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ORIGINAL ARTICLE
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Mariusz Kłosowskif , Urszula Ka�zmierczake , Beata Brzozowskad , Agnieszka Baligaa, Halina Lisowskaa ,
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ABSTRACT
Purpose: Uncertainties regarding the magnitude of health effects following exposure to low doses
of ionizing radiation remain a matter of concern both for professionals and for the public. There is
consensus within the international radiation research community that more research is required
on biological effects of radiation doses below 100 mGy applied at low dose rates. Moreover, there
is a demand for increasing education and training of future radiation researchers and regulators.
Research, education and training is primarily carried out at universities but university-based radi-
ation research is often hampered by limited access to radiation sources. The aim of the present
report is to describe small and cost-effective low activity gamma and alpha sources that can easily
be installed and used in university laboratories.
Methods and results: A gamma radiation source was made from an euxenite-(Y) rock
(Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6) that was found in an abandoned mine in Sweden. It allows exposing
cells grown in culture dishes to radiation at a dose rate of 50 mGy/h and lower. Three alpha sour-
ces were custom-made and yield a dose rate of 1 mGy/h each. The construction, dosimetry and
cellular effects of the sources are described.
Conclusions: We hope that the report will stimulate research and training activities in the low
dose field by facilitating access to radiation sources.
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Introduction

Since the 1990s, the focus of radiation protection research
has been directed toward biological effects of low doses and
low doses rates in an attempt to better understand the
health risks associated with chronic exposure to low doses
(Cho et al. 2019; Wojcik and Harms-Ringdahl 2019). Given
the fact that cellular effects induced by low dose exposures
are likely to be modest, it was argued that large, systems
biology approaches are necessary to unravel the mechanisms
and health effects of low dose exposures. The first large
funding programme for low dose research was initiated by
the United States Department of Energy (DOE) in 1998 and
lasted for 10 years (Brooks 2018). In 2009, a High Level
Expert Group (HLEG), consisting of experts from several
European Union countries, supported by EURATOM, pub-
lished a report on European low dose risk research (HLEG
2009). The aim of the report was to summarize the state of
science and challenges in low dose research and to propose
a European research strategy (Belli et al. 2015). The basic

line of thinking was that uncertainties and confounding fac-
tors that are associated with epidemiological studies on low
dose effects can only be overcome by large concerted
research actions. Large projects require access to large radi-
ation sources where many cells can be irradiated in a high
throughput set up.

The recommendations of the HLEG were translated into
large EU actions, starting from with the DOREMI Network of
Excellence (http://www.melodi-online.eu/DoReMi/home.
html), through the OPERRA project (http://www.melodi-
online.eu/operra.html) and the CONCERT European Joint
Programme (http://www.concert-h2020.eu). Although there is
no doubt that large concerted projects including mechanistic
investigations have advantages with respect to the knowledge
gained, they preferentially attract nonacademic, national
research entities which can contribute with their statutory
funding and disfavor universities and nonacademic small-
scale laboratories. This trend was augmented by the require-
ment, which was introduced in CONCERT, to contribute with
own funding coming from a governmental source.
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Indeed, from among the 36 CONCERT basic beneficiaries
(termed POMs – programme owners and managers), only 4
were universities (11%) receiving 10% of the budget. The budget
to the CONCERT coordinator is excluded from this calculation
because it included funds for research projects which
CONCERT financially supported. From among the 96 partners
funded via the 9 supported projects, only 28 were universities
(29%). This poses a certain problem because universities are
responsible for educating the public, experts and researchers.
Without financial support, the university-based research and
education in the field of radiation protection will decline.
Although national funding for university-based research is avail-
able in many countries, the problem should be approached at
the international level. A major goal of the recently published
Osaka Call for Action for co-operation in biological research to
address low dose radiation risk is to enhance education about
radiation and its effects among the public, students and the radi-
ation community as a whole (Weiss and Yonekura 2019).

University-, and small-scale laboratory-based radiation
protection research can be hampered by the limited access
to appropriate radiation sources. University-based radiation
sources for low dose research exist, but are rare (Manesh
et al. 2014; Lind et al. 2019). Radiation sources with good
dosimetry can be found in university hospitals but they are
used for diagnostics and therapy. Many radiation protection
authorities have radiation sources for calibrating dosimetric
equipment, but access to them is limited, often not free of
charge and their use requires transporting biological mater-
ial outside the laboratory. Moreover, they are often not suit-
able for research on biological effects of low doses and low
dose rates where cells need to be exposed over prolonged
periods of time. What is needed to facilitate low dose radi-
ation research at universities and small-scale laboratories are
small and low-cost radiation sources that can be easily
installed and maintained so that they are accessible around
the clock for long-term exposure experiments.

