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Development of fluorescence-based LIDAR technology for biological sensing

Per Jonsson,' Fredrik Kullander,' Mikael Tiihonen,” Melker Nordstrand,’ Torbjgrn Tj aernhage,3
Par Waasterby,3 Ggran Olofsson® and Mikael Lindgren“’1

'Swedish Defence Research Agency (FOI), Sensor Technology, PO Box 1165, SE-581 11
Linkoping, Sweden

*Department of Physics, Royal Institute of Technology, SE-106 91 Stockholm, Sweden
’Swedish Defence Research Agency (FOI), NBC Defence, SE-901 82 Umea, Sweden

*Department of Physics, Norwegian University of Science and Technology, NO-7491
Trondheim, Norway

ABSTRACT

Results of our on-going development of biological warfare agents (BWA) detection systems
based on spectral detection of ultraviolet (UV) laser induced fluorescence (LIF) are presented. A
compact optical parametric oscillator (OPO) with intracavity sum-frequency mixing (SFM) to
generate 293 nm UV laser irradiation was developed. The OPO/SEM device was pumped by a
diode-pumped Nd:YAG laser (1064 nm), including subsequent second-harmonic generation
(SHG) in an external periodically poled KTiOPO, (PPKTP) crystal. The laser generated 1.8 ns
pulses at 100 Hz with an average power of 44 mW at 532 nm. The whole system could be used to
deliver approximately 30 £J laser irradiation per pulse (100 Hz) at 293 nm. The spectral detection
part of the system consists of a grating and a photomultiplier tube (PMT) array with 32 channels,
which can measure fluorescence spectra in the wavelength band from 250 nm to 800 nm. The
detector system was designed along with a trigger laser to enable measurement of fluorescence
spectra from an individual aerosol particle of simulants for BWA upon excitation with a single
nanosecond laser pulse. We demonstrate the successful detection and spectral characterization of
simulants for BWA, i.e., Bacillus atrophaeus (BG), Bacillus thuringiensis (BT), and Ovalbumin
(OA).

INTRODUCTION

In general, it is difficult to detect hazardous levels of BWA since very low doses of the
agents can cause disease for humans. For viral hemorrhagic fevers, less than 10 organisms can
cause decease and many of the most dangerous biological agents are infectious when less than
10,000 organisms or spores are inhaled [1]. It is difficult to distinguish harmless bacteria from
fatal bacteria, even genetically in some cases. Aromatic amino acids, such as tryptophan, tyrosine
and phenylalanine absorb light at 280-290 nm and they fluoresce in a band between 300 nm and
400 nm [2]. Biogenic chemicals associated with cell metabolism, such as reduced nicotinamide
adenine dinucleotide (NADH) and riboflavin have their maximum absorption cross-section at
around 340 nm and the resulting fluorescence peaks between 450 nm and 560 nm [2]. The route
we are pursuing is based on LIF at several excitation wavelengths with spectrally resolved
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detection [3-7]. This method can provide a close to real-time warning and improve the
classification of the particles, resulting in a lower degree of false positive alarms. We have
previously demonstrated the successful use of a UV laser at different wavelengths to excite
molecular aggregates such as proteins and bacteria in solutions [4-6]. Moreover, multivariate data
analysis (principal component analysis (PCA)) of spectral fluorescence data has been used to
classify different BWA simulants and distinguish them from background compounds in field
trials [7]. Our experiments on BWA simulants dissolved in water based solvents showed that the
spectral emission changed with time. This is primarily due to physical changes of the slurry in
which the bacteria spores were dissolved, such as aggregation and precipitation. In addition, in
water solution the metabolism of bacteria can be activated, leading to a change of both structure
and chemical composition of a dissolved sample. Thus, there can be substantial differences in the
fluorescence depending on if the sample is freshly prepared or aged.

