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Abstract: Nerve agents have recently been used in battlefield operations, espionage wars and
terrorist attacks. These compounds, like some pesticides, cause organophosphate poisoning. The
rapid, non-contact detection of a sarin simulant has been demonstrated at the Diagnostics and
Metrology Laboratory of the Italian National Agency for New Technologies, Energy and Sustainable
Economic Development using laser photoacoustic spectroscopy, an infrared absorption technology.
The first measurements, carried out with an experimental system based on a quantum cascade laser
and developed for the assessment of food authenticity in the “fingerprint region”, show that a
detection limit of 1 nanolitre is within the reach of the instrument when chemometric analysis is
applied.
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1. Introduction

According to the 2011 European Commission (EC) CBRN Glossary [1]: «CBRN is an acronym
for chemical, biological, radiological, and nuclear issues that could harm the society through their
accidental or deliberate release, dissemination, or impacts. The term CBRN is a replacement for the
cold war term NBC (nuclear, biological, and chemical), which had replaced the previous term ABC
(atomic, biological, and chemical) that was used in the fifties. “N” covers the impact by an explosion
of nuclear bombs and the misuse of fissile material, “R” stands for dispersion of radioactive material
e.g. by a dirty bomb.», and CBRNe: «Is an acronym which includes beside CBRN explosive
substances or events.».

CBRNe materials can be weaponized (W-CBRNe) or non-weaponized (NW-CBRNe). W-CBRNe
materials include weapons of mass destruction (WMD) and are intentionally used in criminal and
terrorist activities. NW-CBRNe materials, also referred to as hazardous materials (HAZMAT), are
linked to unintentional incidents or military operations as a secondary hazard. In both cases, serious
consequences are expected for the affected population, such as intoxication, infection, irradiation,
and—not least—the spread of panic.

Although the use of noxious gases has already been reported in historical times, the first large-
scale use of chemical warfare agents (CWA) on the battlefield dates to World War I [2]: infamously
known is the Second Battle of Ypres (22 April 1915) in which the Germans used chlorine gas. Despite
the Chemical Weapons Convention [3], their use has also been reported in recent times, for example
in the Syrian crisis [4]. In addition, CWAs are now among the arrows in terrorists’ bows, as happened
in the Tokyo subway [5]. Spy agencies also employed them as in the poisoning of Sergei and Yulia
Skripal [6].

As mentioned, the occurrence of serious CBRNe accidents can also be unintentional, as the two
following well-known chemical incidents demonstrate: 1) Seveso accident, 1976 (no fatalities but
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hundreds chloracne cases, decreased fertility, and increased risk of cancer and cardiometabolic
outcomes) [7]; 2) Bhopal Disaster, 1984 (about 4000 fatalities) [8].

Since 2017 [9], the Diagnostics and Metrology Laboratory (NUC-TECFIS-DIM) of the Italian
National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA) has
been carrying out research in laser photoacoustic spectroscopy (LPAS) [10]. In an LPAS experiment,
a laser beam is modulated at an audio frequency and directed into an acoustic cell where it is
absorbed by the sample under investigation. The heating and resulting increase in volume in the
irradiated area causes a pressure wave that is detected by a microphone connected to a lock-in
amplifier (LIA) synchronised with the modulator, which produces an output signal proportional to
the absorption of the sample. Laser wavelength scanning is typically used to obtain the spectrum in
the “fingerprint region”, a broad infrared (IR) band in which many organic compounds can be
detected. The main advantage of LPAS over traditional lamp-based IR spectroscopy is the
unparalleled power of the source, which offers rapidity, sensitivity, specificity, simplicity,
repeatability, in situ measurement, uncomplicated sampling, ease of use and cost-effectiveness.

Although LPAS is most often applied to aeriform [11], recent research at NUC-TECFIS-DIM has
focused on liquid and-more often-solid samples and a quantum cascade laser (QCL) based LPAS
system has been developed [12], upgraded [13] and patented [14]. The system has been applied to
assess the safety and authenticity of fruit juices, oil, milk, pollen, rice (flour and cereals), seafood and
spices [15] In particular, it has been used to detect saffron fraud [16], to spot the production zones of
various olive cultivars [17] and to identify oregano adulteration [18,19].