In his book ‘small is beautiful – a study of economics as
if people mattered’, E.F. Schumacher (Schumacher 1974)
writes that ‘with industries and firms, just as with nations,
there is an irresistible trend, dictated by modern technology,
for units to become even bigger. We are generally told that
gigantic organizations are inescapably necessary; but when
we look closely we can notice that as soon as great size has
been created there is often a strenuous attempt to attain
smallness within bigness’. In this sense, transferred into the
area of radiation research, the aim of the present report is
to describe small and cost-effective low activity gamma and
alpha sources that were constructed/acquired in our univer-
sity laboratories. They are used to study the effects of low
doses and low dose rates of ionizing radiation and we hope
that the report will stimulate the acquisition and use of
similar sources by other radiation researchers.

Materials and methods

Radiation sources

The sources described below can be placed inside cell incu-
bators with the aim of studying effects of chronic

irradiation. While cells exposed to gamma radiation can be
grown on ordinary plastic culture dishes, cells exposed to
alpha particles must be grown on Mylar foil. The gamma
source is a small, natural euxenite-(Y) ore that was found in
an abandoned mine in Sweden. The alpha source is 241Am
which was acquired from Eckert and Ziegler, Berlin,
Germany. Thanks to their low activities, neither source
requires permission from the respective radiation protection
authority. Details of the sources, dosimetric measurement
and calculations as well as the culture dishes for alpha
irradiation are described in the results section below.

Cell experiments and statistical analysis

In order to demonstrate the action of both sources, human
osteosarcoma cells, U2OS, expressing a green fluorescent
protein (GFP)-tagged repair protein p53-binding protein 1
(53BP1), were exposed to increasing doses of radiation and
the micronucleus test was used to estimate the frequency of
micronuclei as marker of DNA damage and the binucleation
index as marker of cell proliferation. These cells are being
used in both laboratories and are described in more detail
elsewhere (Sollazzo et al. 2017; Sollazzo et al. 2018; Olofsson
et al. 2020) . In short, the cells were cultured in Dulbecco
modified Eagles medium (Sigma-Aldrich, Stockholm,
Sweden and Warszawa, Poland) supplemented with 10%
bovine calf serum and 1% penicillin streptomycin (Sigma-
Aldrich), in a 5% CO2 humidified 37 �C incubator.

For experiments with the low dose gamma source at the
Jan Kochanowski University in Kielce cells were seeded out
at low density on 90mm-diameter plastic dishes containing
10ml of medium and stacked on the source inside an incu-
bator for 192 hours (8 days) resulting in an averaged dose of
10.5 mGy to cells in stack position 1 and 5.9 mGy to cells
in stack position 2 (see Section ‘Dosimetry’ below and Table
2 for more details). Control cells were grown in the same
incubator but outside the range of gamma radiation. Cells
were passaged every 72 h. Cytochalasin B (Sigma-Aldrich)
was added at a final concentration of 5.6 mg/ml for the final
24 h of incubation time. After 192 h cells were trypsinised,
transferred to centrifuge tubes, spun down and resuspended
in warm (37 �C) 0.14M KCl (Sigma-Aldrich). After a 5min
incubation time at room temperature, the cells were centri-
fuged and fixed in fixative I (methanol: 0.9% NaCl: acetic
acid (Sigma-Aldrich); 12:13:3) and subsequently in fixative
II (methanol: acetic acid; 4:1). Following 2–3 washes with
fixative II cells were dropped onto clean, dry microscopic
slides (Menzel-Glaser, Germany), dried and stained with 5%
Giemsa (Merck, Germany) for 10min. Three independent
experiments were performed. Blinded slides were analyzed
for MN by two independent scorers and their results were
pooled. The total number of scored binucleated cells was
4852 for controls, 4444 for 5.9Gy and 3897 for 10.5Gy. A
total of 1500 nuclei per treatment group were scored for
estimating the percentage of binucleated cells.

