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A B S T R A C T

Radiological emergencies involving an accidental or deliberate dispersion of alpha-emitting radionuclides in the
environment can cause significant damage to humans and societies in general. Currently, there is a metrology
gap in managing such emergencies due to the lack of detectors that can measure alpha particles at distances
greater than their range in air: most conventional alpha detectors are only effective when placed just a few
centimeters above the contaminated area. This paper presents the development and testing of lens based optical
detection systems that utilize alpha particle-induced ultraviolet (UV) luminescence of air, known as alpha
radioluminescence. Telescopes based on fused silica and Poly(methyl 2-methylpropenoate) (PMMA) Fresnel
lenses were investigated for their usability in facilitating emergency management related to alpha-emitting
radionuclides. Careful matching of the diameter and focal length of the receiving optics, the response of the
photocathode, and the passband of the filter allows detection sensitivities as high as 34 s−1 MBq−1 at 2m source-
to-detector distance and background count rate of about 3 s−1 in the UV-C spectral region, and suppression
of daylight background count rate down to 16 s−1. By flushing the source with nitrogen (N2) containing trace
amounts of nitric oxide (NO), a groundbreaking sensitivity of 1.3 × 105 s−1 MBq−1 has been achieved, allowing
detection limits as low as 100Bq with room lighting on, and 70Bq in a dark environment. In the UV-A spectral
region, a detection limit of 4 kBq could be achieved in a dark environment. These optical detection systems are
aimed to facilitate a rapid, coordinated, and effective response in emergency situations involving the release
of alpha-emitting radionuclides by mounting them on a tripod or an unmanned aerial device (UAV).
. Introduction

Alpha-emitting radionuclides can cause severe damage to sensitive
iving tissue when inhaled, swallowed or when incorporated through
pen wounds. The amount of energy they release in the human body is
p to 6 million times greater than that of an ordinary chemical reaction
ordinary chemical energy used by cells in the body), which means that
single alpha particle has the ability to severely or lethally damage all

he cells within its range [1]. Therefore, the release of alpha-emitting
adionuclides in the environment, such as by nuclear terroristic attacks
r transportation accidents, as well as by severe emergencies in nuclear
nstallations, represent a major radiological threat to human beings if
hey enter the human body.

∗ Corresponding author.
E-mail address: faton.krasniqi@ptb.de (F.S. Krasniqi).

In the case of a large-scale nuclear or radiological emergency involv-
ing accidental or deliberate dispersion of alpha-emitting radionuclides
into the environment, depending on their distribution pattern and
meteorological conditions such as wind and precipitation, large areas
could be contaminated. The dust and debris in such events would be
highly radioactive and can potentially be inhaled, thus posing a serious
threat to the exposed population. In this case, detection of alpha-
emitting radionuclides with traditional detectors is inherently uncertain
due to low spatial resolution, and time consuming and tedious due to
their short range (e.g., about 42mm for a 5.5MeV particle) [2]. This
approach involves scanning near contaminated surfaces, exposing the
personnel to other hazards and risks such as other types of radiation,
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fire, etc. [3]. Therefore, new detection techniques which keep both the
operator and the detector at safe distance from the contaminated area
are needed.

Recently, the detection of alpha particle-emitting sources by op-
tical means has gained increasing interest. In this approach, alpha
particles are detected indirectly by utilizing physical effects such as
alpha particle-induced luminescence (radioluminescence) [3–15], laser
probing of alpha induced excited state of air molecules, and laser
probing of collisional ionization (breakdown) of the air [16–19]. While
laser-based methods are still emerging, radioluminescence technology
is already mature and its feasibility has been demonstrated in many
experiments [3–15]. Radioluminescence in air is generated mostly by
emission of molecular nitrogen (N2), and to a much lesser extent, by
race amounts of nitric oxide (NO) in air, with wavelength spanning
hree ultraviolet bands and about 99% of emission occurring in the
80 nm to 440 nm spectral range [4,5]. There are, however, significant
hallenges for remote optical detection of alpha-emitting radionuclides,
ince the spectrum of radioluminescence overlaps with that of solar
adiation and is obscured by it at wavelengths longer than 280 nm due
o much stronger solar irradiance [3–5,13]. At wavelengths shorter
han 280 nm, on the other hand, the background light is very weak, in
articular with daylight, because most of solar radiation is absorbed
y the atmospheric ozone [8–12,14,15]; The intensity of UV-C radiolu-
inescence with wavelengths between 200 nm and 280 nm, however, is

ery low (<1%). Thus, both cases impose strict limitation on the wide
pplication of this technique. A major breakthrough that opened the
pportunity for overcoming the above-mentioned fundamental limita-
ions was reported by Kerst et al. [9] who showed that adding trace
mounts of nitric oxide to the nitrogen atmosphere surrounding the
ample drastically increases the radioluminescence signal, with almost
ll of the emission located in the UV-C spectral region.

