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The study of rare fundamental physics phenomena, such as double-beta decay, rare
nuclear decays and dark matter, requires very low levels of background radiation in order
to observe a signal. To achieve the required background levels, experiments are located
deep underground as these facilities provide significant rock overburden and
commensurate reduction in the cosmic ray flux and cosmic ray-spallation induced
products. An overview of the sources of these backgrounds will be presented. Taking
advantage of the deep underground laboratory spaces, there have been a growing
number of underground measurements in other fields, including environmental
monitoring, benchmarking of other physical techniques, Life Science studies in low
background environments, and material selection. The exceptional sensitivity and high
resolution of high-purity germanium detectors allows for very sensitive measurements
using gamma-ray spectrometry. Their use has been increasing as they allow for non-
destructive measurements of experiment components, which can be directly used if they
meet specified background requirements. This paper will discuss the current most
sensitive ultra-low background germanium detectors in operation and explain how to
achieve the best level of background reduction to attain the best sensitivities. In addition,
an overview of several complementary low background measurement methods will be
discussed. A proposed program to cross calibrate germanium detectors at several
laboratories will be described and a searchable database used to store radioactivity
measurements of experimental materials will be introduced.
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1 INTRODUCTION

The study of radioactive backgrounds has been ongoing for several decades, it began in the 1950’s
with the search for little-known backgrounds in materials surrounding particle accelerators to
determine if those materials were activated from the accelerator itself. Counting facilities were then
developed to measure the materials and then to search for lesser known backgrounds. This involved
building dedicated facilities with the appropriate construction materials to shield the counters from
local backgrounds. Once sufficient local backgrounds were removed from the counters, dedicated
background experiments were gradually developed as the need arose. The counters were then
developed for local use quantifying radionuclides in basic materials such as rock, concrete and steel.
This led to a natural transition to low background material assays for nuclear and particle physics
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experiments as these became more sensitive to backgrounds from
their construction materials. The initial counting facilities were
usually developed by the individual experiments as their needs
arose. Gradually these counters were developed into permanent
facilities and improved to increase sensitivity (see for example
Refs. 1 and 2).

It was realized that to increase sensitivity and to remove
cosmogenic backgrounds, moving the background counters to
underground laboratories would be very beneficial. For these
early low background counting facilities shallow underground
labs were developed with depths up to 100m. As experiments
required lower background materials to observe rare event
searches, the materials to build the counter were improved and to
further remove atmospheric backgrounds the counters were moved
to deep underground laboratories. The search for low background
materials continues with a particular emphasis on the search to find
materials which have low concentrations of the radioactive chain
elements, 238U, 232Th, and 40K, often well below mBq kg− 1. These
concentrations are below what is generally accessible by standard
chemical and analytical techniques, therefore assay methods are
often performed through radiation counting or through very
sensitive non radiometric techniques like mass spectrometry.

The backgrounds of interest can include muons, alphas, betas,
gammas or neutrons, depending upon the experiment and
component in question (see Refs. 3 and 4). The radiation
could be direct or via leaching or emanation, thus, several
different detector technologies are used to estimate radioactive
contamination levels. In addition, the counting detectors
themselves must be very low in background contamination
levels, which requires them to be radioactively clean and
underground, and fabricated and shielded with low
background materials. Several complementary methods are
used to measure the backgrounds, which depend on the
material, if the material itself is going to be used in the
experiment or if some of the material can be sacrificed for the
assay (see for example Ref. 5). These methods and their
advantages and drawbacks will be discussed in Section 3.

2 BACKGROUND SOURCES

The energy range of the expected signals in experiments searching
for rare events is approximately 1–5 MeV, the same range as that
of the decay of radionuclides and other nuclear reactions. The
background induced by cosmic rays, especially muons, is
diminished by going underground. The rock overburden
reduces efficiently their intensity and their reaction products
through interaction with matter (mainly neutrons). The muon
flux at LNGS is for example suppressed bymore than six orders of
magnitude to less than 1 muon m− 2 h− 1 for energies up to 1 TeV.

