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Abstract The radioactive isotope 85Kr is found in signif-
icant quantities in the atmosphere largely due to nuclear
industry. Its β-decay with a half-life of 10.7 years and a
Q-value of 687 keV is a dangerous background source for
low-threshold noble gas and liquid detectors, which distill
their detector medium from air. The Gerda experiment was
operating high-purity germanium detectors immersed in a
clean liquid argon bath deep underground to search for neu-
trinoless double beta decay with unprecedented sensitivity.
The 85Kr specific activity in the liquid argon at the start of the
second phase of the experiment has been determined to be
(0.36 ± 0.03)mBq/kg through an analysis of the full subse-
quent data set that exploits the excellent γ-ray spectroscopic
capabilities of Gerda.

1 Introduction

The β-decay of 85Kr (T1/2 = 10.7 yr, Qβ = 687 keV) is
a background in low-energy-threshold detectors employing
noble gases or liquids cryogenically distilled from the atmo-
sphere as detector medium [1].

The presence of 85Kr in the atmosphere is largely anthro-
pogenic: being a nuclear fission product, it can reach the
atmosphere in spent nuclear fuel reprocessing plants, nuclear
weapon tests or accidents. As a result, the average atmo-
spheric 85Kr specific activity1 has steadily increased since
the beginning of the nuclear industry era to an average global
value of 1–2 Bq/m3 [2–4]. Moreover, concentrations are typ-
ically higher nearby nuclear reprocessing facilities and gen-
erally higher in the northern hemisphere than in the southern
hemisphere. Specific meteorological conditions also induce
regional differences.

Since the 85Kr activity in distilled gases or liquids corre-
lates to that in air at the production facility and at distillation
time, its initial value can significantly vary across different
batches. Moreover, 85Kr can leak from the atmosphere into
the experiment over time, depending on the detector tech-
nology. The WARP collaboration has reported an activity of
(0.12 ± 0.09)Bq/kg in atmospheric liquid argon (LAr) by
directly constraining the 85Kr β-decay spectrum [5]. Using
the same method, the DarkSide collaboration has measured
an unexpectedly high activity of (2.05 ± 0.13)mBq/kg in
underground sourced LAr, potentially due to atmospheric
leaks or from natural fission underground [6]. Liquid xenon
(LXe) experiments typically remove 85Kr by cryogenic dis-
tillation [7,8] or gas chromatography [9,10]. A concentration
of natural krypton (natKr) of 480 ppq (mol/mol) in LXe (cor-
responding to 0.14μBq/kg of 85Kr, assuming a 85Kr/natKr
abundance of 2 · 10−11) has been measured using rare gas
mass spectroscopy (RMGS) [11] in the XENONnT detector

1 In the following we use ‘activity’ in the sense of ‘specific activity’.

Fig. 1 Simplified 85Kr decay scheme [13]. The decay channel studied
in this work is highlighted in bold

after filling and reduced to (56 ± 36)ppq through a krypton
distillation column [8]. 144 ppq (g/g) of natKr (27 nBq/kg of
85Kr) have been measured through a liquid nitrogen cold trap
in the LZ detector after purification through gas chromatog-
raphy [12].

85Kr decays to 85Rb via β-decay with a half-life of 10.7 yr.
In 0.43% of the cases an excited 85Rb nucleus is produced,
which de-excites to the ground state by emitting a 514 keV
γ-ray with a half-life of 1μs [13]. A simplified decay scheme
is shown in Fig. 1.

The GERmanium Detector Array (Gerda) experiment
operated high-purity germanium (HPGe) detectors in a cryo-
genic bath of atmospheric LAr. Full absorption of 514 keV
γ-rays in germanium following 85Rb de-excitations produces
a narrow peak-like signature in the Gerda HPGe detectors,
thanks to their excellent energy resolution [14] and the fact
that β particles are typically fully absorbed in argon. To mea-
sure the activity of 85Kr nuclei in LAr, the number of events
in the full energy peak (FEP) can be therefore extracted with
a simple analytical model and then corrected by the detection
efficiency, determined through a Monte Carlo simulation.

This article is organized as follows: we start by giving a
summary of the experimental setup in Sect. 2, then proceed
to a description of the data set selection in Sect. 3. The deter-
mination of the 85Kr decay signature and conversion factor
between observed counts and 85Kr activity at filling time
through Monte Carlo simulations is presented in Sect. 4. The
statistical techniques employed to analyze the data, including
likelihood function and fit model, are detailed in Sect. 5, fol-
lowed by an assessment of systematic uncertainties in Sect. 6.
The final results on the 85Kr activity and their interpretation
are discussed in Sects.7 and 8, respectively.

