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Abstract. Nuclear Resonance Fluorescence (NRF) experiments on the nuclei 82 Kr and 2 Se were performed,
that are a candidates for a mother-daughter pair for the hypothetical neutrinoless double-beta (0vS(5) decay.
The experiment aimed at providing high-precision data to benchmark theoretical calculations of the nuclear
matrix elements involved in this exotic decay mode. We have investigated the excitation energy range from
2.3MeV to 4.2 MeV, where the nuclear scissors mode is expected to be located in nuclei of this mass region.
Our experiment was able to constrain decay branches of the scissors mode down to a level of a few percents,
comparable to previous experiments on heavy deformed 0vS8 decay candidates. Reduced transition strengths of
the magnetic dipole-excited states have been determined by a method that exploits the non-resonant background
in the NRF spectra. They are compared to a calculation within the nuclear shell model for ¥2Se, which reveals
their mixed orbital and spin character, hinting at a more complex microscopic structure of low-lying 1* states.

1 Introduction

Neutrinoless double-beta (0vS5) decay is a hypothesized
second-order weak interaction process [1] which could oc-
cur if the neutrino is its own antiparticle, a so-called Ma-
jorana particle [2]. Furthermore, the decay rate Ag,ps for
0vBB decay is approximately proportional to the square of
the effective Majorana mass (myg) of the electron neutrino
[3]:

Ao = Gou(Qpg, 2)|Moy | (mgg)’ (1)

The proportionality constants in Eq. (1) are a known phase
space factor G, which depends on the decay Q-value and
the electric charge Z of the mother nucleus, and the nuclear
matrix element M, involved in the decay.

A potential candidate for non-standard model physics
and direct probe of the neutrino mass, the observation of
0vBB decay is the aim of a multitude of experimental col-
laborations. Recently, new results have been published
for a variety of isotopes by different collaborations, for
example CUPID-0 [4], EXO-200 [5], GERDA [6] and
NEMO3/SuperNEMO [7, 8], reporting lower limits for
0v38 half-lives up to the order of 10%¢y. For the pair of
nuclei under investigation in this experiment, the CUPID-
0 experiment [4] improved the previous lower limit of the
NEMO3 collaboration [9] by more than one order of mag-
nitude from 1.0x 10%* y to 2.4 x 10?* y, confirming 32Se as
one of the most promising detector materials.

However, estimations of decay rates for a certain nu-
cleus and, ultimately, the precision of an extracted neu-
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trino mass, depend on the most uncertain quantity on the
right-hand side of Eq. (1): the nuclear matrix element My,
Since this matrix element could only be measured directly
in OvBp decay if the neutrino mass was known, it has to be
provided by nuclear theory at the moment. Reference [10]
gives an overview of the current efforts to calculate My, us-
ing different theoretical models. In their evaluation, Engel
and Menéndez find that the overall agreement of the mod-
els is within a factor 2-3. But there are clearly systematic
deviations between them. Comparing just the differences
between theories, predicted decay rates can vary by up to
an order of magnitude, which requires a huge experimen-
tal effort to cope with. Therefore, more accurate estimates
of nuclear matrix elements are desirable, which, in turn,
need precise nuclear data as benchmarks.

Nuclear structure experiments that aim to improve the
data on OvBB candidates follow two different approaches:
The first is to measure analog reactions like double charge-
exchange reactions [11] that use a similar model space in
reaction calculations as OvBg decay. Though very close
to the actual nuclear process, experiments of this kind are
challenging to perform and the interpretation of the data is
not model-independent. In this experiment we follow the
second approach to use a well-established reaction mech-
anism to study the structure of nuclei involved in 0v8B
decay with high precision. We chose the method of Nu-
clear Resonance Fluorescence (NRF), an electromagnetic
process which is well-understood and from whose observ-
ables nuclear properties can be extracted quasi model-
independently [12].