For experiments with the low dose alpha source at the
Stockholm University, U2OS cells expressing a GFP-tagged
53BP1protein were used. One day before exposure started
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cells were seeded on Mylar foil of alpha exposure dishes that
are described below and grown for 100 h (4 days and 4 h)
standing on the alpha source 1 (see description below)
resulting in a dose of 110 mGy. Control cells were grown in
the same incubator but outside the range of alpha radiation.
Cytochalasin B (Sigma-Aldrich) was added at a final concen-
tration of 5.6 mg/ml for the final 24 h of incubation time.
Cells were harvested for MN as described above. Three inde-
pendent experiments were performed. One thousand
binucleated cells per treatment and experiment were scored
for micronuclei on blinded slides by one scorer. Five hun-
dred nuclei per treatment group and experiment were
scored for estimating the percentage of binucleated cells.

The difference in MN frequencies and the binucleation
index between the treatment groups was analyzed for signifi-
cance by measuring the effect size as described in (Cohen
1988). The effect size thresholds were assumed as small (d
value < 0.2), medium (d value 0.2–0.5), large (d value
0.5–0.8) and very large (d value > 1.3).

Results

Low dose gamma source at the Jan Kochanowski
University in Kielce

The source of gamma radiation is an euxenite-(Y) mineral
with a mass of 294 g that was collected in Småland, Sweden.
The mineral had approximate dimensions of 10� 4 � 4 cm.
It was transported to the Jan Kochanowski University in
Kielce, crushed to small pieces, pressed into fine powder
and encapsulated in a round, sealed plastic capsule of 11 cm
inner diameter and 1 cm height. The wall thickness of the
plastic capsule is 0.2 cm. The dish was positioned inside a
custom-made lead tray to shield the radiation from the bot-
tom and sides (Figure 1). The thickness of the tray walls is
ca 2.5 cm and of the bottom ca 5.5 cm. The diameter of the
tray is 16 cm and the height is 6.5 cm. The weight is 4.7 kg.

The tray with the source can be placed inside a cell incu-
bator. Cells in culture dishes can be stacked directly on the

source and exposed to gamma radiation at different
dose rates.

Nuclide composition and gamma radiation spectrum

The nuclide composition and activity of the source was
measured using a nitrogen cooled HPGe GX3020 – b12075
detector placed in a shielded container and connected to a
GenieTM 2000 Spectroscopy Software, Canberra Industries,
Inc, USA. The energy spectrum is shown in Figure 2 with
characteristic radionuclide peaks. The largest fraction of the
gamma dose comes from photons with an energy
below 600 keV.

As a result of spectrum analysis, 14 radionuclides were
identified with the highest contribution to the gamma emis-
sion. The radionuclides belong mainly to the uranium-
radium series and showed a maintained radioactive equilib-
rium. Their activities are listed in Table 1. The relatively
large uncertainties result from low activities of the nuclides
and from interference between weak and strong peaks. Due
to the problem of interference, the activity of 226Ra was esti-
mated from the radioactive equilibrium of 214Bi and 214Pb.

Dosimetry

The dosimetry of the euxenite-(Y) source was carried out in
two ways. Firstly, based on the activity measurements, the
dose to cells in dishes positioned on the source was calcu-
lated according to the Equation (1)

D ¼ Kc ¼
X

;EE len
q

� �
dE (1)

where D¼ absorbed dose; Kc¼ collision kerma; UE is the
fluence of registered gamma rays with different energies; E
is gamma ray energy and (men/q) is the mass energy absorp-
tion coefficient (Nilsson 2015). The thus obtained value of
D represents the dose averaged over the entire source area
with a diameter of 11 cm. The uncertainty of the dose results
mainly from the uncertainty of activity measurements of the

Figure 1. Pictures of the euxenite-(Y) source embedded in the lead tray. a: View from top. b: source positioned inside an incubator with two stacked cell cul-
ture dishes.
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four major radionuclides 234mPa, 226Ra, 214Pb and 214Bi
(Table 1). The highest uncertainty (9.1%) was observed for
214Pb. In order to take into consideration the higher uncer-
tainties of the radionuclides with lower activity, an uncer-
tainty level of 10% on the dose rate was assumed. Average
dose values to cells growing in Petri dishes stacked on the
source on top of each other were estimated based on the
calculation of the changing solid angle subtended by a circu-
lar source. The results are given in Table 2 marked by a
hashtag, together with 10% uncertainty.