To achieve an overall quick and secure response time, many BWA detection systems are
based on an initial trigger/warning detector that continuously monitor some inherent property of
the dry aerosol particles, e.g. their size. Such aerosol particle detectors have a relatively low
specificity and can therefore give rise to false positive alarm for natural non-pathogenic bacteria,
or other fluorescent compounds such as diesel exhaust, in the air. Consequently, there is a great
need to measure both suitable aerosol parameters and to use good trigger algorithms. Examples of
such trigger detectors are the Aerosol Size and Shape Analyzer (ASAS) system that uses the
aerosol shape as one of the key parameters [8] and the Fluorescence Aerodynamic Particle Sizer
(FLAPS) systems that uses particle fluorescence [9]. These detectors can reach close to real-time
warning. Multiple excitations (266 and 355 nm) for the detection of bioaerosols have been
reported [10] as well as the spectral characteristics of fluorescence from particles excited at
266 nm [11].

The ultimate goal of this work is to develop a point detector for biological sensing that
measures the UV induced fluorescence from single particles in air. Hereby, it should be possible
to correlate the particle size with both the spectral content and the total signal. The BWA can be
prepared as an aerosol beam. When a particle is passing through the light sampling volume an
optical particle trigger is used to record its presence (and potentially its size). A trigger signal is
used to turn off the probe laser and ignite a UV laser emitting a nanosecond pulse at a wavelength
of about 290 nm (or 340 nm). The event also controls the timing of the fluorescence detector
system. The spectral content of the fluorescence is analysed with a spectrometer that consists of a
diffraction grating and a photomultiplier tube array with 32 channels. In this report we present the
initial tests of such a point detector system using a laser at wavelength of 293 nm.

EXPERIMENTAL SETUP

Aerosol generation

The particles used in this study were class 1 organisms, often used as simulants for BWA.
Bacillus atrophaeus (also known as Bacillus subtilis var. niger and Bacillus globigii, red strain)
and Turex (a non-pure technical preparation of Bacillus thuringiensis) are being used as
simulants for pathogenic bacterial spores as for example Anthrax. Ovalbumin from chicken egg
(Sigma, A-5253, Grade II) is commonly used as a simulant for toxins. We are using the common
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abbreviations BG, BT and OA, respectively, for the simulants. The micron sized spores of BG
and BT and the molecules of OA tend to cluster into the form of larger particles. The typical
diameter of the particles investigated was between 2 and 20 um.
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Figure 1. Schematic of the particle generator and sample cell arrangement.

Two different methods were used to generate the aerosols. The general setup is shown in
Fig. 1. A large aerosol generator, consisting of a 160 cm high cylindrical glass container with an
outer diameter of about 20 cm, was used to generate BG aerosols with controlled size
distribution. The container was equipped with a rotor in the bottom, connected through an airtight
hole to an electrical engine on the outside. BG powder was placed in the bottom of the container.
There are two airtight connections at the top of the container, one for exhaust through a steel pipe
and one for inlet through a particle filter (HEPA P3). The aerosol was sucked through the pipe
via a plastic tube (Tygon) to the inlet of the aerosol injector. Since a small low pressure develops
inside the cylinder, the particle filter on the inlet was crucial for preventing contamination of the
particle generator. The filter removed all particles larger than 1 ym from the ambient air entering
the cylinder. The height of the pipe above the bottom could be regulated from about 30 cm to
100 cm, enabling selection of the aerodynamic size distribution. A low height yields a broad
particle size distribution, and vice versa. The concentration was regulated by the speed of the
rotor. In these preliminary experiments it was aimed on making large particles, i.e. using a high
rotor speed and the inlet at relatively low levels in the aerosol generator. Since only one large
aerosol generator of this kind was available BT and OA were injected directly from smaller
particle containers (see Fig. 1).