2 The GERDA experiment

The Gerda experiment, decommissioned at the beginning
of 2020, was primarily aimed at searching for the lepton
number violating neutrinoless double beta 0νββdecay [15]
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deep underground at the Laboratori Nazionali del Gran Sasso
(LNGS) of the Istituto Nazionale di Fisica Nucleare (INFN),
in Italy. HPGe detectors, isotopically-enriched in 76Ge at
∼88%, were arranged in a closely-packed, low-background
string array and operated in a 64 m3 LAr cryostat [16], inside
a 590 m3 water tank instrumented with photomultiplier tubes
(PMTs). The latter, together with scintillating panels placed
at the top of the experiment, constituted a passive and active
shield against laboratory and cosmic backgrounds [17]. The
cryostat was filled between November and December 2009
with 5.0-grade (i.e. 99.999% pure) LAr, distilled from the
atmosphere at the Linde 2 facility in Trieste (Italy). At LNGS
the LAr was transferred from the Linde tanker via a 6.3 m3

storage tank and an about 30 m long vacuum-insulated pipe
with an ultra-fine filter at the end in the cryostat (see section
4.1 of Ref. [16] for more details); no further distillation or
purification was done. After this first major filling, only few
minor top-ups took place during the lifetime of the experi-
ment. The fraction of the argon gas volume was about 5%
of the LAr volume. In consideration of the measures taken
to seal the LAr from the atmosphere, in order to preserve
its optical properties in the absence of an online purification
system, a 85Kr re-contamination during data taking is not
expected. Moreover, the in-situ 85Kr production rate due to
cosmic rays or spontaneous fission of 238U is negligible at
LNGS.

In the second phase of the experiment (Phase II), the
array consisted of 10 semi-coaxal (Coax) detectors (includ-
ing 3 detectors with natural isotopic abundance) and 30
Broad Energy Germanium (BEGe) detectors, arranged in a
seven-string layout. The detector array was surrounded by
a scintillation light readout instrumentation made by two
sub-systems: low-activity PMTs and wavelength-shifting
(WLS) fibers coupled to silicon photomultipliers [18,19].
Each HPGe detector string was enclosed in a nylon cylin-
der to limit the collection of radioactive potassium ions on
the detector surface [20]. A cylindrical copper shroud was
shielding the array against 222Rn emanating from e.g. the
cryostat walls. A detailed description of the Phase II exper-
imental setup has been published in [18]. The three natural
HPGe detectors and one Coax detector were removed and
five new inverted-coaxial (IC) detectors were deployed dur-
ing a hardware upgrade in spring 2018 [21]. The coverage
and radio-purity of the WLS fibers was also improved. The
energy calibration of the HPGe detectors was performed dur-
ing dedicated weekly calibration runs in which the detectors
were exposed to three 228Th sources [14].

2 https://www.linde-gas.it.

Fig. 2 The energy spectrum of the Gerda data around the region of
interest at the 85Kr FEP (514 keV), with labels indicating the prominent
spectral features and the expected contribution from the 2νββ decay
in orange. The inset shows a zoom around the region of interest with a
finer binning (0.2 keV), in linear y-scale

3 Data selection

To constrain the 85Kr activity, we consider the full Phase II
physics data set, corresponding to data taken from Decem-
ber 2015 to November 2019 with a short interruption in May
2018 due to the hardware upgrade. The accumulated HPGe
exposure usable for analysis is 105.5 kg yr (61.4 kg yr before
and 44.1 kg yr after the upgrade). Data from detectors made
from natural germanium is discarded due to detector opera-
tional instabilities and low exposure contribution.

The standard HPGe detector digital signal processing
pipeline [22], including a zero-area-cusp filter for energy
reconstruction [23], are applied. Non-physical and pile-up
events are identified and removed with an estimated accep-
tance rate of (physical) events of more than 99.9% [15].
Events classified as muon-like, as well as those characterized
by energy depositions in multiple detectors are removed from
the data set. Data from the LAr instrumentation and HPGe
signal pulse shapes have not been included in this analysis, as
they do not improve the overall accuracy in determining the
85Kr activity. This is due to the large uncertainties in the sig-
nal acceptance efficiencies of the LAr veto and HPGe pulse
shape discrimination (PSD) at these energies.

Due to different detector properties, e.g. energy resolu-
tion and efficiency, and changes in the detector configuration
during the upgrade, the data is divided into five data sets:
pre-upgrade BEGe, pre-upgrade Coax, post-upgrade BEGe,
post-upgrade Coax and post-upgrade IC.