Chemometric techniques have largely proven to be a powerful tool to accurately extract valuable
information from a set of seemingly indistinguishable spectra. Recent research at NUC-TECFIS-DIM
has demonstrated that it is possible to obtain the multivariate calibration of the system to measure
the amount of oregano in an unknown sample within minutes with a detection limit of the order of
a few per cent [18].

The EC funded MoSaiC project [20] is aimed at real-time monitoring of CBRNe events coupled
with innovative sampling to improve the dynamic mapping of threats and vulnerabilities, and
response skills, including addressing CBRNe forensic priorities. The initiative adds abilities to
existing detection, identification, and monitoring (DIM) platforms by working on a range of sensing
capabilities and their integration. These capabilities include:

¢  Research into innovative and low-cost chemical and biological monitoring technologies, with a
focus on miniaturisation of existing technological solutions.

e  Sampling technologies based on the concept of “smart swabs” to enable rapid and non-
destructive analysis of a sample for later laboratory analysis.

e  Unmanned aerial vehicles (UAV) and unmanned ground vehicles (UGV) for surveillance and
sampling.

e  Real-time indoor and outdoor three-dimensional (3D) mapping and data processing of affected
areas.

e Real-time four-dimensional (4D)-i.e., 3D + time-visualisation for incident commanders,
providing cost-effective monitoring capabilities, including data flow.

¢  Real-time communication between vehicles/sensors and command and control (C2) systems for
decision support.

NUC-TECFIS-DIM contributes to the following three “key areas of innovation”:

1. Smart swab for chemical and biological sampling and monitoring. A sample is taken from a
surface using a SERS-active swab to enable (i) near real-time non-destructive on-site detection
and classification of a chemical or biological threat and, if positive, (ii) off-site analysis of the
same sample in the laboratory using standard forensic methods. The swabbing, on-site analysis
and storage of the sample can be performed by a small UGV equipped with a robotic arm, a
Raman probe, and simple opto-electro-mechanical interfaces.

2. Laser-induced breakdown spectroscopy (LIBS) for stand-off monitoring of biological threats. A
compact LIBS instrument for on-board UGV operation and stand-off detection of biological
agents in aerosols and on surfaces has been developed with the ability to discriminate between
interferants/substrates and with a processing algorithm to reduce false positives/negatives.
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3. LPAS for chemical threat monitoring. The instrument is based on a QCL, and the development
of a LIA built on a field programmable gate array (FPGA). Chemometric techniques—principal
component analysis (PCA), partial least square regression (PLS) or others—are used to analyse
the acoustic signals generated by the thermal relaxation of the IR laser absorption of the analytes.
The sensor is compact and autonomous for operation on board robotic UGVs.

The results achieved to date in the latter “key area of innovation” i.e. a preliminary application
to the detection of CWAs by LPAS combined with chemometrics [21] will be reported in this paper.

2. Materials and Methods

2.1. LPAS System

The LPAS system has already been described in detail in this journal [18]. However, we
reproduce here for the convenience of the reader:

e block diagram (Figure 1);
e  main elements (Table 1);

e  main specifications of the QCL, its core device (Table 2).

CH

NN

PM

[FHMP| C

PC

LIA

Figure 1. Block diagram of the LPAS system. BS: beam splitter, C: photoacoustic cell, CH: chopper, F:
active low pass filter, M: mirror, MP: microphone, PC: personal computer, PM: power meter, W:
window. Grey continuous line: continuous wave laser beam, grey dotted line: modulated laser beam,

black continuous line: signal, black d

otted line: control.

Table 1. Main elements of the LPAS system.