The aerosol injector directed the aerosols into a laminar beam inside the sample cell, which
was an open-ended quartz cuvette. The aerosol was injected through the inner of two concentric
tubes. The suction of an aerodynamic particle counter (TSI 3321 APS), connected to the bottom
of the sample cell, introduced a total flow rate of 1 I/min through the sample cell. The fraction of
the filtered air through the outer tube of the injector was regulated to enable a stable aerosol beam
through the sample cell. This produced an aerosol beam of approximately 1 mm diameter inside a
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protecting sheet flow of filtered air. The resulting particle speed in the aerosol beam centre was
approximately 0.5 m/s. A second optical particle counter (Climet 500) was connected in parallel
with the sample cell, in addition to the above mentioned. Particles ranging from 0.3 ym to 25 um
were counted and their size measured by both counters.

Representative data from 5 hours of continuous monitoring of the particle size distribution
during BG aerosol generation are shown in Fig. 2. The steep slopes in the curves between 13.30
and 17.30 appear at times when the rotor was turned off and subsequently turned on again.
Occasions when the smaller particle container was used to produce aerosols are seen after 17.30.
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Figure 2. Representative data from the particle counters.

Optical setup

A top view of the optical setup is shown in Fig. 3. The air beam containing the biological
particles was centred in the sample cell with two laser sources and the two optical collection
probes mounted around the sample cell. The optical foci of the light sources and optical probes
were arranged to overlap horizontally as well as vertically. A diode laser (LD) with a wavelength
of 670 nm was used as optical trigger source. The LD could be modulated up to 100 kHz and the
maximum output power was 3 mW. The focus of the beam was adjusted using an aspherical lens
resulting in a beam diameter in the focus being smaller than 0.5 mm. The purpose of the LD was
to generate scattered light when particles passed the focus. A fraction of this scattered light was
collected by an optical probe with two lenses focusing the light into a fibre. The fibre output was
directed onto a PMT detector used to trigger other sub-systems. When the signal from the PMT
reached over a pre-set threshold it first turned off the trigger LD laser and simultaneously
triggered a pulse from the ultraviolet (UV) laser as well as the PMT spectrometer array to collect
data via the detection probe and the spectrograph.

The UV laser pulse, initiated by the presence of particles by the trigger laser, was focused
onto the same spot as the trigger laser with a focusing probe consisting of two lenses. The
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diameter of this focal volume was about 1 mm. The main part of the UV radiation was scattered
by the particles in the focal volume, but some of the energy was absorbed by the aerosol particle
to generate fluorescence. A fraction of the scattered radiation and the fluorescence were
collected by the identical collection probes connected to fibres. A colour glass filter was placed in
front of the spectrometer collection probe to block the scattered UV radiation while transmitting
the fluorescence.
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Figure 3. Schematic of the optical setup as seen from above (PMT = photomultiplier tube, UV =
ultraviolet).

The spectrometer was constructed using a spectrograph and a 32 channel linear PMT array,
and measured fluorescence spectra in the wavelength from 250 nm to 800 nm. The spectrograph
consisted of a concave diffraction grating with a grating density of 405 lines/mm and a blaze
wavelength of 350 nm. The spectrograph had a fibre-coupled input port well suited for the fibre
from the collection probe and the length of the spectrum on the output port had a length
comparable to the PMT array. For acquisition of the signal from the PMT array, a readout
module was used. The readout module was externally triggered, as mentioned above, allowing
for charge collection using integrating capacitors. The capacitance was C = 33 pF and the
integration time was fixed to 1 us. The voltage captured by the sample and hold circuit relate to
the charge by U = Q/C and represent the charge collected during 1 us.

UV laser

A compact UV laser source was developed in order to reach wavelengths between 280 and

