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We report on new measurements establishing the existence of low-lying isomeric states in '3°Cs using y
rays produced in 3Xe(p, n)'3Cs reactions. Two states with (O(100) ns lifetimes are placed in the decay
sequence of the '3°Cs levels that are populated in charged-current interactions of solar neutrinos and
fermionic dark matter with '3®Xe. Xenon-based experiments can therefore exploit a delayed-coincidence
tag of these interactions, greatly suppressing backgrounds to enable spectroscopic studies of solar neutrinos

and dark matter.
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Introduction.—Future xenon-based experiments search-
ing for dark matter and neutrinoless double-beta decay
(Oypp) will deploy roughly 5-100 t of target mass. These
detectors will provide powerful searches for rare inter-
actions owing to their large targets, extremely low intrinsic
backgrounds, and event reconstruction capabilities. In this
Letter, we present measurements which make possible the
identification of a new class of events in these detectors—
charged-current (CC) interactions on '3®Xe nuclei—which
can enable novel studies of low-energy solar neutrinos
and provide unprecedented sensitivity to certain models of
dark matter.

The CC “neutrino capture” process, famously exploited
by Davis et al. in the first detection of solar neutrinos [1],
will be observable in Xe detectors as v, + 4,Xe —
4.Cs(*) + e~, where a Xe nucleus is converted into a
(possibly excited) Cs nucleus via a Gamow-Teller tran-
sition (AJ = 1). The signal generated in the detector is the
combination of the outgoing electron and any y rays or
conversion electrons emitted as the Cs nucleus relaxes to its
ground state. Measuring the energies of the final state
particles provides complete reconstruction of the neutrino’s
kinetic energy, in contrast to the elastic scattering of
neutrinos on electrons or nuclei [2-4]. The total energy
deposited in the detector equals the neutrino energy minus
the reaction threshold Q (the mass difference between the
Xe and Cs isobars). If Q is low enough, this reaction can be
used to measure neutrinos from the solar carbon-nitrogen-
oxygen (CNO) cycle, an elusive signal which has only been
observed in one experiment to date [5,6] and which plays a
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crucial role in determining the solar metallicity. This
reaction can also provide a unique measurement of 'Be
neutrinos, which may enable novel measurements of the
solar core temperature [7]. A variety of targets and
techniques have been proposed to detect the lower-energy
solar neutrino components in this way [8—13]; however,
none have been realized at scale.

The same final state can be used to search for models of
fermionic dark matter in which the dark matter particle y
carries lepton number and interacts with standard model
particles via a right-handed gauge boson W’ [14,15]. CC
interactions of y with Xe nuclei y +4,Xe — 4Cs™*) + e~
convert the mass energy of y into the mass and kinetic
energy of the outgoing electron and excitation of the Cs
nucleus. A recent search for these signals in a 200 kg liquid
xenon (LXe) time projection chamber (TPC) produced
constraints that are competitive with state-of-the-art collider
searches [16].

Xenon-based detectors may be uniquely positioned to
perform world-class measurements of CC interactions [17].
The pBp isotope *°Xe is particularly well suited as a CC
reaction target [9]: It features a low threshold of Q =
90.3 keV and relatively large cross section due to the sizable
Gamow-Teller transition strengths [18,19] connecting the 0™
136Xe ground state and the lowest-lying 17 excited states of
136Cs near 590 and 850 keV. Using shell-model (SM)
calculations, Ref. [17] predicts that the '3Cs 1+ states relax
through an isomeric state, setting up a delayed-coincidence
signature that would allow unambiguous identification of
CC interactions and enable background-free measurements

© 2023 American Physical Society


https://orcid.org/0000-0002-1644-9887
https://orcid.org/0000-0003-2178-9402
https://orcid.org/0000-0002-1854-6306
https://orcid.org/0000-0001-5323-4669
https://orcid.org/0000-0002-5010-1251
https://orcid.org/0000-0003-4031-6926
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.052502&domain=pdf&date_stamp=2023-07-31
https://doi.org/10.1103/PhysRevLett.131.052502
https://doi.org/10.1103/PhysRevLett.131.052502
https://doi.org/10.1103/PhysRevLett.131.052502
https://doi.org/10.1103/PhysRevLett.131.052502

PHYSICAL REVIEW LETTERS 131, 052502 (2023)

of these signals in current- and next-generation detectors.
This opportunity depends critically on the level structure of
136Cs below ~590 keV and particularly on the unmeasured
y-ray emission properties of the lowest-lying states.