Successful detection of weak spectral fingerprints due to the alpha
adioluminescence in the environment is a challenging task that goes
eyond the current state-of-the-art measurement techniques applied for
ontamination detection and emergency management. In this work,
he performance and usability of three field capable lens-based opti-
al detection systems have been evaluated. These systems have been
eveloped in the framework of the European Metrology Program for
nnovation and Research (EMPIR) project RemoteALPHA [20], which
ims to develop novel instruments and methods as well as a sustainable
etrological infrastructure for the optical detection of alpha-emitting

adionuclides in the environment. One detection system is based on a
igh-quality UV fused silica (UVFS) lens while the other two use PMMA
resnel lenses. Compared to previously used instruments [4–15], these
ystems were designed from their inception to facilitate emergency
anagement by maximizing radioluminescence throughput using large

eceiving optics and keeping the background signal low through effi-
ient wavelength filtering and low noise photomultipliers (PMT). All
ystems can be operated as scanning telescopes, with the Fresnel lens
ystems also being suitable to be used in UAVs as unmanned aerial
onitoring systems (UAMS). The detection efficiency of all systems
as been measured at the PTB Ion Accelerator Facility (PIAF) where
lpha particles with a rate from 5 × 104 s−1 to about 4.5 × 107 s−1,
ollimated to a beam size of 100 μm × 100 μm, have been accelerated
o energies up to 8.3MeV. In the context of radioluminescence detection
f alpha particles, such a finely collimated beam acts like a point alpha
ource (see Section 4). Therefore, the sensitivity of optical detection
etups is expressed in s−1 MBq−1 (alias cps∕MBq) and the detection
imit in Bq instead of s−1. The relationship between radioluminescence
hotons and alpha activity is calibrated with a dedicated 210Po activity
tandard [21].

The radioluminescence mapping capability is demonstrated with the
VFS telescope which has been used to obtain the radioluminescence

mage of (a) deceleration of alpha particles at the exit port of the
IAF microbeam, (b) dedicated Am-241 sample designed to simulate
n extended alpha source, and (c) low activity pitchblende minerals

−2 −2
ith surface activity between 80Bq cm and 105Bq cm .

2

Fig. 1. (a) Schematic illustration of the field-of-view (FOV) in a radioluminescence
detection setup composed of a lens and a photomultiplier (PMT). The focal length of
a lens is denoted by 𝑓 while 𝜃 is the angle of view. The FOV at the object distance 𝑠
is 𝑦FOV = 𝛥𝑦 (𝑠∕𝑠′), with 𝛥𝑦 being the size of the detector sensitive area (diameter of
he PMT photocathode), 𝑠 and 𝑠′ the object and image distance. (b) Geometrical factor

nor = 𝜋𝐷2∕(4 𝑟2) with 𝐷 being the diameter of the receiving optics and 𝑟 the distance
between source and receiving optics, normalized to the value for 𝐷 = 240mm and 𝑟 =
1m. The right side plots the field of view 𝑦FOV with 𝑠 = 𝑟 and 𝛥𝑦 = 20mm.

. Description of optical detection systems

The successful detection of spectral fingerprints due to alpha ra-
ioluminescence in the environment requires optical systems which
fficiently detect light in the characteristic wavelengths of radiolumi-
escence photons, but at the same time stay as insensitive as possible
o the ambient light. A high radioluminescence light throughput for the
ptical detection system requires a compromise between the diameter
f the receiving optics, 𝐷, and the focal length of the system, 𝑓 , because

the overall efficiency of the detection system depends on the f-number
𝑁 = 𝑓∕𝐷. The diameter of the receiving optics determines the so-called
eometrical efficiency, which represents the solid angle subtended by
he receiving optics and thus directly affects the number of photons
ntering the detection system. The focal length, on the other hand,
etermines the angle of view, which in turn affects both the number
f detected photons and filtering [see Fig. 1(a)]. Interference filters
hould transmit only the selected radioluminescence band. Since the
ransmission band of these filters is subject to a blue shift at non-normal
ight incidence, optics with a long focal length are required to ensure a
arrow angular distribution of the radioluminescence light on the filter
ithout the need for additional optical elements which would cause
dditional light losses. When considering the contaminated area as an
nsemble of point sources, the f-number must be chosen to maximize
eometric efficiency while maintaining an acceptable field of view
hat does not significantly blur the scanned radioluminescence image.
o illustrate this point, geometrical efficiency and field-of-view (FOV)
re plotted as a function of source-to-detector distance in Fig. 1(b).
hile the light collection efficiency scales with 𝑟−2, with 𝑟 being the

source-to-detector distance, the FOV is proportional to 𝑟.
The lens-based optical detection prototypes developed as part of the

