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Although radioactivematerials are nowadays valuable tools in nearly all fields ofmodern science and technology,
the dangers stemming from the uncontrolled use of ionizing radiation aremore than evident. Since preparedness
is a key issue to face the risks of a radiation dispersal event, development of rapid and efficient monitoring
technologies to control the contamination caused by radioactive materials is of crucial interest. Laser-induced
breakdown spectroscopy (LIBS) exhibits appealing features for this application. This research focuses on the
assessment of LIBS potential for the in-situ fingerprinting and identification of radioactive material surrogates
from a safe distance. LIBS selectivity and sensitivity to detect a variety of radioactive surrogates, namely 59Co,
88Sr, 130Ba, 133Cs, 193Ir and 238U, on the surface of common urban materials at a distance of 30 m have been
evaluated. The performance of the technique for nuclear forensics has been also studied on different model
scenarios. Findings have revealed the difficulties to detect and to identify the analytes depending on the surface
being interrogated. However, as demonstrated, LIBS shows potential enough for prompt and accurate gathering
of essential evidence at a number of sites after the release, either accidental or intentional, of radioactivematerial.
The capability of standoff analysis confers to LIBS unique advantages in terms of fast and safe inspection of
forensic scenarios. The identity of the radioactive surrogates is easily assigned from a distance and the sensitivity
to their detection is in the range of a few hundreds of ng per square centimeter.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Radioactivity refers to the emission of ionizing (high-energy) radia-
tion, namely alpha (α), beta (β), X or gamma (γ), from the spontaneous
and random transformation (radioactive decay) of an unstable atomic
nucleus, resulting in new elements or a lower energy state of the
atoms [1]. Most of the ionizing radiation we are exposed to (about 82%
of the total) consists of natural background radiation from radon gas
and other natural terrestrial sources (radioactive elements in rocks,
soil, water, and plants), whereas the remaining 18% is from man-made
sources. Since the discovery of X-rays in 1895, man-made radiation
has been becoming a very common tool that lets us do many things
that would be impossible without it [2]. Thousands of new practical
and beneficial uses of ionizing radiation have been devised till its
complex structure within the present-day life [3]. Ionizing radiation is
ubiquitous and indispensable for medical techniques and practices of
diagnosing and treating – e. g. for identifying broken bones and healing
of tumors [4] – as well as on nuclear power plants for sustaining
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exothermic processes to generate heat and electricity [5], to mention
the most common. Its use also extends to metabolic studies, genetic
engineering and environmental protection studies. The ionizing
radiation from radioisotopes is also used in agriculture to breed new
seed varieties and to preserve different varieties of food [6]. Similarly,
it is applied in industry, manufacturing and engineering for improving
the quality of manufactured goods [7].

Although the benefits of radiation are more than apparent, living
and working with it is not only hazardous but also may entail risks
that cannot be overlooked. With a view to putting in perspective the
menaces from ionizing radiation, all of them can cause to any form of
life, whether it be human, plants, or animals many adverse conse-
quences not just at a cellular level but on a genetic level as well. The
amount of damage caused by ionizing radiation depends on its half-
life and on both the dose and the period of exposition.

Radiological dispersal events from nuclear and radioactive sources
may arise from an unfortunate natural disaster. Just to cite the most
recent example, the incidents at Fukushima nuclear reactors because
of the earthquake and the subsequent tsunami of March, 2011, demon-
strate the extreme dangers associated to these events. Furthermore,
malicious actions by those who seek to unleash a radiological mayhem
are todaymore than a real threat [8]. In these cases, themost commonly
used civilian radiation sources are malevolently exploited to prepare a
radiological dispersive device (RDD), also known as “dirty bomb”,
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using conventional explosives to pulverize and disperse the radioactive
material.

