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Abstract
In the framework of the project RemoteALPHA, an optical scanning system for remote sensing of alpha emitters using
radioluminescence is being developed. After the feasibility of the technique was proven, current work aims at improving
the sensitivity for detection of low surface activities. As calibration standard, pitchblende minerals were prepared. Their
surface count rate of 80 Bq cm-2 to 105 Bq cm-2 was measured by alpha-track-detection and alpha-spectroscopy. Subsequently, radioluminescence measurements were performed in a sealed chamber filled with different gas atmospheres. The
radioluminescence signal was measured in UVC and UVA spectral ranges for all samples.
Keywords Radioluminescence · Pitchblende · Alpha-track-detection · Grid Ionisation Chamber · Remote detection

Introduction
Since the usage of radioactivity in the civil or military sector began, radiation detection and protection have become
very important [1]. Wide-area radiation monitoring is of
high importance to public health and safety following the
release of radioactive material from a nuclear facility due to
an accident or even an attack. If contamination of the environment occurs, a fast and safe detection method is needed
to perform protective measures based on knowledge of the
contamination level and the kind of radiation. While gamma
emitting nuclides are routinely screened by remote sensing
techniques using helicopters or drones, contaminations by
purely alpha-emitting radionuclides are harder to detect
due to the short range of only a few centimetres of alpha
particles in air [2, 3]. This requires ground based measurement, which is a time-consuming procedure and entrails a
considerable risk of exposure of the emergency team not
only to ionizing radiation but also to potentially hazardous
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materials, fire and debris [3]. Instead of detecting the alpha
particles directly, detection of the radioluminescence of
alpha particles in air is proposed to avoid these problems
[2, 4]. Radioluminescence is the phenomenon that appears
when a highly energetic ion e.g., an alpha particle, interacts
with electrons of molecules of the surrounding medium (in
air this is mostly nitrogen and oxygen). The energy transfer
leads dominantly to ionization and excitation of the molecules. Secondary electrons above a few 10 eV, which are
produced can collide with further gas molecules and lead
to further ionization and more molecules that are excited.
The excited molecules relax by emitting photons [5, 6]. The
wavelengths of these photons correspond to the characteristic electron transitions. The majority of detectable photons
originate from nitrogen transitions [5, 7]. Nitrogen has several emission lines in the range between 100 and 1000 nm.
The strongest emission is in the UVA region of the electromagnetic spectrum with a wavelength of 337 nm [7]. For
this reason, the 337 nm line is widely used in the remote
detection of alpha particles [7, 8]. Another less intense
wavelength is 254 nm located in UVC and the so-called
solar blind region, where no UV-background from the sun
disturbs the measurement [2, 9, 10].
The radioluminescence light of alpha particles generates
approximately 19 ± 3 photons between 300 and 400 nm per
MeV energy released in air at normal pressure (1013 hPa,
22 °C, relative humidity of 43%) [6]. The characteristics
of the gas atmosphere should be well known due to its
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significant influence on the radioluminescence signal. This
is mainly due to quenching effects of water vapour and oxygen [6, 11]. Sand et al. measured a six times higher amount
of photons in pure nitrogen compared to ambient air [6].
The signal increase of the 254 nm wavelength is even higher
if a small amount of nitric oxide (NO) is added to the pure
nitrogen atmosphere [10, 12]. Kerst et al. [10] showed that
the intensity of the signal is maximized for 50 ppm NO
diluted in pure nitrogen. The light yield is about 25 times
higher than the 337 nm line of nitrogen. In very pure nitrogen, a low ppm level of NO provides a significant increase
in the UVC light yield. The limit of detection in UVC with
1 ppm NO is around 20 times lower than the limit of detection in pure nitrogen [2]. The use of small amounts of NO
enables measurements of low activity samples. Krasniqi et
al. [12] were able to measure an extended uranium source
with an activity of 330 Bq by using an NO - amount of 3
ppm. Nitric oxide is an oxidizing gas that forms acids in the
respiratory system. If human exposure is unavoidable, the
exposure limit of 2 ppm over an 8-hour time weighted average, recommended by the Scientific Committee on Occupational Exposure Limits for Nitrogen Monoxide, should not
be exceeded [13]. Therefore, it will be a challenge to use
this approach in the environment.
For the detection of the radioluminescence signal,
research groups used different optical systems. Some of
them were listed by Crompton et al. [14]. Measurements
were implemented under various conditions, with different nuclides and activities and diverse optical components.
Baschenko [15] used a 37 MBq 239Pu source and measured
the emitted luminescence by a monochromator and PMT
whereas Giakos [16] used the same radionuclide with doubled activity but used an ICCD camera for detecting and
mapping the radioluminescence photons.
Up to now, no radioluminescence measurements were
performed on environmental samples such as pitchblende.
Pitchblende is a naturally occurring radioactive mineral that
contains mainly uranium dioxide and its radioactive daughters in equilibrium. Most of the daughters are alpha-emitters, which makes it a suitable material for our experiments.
The utilization of environmental samples for radioluminescence measurements in the lab is a first approach to reach
the goal of measuring contaminations on environmental surfaces. Due to the low specific alpha activity of pitchblende,
it is also applied to explore the detection limits of the optical
system used.
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Experimental
Preparation
Pitchblende bearing ores from different locations with a
comparatively high uranium content were cut into 5 mm
thick slices with a micro-waterjet. The resulting surface is
flat but not polished. The shape of the samples is irregular and their surface sizes range from about one to 15 cm2.
The samples are listed in Sup. Table 1. A stone from Puy de
Dôme in France was cut into the samples L, M, A and B.
Sample S is from Uranium City in Canada. The remaining
samples E, F, G, J and K are fractions of one single piece of
ore originating from Wölsendorf in Germany. Sample J is
the only polished sample. The small samples A, B, E, F, G
and S are grouped to one sample in the following referred
to sample Mix.