The energy spectrum of the combined data set is shown in
Fig. 2. The main backgrounds contributing in the ∼0.5 MeV
energy region and below are the decay of 39Ar (Qβ =
565 keV) in LAr, the 2νββ decay of 76Ge, 42Ar decays in
LAr and decays of 40K, 238U and 232Th chain isotopes in
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Fig. 3 The best-fit model superimposed to data. The highlighted top-
left panel shows a combination of the entire Gerda Phase II data
set. The remaining panels separately show data from different detector
types (BEGe, Coax and IC) and before or after the May 2018 hardware

upgrade. The continuum, the 511 keV peak and the 85Kr FEP are plotted
separately with dashed lines. The difference between data and best fit
model for each bin, normalized by standard deviation expected from
Poisson statistics, is shown in a panel below each spectrum

structural materials. A detailed model of the Gerda Phase II
energy spectrum has been published in [24]. The inset shows
a zoom in the region around 514 keV with a finer binning. A
prominent peak-like structure is visible, constituted by 85Rb
de-excitation 514 keV γ-rays fully absorbed in the active vol-
ume of the HPGe detectors and 511 keV γ-rays from positron
annihilation and the 208Tl decay cascade. The positrons orig-
inate from pair production of high energy gamma rays. The
excellent energy resolution of the Gerda detectors [14], in
particular BEGe and IC post-upgrade, results into a separa-
tion between the two event populations (Fig. 3).

Data from Gerda Phase I is not considered in this anal-
ysis, as the energy resolution of HPGe detectors was not at
the level required to disentangle the 511 keV and the 514 keV
peaks [25].

4 85Kr signature and conversion factor

The Geant4-based [26–28] application MaGe [29], which
implements the full Gerda Phase II experimental setup to a

high level of detail, is used to simulate 85Kr decays and track
their products. The decay vertices are uniformly distributed
in the LAr volume enclosed by a cylinder (radius 70 cm,
height 180 cm, mLAr = 3835 kg) centered at the HPGe array.
The dimensions of such cylinder are significantly larger than
the absorption length of 514 keV γ-rays in LAr (of about
10 cm) and do not bias the energy distribution of the HPGe
detector hits. Events that deposit energy in the HPGe detec-
tors are stored on disk for further offline processing. The top
panel of Fig. 4 shows the xy spatial distribution of a sample
of simulated 85Kr decays in which the 514 keV γ-ray is fully
absorbed in the active volume of the detectors. A represen-
tation of the salient features of the setup (HPGe detectors,
WLS fiber curtain and radon shroud) is overlaid.

At the Monte Carlo event post-processing stage, the oper-
ational status of each individual detector in the considered
data taking period is taken into account. Since the 85Kr half-
life is comparable to the Gerda lifetime, the exponential
decrease of its activity:

A(t) = A0 exp[−λ(t − t0)],
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Fig. 4 Top panel: horizontal spatial distribution of a sample of sim-
ulated 85Kr decays associated with an energy deposition of 514 keV
in the HPGe array. Key structural components (the radon shroud, the
WLS fiber shroud and the detectors) are pictorially shown. Bottom
panel: expected signature of the decay in the Gerda energy spectrum,
for each detector type, normalized by 85Kr specific activity at the start of
Gerda Phase II. 1010 total decays have been simulated in a LAr cylin-
der (see text). The energy windows used to calculate the full-energy
peak efficiency are shown in gray (see text)

where A0 = A(t0) is the 85Kr activity at time t0 and λ =
ln(2)/10.7 year, is also taken into account. The procedure is
illustrated in Fig. 5. The blue solid line represents the 85Kr
decay curve while each blue-filled region corresponds to a
physics data taking run. The largest silent period corresponds
to the hardware upgrade works.

In addition to the hardware settings, a model of the HPGe
detector active volume is applied, as detailed in [24]. The
thickness of the dead layer at the n+ electrode, measured
during detector characterization before deployment [30], is
varied at the post-processing stage according to its uncer-
tainty to estimate the impact on the conversion factor (see
Sect. 6).

After post-processing, probability density functions (pdfs)
of the energy deposited in HPGe detectors are obtained from
the simulated event sample for each analysis data set. The

Fig. 5 Visualization of the exponential decrease of the 85Kr activity
(continuous blue line) during the Gerda data taking. Gerda Phase II
data taking (blue areas) started at t0 = 25 December 2015. The time
of LAr cryostat filling, 17 December 2009, and the Phase I data taking
period (dashed area), not considered in this work, are indicated. The
activity A0 is obtained by a fit to the Gerda Phase II data (see Sect. 7)

bottom panel of Fig. 4 shows for the three Gerda detector
types the expected counts in Phase II for 1 Bq/kg 85Kr in 1
keV binning. The spectra are smeared with effective energy
resolution curves corresponding to the Phase II data set [14].
By scaling these pdfs by the 85Kr activity (in Bq/kg) A0, the
expected event distribution detected byGerda is obtained. It
is characterized by a prominent peak at 514 keV, its Compton
continuum, and significantly fewer high-energy events result-
ing from the simultaneous, unlikely detection of a β-particle
that reaches the HPGe active volume and a delayed 85Rb de-
excitation γ-ray. The half-life of the excited nucleus (1μs) is
compatible with the time scale of HPGe signals, leading to
the observation of a single pulse carrying the summed energy
from the β-particle and the γ-ray.

