonon model calculations shows remarkable

agreement, corroborating this assignment.

DOI: 10.1103/PhysRevC.108.L051301

Introduction. Low-lying collective excitations of vibra-
tional nuclei near shell closures are of particular interest
for nuclear physics because atomic nuclei represent prime
examples of strongly coupled mesoscopic many-body quan-
tum systems where collective vibrational excitations [1],
frequently addressed as phonons, compete with single-particle
excitations at low energy. Since the 1950s, there has been an
intriguing question of how phonon excitations can couple to
multiphonon structures and thereby serve as building blocks
for nuclear structure (see, e.g., [2], and references therein).
Prime examples in even-even nuclei are the low-lying 2+
and 3~ states that are described by quadrupole and octupole
phonon oscillations of the nuclear surface, respectively. The
nature of a one-phonon state is described by the coherent
superposition of particle-hole (p-h) excitations built on the
ground state, while two-phonon states are composed of 2p-2h
excitations built on the ground state with a similar general-
ization for multiphonon states. In a simple phonon-coupling
picture, phonons can couple to multiphonon quantum states
forming multiplets with the same structure and correlated
decay properties. In a purely harmonic oscillator, two-phonon
states occur at an excitation energy corresponding to the sum
energy of the constituent phonons. Deviations from that en-
ergy estimate are addressed as anharmonicities. Coupling of
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identical phonons based on the same single-particle excita-
tions, e.g., 2T ®2%) [3-5] or (3~ ®37) [6,7], may lead
to strong anharmonicities due to Pauli blocking effects. In
contrast, Pauli blocking can be partly avoided by coupling
different phonons, i.e., inhomogeneous phonon coupling [8]
when the constituent phonons exhibit different single-particle
structures. In leading order, the distortions are expected to be
small in such inhomogeneous multiphonon states and, thus,
allow for a stringent test of the simple multiphonon picture
of collective low-lying excitations, both in terms of anhar-
monicities and of purity of the multiphonon wave functions.
One prominent example of such an inhomogeneous phonon
coupling is the quadrupole-octupole two-phonon excitations
(2" ® 37) forming a quintuplet of nuclear levels with spin-
parity quantum numbers J* = 17,27,37,47,and 57 [9-11].

The criteria for the solid experimental identification of
vibrational multiphonon states are currently still under debate
[5,12]. Lacking other experimental information, the excitation
energy of the multiphonon candidate states has often been
considered for a multiphonon criterion because it is expected
to be close to the sum energy of the constituent phonons when
assuming their harmonic coupling. This criterion is, however,
weak because anharmonicities lead to deviations from this
expectation and nuclear levels with different structure that,
for any reason, may coincide with the sum energy, can er-
roneously be misinterpreted as multiphonon states although
they are not. Instead, the decisive signatures for multiphonon
structures are the collective strengths of the corresponding
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phonon-annihilating decay transitions that should correlate
to the strengths of the ground-state decays of the corre-
sponding one-phonon states. Anharmonicities observed for
multiphonon states may be caused by the influence of the
underlying single-particle degree of freedom. Hence, the clear
establishment of multiphonon states and the thorough study
of their properties provide information on the interplay of the
collective and single-particle degrees of freedom in atomic
nuclei.

The scope of the present work is focused on the investi-
gation of the structure of the candidate for the quadrupole-
octupole coupled J" = 12_])/1 state of %8Sr. Following the
above-mentioned signatures of a two-phonon state, the ex-
citation energy is expected at E(12_ph) ~ E(ZT) +EQ)) =
1836keV 4 2734keV = 4570keV. The method of nuclear
resonance fluorescence (NRF) has proven a powerful tool
for searching for 12_,;h states of vibrational nuclei [8,13-20].
Previous NRF studies have identified the 1~ state at 4742 keV
to be the best candidate for the 1, , state of this nucleus
[21-23]. However, for a decisive identification, the reduced
decay strengths of a harmonically coupled two-phonon 1
state have to fulfill the following relations:

B(E3, 13, — 21) = B(E3,3] — 0)), )

2ph

B(E2, 13, — 37) = B(E2,2{ — 0}). 2)

It is experimentally challenging to determine the E3 contribu-
tioninthe 1, , — 2| decay, due to the dominant competition

by E 1 multipolarity. The situation is different for the 12ph —
3] transition, since the E2 decay associated with the corre-
sponding annihilation of the constituent quadrupole phonon
is the leading multipolarity and a potential M3 multipole
admixture is subdominant. Using the value for B(E2, 21* —
OfL) = 176(9) ¢*fm* (adopted from [24]) and the ground-state
transition strength of the 15, state (adopted from [23]), one
expects a branching ratio of F(lz’ph — 31’)/1“(12’]]}1 — Of) =
0.034(5). The measurement of branching ratios in the regime
of a few percent is challenging in NRF experiments due to the
rapidly increasing low-energy background originating from
nonresonant photon scattering off the target. Some of us per-
formed NRF experiments on %8Sr with quasi-monochromatic
photon beams, but were unable to observe the 2008-keV y -ray
transition from the 15, i State to the 37" state above background
[21,22].

An alternative approach to photon scattering experiments
for the study of decay properties of excited states is off-
beam y-ray spectroscopy following S decay after neutron
activation. In contrast to in-beam experiments, activity mea-
surements have the advantage of a significantly suppressed
low-energy y-ray background enabling the observation of
weak transitions. Therefore, the neutron activation of ¥’Rb
was exploited to populate excited states of 38Sr via B decay
from ¥ Rb. The corresponding Q(B~) = 5312keV is suffi-
ciently high to allow the population of the candidate 12_ph
two-phonon state at 4742 keV and study its decay behavior.
Indeed the ground-state decay of the 4742 keV 12’ph state

was observed in the 8 decay of 8’Rb in previous experiments
[25,26]. However, other decay channels were not observed

due to the limited counting statistics of previous measure-
ments. Therefore, we performed a new experiment with much
higher sensitivity at the TRIGA Mark II reactor at Johannes
Gutenberg-Universitit Mainz.

This Letter is organized as follows. In the next section,
the details on the neutron-activation measurement at TRIGA
Mark II are given and the analysis of the activated 3'Rb
sample is presented. We then discuss the results for *8Sr in
comparison to other nuclei before the Letter is concluded.

Experiment and analysis. The neutron-activation experi-
ment was conducted at the TRIGA Mark II research reactor at
Johannes Gutenberg-Universitit Mainz [27,28]. The TRIGA
Mainz is a light water cooled reactor using an alloy of ura-
nium, zirconium, and hydrogen (U g3Zr;H;) as fuel material.
The uranium is enriched to below 20% in 2*3U. At the chosen
irradiation position a neutron flux of about 10'? neutrons per
cm ?s is achieved at 100 kW reactor power.

Four samples with 500 ml of RbNOj3 solution with a con-
centration of 100mg/ml in natural Rb were irradiated for
30 min each, resulting in an activity of about 5.7 MBq of ®Rb
each. After a short waiting and transport time, the samples
were placed in front of a high-purity germanium (HPGe)
detector with a photopeak efficiency at 1.33MeV of 90%
relative to an 3” x 3” Nal detector. The detector is housed in
a massive lead and copper shielding in order to reduce contri-
butions of natural background. For the counting measurement,
the samples were placed in an aluminum cylinder with a wall
thickness of 9.13 mm in order to stop the electrons emitted
in the B decays. The setup allows to change the detector-to-
sample distances in steps of 2cm up to a maximum distance
of 24 cm. The time for a single counting measurement was set
to 5min. Due to the short half-life of *Rb of about 17.8 min,
the overall count rate in the HPGe detector drops rapidly
within a few minutes. In order to compensate for the reduced
activity, the target was moved closer to the detector in steps
of 2cm when at the end of a counting measurement run the
count rate dropped below 3 keps (kilo counts per second). The
closest detector-to-sample distance used was 6cm to avoid
considerable summing effects, which would become signif-
icant at even shorter distances. Summing effects are taken
into account in the analysis using an iterative procedure with
GEANT simulations, discussed in more detail below.

