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Abstract

NaI(Tl) large crystals are applied in the search for galactic dark matter particles through
their elastic scattering off the target nuclei in the detector by measuring the scintillation signal
produced. However, energies deposited in the form of nuclear recoils are small, which added to
the low efficiency to convert that energy into scintillation, makes that events at or very near
the energy threshold, attributed either to radioactive backgrounds or to spurious noise (non-
bulk NaI(Tl) scintillation events), can compromise the sensitivity goals of such an experiment.
DAMA/LIBRA experiment, using 250 kg NaI(Tl) target, reported first evidence of the presence
of an annual modulation in the detection rate compatible with that expected for a dark matter
signal just in the region below 6 keVee (electron equivalent energy). In the frame of the ANAIS
(Annual modulation with NaI Scintillators) dark matter search project a large and long effort has
been carried out in order to understand the origin of events at very low energy in large sodium
iodide detectors and develop convenient filters to reject those non attributable to scintillation in
the bulk NaI(Tl) crystal. 40K is probably the most relevant radioactive contaminant in the bulk
for NaI(Tl) detectors because of its important contribution to the background at very low energy.
ANAIS goal is to achieve levels at or below 20 ppb natural potassium. In this paper we will report
on our effort to determine the 40K contamination in several NaI(Tl) crystals, by measuring in
coincidence between two (or more) of them. Results obtained for the 40K content of crystals from
different providers will be compared and prospects of the ANAIS dark matter search experiment
will be briefly reviewed.
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1 Introduction

ANAIS project aims at the study of the annual modulation signal attributed to galactic dark matter
particles using 250 kg NaI(Tl) scintillators at the Canfranc Underground Laboratory (LSC), in Spain.
NaI(Tl) large crystals have been applied for a long time in the search for galactic dark matter particles
through their elastic scattering off the target nuclei in the detector by measuring the weak scintillation
signal produced.1–8 However, energies deposited in the form of nuclear recoils are small, which added
to the low efficiency to convert that energy into scintillation, makes that events at or very near the
energy threshold, attributed either to radioactive backgrounds or to spurious noise (non-bulk NaI(Tl)
scintillation events), can compromise the sensitivity goals of such an experiment. DAMA experiment,
at the Laboratori Nazionali del Gran Sasso, in Italy, and using 100 kg NaI(Tl) target, reported first
evidence of the presence of an annual modulation in the detection rate compatible with that expected
for a dark matter signal just in the region below 6 keVee (electron equivalent energy) with a high
statistical significance.1 This signal was further confirmed by LIBRA experiment, using 250 kg of
more radiopure NaI(Tl) detectors.2 Using the same target than DAMA/LIBRA experiment, which
accumulates by now fourteen annual cycles, makes possible for ANAIS to confirm DAMA/LIBRA
results in a model-independent way. To achieve such a goal ANAIS detectors should be as good (or
better) as (than) those of DAMA/LIBRA in terms of energy threshold and radioactive background
below 10 keVee (electron equivalent energy). In this paper we will present some of the past and recent
efforts to determine and reduce the background related to 40K contamination in several prototypes,
as well as to determine the achievable threshold profiting from the low energy events population,
conveniently tagged, that such a contamination provides. We will start by presenting the ANAIS
project and the different crystals and experimental set-ups studied; then, we will move to understand
the importance of the background due to 40K contamination and the technique used to determine its
content in the different crystals, in particular, in ANAIS-25 modules, as well as the results derived.

2 ANAIS project and NaI(Tl) crystals studied

ANAIS project was conceived to use 10 hexagonal NaI(Tl) crystals of 10.7 kg each made by BICRON
(now Saint Gobain) in the eighties. These detectors were part of those used in an experiment which
looked for the 76Ge ββ decay to the first excited state at the Modane Underground Laboratory
first,9 and then at the LSC.10 They have been stored underground since the late eighties. After that,
the NaI32 experiment searched for dark matter at the LSC with 3 of these detectors (amounting
32.1 kg) and accumulating two years of data taking. Bounds on WIMP masses and cross-sections
were derived from the absence of positive hints, both in the usual analysis of the total rate, and in
a pioneer modulation analysis.3 Then, one of the NaI crystals was chosen to be further studied and
modified: it was used to build ANAIS Prototype I,11 and after decoupling the PMT and removing
the original stainless-steel encapsulation it was used in ANAIS Prototypes II12 and III (see Fig. 1,
left). In Prototype II a copper box was used to allow testing easily different light guides geometries
and lengths, optical couplings and reflector/diffuser materials, whereas in Prototype III (PIII) a tight
copper encapsulation was designed and PMTs and optionally light guides were coupled in a second
step. The 40K content of these crystals (see section 5.1) was too high to allow their use in a dark
matter search experiment, which implied a significant change in the ANAIS experiment time-line.