RemoteALPHA project were designed to comply with the requirements
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Fig. 2. (a) Schematic drawing of optical systems developed in the framework of
emoteALPHA project. Both, the UVFS- and PMMA Fresnel-lens systems share the
ame configuration: they utilize large receiving optics to maximize the geometrical
actor, and the focal lengths have been chosen such that the radioluminescence image
s not blurred substantially by the overlapping FOVs between adjacent scanning points.
b) Transmittance spectra of UVFS [22] and PMMA [23] together with the PMT
ount sensitivity [24,25] specified by the manufacturer. (c) Radioluminescence emission
pectrum of NO measured at the PIAF at a nominal alpha particle rate of about
0 × 106 s−1 with a PTB-calibrated array spectroradiometer with UV-C and UV-A filter
ransmission [26,27]. The flow rate of N2+NO was set at 2400mLmin−1 with NO
oncentration of 5 μL L−1.

tated above. They share the same configuration, see Fig. 2(a): an
bjective lens (UVFS with a diameter of 240mm or a PMMA Fresnel
ens with diameters of 452.9mm or 257.6mm), a filter set to select the
perating wavelength range (UV-A or UV-C) and a PMT with a cathode
aterial (bialkali or cesium telluride) according to the wavelength

ange selected by the filter set. The transmittance spectra of the lenses,
ogether with the count sensitivities of the used PMTs, are shown
n Fig. 2(b). The measured radioluminescence spectra with UV-C and
V-A filter absorption curves are shown in Fig. 2(c).

All three systems operate as mapping systems by producing the
adioluminescence image of the alpha-emitting sources through remote
canning of narrow FOV over the user-defined region of interest while
ecording the photon count rate. In contrast to imaging mode which
equires additional optical elements to correct image distortions and
berrations, these configurations are designed for a minimum number
f refractive elements in order to reduce unnecessary light losses.
oreover, since image formation is not necessarily required, more than

ne interference filters can be used without considering distortions
hat arise from multiple reflective surfaces. While the UVFS system,
ue to constraints related to its weight and mechanical stability, is
3

Fig. 3. Lens-based radioluminescence detection setups. (a) Fused silica lens (Abet
Technologies) system mounted on a goniometer and rotation stage (Newport M-
BGM160PE and RVS80CC) with 𝐷UVFS = 240mm and 𝑓UVFS between 572mm to 599mm
n a wavelength range from 236 nm to 285 nm, respectively. (b) PMMA Fresnel lens
ystems with lenses (Orafol Fresnel Optics) having diameters 𝐷1 = 452.9mm (SC 2045)
nd 𝐷2 = 257.6mm (SC 210), and nominal focal lengths 𝑓1 = 391.5mm and 𝑓2 =

225.5mm at 546 nm. All lens systems can be coupled to Hamamatsu PMTs (H10682-210
for UV-A spectral range and H11870-09 for UV-C spectral range) and UV-C filters
(FF01-260/16-25, Semrock Inc.) or UV-A filters (337 nm, 10 nm band-pass filters from
Edmund Optics).

being anticipated for use as a scanning telescope mounted on a tripod,
the lens systems based on the Fresnel lenses–being lightweight (less
than 5 kg)–will be optimized in the framework of RemoteALPHA as an
unmanned airborne monitoring system for mapping of alpha contam-
inations in the environment. Fig. 3 shows the three lens-based optical
systems developed within RemoteALPHA. By using the appropriate
interference filters and PMTs, they can operate both in UV-A and
UV-C spectral region. While the Fresnel lens systems exploit the full
advantage of their large diameters in the UV-A region, their use in the
UV-C spectral region is less efficient due to the transmission cutoff at
260 nm, see Fig. 2(b). The fused silica lens, on the other hand, has high
transmission in both the UV-A and UV-C spectral regions.
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3. Experimental setup

