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Abstract: In this work we present a LIDAR sensor devised for the
acquisition of time resolved laser induced fluorescence spectra. The gating
time for the acquisition of the fluorescence spectra can be sequentially
delayed in order to achieve fluorescence data that are resolved both in the
spectral and temporal domains. The sensor can provide sub-nanometric
spectral resolution and nanosecond time resolution. The sensor has also
imaging capabilities by means of a computer-controlled motorized steering
mirror featuring a biaxial angular scanning with 200 pradiant angular
resolution. The measurement can be repeated for each point of a geometric
grid in order to collect a hyper-spectral time-resolved map of an extended
target.
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1. Introduction

The excitation of a remote target by short laser pulses and the detection of the elastically
and/or inelastically backscattered light is a widely used technique of investigation of the
optical and electronic properties of the target and it is usually referred to as LIDAR (LIght
Detection And Ranging) technique. Both the spectral and temporal characteristics of the light
emitted by the target provide important information about the target nature and the
phenomena occurring as a consequence of laser pulse excitation [1,2].
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A huge variety of detectable targets have been studied by means of fluorescence LIDAR
sensors mainly in environmental [3,4] and cultural heritage [5,6] fields. In environmental
studies the applications have mainly been focused on oil spills detection and characterization
[7], on the study of phytoplankton [8] and dissolved organic matter [9] in natural waters and
on vegetation photosynthetic activity and health monitoring [10]. In the field of cultural
heritage main investigated issues include the detection and characterization of different
stones, mortars and other masonry materials [11,12], of protective treatments [13], of
biodeteriogens and the analysis of the effects of biocide treatments [14,15].

The fluorescence LIDAR sensors have been mainly developed to acquire the return signal
either using spectral resolution (and time integration) [16] or using temporal resolution but
spectral integration over relatively broad bands [17]. As a consequence also the data
processing methods have been focused either on the detailed examination of time-integrated,
highly spectrally resolved data [18] or on the study of the temporal evolution of fluorescence
signal in few spectral windows, in particular for the study of volume targets [19,20] or
fluorescence decay times [21]. Few attempts of detecting time and wavelength resolved
spectra of the emitted fluorescence are reported in the literature. Hegazi et al. [22] performed
the acquisition of signal sequentially in the temporal domain using a scanning
monochromator and a single photomultiplier with a gated integrator. Camagni et al. [23] used
a gated multichannel sensor to perform the sequential acquisition of signals in the spectral
domain. Fluorescence LIDAR with imaging capabilities has been developed in the field of
cultural heritage studies to monitor the distribution of fluorescence features over a monument
surface [24,25] or artworks [26]. The LIDAR imaging capabilities has been also used to
monitor the stress status of a vegetation canopy [27].

The purpose of the present paper is to describe a new Hyperspectral Time-resolved
Fluorescence LIDAR (HyT-FLIDAR) sensor, its operating principle and to show its
capabilities in laser induced florescence map acquisition by raster scanning.

The hyperspectral time-resolved laser induced fluorescence spectra can be used both to
apply temporal or spectral resolved data analysis techniques separately and to merge their
capabilities. This synergy permits to obtain more detailed information on the different
spectral contributions of targets showing a complex fluorescence behavior with respect to the
temporal or spectral analysis alone. The hyperspectral and temporal resolution can also be
used to apply fluorescence spectroscopy to volume fluorescent and/or attenuating media (such
as water columns). The mapping capabilities of the system permit to extend these results to
the monitoring of the surface/volume distribution of the fluorescence characteristics of the
target.

2. Hyperspectral Time-resolved Fluorescence LIDAR (HyT-FLIDAR) sensor

The new LIDAR sensor with spectral and time resolution capabilities presented in this paper
has been developed on the basis of a previous fluorescence imaging LIDAR system for the
control of indoor and outdoor cultural heritage [28]. The most significant upgrades concern
the implementation of a laser beam conditioning optical system, the development of the
electronics for the accurate synchronization between laser and optical detector and the
upgrade of the system control software.