The ANAIS collaboration started to look for new NaI(Tl) crystals with very low content in potas-
sium (less than 20 ppb). Saint Gobain13 was contacted as the first option to produce the new crystals,
as it had low radioactive background state-of-the-art NaI(Tl) detector technology: they had previously
built DAMA/LIBRA detectors with similar background requirements. A 9.7 kg NaI(Tl) crystal had
been bought previously to that company to be tested as first step in this direction. This crystal (see
Fig. 1, center) was used to build the ANAIS-0 module. The crystal was encapsulated at the University
of Zaragoza in ETP (Electrolytic Tough Pitch) copper, closing tightly the detector, and using two
synthetic quartz windows to get the light out to the photomultiplier tubes. A Teflon sheet as diffuser
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and a VikuitiTMreflector layer wrapped the crystal to increase light collection efficiency. ANAIS-0
module was designed to characterize and understand ANAIS background at low energy, optimize NaI
scintillation events selection, fix the calibration method and test the electronics. ANAIS-0 module
took data in different configurations: with or without 10 cm light guides and using different PMT
models.14 A detailed background study of ANAIS-0 module in the different configurations tested has
been recently published.15 Levels of 40K of that crystal were not enough for ANAIS requirements,
as will be shown in section 5.1.1. Unfortunately, the contacts with Saint Gobain to develop more
radiopure crystals were not successful.

The ANAIS experiment had then to be redefined and, in order to reach the experimental goals,
the final proposal consisted of 250 kg of ultrapure NaI(Tl) crystals to study the expected annual
modulation in the galactic dark matter signal. An ultrapure powder provider and manufacturer of the
ultra-low-background crystals had to be searched for. A NaI powder having a potassium level under
the limit of the analytical techniques used for the radioactivity screening (less than 90 ppb) was found,
and then, two crystals were grown by Alpha Spectra16 to determine, afterwards, more precisely the
potassium content using the coincidence technique presented in section 3. These two NaI(Tl) crystals
(12.5 kg each) form the ANAIS-25 setup, and are named detector 0 (D0) and 1 (D1), respectively (see
Fig. 1, right). The crystals were encapsulated in OFHC copper with two synthetic quartz windows
allowing the PMTs coupling in a second step, to be done at LSC clean room. Only white Teflon was
used as light diffuser, wrapping the crystal, inside the copper encapsulation. After the determination
of the corresponding potassium level (presented in section 5.1.2), these detectors are still taking data
at the LSC, remaining as main goal an overall background assessment .14

Figure 1: Different NaI(Tl) crystals studied at the LSC in order to determine their potassium content
by the coincidence technique: 10.7 kg crystal from BICRON (PIII) - left, 9.7 kg crystal from Saint
Gobain (ANAIS-0) - center, and 12.5 kg crystals from Alpha Spectra (ANAIS-25) - right.

3 Determination of the 40K bulk content in NaI(Tl) by mea-
suring in coincidence

40K is probably the most relevant radioactive contaminant in the bulk for NaI(Tl) detectors. It is
specially important its contribution to the background at very low energy, as it will be shown below.
Because of that, a very good knowledge of such a contamination is required in order to properly
estimate the sensitivity prospects achievable in the frame of the ANAIS project.