However, just having an experiment deep underground is not
enough to reduce the backgrounds to levels required for the
current generation of experiments. All materials contain traces of
radioactive nuclides and the most important task is to bring down
the intrinsic background of the detector set-up. In general,
materials contain radioactive impurities because either they are
not radio-pure or they come into contact with radio impurities

during their production process. Other substances such as copper
are intrinsically very radio-pure, but can contain radio impurities
by being exposed to cosmic rays after manufacturing.

2.1 Primordial Radionuclides and Natural
Decay Chains
All nuclides that still exist since they were produced in stellar
nucleosynthesis are called primordial; 40K, 232Th, 235U, and 238U,
the latter three are the starting nuclides of the three naturally
occurring decay chains, belong to this group. In addition to these
four ubiquitous radionuclides usually identified in gamma-ray
spectra, there are a lot more elements with primordial
radioisotopes (e.g., 87Rb, 113Cd, 115In, 190Pt, 144Nd, 176Lu,
138La and many more) (see Ref. 6), but they are only relevant
as a background source in very specific cases, for example, in
scintillating crystals like lanthanum bromide (138La), sodium
iodide (87Rb), and cadmium tungstate (113Cd). Primordial 232Th,
235U, and 238U can be found in all natural occurring mineral
materials. In nature the isotope ratio 238U/235U is 137.88, thus in
samples with low radioactivity concentration often only the 238U
concentration is assessed. Therefore, in the following the focus
will be set only to 238U. The elemental abundance of thorium and
uranium in the Earth’s crust is very variable and different average
values have been determined (see, e.g., Refs. 4, 7, 8]), which are
for Th and U in the range of (17–60) and (16–110) Bq kg− 1,
respectively. All their decay products are present in the materials
as well, unless chemical or physical separation will take place.
Each of these decay chains stops with a stable lead isotope. If any
separation occurred in a material, the chain is not anymore in
secular equilibrium. Primordial 40K is also present everywhere.
Its concentration varies very much from levels of few hundreds
to thousands of Bq kg− 1 as in soil samples down to tenths of mBq
or even less in pure materials like copper, lead and special plastic
products. It is often considered as less problematic as it can
rather easily be identified, but nevertheless, in some cases its
presence can be limiting to the experimental sensitivity [9].
Many radionuclide activities in the three decay chains can not
be assessed right-away using gamma-ray spectrometry, due to no
or very faint emission of gamma-rays (e.g., 232Th and 238U
themselves). Other methods are necessary to determine their
concentration (e.g., neutron activation, mass spectrometry, see,
for example, Ref. 10).

2.2 Cosmogenic Radionuclides
This group of radionuclides is produced through interaction with
matter of secondary and tertiary cosmic ray particles [6]. For
example 3H, 14C, and 7Be are produced through interactions in
the upper atmosphere between high energy cosmic ray particles
and oxygen and nitrogen. Their production rate is approximately
constant and they are present in the atmosphere and in living
animals and plants. In addition, there are many more
radionuclides which are produced by neutron and muon
capture from cosmic radiation in the atmosphere; several of
these isotopes are extremely important as possible background
sources in metals (e.g., 108mAg and 110mAg in silver, 57Co, 58Co,
and 60Co in copper, iron and many alloys [11]).
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2.3 Anthropogenic Radionuclides
These are man-made radionuclides i.e., artificially produced
through nuclear reactions either in nuclear power and
reprocessing plants, nuclear weapons testing, and production
of radioactive sources for industrial and medical applications.
The radionuclides belonging to this group are for example 60Co,
137Cs, 238Pu, and 241Am. They are present in the environment,
because they are and were freed either in nuclear incidents (in
nuclear power plants and by accidental melting of high activity
sources), in nuclear weapons testing (until the late 50s) and as
emission from reprocessing plants. For example, 60Co is used as a
tracer to ensure the integrity of the melting furnaces, thus steel
may contain notable amounts of this isotope, which exceeds the
naturally present concentration of cosmogenic 60Co by up to two
orders of magnitude [12].

