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Abstract

In solid-state dark matter detectors, energy accumulation due to ionizing radiation should
produce excess delayed low-energy background similar to the background produced
by energy deposited by mechanical stress. The tunneling two-level systems model for
glasses is missing interactions between excitation; in contrast, according to Iliya Pri-
gogine, interactions lead to emerging phenomena in systems with energy flow- like ex-
cess delayed backgrounds. We observed energy accumulation and release as delayed
luminescence in Nal(Tl) and delayed luminescence suppression by red light exposure.
More material responce studies are required to understand DAMA-LIBRA signals.

1 Introduction

Practically all dark matter and CEVNS detectors demonstrate excess low-energy backgrounds
[1]. In this paper, we continue to discuss the role of energy accumulation and release processes
in the production of excess backgrounds. Properties of excess backgrounds — a sharp increase
in the number of events for lower events energies, an increase of backgrounds with the growth
of mechanical stress in solid-state detectors, and an increase of low-energy background with
the ionization load in noble-liquid detectors are pointing to the possible common mechanism or
scenario for this background production[2]. Interactions between states bearing excess energy
can lead to several emerging phenomena. For systems with energy flow, 1977 Noble Laureate
Ilia Prigogine outlined possibilities of forming dissipative systems, generation of complexity,
and transitions from havoc to order [3]. The Self-Organized Criticality theory investigates
systems where internal interactions lead to avalanche-like releases of stored energy [4,5].
When relaxational avalanches are present, systems often demonstrate common properties:
the spectrum of relaxation events is polynomially decreasing with energy (i.e., catastrophic
events are possible), and the power noise spectrum is close to 1/f (pink noise). Reinforcement
of relaxation on a small scale (quenching of excitations) can suppress the number of large
avalanches[4,5]. Though the properties of materials and excitations and interactions could
be different, searching for common scenarios helps understand the effects observed in various
types of detectors. The excess low-energy background was observed in practically all low-
temperature solid-state experiments looking for dark matter particles and coherent scattering
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of low-energy neutrinos; several EXCESS workshops were devoted to this matter [1,6]; see
also [7]. Yearly modulation of low-energy background in NalI(Tl) detector was attributed to
interaction with dark matter particles by DAMA-LIBRA collaboration [8]. Still, other experi-
ments do not confirm these conclusions. We discuss condensed matter aspects of low-energy
background production in solid-state cryogenic detectors and in NaI(T1) scintillators. The
assumption that DAMA-LIBRA modulation includes energy accumulation and releases in the
material was first formulated by David Nugren [9].

2 Low-energy background in low-temperature solid-state detec-
tors, microcracking and microscopic mechanisms of inelastic
deformation of single crystals

Low-temperature solid-state detectors use different single-crystal sensors: Si, Ge,SiO,, CaWOy,,
etc., cooled to 10-50 mK temperatures. Experiments look for signatures of nuclear recoils in
these crystals using a thermometer attached to the crystal and looking for the temperature
spikes, or a superconducting hot phonon sensor/ microbolometer on the surface of the crystal
(or array of hot phonon sensors) and looking for the appearance of hot phonon pulses. In
parallel, one can look for the emission of photons (scintillation) and electrons/conductivity
pulses in the crystal. All types of detectors demonstrate excess low-energy background rais-
ing sharply as the energy of the event goes below approximately 10-1 eV[5,6,7] (we will not
discuss here questions of recoil energy calibration). In many experiments, the intensity of the
low-energy background increases with the increase of thermomechanical stress in the crystal,
and additional experiments verify this observation. The other statement is that excess back-
ground decreases slowly after the initial cool-down of the detector on a time scale of weeks
or months. This relaxation can restart after warming up to several K temperatures- not all
the way to room temperature. The above properties of excess backgrounds were attributed to
microcracking (see [7] for example) -a process of relief of mechanical stress produced during
cool-down by the differences in thermal expansion of materials.