The performance of the developed radioluminescence detection sys-
tems has been tested at the microbeam facility of the PIAF [28]. Here,
a compact cyclotron and microbeam system was used to provide a
narrowly focused alpha beam with a size of about 100 μm × 100 μm at
the entrance of the cuvette and a tunable particle rate from 5 × 104 s−1

to about 4.5 × 107 s−1 with an entrance energy of 8.3MeV. Accelerated
alpha particles pass through an exit window (1mm diameter) fitted
with a foil stack consisting of a 10 μm thick scintillator (for online
rate monitoring), a 3 μm thick Al foil and a 5 μm thick Mylar foil,
sealing the high vacuum of the beam tube to the atmospheric air.
Then, after a short air gap of 1mm to 2mm, the ion beam enters a
100mm long cylindrical cuvette through a thin entrance window made
of Mylar, 1.2 μm thick. The cuvette is made of synthetic quartz with
good optical transparency (transmission above 90%) in the wavelength
range from 200 nm to 2500 nm (Hellma Analytics). The cuvette is filled
and permanently flushed at predefined flow rates of up to 5 Lmin−1

with selected gases at atmospheric pressure, using a gas mixing and
supply system based on mass flow controllers [see Fig. 4(a)]. Alpha
particles with energies below 8.3MeV were generated by inserting Al
foils with a thickness of less than 26 μm as an energy attenuator in the
air gap between the beam exit window and the quartz cuvette.

The radioluminescence mapping capability of the developed radio-
luminescence detection systems was tested with (a) accelerated alpha
particles at the PIAF [see Fig. 4(a)], (b) an extended Am-241 source
having an activity of 980 kBq [see Fig. 4(b)], and (c) with five groups
of pitchblende minerals, with each group having an activity up to
1.5 kBq, see Fig. 4(c) [29]. In Fig. 4(b), the Am-241 active layer of
20mm × 100mm is fixed in an Ag-foil with a thickness of 0.25mm. The
radionuclide layer is covered by a 2 μm pure Au layer. The source
is housed inside an evacuable gas vessel with a quartz dome. This
allows the space around the source to be filled with selected gases
and the radioluminescence outside the chamber to be studied in the
entire relevant wavelength range above 230 nm. In all cases, the optical
detection systems were set up at a distance of 2m from the source, see
Fig. 5.

For all measurements in the UV-C spectral region, the Hamamatsu
PMT with CsTe photocathode (H11870-09) was used with bandpass
interference filters having a bandwidth of 16 nm and center wavelength
of 260 nm (FF01-260/16–25, Semrock Inc.). In the UV-A spectral range,
Hamamatsu PMT with ultra-bialkali photocathode (H10682-210) was
used with interference filters centered at 337 nm with a bandwidth of
10 nm (# 65–128, Edmund Optics). Both PMTs were selected for a very
low dark rate, i.e. the UV-C PMT has a dark count rate of less than 1 s−1,
while the UV-A has less than 10 s−1.

4. Experimental results and discussion

Fig. 6 shows the radioluminescence count rate measured at PIAF as
a function of alpha particle rate. The cuvette where alpha particles were
stopped was filled with air at atmospheric pressure. All lens systems
were positioned 2m from the cuvette and oriented so that the location
where the alpha particle energy loss is greatest (the Bragg peak) was on
the optical axis. With a field of view larger than the range of alpha par-
ticles in air (∼38mm), they capture about the same radioluminescence
light as if it would be emitted from a point alpha source. In this context,
rates in particles per second will be expressed hereafter in becquerels
(Bq), which is a more practical unit to explain the performance of
optical detection systems. With the UVFS and the Fresnel 1 (𝐷1 =
452.9 mm) lens system radioluminescence was measured in the UV-C,
while with Fresnel 2 (𝐷2 = 257.6 mm) lens system operated in the UV-A
pectral region. Having a similar f-number, the results of Fresnel 1 lens
ystem can be mapped into Fresnel 2 system using the factor (𝐷2∕𝐷1)2,
nd vice versa. The background count rate with room lighting switched

ff, but surrounding control lights of electronics and monitors still on, i

4

Fig. 4. (a) Photo of the alpha particle interaction region at the PIAF. The PIAF
microbeam was focused into a quartz cuvette (Hellma Analytics, cylindrical quartz
cuvette with two tubes, wavelength range 200 nm–2500 nm, 100 mm path length)
which could be filled with different gases (air, N2, N2+NO mixture). (b) Photograph
of the Am-241 source (Eckert & Ziegler Cesio) inside a quartz dome. (c) Arrangement
of pitchblende mineral samples. The samples were cut from pitchblende-bearing ores
with a micro water jet into slices with flat unpolished surface (for details, see [29]).

was around 1 s−1 in the UV-C and 600 s−1 in the UV-A. With the light in
the accelerator hall switched on, the background count rate was about
3 s−1 in the UV-C and 2 × 106 s−1 in the UV-A.