3 RADIO-ASSAY TECHNIQUES

There are several different techniques available to assay materials.
Each technique has its advantages and drawbacks. For example,
some techniques require the sample to be destroyed while other
techniques may only allow a small fraction of the material to be
sampled. Table 1 lists the most common counting techniques
used, the type of background each method is best suited for and
the current sensitivity of each method. Several of these common
counting techniques will be described in the following sections.

3.1 Gamma-Ray Spectrometry
Gamma-ray spectrometry (GRS) with high purity germanium
(HPGe) detectors is an all-important tool for material screening
in rare event experiments. In order to achieve the best sensitivity,
the most important prerequisite for these detectors is that near
the sample and inside the detector itself the radioactivity
concentration is as low as possible. In comparison to other
methods (e.g., mass spectrometry or neutron activation) GRS
provides a more inclusive method of radionuclide detection. The
information about all contributing gamma-ray emitting
radionuclides is combined in a single energy spectrum. The
excellent energy resolution of HPGe detectors allows for a
highly efficient separation of different gamma-ray lines and for
the best way to identify the various radionuclides present. One
further very important advantage is that material screening can be
performed non-destructively, and no elaborate sample treatment
is needed.

As previously discussed, the primordial radionuclides 40K,
238U, and 232Th represent the most important sources of
radioactivity in ordinary materials. Only GRS is capable of
measuring the concentration of all progenies that emit
gamma-rays in the uranium and thorium decay chains. This
also makes it possible to assess whether secular equilibrium is
broken in the respective decay chains. Furthermore, if this is the
case, the actual state of equilibrium can be investigated by
comparing the concentrations of the gamma-active progenies
in the decay chains. Within the 232Th chain one has two sub-
chains that can be out of secular equilibrium, one starting with
228Ra (half-life 5.75 y) and the other with 228Th (half life
1.9126 y). For the first sub-chain, we need to assess 228Ac as
direct progeny of 228Ra. For the second sub-chain, wemeasure the
progenies of 228Th, i.e., 212Pb, 212Bi, and 208Tl. In the 238U chain
one has again two sub-chains of interest for GRS, 238U (half life
4.468 × 109 y) itself and 226Ra (half life 1600 y). In the first case,
the sub-chain can be assessed through 234Th (direct progeny of
uranium) and 234mPa (progeny of 234Th). For the second sub-
chain, one measures the gamma-active progenies of 226Ra,
i.e., 214Pb and 214Bi.

Ultra-Low Background (ULB) HPGe spectrometers are
specially developed detectors that use carefully selected
materials (e.g., very pure copper, not exposed or at least only
very shortly exposed to cosmic rays, ultrapure aluminium) as
construction materials and very low radioactivity containing
electronic components inside the detector end cap close to the
germanium crystal. When operated deep underground [13], or
even at rather shallow depths but with efficient active shielding
[14], ULB HPGe detectors can reach sensitivities on the order of
10 − 100 μBq kg− 1. This, however, requires long counting periods,
sometimes even of up to 100 days, and rather bulky samples (up
to several tens of kg). Consequently, it is recommended to run
simultaneously several spectrometers in order to not prolong the
counting time needed for screening samples. These detectors
usually have rather elaborate shielding composed of graded lead
with the innermost parts made of ancient or ultra-high purity
lead followed by high-purity low-Z material (usually very pure
copper) to absorb bremsstrahlung radiation from residual
radioactivity in the lead. Moreover, radon gas (coming from
the surrounding material or entering through diffusion from the
outside) is removed through encapsulation of the experimental
set-up and flushing with radon-free gas (e.g., boil-off nitrogen).
Since these ULB detectors have very low count rates compared to
normal systems (on the order of 100 counts per day in the energy

TABLE 1 | Techniques used to measure radioactive backgrounds.