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Previous studies [13, 14] have shown that shape coex-
istence and shape mixing in nuclei have a large influence
on Moz and may even lead to significant branching of the
0vBB decay to excited states in the daughter nucleus. An
experimental observable which is sensitive to shape coex-
istence effects is the decay of mixed-symmetric magnetic
dipole excitations, called the scissors mode [15, 16] in de-
formed nuclei. Figure 1 shows a schematic calculation in
the Interacting Boson Model 2 (IBM-2) [17], which is a
well-established model for studies of the scissors mode
and the phenomenology of the evolution of nuclear struc-
ture with nucleon numbers. In Fig. 1, the control param-
eter for the phase transition between a spherical vibrator
and a rigid rotor has been varied for a 82Se-like nucleus.
The quantity of interest is the ratio of the partial transi-
tion widths I'; to the ground state and the first excited 0*
state. It is obvious that the branching depends strongly
on the nuclear shape, indicating that this is indeed a use-
ful observable to study the evolution of shapes in nuclei.
Because the scissors mode, as a collective excitation, man-
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Figure 1. Schematic evolution of the intensities of the scissors
mode decay branches to the ground state and the first excited 0*
state for a 82 Se - like nucleus, using the IBM-2 Hamiltonian from
[14] with ¢ = 0. The ratio on the x-axis is a control parame-
ter in the IBM for the shape phase transition from a spherical
vibrator to a rigid rotor (indicated as an ellipse with increasing
asymmetry in the figure). The Majorana parameters were fixed
to set the energy of the 1}, state at about 3.5 MeV (varying «/e
does not influence this value too much), y was set to — \i)2.
Simultaneously with the branching ratio, the R4/, ratio, another
indicator for the nuclear shape, is shown as a dashed line.

ifests itself in few, well separated, strongly dipole-excited
states not too far away from shell closures, NRF is an ideal
tool to investigate its decay behavior.

Before the experiment described in this contribution,
no comprehensive study of the dipole response of the 82Kr
and %2Se had been performed. Information about low-
lying dipole-excitations in both nuclei was restricted to
two J = 1 excitations in ¥ Se from a bremsstrahlung NRF

experiment at the Stuttgart Dynamitron [18] with an end-
point energy of about 3.1 MeV [19].

This contribution is divided into a description of the
experimental setup and the analysis procedure, followed
by a discussion of the preliminary data and a conclusion.

2 Experiment

The experiment was performed in fall 2016 at the High-
Intensity y-Ray Source (HIyS) [20] at the Triangle Uni-
versities Nuclear Laboratory (TUNL). Using the small-
bandwidth, almost 100 % linearly polarized photon beam
of HIyS, polarimetry of isolated dipole-excited states be-
comes straightforward [21]. With a dedicated experimen-
tal setup [22], precise studies of their decay properties are
possible [23].

Because the probability of the beam reacting with a
single NRF target was sufficiently low, it was possible to
use a second, parasitic setup and measure the dipole re-
sponse of both nuclei at the same time. The upstream
target consisted of 1.99845(7) g of selenium, enriched to
99.93 % in 82Se. As a powder in the chemical compound
Se0,, it was filled in a target container made of polyvinyl-
chloride (PVC). It was mounted in the y> setup [22], em-
ploying four High-purity Germanium (HPGe) detectors at
observation angles of (68 = 90°, ¢ = 0°), (90°, 90°), (135°,
45°), and (135°, 135°). Here, the angle 6 is the polar an-
gle w.r.t the beam axis and ¢ the corresponding azimuthal
angle. The downstream target was a stainless steel sphere
with an outer radius of 2 cm filled with 1.50218(11) g of
pure krypton gas enriched to 99.945 % in 82 Kr. Because
the target container had a comparably high mass of about
10 g, an identical empty sphere was used to corroborate
the origin of gamma-rays from 32Kr. The second target
was mounted in a setup with four HPGe detectors at an-
gles of (6 =90°, ¢ = 0°), (90°, 90°), (90°, 180°) and (90°,
270°).

Anticipating the energy range of the scissors mode in
8Kr and 32Se from previous experiments [19] and sys-
tematics [24] (which have been shown to hold also for
medium-mass nuclei [25]), we have scanned the energy
range from 2.40(8) MeV to 4.10(15) MeV (the uncertain-
ties indicate the FWHM of the HIyS beam which increased
continuously with energy).

At each energy setting, both targets were irradiated for
about 3-4h. Having identified strongly excited 1* states
in 8Kr and 32Se, we further irradiated for about 29h at
2.98(10) MeV and about 16 h at 3.82(13) MeV to get pre-
cise information about their decay behaviors.