Secondly, LiF:Mg,Cu,P (MCP-N) thermoluminescence
detectors (Bilski et al. 1994) were used to validate the calcu-
lation results and to estimate the distribution of doses across
the source area. 22 MCP-N pellets were placed on the
source, arranged in rings with radii of 5, 20, 30 40, 50 and
55mm (Figure 3(a)) and exposed for 37 days. The absorbed
doses were determined relative to the calibration of the
detectors performed on a 137Cs source and are shown for
each detector in Figure 3(a) and averaged for each radius in
Figure 3(b). Due to the long-range penetrating power of
gamma radiation the dose rate declines with increasing
radius. The consequence of this is that cells exposed on a

Petri dish of a given diameter positioned in the center of
the source will receive a gradient of doses (Figure 3(b)). The
doses, averaged over the dish diameter, absorbed by cells
growing on Petri dishes with the most commonly used
diameters of 60, 90 and 110mm were calculated (Table 2).
To this end doses from each radius were weighted by the
corresponding fraction of the dish area covered by a ring
described by two adjacent radii. The dose at a radius of
45mm (corresponding to a dish of 90mm) was not meas-
ured and was calculated as the mean from radii of 40 and
50mm. Three dose values per ring area were derived: based
on the dose measured at the inner radius, the outer radius
and the mean dose. The average dose to a dish with a given
diameter was calculated by weighing the inner, outer and
mean doses per ring. The results are shown in Table 2, stack
position 1, marked by asterisks. The values in brackets are
based on the mean doses from measurements at inner and
outer radii of a given ring and represent the dose uncer-
tainty. The doses to cells in stack positions 2–6 were calcu-
lated by proportionality from the respective stack position
values given in Table 2 marked with a hashtag.

Micronuclei in U2OS cells exposed to gamma radiation

MN frequencies and percent of binucleated cells in U2OS
cells that were grown on the euxenite-(Y) source for 192 h
are shown in Figure 4. A dose-dependent increase in MN
frequency was observed. Cohen’s effect size for the differ-
ence between 0Gy and 5.9 mGy was large (d¼ 0.96) and
also large for the difference between 0Gy and 10.5
(d¼ 0.97). The effect size between both radiation doses was
small (d¼ 0.35). The binucleation index did not show a
dose-dependent relationship.

Figure 2. Energy spectrum of the euxenite-(Y) source with characteristic isotope peaks measured with a High Purity Germanium detector. The spectrum was trun-
cated at 1750 keV. Peaks from overlapping radionuclides are labeled by lists of radionuclides.

Table 1. Activities of the major radionuclides detected in the euxenite-
(Y) mineral.

Radionuclide Activity (kBq) Uncertainty kBq) Activity per kg (kBq)
234mPa 397.5 26.4 1351.9
226Ra 360.1 18.9 1224.7
214Pb 332.1 30.1 1129.5
214Bi 359.5 15.5 1222.7
235U 14.1 0.95 48.0
231Pa 14.1 3.03 48.0
227Th 14.5 2.33 49.3
219Rn 14.7 3.3 50.0
232Th 9.15 0.39 31.1
228Ac 9.31 0.58 31.7
212Pb 7.82 1.26 26.6
212Bi 10.1 1.19 34.4
208Tl 8.89 0.63 30.2
40K 0.64 0.13 2.2
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Low dose alpha sources at Stockholm University

Three identical alpha sources were purchased from Eckert &
Ziegler Isotope Products GmbH, Braunschweig, Germany,
product number AM1AP10005N. The sources contain
241Am, on AP1 foil (specification of the manufacturer) glued
to a plexiglass circular dish with a diameter of 70mm and
protected by a gold layer. The active size of a source is 6 cm
in diameter. The source activity as given by the manufac-
turer is 200 Bq ± 30%.

Cell culture dishes were custom-made by the STAWO
company, Poland, to match the diameter of the sources.
Bottomless dishes were milled from polyethylene rods and
are composed of an inner ring (chamber) with an inside
diameter of 60mm and an outside ring (sleeve). The sleeve
is slid over the chamber and a 2.5 mm Mylar foil so that a
flat and wrinkle-free Mylar bottom is formed (Figure 3).

Alpha particle energy and fluence

Alpha spectroscopy was performed in vacuum with a silicon
charged particle radiation detector (Ortec, USA). Each
241Am source was placed directly on the circle shaped
detector with a diameter of 20mm. The measured energy

spectra with Gaussian distributions fitted are shown in
Figure 6(a).