Measurement method Background detected Sensitivity (for U/Th
assumed to be

in secular equilibrium)

Ge spectrometry γ emitting nuclides 10 − 100 μBq/kg
Rn assay measurements 226Ra (through 222Rn), 228Th (through 220Rn) 0.1 − 10 μBq/kg
Neutron activation primordial parents 0.01 μBq/kg
Mass spectrometry primordial parents 1 − 100 μBq/kg
Röntgen excitation primordial parents 10 mBq/kg
α spectrometry α emitting nuclides (e.g., 210Po, 212Bi, 224Ra) 1 mBq
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range of interest between 40 and 2.7 MeV compared to several
hundred to several thousands of counts per day in normal
detectors) it is mandatory to perform regularly long
background measurements (on the order of several weeks) and
energy calibrations in order to check for possible changes in
background performance or electronic problems (worsening of
resolution, shift in energy etc.).

3.2 ICP-MS Mass Spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) is a
type of mass spectrometry which uses inductively coupled plasma
to ionize the sample [15, 16, 17, 18]. The sample is atomized
creating atomic and small polyatomic ions, which can then be
detected. It is often used to detect metals and some non-metals
which are dissolved in liquids at very low concentrations. The
ions are then separated on the basis of their mass-to-charge ratio
and a mass spectrometer then detects the ion signal, which is
proportional to the concentration of the isotope, for this it is a
non radiometric technique as it does not look for radioactive
decay in itself, but for the concentration of the radioactive isotope.
The absolute concentration in the sample can be determined
through calibrations with certified reference materials. ICP-MS
screening is useful for small samples or when a piece of a large
sample can be used. The sensitivity of current methods down to
nBq per kg levels for U and Th can now be achieved, so this
method is very important in finding low background materials as
it is one of the most sensitive background detection method
currently used [19, 20]. The main drawback of this method is the
condition that the sample preparation is destructive and only
small samples of larger materials can be measured.

3.3 Alpha Spectrometry
Many isotopes can decay via alpha particle emission, these alpha
particles can then be detected and counted using alpha
spectrometry to identify and quantify the isotope based on
properties of the emitted alpha particle. Similar to gamma
spectrometry, energy spectra are detected with high precision
alpha detectors and electronics and analyzed to determine the
nuclide. Samples are often measured following chemical
separation to isolate the radionuclides of concern due to the
complexity associated with correcting for interferences since
alpha particle energies are often very close together. Alpha
spectrometry is widely used in several applications, including:
environmental radioactivity monitoring, health physics
personnel monitoring, materials testing, geology and
mineralogy, forensics and nuclear fuel processing, see for
example Ref. 21.

Alpha counting is often used for material testing as a
complementary method to gamma counting. Samples are
generally machined into thin disks, or a liquid solution is
placed on a metal disk and then allowed to dry to give a
uniform coating. If the thickness of the layer or of the sample
is too thick then the detected energy line spectra are broadened to
lower energies, due to some of the energy of the alpha particles
being lost during their interactions through the layer of active
material [22]. The samples can be measured with various types of
detectors, some of the most sensitive detectors currently used are

ionization chambers with or without sensor wires. The current
detectors can detect alphas over an energy range of 1 to 10 MeV
with a sensitivity better than 100 nBq cm− 2. Semiconductor
detectors such as the Passivated Implanted Planar Silicon
(PIPS) are improvements from the silicon surface barrier
(SSB) detectors and diffused junction detectors, which were
both designed in the 1960’s. The PIPS detector was designed
with thin windows to improve sensitivity and resolution and
backgrounds for these detectors are usually less then 0.05 counts/
hr/cm2 [23].

A second method of alpha spectrometry is to use internal
liquid scintillation counting, in which the sample is mixed with or
dissolved into a scintillation cocktail. The light emissions are then
counted using photomultipliers and the signal is then analyzed
using a combination of pulse shape discrimination and
coincidence counting for identifying alpha beta coincidence
events. The sensitivity of this method is on the order of
1 mBq/kg for 238U and 232Th assuming that the chains are in
equilibrium. A custom built system is shown in Figure 1, this
system is built using low background copper housings and
photomultipliers to reduce internal backgrounds. Drawbacks
to this method include the failure of all photons to be
detected, cloudy or colored samples which can be difficult to
count and the fact that random quenching can reduce the number
of photons generated per radioactive decay.