Figure 1 shows a layout of the HyT-FLIDAR prototype. The excitation is provided by a
tripled Nd:YAG (emitting at 355 nm) pulsed laser source (Continuum Minilite IT) with a 5 ns
pulse width, pulse energy of 8 mJ, beam diameter of 3 mm and a maximum repetition rate of
15 Hz. Beam conditioning optics (3X beam expander) have been implemented to reduce the
laser divergence to about 1 mrad (full angle) in order to match the field of view of the
collecting telescope. A couple of dichroic optics are used to steer the tripled Nd:YAG beam
and to suppress the residual fundamental and doubled frequency components. The second
steering optic aligns the excitation beam with the optical axis of the reflection telescope.
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Fig. 1. Scheme of the HyT-FLIDAR.

The beam is sent to the pointing and scanning system used to point the laser beam to the
target and to redirect the incoming light to the telescope. This is obtained by a movable
folding mirror (640 mm x 260 mm) placed between the telescope and the target. A motorized
mount permits the rotation of the steering mirror around two orthogonal axes (azimuthal and
polar with respect to the telescope optical axis) with a rotation accuracy of about 0.2 mrad.

An additional laser source in the visible permits to point the target and to reference the
fluorescence image. This laser emits few mW CW at 532 nm (class I1Ia) with a divergence of
1.2 mrad. Its beam is made coaxial with the telescope optical axis. The nominal ocular hazard
distance for both the CW reference laser at 532 nm and the UV pulsed laser at 355 nm
(considering also the effect of the beam expander and the laser pulse energy actually sent to
the target), operating separately, is about 12 m.

The light collected by the telescope (Newtonian, 1000 mm focal length, f7/4) is filtered by

a 395 nm long-pass volume absorption optical filter (Schott GG395) and then focused on a
fiber optic bundle. The optical filter has the twofold function of rejecting the 355 nm
backscattered radiation and of substantially avoiding higher spectral order contributions to the
measured spectra. The entrance of the fiber optic bundle (50 silica fibers, 0.22 numerical
aperture, 100 um core diameter, 120 um cladding diameter, disposed in a circular pattern) has
a diameter of 1 mm. The fiber bundle entrance is moveable along the optical axis of the
telescope so that it can be placed in the image plane corresponding to the target object plane,
for target ranges between 4 m and infinity. The light collection efficiency of the telescope is
optimized in this distance range. The output end of the bundle is placed as close as possible to
the input slit of a flat field single spectrometer. At the output end of the bundle the fibers are
disposed in a linear array matching the slit aperture in order to optimize the collection
efficiency. The spectrometer is a PI-Acton SpectraPro 2300i with a focal length of 300 mm,
f13.9. The numerical aperture of the fiber bundle doesn’t match the spectrometer f/#. This
limitation in the coupling efficiency could be overcome by the use of optical fibers with
reduced numerical aperture. The spectrometer is equipped with a computer-controlled
motorized turret with three dispersion gratings (150 gg/mm, 600 gg/mm, 2400 gg/mm). A PI-
Acton PI-Max:512 camera (ICCD, Intensified gated CCD, GEN-III intensifier, 512 X 512
pixels, pixel size 24 um) was placed at the focal plane of the spectrometer.

The hyper-spectral time-resolved fluorescence LIDAR sensor has been equipped with an
electronic board to synchronize the laser pulse with the ICCD gate. Kept constant the gate
width, the opening time is sequentially delayed over different laser shots to acquire the
backscattered light coming from the target with temporal resolution. The board, in-house
developed using an Arduino Uno (by Arduino®) open-source single-board microcontroller
platform, is the master-clock for the spectra acquisition procedure. The HyT-FLIDAR sensor
is controlled by a computer equipped with an in-house developed software.
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Figure 2 shows the acquisition procedure. The electronic board drives three independent
TTL trigger signals: to the laser flash lamp (FL-Trig.), to the laser Q-switch (QS-Trig.) and to
the camera external trigger input (C-Trig.). The delay (Ta) between the FL-Trig. and the QS-
Trig. allows to set the laser pulse energy that reaches the maximum for a delay of about 150
us. The QS-Trig. triggers the laser pulse that is emitted after some tens of nanoseconds and
with a jitter of about 0.5 ns. Simultaneously to the QS-Trig., the C-Trig. triggers the camera
onboard acquisition procedure. The delay (Tb) to the opening of the ICCD gate is controlled
by the camera onboard circuitry and is selectable in the 25 ns to 20 ms range with a precision
and accuracy of about 40 ps. The minimum gate width is 5 ns. The total jitter between the
laser pulse emission and the ICCD gate is less than one nanosecond and permits to precisely
synchronize the camera gate with the backscattering signal induced by the laser on the target.
The spectrum collected by the ICCD is then transferred to the PC memory. It must be noticed
that this acquisition also contains the ambient light background signal. After a time interval
(Tc) of about 30 ms an additional C-Trig. is fired to acquire only the ambient light
background in a separate acquisition. The backscattering signal induced by the laser is then
obtained by subtraction. The gate widths used in the measurements and the wide dynamic
range of the detector allow to operate the HyT-FLIDAR in full daylight. The acquisition
sequence can be repeated and averaged over a selectable number of laser shots to increase the
signal to noise ratio (SNR). Since the HyT-FLIDAR sensor is actually shot-noise limited, the
SNR is proportional to the square root of fluorescence efficiency of the target and inversely
proportional to the target distance in the far field (i.e. a distance longer than about 7 m).