Until recently, the low-lying level structure of *°Cs has
been relatively unexplored [20]. Current data stem mainly
from two experimental campaigns focused on providing
inputs for the calculation of nuclear matrix elements for
Bp decay of '36Xe. First, the high-resolution '**Xe(*He, ¢)
measurements reported in Ref. [18] established the spec-
trum of 17 states and the Gamow-Teller transition strengths
to these states from the 0* 3Xe ground state. Second, a
campaign using the '*Ba(d, a) reaction reported several
new low-lying states in '3%Cs [21-24]. There is only one
study of excitations near the ground state in '3°Cs using y
rays, which established a single 4™ level at 104.8(3) keV
relevant for CC events [25].

In this Letter, we report on an experiment to characterize
the energies and lifetimes of the low-lying states in '3°Cs
using y rays produced in (p,n) reactions on '3°Xe. We
identify many new nuclear transitions, several of which
have O(100) ns lifetimes. Using y-y coincidences, we
reconstruct a level scheme which describes the decay of
the 17 states of interest and identify isomeric states which
will produce the delayed-coincidence signature required for
the low-background study of CC neutrino and dark matter
interactions in xenon-based experiments.

Data collection and analysis.—Measurements were per-
formed at the Triangle Universities Nuclear Laboratory. A
pulsed beam of 7 MeV protons with period of 1.6 ps and
pulse width of 2 ns was directed through a target cell
containing Xe gas enriched to 94% in '**Xe. The beam
current was kept between 5-15 nA throughout the run,
giving a Xe(p, n)Cs reaction rate of ~1/pulse. The target
was a 1.3 cm tall, 1.6 cm diameter cylinder with 25 pm thick
polyethylene naphthalate films serving as beam entrance and
exit windows. The cell was housed in a cylindrical aluminum
vacuum chamber with inner diameter 30.5 cm and a 6.4 mm
wall thickness. The inner wall of the chamber was lined
with 1 mm of lead, with gaps through which y-ray detectors
viewed the target.

Gamma rays were measured by four high-purity germa-
nium detectors placed outside the vacuum chamber: two
60% relative efficiency coaxial detectors, which provided
high detection efficiency for y rays between 50 and
3000 keV, and two planar low-energy photon spectrometers
(LEPS), which provided O(10) ns time resolution and
sensitivity between 20 and 600 keV. To ensure high-quality
measurements of y rays below 100 keV, one LEPS detector
viewed the target through a 127 pm Kapton window and
was positioned 51.3 cm from the target center. All other
detectors viewed the target through the wall of the target
chamber at a distance of 25+ 2 cm. Detectors were
shielded from the beam dump and beamline components
upstream of the target using tungsten and lead. A Mesytec

MDPP-16 digitizer was used to record the energy and time
for each detected y ray. The time reference was provided by
a capacitive sensor through which the proton beam passed
before entering the target chamber.

The energy scale and efficiency of each detector were
calibrated using a combination of standard '3*Ba, '3’Cs, %%Co
y-ray sources, a mixed source containing **'Am, 3’Co, >*Mn,
657n, and known transitions from the 3~ decay of '*Cs in the
target. [During this procedure, it was discovered that the
66.881 keV y from the ground state #~ decay of '3Cs had an
incorrectly assigned intensity in the present evaluation [20].
This evaluation provides I, = 4.79(20), whereas our data
prefer 7, = 12.5(1) as reported in Ref. [26].] During the
course of data taking, the energy scale varied by at most
0.8%, and run-by-run corrections were applied in the
analysis. The LEPS detectors’ timing capabilities were
calibrated using the 308 keV isomeric transition in 8V
(r = 10.26 + 0.06 ns [27]) in a dedicated run of “*Ti(p, n)
reactions on a "™Ti foil target. We measure a lifetime of
10.6 £ 0.4 ns, in good agreement with the accepted value.