Preparedness to establish the release or presence of an injurious
agent in a given location is a fundamental interest for any successful
response policy against these threats. Sensing technologies are needed
at the three stages of the dispersal incident: I) before, allowing a
continuousmonitoring either to prevent the incident (detect-to-protect)
or for early warning in the case that the incident occurs (detect-to-
treat); II) during, allowing first responders to identify the precise nature
(detect-to-identify) and the extent (detect-to-quantify) of the release
and to organize the response accordingly; and III) after, allowing
confirmation either on the persistence of the threat or on a complete
area decontamination (detect-to-confirm). Analytical detection thus
contributes to at least four of the core objectives of civil protection,
i.e. prevention, protection, response and recovery.

A variety of field deployable and hand-held portable instruments
are available for detecting and measuring radioactive materials [9].
Hand-held survey meters are able to search, locate, and detect alpha
(α), beta (β), gamma (γ), and neutron radiations. However, releasing
the radionuclide identity is available only for some particular emitting
sources. For instance, while radiation from 90Sr – a pure beta emitter –
can be easily detected and measured with a Geiger–Mueller survey
meter connected to a pancake probe, it will not be detected by a sodium
iodide instrument or other types of gamma identification devices. In
addition, some instruments saturate and provide low or no readings in
a very high radiation field [10].

Thus, since one of the most critical steps in first responding to a
radiological disaster is the identification of the emitter present, it is in
this direction that laser-induced breakdown spectroscopy (LIBS) may
provide a fruitful and meaningful contribution. Technology based on
LIBS has appealing features for radiological analysis including the
capacity for fast and simultaneous detection of almost all elements, in
situ operation using field-deployable designs, and contactless inspec-
tion with nanogram sensitivity. From these properties, LIBS-based
sensors may be able to make a quick determination of the element
responsible for the radiation, and the distribution profile of the element
in the contaminated zone. It is not a coincidence that LIBS tracking
instruments have become the most complete sensing systems to apply
to chemical, biological, radiological, and nuclear (CBRN) threats.

The potential of LIBS to detect and discriminate chemical and
biological warfare surrogate agents on a variety of substrates and in
the presence of interferents has been explored [11,12]. Detection of
aerosolized CBW agents has been also studied [13]. A number of studies
have evidenced the extensive experience of LIBS on recognition of
explosive residues [14–17]. The use of LIBS for the design of a potential
rapid in situ field portable unit for nuclear safeguard inspection, envi-
ronmental surveillance and detecting weapons of mass destruction
[18], as well as in-field forensic applications [19] is currently being
explored. Interests have been mostly focused on open air detection of
uranium in solids [20–22], as a residue on aluminum, plastic and ceramic
surfaces [18], and as a surrogate of highly radioactive glass waste [23].
Detection of other surrogates for nuclear sensitive materials such as
strontium [24,25] and cesium [25] has been also discussed.

The present investigation focuses on the assessment of the LIBS
potential in benefit of designing a field deployable sensor to tackle the
radiological sensing from a distance. The measurement range in these
experiments has been established in 30 m (the minimum operating
distance for our sensor). A number of tasks including identification of
surrogate radiological residues and establishing their detectable
amounts have been faced. Selectivity and sensitivity of LIBS to confirm
different elements, namely 59Co, 88Sr, 130Ba, 133Cs, 193Ir and 238U, over
surfaces linked to common urban materials have been verified. Solid
supports have been used to emulate the sensing procedure at suspected
locations as most of the airborne radioactive dust has settled to the
ground in about 10 min. The LIBS power for forensic analysis has been
also tested.
2. Experimental