The technique used to estimate the 40K activity in the bulk of the NaI(Tl) crystal is the mea-
surement in coincidence: one detector measures the energy released by the X-ray/Auger electrons
emissions of argon, amounting a total energy release of 3.2 keV, following the K-shell EC of 40K,
while another detector measures the high energy gamma at 1460.8 keV, escaping from the former,
and being fully absorbed in the latter. Besides a few accidental coincidences, the 3.2 keV peak can
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be clearly observed in all the studied crystals. From the measured coincidence rates and the corre-
sponding efficiencies estimated with Geant4 package, the 40K activity in the crystal can be deduced.
In Figure 2 a simplified 40K decay diagram is shown and more details on the 40K decay channels can
be found in Table 1.

Figure 2: Simplified 40K decay diagram. Data have been taken from.18 More details about branching
ratios and decay channels are given in Table 1.

Table 1: Information about the different decay channels available for the 40K decay: EC to the first
excited state (ε0,1), EC to the ground state (ε0,0), β+, and β−. Only EC to the first excited state is
followed by a gamma emission. In the case of the EC channels the relative probabilities of K/L/M
capture are also given: PK , PL, and PM .

Energy (keV) Probability (%) PK PL PM

ε0,1 44.0 ± 0.3 10.55 ± 0.11 0.763 0.209 0.027
ε0,0 1504.69 ± 0.19 0.2 ± 0.1 0.880 0.086 0.013
β+
0,0 489.3 ± 0.3 (1.00 ± 0.12) 10−3

β−
0,0 1311.07 ± 0.11 89.25 ± 0.17

Concerning the contribution to the background at low energy from the decay of this isotope, it
is precisely the X-ray/Auger electrons emission of argon after K-shell EC in 40K, amounting a total
energy release of 3.2 keV, which is more dangerous. A part of these events is moved to higher energies
by the simultaneous interaction of the high energy gamma in the same detector, another part is vetoed
by an interaction of the high energy gamma in another detector, however, a residual peak at 3.2 keV
jeopardizes the search for dark matter if 40K content is not at a few ppb level. At this point, it is worth
noticing that the rate of the direct decay of 40K to the ground state of 40Ar through EC (at the 0.2%
level) has not been yet experimentally measured, and hence, the uncertainty on the corresponding
branching ratio is really high.17 This decay is important for the final ANAIS background because
those events can not be rejected by the coincidence method. At this moment, and up to our knowledge,
there is not a feasible way to determine more precisely such a branching ratio.

4 Brief description of the experimental set-ups

Different dedicated setups were operated at the LSC with the objective of determining the 40K content
of all the NaI(Tl) available crystals. Pictures of those crystals have been shown in Fig. 1 and their
main features are summarized in Table 2. We describe below briefly the most relevant aspects of the
different experimental set-ups, corresponding pictures are shown in Fig. 3, in which the coincidence
measurements were carried out. All the set-ups have been operated at the LSC facilities (under
2450 m.w.e.), inside a shielding consisting of 10 cm archaeological lead plus 20 cm low activity lead,
all enclosed in a PVC box tightly closed and continuously flushed with boil-off nitrogen.

4



Table 2: Main features of the different crystals studied in this work: set-up where they have been
operated, manufacturer, mass, shape and dimensions∗.

Set-up Detector Manufacturer Mass Shape Dimensions
1 EP054, EP055, EP056, BICRON 10.7 kg hexagonal prism 15.94 cm× 20.32 cm

EP057, EP058, EP059,
EL214, EM301, EL604,

EL603, EL607
2 PIII (EL607) BICRON 10.7 kg hexagonal prism 15.94 cm× 20.32 cm
2 ANAIS-0 Saint Gobain 9.6 kg parallelepiped prism 10.16× 10.16× 25.40 cm3

3 ANAIS-25 D0 Alpha Spectra 12.5 kg cylinder 4.75” (Φ)× 11.75”
ANAIS-25 D1

* For the cylinders are given diameter and length, and for the hexagonal prism, distance between
opposite vertices in the hexagonal face and length.

1. BICRON set-up. In this set-up the BICRON detectors were measured without modification
with respect to their original assembly. Because of that, only one PMT per crystal was recording
the scintillation signal. In order to mostly profit from the large number of crystals available, six
and seven crystal units were measured simultaneously in two runs (labeled as a and b in Table 3).
Although using only one PMT signal was quite limiting to lower the experimental threshold, the
tagging with the high energy gamma from potassium allowed to distinguish clearly the 3.2 keV
peak in all the crystals and to derive the results shown in section 5.1. A picture of the setup is
shown in Fig. 3, left.

