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a b s t r a c t
The nature of the high-lying ﬁnal levels of the 96 Ygs β decay, one of the three most important
contributors to the high-energy reactor antineutrino spectrum, has been investigated in high-resolution
γ -ray spectroscopy following the β decay as well as in a campaign of inelastic photon scattering
experiments. The comprehensive approach establishes 1− levels associated with the Pygmy Dipole
Resonance as high-lying ﬁnal levels in the β decay. Branching ratios extracted from β decay complement
photon scattering and allow the absolute E1 excitation strength to be determined for levels populated in
both reactions. The combined data represents a comprehensive approach to the wavefunction of the 1−
levels below the Q β value, which are investigated in the Quasiparticle Phonon Model. The calculations
reveal that the components populated in β decay contribute only with small amplitudes to the complex
wavefunction of these 1− levels. A comparison of the β decay results to data from total absorption γ -ray
spectroscopy demonstrates a good agreement between both measurements.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

Following the observation of a lack of high-energy antineutrinos emitted from nuclear reactors [1], nuclear β -decay studies using total absorption γ -ray spectroscopy (TAGS) have shown that a
larger number of β decays populate high-lying excited levels of the
daughter nucleus (e.g., see Refs. [2,3] and references therein) than
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hitherto believed. Hence, the average energy shared by the emitted
electron and antineutrino is less than previously anticipated from
β -decay studies using high resolution γ -ray spectroscopy (HRS).
While antineutrinos escape the reactor without further interaction,
γ rays or conversion electrons emitted in the decay of these highlying levels will be absorbed in the reactor and contribute to the
heat production.
The underdetermined population of high-lying levels in previous β -decay studies can be attributed to the pandemonium effect
[4]; that is, γ rays which are emitted in a γ -γ cascade are not
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0370-2693/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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recognised as such and are placed in the level scheme at too low
energy or γ rays are not observed at all. A major source of this
underdetermination is related to the detectors that have been previously used. Many of the earlier relevant β -decay studies used
ﬁrst generation semiconductor detectors with low γ -ray detection
eﬃciency in comparison to what is currently available. This is particularly true for γ rays of comparatively high energy of several
MeV. Meanwhile, TAGS has demonstrated the presence of this effect and quantiﬁed it to a good degree (e.g., see Ref. [5]). However,
a task that is diﬃcult to achieve with TAGS and its highly-eﬃcient
scintillator detectors, but limited energy resolution is to clarify the
nature of the populated levels.
Therefore, HRS is necessary to identify the populated levels and
to determine their spectroscopic properties. In order to explore the
nature of these levels, it is also beneﬁcial to investigate them with
complementary reactions; however, due to the high level density
above about 3 MeV, this is a diﬃcult task. For β decays originating
from mother nuclei with low ground-state spin, an ideal combination of population processes was identiﬁed in Ref. [6]. There,
β decay was used to populate levels associated with the Pygmy
Dipole Resonance (PDR) [7,8], an accumulation of strongly excited
1− levels on the low-energy tail of the Giant Dipole Resonance
(GDR) [9,10]. A standard tool to investigate these 1− levels in
stable nuclei is the resonant scattering of real photons, the socalled nuclear resonance ﬂuorescence (NRF) [11]. Because of the
low associated angular momentum transfer, which is almost entirely limited to the 1h̄ intrinsic angular momentum of the photon,
the (γ , γ  ) reaction selectively populates 1π levels and permits
γ -ray spectroscopy in energy regimes with a high level density.
Another advantage is that the NRF scattering process is solely governed by the well-understood electromagnetic interaction. Hence,
in addition to the complex β -decay matrix element connecting the
mothers ground state and the excited level in the daughter, for
many levels the wavefunction is tested with the electromagnetic
matrix element connecting the ground state of the daughter and
the excited level.
Interestingly, the three main contributors [12] to the reactor
high-energy antineutrino spectrum, 92 Rb ( Q β = 8095(6) keV) [13],
96
Y ( Q β = 7096(23) keV) [14], and 142 Cs ( Q β = 7308(11) keV)
[15] all have a 0− ground state. Consequently, it can be expected
that, in the daughter, mainly 1− levels are populated via GamowTeller β decays, exactly the type of levels that are populated in
the NRF of their even-even daughter nuclei. However, the NRF
cross sections are comparatively low and given the available photon ﬂux at current facilities, the target material required limits the
applicability to (quasi-)stable isotopes. For this reason, the β decay of 96 Y to its stable daughter 96 Zr was investigated, and the
combined results have been interpreted within the Quasi-particle
Phonon Model (QPM) [16].
The β -decay experiment was performed following the neutroninduced ﬁssion of 235 U at the research reactor of the Institut Laue
Langevin (ILL). Fission fragments were mass separated using the
LOHENGRIN separator [17] and transported to a setup consisting
of a cooled lithium-doped silicon detector used for the detection of
electrons, two high-eﬃciency Clover (HPGe) germanium detectors
in close geometry and two further single-crystal HPGe detectors.
This approach allowed the measurement of electron-γ and γ -γ
coincidences. The extracted data will beneﬁt the TAGS measurement for this particular decay, since the TAGS measurement was
+
not sensitive to the 1581-keV 0+
2 → 0gs E0 decay [18] from the