Since the time of measurement and consequently, the
accumulated number of counts, differed between the sour-
ces, the energy spectra were rescaled as for a 1000s long
measurement. Mean energy values obtained from Gaussian
fits and fluence calculated for the three sources are given in
Table 3. The propagation of error was used to properly
determine the uncertainty of fluence. Alpha particle fluence
was measured with a detector of 1 cm diameter, placed
1.7 cm from the source. The diameter of the detector was
1 cm and corrections taking into account solid angles
were applied.

Additionally, a series of measurements were performed
using the detector with a 3mm diameter collimator to study
alpha particles emitted perpendicularly to the surface of the
source. The collimator was placed in three different ran-
domly chosen locations on the source to investigate its uni-
formity. Alpha particle energy and number of counts from a
given location were measured and are shown in Table 4.

The observed differences in alpha energy result most
probably from inhomogeneity of self-absorbance of the
source and thickness of the gold foil. Analysis of variance
(ANOVA) using the Fisher test was used to compare the
energy measurements for each source and between sources.

Figure 3. Results of TLD dosimetry of the euxenite-(Y) source. Panel a: distribution and readings (in mGy/h) of TLD dosimeters on the source. Rings symbolize radii
of 5, 20, 30, 40, 50 and 55mm. Numbers in italics above the arrow represent the calculated average dose rate for an area between two radii. Panel b: black circles
represent the average dose rate measured at each radius. Error bars represent standard deviations from the individual measurements.

Table 2. Gamma radiation dose rates in mGy/h in cells grown in Petri dishes of varying diameter stacked on the euxenite-(Y) source.

Stack position and dose rate in mGy�h

Dish diameter 1 2 3 4 5 6

60mm� 63 (60–67) 36 (34–38) 19 (18–20) 11 (10–11) 6.7 (6.3–7.0) 4.5 (4.2–4.7)
90mm� 55 (52–59) 31 (29–33) 16 (15–17) 9.5 (8.9–10) 5.9 (5.5–6.2) 3.9 (3.7–4.2)
110mm� 49 (45–53) 28 (26–30) 14 (13–15) 8.4 (7.8–9.1) 5.2 (4.8–5.6) 3.5 (3.2–3.7)
110mm# 51 (46–56) 29 (26–32) 15 (14–17) 8.8 (7.9–10) 5.4 (4.9–5.9) 3.6 (3.2–4.0)

Stack position 1 indicates a Petri dish standing directly on the source. Values in brackets represent dose rate ranges. Asterisk (�) marks values
derived from thermoluminescence detector measurements. Hashtag (#) marks values derived from calculations based on source activity
measurements.
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The values were found to be in good agreement (p� .05).
The differences in counts are not larger than 30%, which is
the uncertainty of the source activity given by the
manufacturer.

Dosimetry

On their way to reach the cells, alpha particles emitted from
the 241Am source lose part of their energy in the gold layer
and the 2.5 mm Mylar foil. The energy loss for a given
absorber was calculated with the publicly available software
SRIM (Ziegler et al. 2010). Based on energy measurements
the thickness of gold layers for each source was estimated as
(1.46 ± 0.39) mm (#1), (1.62 ± 0.48) mm (#2) and (1.30 ± 0.37)
mm (#3). Taking into account the Mylar foil on which the
cells are grown and irradiated, the energy calculated for
each source was used to estimate the dose rate. To this end,
the cell layer was assumed to be 1.85 mm thick and have the
density equivalent to water. The following dose rates were
calculated: 1.1 mGy/h (#1), 1.4 mGy/h (#2) and 1.2 mGy/
h (#3).

At the same time, it was estimated that for these sources
the dose from characteristic x-ray radiation is negligibly
small and equal to about 0.8 nGy/h.

Monte Carlo simulation

In order to check the homogeneity of dose across the 241Am
source, the Geant4 framework (version 10.5.p01) (Agostinelli
et al. 2003) was used to simulate the dose delivered to cells
by alpha particles. The simulated experimental setup corre-
sponded with the experimental setup as shown in Figure 5.
The thickness of the 241Am source assumed to be 0.4 mm

with an activity of 200 Bq. The thickness of the gold layer
covering the 241Am was 1.4 mm. 9� 106 particles were simu-
lated with energies in the range shown in Figure 6(a). The
dose rate was calculated to a water column of 2 mm above
the Mylar foil. The result is shown in Figure 6(b,c). The cal-
culated dose rate was homogeneous across the source and
had an average value of 3.8 mGy/h.