Alpha-track
For alpha-track-detection plastic detectors of the CR-39
type from TASL were used. After an exposure time of one to
five minutes with alpha radiation from pitchblende samples,
they were etched in 6 mol l-1 sodium hydroxide at 80 °C
for three hours. The counting of tracks was performed by a
microscope (Nikon LV-DAF) and the software ImageJ.

Grid ionization chamber
The grid ionization chamber from MABsolutions was filled
with P10, a gas mixture of 90% argon and 10% methane,
at a pressure of 1.025 bar. The accelerator voltage was set
to 1600 V. Between the different measurements the chamber was flushed with air to remove radon from the previous
sample. Measurement duration varied between 3000 and
14,000 s.

Optical system
The optical system consisting of lens, filter and a photomultiplier tube (PMT) is mounted on a goniometer in a way
that it can be moved for scanning the sample area (Fig. 1).
For collecting the UV-photons, a 240 mm quartz lens was
used. Measurements were done using the UVC-photons and
the UVA-photons. For the two different measurements, two
different PMTs with different spectral responses were chosen. For the UVC a Hamamatsu H11870-09 with a spectral
response between 185 and 320 nm was used. The 254 nm
emission peak was selected by a Semrock FF01-260/16–25
filter. The spectral response between 230 and 700 nm was
measured with an H10682-210 PMT for UVA and two filters,
a Semrock FF01-340/12–25 and an Edmund Optics 337/10,
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Fig. 1 The optical scanning system
The optical system is mounted at a distance of 2 m away from the
sample. Depending on the kind of measurement, the gas chamber can
Table 1 Measurement parameters of the optical detection system
Measurement Sample
Detector Time per pixel atmosphere
1
K, L, Mix UVA
2s
N2 + NO
2
K, L, Mix UVA
16 s
Air
3
K, L, Mix UVC
0.2 s
N2 + NO
4
All
UVA
20 s
Air

to select photons of the 337 nm emission peak. As reported
by Sand et al. [6] the photon count rate strongly depends on
the distance between source and detector. Therefore, it was
kept constant at 2 m for all measurements and samples. The
detection of the radioluminescence signal at distances larger
than 2 m will be done in future experiments. At this distance, the UVA-detector has a field of view (FOV) of 19 mm
in diameter whereas the UVC-detector has a FOV of 50 mm
in diameter. The smaller the FOV, the better is the spatial
resolution of the reconstructed image of the scanned source.
Therefore, the measured size of the radioluminescence glow
in the UVA-scan is much closer to the real size of the glow
than the measured size from the UVC-scan.
The samples were placed into a measurement chamber
with a quartz window, which can be pumped and filled with
any gas. The measurements in the UVA region were done in
air and in an artificial atmosphere of pure nitrogen with 10
ppm nitric oxide (NO). Measurements in UVC were only
made in the artificial atmosphere. The measurement time
per pixel depends on the light yield detected from the sample. In the artificial atmosphere, the light yield is expected
to be high. Therefore, the time per pixel was set to 0.2 s in
UVC and 2 s in UVA (Table 1). The UVA-measurements
in air needed a longer measurement time of up to 20 s per
pixel because of the missing scintillation effect of NO and
the strong quenching of oxygen and water vapour.

be filled with air or different gas mixtures like N2 and 10 ppm NO. The
PMT and corresponding set of filters is changed for measurements in
UVA and or UVC