2.1. LIBS sensors

The standoff LIBS sensor used in the present investigation has been
described in detail in previousworks [26,27], so only an outline summa-
rizing the key features is quoted here. A scheme of the instrument is
presented in Fig. 1. The distance from the instrument to the samples
inspected is 30 m. A Q-switched 1064 nm Nd:YAG twin laser system
(10 Hz, 850 mJ pulse−1, 5.5 ns pulse width) is used as an excitation
source. Both delivered laser beams are spatially overlapped, but with a
temporal delay (600 ns) inherent to the electronics. A flexible delivery
of laser beams towards a telescope is reached through a waveguiding
articulated arm that integrates 5 laser mirrors. At the exit of the optical
arm, a fused-silica dichroic mirror directs the laser beam towards a
classical Cassegrain telescope (400 mm aperture, open truss design). It
should be noted that this dichroic mirror system reduces the transmis-
sion performance in the UV and IR regions. Particularly, these dips at
both edges of the spectrum coincide with the third harmonic and the
own fundamental Nd:YAG radiation for which the reflectance of this
mirror is designed to be a maximum. This effect is inherent to reflective
dielectric coatings and cannot be avoided [28]. The telescope is
mounted on a fork that allows it to move up-and-down (altitude) and
side-to-side (azimuth) and fitted with an autofocus system, therefore
allowing the scan of large areas at changing distances. The telescope
meets a dual role, first focusing the laser pulses on the distant target,
and then, gathering the light from the produced plasma plume. The
plasma light collected by the telescope is imaged into the tip of a
600 mm optical fiber (four-furcated cable, 4 × 600 mm fibers, all legs
SMA terminated, total 2 m long, splitting point in the middle) that
guides the light to the entrance of a four-channel miniature Czerny–
Turner spectrograph (75 mm focal length). The spectrometers are each
fitted to a CCD detector. With this device, an effective spectral window
ranging from 350 nm to 950 nm is available. Default timing parameters
of 1.28 μs for delay time and 1.1 ms for integration time are synchro-
nized to the shooting of the laser pulse for LIBS data acquisition.

For performance comparison, a similar laboratory setup has been also
tested. The excitation source is a Q-switched 1064 nm Nd:YAG laser
(20 Hz, 54 mJ pulse−1, 8 ns pulse width). The laser beam is delivered
to the target through an optical train involving a 1064 nm plane mirror
and a 75-mm focal length plane-convex quartz lens. Light from the
created plasma is collected using a collimating lens securely attached
to the tip of the optical fiber. The emission response is gathered using
the same detection device as in the standoff configuration.

In both approaches, laser spot size and laser energy at the
target have been matched to get identical irradiance at the sample
(3 GW·cm−2) for plasma plume production.

2.2. Samples

In this attempt to elemental detection and quantification of potential
radioactive sources, surrogate, non-radioactive materials have been
operated. Hydrated salts including Co(NO3)2·6H2O, SrCl2·6H2O,
UO2(CH3COO)2·2H2O, and IrBr3·xH2O, have been used as Co, Sr, U and
Ir suppliers, respectively. Other inorganic compounds including BaSO4

and Cs2CO3 have been utilized as convenient sources of Ba and Cs,
correspondingly.

Starting from the idea that a LIBS sensor is aimed to assess an area
contaminated with radioactive material, several common items easily
found in urban areas have been examined: aluminum from traffic
signs, glass from bus shelters, building bricks, concrete and pavement
(sidewalk). These objects have been used as supports for locating the
residues. For identification and characterization of the surrogates of
interest, the compounds have been spread onto the raw surface (with-
out any physical treatment such as a buffing to smooth) of each support
in milligram quantities. In parallel, surface concentrations of elements
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Fig. 1. Schematic diagram of the assembling of the key elements of the LIBS apparatus for standoff surveillance.
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at few (0.5–2.0) mg per square centimeter level have been disposed to
ascertain the LIBS detection capability at a distance.

3. Results and discussion

Implicit in risk assessment during the inspection of a contaminated
zone is the identification and quantification of the radiation source
according to the presence or absence in the operational scenario of a
particular analyte. In the successive sections, a discussion on the capa-
bilities of LIBS for standoff detection and quantification of radioactive
surrogates over distinct surfaces is presented. The ability for a parallel
detection of the radioactivity source and the corresponding explosive
propellant after the possible detonation of a “dirty bomb” has been
also appraised.