Fig. 1. Partial γ -ray spectra recorded in the 96 Zr(γ , γ  ) reaction (a) and 96 Ygs β decay (b). The upper (red) spectrum in part (b) is an electron-gated projection of the
+
e − -γ matrix. The lower (blue) spectrum is gated on the 0+
2 → 0gs -E0 transition depopulating the ﬁrst excited level in 96 Zr. The E0-gated spectrum has been shifted
by the excitation energy of the 0+
2 level, so that the peaks appear at the level energy. This procedure allows to identify transitions stemming from the same level.
Note the log-scale of the y axis.

of levels populated by these very different spins allows an association of γ rays originating from levels above 4 MeV with the
96
Y ground-state decay. The data from Ref. [19] as well as other
sources (e.g., the β decay of 86 Br [20]) were used for an internal eﬃciency calibration. In previous HRS β -decay measurement
the ﬁrst-generation single-crystal Ge detectors with relative eﬃciency of  = 26% [19] were used while the present HRS study
was equipped with two Clover detectors each consisting of four
50 × 80 mm HPGe crystals with the combined relative eﬃciency
of  ≈ 150% per one Clover in the add-back regime [21]. The
improved overall γ -ray detection eﬃciency resulted in the identiﬁcation of 36 newly observed levels, 17 direct ground-state decays and 15 γ -ray transitions branching to the lower-lying excited
states. The majority of the newly observed beta-feedings have intensity values below 0.01%, which also demonstrates the enhanced
sensitivity of the current measurement. While the overall recovered 
β -feeding intensity to the levels above 4 MeV is relatively
low ( I β ≈ 0.27%), the new HRS measurement extends and rebalances the β -feeding pattern in this energy region.
The 96 Zr(γ , γ  ) NRF campaign used continuous bremsstrahlung
beams at the DHIPS setup [22] of the S-DALINAC as well as quasimonochromatic ( E γ / E γ ≈ 3%) fully-polarised photon beams at
the High Intensity γ -ray Source (HIγ S) [23] in the entrance channel. For the experiments performed at DHIPS a 96 Zr target enriched
to 95.63% was used, while a 91.39% enriched 7.28 g ZrO2 target
was employed in experiments at HIγ S. From this campaign the
spin and parity of the NRF excited levels were unambiguously determined and their integrated scattering cross sections measured.
Fig. 1 shows parts of the spectra recorded in the 96 Zr(γ , γ  ) reaction [part (a)] and following the 96 Ygs β decay [part (b)]. More
details about the experiments, setups, data analysis, and the ﬁnal
data tables will be reported in a following publication.
In Fig. 2, the level population in β decay [part (b)] is compared to the excitation strength of levels observed in NRF [part (a)]
up to 6.5 MeV. From the part of the NRF campaign that used
fully-polarised γ rays in the entrance channel, for all levels above
4.5 MeV excited in this reaction, including 14 newly observed
states populated in both β -decay and NRF reactions, a ﬁrm spin
and parity assignment of 1− has been made. This observation
agrees with the expectation that most levels observed in β decay
are populated in Gamow-Teller allowed decays from the 0− ground