Element Manufacturer Model
BS Thorlabs WG71050
C ENEA'! N.A.
CH Thorlabs MC2000B-EC
F Hewlett-Packard 5489A
LIA Zurich Instruments MFLI
M Thorlabs PF10-03-M02
MP Knowles EK23024000
PC AAEON ACP-1106
PM Gentec-EO UP12E-10S-H5-INT
QCL DRS Daylight Solutions MIRcat-1200
W Thorlabs WG71050-E4

! The cell was designed at ENEA using a numerical simulation carried out with Ansys [22] in collaboration with

the University of Rome Tor Vergata [23].
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Table 2. Main specifications of the QCL.

Wavelength range 6.0-11.1 um
Linewidth 100 MHz
Wavelength accuracy 1cem™
Average power 60 mW
Power stability 3%
Spatial mode TEMoo
Beam divergence 4 mrad
Beam pointing stability 2 mrad
Spot size 2.5 mm
Polarisation Vertical 100:1

2.2. Experiment Control

The experiment is controlled by a LabVIEW application developed at NUC-TECFIS-DIM. The
LIA communicates through an Electronic Industries Alliance recommended standard 232 (RS-232)
serial interface. Digital interface with the PC is accomplished via a universal serial bus (USB) virtual
serial port converter. Data format complies with Unicode transformation format, 8 bit (UTF-8)
American standard code for information interchange (ASCII). The communication protocol is
handled by a home-made LabVIEW driver. QCL and power meter are connected to a USB hub which—
in turn-is linked to the PC. The output file uses a plain ASCII format, which is easily readable and
can be imported into MATLAB, Excel, or other post-processing applications. Data file names are
automatically generated, to make it impossible to accidentally overwrite previous measurements.

The graphic user interface (GUI) (Figure 2) requires the three parameters of the spectrum
(wavelength minimum, maximum and step) and the number of measurements to be repeated at each
wavelength (typical measurement duration: 1 s). Any point of the graphic of photoacoustic signal vs.
wavelength (LPAS spectrum) is calculated by dividing the average of LIA voltages by the average of
laser powers. Each measurement cycle can be repeated automatically, and the cycle number appears
on the screen.
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Figure 2. GUI of the photoacoustic laser system (developed in the ENEA funded TecHea project

[24]).

2.3. Sample Preparation

As was mentioned in the introduction, in this study we focused on CWAs that can be used in

battlefields, terrorist attacks and espionage wars. We cited the Syrian crisis, the Tokyo underground
attack and the poisoning of Sergei and Yulia Skripal as examples. In all these cases, a nerve agent was
used. To avoid the risks associated with such compounds, simulants are usually used in the
laboratory. A typical nerve agent simulant is dimethyl methylphosphonate (DMMP) [25]. Since both


https://doi.org/10.20944/preprints202312.0681.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2023 doi:10.20944/preprints202312.0681.v1

compounds have a phosphorous-oxygen double bond, they have an absorption peak at about 7.9 pm,
which makes them detectable with the photoacoustic laser system.

The scenario envisaged by the MoSaiC project involves a UGV travelling to the hot area and
using a robotic arm to carry out a wipe test on a potentially contaminated surface by means of a paper
smear, which is inserted into the photoacoustic cell via a motorised sample drawer. For this, samples
were prepared by dropping 3 pl of DMMP onto 10 mm diameter filter paper discs simulating paper
smears (Figure 3) [26].

Figure 3. Top left: Handling of DMMP under a chemical hood. Top right: Preparation of a DMMP
soaked filter paper disc; the LPAS system sample holder is visible on the table. Bottom left: Inserting
the disc into the holder. Bottom right: LPAS system with aspiration system.

For comparison, samples were also prepared by dropping 3 pl of ethanol onto discs of the same
type. Then, after thoroughly testing the photoacoustic laser system with a standard material
(activated carbon), the LPAS spectra of DMMP, ethanol and blank disc were measured.

2.4. Data Analysis

All spectra shown below were obtained as follows:

1. The QCL scanned the wavelengths from 7.00 to 10.00 um with a step of 0.03 um (101
wavelengths). Bearing in mind that the typical measurement time is 1 s, 101 wavelengths are
scanned in approximately 2 minutes.

2. The LIA and power meter measured the photoacoustic signal (V) and laser power (W),
respectively. Each measurement took 1 s and was repeated 60 times (note that this corresponds
to the acquisition of 60 raw spectra).