Image processing
The recorded radioluminescence signal requires post-processing. Information about sample location and signal intensity is hard to see from the raw data as shown in Fig. 2a. The
scan was smoothed by grouping neighbouring pixels, so that
the information hidden in the noise becomes available. Figure 2 shows the smoothing process from raw data (a) via 3
pixels smoothing (b) to 9 pixels smoothing (e) which is used
for all measurements. In (e) the radioactive source is clearly
distinguishable from the background. The signal at the scan
edges (Fig. 2c, d, e) originate from reflections of the gas
chamber and surrounding objects. The background and the
maximum photon count rate can be calculated from the processed scan. The resulting image (Fig. 2e) is described in
more detail in Fig. 6f.

Results and discussion
The alpha-track-detection-method shows the distribution of
alpha emitters on a sample. Therefore, it is especially suitable for finding small radioactive sources or contamination
on a sample, for example finding so-called Hot particles in
soil samples [17, 18]. In this work, alpha-track-detection
was used for analysing the homogeneity of the alpha-emitter distribution on the pitchblende samples. Samples chosen
for radioluminescence measurements should yield a high
amount of alpha emitters per area since the optical system
is still under development and improvement. Other groups
used commercially available sources of several kBq to MBq
to detect the radioluminescence signal [2, 14]. Accordingly,
it is necessary to start radioluminescence measurements on
environmental samples with properties close to standard

13

Journal of Radioanalytical and Nuclear Chemistry

Fig. 2 Smoothing process of the UVA measurement of sample L in air
Averaging neighbouring pixels uniforms the background and reveals
scan features. The source become visible. The signal at the bottom of

images (c) to (e) is caused by reflections. For all scans a smoothing of
9 pixels was used

Fig. 3 Alpha-track of sample L
after 1 min exposure
Raw data shown in (a). Adjusting
the threshold generates a blackwhite-image (b). The tracks are
highlighted and can be further
analysed. For this example, the
number of tracks was counted. It
is 548 on a total area of 2.49 mm
by 1.87 mm.

large area sources. The acquired microscope images from
the alpha-track-detectors show black spots representing
the track of each alpha particle (Fig. 3a). By adjusting the
threshold settings of the software ImageJ the tracks become
clearly visible (Fig. 3b).
From the processed image, the number of tracks was
counted allowing an estimation of the surface activity. In
the example of sample L (Fig. 3) 548 tracks per minute were
detected. This representative image is one of 260 images
taken from this sample each with a size of 2.49 mm by
1.87 mm. The large image of sample L is shown in Fig. 4
with the edges of the sample marked with a bold line. It
shows a homogeneous distribution of tracks except for a
small region at the bottom of the sample beneath the thin
line. There are only a few tracks detected, indicating wasterock, not containing uranium. The same applies for sample
A above the thin line and sample E outside the thin lines
(Fig. 4). All other samples have a homogenous distribution
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of alpha-emitters over the entire surface area as shown in
Fig. 4.
Furthermore, alpha-spectroscopy was performed using a
grid ionisation chamber (GIC). Since pitchblende is a solid
material with homogeneous distribution of uranium inside
the bulk, self-absorption of alpha radiation takes place. This
self-absorption causes the pronounced low energy tails of
alpha particle energy in the spectra of Fig. 5.
Uranium and its solid daughters are identified by their
maximum alpha energy edges. Their peaks are not as narrow as for example the 222Rn peak due to the absorption process. Radon as a noble gas is able to leave the solid material
and decreases self-absorption. Additionally, the efficiency
for detection of a radioactive gas in a gas chamber is twice
as high as for a solid surface sample. Therefore, radon is
represented as peaks in the spectra. Radon daughters show
a mixed behaviour as they may contribute from the solid
material with self-absorption or from the gas without
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Fig. 4 Alpha-Track-Images of three different samples
Except for A and E from sample Mix, the alpha-emitters are

homogeneously distributed over the entire surface area. Areas containing much uranium and its daughters are labelled with “U”

absorption. Each peak belongs to a nuclide of a decay chain
of uranium-238 or uranium-235.
From these spectra, the surface count rate of the sample
could be estimated. Since only alpha particles emitted from
the surface into the upper hemisphere were detectable, the
calculated surface count rate is maximum half of the total
surface activity of the sample. The results of this calculation
are shown in Table 2. All samples have a detectable alpha
count rate between 1 kBq and 1.5 kBq.
Although having a high impact on the measurements
with the GIC, the influence of radon on radioluminescence
measurements is negligible. The small amount of emerging gas is directly diluted in the gas chamber. Its alpha particles contribute to the total radioluminescence signal but
little compared to the signal produced by the alpha particles
of the solid pitchblende sample. The samples were in the
chamber during the measurements, which lasted a maximum of eleven hours for the longest measurement. This time
was not long enough to accumulate radon in the chamber.