In all cases, the radioluminescence count rate is linearly propor-
tional to the alpha particle rate. At a reference distance of 2m between
the radioluminescence source (i.e., the cuvette in which the alpha
particles are stopped) and the receiving optics, both lens systems
capture a part of the alpha particle path length around the Bragg peak
(i.e., the last 3 cm of their path). Since the energy loss curves around
the Bragg peak are similar for energies between 5MeV and 8.3MeV
sed in these experiments, the sensitivity of both systems is relatively
ndependent of the alpha particle energy. This observation can be seen
n Fig. 6, where the radioluminescence count rates measured with
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Fig. 5. Photograph of the experimental setup at the PIAF. All optical detection systems
were positioned 2 m away from the alpha particle source. In imaging mode, the
UVFS system mounted on two motorized stages (Newport goniometer M-BGM160PE
and rotation stage RVS80CC) was scanning the area around the alpha source.

Fig. 6. (a) Comparison of UV-C radioluminescence sensitivities in air measured at the
PIAF at a reference distance of 2m between the radioluminescence source and lens.
The slopes of linear fits are 34(6) s−1 MBq−1 for the UVFS and 17(3) s−1 MBq−1 for the
resnel 1 (𝐷1 = 452.9 mm) lens systems at a background rate of 0.7(27) s−1 MBq−1 for

both systems. Due to the finite FOV of both systems, the sensitivities for alpha particle
energies of 5MeV and 6.9MeV are similar. (b) UV-A radioluminescence count rate
generated by 5MeV, measured with the Fresnel 2 lens system (𝐷2 = 257.6 mm). The
signal slope is 3400(500) s−1 MBq−1.

alpha particles having energies 5MeV and 6.9MeV fall into the same
slope. Uncertainties reported in text and figures correspond to standard
deviations given with a 95% confidence interval (𝑘 = 2). In air, an
SO 11929-4 [30] detection limit as low as 270 kBq could be achieved
 t

5

with the UVFS system at a distance of 2 m using 1 s PMT integration
time. The Fresnel lens system, on the other hand, is less sensitive
(about a factor of 2) in the UV-C spectral range due to the transmission
limit at 260 nm, but very efficient in the UV-A spectral range due
to its high transmission and large geometric efficiency (see Fig. 1).
The large uncertainty of microbeam alpha rate comes from instability
of the beam monitoring apparatus. The systematic uncertainties for
the alpha-particle count rate are larger and not that well defined.
The online count rate monitor, based on a 10 μm m scintillator foil
and a small PMT, had been designed for minimum degrading of the
microbeam and for low count rates. For the present high count rates a
fast pulse processing system with reduced noise discrimination had to
be used, which was frequently calibrated against a Si particle detector
in place of the cuvette. Another source of uncertainty was increasing
pulse pileup at the high count rates above about 1 × 106 s−1. The alpha
particles arrive in bunches corresponding to the cyclotron frequency
of 8.94MHz. The pileup fractions were measured at several high rates,
compared to calculations and corrections of the online monitor count
rate were applied. In addition, the very high rates around 1 × 107 s−1

for extended periods could have led to degradation of the thin foils and
loss of counting efficiency. During the later experiments the beam was
defocused, and the scintillator foils were exchanged several times. The
systematic uncertainties of the alpha particle count rate are estimated
at about 10% (at 𝑘 = 2).

In the UV-A spectral region, the sensitivity of the Fresnel lens system
(𝐷2 = 257.6 mm) is 3400(500) s−1 MBq−1. At a background count rate of
600 s−1, this sensitivity allows a detection limit of 35 kBq using 1 s PMT
integration time. A similar detection sensitivity holds also for the UVFS
lens system. Both systems can achieve a detection limit of about 4 kBq
in a background-free environment (e.g., in darkened rooms or, in some
cases, during a nighttime operation).

The measured sensitivities in the UV-C and UV-A spectral regions
compare well with those calculated assuming a source fully immersed
in the field of view of the optical detection system (source size + alpha
range in a gas). Here, the count rate can be approximated via the
integration of the radioluminescence spectrum, transmission curves of
optical elements on the light path, and the PMT count sensitivity curve.
The counting efficiency 𝑠 of the detector (count rate per activity) can
be expressed as an integral of the following form [5,6]:

𝑠 = 𝛺
4𝜋

⋅ ∫ 𝑌 (𝜆) ⋅ 𝑇src(𝜆) ⋅ 𝑇lens(𝜆) ⋅ 𝑇filt(𝜆) ⋅𝑄𝐸(𝜆) ⋅ 𝑑𝜆 (1)

here 𝛺 is the solid angle in steradians, 𝑌 (𝜆) photon yield expressed
n photons per alpha particle [5], 𝑇src(𝜆) is the transmission of the
ource enclosure (quartz cuvette for the beam), 𝑇lens(𝜆) is the lens
ransmission, 𝑇filt(𝜆) is the filter assembly transmission, and 𝑄𝐸(𝜆)
s the quantum efficiency of the PMT in counts per photon. Filter
ransmission and quantum efficiencies of PMTs can be found on the
anufacturers’ websites (see Table 1). The contribution of absorption

f ultraviolet photons in air separating the source and the detector,
eviations from dry air STP conditions, the angle of incidence on a filter
nd lens edges are negligible and therefore have been neglected. The
omparison between the calculated and the measured sensitivities for
he three detector systems (cf. Fig. 3) in four configurations is shown
n Table 1. From Table 1 it is evident that Eq. (1) yields slightly higher
umbers than measured but still very reasonable. It can be seen that
he ratio of UV-C sensitivities between UVFS and Fresnel systems is
emarkably well reproduced; the absolute UV-C values are well within
he uncertainty range. The estimated UV-A sensitivity is 25% higher
han measured, probably due to a field of view not fully covering the
xtent of radioluminescence emitting volume; also, UV-A PMT window
s much smaller than that of UV-C which significantly complicates the
lignment, thus bringing forth various edge effects.

The radioluminescence signal in the UV-C spectral region can be
nhanced significantly by purging the space around the alpha source
ith N2+NO gas mixture [9–11,15]. With the optical detection se-

ups presented in this work, a signal enhancement up to four orders



M. Luchkov, V. Dangendorf, U. Giesen et al. Nuclear Inst. and Methods in Physics Research, A 1047 (2023) 167895

m
s
t
c
A

Table 1
Comparison between calculated sensitivities using Eq. (1) and those measured with the three lens-based radioluminescence detection systems.
Detection system Lens material Filters PMT Calculated sensitivity

(s−1 MBq−1)
Measured sensitivity
(s−1 MBq−1)

UVFS in UV-C UV fused silica 2 filters
(FF01-260/16–25,
Semrock Inc.)

Hamamtsu
H11870-09

36 34 ± 6

UVFS in UV-A UV fused silica 2 filters
(65–128,
Edmund Optics)

Hamamtsu
H10682-210

3810 Not measured

Fresnel 1 in UV-C PMMA 2 filters
(FF01-260/16–25,
Semrock Inc.)

Hamamtsu
H11870-09

18 17 ± 3

Fresnel 2 in UV-A PMMA 2 filters
(65–128,
Edmund Optics)

Hamamtsu
H10682-210

4500 3400 ± 500
Fig. 7. (a) UV-C radioluminescence count rate generated by 5MeV alpha particles,
easured at the PIAF at a reference distance of 2m between the radioluminescence

ource and the UVFS lens. The UV-C counting rate can be increased by more than
hree orders of magnitude by purging the cuvette with a N2+NO gas mixture at a NO
oncentration above 2 μL L−1. The UV-C sensitivity at 2 μL L−1 is 1.3 × 105 s−1 MBq−1.
t NO concentrations above 2 μL L−1, the UV-C signal saturates. A similar trend is

observed also with the Fresnel lens system. (b) Radioluminescence emission spectrum
of NO measured at the PIAF at a nominal alpha particle rate of about 30×106 s−1 with
a PTB-calibrated array spectroradiometer. Two minutes after stopping the flow of NO
and N2, the UV-C radioluminescence signal drops by a factor of 10 relative to the one
measured with N2+NO purging.

of magnitude relative to the signal measured in the air atmosphere
could be measured. Fig. 7 shows the dependence of the UV-C count
6

rate measured with the UVFS lens system as a function of the alpha
particle rate at three NO concentrations. These data indicate that the
radioluminescence signal has a linear dependence on the alpha particle
rate and the signal increase goes into saturation at a NO concentration
of 2 μL L−1. At NO concentrations between 2 μL L−1 and 10 μL L−1 used
in this work, detection limits [30] as low as 100Bq with room lighting
on, and 70Bq in a dark environment could be achieved, using a PMT
integration time of just 1 s.

The increase of the signal in the N2+NO mixture is due to excitation
transfer from N2 to NO [9,10]. In this process, molecular nitrogen in
the long-lived N2 A3𝛴+

u state collides with NO molecules and excites
ground state nitric oxide to the NO A2𝛴+ state, while the N2 molecule
loses its excitation and decays to the ground state. Therefore, this signal
amplification is associated with the excited NO molecules which emit
in the UV-C. The radioluminescence in the UV-A spectral region from
the fast-decaying higher level N2 C-states is not affected by this process.