Results.—A typical energy spectrum of single-hit events
in a LEPS detector is shown in Fig. 1. We set an analysis
threshold at 50 keV, below which the spectrum is domi-
nated by background from proton-induced x-ray emission
in the Xe target. We identify 65 y-ray lines between 50 and
1100 keV from previously unobserved transitions in '3¢Cs
and measure their energies with an uncertainty of 0.1 keV.
A complete list is available in the Supplemental Material
[28]. These signals can be classified into “prompt,” defined
here to be within 40 ns of the beam pulse, or “delayed.”
Eight of the new transitions are delayed, featuring time
distributions which decay over periods of (O(100) ns.
These, along with steady-state backgrounds from target
activation, appear in the delayed spectrum in Fig. 1.

1 136Cs = decay 7's : 66.9, 86.4, 153.2, 163.9, 176.6, 273.6 keV
Wand Pb x rays : 58.0, 59.3,72.8, 75.0, 84.9 keV.
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FIG. 1. Energy spectrum of events in the near LEPS detector.
The black curve shows the spectrum with no selection on arrival
time. The blue curve displays the delayed spectrum defined as
events arriving > 40 ns after the beam pulse. Gray arrows
indicate background lines from '3°Cs = decay and x rays from
tungsten and lead shielding.

052502-2



PHYSICAL REVIEW LETTERS 131, 052502 (2023)

448.6
166.7

588.8

517.9

386.1
146.1

459.7

424.1
422.1

319.2

) ——YTXS

108.5

239.9
208.6

4* 313.6

66.6
105.0

140.3 90(5) ns
~_105.0

3+

4+

4+
3+

e t—f————————l————3505

73.

73.7 157(4) ns

4+
3+
5% 5%
Shell
Model

o<}
‘
e ———F4 -4t - — 5179

5" 0.0

138Ba(d,a)

This

136Xe(*He, 1) Letter

FIG. 2. The rightmost column shows our proposed level
scheme for '*Cs up to 590 keV, with energies given in keV
and measured state lifetimes. A scheme using all observed
coincidences is given in the Supplemental Material [28]. Blue
lines show measured y-ray transitions, where those drawn as
dashed lines have weak coincidence intensity but are observed in
the singles spectrum. The left column shows the spectrum of
states predicted by the shell model of Ref. [17]. The central
column shows levels measured using 138Ba(a,’, a) [24] and
136Xe(3He, 7) [18,19] reactions with their assigned J* values
shown in green and red, respectively.

In addition to the transitions reported here for the first time,
we observe the known lines at 104.8(3) and 517.9(1) keV
associated with direct transitions to the ground state [25],
with the latter appearing constant in time due to the long
lifetime of the parent 8~ level [z = 25.2(3) s].

The low-lying level scheme of '3°Cs is constructed
through analysis of y-y coincidences. A 1 ps window is
used to construct two-dimensional coincidence matrices of
the energy in each detector. Accidental coincidences
measured in situ are subtracted off. The resulting matrix
and associated coincidence gates are analyzed using the
RADWARE program [29].

The proposed level scheme is shown in Fig. 2. For
comparison, we show the SM predictions from Ref. [17] as
well as the spectrum measured using '*®Ba(d, a) [24] and
136Xe(He, t) reactions [18,19]. Nearly all of our recon-
structed levels can be mapped to levels observed in
previous experiments. However, the high-resolution y-ray
measurements in this work enable us to reduce the
uncertainties in their energy by an order of magnitude.
In addition, we reconstruct a doublet in the vicinity of
420 keV which is unresolved in charged-particle-based
experiments and reported here for the first time. One of
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FIG. 3. Background-subtracted y-ray arrival times of the three

delayed transitions in our level scheme. The 105 and 67 keV y’s
are fit with exponential and constant background terms only,
while the fit to the 74 keV transition contains a term accounting
for the additional delay caused by preceding 67 keV transitions,
in accordance with the proposed level scheme. X rays from lead
produce the prompt peak observed in the 74 keV distribution.

these two states plays a crucial role in CC interactions, as
discussed below.