3.1. Detection specificity

First, identifiable spectral features of radioactive surrogates on the
surface of tested objects were established. The identification capability
of a residue may be affected by the substrate composition, since part
of the support is usually ablated together with the material of interest.
Accordingly, elements composing the substrate contribute to theplasma
plume and, therefore, are also involved in the emission observed thus
reducing the probabilities of a positive finding. Fig. 2 shows the standoff
emission spectra of the tested supports. As observed, the LIBS spectrum
of aluminum is quite simple. Sensitive atomic lines at 394.40 nm and
396.15 nm together with the emission sequence of gaseous aluminum
oxide (AlO) are easily identifiable [29]. In contrast, the spectrum of
glass exhibits virtually no spectral features. This fact is due to the low
optical absorption of glass at 1064 nm that hampers the heating and
subsequent vaporization of the surface to result in plasma formation.
The spectrum of glass scarcely shows emission signals from its main
constituents (SiO2, Na2O, CaO, MgO and K2O) [30]. On this substrate,
emissions from the analytes are free from spectral interferences and a
broad selection of lines can be used for identification purposes. An
entirely opposed situation occurs with the spectral profiles of mortar
and clay. As shown in Fig. 2, the spectra of these materials are full of
spectral features as a result of their multielemental composition —

Al2O3·2SiO2·H2O and varying amounts of oxides from Ca, K, Mg and
Na. Strong molecular emissions of CaO and CaOH in the spectral region
(540 nm–660 nm) are also observed [31].

Beyond the greater or lesser richness of emission features within the
support signal, effectiveness in identifying the presence of an analyte
depends on the potential masking between spectral features of both,
residue and substrate [32]. In this connection, Table 1 lists the most
prominent atomic and ionic emission lines that identify each element.
As noted, the analytical use of these lines depends on the spectral
characteristics of the substrate where the residue is located. While
over glass, all the LIBS features are interference-free, in the rest of
supports, only specific lines are suitable to prove the presence of the
species in the target.

As an example of the LIBS detection capability, Fig. 3 depicts the
emission spectra of plasmas from the different radioactive surrogates
when located on aluminum.As shown, regardless of the signal intensity,
at least one spectral feature within the spectrum is free from interfer-
ence, thus allowing identification of each surrogate element. In the
spectra, a number of oxide bands are evidenced. In the case of Sr,
emission bands from strontium dioxide radicals appear in the spectral
region covering from 590 nm to 690 nm [24], whereas the lines of AlO
are absent. Similarly, AlO is absent in the spectrum of Ba, which exhibits
lines of barium oxide, a weak emitter in the yellow and green regions of
the spectrum (495 nm–590nm) [33]. The absence of AlO in thesemate-
rials is due to the thermodynamically favored reaction of dissociated
atmospheric oxygen with Sr and Ba atoms evaporated from the sample
as compared to the reaction of oxygen with aluminum. By contrast,
cobalt and iridium do not exhibit emissions from their corresponding
oxides [34,35]. Although these elements have also the capability to
form oxygen clusters, emissions from these compounds are not observed
in the spectrum.

As a result of their similar affinity for oxygen, Cs and U oxide bands
are accompanied by emissions of AlO. Emissions of CsnOm clusters
appear in the blue-green region of the spectrum near 550 nm, close to
those of AlO. However, emissions from UO2, UO3, and U3O8 [36] occur
in the same region than those from AlO – spanning from 475 nm to
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600 nm –, thereby causing a superposition of both spectral systems.
The dominance of AlO in the spectrum is due to the minute amount of
uranyl residue deposited on the aluminum support.

Despite themany factors contributing to the spectral behavior of the
concerned elements, it can be argued that their oxygen affinity is well
matched with their electronegativity (χ − using the Pauling scale) as
well as with their electronic structures. For instance, while Ba (χ =
0.89) and Sr (χ= 0.95) are alkaline earthmetal elements, a relationship
exists between Co (χ = 1.88) and Ir (χ = 2.20), which are Group 9
elements. The alkaline-earth metals have electronic configurations
with a filled s subshell but easily lose electrons to become positive
ions (cations). As a result, these elements having a lower electronegativ-
ity as compared to that of Al (χ= 1.61) exert a stronger attractive force
over the oxygen. Due to the high plasma temperature and the excess
oxygen, Ba and Sr are able to form oxides (O2−), as well as peroxides
(O2

2−). Contrarily, the transition metals are characterized by a partially-
filled d subshell in their free elements and cations. Consequently, their
relatively high electronegativity implies a lower or no flexibility in
forming oxides in the case that the Al or other elements having less
electronegativity are present. In any case, although the formation of
all these oxides leads to a general alteration, mainly a decrease on
intensity, of the atomic and ionic spectral signals of the elements due
to the depletion of such species within the plasma plume, their occur-
rence within the emission spectrum – clearly confirmed in Fig. 3(A) –,
may also act as an exclusive marker indicating the presence of a
particular element.