Table 1 reports the conversion factor ξ of 514 keV FEP
events which is defined as: the number of observed events N
for each analysis data set is N = A0 ξ . It is computed from
the pdfs as the difference between the integral in the signal
window [509, 519]keV (solid gray region in Fig. 4) and the
background window [504, 509]keV (hatched gray region),
taking into account the respective widths. Note that, as the
signal-to-background ratio is very high, the actual window
choice does not affect the results. The uncertainty includes
the mentioned HPGe detector active volume effects, and has
been estimated by varying the dead-layer thicknesses in their
experimental uncertainty.

5 Analysis method

The 85Kr activity is extracted through maximum likelihood
estimation from the combined analysis of the five data sets,
in the energy window [490, 535] keV using a 1 keV binning.
Given the Gerda energy resolution, this window fully con-
tains the 85Kr FEP at 514 keV, the signal of interest. It has
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Table 1 Summary of the effective energy resolution (full width at half
maximum) at 514 keV and conversion factor ξ (ξ > 1, see text for
exact definition) for each analysis data set, with start of the Gerda
Phase II data taking t0 = 25 December 2015. Reported uncertainties
on ξ include active volume effects

Dataset FWHM ξ/105

(keV) (Bq/kg)−1

Before upgrade

BEGe 2.2 ± 0.2 4.88 ± 0.14

Coax 2.7 ± 0.2 4.44 ± 0.34

After upgrade

BEGe 1.8 ± 0.1 1.89 ± 0.05

Coax 3.3 ± 1.3 2.98 ± 0.09

IC 2.2 ± 0.1 1.137 ± 0.008

been checked that the choice of bin width does not have any
influence on the results by repeating the analysis with smaller
bins.

The sum of the backgrounds responsible for the continuum
event distribution (39Ar, 2νββ and Compton scatters) dis-
cussed in Sect. 3 is modeled as a linear function, which pro-
vides a good approximation in the analysis window. The sig-
nal is modeled with a Gaussian peak, centered at the expected
energy of 514 keV and with a width given by the data set
energy resolution (reported in Table 1). The latter is deter-
mined by combining all 228Th calibration data, as detailed
in [14]. A second Gaussian peak is introduced to describe the
sum of the e+e− annihilation peak and the 208Tl γ-peak. It is
centered at the expected energy of 511 keV, but an additional
broadening factor f is introduced to account for possible
deviation in the peak width from the reference energy reso-
lution due to Doppler effects in e+e− annihilation. This width
σ can therefore be written as:

σ 2(Eann, f ) = (FWHM(Eann)/2.355)2 + f 2 , (1)

where Eann = 511 keV, 2.355 ≈ 2
√

2 ln 2 and the (FWHM)
is calculated from the effective energy resolution curves [14].

The full likelihood reads as follows:

L(data | A0, �ϑ) =
ds∏

i

bins∏

j

Pois(νi j | μi j (A0, �ϑi ))×Pull(�ϑi ) ,

(2)

where Pois(ν | μ) is the Poisson distribution pdf, the products
run over the data sets i and bins j and Pull denotes additional
pull terms described in the following. The likelihood depends
on the 85Kr activity A0, which is a common parameter among
all the 5 data sets and the only parameter of interest, and on
a set of nuisance parameters �ϑ that are data set specific and
affect both the signal and background distributions. Finally,

νi j denotes the number of observed events in the data set
i and bin j , and μi j is the expectation value for the same
data set and bin. The latter is given by the sum of signal and
background contributions in that bin, bin, μi j = bi j + si j .
The expected number of signal events can be written as:

si j = A0 ξi

∫

�E j

dE N (E | EK + δi (EK ), σ 2
i (EK )),

where N (E | μ, σ 2) is the normal distribution and EK =
514 keV. The expression depends on the 85Kr activity A0,
the 85Kr FEP conversion factor ξi (defined in Sect. 4), the
energy scale systematic bias term δi (EK ), and the energy
resolution

σi (EK ) = FWHM(EK )i / 2.355.

The expected number of background events can be written
as:

bi j =
∫

�E j

dE
[
Nb
i Pol1(E,pi )

+ Ns
i N (E | Eann + δi (Eann), σ

2
i (Eann, f ))

]
,

i.e. the sum of a linear contribution Nb
i Pol1(E,pi ), which

depends on the normalization of the linear distribution Nb
i

and its parameters pi , both data set specific, and a normal
contribution, describing the 511 keV peak, which depends
on the normalization Ns

i , the energy scale bias δi (Eann), and
the broadened energy resolution given by Eq. (1). All the
parameters entering this last normal term are data set spe-
cific, except for the broadening factor f , which is kept the
same for all the data sets. We verified that the first-order
polynomial function describes the continuum in this energy
region well and that a second-order polynomial function does
not improve the fit.