Of the eight delayed transitions, those at 66.6, 73.7, and
105.0 keV are measured with sufficient strength in y-y
coincidences to be placed in our level scheme. Their
background-subtracted time distributions are shown in
Fig. 3. The delayed components of the 66.6 and
105.0 keV transitions are well described by a single
exponential distribution with the same lifetime. The
105.0 keV component also contains a significant prompt
component. This indicates that the 105.0 — g.s. decay
itself is prompt and that the observed exponential distri-
bution comes from the isomeric 140.3 keV state feeding the
105.0 keV level through a 35.3 keV transition which falls
below our analysis threshold. Selecting only 105.0 keV y’s
that occur in coincidence with the 319 keV transition
(thereby skipping the 140.3 keV level) produces a time
distribution with no delayed component, supporting this
conclusion. The 73.7 keV transition is placed between the
lowest-lying excited state and the ground state. As such, it
can either be fed by the long-lived 140.3 keV state or by
other (prompt) transitions. Components to model each of
these scenarios are included in the fit to its time distribu-
tion. The fit lifetime for the 73.7 keV state is 7 = 157 &+
4 ns and is the longest observed in our experiment.

From the measured relative y-ray intensities, we con-
clude that approximately 99% of CC events which populate
the lowest-lying 17 level will relax through at least one
isomeric transition. The ratio of observed intensities for the
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448.6 and 166.7 keV transitions is 18.2:7, indicating that
the first 17 level decays via the transitions 588.8 — 140.3
and 588.8 — 422.1 approximately 70% and 30% of the
time, respectively, subject to an ~5% uncertainty due to the
unknown internal conversion (IC) coefficient of each
transition. The former directly feeds the isomeric state at
140.3 keV, guaranteeing that it reaches the ground state
through at least one long-lived state. Of the latter, the
(208.6 keV):(239.9 keV) intensity ratio indicates that
approximately 2% of decays proceed via the 422.1 —
313.6 — 105.0 sequence to the ground state composed of
purely prompt transitions; the remainder proceed through
the isomeric state at 73.7 keV. The branching of decays
from the 140.3 keV state remains uncertain. The multi-
polarity and/or IC coefficients of these low-energy tran-
sitions will need to be measured in future work.

The proposed level scheme can be compared to pre-
dictions from the SM. The model shown in Fig. 2 uses the
NuShellx@MSU [30] code with the sSN100PN effective inter-
action [31], which demonstrates good agreement with prior
data [24,25,32]. A key feature of the predicted level
structure is the presence of 2" states at 83 and 224 keV,
to which the 17 state decays [17]. Neither has been
conclusively identified to date. One candidate is our level
at422.1 keV, which is placed through twofold coincidences
of 108.5, 239.8, and 73.7 keV y rays and which is fed
directly by the first 17 state via the 166.7 keV transition. A
2% level at this energy would be unresolved in '**Ba(d, @)
reactions from the (41) state observed at 423 + 3 keV [24],
which we in turn associate with our reconstructed level at
424.1 keV due to its strong connection with the 4™ state at
105.0 keV via 105.0 and 319.2 keV coincidences. Another
candidate is the level at 140.2 keV, which is fed directly by
the first 11 state via the 588.8 — 140.2 —» 73.7 — g.s.
sequence that is reconstructed by our observed coinciden-
ces of the 448.6, 66.6, and 73.7 keV transitions. However,
the angular distributions in '3*Ba(d, a) reactions favor
J™ = 3%, leaving this interpretation uncertain. Finally, a
state at 432(2) keV, first observed in Ref. [19] and given a
tentative spin-parity assignment of (3") therein, was
recently identified as a possible (27) state in Ref. [24].
This state is not reconstructed by any coincidences in the
present work, and we do not observe any transitions near
157 keV that would connect this state with the 17 state at
588.8 keV. Thus, our data are in tension with the more
recent spin-party assignment. Further measurements with
both charged-particle and y-ray detection will be ideal for
fully characterizing this structure.

Discussion.—The isomeric states measured here will
produce a unique signature for identification of CC
interactions in xenon-based detectors. The prompt inter-
action composed of the emitted electron and the initial
relaxation of the Cs nucleus will almost always be followed
by the delayed emission of one or more ~100 keV y’s or IC
electrons. In detectors which measure scintillation, this will

produce a characteristic two- or three-pulse signal. Based
on the lifetimes measured here, an experiment which can
resolve these secondary pulses in a 25-1000 ns window
after the primary will have > 80% efficiency for tagging
CC interactions [17]. The resolving power will be deter-
mined by the time structure of each pulse, which is the
convolution of (1) the photoemission of the scintillating
medium, (2) photon transport in the detector, and (3) the
time resolution of the photon detection system. In the case
of (1), there are three technologies currently being pursued
for experiments at the tonne scale and beyond: LXe TPCs
[33-35], high-pressure gaseous Xe (GXe) TPCs [36],
and loaded liquid scintillator (LS) detectors [37], which
have emission time constants of 7; x, = 27 ns, 7Gx, = 4 ns,
and 715 = 6 ns [38-41]. In modern experiments, (2) is
O(10) ns and (3) can be as low as O(1) ns [39,42]. High
efficiencies are therefore possible with existing techniques.