3 Analysis

Figure 2 shows the accumulated statistics of selected de-
tectors in both setups at a beam energy of 3.82(13) MeV.
Conveniently, at this energy, excited 17 states have been
observed both in 8Kr and 2 Se. The number of counts A,
in each detector n at a photon energy E, = E;—E/ is given
by:
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Figure 2. NRF spectra from photon scattering off the $2Se (left) and #?Kr targets (right) at a beam energy of 3.82(13) MeV in detectors
at different angles (the green spectrum of the backward angle detector has been shifted by 40 keV for better visibility). The detector
position with respect to the polarization axis (double arrow) is indicated by the color code in the inset drawing. A diagonal line in
the inset means the detector was at a backward angle of § = 135°. The beam intensity distribution is indicated by a dashed orange
line. The strong sensitivity of the angular distribution to the parity of dipole-excited states can be seen by comparing the count rate of
the detectors mounted in the polarization plane of the beam (black) and perpendicular to it (red). Along with the spectra of the $?Kr
experiment, a summed spectrum of a measurement with an empty gas sphere is shown in grey, which identifies the line at 3769 keV as

a contamination from the container.

An(Ex = Ef) = N - Ny(E) - €(Ex — Ey)- 2)

1

Weﬂaﬁ”me%Jlméb

In Eq. (2), an excitation from a 0* ground state to a state
J,’:k with subsequent deexcitation to a state J7 is assumed.
The symbol Ny denotes the number of target nuclei hit by
the beam, N, (Ey) is the beam intensity at the excitation en-
ergy, e(E,) is the detection efficiency at the energy of the
emitted photon, [ is the integrated cross section of this se-
quence of transitions, and @ its angular distribution, which
depends on the involved quantum numbers of the levels,
the multipole mixing ratio ¢ of the transition k — f, and
the geometry of the setup.

Both the assignments of angular momentum- and par-
ity quantum numbers to unknown states and the determi-
nation of multipole mixing ratios were achieved by the
analysis of angular correlations. For this, the experimental
asymmetry ¢, of the count rates A,, and A,

Am - An
mn — . . — 3
6 A, +A, )
Em(Ey) . lj)(gm, Pms {J7 T, 6}) - En(Ey) ° w(gn’ ©Pns {J’ T, 6})
fm(Ey) WO, Pm» {J, 1, 6}) + En(Ey) - W(Op, o, {J, 7, 0})

is determined for all detector pairs {m, n}, and compared to
theoretical values €peo. In the second part of Eq. (3), A has
been replaced using Eq. (2), leaving only the geometry-
dependent factors. The values of €, Were obtained by
implementing all important parts of the HIyS upstream tar-
get room and all angular distributions [26] in the Geant4
[27-29] framework.

The simulations for € alone were validated by com-
parison to measurements with radioactive 3°Co and '3?>Eu
sources. It was found that the energy dependence of the
detection efficiency was reproduced well for each detec-
tor. The ratio of efficiencies ¢,/¢€, of detector pairs was
reproduced by the numerical simulations up to a constant
factor of < 1.5, which may be caused by deficient charge
collection in the detectors and the signal processing elec-
tronics, both of which are not simulated by Geant4. We
used the measured ratio of efficiencies to correct for this.

The simulations for the product € - @ were validated
by comparison of €, to known values of J, 7 and ¢ for
transitions of 82Se [19], 3337C1[30, 31] and °Fe [32] (the
latter were constituents of the PVC target container and the
stainless steel gas container). All values known from liter-
ature were reproduced within the statistical uncertainties.
Figure 3 shows the determination of the quantum numbers
J and 7 for the newly observed 1} state of ®Se by the
asymmetry of its ground-state transition.

With the knowledge of the spin and parity quantum
number and the multipole mixing ratio of a transition,
Eq. (2) also allows for the determination of excitation
cross sections, if the beam intensity distribution N, is
known. Unfortunately, a direct measurement of the beam
intensity with an unattenuated zero-degree detector is not
possible due to the high overall intensity. Furthermore,
a normalization to a known cross section could only be
done for one energy setting in the 32Se experiment, where
the transition from Ref. [19] was observed, and for none
in the 3?Kr experiment.