3.2. Potential for detection

The sensitivity of a sensor is indicated by the minimum amount of
a particular analyte that must be present in the analysis scenario in
order to warn with guarantees about its presence. In order to check
the detection potential of the standoff LIBS method, the limit of
detection (LOD) of the considered elements on different surfaces has
been studied. For this purpose, microvolumes of aqueous solutions
from concerned salts – at thousand ppm level – were homogeneously
dispersed over each support. Once thewater was evaporated, ten single
laser shots were directed on refreshed locations within the area. From
the average of these ten emission responses, LODs have been computed
by using the following equation:

LOD ¼ 0:01 � 3 � RSDbckgrnd � C
Snet

Sbckgrnd

where RSDbckgrnd is the relative standard deviation (expressed in
percent) of the spectral background, Snet is the net emission intensity
of the line considered, Sbckgrnd is the intensity of the background signal,
and C (expressed inmass per unit area) is the calculated surface amount
of analyte exposed to the laser shot (depending on the laser spot size
that ablates the targetedmaterial) [37]. Except in self-reversed or inter-
fered lines, LODs have been calculated from themost sensitive emission
line for each particular analyte. Table 2 lists the standoff detection limits
for the radionuclide surrogates in terms of mass of the element per unit
area. For comparison purposes, the corresponding detection limits
achieved in close-contact LIBS are also reported.

Standoff LODs vary from a few up to several hundred micrograms
per square centimeter. Apart from the inherent spectral properties of
the elements, some differences in the LODs on a same support may
arise in connection with the capability for oxide formation. The LOD of
an element may change since oxide formation alters the population of
its atomic and ionic states. Clear examples are the cases of Sr and Ba



Table 1
Level of selectivity for the most relevant emission signals from the radioactive surrogates depending on the surface where located.

Surrogate radionuclide Emission wavelength (nm)
Supports

Aluminum Glass Mortar Clay

59Co 350.23 (I)

352.98 (I)

356.93 (I)

389.41 (I)

399.53 (I)

411.88 (I)

412.13 (I) 

88Sr 407.77 (II)

421.55 (II)

460.73 (I)

679.10 (I)

687.83 (I)

707.01 (I)

868.89 (II)

130Ba 455.40 (II)

493.41 (II)

553.55 (I)

614.17 (II)

649.69 (II)

728.03 (I)

133Cs 455.53 (I)

459.32 (I)

672.44 (II)

697.33 (I)

852.11 (I)

894.35 (I)

193Ir 357.37 (I)

362.87 (I)

380.01 (I)

397.63 (I)

439.95 (I)

238U 385.96 (II)

393.20 (II)

409.01 (II)

502.74 (I)

591.54 (I)

682.69 (I)
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on aluminum. Despite the low LODs reported for these elements, the
capability for their detection is underestimated. Their tendency to
form emitting oxides (as shown in Fig. 3(A)) leads to less intense lines
from atoms and ions. That is why standoff LODs substantially lower
(better) than 17 μg cm−2 and 2 μg cm−2 should be expected for Sr
and Ba, respectively.