The chamber was flushed, between different samples and
measurements
Three different radioluminescence measurements were
performed for three different pitchblende samples to investigate their influence on the count rate depending on the
wavelength and the measurement atmosphere. The variation
of the surface count rate is very small. Thus, the samples
were expected to generate similar photon count rates under
the same measurement conditions
Since the surface activity of the pitchblende samples is
low, the first radioluminescence measurements were done in
the N2 + 10 ppm NO atmosphere for maximum sensitivity.
For both wavelengths, UV-photons were measurable and the
radioactive source is clearly distinguishable from the background. Measurements of UVC in air were not performed
because the UVC light yield in air is too low to be detected
against the background. The detection of UVA in air was
possible but required a much longer acquisition time per
pixel, because the signal-to-background-ratio is below 0.4
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Fig. 5 GIC-Spectra of pitchblende samples J, K, L, M and Mix
The measurement time was normalized to 3000 s for each spectrum.

They show a large amount of low energy alpha particles due to selfabsorption. Numbers identify nuclides of the 238U decay chain whereas
letters identify nuclides of the 235U decay chain

(Table 3). This is due to the large quenching of the excited
nitrogen by oxygen and water vapour in air
Nevertheless, these measurements of UVA in air are
very important, because the optical detection systems are to
be used in the environment where air is the only available
medium and the control of the atmospheric conditions is not
possible
The measurements of the 254 nm wavelength (UVC) in
the artificial atmosphere have the lowest background rate of
1.5 ± 0.7 photons per second and pixel on average. Additionally, the maximum photon count rate is between 126 ± 33
and 163 ± 38 photons per second and pixel (Table 4). This
leads to a signal-to-background-ratio up to 50 times higher

than in the comparable measurements in UVA. As mentioned before, the presence of small amounts of NO shifts
the emission spectrum of the gas towards UVC, since NO
emits mainly at wavelengths shorter than 300 nm [10]
The background for the measurements of 337 nm is
around 3.5 ± 0.2 photons per second and pixel. It is about
twice the background at 254 nm, due to a higher contribution of scattered photons from lamps and electronics in this
spectral band as well as a higher background of the UVAPMT. In pure nitrogen the UVA-signal is increased by at
least a factor of six compared to ambient air. It is in perfect
agreement to the results of Sand et al. [6]
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Fig. 6 Radioluminescence scans
The measurement in UVC yields the highest intensity for all samples
(upper row) and the biggest radioluminescence glow. Both measurements in UVA have a smaller glow due to the smaller field of view.

The background rate is higher as for measurements in UVC. Using the
artificial atmosphere (middle row) leads to a three times higher signal
than measuring in air (lower row). All samples have a similar surface
activity and a similar photon count rate.

Table 2 Surface count rate of sample correlates to 50% of total surface
activity on the sample
Sample
J
K
L
M
Mix
GIC (CPS)
1330(36) 1520(39) 1023(32) 1572(40) 1493(39)

relatively similar as they have approximately the same surface activity. However, their surface areas are very different and range from 6.6 cm2 (sample L) to 18.1 cm2 (sample
Mix). The difference in sample size leads to a variation in
activity per cm2. Sample L as the smallest sample has the
highest density of alpha-emitters of 156 cm-2, whereas sample Mix has only 83 cm-2. This results in a higher photon
count rate per pixel for sample L although its surface activity is smaller than the one of sample Mix. For all samples,
the highest count rate was over 100 counts per second and
pixel measured in UVC. In comparison to UVC, the UVA
measurements have a significant lower maximum photon
count rate, but show the same behaviour with sample Mix
as the one with the lowest count rate. The different surface
areas are not only visible in the intensity but also in the size
of the radioluminescence glow (Fig. 6). The more extended
the source the larger the glow. It is also larger for the UVC
measurements since the field of view of the UVC-detector is
bigger than the field of view of the UVA-detector. Therefore,

Table 3 Signal-to-background-ratios for radioluminescence measurements
Measurement
UVC
UVA
UVA in air
Signal-to-background-ratio K
114
2.33
0.38
L
75.1
3.08
0.28
Mix 91.3
1.76
0.23
Table 4 Maximum photon count rates for radioluminescence measurements
Measurement
UVC
UVA
UVA
in air
Maximum count rate per pixel K
163(38) 9.2(34)
1.3(8)
and second
L
134(34) 10.8(34) 0.9(9)
Mix 126(33) 5.9(30)
0.8(8)