2. ANAIS-0 and Prototype III set-up. The estimate of the 40K bulk content of the ANAIS-0
crystal, was done by measuring in coincidence with the previously studied Prototype III in a
dedicated setup, shown in Fig. 3, center. Measurements were carried out in several phases, see
Table 3, and although Phase III had another purpose,19 the corresponding data will be revised
too in section 5.1.1. Data have been analyzed separately for each phase and 40K bulk content
of the PIII has been also determined as cross-check.

3. ANAIS-25 set-up. The main goal of the ANAIS-25 set-up was precisely the determination
of the potassium content of the new crystals. It consists of two cylindrical 12.5 kg NaI(Tl)
detectors grown with ultrapure NaI powder (<90 ppb potassium at 95% CL according to results
from HPGe spectrometry screening carried out at LSC) and built in collaboration with Alpha
Spectra.16 A picture of the set-up is shown in Fig. 3, right, and more details about it can be
found in Table 3.

In all cases, each PMT charge output signal is separately processed; each one is divided into a
trigger signal, a signal going to the digitizer, and a number of signals differently attenuated and fed
into QDC (charge-to-digital converter) module channels to be integrated in a 1µs window. At least,
a low energy and a high energy ranges were considered in all the analyzed set-ups. The building of
the spectra was done by software (off-line) by adding the signals from both PMTs whenever possible.
Data triggering is done in logical OR mode between different detectors operated at the same time
and in logical AND between the two PMT signals from each detector, if available (only the BICRON
set-up could not use it).
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Figure 3: Different set-ups operated at LSC to measure the 40K content of the available NaI(Tl)
crystals and described in more detail in the text. Left: BICRON set-up, center: ANAIS-0 and PIII
set-up, and right: ANAIS-25 set-up. Complementary information is also given in Table 3

Table 3: Information about the different set-ups in which the studied crystals have been operated:
PMT model coupled and if light guides (LG) have been or not used in each detector, and available
live time (LT) of data corresponding to each set-up and phase.

Set-up Phase PMTs LT (days)
1 a ETL 9765 65.59

b ETL 9765 73.49
2 I ETL 9302B (ANAIS-0) 51.20

ETL 9302B and LG (PIII)
II Ham. R6233-100MOD (ANAIS-0) 57.82

ETL 9302B and LG (PIII)
III Ham. R6956MOD (ANAIS-0) 39.30

Ham. R11065SEL (PIII)
3 Ham. R6956MOD (ANAIS-25 D0) 70.40

Ham. R11065SEL (ANAIS-25 D1)

5 Results and conclusions

5.1 40K bulk content

In this section, we will present the potassium bulk content results for all the studied crystals. The first
step in order to derive the 40K activity in one crystal, is to select the corresponding energy windows
containing the 1460.8 keV energy depositions in the other(s) crystal(s) sharing the experimental space.
The 40K activity of every crystal can be estimated with the area of the 3.2 keV peak (Area) identified
in the coincident spectra with the high energy window chosen in the other(s) detector(s), the total
available live time (t), the crystal mass (m), the efficiency of the coincidence, determined by simulation
using Geant4 package (ε) and the fraction of events effectively selected by the coincidence window
chosen (F):

Activity(Bq/kg) =
Area(counts)

t(s) ·m(kg) · ε · F
(1)

Only statistical errors coming from the 3.2 keV peak area determination are taken into account in
the derivation of the activity errors shown in the following.

First of all, eleven NaI(Tl) crystals from BICRON, 10.7 kg mass each were measured: six and seven
detectors were placed in a similar configuration in runs a and b, respectively, using two of them in
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both as cross-check. The results for the 40K activity corresponding to all of the old BICRON crystals
are presented in Table 4. It can be observed that it is very similar for all of them, ranging from 13 to
21 mBq/kg, which corresponds to 0.42 to 0.68 ppm natural potassium in the bulk of the crystals. The
procedure followed in order to derive such activity values is equivalent to those explained in detail in
the following for ANAIS-0 and PIII crystals, as well as for both ANAIS-25 modules, and is described
in detail in section 5.1.1.