Differences in the LOD of a particular analyte in different surfaces
result also from the chemical and physical properties of the complete
matrix [38]. Although the dependence of the LODs with the substrate
is not tied to any fixed pattern, it is possible to extract some detailed
influences. Despite the low ablation rate induced in pure glass, efficient
detection of elements is ensured at this support. This circumstance
is due to the presence of the compound itself, which leads to a larger
optical absorption. Furthermore, the scarce contribution of the
support to the final emission signal leads to a larger signal-to-noise
ratio.
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On the other side, although intense plasma plumes are produced in
aluminum, mortar and clay surfaces, significant differences in detection
sensitivity are evidenced. The variations in the LOD for a same element
on these different matrices is elucidated through the properties of the
plasmas formed. In order to verify this extreme, the electron tempera-
ture (Te) and electron number density (Ne) of the plasmas of barium
residues on these supports have been calculated. Electron temperatures
were calculated using the following equation:

ln
λmnImn

Amngm

� �
¼ − Em

KTe
þ ln hcNð Þ

where λmn is thewavelength of the transition lines, Imn is the integrated
line intensity of the transition involving an excited level (m) and a
lower level (n), Amn (s−1) is the transition probability, gm (s−1) is the
statistical weight of the excited level (m), Em (eV) is the energy of the
excited level, K (eV K−1) is the Boltzmann constant, h (J s) is the Plank's
constant, c (m s−1) is the speed of light, and N(T) (m−3) is the total
number density [39]. By plotting the left hand side term vs. Em, the
plasma temperature is obtained from the slope of the straight line.
Electron number densities were computed from the line profiles of the
isolated barium line (Ba II) at 649.69 nm [40]. Although Ne is associated
with a global contribution of different broadening mechanisms, it was
computed from the measured full-width at half maximum (FWHM) of
Table 2
LIBS LODs of radioactive surrogates when encountered on surfaces of different common urban

Surrogate isotope Emission line (nm) Aluminum Glass

Close-contact Standoff Close-con

59Co 412.13 (I) 25 25 105
88Sr 707.01 (I) 13 17 75
130Ba 649.69 (II) 2 2 25
133Cs 697.33 (I) 15 7 190
193Ir 439.95 (I) 20 11 50
238U 591.54 (I) 30 21 80

a Limits of detection have been calculated from depositions of iridium salt in solid form due
the Stark broadened line profile. The instrumental broadening contribu-
tion was subtracted. The following relation was used:

Δλ1
2
¼ 2ω

Ne

1016

� �

where ω is the electron impact width parameter.
Fig. 4(A) shows the Boltzmann plots obtained in the three supports

considered. The slope of the curves yields Te values of 14,000 K, 6500
K and 3700 K in aluminum, clay and mortar, respectively. In the same
vein, Fig. 4(B) plots the correspondence between the conditions for Ba
residue plasmas and the associated LOD at each support (Table 2). As
observed, large values of temperature and density of the plasma
plume lead to the best detection. Consequently, the LOD calculated in
the aluminum surface is better than that in mortar and clay.

Regarding the sensitivity of standoff LIBS when compared to the
close-contact counterpart, no significant differences in the LODs of Co,
Sr, Ba and U are observed. Contrarily, the standoff LODs of Cs and Ir are
even better than those calculated in close-contact. Such results are
unforeseen, to some extent, since, if all operating conditions were iden-
tical (in terms of laser energy and spot size), the standoff LIBS signal
should be smaller than the proximity measurement due to the inverse
square law drop of the signal with the range [41]. Hence, LODs should
be predictably larger for standoff mode as compared to close-contact
framework. However, in the standoff measurements the area sampled
materials.

LOD (μg cm−2)

Mortar Clay

tact Standoff Close-contact Standoff Close-contact Standoff

133 155 127 300 230
86 125 153 140 193
12 23 27 8 9
48 1050 307 750 440
20 280 a 107 a 225 a 120 a

69 150 167 320 250

to the matrix induced effects when the aqueous solutions were used.
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by the laser beam is by far larger than that excited in the close-contact
approach. Consequently, the standoff spot size of 1500 μm in diameter
is much more crucial for sampling than that of 450 μm for close-
contact approach; a circumstance that also mitigates the lack of
uniformity on the distributions of the residues. Nonetheless, differences
in LODs between approaches are much more pronounced when
absolute amount is computed. For instance, the 280 μg cm−2 and the
107 μg cm−2 of Ir, that are detected in mortar, turn into quantities
of ca. 0.5 μg and 2.0 μg, for close-contact and standoff configurations,
respectively. In any case, whatever the approach, the technique exhibits
a large sensitivity for the considered elements.