1
FL-Trig. | | .
1

QS-Trig.

]
C-Trig. | | | |
Laser Pulse 4]\

Camera Gate

N

&— Ta —>1<&— Tb ' Te i T —>

Fig. 2. Timing diagram of the acquisition procedure for a single fluorescence spectra.

As shown in Fig. 3, the spectrally and temporally resolved fluorescence measure is
obtained as a series of several fluorescence spectra acquired with different Tb delay times
(Tb1, Tb2 ...). The gate width is usually kept constant within the series, typically at the
minimum allowed by the camera (5 ns).
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Fig. 3. Timing diagram of the temporal resolved acquisition procedure.

Figure 4 shows the temporal impulse response of the HyT-LIDAR sensor. The temporal
impulse response was measured at 355 nm as the elastic backscatter signal from a highly
reflecting metal target having a very low fluorescence emission. The measurement set-up,
including target distance, and measurement protocol are the same used for the fluorescence
measurements. The Tb delay times range has been set manually to cover the full duration of
the backscattered signal. In this paper the initial delay time Tb1 has been chosen as the origin
of temporal axes. The measured impulsive temporal response accounts for the temporal shape
of the laser pulse, for the effective gate width and shape and for the jitters and it shows the
possibility to achieve nanosecond time resolution and even sub-nanosecond time resolution
by means of deconvolution of the time response itself.

For each delay value in the series the full spectrum in the range 350 nm — 810 nm is
obtained by joining two different partially overlapped measurement in the windows 350 nm -
610 nm and 550 nm - 810 nm. The two spectral ranges are set by the PC using the 150 gg/mm
dispersion grating. The pointing and scanning capabilities of the system permit to collect
hyper-spectral, time-resolved fluorescence maps of the target by means of raster scanning of
the target area under investigation. Table 1 summarizes the main features of the new LIDAR
Sensor.
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Fig. 4. Temporal impulse response of the sensor (intensity normalized at unitary integral).
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Table 1. HyT-FLIDAR main features.

Feature Description

Excitation laser source 3w Nd:YAG, Q-Switched (@355 nm) 8 mJ @15 Hz, pulse width 5 ns
Optical reference system laser source CW Laser @532 nm, <5 mW (class I1la)

Intensified CCD 512 pixel x 512 pixel

QE>10% (in 150 nm - 870 nm range), Minimum gate width 5 ns
Spectrometer 300 mm focal length, £/3.9, three dispersion gratings

150 gg/mm grating: 0.51 nm/pixel (260 nm)

600 gg/mm grating: 0.12 nm/pixel (63 nm)

2400 gg/mm grating: 0.02 nm/pixel (12 nm)

Detector

Spectrometric linear resolution
(spectral coverage) @435.8 nm

Telescope Newtonian, 1000 mm focal length, /74
Operative distance range 4 m up to infinity

IFOV 1 mrad

Pointing system Two axis motorized folding mirror

Primary Axis: —30° up to + 210° from the reference direction
Secondary Axis: + 45° from the orthogonal direction to telescope axis
Pointing accuracy (both axes) 0.2 mrad

Weight and dimension Size: 250 cm x 85 cm x 75 cm (I x h X w), Weight: about 150 kg

LIDAR Sensor Pointing field of view

3. Hyper-spectral time-resolved fluorescence spectra measurements

To illustrate the capabilities of the hyper-spectral time-resolved fluorescence LIDAR sensor,
the measurements carried out on two different samples are shown. The two samples were a
150 mm x 174 mm Botticino sandstone slab (sample #1) and a 178 mm x 170 mm G10 epoxy
fiberglass slab (sample #2).