Table 4: Results for 40K bulk activity of the BICRON - 10.7 kg NaI(Tl) crystals.

Detector 40K Activity (mBq/kg)
EP054 13.7 ± 0.3
EP055 15.2 ± 0.1
EP056 18.8 ± 0.2
EP057 20.9 ± 0.4
EP058 16.2 ± 0.3
EP059 16.6 ± 0.2
EL214 17.9 ± 0.4
EM301 21.2 ± 0.4
EL604 16.5 ± 0.3
EL603 14.5 ± 0.2
EL607 15.7 ± 0.5

5.1.1 ANAIS-0 and Prototype III.

The first step in order to derive the 40K activity in both crystals, is to select the corresponding energy
windows containing the 1460.8 keV energy depositions. Different window widths (1σ4, 2σ and 3σ)
have been considered for the selection of coincident events in both detectors. High energy spectra
for the two phases of measurement with ANAIS-0 and PIII detectors are shown in Fig. 4, left, and
a zoom around the 1460.8 keV line, remarking the three windows considered (right). The low energy
spectra in coincidence with 1σ window around the 1460.8 keV line in the other detector are shown
in Fig. 5. The gain of PIII along phase II was probably not stable enough and the 1460.8 keV line is
clearly distorted; this could lead to a decrease in the efficiency of the coincidence in an undetermined
way, compromising the validity of the derived result.

Only a small fraction of the events selected by the coincidence are attributable to 40K decay, but
they are, as expected, distributed in a peak around 3.2 keV, the rest are mostly baseline noise and a
few fortuitous coincidences. A simple selection of 40K events is done by considering only those events
above a threshold. Table 5 shows the analysis thresholds chosen for each phase and detector. The
choice is done just by visual inspection, and it must be remarked that this is not the threshold of the
experiment.

In order to check the 40K origin of the low energy events selected, as previously explained, the
effect of changing the high energy window above and below the 1460.8 keV position has been studied.
For this purpose, the coincidence is done with 1σ width windows centered in channels 2σ above and
below 1460.8 keV. Also another window more energetic is selected, centered 11σ above the 1460.8 keV
position (see results in Fig. 6). Assuming gaussian shape for the 1460.8 keV line, the corresponding
percentage of real 40K events selected in each window should be 68% for µ ± σ, 16% for µ + 2σ ± σ
and 0 for the µ+ 11σ± σ. The highest window should only present fortuitous coincidences and could
allow us to estimate their contribution in the other windows. In Table 6 the results are presented
considering only events above the thresholds shown in Table 5. As expected, events at low energy

4σ will refer for each detector to the corresponding value of the standard deviation obtained in the gaussian fit of
the 1460.8 keV line.

7



Figure 4: High energy spectra of PIII and ANAIS-0 detectors. Left, the whole spectra and right, a
zoom showing the 1460.8 keV gamma line following 40K EC decay for the two considered phases. The
1σ (red), 2σ (blue) and 3σ (green) coincidence windows are also shown.

Figure 5: Low energy spectra (in counts/channel) in coincidence with 1σ windows around the
1460.8 keV line in the other crystal, shown in Figure 4, for ANAIS-0 and PIII detectors in the two
measurement phases considered in this study. The 3.2 keV peak is clearly visible above the baseline
noise peak.

coincident with the µ+ 11σ window correspond to fortuitous coincidences, and the peak is not seen.
The µ+2σ window presents results compatible with the expected 16% of the total number of coincident
events. Events found in coincidence with the µ− 2σ window are much more than expected for a pure
gaussian peak contribution, but this is probably due to the presence of multi-Compton events with
partial energy deposition from the 40K gamma line. Numbers shown in Table 6 do not allow directly
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Table 5: Threshold (in channels) considered for the selection of 40K events in the low energy spectra
for the two phases for ANAIS-0 and PIII crystals.

Detector Phase Threshold
(QDC channel)

ANAIS-0 I 115
II 115

PIII I 125
II 120

estimate of the fortuitous coincidence rate contribution, because this is strongly related to the total
rate in the high energy coincidence window (much lower for instance in the µ + 11σ window); then,
conclusions derived from this table are only qualitatively valid.