This signal amplification, combined with the high sensitivity of
the detection systems developed in this work, can greatly facilitate
the management of radiological emergencies, especially in confined
spaces where it is feasible to flood a contaminated area with a suitable
N2+NO mixture and quickly detect UV-C radioluminescence to locate
the sources of alpha radiation while keeping personnel at a safe dis-
tance. This approach can also help inspect various installations during
decommissioning of old nuclear plants. However, in the environment,
leveraging the benefits of N2+NO enhancement could be more prob-
lematic, depending on conditions such as wind and precipitation. Part
of the difficulty in using this approach for contamination mapping lies
in the rapid quenching of the N2 A3𝛴+

u states and thereby the UV-C
radioluminescence from NO by atmospheric gases such as O2 and H2O.
Due to the slow process of collisional energy transfer from the exited
N2 to the NO molecules even very small amounts of O2 or water are
enough to remove a substantial amount of the stored energy in the
populated A-states of N2 before they have a chance to transfer this
energy to NO and decay there via UV-C emission [9,10]. Fig. 7(b)
shows the sensitivity of NO radioluminescence after stopping N2+NO
gas flow. From the data it is evident that just 2 min after the stop of N2
and NO gas flow, the UV-C radioluminescence intensity is decreased by
more than a factor of 10. Therefore, a highly sensitive detection system
that can measure a significant amount of UV-C radioluminescence
within few seconds is required to exploit the full potential of NO
radioluminescence enhancement in the UV-C spectral region.

Radioluminescence mapping of an contaminated area is an impor-
tant feature for emergency managements. This allows imaging of con-
taminations with alpha-emitting radionuclides from a distance, without
exposing personnel and devices to the radiation itself. In this imaging
approach, the UV-C radioluminescence image is superimposed on the
conventional image obtained under normal lighting. The conventional
image provides coordinates for the contamination and the UV-C image
contains quantitative information on the activity of the alpha emitter,
since the intensity of radioluminescence is proportional to the total
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Fig. 8. UV-C radioluminescence image of 8.3MeV alpha particles exiting the PIAF and stopping in the nitrogen filled quartz cuvette. This image is shown for illustrative purposes
o demonstrate the mapping capability of the UVFS lens system shown in Fig. 3(a) and has been measured at an alpha particle rate higher than 5 × 107 s−1, which is above the
ounting capacity of the online mirobeam monitoring system. The area around the quartz cuvette where the accelerated alpha particles were stopped has been scanned with the
VFS system from a distance of 2m. The radioluminescence image has been superimposed on a conventional photograph, with the coordinates of both images correlated by ray

racing.
Fig. 9. UV-C radioluminescence image of the 241Am source [cf. Fig. 4(b)]. The radioluminescence image has been obtained by scanning the area around the sample with the UVFS
system from a distance of 2m with a 2 s counting time per scan pixel. The radioluminescence image has been superimposed on a conventional photograph, with the coordinates
of both images correlated by ray tracing.
energy loss of alpha particles in the air. The imaging capability of the
UVFS lens system is demonstrated in Figs. 8, 9 and 10. A typical UV-C
radioluminescence mapping of alpha particles stopped in the cuvette is
shown in Fig. 8. The left panel shows the UV-C radioluminescence im-
age superimposed on a conventional photograph, with the coordinates
of both images correlated by ray tracing. The 2D distribution of the UV-
C radioluminescence signal with a 1 s PMT integration time per pixel
is shown in the right panel. Radioluminescence light emission occurs
around the alpha source in a volume whose extent is approximately
equal to the range of alpha particles measured in air (76.7mm for
.3MeV alpha particles). As the FOV of the detection system at the
bject plane is about 50mm, the overlapping of adjacent scanning

points caused some image blurring. The radioluminescence image was
smoothed by convolving the original image with the uniform circular
kernel of 10mm in diameter. The background of the image computed
rom all pixels outside the drawn box is about 50 s−1, while the highest
ignal is about 2 × 104 s−1.

Radioluminescence mapping of an extended 241Am source [cf.
ig. 4(b)] of measured activity of 980 kBq in air atmosphere is demon-
trated in Fig. 9. Same as in Fig. 8, the UV-C image is superimposed
nto the conventional image to provide the spatial coordinates of the
lpha emitting active area. The counting time per scanning point was
s, with a background count rate of 0.8(4) s−1 and a maximum count
ate of 5.1 s−1.