3.4 Radon Assay Measurements
Radon emanation of a material is the process in which the radon
atoms formed from the decay of 226Ra escape from the decaying
isotopes and move into the pore spaces of the molecule. Diffusion
and advective flow then cause the movement of the radon atoms
throughout the material and subsequently to the surface. Once
the radon atoms reach the surface, they can be exhaled from the
material (see, e.g., Ref. 24). These radon atoms and their progeny

FIGURE 1 | A photograph of a custom built alpha beta coincidence liquid
scintillation detector located at SNOLAB.
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can be collected inside a radon exhalation chamber for several
half-lives of the 222Rn and then counted directly with a radon
detector (e.g., Durridge RAD7 [25]) or using alpha spectrometry.
These measurements provide radon exhalation rates in units of
Bq m− 2 s− 1 or Bq kg− 1 s− 1. A typical radon exhalation collection
chamber system is shown in Figure 2. The exhalation rates of
typical construction materials for underground laboratories are
shown in Table 2, as can be observed, the rates can vary a lot, so
one should choose their materials with the exhalation rate in
mind when constructing a low background experiment.

3.5 Neutron Activation
A sample which is not normally radioactive can be activated with
neutrons causing its components to form radioactive isotopes
which can then be detected using the methods described above.
The process involves neutrons inducing radioactivity in the
sample in which the nuclei capture free neutrons, thus becoming
heavier and entering into excited states. The excited nucleus
then decays by emitting gamma rays, beta and alpha particles,
fission products and neutrons. The main drawback of this
method is that the activation products could have long half-
lives, thus making the sample unusable for the immediate
deployment in an experiment. The main advantage of this
method is that the sample usually does not need to be
destroyed to complete the measurement, so this method is
very useful if the activated isotopes have half-lives of at most
a few days or months. This method is not used as much as in the
past due the limited opportunities to irradiate samples as
suitable activation reactors are in declining use. A very good
overview on this method, its application in the field of rare
events physics experiments and its actual sensitivity is given
in Ref. 26.

3.6 Röntgen Excitation Analysis
Röntgen excitation analysis or X-ray fluorescence involves the
emission of characteristic “secondary” (or fluorescent) X-rays
from a material that has been excited by being bombarded with
high-energy X-rays or gamma-rays. This method was first
proposed by Glocker and Shreiber in 1928 [27]. This
technique is used for elemental and chemical analysis in the
composition of materials, such as metals, glass and ceramics,
building materials, forensic science, archaeology and others. It
can be used to determine U and Th in different matrices (see, e.g.,
Refs. 28, 29).

4 GERMANIUM DETECTOR
CALIBRATIONS

Several underground laboratories operate germanium detectors
which are used for low background counting. These detectors
may be operated by the laboratories themselves or directly by
various experiments. Each detector group has developed their
own analysis method based on their experience with their
particular detectors and analysis techniques. This makes it
difficult to compare samples counted on different detectors
without cross calibrations to take into account the different
detector characteristics and analysis methods. Different
research groups are currently taking a lead role in comparing
as many germanium detectors as possible to determine the best
detectors to measure the large number of samples expected to be
counted to find the best possible materials to build their
experiments.

The detector comparison is using calibration sources created
from NIST and IAEA standards containing several isotopes in
known quantities at very low levels. The sources are prepared in a
container which can be fit most detectors to simplify the
comparisons between the detectors. The detector groups will
be sent the calibration sources without knowing the composition
and will then report their results. The different groups will keep
their results confidential until each laboratory has counted the
calibration sources to avoid biases. The results from the different
detectors will then be compared to determine the consistency of
the results and if the measurements returned the expected
concentration levels of the isotopes contained in the sources,

FIGURE 2 | A photograph of a typical radon exhalation chamber at
SNOLAB. The sample material is placed in the cylindrical chamber where the
radon progeny are accumulated for several 222Rn half-lives after which the
progeny are collected in a Lucas cell which is then used to count the
photons from the alpha interactions [30].