ﬁrst excited level in 96 Zr. The mass separation of LOHENGRIN is not
suﬃcient to distinguish between the 0− ground state and the 8+
isomeric state of the 96 Y mother. For levels in 96 Zr below 4 MeV
it was necessary to rely on the β -decay data from Ref. [19], which
does distinguish decays from the 0− and 8+ states. In addition to
available spectroscopic information, the distinct decay behaviour
2
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Fig. 4. Comparison of level population intensity as a function of excitation energy
between the results from total absorption γ -ray spectroscopy [18] (TAGS, blue) and
the combination of the presented work and data published in Ref. [19] for highresolution γ -ray spectroscopy (HRS, red). The y-axis has been truncated at 10% to
improve the display of the data. The ground state to ground state β -feeding value
corresponds to 95.5(5)% as measured in [18] and [19]. For a discussion see text.

Fig. 2. Comparison of the 96 Zr B ( E1)-strength distribution observed in the NRF reaction [part (a)] and the population-intensity distribution in β decay from 96 Ygs
[part (b)]. Levels that are populated in both reactions are given as red bars and levels that are solely observed in one reaction as blue bars. The results from NRF were
corrected for the branching ratios observed in β decay.

As shown in Fig. 3 (a) in HRS several levels, especially a group of
levels near 5.5 MeV, strongly branch to the ﬁrst excited 0+
2 level
at 1581 keV. Since the TAGS measurement reported in Refs. [2,18]
was not sensitive to the subsequent E0 transition, these γ rays
were placed at a too low energy. The non-observation of the very
high-lying levels in HRS has sensitivity issues. The summed singles
γ -ray spectrum from all HPGe detectors was contaminated with a
large background stemming from the nearby reactor. In order to
suppress the uncorrelated background, this work used e − -γ coincidences. However, the threshold of the silicon electron detector
was set at a comparably high energy of ≈300 keV and, consequently, a large fraction of the β -particle spectrum corresponding
to decays to levels near the Q β value lies below the energy threshold and was not included. Hence, the e − -γ coincidence eﬃciency
was too low for these weakly-populated levels to be observed.
For only one level in this region a γ ray was present in the
γ -γ matrix, consequently, it can be concluded that the other levels depopulate exclusively to the ground state. Nevertheless, Fig. 4
demonstrates that HRS using modern highly-eﬃcient HPGe detector arrays is capable of resolving the pandemonium effect in 96 Zr
and possibly in two other most important contributors to the highenergy reactor antineutrino spectrum. Furthermore, the combined
approach of HRS and NRF establishes the 1− levels of the PDR as
ﬁnal states of the 96 Ygs β decay.
In the following, the properties of the 1− states in 96 Zr are investigated in the QPM [16,24]. In the QPM, phonons are composed
of one-particle one-hole (1p1h) conﬁgurations. Their excitation energies and corresponding internal fermionic structure is obtained
from solving the QRPA equations. The model calculations have
been performed with wavefunctions that contain one-, two-, and
three-phonon conﬁgurations. For computational reasons, the conﬁgurations above 25.0, 21.0, and 9.7 MeV, respectively, have been
truncated. This truncation allows a consideration of the fragmentation of the excitation strength in a wide energy interval including
the GDR and at the same time allows a study of the ﬁne structure of the PDR in more detail. While many 1p1h conﬁgurations
have a non-zero matrix element for Eλ transitions and, accordingly, contribute to the B ( E λ) value for one-phonon components
of the wavefunction, the population of one-phonon components in
the β -decay of odd-odd nuclei is very selective to only a few onephonon (1p1h) conﬁgurations and two-phonon (2p2h) excitations.
As already discussed in Refs. [6,25,26], excited states of even-even
nuclei are predominantly populated in the electromagnetic excitation from the ground state via one-phonon components of their
wavefunctions; two-phonon conﬁgurations are excited much more

Fig. 3. Branching ratios to the ﬁrst excited 0+
2 level at 1581 keV [part (a)], and
the ﬁrst excited 2+
1 level at 1751 keV [part (b)] as extracted from the present β decay measurement. Levels observed in both NRF and β decay are marked with red
bars. Levels that were solely observed in β decay are marked as blue bars. Note the
different scales on the y axis.