Figure 6: Low energy spectra (in counts/channel) in coincidence with high energy windows in the other
detector (all of them having the same width, ±σ) are shown for the different phases and detectors:
centered at 1460.8 keV peak (µ) in black, centered 2σ above (µ + 2σ) in blue, centered 2σ below
(µ− 2σ) in red, and centered further above (µ+ 11σ) in green.

Table 6: Number of events selected by the coincidence above the thresholds, shown in Table 5, in the
different windows studied (all of them having the same width ±σ). Effective exposure corresponding
to every phase is given in Table 3.

Detector Phase µ µ+ 2σ µ− 2σ µ+ 11σ
Events

ANAIS-0 I 726 95 312 8
II 713 142 253 26

PIII I 706 146 358 22
II 766 137 205 12

Then, the set-up has been simulated with Geant4, version geant4.9.1.p02,20 in order to evaluate the
probability that, after a 40K disintegration in one crystal, the 1460.8 keV photon escapes and releases
the full energy in the other detector5. 500000 photons of 1460.8 keV have been simulated assuming
homogeneous distribution of the contaminant in the bulk in ANAIS-0 and PIII crystals. The absolute
branching ratio for the 40K K-shell EC followed by the emission of the 1460.8 keV photon is 0.0803, as

5This simulation has been specifically done for every experimental set-up.
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given by Geant4.20 The number of events with the full gamma energy absorbed in PIII or ANAIS-0
crystals when emitted in ANAIS-0 and PIII are 8258 and 6998, respectively. Thus, the efficiencies for
the observation of the respective coincidences per 40K decay are 1.33 · 10−3 and 1.13 · 10−3.

The area of the 3.2 keV peak (Area) is obtained by fitting to a gaussian the events above the
threshold. The fits are shown in Fig. 7. The 40K activity is calculated following eq. 1 for each phase
individually and using all the available data for the three different coincidence window widths (1σ, 2σ
and 3σ) around 1460.8 keV energy. Results for each phase and detector are shown in Table 7.

Figure 7: Low energy coincident events (in counts/channel) for the 1σ, 2σ and 3σ coincidence windows,
and gaussian fits of the events above the threshold.

Results derived for the different windows and phases analyzed are mostly compatible. As expected,
larger windows have a larger contribution from fortuitous coincidences and Compton events. Hence,
results of the 1σ window have been taken in the following as the most reliable. Phase II presented
a non gaussian shape for the 1460.8 keV gamma line of PIII which might have been caused by gain
instabilities. However, phase I showed a higher discrepancy between the results determined with the
different sigma windows and in Fig. 7 it can be seen that the 3.2 keV peak is wider in phase I and
more contribution from fortuitous coincidences is expected. In PIII both phases gave similar results.
Then, the average of phase I and II results for every detector was taken as final result of our analysis
and used, for instance in Ref. 15.

We checked that these results were compatible with the intensity of the 1461-1464 keV gamma line
seen at ANAIS-0 background. Bulk crystal potassium contamination contributes to this line with dif-
ferent energy depositions: from K-shell EC decay of 40K, producing 1464.0 keV (1460.8 keV + 3.2 keV)
total energy release, but also from L and M-shell EC decays, with energy depositions that can not be
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Table 7: 40K activity calculated for ANAIS-0 and PIII using different width coincidence windows.
Combined values derived from the first two phases for each detector are also shown.