Fig. 10 shows radioluminescence imaging of low activity pitch-

lende minerals in air, taken with the UVFS lens system at a

7

Fig. 10. UV-A radioluminescence image of the pitchblende mineral samples shown
in Fig. 4(c) overlaid with the conventional image. The image has been obtained by
scanning the area around the source panel with a UVFS system from 2m.

source-to-detector distance of 2m. Each sample group has a detectable
alpha count rate between 1 kBq and 1.5 kBq or a surface activity
between 80Bq cm−2 and 105Bq cm−2 measured by alpha-track-detection
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Fig. 11. Ambient background light measured by the UVFS lens system. The filtering
etup consists of a stack of 2 UV-C filters (FF01-260/16-25, Semrock Inc.) coupled to
CsTe photocathode PMT (H11870-09, Hamamatsu). Similar values hold also for the

resnel lens system.

nd alpha-spectroscopy (grid ionization chamber). Characterization of
itchblende samples using various techniques such as alpha track, grid
onization chamber, and radioluminescence has been reported in a
eparate paper [29]. Since the radioluminescence yield in air in the
V-C spectral region (100 nm to 280 nm) is about 200 times lower than

n the UV-A and UV-B regions, these low activity samples could only
e imaged in the UV-A spectral region. With a counting time per pixel
f 20 s, a maximum signal count rate of 4.6 s−1 was obtained with
background signal of 3.17(24) s−1. Some reflections from different

ackground lights in the room interfered with the lower part of the
can but did not affect the localization of the samples.

In the daylight, specifically outdoors, the background ambient light
an significantly lower the activity these systems can detect. However,
areful matching of the diameter and focal length of the receiving
ptics, the response of the photocathode, and the passband of the
ilter in conjunction with light-tight covering of all sensitive parts
an mitigate the effects of the background ambient light considerably.
ig. 11 demonstrate the ambient background light with the UVFS lens
ystem pointing towards the window in a conventional office. When the
un sets in the horizon, a background count rate of 16 s−1 is expected.
uring the rest of the time, the background signal is relatively low

about 1 s−1), slightly lower than that in the PIAF accelerator hall with
he fluorescent lights on (about 3 s−1).

. Conclusion

Laboratory tests have demonstrated that lens systems with large
iameter and long focal length enhance the detection limit while keep-
ng the background signal low. In the air, the UV-C sensitivity at 2m
etection distance is 34(6) s−1 MBq−1 for the UVFS and 17(3) s−1 MBq−1

or the large diameter (𝐷1 = 452.9 mm) Fresnel lens system. The
ensitivity is expressed in terms of the count rate per activity measured
y the detection system in its field of view while the detection limits
re expressed in terms of the measured activity. In the air, therefore,
n ISO 11929-4 [30] detection limit of 270 kBq could be achieved with
he UVFS lens system and 540 kBq with a Fresnel lens system using
s PMT integration time. For samples with thick deposition layer, the
elf-absorption of the material impairs the detection limit. The impact
epends on the thickness and density of the layer. The results reported
n the paper, however, refer to the measured activities rather than the

ctivity in the bulk material. The Fresnel lens system is less sensitive

8

about a factor of 2) in the UV-C spectral range due to the transmission
imit at 260 nm, but very efficient in the UV-A spectral range due to its
igh transmission and large geometric efficiency. In UV-A, a detection
imit of 4 kBq is achieved with the UVFS system at 1 s PMT integration
ime, and about 1.4 kBq is expected with the large diameter Fresnel
ens system. Being lightweight, the Fresnel lens system can be easily
ntegrated in a UAV with moderate payloads (less than 5 kg).

The measured sensitivities in the UV-C and UV-A spectral regions
ompare well with those calculated assuming a source fully immersed
n the field of view of the optical detection system, with a radiolumi-
escence photon yield inferred from the spectra measured in Ref. [5].
hile in the UV-C region the agreement between the simulated and

alculated sensitivities is within the uncertainty limits, the calculated
ensitivity in the UV-A region is 25% higher than the measured sen-
itivity due to field-of-view effects related to the smaller UV-A PMT
indow.

The detection limit in the UV-C can be enhanced up to about
our orders of magnitude by applying a N2 + NO purge. This allows
etection limits of as low as 70Bq. Since ambient oxygen and water
apor significantly attenuate the UV-C radioluminescence signal, purg-
ng with an optimal mixture of NO and N2 in conjunction with a fast
etection system is critical for the successful detection of low activity
amples. The presence of ambient UV background light, whether from
unlight or artificial sources, remains an important factor affecting
etection limits and needs to be further optimized both technically and
hrough data processing methods.

By combining these optical detection systems with automatic scan-
ing of the contaminated area and the wireless data collection and
ransmission technology, one overcomes all drawbacks of the conven-
ional alpha detection techniques by keeping both the operator and the
quipment out of the danger zone and providing real-time information
n the source location and morphology, facilitating the onsite incident
anagement, evacuation plans as well as in developing strategies for
rotecting the public from harm [20].
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