Micronuclei in U2OS cells exposed to alpha radiation

MN frequencies and percent of binucleated cells in U2OS
cells that were grown on the 241Am source #1 for 100 h are
shown in Figure 7. The effect of a dose of 110 mGy was
very large (Cohen’s effect size > 1.3). Also very large was
the alpha radiation effect on cell proliferation as estimated
by the binucleation index.

Discussion

The aim of this paper was to describe low activity gamma
and alpha sources that can be used in small-scale experi-
ments to study cellular effects of low doses and low dose
rates. The sources were set up as a collaborative initiative
between the universities of Stockholm (Sweden), Kielce
(Poland) and Warszawa (Poland). They can be placed inside
cell incubators with cells in culture dishes positioned on top
of them, allowing chronic exposures. The sources have dif-
ferent dose rates because they were constructed to serve
independent projects, rather than be used for joint investiga-
tions such as assessment of biological effectiveness.

The alpha sources are used at Stockholm University and
complement a battery of exposure installations that have
been constructed previously. These include a radon source

Figure 4. MN frequencies (grey bars) and percent of binucleated cells (black dots) in U2OS cells exposed to gamma radiation from the euxenite-(Y) source for
192 h. Cells receiving 10.5 mGy were exposed in stack position 1 at 55 mGy/h and cells receiving 5.9 mGy were exposed in stack position 2 at 31 mGy/h. Asterisks
mark large differences (d¼ 0.8–1.3, Cohen’s effect size). Error bars represent standard deviations from 3 independent experiments. BNC: binucleated cell.
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(Bajinskis et al. 2012), a facility to expose cells to changing
dose rates of X-rays (Brehwens et al. 2012), to mixed beams
of alpha and X-rays (Staaf et al. 2012) and a low activity
gamma radiation 137Cs source (Bajinskis et al. 2011;
Yentrapalli et al. 2013). The latter 137Cs source is positioned
below a cell culture incubator and the gamma dose rate at
which cells are exposed can be varied by using lead shielding
and by placing cell dishes on shelves mounted at different
heights above the source. The low activity alpha sources can
be positioned on any shelf inside the incubator allowing
cells to be simultaneously exposed to a mixed beam of low
dose rate alpha (dose rate 1.1–1.4 mGy/h) and gamma radi-
ation (variable dose rates, currently 1 mGy to 25 mGy/h).
The low-density plastic dishes to which the 241Am sources
are glued only weakly absorb gamma radiation so do not
pose a shielding problem. Although numerous high and
medium activity alpha sources for external irradiation of
cells have been constructed and described before (Edwards
et al. 1980; Roos and Kellerer 1989; Goodhead et al. 1991;
Neti et al. 2004; Esposito et al. 2009; Tisnek et al. 2009;
Thompson et al. 2019), none of them is designed for chronic
exposure of cells at dose rates in the range of mGy/h. Low
dose rate alpha particle experiments with cell cultures have
been described before, but with alpha-emitting radioisotopes
added directly to the cell medium (Tisnek et al. 2009; Shi
et al. 2016). In this respect, the sources described here may
be the first of their kind to be used for chronic, external
exposure of cell cultures to alpha particles.

The euxenite-(Y) source is installed at the Jan
Kochanowski University in Kielce. Recently, a low energy X-
ray source was constructed there for high dose rate cell
exposure experiments (Czub et al. 2020), but a low dose rate
source was missing. Thanks to its low activity and the lead
shielding, the euxenite-(Y) source can be placed inside a cell

incubator that is simultaneously used for culturing control,
non-exposed cells or for running non-radiation experiments.
It is currently used to measure cellular effects of chronic,
very low dose rate exposures and for studies aiming at
understanding the mechanisms of adaptive responses
(Wojcik and Shadley 2000; Tapio and Jacob 2007).