Detector Phase 40K Activity (mBq/kg)
1σ 2σ 3σ

ANAIS-0 I 14.3 ± 0.8 15.1 ± 0.9 17.2 ± 1.1
II 11.1 ± 0.5 12.4 ± 0.5 13.4 ± 0.6

I and II 12.7 ± 0.5 13.6 ± 0.5 15.2 ± 0.6
III 14.5 ± 0.6 14.3 ± 0.5 15.1 ± 0.5

PIII I 13.5 ± 0.9 16.8 ± 1.13 20.1 ± 1.4
II 13.9 ± 0.9 16.1 ± 1.1 19.0 ± 1.4

I and II 13.7 ± 0.6 16.4 ± 0.7 19.5 ± 1.0

distinguished from the 1460.8 keV line. Moreover, any other external 40K contamination would also
contribute to the 1460.8 keV line. We chose data from ANAIS-0 operating without PIII to minimize
contributions from external components contaminated in 40K to the photopeak and fitted it to a
gaussian, comparing its area with the prediction of our Geant4 simulation (see Fig. 8). For 500000
isotropic 1460.8 keV photons simulated, the ANAIS-0 crystal detects 135294 photons in the photo-
peak (27.1%). Taking into account that only in 10.55% of the 40K decays a high energy gamma is
emitted, if the result for this 1461-1464 keV peak is 32.38 ± 0.62 cpd/kg, the activity of 40K derived
is 13.11 ± 0.25 mBq/kg assuming that only 40K in the crystal bulk is contributing. This result is
compatible with the activity derived from the coincidence measurement and implies that the ANAIS-
0 background is dominated by 40K in the bulk, as confirmed the background model proposed and
simulated in Ref. 15.

Figure 8: High energy spectrum for the ANAIS-0 module used to derive the 40K bulk content from
the intensity of the background line at 1461-1464 keV, assuming negligible contributions from external
40K sources.

At last, the temporal distribution of 40K events at low energy selected by the coincidence above
the threshold is shown in Fig. 9. Average values of 9.3 ± 3.6 counts/day for ANAIS-0 and of 8.5 ±
3.1 counts/day for PIII crystals are reported without significant fluctuations.

After this analysis was completed, a new estimate of the 40K content of ANAIS-0 crystal was
derived using data from the phase III 40K coincidence set-up. Corresponding results are shown in
Fig. 10 and Table 7. Very nice and stable operation can be reported and results are compatible
with those of phase I, slightly higher than those of phase II, and pointing at some coincident events
loss in phase II attributable to instability in PIII high energy data. Our conclusion is that the 40K
activity we assumed for ANAIS-0 (derived from the coincident 3.2 keV peak intensity, by averaging
the estimates from phase I and II) is underestimated in about a 10%. The limit for 40K derived from
the 1460.8 keV gamma line in the background is more hardly compatible with such a higher 40K bulk
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Figure 9: Rate of the 3.2 keV events selected by the coincidence above the threshold. Average values of
9.3±3.6 counts/day for ANAIS-0 and of 8.5±3.1 counts/day for PIII crystals are shown as horizontal
lines in both plots.

content, but systematics on Geant4 simulations could be responsible of such an underestimate: for
instance, possible energy loss mechanisms could affect in about such a percent the conclusions derived
from our analysis.

Figure 10: Top: High energy spectrum of PIII corresponding to the phase III of the 40K-coincidence
set-up (left) and zoom showing the 1460.8 keV line and the 1σ (red), 2σ (blue) and 3σ (green)
coincidence windows (right). Bottom: Low energy coincident events (in counts/channel) for the 1σ,
2σ, and 3σ coincidence windows, and gaussian fits of the events above the threshold.
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5.1.2 ANAIS-25

The potassium content of the ANAIS-25 modules has been carefully analyzed directly applying the
same technique. The 40K gamma events at 1460.8 keV in one detector are selected considering different
windows widths (1σ, 2σ and 3σ) as done with ANAIS-0 and PIII data. High energy spectra of both
detectors are shown in Fig. 11. The bad resolution observed is a consequence of the instabilities in
PMTs gain, specially in detector 1 where only data from PMT 1 have been considered for the first
weeks of data, because a fast estimate of the potassium content was important and no data were
discarded. Excellent performance of the set-up has been demonstrated later on. The low energy
spectra in coincidence with the 1σ window around the 1460.8 keV line in the other detector, are
shown in Fig. 12. The threshold chosen to select the events attributable to 40K decay are channel 60
for D0 and channel 70 for the D1. The effect of changing the high energy window above and below
the 1460.8 keV position has also been studied, see results in Figure 13. Numbers of counts over these
thresholds for every coincidence window are shown in Table 8.

Figure 11: High energy spectra of the ANAIS-25 modules corresponding to 70.4 days (left), and zoom
showing the 1460.8 keV gamma line in the right. The 1σ (red), 2σ (blue) and 3σ (green) coincidence
windows are also shown.