A product of normal pull terms

Pull(�ϑi ) =
∏

k

N (θik | . . .)

is included in the likelihood in Eq. (2) to constrain some of
the nuisance parameters, namely the conversion factor ξi , the
energy scale bias δi and the energy resolution σi , according to
their expected distribution. These will be discussed in more
detail in Sect. 6. All the other nuisance parameters, namely
the parameters of the linear background, the number of events
in the 511 keV peak, and the broadening, are free and are left
unconstrained. To estimate the uncertainty on the parameters
of interest, the profile likelihood is used.

6 Systematic uncertainties

In this section, the uncertainties affecting the conversion fac-
tor ξ are first discussed and evaluated. They can be cate-
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gorized into: data quality cuts, cryostat top-ups, and HPGe
active volume. Uncertainties affecting the energy scale and
resolution are discussed in the last part of the section.

Data quality cuts Physical events with an energy in the
region of interest are accepted with an efficiency larger than
99.9% [15]. If both the β-particle and the subsequent 514 keV
γ-ray from 85Kr decay reach the active volume of the same
HPGe detector, the delay of the two pulses (the half-life of
the excited 85Rb state is ∼1μs) in the digitized HPGe signal
could be, in principle, large enough to trigger the pile-up
rejection algorithm, which is not modeled in Monte Carlo
simulations. In practice, the rate of such coincident detection
in the 85Kr FEP region is so low (due to the much lower
detection efficiency of 85Kr decay β-particles, see Fig. 4)
that the impact on the detection efficiency is negligible.

Cryostat top upThe Gerda cryostat has been periodically
refilled with small amounts of LAr between 2009 and 2018.
This argon might have had a different 85Kr activity, com-
pared to that in the cryostat, and might have therefore had an
impact on the existing contamination. We estimated a mass
of additional argon of roughly 2.5 tons, corresponding to less
than 3% of the total argon volume, additionally deployed in
the experiment. The impact on the estimated 85Kr activity
has been evaluated by assuming that the whole amount was
deployed during the hardware upgrade works (see Fig. 5), a
conservative assumption that largely corresponds to reality.
In such a scenario, the initial 85Kr activity would be overes-
timated by less than 2%, within this analysis.

HPGeactive volumeUncertainties on the size of the HPGe
active volume affect the conversion factor ξ . Typical sizes of
the detector dead layers are 1–2 mm known with an uncer-
tainty of 5–30% [30]. The contribution to ξ varies according
to the data set: the active volume of Coax detectors is poorly
known, and BEGe detectors suffer from a large uncertainty
too, due to dead-layer growing effects. The IC active volume
is, on the other hand, better constrained. To determine the
impact on each of the ξi , Monte Carlo simulations have been
re-processed while varying the dead-layer model within the
respective uncertainties. The uncertainties reported in Fig. 1
include these effects, which contribute with about 3% in case
of BEGe detectors, 8% in case of Coax and less than 1% in
case of IC.

Energy scale and resolution The uncertainty on energy
calibration and resolution, parametrized in Eq. (2) by pull
terms on the δi and σi nuisance parameters, respectively,
can be estimated based on 228Th calibration data. Such an
evaluation has been carried out by focusing at 2 MeV, in the
context of the 0νββ decay analysis [14]. In this work, we
base our estimate of the uncertainty in the 0.5 MeV energy
region on those results and on the analysis of special low-
energy calibration data taken at the end of the Gerda data
taking. This procedure has been documented in detail in [31],
for which the energy scale and resolution uncertainties have

been estimated in the same energy region. The FWHM with
uncertainty at 514 keV for each analysis data set is reported
in Table 1. The adopted mean calibration bias δi is 0 keV,
with a Gaussian uncertainty of 0.1 keV for all the 5 analysis
data sets.

7 Results

Figure 3 shows the fit model at the profile likelihood maxi-
mum superimposed to data from the 5 data sets. Additionally,
the contributions from the signal (85Kr peak at 514 keV) and
the background (linear background plus 511 keV peak) are
separately shown with dashed lines. The fit yields a p-value
of 0.33. The difference between data and best-fit model in
units of standard deviation is shown below each data set.

The best-fit value and 68% C.L. interval of the parameter
representing the 85Kr activity in LAr at the start of theGerda
Phase II data taking t0 = 25 December 2015 is:

A0 = (0.36 ± 0.03) mBq/kg,

where the confidence interval boundaries have been esti-
mated assuming Gaussianity of the likelihood around its
maximum and include all systematic uncertainties discussed
in Sect. 6. An exponential extrapolation at cryostat filling
time t = 17 December 2009 yields an activity of (0.53 ±
0.05) mBq/kg.

To determine the impact of the systematic uncertainties,
the analysis has been repeated by removing the Gaussian pull
terms from the likelihood and fixing the value of the conver-
sion factor ξ and the energy scale and resolution nuisance
parameters to their central values: the resulting activity is
(0.53±0.05)mBq/kg at cryostat filling time. It can be there-
fore deduced that the statistical contribution dominates the
global uncertainty budget.