3. The 60 measurements of signal and power were averaged (note that this is equivalent to
acquiring a single average spectrum).

4. In both cases (raw and averaged spectra), the LPAS signal (V/W) is given by the ratio of the
signal and power measurements (thus normalising the photoacoustic signal to the laser power).
In other words, the LPAS signal of the nth raw spectrum at a given wavelength is simply the
ratio of the photoacoustic signal of the nth raw spectrum at that wavelength to the simultaneous
laser power measurement. Similarly, the LPAS signal of the averaged spectrum at a given
wavelength is the ratio of the average of the 60 photoacoustic signals at that wavelength to the
average of the 60 simultaneous laser power measurements.

The averaged spectra were plotted and compared with standard data from the US National
Institute of Standards and Technology (NIST) [27]. Finally, PCA and PLS [28] were applied to the
experimental data using OriginPro [29] and ChemFlow [30].
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3. Results and Discussion

The 60 raw spectra show good repeatability, as illustrated for example for DMMP in Figure 4.
Looking closely at the graph, one can see that the LPAS signal is unstable at 7.1 pm, jumps at 8.6 pm
and is noisy between 8.6 and 10 um. This behaviour is confirmed by the plot of the relative error of
the LPAS signal (Figure 5) which is anomalously high at 7.1 and 8.6 um and is relatively higher
between 8.6 and 10 pum.

25 T T T T T

LPAS signal [V/W]
5 & 5

o
)

7.0 7.5 8.0 8.5 9.0 9.5 10.0
Wavelength [um]

Figure 4. LPAS spectrum of DMMP (60 replicas).
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Figure 5. Relative error of the LPAS spectrum of DMMP (60 replicas).

Fortunately, the reason for the above behaviour at 7.1 pm, 8.6 um and between 8.6 and 10 um is
straightforward. Let us start with the higher relative error between 8.6 and 10 um, which can be easily
explained by the lower laser power in this spectral range. As for the instability at 7.1 pm, it is probably
related to an observed temporal power fluctuation of the QCL, which has a noticeable drop in
efficiency at this wavelength. The step at 8.6 um is possibly related to a certain non-linearity of the
photoacoustic laser system: the QCL consists of four modules and when switching from module 3 to
module 4 at 8.6 pum there is an evident decrease in laser power, but the LPAS signal is reduced more
than one would expect if it were proportional to the laser power. This behaviour can be related to the
effectiveness of the source in heating the sample. It is not unreasonable to think that the material only
heats up if the laser power exceeds a certain threshold and that therefore the effective power for
heating between 8.6 and 10 pum is less than expected. In fact, as we shall see, this non-linearity is
barely perceptible for ethanol, which shows a much higher LPAS signal, linked precisely to a greater
effectiveness of the source in heating the sample due, in this case, to the strong absorption of the latter
compound. This is evident in Figure 6 (bottom) which shows the average spectra of DMMP and
ethanol. The same figure also shows that the LPAS signal and the NIST absorbance are in good
agreement for both DMMP (top) and ethanol (middle) and, very importantly for measurement
purposes, these two compounds have very different spectra from 7.0 and 8.5 um (bottom). It was
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therefore decided to apply chemometric analysis in this spectral range. The results (Figure 7) are very
encouraging: PCA perfectly discriminates the four sample types already in the two-dimensional (2D)
plots. When PCA is extended to 3D space, it explains 99.9% of the variance.

DMMP

LPAS Signal [V/W] x 10 ===NIST Absorbance x 25

8.5
Wavelength [um]

ETHANOL

LPAS Signal [V/W] NIST Abs

Wavelength [um]

LPAS SIGNAL [V/W]

Ethanol DMMP x 10

815
Wavelength [um]

Figure 6. Top: Average spectrum of DMMP (LPAS signal and NIST absorbance). Middle: Average
spectrum of ethanol (LPAS signal and NIST absorbance). Bottom: Average spectra of DMMP and
ethanol. Note the difference in the signal scales.
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Figure 7. 2D PCA of the 60 spectra of each sample (C: activated carbon; D: DMMP; E: ethanol; P: blank
disc).