More in details, Botticino is a red algae and bryozoan rudstone in a bioclastic packstone
matrix. It is composed almost completely by CaCO; (Calcite) with traces of SiO, (quartz)
[29]. Pure CaCO; and SiO, do not fluoresce under excitation at 355 nm: the sample
fluorescence is almost completely due to its organic fraction [30], so that different
fluorophores can coexist and can be observed in the sample, due to the various biological
materials that contributed to the formation of the sandstone.

On the other hand, sample #2 is a man-made material: G10 is fabricated by embedding
fiberglass in an epoxy resin obtained by polymerization of bisphenol A using aromatic amines
as the hardener. Fluorescence in this material is due to its main constituents: Bisphenol A has
a strong fluorescence peaked in the UV, whose tail extends down to 500 nm. Amines used for
the curing also contribute to the fluorescence with broad bands in the visible [31,32]. For
commercial reasons, dyes are often added to the material, which can contribute to its
fluorescence.

These two samples have been chosen because of a high fluorescence efficiency, a rich and
varied fluorescence spectral and temporal features and different fluorescence features
homogeneity over each sample surface. Due to their similar fluorescence efficiency and decay
time, these two samples can be measured efficiently using the same experimental setup and
parameters. The measurements were carried out placing the samples at about 10 m from the
LIDAR system. At this distance the diameter of the observed area is about 10 mm,
corresponding to the target area reimaged on the fiber bundle entrance aperture.

In Fig. 5 the laser induced fluorescence backscattered signal intensity is reported in
natural logarithmic scale as a function of wavelength and time in the spectral range between
350 nm and 810 nm and for a time interval of 200 ns. The time interval has been covered by
changing the delay with 1 ns steps and keeping fixed the gate width at 5 ns. For each delay,
10 laser pulses have been averaged so that the acquisition time is about 4.5 minutes at the
repetition rate of 15 Hz.
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Fig. 5. Time —Wavelength, false color, intensity distribution of the acquired optical signal for
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normalized for each sample to the maximum of the entire data set. The time Tm corresponds to
the maximum of the measured temporal impulse response of the sensor.

The analysis of acquired data allows extraction of information contained in both the
spectral and the time domains. In Fig. 6 the time resolved spectra are reported for the two
samples. The time resolved spectra show the signal at three different delay times
corresponding to about 1, e and e times of the maximum intensity. In Fig. 6 the signal
averaged over the whole 200 ns time interval (intensity normalized at unitary integral), is also
reported. These spectra permit comparison of different fluorescence spectral and temporal
behavior of the two samples and within each sample the different temporal evolution of the
spectral distribution.
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Fig. 6. Time resolved (solid line) and time averaged (dot line) spectra for samples #1 and #2,
left and right side respectively. The time resolved spectra have been acquired at the indicated
delays. Spectra are intensity normalized at unitary integral.

The variation of the fluorescence spectrum versus time as well as the dependence of the
decay behavior over the emission wavelength is an indication of the presence of different
fluorophores (e.g. bisphenol A and curing amines for the epoxy glass, different organic
compounds embedded in the mineral matrix for the natural sandstone). Moreover, the
temporal dependence of the decay time can be studied in order to understand the relaxation
processes of the different fluorophores, and the possible occurrence of excitation transfer
effects among different fluorophores.

In Fig. 7 we report the time-wavelength intensity distribution in natural logarithmic scale,
normalized to the maximum occurring at each wavelength. The different shapes of the iso-
intensity curves for the two samples give an instant look on the different contributions to the
overall fluorescent emission.
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Fig. 7. Fluorescence time-wavelength intensity distribution normalized at the maximum at
each acquisition wavelength. The time Tm corresponds to the maximum of the measured
temporal impulse response of the sensor.

Figure 8 shows the natural logarithm of the fluorescence intensity decay profiles averaged
over two spectral windows, 40 nm wide and centered at 460 nm and 680 nm (respectively
band #1 and band #2) for the two samples. The temporal impulse response of the set-up is
also reported for comparison. The decays do not appear as mono-exponential, indicating the
coexistence of the emission from different transitions having different decay time. The weak
peak (about 3-107* times the maximum) of the system temporal impulse response at about 50
ns is actual and it is due to a small post lasing effect related to the laser Q-switch operation
[33]. This post pulse is not visible in Fig. 4 because of the linear scale.
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Fig. 8. Fluorescence intensity decay profiles at various acquisition wavelengths. Blue lines for
sample #1 in band #1 (solid) and band #2 (dashed). Green lines for sample #2 in band #1
(solid) and band #2 (dashed). Black solid line for the system temporal impulse response for
comparison. The plot reports the natural logarithm of data normalized to their maximum.