state of 96 Y. Almost all levels observed in NRF were also observed
in β decay.
Due to the large background in NRF spectra stemming from
non-resonant scattered photons, which increases exponentially to
lower energies, branching transitions are often below the sensitivity limit. Consequently, the excitation probabilities in the NRF
data are underestimated. The B ( E1) excitation strengths shown in
Fig. 2 include the branching ratio data from β decay. Fig. 3 shows
the branching ratios for the two low-lying excited levels that are
most frequently populated. Hence, apart from a few levels with a
B ( E1) strength below the sensitivity limit, the data presented in
Fig. 2 (a) resembles the true excitation pattern up to 6.4 MeV.
The level population probability in β decay extracted from the
present HRS measurement (in combination with the data from
Ref. [19]) and the data obtained in the TAGS work [18] are compared in Fig. 4. In order to be able to compare the results, the
data of HRS and TAGS are given in 100 keV bins. Remarkably, both
methods result in overall good agreement. The two most striking
differences are groups of levels near 3 and 4 MeV in the TAGS
spectrum and the very high-lying levels that were not seen in HRS.
3
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Fig. 6. Gamow-Teller strength distribution B (G T ) of the 96 Y →96 Zr β decay disentangled whether one-phonon (1p1h) [part a)] or two-phonon (2p2h) [part b)]
components are populated in the wavefunction of the ﬁnal 1− level. For a clarity
of the presentation the scales on the y-axis were adjusted distinguishing whether
one- or two-phonon components are populated. Furthermore, for the energy range
below Q β light blue bars were multiplied by the given factors. The total calculated
low-energy B (G T ) strength, which includes the interference of the components, is
shown in Fig. 5 (b).

Fig. 5. The upper part shows the B ( E1)-strength distribution of 96 Zr as calculated in
the quasiparticle phonon model. In the lower part the calculated Fermi, B ( F ), (blue)
and Gamow-Teller, B (G T ), (red) strength distributions for the 96 Y →96 Zr β decay
are shown. The energy range is limited to just above the experimentally accessibly
regions of Q β value and neutron-separation threshold S (n). For a discussion see
text.

−
weakly (except for the collective [2+
1 ⊗ 31 ]1− state) and form a
kind of a structureless “background”.
In the calculation, we assume the wavefunction of the 96 Y
ground state as a pure {ν 3s1/2 × π 2p 1/2 }0− conﬁguration (a
schematic shell structure is shown in Fig. 7). This assumption
is conﬁrmed by a microscopic quasi-particle random phase approximation (QRPA) calculation, which yields more than a 99%
contribution of this conﬁguration to the wavefunction of the ﬁrst
0− state in 96 Y. Interestingly, in order to couple to J = 0, the spins
of proton and neutron must align to S = 1. 95.6% of all β decays
[2,19] proceed to the ground state of 96 Zr. In this ﬁrst-forbidden
decay [27], the neutron in the ν 3s1/2 subshell decays with a spinﬂip to the proton π 2p 1/2 subshell.
The calculated low-energy part of the B ( E1)-strength distribution in 96 Zr is presented in Fig. 5 (a) and Fig. 5 (b) provides the
calculated Fermi B ( F ) and Gamow-Teller B (G T ) transition strength
from the 0− ground state of 96 Y to the same set of 1− states in
96
Zr. While the calculation predicts several 0− levels below Q β , a
search in the γ -γ matrix for E1/M1 decays to low-lying 1+ /1−
levels did not reveal any experimental candidates for 0− levels below Q β . Instead the experiment establishes that the population of
levels above 4 MeV exclusively proceeds to 1− levels via GT decays.
To include GT decays, the QPM approach [6] had to be extended.
The Fig. 6 demonstrates the Gamow-Teller transition probabilities to the one- and two-phonon states predicted for the groundstate β decay of 96 Y over a wide energy range. It becomes immediately evident that only a small fraction of the total B (G T )
strength may be observed in the β -decay experiments for energy
reasons. Additionally, due to the selective nature of the β decay
population mechanism, the GT transition probabilities to the onephonon components of 1− states are signiﬁcantly lower compared
to the probability of populating two-phonon conﬁgurations. For
the 96 Y→96 Zr Gamow-Teller decay the most relevant 1p1h con1
−1
ﬁgurations are: {2p −
1/2 × 3s1/2 }π at 10.1 MeV, {2p 1/2 × 3s1/2 }ν at