Figure 12: Low energy spectra (in counts/channel) in coincidence with 1σ windows around the
1460.8 keV line (shown in Figure 11) in the other crystal for ANAIS-25 D0 (left) and D1 (right).

The probability that, after a 40K disintegration in one crystal, the 1460.8 keV photon escapes and
releases the full energy in the other detector has been estimated with Geant4, in this case using version
geant4.9.4.p01. The corresponding efficiency for the coincidences between both ANAIS-25 modules is
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Figure 13: Low energy spectra (in counts/channel) in coincidence with high energy windows in the
other detector (all of them having the same width, ±σ) are shown for ANAIS-25 D0 (left) and D1
(right): centered at 1460.8 keV peak (µ) in black, centered 2σ above (µ + 2σ) in blue, centered 2σ
below (µ− 2σ) in red, and centered further above (µ+ 11σ) in green.

Table 8: Events above the analysis threshold (channel 60 for D0 and channel 70 for D1), among those
selected by the coincidence with an event in a window centered at, below, or above the 1460.8 keV
gamma position (1σ width).

Detector µ µ − 2σ µ + 2σ µ + 11σ
0 82 25 16 7
1 78 22 21 10

1.08 ·10−3, just a bit lower than that obtained for ANAIS-0 and PIII because of the higher mass, that
decreases the probability for the escape of the gamma without losing any energy. Then, the activities
of 40K for each ANAIS-25 crystal have been estimated for the different width coincidence windows,
see equation 1. The gaussian fits performed to redeem the area are shown in Fig. 14. Results on
the 40K content for each detector are shown in Table 9. Good agreement between results derived
for both detectors is observed, as expected. Averaging the 1σ window results for the two crystals,
we can conclude that ANAIS-25 crystals have a 40K content 1.25 ± 0.11 mBq/kg (41.7 ± 3.7 ppb of
potassium) much lower than that estimated for ANAIS-0 crystal, see Fig. 15.

Table 9: 40K Activity calculated for the two ANAIS-25 crystals using different widths coincidence
windows.

Detector 40K Activity (mBq/kg)
1σ 2σ 3σ

0 1.34 ± 0.13 1.16 ± 0.11 1.31 ± 0.11
1 1.15 ± 0.18 1.08 ± 0.16 1.21 ± 0.20

NaI(Tl) crystals from different manufacturers have been characterized in terms of their potassium
bulk content by a measurement in coincidence, and improvement of one order of magnitude in the
potassium content can be reported for the ANAIS-25 detectors, built in collaboration with Alpha
Spectra. However, the 20 ppb goal has not yet been achieved and before ordering the additional 18
modules required to complete the ANAIS total detection mass, careful analysis of the situation in
collaboration with Alpha Spectra is undergoing, trying to further purify the starting NaI powder.
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Figure 14: Low energy spectra (in counts/channel) in coincidence with 1σ, 2σ, and 3σ windows
around 1460.8 keV line in the other crystal for ANAIS-25 D0 and D1.

Figure 15: Low energy spectra in coincidence with 1σ windows around 1460.8 keV line in the other
crystal for ANAIS-0 (black), ANAIS-25 detector 0 (blue), and ANAIS-25 detector 1 (red).

5.2 Trigger efficiency at 3.2 keV

However, having a tagged population of bulk scintillation events at 3.2 keV is very useful for many
other purposes related to the DM search. Just to show an example, in ANAIS-25 setup we used this
40K events to estimate the trigger efficiency of the experiment. It is shown in Fig. 16 how many of the
low energy events identified by the coincidence with the high energy window around 1460.8 keV, and
hence, corresponding to the decay of 40K, have effectively triggered our acquisition. A good trigger
efficiency can be reported: 99% of the events above 1.5 keV are triggering in D1, and 97% in D0. It is
worth noting that fortuitous coincidences in D0 arrive up to higher energies (which is related to the
higher dark current of the PMTs used), and that in D1, baseline is eventually triggering.
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Figure 16: 40K events at low energy, identified by the coincidence with a high energy gamma for the
ANAIS-25 D0 (left), and D1 (right). Events with T=2 (T=1) have not triggered in D0 (D1), whereas
events with T=3, have triggered in both detectors.
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