4. Hyper-spectral time-resolved fluorescence maps measurements

To enlighten the mapping capabilities of the Hyt-FLIDAR a target composed by the two
samples described above was arranged as shown in Fig. 9, and placed at a distance of about
10 m. At this distance the single point measured area diameter is about 10 mm. The target
was mapped with a 21 x 11 points rectangular grid, corresponding to an area of about 420 mm
x 220 mm (sampling resolution 20 mm x 20 mm). Each point was measured in the spectral
range between 350 nm and 810 nm and for a time interval of 80 ns (1 ns delay steps, gate
width 5 ns, average of 4 laser pulses per delay step).
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Fig. 9. Composite target used to test the LIDAR mapping capabilities, constituted by the G10
epoxy fiberglass slab (left side) and the Botticino sandstone slab (right side). The background
is a black polymer screen.

Figure 10 shows the spatial distribution of the ratio between the fluorescence intensity in
the spectral bands #1 and #2 described above. The fluorescence intensity was previously
averaged over the whole measured time interval (80 ns). The ratio value corresponding to the
black background was set to zero, due to the high noise caused by the low level of signal.

Figure 11 shows the results of data processing in the temporal domain performed by the
study of the decay behavior of the fluorescence intensity in the band #1. For each pixel we
report the time delay between the signal maximum and its reduction to e™* value. The time
delay values have been evaluated with a precision better than the time sampling delays by
applying a smoothing cubic spline procedure [34]. The time constant for the background is set

to zero.
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Fig. 10. Spatial distribution of the ratio between the fluorescence intensity in the spectral bands
#1 and #2. The fluorescence intensity was previously averaged over the full 80 ns measured
time lapse. The ratio value corresponding to the black background was set to zero. Ratio for
the G10 epoxy fiberglass slab and the Botticino sandstone slab are, respectively, 8.1 £ 0.2 and
3.0 £ 0.4 (mean = std).
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Fig. 11. Spatial distribution of the time needed to reach e™* of the maximum of fluorescence in
the spectral band #1. The time constant for the background is set to zero. Time delays for the
G10 epoxy fiberglass slab and the Botticino sandstone slab are, respectively, 42.5 £ 0.2 ns and
32.8 + 1.6 ns (mean =+ std).

The G-10 epoxy glass sample shows a remarkable uniformity across its whole extension
of the fluorescence spectral shape and temporal behavior: this is not surprising, considering
that this is a material having a uniform composition and structure. Conversely, Botticino
sandstone shows a significant variation both in the spectral shapes and in the fluorescence
decay times across its extension. This is due to the non-uniform distribution of the different
fluorophores across the sample, resulting from the natural formation process. Actually, local
variations in the composition and in the chromophores content of the sample are also evident
by visual inspection, as a variation in the color shade of the surface (see Fig. 9).

It can be seen that this analysis can provide important information for the identification of
the sample constituents. The whole data set can be usefully analyzed both for the study of the
chemical properties of the constituent of an unknown sample and for the identification and
mapping of a known constituent in a structured sample.

5. Conclusion

We have presented the new Hyperspectral Time-resolved Fluorescence LIDAR (HyT-
FLIDAR) that is capable to acquire a hyperspectral time resolved 4-D hypercube of the
fluorescence intensity emitted by the excited sample. The set-up can provide nanosecond time
resolution, a better than one nanometer spectral resolution and a sub-milliradiant angular
mapping resolution. The HyT-FLIDAR prototype capabilities have been illustrated by the
single spectra and mapping measurement of extended and composite targets. The acquired
data have been analyzed in order to extract from the fluorescence spectral and/or temporal
behavior information about the presence of different fluorophores, their relaxation processes
and the occurrence of excitation transfer effects among them. The possibility to acquire a 2-D
maps of this datum provides a very versatile tool for the identification of inhomogeneities of
an extended target, particularly interesting in artwork, environmental and geological
applications.
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