Figure 1 displays the summed y-ray spectrum obtained for
all neutron-activation runs taken with the four samples. The
dominant peaks belong to the 8 decay of **Rb, only small con-
tributions of 3°Rb, 2*Na, and natural background are observed.
The decay of the 1~ state of interest at 4742.5keV to the
ground state is the dominant peak at higher energies. In total
29604(175) counts were collected in this transition, resulting
in a statistical uncertainty of about 0.6. The inset of Fig. 1
depicts the energy region of the expected 12_ph — 3] transition
at 2008.3 keV, which is clearly visible above background with
2246(49) counts in total. Also the decay into the 2? and the
2;” states is observed, which was known already from [23].
The branching ratio

b — A y/e(Er- — Ef)
! A-—or /€(Er-)
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FIG. 1. Summed y-ray spectrum of all four neutron-activation
measurements taken with the HPGe detector. The ground-state decay
of the candidate for the 1, , state is marked with an arrow. The inset
shows the region of interest for the 1, , — 37 transition.

represents the decay intensity from the 15 , state to a state
f at excitation energy E relative to its ground-state decay.
The corresponding peak areas determined from the y-ray
spectrum given in Fig. 1 are Aj-—_; and A;-_ 4+, while the
photopeak detection efficiencies are denoted as e€(Ej- — Ey)
and e(E;-), respectively. The efficiency ratio in Eq. (3) is
obtained from a GEANT4 simulation [29-31] of an isotropi-
cally emitting y-ray source placed in the experimental setup
at detector-to-sample distances corresponding to the ones used
in the actual measurements. In order to check the accuracy
of the simulation, measurements with a *°Co source were
conducted at 6cm and 16 cm, respectively. The 3*Co source
was placed in the same aluminum cylinder as the Rb samples.
The result of the simulation of the photopeak efficiency for the
two corresponding distances of 6cm and 16 cm is shown in
Fig. 2. The experimental data points extracted from the 3Co
measurement are scaled to the simulation, because the activity
of the source is not known with sufficient accuracy. Since the
determination of the branching ratios by relies on the relative
efficiencies only, it is sufficient to benchmark the energy de-
pendence of the simulated photopeak efficiency against the
36Co measurements. The comparison of the results shows that
the variation of the energy dependence is weak for the two
distances, especially for y -ray energies above 1.5 MeV, which
is the relevant energy region for the present analysis. To
quantify the accuracy of the simulations with respect to the
scaled *°Co data points, the weighted (external) uncertainty
of the fit is calculated, which accounts for the spread of the
data about the fit. For the two distances of 6¢cm and 16 cm,
relative weighted uncertainties of 0.75% and 1.37% are deter-
mined, respectively, which illustrates the good agreement of
the simulated energy dependence of the photopeak efficiency
to the experimental values.

At the closest distance of 6 cm, the total detection probabil-
ity, i.e., that any amount of energy is deposited in the detector,
for a 2MeV y ray is about 3.7%. Thus, summing effects of

0.02

56
L *°Co (6 cm)
0.015 P\, 1

0.01 |

Efficiency

0.005

0.0 } } } } } } } }
EANT4 (16 cm)
----- GEANT4 (6 cm, scaled) |

0.004

0.003

Efficiency
o
(=
S
3]

0.001

O'O 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0
Energy [MeV]

FIG. 2. Simulated photopeak efficiencies for detector-to-sample
distances of 6cm (upper panel) and 16cm (lower panel), respec-
tively. The values measured with *Co are scaled to the simulations.
For comparison of the energy dependence at different distances the
result of the simulation for 6 cm is scaled and plotted in the lower
panel.

y rays within the cascades of the decay of the 1 , state can
play a role on that level. In order to account fgr this, the
decay of the 15 L State including the cascade transitions are
simulated using the same GEANT4 simulation. The resulting
intensities are compared to the experimental results in an
iterative procedure: In the first step the branching ratios de-
termined from experiment using Eq. (3) are used as input for
the simulation of the cascades. The intensities obtained from
this simulation are then compared to the experimental ones
and a new set of branching ratios are determined to be used
in the next iteration step. This procedure quickly converges to
a final set of branching ratios for the different decay paths of
the 12’ph state of interest.