Both sources were characterized for activity and energy
spectrum of the emitted radiation, the dose rate and dose
homogeneity across the source diameter. The dose rates of
the alpha sources were calculated based on measurements of
the flux and the energy of alpha particles. Monte Carlo
simulation was primarily used to check the dose homogen-
eity across the source dimeter and was found to be constant.
The obtained dose rate was somewhat higher than that
based on measurements but can be explained by the
assumed ideal source geometry and not considered source
self-absorption of alpha particles. Ideal source characteristics
are seldom met in reality which is demonstrated by the 30%
uncertainty in the source activity given by the producer. The
dose rate of the euxenite-(Y) source was calculated based on
activity measurements and derived directly from TLD
detector measurements. Both approaches gave coherent
results. The TLD measurement allowed estimating the dose
rate homogeneity across the source dimeter and revealed a
gradual decline of the dose rate with distance from the
source center. This can be explained by the loss of photons
with decreasing distance from the source center, the conse-
quence being that cells in a Petri dish positioned on the
source for a given period of time absorb different doses. The
dose inhomogeneity decreases with decreasing diameter of
the Petri dish and is ca 20% for a dish of 60mm and ca
40% for a dish of 90mm. Resolving this problem would
require increasing the source diameter or increasing the
source thickness with increasing distance from the source

Figure 5. The alpha exposure setup. Panel A: polyethylene dish with Mylar foil strapped to the bottom. Panel B: A polyethylene lid with a drilled hole to allow air
exchange is placed on top of the dish.
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center. The former solution will lead to difficulties in plac-
ing the source inside an incubator as it will take up more
space and become increasingly heavy. The latter solution
would require time-consuming experimentation. Although
both solutions are achievable we did not think that they

were necessary. The source is used to chronically expose
cells to radiation in an attempt to study how cells are influ-
enced by long-term irradiation as encountered in the envir-
onment or following incorporation of radionuclides, where
the doses absorbed by cells are never homogeneous. Hence,

Figure 6. Characteristics of the 241Am sources. Panel a: energy spectra for the three 241Am sources. Data points represent measurements, lines represent Gaussian
fits. Panel b: Graphical presentation of dose rate homogeneity of a source to cells growing on 2.5mm Mylar calculated by Monte Carlo simulation using the Geant4
framework. Panel c: Dose rate across the source with 95% confidence intervals.
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the dosimetric uncertainty, when well defined, does not pose
a problem in gaining knowledge on the biological effects of
low dose and low dose rate exposure.

Apart from the dose rate inhomogeneity across the
euxenite-(Y) diameter, a further factor contributing to dosi-
metric uncertainty is the short distance between the sources
and the cell-containing Petri dishes positioned on them.
Due to the inverse-square law, slight increase of the distance
between the source and cells will result in a sharp dose
decline. This is demonstrated by the reduction of the dose
rate with the stack position. For the alpha source the dis-
tance problem is more complicated due to the Bragg peak of
charged particles (Brown and Suit 2004). Here it is import-
ant to note that the linear energy transfer (LET) of the alpha
particles is not homogeneous. We do not use collimators to

eliminate alpha particles entering the cell layer at angles
lower than 90� because their use would require constructing
demanding, helium-filled cabinets to prevent the stopping of
alpha particles by air (Roos and Kellerer 1989). So selecting
an optimal distance between the source and cells to achieve
maximum LET inside cell nuclei is not possible. However,
as with the dose rate uncertainty, we do not feel that the
LET inhomogeneity is a problem in view of the fact that
in vivo exposure to alpha particles due to incorporation
of alpha emitting radionuclides also involves mixed
LET values.

The efficiency of the sources to induce biological effects
was demonstrated by analyzing the frequency of micronuclei
in cells exposed to two doses of gamma radiation and one
dose of alpha particles. In the gamma-exposure experiments,
a single exposure time was applied to cells growing on
stacked Petri dishes. The difference in the absorbed dose
resulted from difference in the dose rate, not time of expos-
ure. Although small, the difference in micronucleus fre-
quency between exposed cells could be due to both the
difference in the dose and the dose rate and the interesting
question is which of the contributing factors are dominant.
Bringing clarity into this question requires further experi-
ments that are easily carried out with the source at hand.
The fact that doses in the range of a few mGy were able to
induce a large effect is worth mentioning because, in the
human peripheral blood lymphocyte micronucleus test
which is regarded as sensitive, the lowest dose of acute
gamma radiation that can be detected is in the range of a
few hundred mGy (Wuttke et al. 1993; Vral et al. 1997).
The exposure time of 192 h means that the cells must have
underwent several cells divisions so the observed micronu-
clei may result from derived aberrations, bystander effects
and genomic instability which are unlikely to play a role
after acute exposure (UNSCEAR 2012; Burtt et al. 2016).
Discussing the possible mechanisms is beyond the scope of

Table 3. Fitted mean energy values with standard deviations and fluence for
the three investigated 241Am alpha sources (#1, #2 and #3).