Microscopic mechanisms of small inelastic deformation (flow) of single-crystal samples (Si
and Ge most often) were studied under different load conditions, including inhomogeneous
loading and micro-indentations [10,11]. It was found that flow has a form of small steps,
each consisting of transformation in a microscopic volume of material. These transforma-
tions can be changes in crystallographic structure, chemical transformations, the appearance
of the twin boundaries, sliding plains, appearance and motion of dislocations. These trans-
formations are dissipative events and should result in heat or hot phonon productions. In
many cases, the formation and movement of defects, dislocations, etc., in dielectrics, semi-
conductors, and metal samples can be accompanied by photon emission and electrons from
the sample’s surface [12,13]. As we can see, "microcracking" likely has the same meaning as
inelastic deformation /flow of crystal material. Thus, the low-energy background we see is a
natural relaxation process of mechanical stress release in single crystals and solids in general.
As a term, "microcracking” could be misleading, as the production and motion of defects in
the crystal are not immediately leading to mechanical breaking or failure. The Inelastic defor-
mation of metals has similar mechanisms, but the limits of plasticity (ductility) can be much
more significant for metals. Below we will discuss other relaxation processes in solids that can
generate small discrete energy release events. We argue that the observed excess low-energy
backgrounds are a cumulative effect of various glass-like relaxation processes.
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3 Relaxation processes in glasses and Excess low-energy backgrounds
in low-temperature solid-state detectors

At temperatures below the glass transition, amorphous (disordered) materials are out of me-
chanical and thermodynamic equilibrium; relaxation processes in the glass state (response
to force or other stimuli) became long and dependent on the internal state of the material
(i.e., history-dependent). When one applies force for some time and then removes it, slow
"back-relaxation" can be present. Such effects mean energy accumulation and releases can be
present when the system demonstrates glass-like relaxation properties.

At low temperatures, many subsystems in materials demonstrate complex and history-
dependent relaxation properties. Here we provide multiple references on low-temperature
physics papers: charges localized on boundaries and interphases in SQUIDs [14], the mo-
tion of charges in dielectric substrate probed by single-electron transistor on the surface [15],
magnetic moments of impurities in superconductors [16]. The glass-like properties of the re-
laxation processes become more pronounced with cooling to Ultra-Low Temperatures (below
mK); for example, memory effects are present in the dielectric response of glasses at ultra-low
temperatures[17]. As temperature became lower, more subtle interactions started to play a
role in relaxation dynamics and internal ordering; nuclear magnetic moments can order inside
the superconductor illustrated at [18] as an example

These parallels and analogies between the relaxation process in glasses and processes gen-
erating excess background in low-temperature solid-state detectors lead to an important con-
clusion: any variations of the electric and magnetic fields or irradiation with IR or microwave
radiation can lead to excess energy accumulation in materials at low temperatures. Different
non-equilibrium configurations of charges, magnetic moments, nuclear moments, defects, etc.,
are interacting directly and indirectly (through lattice deformations—i.e., via phonons—or
electron systems—i.e., via Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions). So, the au-
thor posits avalanche-like relaxation events could also be possible. We will likely start to see
these events as we improve the energy sensitivity of our detectors.

4 Effect of ionizing radiation on Excess low-energy background

In addition to mechanical stress, ionizing radiation can deposit excess energy into materi-
als. Examples are thermally stimulated luminescence, electron emission, and conductivity.
The energy accumulated in the material due to irradiation leads to photon emission, electron
emission from the surface, and generation of current carriers- upon the temperature increase,
which leads to thermal activation of stored energy releases. Irradiation produces a different
population of energy-bearing states and defects than mechanical stress. Atom displacements
can be made not only due to direct momenta transfer from energetic particles but also by
producing electronic excitations that initiate chemical reactions between neighboring atoms
in the lattice. The formation of molecules leads to vacancies, and the decay of metastable
molecules can lead to the formation of vacancy-interstitial atom pairs (Frenkel pairs). Thus,
even irradiation with UV light can produce structural defects in crystals.