Repeating this analysis using simulations at different dis-
tances results in slightly different final branching ratios,
since the effect of summing depends on the total detection
efficiency. Thus, the different results have been averaged
weighted with the amount of data taken at the corresponding
distance.

Results and discussion. The experimentally determined
branching ratios by are summarized in Table I. With the
present experiment, the uncertainties of the decay branching
ratios to the 2}, states and to the 3| state are improved by one
order of magﬁitude enabling a determination of the ground-
state branching ratio I'g/I" = 0.811(5) of the 12_ph state at
4742.4keV to a precision of 0.6%, which is one order of
magnitude smaller compared to the precision of about 7%
reported in Ref. [23]. Using this precisely determined value
for I'y/T" and the literature value for F% /T = 107(14) meV
from NRF experiments with bremsstrahlung [23], one obtains
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TABLE 1. Branching ratios b for the observed decay channels
of the 15, state of *Sr at 4742.4keV to the 2, 37, and 2] states
extracted from the present data. The y-ray transition energy, the ex-
citation energy of the final state and its spin-parity quantum number
are given by E,, Ey, and J7, respectively.

E, [keV] E; [keV] VA by [%] bs* [%]
4742.4 0 07 100.0(6) 100.0
2906.3 1836.1 2/ 5.00(26) 4.4(19)
2008.3 2734.1 37 3.72(29) -
1523.9 3218.5 2 14.5(6) 22(9)

2Computed from I'; , /" values given in Table II of Ref. [23].

B(E1, 1£ph — Of) = 1.18(16)x 1073 ¢*fm? for the reduced
E1 transition strength to the ground state. See Table II for a
summary of the properties of the 15 i State.

Moreover, the direct transition from the 15 oh two-phonon

candidate state to the 3] one-octupole phonon state at
2734.1keV was observed in the present experiment with
a branching ratio of by = 3.72(29)% for the first time. Its
measurement provides now the possibility to determine the
corresponding E2 decay rate. The resulting reduced E?2 transi-
tion strength amounts to B(E2, lz’ph — 37) = 186(28) e*fm*.
As discussed above, a strong E2 transition from the lz’ph state

to the 3] is expected. In the two-phonon interpretation, the
E?2 decay strength is supposed to be equal to the quadrupole-
phonon annihilation depopulating the ZT state. A comparison
to the adopted value for B(E2,2] — 0) = 176(9) e*fm*
from Ref. [24] yields a ratio of

B(E2,1- — 3])

BEL T 50N 1.06(17). )

This result is in excellent agreement with the interpretation of
the 1 L State as a quadrupole-octupole coupled two-phonon
state.

The experimental observations agree with predictions
of the energy-density functional (EDF) and quasiparticle-
phonon model (QPM) [32]. The building blocks of the
QPM model basis are the quasiparticle-random-phase ap-
proximation (QRPA) phonons, which are superpositions of
two-quasiparticle creation and annihilation operators [33].
The wave function of an excited QPM state is treated as a
superposition of one-, two-, and three-phonon components,

TABLE 1I. Properties of the 1,, state at 4742.4keV. The
ground-state branching ratio I'g/I", ground-state transition width
Iy, total width I", and the reduced ground-state transition strength
B(E1, 1, , — 0) are determined using the branching ratios given

2ph
in Table 1.
r2/re Iy/T Iy r B(E1,17 — 0)
[meV] [meV] [meV] [1073e2fm?]
107(14)  0.811(5)  132(17)  163(21) 1.18(16)