3.3. Identification of forensic evidences [42]

In the present section, the suitability of the LIBS portable device for
fingerprinting radioactive surrogates in potential scenarios of nuclear
forensics has been investigated. Two modeled scenes on the post-
detonation of a dirty bomb and the accidental release of radioactive
material have been considered.

3.3.1. Premeditated radiological dispersion
The investigation of a dirty bomb scene mainly seeks identifiable

chemical evidences at witness debris materials close to the “actual” tar-
get to determine any type of intention. Nonetheless, these compelling
evidences are very limited. As the afterburning products resulting
from the detonation of an organic explosive are mainly water vapor
and gases like CO,H2 andN2, the expected post-blast residues are limited
to solid carbon and traces of the non-reacted explosive accompanied by
several interfering impurities, in amounts that are orders of magnitude
higher [43]. In this context, two LIBS sensing tests over supposed debris
resulting from detonations by trinitrotoluene (TNT) of Cs- and Co-based
dirty bombs have been performed. Aluminumplates (15× 15 cm2) have
been used as debris, emulating fragments of the sealedmetal containers
that store the radioactive source. Particles from TNT-surrogate solid
mixtures at variable proportions (from 0%–100% w/w up to 100%–0%
w/w) have been dispersed between well-defined areas (2 × 10 cm2

each) over the aluminum surfaces. The CN molecular signal and the
intense atomic emissions of Cs at 697.33 nm and Co at 412.13 nm
have been used asmarkers of the explosivematerial and the radioactive
surrogates, respectively.

Fig. 5 depicts the spatial mappings on the composition and distribu-
tion of the dispersed evidence. As shown, in the case of TNT:Csmixtures
(left panels), the chemical screening for both the explosive and the
radioactive surrogate is accurately described regardless of the concen-
tration ratio studied. For the TNT:Co mixtures (right panels), some
evidences pass unnoticed. As seen, TNT is virtually not detected unless
it is at a ratio of 75% to the radioactive surrogate (upper map). Likewise,
cobalt (map below) is not detected even when it accounts for a one
quarter of the mixture. In contrast, in the hypothetical case of a Cs-
based dirty bomb, both the element and the explosive are detected
whatever the concentration in the mixture is. Thus, from the point of
view of a positive finding, the interrogation of this scenario reveals
evidence of a detonation. The simultaneous detection of TNT and Cs at
a proportion of 25:75 fits with a minute amount of explosive, which
has survived the blast, within a relatively large amount of radioactive
material.

3.3.2. Accidental radiological release
For the study of the accidental release of radioactive material to the

environment, a well-delimited area (24 × 24 cm2) within the surface of
a rustic terracotta flooring tile has been contaminated with residues of
Ir, Sr, Co, and Cs. Identification tests have been organized across the
surface which was divided into four quadrants (12 × 12 cm2 each),
one for each element. The inspected target has been located at 30 m
from the sensor and scanned with a lateral resolution of 1 cm. Fig. 6
shows the photograph of the prepared scenario together with the
resulting chemicalmaps associated to the overall 24 cm×24 cm section
when theparticular emission of each analyte ismonitored. The emission
lines used were 439.95 nm for Ir, 707.01 nm for Sr, 412.13 nm for Co,
and 697.33 nm for Cs. As observed, standoff LIBS analysis along the
normal direction to the interrogated surface fits neatly with the spatial
distribution profiles of the original depositions for the concerned ele-
ments. The particular identity of each surrogate is accurately monitored
without interferences from other more outstanding emissions within
the spectral signal.

4. Conclusions

The present work deals with assessing the potential of LIBS as a field
sensor for monitoring of radiological threats from a safe distance. From
themeasurement of a variety of radioactive surrogates – Co, Sr, Ba, Cs, Ir
andU –, LIBS has displayed a high selectivity to detect the presence of all
these elements on the surface of different common urban materials.
This study also confirms that the sensitivity of LIBS is satisfactory for
the distant detection of these materials. Standoff LIBS is an effective
option to complete the suite of available radiation detection technolo-
gies on gathering chemical evidence at a disaster area.
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