The background from accidental coincidences of scin-
tillation pulses which mimic the energy or time structure of
the CC signal are likely to have negligible rate in modern,
low-background Xe experiments. For example, an 80 t
natYe detector will have probability ~107° to accidentally
accept coincident 50-100 keV pulses in a 1 ps window
provided its background rate is ~30 evts/(t-yrkeV) as
achieved in XENONNT [43]. Further suppression is pos-
sible if the spatial information of the accompanying charge
signal is used [17].

Other ff-decay isotopes have been proposed as favorable
targets for solar neutrino capture. Suggested schemes for
their deployment include metal-loaded LS [8,9,12] or solid-
state sensors [10,11]. In Table I, we compare current and
proposed xenon-based experiments with the two most
massive experiments of each type planned for the near
future (see, e.g., Ref. [44]): the SNO+- [45] and CUPID [46]
experiments, which will search for Ovf in '*°Te and Mo,
respectively. The solar neutrino CC interaction rates in these

TABLE 1. Event rates for 'Be and CNO solar neutrino capture
in current (*) and planned experiments which deploy '*°Xe and
the previously proposed target isotopes '*Te and '“°Mo. Rates
are given in solar neutrino units (SNU) for each isotope and
events per year for each experiment. The mass column indicates
the mass of isotope deployed, as opposed to the total payload of
the experiment. Scattering rates on '3°Te and Mo are taken
from Ref. [47], while those on '*°Xe are from Ref. [17].

Rate (SNU) Rate (evt/yr)

Isotope 'Be CNO Experiment Mass (t) Be CNO
136xe 425 63 LZ* 0.62 37 054
KamLAND-Zen*  0.68 4.0 059

nEXO 32 19.0 28

80t "™Xe TPC 7.1 421 6.2
SNO+ (0.5% Te) 1.3 44 070
CUPID 0.25 6.1 0.72

130Te 232 3.7
100Mo 126 15
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next-generation experiments are comparable to those in
currently operating experiments which deploy '**Xe.

Tagged CC events offer a promising avenue toward
improved and complementary measurements of the CNO
flux. The present uncertainties reported by Borexino are
% [6]. By comparison, an 80 t "Xe detector may achieve
30% (12%) statistical uncertainty in two (11) years based
on the rates in Table I. Larger Xe experiments proposed
for far-future Oupf searches could reduce the uncertainty
by a factor of ~2-7 [48,49]. Uncertainties in the CC
interaction cross section (e.g., those from Gamow-Teller
strengths [19]) can be calibrated in sifu through simulta-
neous measurement of the 7 x stronger 'Be flux, which is
known to within 3% [50]. Xenon experiments may also
combine the tagged CC event sample with an analysis of
neutrino-electron elastic scatters for increased sensitivity.

Within the scope of existing experiments, KamLLAND-
Zen recently reported the largest exposure of '3%Xe to date,
totaling 1 t-yr [37]. The fast intrinsic timing of the experi-
ment’s organic LS is advantageous, though identification of
delayed pulses from the 105, 74, or 67 keV transitions will
depend on the experiment’s energy threshold and the rate
of C background in this region. The currently operating
LZ [51] and XENONNT [52] experiments feature ~1 keV
energy thresholds, unprecedentedly low backgrounds, and
will amass 36Xe exposures of ~2 t-yr. Delayed-coincidence
searches in any of these experiments could detect roughly ten
solar neutrino events and would provide world-leading
sensitivity to MeV-scale fermionic dark matter.

In summary, we have measured the energies and life-
times of low-lying states in '3%Cs. The isomeric states
measured here enable the use of a delayed-coincidence
tag to uniquely identify CC interactions in experiments
which deploy '3Xe. Thus, a new channel exists in which to
perform novel spectroscopic studies of solar neutrinos and
dark matter in current and future xenon-based experiments.
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