The next step is to apply PLS to calibrate the photoacoustic laser system. For this, samples at
various DMMP concentrations are needed. Consequently, the following samples were prepared with
the same procedure explained in the previous section:

e  P:filter paper disc;

e  H: filter paper disc soaked with 3 pl of water;

e  0:filter paper disc soaked with 3 pl of DMMP (3000 nl of DMMP);

e  1:filter paper disc soaked with 3 ul of DMMP diluted 10 times in water (300 nl of DMMP);
e  2:filter paper disc soaked with 3 ul of DMMP diluted 100 times in water (30 nl of DMMP);
e 3:filter paper disc soaked with 3 ul of DMMP diluted 1000 times in water (3 nl of DMMP);

and 10 spectra were measured for each sample from 7.00 to 8.50 pm with a step of 0.03 um (51
wavelengths), corresponding to a total of approximately 10 minutes of operation.

Again, the PCA is comforting, as shown in Figure 8 (left): the point clouds are discriminated and
arranged, as one would expect, from P to 0 (going from right to left in the graph) passing, in order,
through H, 3, 2 and 1. The explained variance is 97.8% with three principal components. These results
were encouraging for the application of PLS, which indeed converged with 6 factors, thus explaining
99.0% of the variance for X (effects) variables and 99.9% of the variance for Y (responses) variables.
Convergence was assessed by the root mean square of the predicted residual sum of squares (PRESS)
[28]. Figure 8 (right) shows the difference between the predicted and actual DMMP which is rather
small.

1000 E

100 E

Predicted DMMP [nl]

DT wN = o)/

95% C. E. for 0
95% C. E.for 1
95% C. E. for2

95% C. E.for 3 1 L L I
95% C. E. for H 1 10 100 1000

95%C E.for P Actual DMMP [nl]

Figure 8. Left: 3D PCA of the 10 spectra of each sample (C.E.: confidence ellipse). Right: Predicted
DMMP vs. actual DMMP. The line is the identity function. In fact, the linear fit nearly coincide with
it, having intercept: 0.08 + 0.72; slope: 0.99987 + 0.00054; R-squared: 1.0. The point corresponding to 0
actual DMMP cannot be plotted in the logarithmic graph but was included in all calculations.
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Table 3 summarises the PLS results. The maximum absolute difference, i.e., the absolute value
of the difference between the observed value and the predicted value (residual), is 2.0 nl. The
maximum statistical error is 4.0 nl. The absolute difference is less than statistical error for all samples.
The mean of absolute differences and statistical errors is 0.9 nl and 2.9 nl, respectively. All that
considered, a limit of detection (LOD) of 1 nl seems within the reach of the photoacousticlaser system,
also bearing in mind that, as we saw in the first run of measurements, the number of spectra can
easily be increased, thus reducing the statistical error. Of course, in preventing CBRNe events, the
time factor is crucial, and the most convenient trade-off might be to reduce the measurement time by
accepting an increase in LOD. From this point of view, the photoacoustic laser system allows
maximum flexibility, remembering that the measurement parameters can be chosen by the user.

Table 3. PLS results.

Actual DMMP [nl] ( A::;lglecfgt]ztlivs[til\ifllgﬂor) Absolute Difference [nl]
3000.0 2999.8 £ 3.0 0.2
300.0 299.1+24 0.9
30.0 32.0+4.0 2.0
3.0 31+26 0.1
0.0 0.0x25 0.0

4. Conclusions and perspectives

4.1. Current achievements

Having reached the end of this paper, it seems important to take stock of the situation. In the
introduction, it was stated that the LPAS technique has the following advantages: rapidity,
sensitivity, specificity, simplicity, repeatability, in situ measurement, uncomplicated sampling, ease
of use, and cost-effectiveness. It will then be useful to try to conclude where the system described
here stands regarding these characteristics.