350 nm. It is based on parametric processes in nonlinear optical materials, which are pumped by
a frequency-doubled passively Q-switched neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser emitting at 532 nm. The Nd:YAG laser medium was pumped by a broad-strip
diode-laser at a wavelength of 808 nm and with a fast axis collimation package (dimensions
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1 um x 10 mm). The astigmatic beam profile of the diode laser was converted into an axially
homogeneous irradiance profile with a beam twister [12]. The nearly symmetric beam was
focused with a lens (focal length f= 10 mm) to a beam radius of 1 mm (e intensity) inside the
laser medium. The linear Nd:YAG laser cavity consisted of a 4 mm long Nd:Y AG crystal (5 mm
in diameter), a chromium-doped YAG (Cr:YAG) with an initial transmission of 34%, a Brewster
window, and an output mirror with a reflectivity of 60%. The coatings of the laser rod were high
reflective (HR) on one side and high transmissive (HT) on the other side at 1064 nm and HT on
both sides at the 808 nm pump wavelength. The laser generated pulses with a full width at half
maximum (FWHM) of 2.3 ns at a repetition rate of 100 Hz and an average power of 130 mW.
The optical-to-optical efficiency from 808 to 1064 nm was nearly 10%. The beam-quality
parameter M? and the beam radius was measured to 1.3 and 390 um (e intensity), respectively.
In order to generate 532 nm radiation a 3 mm long periodically poled KTiOPO,4 (PPKTP) crystal
designed for second harmonic generation (period, A = 9.01 ym), was placed in front of the output
mirror and maintained at a temperature of 22°C. This crystal was anti-reflective (AR) coated for
1064 nm and 532 nm. A 50 % optical conversion efficiency was measured and a shortening of
the pulse to 1.8 ns was observed, whilst the M” value was the same. The pulse shortening was a
consequence of the second-order nonlinear process. The laser cavity and the doubling crystal
were implemented on a copper block with a length of 35 mm, depicted in Fig. 4. The total length
of the laser, including the diode bar, the beam twisting, the focusing optics, and the PPKTP
crystal was 25 cm.
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Figure 4. The diode-pumped Nd:YAG laser with frequency doubling (PPKTP = periodically
poled potassium titanyl phosphate, Cr — Chromium, Nd = Neodymium, YAG = yttrium-
aluminium garnet, R = reflectance).

The 532 nm beam was used to pump a singly resonant optical parametric oscillator (OPO)
with intracavity sum-frequency mixing (SEM). A pump beam radius of 200 pm (¢ intensity)
was deployed with a telescope consisting of two lenses, f= 50 mm and f = -75 mm, separated 20
mm apart and at a distance of 50 mm from the second-harmonic generating PPKTP crystal. The
parametric cavity consisted of an incoupling mirror, a second PPKTP crystal, a Type I B-barium
borate (BBO) crystal, a dichroic mirror close to the cavity, and an output mirror (Fig. 5). By
changing the grating period A of the PPKTP crystal it is possible to reach any wavelength
between 280 and 350 nm for the cascaded parametric device. The grating period was A = 12.77
um [13], giving a signal at 650 nm (idler at 2.9 ym). The SFM process in the BBO crystal
between the signal and the pump generated UV radiation at 293 nm, whereas the idler was
coupled out of the cavity.
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The flat incoupling mirror M1 had a reflectivity of Rs = 98% at the signal wavelength, while
transmitting approximately 95% of the pump. The PPKTP sample was made as an 8 mm long and
1 mm thick crystal and AR coated at the pump, the signal and the idler wavelengths, respectively.
The 5 mm long AR-coated BBO crystal was cut and polished at an angle of 8= 42.1° relative to
the crystallographic c-axis, for optimum birefringent phase-matching of the pump and the signal.
A dichroic mirror was used to couple out the generated UV radiation. This mirror had a
reflectivity of about 95% at 293 nm, while it was transmitting the signal, the idler and the pump
waves. It was placed after the BBO at 45° with respect to the propagation direction. Finally, the
flat output mirror M2 was AR coated for the pump and the idler, while it reflected 80% of the
signal to keep the intracavity intensities below damage threshold of the coatings. The entire
length of the OPO/SFM cavity was 26 mm.
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Figure 5. The setup of the OPO with intracavity SFM. (OPO - optical parametric oscillator,
PPKTP = periodically poled potassium titanyl phosphate, BBO = beta barium borate, UV =
ultraviolet, M = mirror)