2Value computed from gI'2/T" = 322(42)meV given in Table I of
Ref. [23] using g = 3.

which in this case result from the coupling of J™ = 1£-7%
QRPA phonons and excitation energies up to the experimental
endpoint excitation energy of the residual nucleus. For the
dipole excitations, one-phonon states up to E, =25 MeV
are additionally considered, so that the pygmy dipole reso-
nance (PDR) and the isovector giant dipole resonance (GDR)
contribution to the E'1 transitions of the low-lying 1~ states
are explicitly taken into account avoiding the consideration
of effective charges. Multi-phonon components in the wave
function lead to violation of the Pauli principle. To account for
it properly, we used the exact commutation relations between
the phonon creation and annihilation operators.

QPM transition operators have harmonic and anharmonic
parts and can therefore consider transitions beyond the qua-
siboson approximation. Namely, the harmonic part gives the
contribution arising from transitions between components in
the wave function that differ by one phonon, and the anhar-
monic part couples components each with the same number
of phonons or between those that differ by an even number
of phonons [34]. In case of decay of the first 1~ state to the
ground state, the later one couples the two-phonon compo-
nents of the first 17 state to the ground state and thus allows
the description of this E'1 transition.

In the QPM calculations, two 1~ states are obtained below
6 MeV. The wave function of the calculated 1] state contains
about 90% of the (2] ® 37) component and 7% of the 15
QRPA state, which is an almost pure neutron QRPA state
associated with the excitation of the PDR mode in this nucleus
[35,36]. Furthermore, due to the one-phonon and two-phonon
components in the structure of the 1 state, anharmonicity ef-
fects shift the excitation energy of the state to lower excitation
energies with respect to the pure harmonic expectation energy
resulting from the sum of the energies of the QRPA 2 and 3}
states.

Thus, the theoretical results support the picture of a domi-
nant contribution of quadrupole and octupole phonons in the
wave function of the 1 state with equal B(E2) values in the
17 — 3] and 2] — 0] transitions, interpreted by the annihi-
lation of the same quadrupole phonon, represented here by the
2| state with an E2 transition strength of about 8 W.u. to the
ground state. The 15 is dominated to 98% by the (21 ® 37)
component. It can be ruled out as a potential representation
of the experimentally observed 1, i State due to its calculated

B(E2, 1, — 3]) = 0.03 W.u. which exhibits a two orders of
magnitude smaller £2 transition strength.

Theoretically, we identify the 17 state in the QPM cal-
culations as the quadrupole-octupole coupled two-phonon
state of interest for comparison with the experimental data.
The computed transition strengths for the 17 and 2] states
are in remarkable agreement to the experimental values and
are summarized in Table III. The decay strengths for both
the 17 — 0] and the 1] — 3] transitions are in excellent
agreement to the measured data.

Experimental information on the B(E2, L = 30/
B(E2,2] — 07) ratio is very scarce and has been observed
only for a few nuclei so far, namely, “°Ca [37], '**Nd [38,39],
“Nd [40], and '**Sm [38]. The corresponding measured
B(E2) ratios are displayed in Fig. 3(a). The dashed line
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TABLE III. Comparison of experimental results to theoretical
calculations within the QPM for .

Experiment QPM

E.(17) [keV] 4742 4603
E.(2]) [keV] 1836 1830

E,(3]) [keV] 2734 2760
B(EL, 17 — 0f) [mW.u] 0.93(12) 0.96
B(E2,1; — 37) [Wu] 8.0(12) 8.1
B(E2,2} — 0}) [Wau.] 7.6(4) 8.0

indicates 1.0, which is the expected ratio in an unperturbed
phonon-coupling picture. A very good agreement with the
two-phonon interpretation of the lowest-lying 17~ states is
observed in most cases while the B(E2) value for '**Nd
lies slightly below the theoretical prediction for a pure two-
phonon state. Moreover, the excitation energies of all of these
1~ states lie within less than 10% of the sum energy of
the constituent one-phonon states with the only exception of
40Ca, where the L o State exhibits a slightly larger negative
anharmonicity of —22%; compare with Fig. 3(b). This appre-
ciable overall agreement of the excitation energies of the 1
states, identified independently via their collective E2 decay
strengths of the quadrupole-phonon annihilating transitions as
quite unperturbed two-phonon structures, with the sum energy
of the one-phonon states underpins that their coupling seems
to be fairly harmonic.