4.1.1. Rapidity

As mentioned above, the measurement achieving LOD of the order of nl requires the acquisition
of 10 spectra from 7.00 to 8.50 pm with a step of 0.03 um (51 wavelengths). Remembering that the
measurement at each wavelength takes 1 s, the whole operation lasts about 10 minutes. Compared to
the usual chemical analyses performed in wet labs that can take hours if not days, the photoacoustic
laser system can be described as rapid.

4.1.2. Sensitivity

Frankly speaking, the fact of being able to detect a few nl of a nerve gas simulant, moreover by
sampling only 3 pl of liquid, with a relatively small filter paper disc, seems promising, bearing in
mind that the system is in full development.

4.1.3. Specificity

As candidly as we welcomed the sensitivity of the instrument, we must admit that there is still
much to be done on this point, although the spectra of DMMP and substances not containing the
phosphorous-oxygen double bond, such as ethanol, promise good specificity.

4.1.4. Simplicity

The photoacoustic laser system is certainly complex from the point of view of mechanical,
electronic, and optical realisation, adjustments and chemometric analysis, but imagining automating
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the latter, the instrument, once fine-tuned, can be put into the hands of a not particularly trained
person.

4.1.5. Repeatability

This also needs further investigation. Nevertheless, not only are the replicas of the spectra
performed subsequently clearly superimposable, but also the spectra acquired in the first (May 2023)
and second (October 2023) run of measurements are perfectly consistent, which bodes well.

4.1.6. In situ measurement

This is certainly a great advantage of the photoacoustic laser system. As we have mentioned, the
project involves mounting the instrument in a UGV that travels to the hot zone to perform the CWAs
presence measurements.

4.1.7. Uncomplicated sampling

Paradoxically, it was perhaps more complicated to prepare the samples in the laboratory and
insert them into the instrument, adhering to a strict safety protocol, than to imagine its use in the
field, which, as has been mentioned, will involve remotely piloted robotic arm insertion of the paper
disc with which the wipe test was performed.

4.1.8. Ease of use

This theme is related to the previous one. From the point of view of the operator driving the
UGV and, with a few commands, ordering the execution of sampling and measurement, once well
engineered, the photoacoustic laser system could be within the capability of any user.

4.1.9. Cost-effectiveness

Finally, it is necessary to reason about the cost-effectiveness of the photoacoustic laser system.
While a significant initial investment is needed to purchase the QCL (on the order of a few tens of
thousands of €), the system is virtually capable of working decades without consumables, spare parts,
or maintenance work.

4.2. Future perspectives

The most immediate future perspective that opens for the photoacoustic laser system is its
deployment in terrorist attack or battlefield scenarios, at least simulated, as envisaged by the project.
For this, a compact version of the instrument of reduced size and weight compared to the cart-
mounted instrument has already been planned. The reduction in size and weight will be possible on
the one hand thanks to a new QCL already available at ENEA, and on the other hand through the
development in our laboratory of an FPGA-based LIA, which is much smaller than those available
off-the-shelf. Of course, in the longer term, a field deployment of a miniaturised and engineered
photoacoustic laser system is desirable.

4.3. Open issues

The interference of other substances in the scenario remains an important issue to be studied:
what happens if organophosphate-based pesticides, compounds containing a phosphorous-oxygen
double bond, are used at the terrorist attack site or battlefield? Future lines of research will have to
include studying the literature on common compounds found in real-world scenarios to see where
there is overlap with nerve agent absorption to find a region where IR spectra clearly discriminate
their presence. Subsequently, it will be necessary to first perform laboratory experiments and then
field tests of nerve agent measurements in the presence of relevant interferents.
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To make the photoacoustic laser system capable of real-time detection, chemometric analysis
will have to be integrated into the software that controls the instrument and not as post-processing
of the spectra that are the actual output of the system.

A further reduction in weight, size and power consumption could be achieved by using
miniaturised QCLs that emit a wavelength comb: with a judicious choice of wavelengths, it should
be possible to intercept the key features of the nerve agent absorption even without the emission of a
continuous spectrum as is the case now. With this significant improvement, it is not unreasonable to
consider the possibility of fitting a photoacoustic laser system to a UAV in the future.
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