Fig. 7. Schematic representation of the shell structure involved in the 96 Y β decay.
Part a) shows the decay to the neutron {2p 1−/12 × 3s1/2 }ν one-particle one-hole conﬁguration and part b) the decay resulting in a proton {2p 1−/12 × 2d5/2 }π and neutron

{2d5−/12 × 3s1/2 }ν two-particle two-hole conﬁguration. Particles are shown as full circles, while holes are represented by open circles.

in the set of one-phonon 1− states and the coupling to multiple
further two- and three-phonon conﬁgurations leads to the damping of the GT strength.
At the same time, the model provides a reasonable fragmentation of the Gamow-Teller strength and the absolute B (G T ) values
at low energies (see Fig. 5 (b)). In order to explore the contribution of the component populated in β decay to the total wavefunction of a 1− state, we use the example of the 1− level at
4.838(1) MeV with an experimental log f t = 6.64(10). Both the
calculated energy of 4.895 MeV as well as log f t = 6.66 (calculated
with g A / g V = 1.23 [28]) are in excellent agreement. In experiment and theory this level is the strongest populated level in
β decay but not populated by photons. Interestingly, the wavefunction of this state is dominated by a large number of two(2p2h) and three-phonon (3p3h) conﬁgurations which cannot be
populated in β decay. The sheer number of particle-hole components with signiﬁcant contributions to the wavefunctions of this
state may also serve as an indication of the collective nature.
1
−1
−1
−1
The {2d−
5/2 × 3s1/2 }ν {2p 3/2 × 1g 9/2 }π and {2d5/2 × 3s1/2 }ν {2d5/2 ×
1h11/2 }π two-phonon conﬁgurations are the two most dominant
components with the corresponding relative contributions of 18.5%
and 12.1% to the amplitude of the wavefunction. On the con1
−1
trary, the {2d−
5/2 × 3s1/2 }ν {2p 1/2 × 2d5/2 }π two-phonon component,

1
8.8 MeV, and {2p −
3/2 × 3s1/2 }ν at 10.5 MeV, which correspond to
the decays 3s1/2 → 3s1/2 , 2p 1/2 → 2p 1/2 , and 2p 3/2 → 2p 1/2 , respectively. A visualisation for the decay leaving the daughter in the
1
{2p −
1/2 × 3s1/2 }ν 1p1h conﬁguration is shown in Fig. 7 a) and an
example for the population of a two-phonon component, corresponding to a 2p2h excitation, is shown in Fig. 7 b). The residual
interaction of the nuclear Hamiltonian mixes these conﬁgurations
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which is populated in the ν 2d5/2 → π 2d5/2 β decay, contributes
only 0.27% to the normalisation of the wavefunction. The wavefunctions of the other levels demonstrate that the astonishingly
small contribution of the component(s) populated in β decay is a
general feature. However, even this small component in the wavefunction is suﬃcient that the β -decay matrix element to the highlying levels can compete with lower-lying levels, for which the
phase-space factor is enhanced.
In summary, in the energy range below Q β almost all 1− levels
that are excited in the (γ , γ  ) reaction are populated in β decay, too. This observation demonstrates the role of the PDR in the
population of higher-lying levels in the 96 Ygs β decay, which is
an important contributor to the reactor high-energy antineutrino
spectrum. This work demonstrates that HRS with modern arrays
is capable to resolve the pandemonium for the three most important contributors to the reactor antineutrino energy spectrum in
the 5-7 MeV range and emancipates HRS as partner of TAGS measurements to address the lack of high-energy reactor antineutrinos.
The investigation of the microscopic structure of the observed levels in the QPM resulted in a good agreement with experiment.
Interestingly, the QPM demonstrates that the components of the
1− PDR levels, which are populated in β decay, contribute with
only small amplitudes to the overall wavefunction.
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