Thus, we see similarities between the energy deposition in crystal materials by inelastic
deformation and ionizing radiation. We also know that many of the produced excitations and
defects at low temperatures demonstrate glass-like relaxation properties. The author posits
that exposure of the solid-state detector to ionizing radiation or UV light should lead to delayed
low-energy background events with events spectrum and decay time resembling those caused
by mechanical stress. Likely, the best way to observe these effects is to expose a solid-state
low-temperature detector with low residual mechanical stress to a controllable dose of ionizing
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radiation at low-background-radiation conditions in an underground experiment.

5 Understanding of glasses

A dominant theoretical approach to glasses based on a tunneling two-level systems model de-
veloped back in the 1970s [19,20]. The two-level systems (TLS) model postulates the existence
in glasses (in disordered solids) of multi-particle configurations or single particle/electron
states with two closely arranged minimal energy configurations or closely spaced energy min-
ima. Tunneling between these configurations/states is responsible for the glass relaxation
properties. While TLS models can describe many features of glasses, the TLS model may
not be the only explanation suited for describing the observed behaviors [21]. Each TLS is
represented with two parameters: energy differences between the two adjacent minima and
tunneling probability. The microscopic models for TLS with required parameters are still de-
bated [22]. Two-level systems were assumed to be non-interactive [ 19,20]; the universality of
glass properties in the TLS model originates in the universality of TLS parameter distribution
for different materials. On the opposite, interactions between energy-bearing states lead to
new emerging phenomena in Prigogine’s approach and to the universality of SOC theory. Dug
Osheroff [17] also pointed out the importance of internal interactions for understanding ultra-
low temperature glasses. We hope that further investigation of excess low-energy backgrounds
in the low-energy threshold detectors will help to resolve these apparent contradictions.

6 Energy accumulation and release in Nal(Tl)

David Nygren first suggested that mechanisms responsible for low-energy background in the
DAMA-LIBRA experiment can involve effects of energy accumulation and release [9]. The
Saint-Gobain company observed that mild UV light exposure of the NaI(Tl) crystal might lead
to delayed scintillation pulses (few per second) resembling the effect of irradiation with a
few keV energy electrons. These pulses disappear by themselves in several hours or days.
This effect can manifest SOC-like dynamics in NalI(Tl), and after-luminescence can be likely
suppressed by exposure to red or IR light, as such exposure suppresses thermally stimulated
luminescence in alkali-metal halides [2]. At Lawrence Livermore Laboratory, we looked at
Nal(T1) response to UV irradiation under more controllable conditions. We observed a de-
layed luminescence response lasting several days after exposure to UV light. Exposure to en-
ergetic electrons from a ®°Co source leads to delayed luminescence decaying in several hours,
see Fig.1. We also find that single energetic particle events and muons are causing delayed
emission of photons. The delayed luminescence signals we observed were predominantly ran-
dom photon emission processes. Saint-Gobain researchers somehow were not pointing out
this random flux of uncorrelated single photons. More accurate analysis is required to check
for the presence of photon bunching — the appearance of dense emission events above or ran-
dom coincidences in a random Poisson process. We cannot confirm or refute the Saint-Gobain
statement at present. We have tried data acquisition with triggering on coincidences of pho-
ton detection by right and left PMTs coupled to the NaI(TI) crystal and applied a pulse-shape
discrimination analysis similar to the study done by the DAMA-LIBRA collaboration. In this
case, leakage into the "particle-like" domain is dependent on the left-right coincidence time
interval, the choice of the length of the data collecting window after the coincidence, and a
choice of "separate event" criteria, i.e., absence of photons for some time intervals before and
after the event. Though these filters strongly reduce the number of "candidate particle-like
events," we can see some leakage into the "particle domain." A more detailed analysis with an
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exact replication of DAMA-LIBRA algorithms is required to draw any quantitative conclusions.