Source ID Mean energy (keV) Fluence (counts/(s cm2))

#1 4 850 ± 170 1.937 ± 0.051
#2 4 780 ± 210 2.524 ± 0.094
#3 4 920 ± 160 2.156 ± 0.051

The differences in fluence result from a 30% uncertainty of the 241Am activity
as declared by the producer.

Table 4. Fitted mean energy values with standard deviations for the three
investigated alpha sources (#1, #2 and #3) measured in three different collima-
tor locations on the source surface.

Source ID Energy (keV) Counts

#1 4 770 ± 150 124 ± 11
4 800 ± 150 105 ± 10
4 770 ± 140 137 ± 12

#2 4 640 ± 260 168 ± 13
4 710 ± 180 184 ± 14
4 680 ± 130 176 ± 13

#3 4 840 ± 140 173 ± 13
4 820 ± 150 300 ± 17
4 840 ± 140 231 ± 15

Number of counts are given to show the uniformity of these sources.

Figure 7. MN frequencies (grey bars) and percent of binucleated cells (black dots) in U2OS cells exposed to alpha radiation from a 241Am source for 100 h. Asterisks
mark very large differences (d> 1.3, Cohen’s effect size). Error bars represent standard deviations from 3 independent experiments. BNC: binucleated cell.
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this paper but the results suggest the direction of further
interesting experiments that can be carried out with this
type of source.

The alpha dose of 110 mGy given over a time of 100 h
had a strong effect on the MN frequency in U2OS cells. In
contrast to gamma radiation it also inhibited cell prolifer-
ation. We are currently using two cell lines to study the
impact of chronic exposure to alpha particles, gamma radi-
ation and mixed beams on expression of p53-controlled
genes. The results will be published elsewhere.

The sources described are particularly well suited for uni-
versity-based radiation research groups which are often
faced with financial limitations and difficulties in accessing
radiation sources. At the same time, many physics depart-
ments at universities have the know-how and instrumenta-
tion needed for characterizing the sources – a sine qua non
for their meaningful application in radiation biology experi-
ments. The sources are not very expensive: the cost of a sin-
gle 241Am source was ca 4000 e. The cost of the plastic ring
– ca 20e. What is also required is the 2.5 mm Mylar foil
which we acquire from Goodfellow Cambridge Ltd, UK.
The alpha source activity was chosen to yield a dose rate of
ca 1 mGy/h. The euxenite-(Y) gamma source was found in
an open-access, abandoned mineral mine in Småland,
Sweden, so its acquisition was cost-free. Naturally radio-
active minerals can be found on many sites worldwide (see
https://en.wikipedia.org/wiki/Euxenite or https://en.wikipe-
dia.org/wiki/Uraninite). We had no requirement for a spe-
cific dose rate of the source, so used the whole mineral and
estimated the doses rate once it was ready. However, it is
possible to use minerals of varying activities and masses to
construct sources of varying strength, depending on the
demand. At the same time it is important to note that the
activities of both sources are below the values for which
licensing by the radiation protection authorities in Poland
and Sweden is required and it was only necessary to register
them. Also, their use does not require the designation of a
supervised or controlled area for radiation use.

There is an agreement among radiation protection
researchers worldwide that a better understanding of radi-
ation health effects requires more research on the biological
effects of low doses and low dose rates (Salomaa et al. 2017;
Weiss and Yonekura 2019). In addition, the last decades
have witnessed a gradual decline in expertise both in the
areas of radiation research and in academic teaching
throughout Europe, and internationally. This is of particular
concern given the increasing application of ionizing radi-
ation in medicine and a possible renaissance of nuclear
energy (HLEG 2009). Here, academic institutions have a
pivotal role to play. Research at universities is often carried
out by Master and Doctoral students who, if involved in
radiation experiments related to the problems of low dose
risk, can contribute to the process of regaining expertise in
the area of radiation research and radiation risk assessment.
Master projects are often of short duration and are difficult
to embed in large research projects. Also, PhD projects can
be composed of several small-scale projects, the results of
which form the complete thesis. We believe that the small

radiation sources described in the study will be particularly
useful for such investigations. We hope that the ease of their
acquisition will contribute to the increased attractiveness of
radiation research studies at universities.
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