8 Conclusions

The Gerda collaboration has measured the activity of
β-emitting 85Kr isotopes in the atmospheric LAr batch
deployed in the experiment, at cryostat filling time. This
result has been achieved by constraining the rate of γ-rays
following the decay of excited 85Rb daughters, as seen by the
HPGe detector array immersed in the liquid. This technique
is made possible by the excellent γ-spectroscopy capabilities
of Gerda.

We find a significantly lower activity than the central value
reported by the WARP collaboration: (0.12 ± 0.09)Bq/kg
in atmospheric LAr [5]. Within experimental uncertainties,
however, the two results are compatible. Our measured value
is also lower than the one reported by the DarkSide col-
laboration in underground LAr: (2.05 ± 0.13)mBq/kg [6].
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The latter, unexpectedly high, has been attributed to in situ
contamination. Given the strong influence of the details of
the processes of distillation and handling of gas and liquids
obtained from the atmosphere, the 85Kr activity is typically
subject to a high variability across different experiments.

The Large Enriched Germanium Experiment for
Neutrinoless-ββ Decay collaboration is currently operating
the LEGEND-200 experiment at LNGS, within the existing
Gerda cryostat. About 200 kg of HPGe detectors, immersed
in a fresh batch of atmospheric LAr, will offer the possibility
to repeat the measurement.

Acknowledgements The Gerda experiment is supported financially
by the German Federal Ministry for Education and Research (BMBF),
the German Research Foundation (DFG), the Italian Istituto Nazionale
di Fisica Nucleare (INFN), the Max Planck Society (MPG), the Polish
National Science Centre (NCN, Grant number UMO-2020/37/B/ST2/
03905), the Polish Ministry of Science and Higher Education (MNiSW,
Grant number DIR/WK/2018/08), the Russian Foundation for Basic
Research, and the Swiss National Science Foundation (SNF). This
project has received funding/support from the European Union’s
Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie Grant agreements no 690575 and no 674896. This
work was supported by the Science and Technology Facilities Council,
part of the UK Research and Innovation (Grant no. ST/T004169/1). The
institutions acknowledge also internal financial support. The Gerda
collaboration thanks the directors and the staff of the LNGS for their
continuous strong support of the Gerda experiment.

Data Availability Statement My manuscript has no associated data.
[Authors’ comment: All relevant results are collected in Fig. 3. For
further information contact the GERDA Collaboration (gerda-eb@mp-
ihd.mpg.de)].

Code Availability Statement My manuscript has no associated code/
software. [Author’s comment: No code/software was generated or anal-
ysed during the current study.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. J.A. Formaggio, C.J. Martoff, Backgrounds to sensitive experi-
ments underground. Ann. Rev. Nucl. Part. Sci. 54, 361–412 (2004).
https://doi.org/10.1146/annurev.nucl.54.070103.181248

2. A. Kersting et al., Krypton-85 datasets of the northern and southern
hemisphere collected over the past 60 years. Data Br. 33, 106522
(2020). https://doi.org/10.1016/j.dib.2020.106522

3. K. Winger et al., A new compilation of the atmospheric 85krypton
inventories from 1945 to 2000 and its evaluation in a global trans-
port model. J. Environ. Radioact. 80(2), 183–215 (2005). https://
doi.org/10.1016/j.jenvrad.2004.09.005

4. J. Ahlswede et al., Update and improvement of the global krypton-
85 emission inventory. J. Environ. Radioact. 115, 34–42 (2013).
https://doi.org/10.1016/j.jenvrad.2012.07.006

5. P. Benetti et al., Measurement of the specific activity of 39Ar in
natural argon. Nucl. Instrum. Method A 574(1), 83–88 (2007).
https://doi.org/10.1016/j.nima.2007.01.106

6. P. Agnes et al., Results from the first use of low radioactivity argon
in a dark matter search. Phys. Rev. D 93(8), 081101 (2016) (Adden-
dum: Phys. Rev. D 95, 069901 (2017)). https://doi.org/10.1103/
PhysRevD.93.081101. arXiv:1510.00702 [astro-ph.CO]

7. E. Aprile et al., Removing krypton from xenon by cryogenic dis-
tillation to the ppq level. Eur. Phys. J. C 77(5), 275 (2017). https://
doi.org/10.1140/epjc/s10052-017-4757-1. arXiv:1612.04284
[physics.ins-det]

8. E. Aprile et al., The XENONnT dark matter experiment.
Eur. Phys. J. C 84(8), 784 (2024). https://doi.org/10.1140/epjc/
s10052-024-12982-5. arXiv:2402.10446 [physics.ins-det]

9. A. Ames, Krypton removal via gas chromatography for the LZ
experiment. AIP Conf. Proc. 2908(1), 070001 (2023). https://doi.
org/10.1063/5.0161400