The fact that the known lowest-lying 1~ states of nuclei at
and near shell closures in different mass regions ranging from
A =40to A =88 and A ~ 144 show a similar behavior with

3.0 T T T T T T T T T
i (a)
25+ E

20 b

H

0.0 1 1 1 1 1 1 1 1 1
40Ca 88Sr 142Nd 144Nd

L\;\_ ] b T T T T T T T T T ]
Sab (b)
+ 1.0 ]

0.6 1 1 1 1 1 1 1 1 1
40Ca 88Sr 142Nd 144Nd 144Sm

FIG. 3. Comparison of (a) the experimentally determined B(E?2)
value branching ratios for two-phonon lz’ph states in *°Ca [37], '*Nd
[38,39], '“*Nd [40], and "**Sm [38] and (b) the corresponding exci-
tation energies.

respect to their decay properties is clear evidence that two-
phonon states are a general feature of atomic nuclei giving
proof of the constituent quadrupole and octupole phonons as
solid building blocks of multiphonon nuclear structures.
Conclusions. In summary, neutron-activation measure-
ments were performed at the TRIGA Mark II reactor at
Johannes Gutenberg-Universitit Mainz to investigate the
structure of the best candidate for the quadrupole-octupole
coupled two-phonon 12_ph state at 4742 keV of 8Sr. The

y-decay branching ratios of the 1 o State to the 2{2 and

3] states were measured with a precision of better than 8%
improving the existing literature values by about one order
of magnitude. As a consequence, the I'y/I" = 0.811(5) value
of the dominant ground-state decay channel is determined to
0.6% accuracy. The direct transition from the 1, , to the 37

was observed for ¥Sr. A comparison of the corresponding
B(E2, 1,,, — 37) value to the ground-state decay strength of
the 2 state, B(E2,2} — 07), directly proves the 1, state
as the two-phonon member of the (2" ® 37) quintuplet. This
assignment is in remarkable agreement with the predictions of
the EDF+-three-phonon QPM calculations.

While the E2 decay strength to the 37 state is the deci-
sive signatures of a quadrupole-octupole coupled two-phonon
state, additional criteria, apart from the excitation energy of
the 1, state, were proposed for supporting such an identifica-
tion [5]. For instance, transfer reactions were used to rule out
two-phonon states, because they may be expected to possess
small single- and two-nucleon transfer cross sections (see,
e.g., Ref. [41]). Hence, high-resolution transfer-reaction ex-
periments may help to shed more light on the microscopic
structure of the 12_ph state at 4742 keV as a member of the

quadrupole-octupole quintuplet of ¥ Sr.

Furthermore, extended systematic studies of the
B(E2,1™ — 3]) values of other 1™ states in the 4 MeV
to 6 MeV excitation-energy region of *¥Sr can elucidate
whether the excellent match with the B(E2, 2] — 07) value
is an exclusive property of the 15, state at 4742 keV or if

other 1~ states could exhibit similar, large decay strengths.
An experimental program on the E2 strength distribution of
17 — 37 y-ray transitions in vibrational nuclei is needed to
clarify that question. Quasi-monochromatic beams of photons
may be utilized for this task. They can provide a selective
probe for the study of dipole-excited states. Photonuclear
reactions with quasi-monochromatic photon beams combined
with a high-efficiency y-ray coincidence setup have proven
lately to be very well suited for systematic investigations of
decay branchings of dipole-excited states in the order of a few
percent [20,37,42-45] and systematic measurements of the
distribution of B(E2; 1~ — 37) values in selected vibrational
key nuclei would be highly desirable.
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