Data collection system

The fluorescence acquisition system was triggered by the signal from the trigger PMT as
described above. It was necessary to carefully adjust the timing of the events to assure that the
PMT array data were collected in coincidence with the UV laser excitation. External timing
circuits were used for this purpose. In practice, the internal delay of the lasers required that they
were triggered in advance of the PMT array acquisition. However, the 1 us long integration of
PMT array signal started slightly before the UV laser pulse, in order to comprise the whole
fluorescence signal which occurs in the ns range, partially within the excitation pulse. It is known
that for similar species in solution the decay time of the fluorescence is typically in the order of 3
— 10 ns [6]. A schematic of the trigger PMT signal during a data acquisition cycle and the
sequential triggering events is shown in Fig. 6. Each cycle to detect an aerosol particle and record
and store its fluorescence spectrum included the following sequential events:

e attime 7y, the trigger PMT signal reaches the trigger level and the acquisition is initiated
e at time f,, the trigger laser is turned off

e attime 73, the PMT array detector acquisition is triggered

e at time 14, the UV laser pulse is triggered

e attime 75, the trigger laser (670 nm) is turned on again
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The trigger laser was turned off during the acquisition to lower the background level. The
gate time, i.e. the time the trigger laser is turned off (#s- £,), was adjusted to match with the
maximum pulse repetition rate of the laser sources. The allowable rate of the data collection
systems was above a kHz, i.e. well above the maximum 100 pulses/s of the lasers. The minimum
cycle time as set by the aerosol injection system was longer than 1 ms, during which an aerosol at
0.5 m/s passes through the probe volume of about 1 mm. A way to prevent that light from each
particle is collected more than once is simply to adjust the gate time. This was not of primary
interest during these initial tests. Nevertheless, it was well taken care of by the comparably long
gate time of more that 10 ms, as imposed by the laser constraints.
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Figure 6. The schematics of the triggering sequence. (PMT = photomultiplier tube, UV =
ultraviolet, t = time)

RESULTS AND DISCUSSION

The OPO was first characterized without the BBO crystal. The OPO threshold was reached
with a pump pulse energy of 20 pJ and at 44 mW of launched power the signal pulse energy was
132 uJ, while the measured pump depletion was about 52%. At the maximum pump power the
intracavity SFM produced a 293 nm beam with an output power of 3.2 mW, corresponding to a
conversion efficiency of 7% in respect to the incident 532 nm pump, and a total conversion
efficiency of 3.5% with respect to the IR (1064 nm). A single pass pumped OPO is inherently
unidirectional; therefore the UV radiation was only generated in the direction of the pump wave
vector. There was no measurable difference of the pulse length which was still 1.8 ns. The laser
was coupled to the optical setup via an optical fibre. Some of the laser radiation was lost in the
coupling in and out of the fibre. However, fibre coupling made it easy to switch between different
lasers (other cases not discussed here) and the intensity levels were more than sufficient for these
experiments. The trigger PMT signal from each complete cycle was recorded using a separate
acquisition system collecting data at 500 kS/s. Diagrams from a typical BG recording are shown
in Fig. 7. Here, the trigger laser was turned off at #,- #; = 50 us, the UV laser was triggered at t4- 1;



FF1.6.9

= 100 us and the gate time was #s- t; = 20 ms. The threshold level in term of the detected voltage
levels was 0.25 V as evident in the graphs from the first acquired values.
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Figure 7. The diagram to the left shows a typical cycle as recorded with the trigger PMT detector
and the diagram to the right shows extracted signals from a run incorporating trigger events
associated with particles in the probe volume.

The first peak that appears in the PMT signal corresponds to the passage of the aerosol
through the 670 nm laser focus and the second peak arises when the UV laser pulse is fired. Both
the scattering signals originate from the same particle although the particle has passed the 670 nm
laser focus before the UV laser fires. The explanation is that the focus is smaller for the trigger
laser than for the UV laser. Additionally, the energy is much higher from the UV laser. The right-
hand slope of the pulses is due to the electrical RC constant in the signal line connected to the
preamplifier. A shunt resistor was tailored to yield a discharge time of approximately 10 us. The
left-hand slopes are steeper since a low series resistance allowed for a relatively fast charge up.
The UV laser pulse has exceeded an upper dynamic limit of the system at about 1.6 V. This is
why its peak value remains the same except for some triggers with the UV laser turned off during
the run, as seen in the right hand graph. In addition to triggering the system, the trigger PMT
signal can provide useful information about each event with regard primarily to size and particle
velocity.