The photon count rates for the different samples are
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Table 5 Comparison of surface alpha count rate with photon count
rates of the radioluminescence measurements
Sample
GIC (CPS)
UVC
UVA (CPS) UVA
(CPS)
air
(CPS)
K
1520(39)
1E6
3E3
6E1
L
1023(32)
2E5
3E3
1E2
Mix
1493(39)
4E5
4E3
5E1

the UVC-signal is nearly circular with the highest intensity
in the middle of the radioluminescence glow and contains
no more information about the geometry of the samples.
In Fig. 6b, the UVA-signal in the N2 + NO atmosphere is
shown. The scan reveals information about the location of
the highest density of alpha-emitters on the sample. This is
in contrast to Fig. 3a where the image of the same sample is
shown but made using the UVC-PMT with its larger FOV.
This scan contains only information about the location of
the source not about its alpha-emitter distribution
The low signal-to-background-ratio (Table 3) leads to
blurring of the UVA scans (Fig. 6). Higher photon count
rates at the scan edges (Fig. 6f) do not indicate presence of
alpha emitters but rather originate from UVA-photon-reflections of surrounding objects. However, in spite of these
artefacts, the location of the pitchblende samples is clearly
identifiable from the radioluminescence signal in all cases.
The results of the different alpha detection methods are
compared in Table 5.
The photon count rates for one kind of measurement
show a variation between the three samples of one order of
magnitude or less. Due do the missing scintillation effect of
nitric oxide, the measurement in air has not only the lowest maximum count rate but self-evidently also the lowest
total amount of radioluminescence photons per second. The
order of the samples from highest to lowest within one kind
of measurement is different for the maximum photon count
rate and the total count rate for all measurements. There are
two possible reasons for that. First, the samples have a very
similar surface activity, which leads to an expected similar
photon count rate for all samples. Second, pitchblende is a
naturally occurring mineral with a possibly heterogeneous
distribution of alpha emitters. Areas with a high density of
alpha emitters increase the maximum count rate but may
not affect the total count rate. Additionally, the large background in the UVA spectral range, almost as large as the
maximal count rate, leads to a greater uncertainty in background corrected total photon count rate
Finally, an experiment under realistic conditions was
performed. All samples were placed on a total area of 30
by 40 cm and arranged at equal distance from each other,
for measurements in the UVA spectral range in air. The
measurement took 64 h, which is an admittedly very long
time span for a proposed remote sensing method. These first
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attempts, however serves as proof of principle and as a starting point for further improvements. The locations and even
shapes of the pitchblende samples were well recognizable
on the scan (Fig. 7). The background-corrected maximum
photon count rate is 1.4 photons per pixel and second. Some
reflections from background photons disturb the bottom of
the scan but had no influence on locating the samples. With
this experiment, we were able to prove the feasibility of
measuring environmental samples of low activity in air in
the UVA spectral range

Conclusion
The aim of this study was to proof the feasibility of detecting low activity in environmental samples by measuring
their radioluminescence with the optical detection system.
Before the radioluminescence was measured, all samples
were characterized with conventional alpha detection methods. Their surface activity was determined from their GICspectra and ranges from 80 Bq cm-2 to 105 Bq cm-2. The
optical system was used for two different wavelengths,
254 nm in the UVC-band of the electromagnetic spectrum
and 337 nm in the UVA-band. The maximum count rate
per pixel obtained in the artificial atmosphere was about 50
times higher in UVC than in UVA, due to a difference in
the scintillation strength of nitric oxide for the two wavelengths. The use of an artificial atmosphere of nitrogen with
10 ppm nitric oxide provided a significant increase of the
radioluminescence signal for all pitchblende samples compared to air.
Depending on the intensity of the radioluminescence,
the acquisition time per pixel varied for the different measurements but was consistent for all samples within one
measurement. Measurements in air needed the longest
acquisition time per pixel (10 to 20 s), which directly effects
the measurement duration. The scanning of all samples in
air needed 64 h for an area of 30 by 40 cm.
In this work, pitchblende samples of a low specific alpha
activity were measured from a distance of 2 m. Since the
optical detection system developed by RemoteALPHA is
meant to be used for radiological emergencies with very
high alpha contaminations, our results show that it is possible to detect them. High alpha activities will lower the
acquisition time per pixel, which will speed up the measurements. Compared to conventional time-consuming measurements by hand, the optical detection system will scan
an area much faster, while it will not expose its operators to
the risk of ionizing radiation or potentially hazardous materials, fire and debris.
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Fig. 7 Arrangement of different
pitchblende samples and UVAScan in air for 64 h
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