10. D.S. Akerib et al., The LUX-ZEPLIN (LZ) experiment. Nucl.
Instrum. Method A 953, 163047 (2020). https://doi.org/10.1016/j.
nima.2019.163047

11. S. Lindemann, H. Simgen, Krypton assay in xenon at the ppq
level using a gas chromatographic system and mass spectrome-
ter. Eur. Phys. J. C 74, 2746 (2014). https://doi.org/10.1140/epjc/
s10052-014-2746-1. arXiv:1308.4806 [physics.ins-det]

12. J. Aalbers et al., Background determination for the LUX-
ZEPLIN dark matter experiment. Phys. Rev. D 108(1),
012010 (2023). https://doi.org/10.1103/PhysRevD.108.012010.
arXiv:2211.17120 [hep-ex]

13. B. Singh, J. Chen, Nuclear data sheets for A = 85. Nucl. Data Sheets
116, 1–162 (2014). https://doi.org/10.1016/j.nds.2014.01.001

14. M. Agostini et al., Calibration of the Gerrda experiment.
Eur. Phys. J. C 81(8), 682 (2021). https://doi.org/10.1140/epjc/
s10052-021-09403-2. arXiv:2103.13777 [physics.ins-det]

15. M. Agostini et al., Final results of GERDA on the search
for neutrinoless double-β decay. Phys. Rev. Lett. 125(25),
252502 (2020). https://doi.org/10.1103/PhysRevLett.125.252502.
arXiv:2009.06079 [nucl-ex]

16. K.T. Knöpfle, B. Schwingenheuer, Design and performance of the
GERDA low-background cryostat for operation in water. JINST
17(02), P02038 (2022). https://doi.org/10.1088/1748-0221/17/02/
P02038. arXiv:2202.03847 [physics.ins-det]

17. M. Agostini et al., Flux modulations seen by the muon
veto of the GERDA experiment. Astropart. Phys. 84, 29–
35 (2016). https://doi.org/10.1016/j.astropartphys.2016.08.002.
arXiv:1601.06007 [physics.ins-det]

18. M. Agostini et al., Upgrade for Phase II of the GERDA experiment.
Eur. Phys. J. C 78(5), 388 (2018). https://doi.org/10.1140/epjc/
s10052-018-5812-2. arXiv:1711.01452 [physics.ins-det]

19. J. Janicskó Csáthy et al., Development of an anti-Compton veto
for HPGe detectors operated in liquid argon using silicon photo-
multipliers. Nucl. Instrum. Methods A 654, 225–232 (2011).
https://doi.org/10.1016/j.nima.2011.05.070. arXiv:1011.2748
[physics.ins-det]

20. A. Lubashevskiy et al., Mitigation of 42Ar/42K background
for the GERDA Phase II experiment. Eur. Phys. J. C 78(1),
15 (2018). https://doi.org/10.1140/epjc/s10052-017-5499-9.
arXiv:1708.00226 [physics.ins-det]

21. M. Agostini et al., Characterization of inverted coaxial 76Ge
detectors in GERDA for future double-β decay experiments.

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev.nucl.54.070103.181248
https://doi.org/10.1016/j.dib.2020.106522
https://doi.org/10.1016/j.jenvrad.2004.09.005
https://doi.org/10.1016/j.jenvrad.2004.09.005
https://doi.org/10.1016/j.jenvrad.2012.07.006
https://doi.org/10.1016/j.nima.2007.01.106
https://doi.org/10.1103/PhysRevD.93.081101
https://doi.org/10.1103/PhysRevD.93.081101
http://arxiv.org/abs/1510.00702
https://doi.org/10.1140/epjc/s10052-017-4757-1
https://doi.org/10.1140/epjc/s10052-017-4757-1
http://arxiv.org/abs/1612.04284
https://doi.org/10.1140/epjc/s10052-024-12982-5
https://doi.org/10.1140/epjc/s10052-024-12982-5
http://arxiv.org/abs/2402.10446
https://doi.org/10.1063/5.0161400
https://doi.org/10.1063/5.0161400
https://doi.org/10.1016/j.nima.2019.163047
https://doi.org/10.1016/j.nima.2019.163047
https://doi.org/10.1140/epjc/s10052-014-2746-1
https://doi.org/10.1140/epjc/s10052-014-2746-1
http://arxiv.org/abs/1308.4806
https://doi.org/10.1103/PhysRevD.108.012010
http://arxiv.org/abs/2211.17120
https://doi.org/10.1016/j.nds.2014.01.001
https://doi.org/10.1140/epjc/s10052-021-09403-2
https://doi.org/10.1140/epjc/s10052-021-09403-2
http://arxiv.org/abs/2103.13777
https://doi.org/10.1103/PhysRevLett.125.252502
http://arxiv.org/abs/2009.06079
https://doi.org/10.1088/1748-0221/17/02/P02038
https://doi.org/10.1088/1748-0221/17/02/P02038
http://arxiv.org/abs/2202.03847
https://doi.org/10.1016/j.astropartphys.2016.08.002
http://arxiv.org/abs/1601.06007
https://doi.org/10.1140/epjc/s10052-018-5812-2
https://doi.org/10.1140/epjc/s10052-018-5812-2
http://arxiv.org/abs/1711.01452
https://doi.org/10.1016/j.nima.2011.05.070
http://arxiv.org/abs/1011.2748
https://doi.org/10.1140/epjc/s10052-017-5499-9
http://arxiv.org/abs/1708.00226