In this work, we chose to estimate the absolute beam
intensity by analyzing the non-resonant background in the
spectra. This background is mostly caused by beam pho-
tons scattering off the targets and the residual air in the
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Figure 3. Asymmetry of the ground state transition of a 52Se
state at 3822keV between all possible detector pairs (labeled
with numbers 1-4, corresponding to the order in which they ap-
pear in the text). The theoretical minimum and maximum pos-
sible asymmetries -1 and 1 are indicated by horizontal dashed
lines. The solid, dashed, and dotted lines show the simulated
asymmetries assuming different angular momentum and parity
quantum numbers of the excited state.

evacuated beam pipe into the detectors and it is responsi-
ble for more than 99 % of the count rate. We have modeled
the beam-induced background in a virtual experiment us-
ing Geant4 by impinging a beam with a realistic intensity
distribution onto the setup, assuming that the non-resonant
scattering cross section Oponres 18 composed of the cross
sections for the photoeffect (o), e*/e” pair production
(0pp), Compton scattering (o), and Rayleigh scattering
(or):

Ononres ¥ Oph + Opp + 0 + 0 4)

This simulation yields energy spectra AW (E) for

nonres,sim
each detector. The notation A indicates that Geant4 is
able to resolve every single event, which is not true in
reality. To account for these pile-up effects, we inter-
preted Aillo)mes,sim(E) as a probability distribution and cal-

culated the convolution with itself to get the distribution
for higher-multiplicity events:

A(n]:))nres,sim(E) = (Ail]i);ll'gs,sim * Ailo)nres,sim) (E) (5)

As shown in Fig. 4 the contribution of events with k > 3
was always negligible in accordance with the measured
dead times of less than 20 % during the experiment, there-
fore only k € {1,2,3} was used in this analysis. Further
contributions which are not directly caused by the beam
are background caused by the detector response to the real
NRF events Angr and from natural radioactivity and cos-
mic radiation Aps. The effect of Axgp was taken into ac-
count by simulating a target radiating photons with the
corresponding energies and angular distributions of all ob-
served NRF lines.

The natural and cosmic background was determined
by off-beam measurements and normalized to the in-
beam measurement via the ratio of live times ag =
Hivebeam/ five.no beam- 1N total, a sum of 4 background con-
tributions was fit to the experimental spectra using the fit

the density pyirres Of the residual air in the beam pipe, be-
cause this causes small-angle Compton scattering of beam
photons into the detectors. By comparing to the high-
energy background, we found that p, s Was about two
orders of magnitude lower than the density of air at stan-
dard conditions. An example for a fit can be seen in Fig. 4.
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Figure 4. Fit of the experimental spectrum of the HPGe detector
at 0 = 90° and ¢ = 0° with a simulated background spectrum as
described in the text. The grey bars show regions which were
excluded from the fit. The single- and double-escape lines at
511keV and 1022 keV were excluded, because they would dom-
inate the fit and make the overall visual agreement worse. Fur-
thermore, the x-ray resonances at about 100 keV and everything
below were excluded, because this effect was not included in the
simulation. The inset shows the relative magnitude of the fit pa-
rameters «;, assuming the corresponding background contribu-
tion is normalized (fAdE =1).

With known parameters a;, the number of incident
beam photons can be calculated in a straightforward way,
using the intensity distribution of simulated primary parti-
cles No(Ey), which is directly proportional to the statistics
in the simulated spectrum:

Ny(EQ) = No(Eo) ' a; (7)

i€{1,2,3}

Between the four detectors in each setup at a single beam
energy setting, the reconstructed beam intensities all agree
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within a factor of 2 from their weighted mean value,
which is our conservative estimate of the systematic un-
certainty of this procedure. Using N, from this analysis,
it is possible to determine absolute cross sections for all
observed transitions. Only the ground-state cross section
Ip+_,1+_o+ for a state of 82Se at a beam energy of 2.98 MeV
could be determined both in this work and in Ref. [19].
Within the large systematic uncertainty that was deter-
mined here, both results agree. Nevertheless, it would be
desirable to have a dedicated measurement, probably with
bremsstrahlung NREF, for the elastic cross sections in 82Ky
and 82Se. Despite the large uncertainty, the method to de-
termine the beam intensity described here has the advan-
tage that it can be used without any additional detection
systems or reference samples.