The laser and trigger system was used to record fluorescence spectra of various aerosol
particles with spectral signatures similar to those of BWAs. Concomitant with the spectrum of
individual particles, a background signal gradually evolved during the measurements (over
several days). This background signal originated from contamination of the glass surfaces of the
sample cell by aerosol particles. Therefore, before each measurement series with aerosols, a
background signal was measured by collecting fluorescence spectra for a series of laser pulses
exciting the bare sample cell, i.e. with the aerosol beam blocked/redirected. All spectra presented
below are corrected by subtracting this obtained averaged background signal from the aerosol
spectra.

Ovalbumin (OA) is a simulant used to represent viruses and protein based toxins since these
usually lack the chemical entities (NADH, FAD, etc) of metabolism from biogenic particles. In
water solution OA gives a relatively narrow fluorescence ranging from 300 to 425 nm with a
peak at 345 nm and the dominating emission decay constant being 6.7 ns [6]. A representative
series of spectra of the OA aerosol is displayed in Fig. 8 (left). The bar graph displayed to the
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right in Fig. 8 is the resulting average spectrum obtained from the whole series. The overlaid line
graph in the same figure shows the average fluorescence spectrum from OA in a water solution.
One can detect a small shift of the emission maximum of approximately 0.5 — 1 channels (8 — 16
nm), otherwise the appearance of the signals is similar.
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Figure 8. Fluorescence spectra of OA excited at 293 nm. The graph to the left shows consecutive
spectra obtained during a measurement series. The “index” is the ordinal trigger after the start of
the measurement i.e. it represents the different triggered events as the time progresses and
particles are detected in the fluorescence volume. The graph to the right shows the averaged
spectra of OA aerosols (bars) and OA in water solution (line), respectively.
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Figure 9. Fluorescence spectra of BT excited at 293 nm. The graph to the left shows
consecutives spectra obtained during a measurement series. The “index” is the ordinal trigger
after the start of the measurement i.e. it represents the different triggered events as the time
progresses and particles are detected in the fluorescence volume. The graph to the right shows
individual spectra for different trigger indices and the averaged spectra for the whole
measurement series.
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BG and BT was subjected to similar tests and showed similar event patterns. The analogous
experiment with a series of events is shown in Figure 9 (left) for BT. The right graph shows the
individual spectra of 5 typical events along with the average spectrum obtained from the whole
series. Obviously the spectral information varies as the overall signal strength differs. Tentatively
we assign the different signal strengths to particles of different sizes.
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Figure 10. Average fluorescence spectra of BG (left) and BT (right) along with those obtained
from solutions (excitation wavelength 293 nm).

Representative average spectra of BG and BT are shown in Figure 10 along with a typical
spectrum obtained from the same sample in solution. As discussed in the introduction the
physical and chemical state of the bio-particles in solution changes with time. Thus, we expect
similar but not identical spectra, as observed in Fig. 10.

CONCLUSIONS

We have shown how an ultraviolet laser system designed to give laser radiation suitable for
excitation of biological samples in conjunction with modern photonics detection technology
enables the construction of a point-detection system for BWA detection. The fluorescence
spectrum of individual bio-aerosol particles can be detected and it was further concluded that the
spectrum is different from that obtained with the same kind of particles dissolved in water
solutions. The used UV laser technology can be scaled up considerably to give more than 10
mlJ/pulse in the relevant wavelength range [14]. With higher output power the desired laser
technology can be used also for remote detection based on LIF [15-16]. The developed detection
system provides resolved signatures, allows time-gating and is thereby readily adjusted for
related LIDAR applications.
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