Eur. Phys. J. C           (2025) 85:518 Page 9 of 9   518 

Eur. Phys. J. C 81(6), 505 (2021). https://doi.org/10.1140/epjc/
s10052-021-09184-8. arXiv:2103.15111 [physics.ins-det]

22. M. Agostini, L. Pandola, P. Zavarise, Off-line data processing
and analysis for the GERDA experiment. J. Phys. Conf. Ser.
368, 012047 (2012). https://doi.org/10.1088/1742-6596/368/1/
012047. arXiv:1111.3582 [physics.data-an]

23. M. Agostini et al., Improvement of the energy resolution
via an optimized digital signal processing in Gerda Phase I.
Eur. Phys. J. C 75(6), 255 (2015). https://doi.org/10.1140/epjc/
s10052-015-3409-6. arXiv:1502.04392 [physics.ins-det]

24. M. Agostini et al., Modeling of Gerda Phase II data.
JHEP 03, 139 (2020). https://doi.org/10.1007/JHEP03(2020)139.
arXiv:1909.02522 [nucl-ex]

25. M. Agostini et al.,Results on neutrinoless double-β Decay of
76Ge from Phase I of the GERDA experiment. Rev. Lett. 111(12),
122503 (2013). https://doi.org/10.1103/PhysRevLett.111.122503.
arXiv:1307.4720 [nucl-ex]

26. S. Agostinelli et al., Geant4—a simulation toolkit. Nucl. Instrum.
Methods A 506(3), 250–303 (2003). https://doi.org/10.1016/
S0168-9002(03)01368-8

27. J. Allison et al., Geant4 developments and applications. IEEE
Trans. Nucl. Sci. 53(1), 270–278 (2006). https://doi.org/10.1109/
TNS.2006.869826

28. J. Allison et al., Recent developments in Geant4. Nucl. Instrum.
Method A 835, 186–225 (2016). https://doi.org/10.1016/J.NIMA.
2016.06.125

29. M. Boswell et al., MaGe - a Geant4-based Monte Carlo appli-
cation framework for low- background germanium experiments..
IEEE Trans. Nucl. Sci. 58(3), 1212–1220 (2011). https://doi.org/
10.1109/TNS.2011.2144619

30. M. Agostini et al., Characterization of 30 76Ge enriched broad
energy Ge detectors for Gerda Phase II. Eur. Phys. J. C 79(11),
978 (2019). https://doi.org/10.1140/epjc/s10052-019-7353-8.
arXiv:1901.06590 [physics.ins-det]

31. M. Agostini et al., An improved limit on the neutri-
noless double-electron capture of 36Ar with Gerda. Eur.
Phys. J. C 84(1), 34 (2024). https://doi.org/10.1140/epjc/
s10052-023-12280-6. arXiv:2311.02214 [nucl-ex]

123

https://doi.org/10.1140/epjc/s10052-021-09184-8
https://doi.org/10.1140/epjc/s10052-021-09184-8
http://arxiv.org/abs/2103.15111
https://doi.org/10.1088/1742-6596/368/1/012047
https://doi.org/10.1088/1742-6596/368/1/012047
http://arxiv.org/abs/1111.3582
https://doi.org/10.1140/epjc/s10052-015-3409-6
https://doi.org/10.1140/epjc/s10052-015-3409-6
http://arxiv.org/abs/1502.04392
https://doi.org/10.1007/JHEP03(2020)139
http://arxiv.org/abs/1909.02522
https://doi.org/10.1103/PhysRevLett.111.122503
http://arxiv.org/abs/1307.4720
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/J.NIMA.2016.06.125
https://doi.org/10.1016/J.NIMA.2016.06.125
https://doi.org/10.1109/TNS.2011.2144619
https://doi.org/10.1109/TNS.2011.2144619
https://doi.org/10.1140/epjc/s10052-019-7353-8
http://arxiv.org/abs/1901.06590
https://doi.org/10.1140/epjc/s10052-023-12280-6
https://doi.org/10.1140/epjc/s10052-023-12280-6
http://arxiv.org/abs/2311.02214

	Measurement of the 85Kr specific activity in the GERDA liquid argon
	Abstract 
	1 Introduction
	2 The GERDA experiment
	3 Data selection
	4 85Kr signature and conversion factor
	5 Analysis method
	6 Systematic uncertainties
	7 Results
	8 Conclusions
	Acknowledgements
	References