TABLE 2 | Typical radon exhalation rates for some common construction
materials used in underground experiments.

Sample Rate Reference

Shotcrete 1.7 − 4.2 mBq m−2 s−1 [31]
Concrete 1.0 − 70.0 mBq kg− 1 hr − 1 [32]
Copper foil 1.2 − 1.7 μBq m− 2 s−1 [33]
Stainless steel 4.6 − 10.2 μBq m− 2 s−1 [33]
De-ionized water 15.0 − 23.2 mBq m− 3 [33]
Silicon rubber 196.0 mBq m−2 s−1 [34]
Aluminium laminated foil 1.8 − 2.3 Bq m−2 h− 1 [31]
Gray polypropylene pipe 15.0 − 23.2 Bq m−2 h− 1 [31]
White polypropylene pipe 0.7 − 1.1 Bq m−2 h− 1 [31]
Acrylic < 0.1 Bq m−2 h− 1 [31]
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this will allow the different analysis methods to be compared and
to determine if there are any fundamental differences between the
various analysis techniques. In addition, the detector sensitivities
will be made available such that one can select which detector will
be best suited for particular samples to make the best use of the
detectors to count samples as efficiently as possible. For example,
known high background materials should be counted on higher
background detectors and materials expected to be low
background should be counted on lower background detectors
to maximize the number of samples counted.

5 MATERIAL ASSAY DATABASE

The low background community has an ongoing effort to bring
together all relevant low background counting results from
around the world to create a central database. The database is
a useful tool in tabulating data from many laboratories into one
place so that those searching for new materials have a central
repository to search for their materials. The database is currently
hosted at SNOLAB and is maintained by an international
collaboration of scientists who are responsible for developing
the database application, defining the material assay data format
and encouraging laboratories and experiments to contribute their
data. The database is located at the following web site: www.
radiopurity.org.

The project began at Lawrence Berkeley National Laboratory
and has grown with the support of the wider low-background
community, in particular the Assay and Acquisition of Radiopure
Materials (AARM) collaboration and the ILIAS program which
created a database of radio-pure materials from data collected at
several European laboratories. The new database incorporated all
of the data from the ILIAS database as its starting point and has
continued to add new data from ongoing experiments. Currently,
improvements are being planned to upgrade the software and
databases to keep them current and to allow new data to be more
easily added to keep the database relevant for the next generation
of low background experiments.

6 FUTURE PROSPECTS

To further improve the low background detection counting
techniques, the background levels of the existing counting
systems must be reduced by at least an order of magnitude
from current levels. To accomplish this large task, a program
to find cleaner materials to build the counters themselves will be
required. This includes, for example, finding the raw materials
such as copper and lead with even lower internal backgrounds as
these will be required to better shield the current suite of
experiments.

One such proposed low background facility is being developed
at SNOLAB which will includes its own supply of radon-reduced
air to allow detector development in the underground lab. In
addition it is being proposed to build a general purpose shielding

tank with its own veto system to identify muon spallation events
from cosmic rays. The tank would contain an inner acrylic tank
and a photomultiplier array counter. Such a tank may prove
critical to find cleaner materials for future experiment
construction.

7 SUMMARY

There are many different techniques employed to measure
radioactive backgrounds, the techniques can depend on
several factors, such as the sample size, whether or not the
sample itself will be used in the final experiment, can the
sample be sacrificed, etc. To fully understand a material
background, often it can be counted using several
techniques, where one can use germanium spectrometry to
measure the bulk background of a material while using alpha
spectrometry to measure the surface backgrounds. A
program to cross calibrate low background detectors at
several laboratories around the world is in progress which
will allow a comparison of the different detectors and the
different analysis techniques used by each experimental
group. Finally, an improved database to collate the low
background results for common materials will be further
improved to enhance the user experience and to include
data from many more underground laboratories.
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