The photon flux detected by DAMA-LIBRA and similar experiments consists of delayed lu-
minescence photons (mostly random) and bursts of photon emission produced as a fast/immediate
response to external particles. The energy for the delayed photon emission comes from cos-
mogenic and residual radioactivity, and some energy can come from the residual mechanical
stress in the scintillator crystals. The pulse-shape discrimination technique is used to look for
the photon-emission bursts caused by nuclear recoils. As one moves to lower-energy recoils,
one has fewer photons in the bursts and more chances that a burst-looking "coincidence event"
in the random/uncorrelated delayed photon flux can leak through the pulse-shape filters. In
addition, because of interactions between states storing excess energy in the material, addi-
tional correlation in delayed photon flux could be present that mimics nuclear recoil and pass
through our pulse-shape filters (we have not confirmed or refuted this possibility yet). Cor-
related (avalanche-like) releases of stored energy can be spontaneous, and they also can be
activated by small-energy nuclear recoils, like recoils produced by low-energy solar neutrinos.
The energy of these recoils is too tiny to produce luminescence photons. But it still exceeds
thermal energy, so these recoils can trigger releases of stored energy and produce lumines-
cence. This process is analogous to a suggestion by A. Drukier to use a material containing
"micro-explosives" inclusions to detect low-energy nuclear recoils [24].

We have demonstrated (see Fig.1) that exposure to red light can strongly suppress delayed
luminescence. It is interesting to check if IR light outcide of PNT sensitivity can be used to
suppress delayed luminescence. Then one can look for luminescence under constant illumina-
tion of crystals with IR light- to change/suppress backgrounds caused by delayed releases of
stored energy. We know that delayed luminescence depends on the type of primary particles
and its decay time depends on the temperature [25,26]. The luminescence response of KI(TI)
can be affected by an applied electric field [27]. This suggests that other environmental fac-
tors also can affect delayed luminescence response and cause modulation of the DAMA-LIBRA
signal; the time of the maximum intensity of random/uncorrelated delayed luminescence can
be different from the maximum of muon flux which pumps energy into the system (this was
not yet checked).

Our conclusion is that experimental investigation of the delayed luminescence with the
goal of producing a realistic quantitative phenomenological model is required; it is unlikely
that we can clarify the mechanism producing modulation of low-energy backgrounds in DAMA-
LIBRA experiment without such studies.

7 Conclusion

When we are looking for rare low-energy interactions of particles with our detectors, we also
start to see energy releases by condensed matter and chemical processes, which may resemble
nuclear recoils caused by dark matter particles or neutrinos. We are using elaborate mod-
els for dark matter particles and their interactions with detectors, while processes of energy
accumulation and releases in materials remain under-investigated. Investigation of energy ac-
cumulation and release effects in detectors is required by using tools and ideas from particle
physics and condensed matter physics. This will help to improve exclusion limits for differ-
ent dark matter particle models and interactions beyond the standard model; for condensed
matter physics, such research can help to resolve the unsettled question about the role of in-
teractions of energy-bearing states in glasses and in detector materials and can shed light on
the problem of non-thermal noise and decoherence in quantum sensors.
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Figure 1: The delayed light intensity was monitored over time following UV exposure
(a, solid black line) and ®°Co irradiation (a, solid blue line). Three hours after the UV
exposure, the crystal was exposed to red light (a, solid red line); and a pronounced
decrease in the afterglow intensity was observed. Control runs were performed, in
which exposure with the UV or red light sources was omitted, but the same procedure
was used for source placement as in the runs with exposure. This check confirmed
that the experimental procedure had a negligible contribution to the observed trend
(a, dashed lines). We also observed delayed light following large energy depositions
in the crystal (b). Note that we omit the data point at the zero time, which is the
time of the large ionization event (b).
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