Branching ratios I'y_, s /It could be determined if a
branching transition to a low-lying excited state f was ob-
served in the spectra. Using the relation of / and the partial
transition widths (see, e.g. [12]), the branching ratios can
be obtained from a ratio of count rates using Eq. (2):

Uy AuE - Ep)
Iy An(Ep)

€n(Ex) - W0, @0, 0 > k — 0)

€(Ex — Ef) - (6, 00,0 = k — f)

()
Equation (8) is independent of the beam intensity, i.e.
the precision is only limited by counting statistics. Even
at the two beam energy settings of 2.98(10) MeV and
3.82(13) MeV, where strongly excited 1* states were ob-
served in both isotopes, no statistically significant tran-
sition to an excited 0 state was found. In such cases,
an upper limit can be determined from the applied con-
fidence level which demands that, after the subtraction of
the smooth experimental background, a potential transi-
tion in a spectrum should contain more than 20, events,
where o, denotes the statistical uncertainty of the sub-
tracted background below the transition of interest. Using
this criterion, we can constrain the branching of 1* states
in both isotopes to be smaller than 5 % at the two beam
energies mentioned above. However, we found branch-
ing transitions of excited 17 states to low-lying 21 and
2} states. In ®2Se, the decay branching ratios I';/T dif-
fer strongly by more than a factor of two for different 1*
states.

4 Discussion

The findings in the last section about the energy depen-
dence of the branching of 1* states and the total absence
of branchings to the 0] states in both isotopes hint at a
more complicated microscopic structure. First of all, the
missing branchings are in disagreement with the simple
IBM-2 picture from Sec. 1, because 8?Kr and #?Se are not
well-deformed nuclei. Secondly, the decay behavior of the
1* states of 2Se would not be expected to show a strong
energy dependence, if they were fragments of the same
collective excitation.

Recently, the nuclear shell model was used suc-
cessfully to interpret the structure of a 1% state in the
medium-heavy nucleus *°Cr [25]. Motivated by this, we
have performed two calculations for 82Se using the code

0.2 1

0.1

B(M1) / k3
o

0.1 1

= Shell model

= Shell model (spin only)

m— Experiment
Experimental range

0.2 1

2.0 25 30 35 4.0 45
Excitation energy / MeV

Figure 5. Experimental values for the B(M1) T strengths of 1*
states from the ground state in ¥2Se, compared to a shell model
calculation described in the text. The grey area indicates the en-
ergy range which was accessible in the experiment. On the mir-
rored y-axis, B(M1) 7 has been calculated for the shell model
states using only the spin part of the M1 operator.

NuShellX@MSU [33] with the jun45 interaction [34] in
the complete so-called jj44 model space. In the first cal-
culation, all g-factors which appear in the magnetic dipole
operator were set to their bare values. In the second, the
orbital g-factor of the proton was set to zero to be able to
see only the contribution of the spin-part of the M1 opera-
tor, which causes spin-flip transitions between the p3/, and
P12 orbits in this model space.

The resulting reduced transition strengths B(M1) T are
shown in Fig. 5 in comparison to preliminary experimental
values. Concerning the summed strength in this energy
range and the onset of the 17 states of 828e, the calculation
is in good agreement with the experiment. It implies a
strong admixture of spin strength, even at lower energies,
which varies strongly from state to state. This first analysis
could explain the non-uniformity of the decay behaviour
of the 17 states and also the preference for decays back to
the ground state.

5 Conclusion

In conclusion, the decay branching ratios of low-lying
dipole-excited state in 3?Se and ¥?Kr have been determined
with a precision on a level of a few percent. Excitation
cross sections could be estimated for all states using a
method that does not need additional calibration targets
or detectors. Concerning the motivation to constrain
theoretical models for the prediction of 0vBB decay
matrix elements, the current state of our data suggests
a more complicated structure of magnetic dipole tran-
sition than expected by estimations in the IBM-2. This
was corroborated by a preliminary shell model calculation.
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