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Abstract

An adjustable near-field LIDAR telescope, suitable for visible and
UV picosecond radiation, has been constructed and characterised. The
behaviour of the collection efficiency is documented in a database of
reference measurements, available for comparison and normalisation.

Using picosecond Raman LIDAR, a tool for remote species detec-
tion, with a spatial resolution to render it suitable for stand-off dis-
tances, is demonstrated. Spectra of liquid nitromethane, nitrobenzene,
and hydrogen peroxide were recorded at distances ranging from 1.9 to
4.3 metres. Multi-species detection was performed with maintained
strength and quality of the signal.

The issue of broadband fluorescence obstructing the Raman sig-
nal in the spectral domain is addressed through an investigation of
using temporal discrimination as a means to suppress the interfering
fluorescence. The fluorescence suppression displayed a capacity to un-
cover several peaks of a Raman signal which, using traditional time-
integrated detection, would have been completely immersed in laser-
induced fluorescence. The temporal discrimination was demonstrated
both in time-resolved measurements, employing a streak camera as de-
tector, as well as in a time-gated system using an ICCD camera. A
qualitative investigation comparing the rise times of the Raman signal
and the laser-induced fluorescence, was also performed. It indicates
that the Raman signal reaches its peak value earlier than the fluores-
cence, which would promote the fluorescence suppression.
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1 Introduction

During 2008, prior to the commencement of this master’s project, a New-
tonian telescope was designed at the division of Combustion Physics in
Lund, [1]. The first part of the work presented herein consisted of assist-
ing in the assembly of the telescope and of investigating performance of the
telescope.

The intended area of use of the telescope is primarily elastic and inelastic
LIDAR (Light Detection And Ranging), in combination with a picosecond
laser and a streak camera capable of providing high temporal resolution. The
LIDAR method offers a tool for determining the distance to any multiple
points in a volume along the laser beam, in a single shot. Thus, one of the
important advantages of the LIDAR method is its capability of monitoring
large areas. Furthermore, in combination with the picosecond pulses high
temporal and spatial resolution is provided.

Raman scattering is an inelastic process, where reflected photons carry
with them information of the molecule which has reflected them. The in-
duced shift in frequency of the reflected photons is dependent on the vibra-
tional motions of the molecule, which, in turn, are directly related to the
structure of the molecule and therefore unique to each molecular species.
Thus, using the LIDAR method, but recording the Raman scattered light,
the advantage of molecular specificity is added to the qualities of the LIDAR
method. For instance, the depth resolution of the LIDAR method in combi-
nation with Raman scattered light provides the possibility of multi-species
detection, investigated as a second part of the master’s project.

Difficulties with Raman scattering do exist, primarily the inherent weak-
ness of the signal and, as a consequence, a vulnerability to outside interfer-
ences. The obstacle of low signal strength could be circumvented by ex-
ploiting resonance Raman scattering [2], however this lies outside the scope
of the project. The major interferences are elastically scattered light and
broadband fluorescence spectrally overlapping the Raman signal. The lat-
ter has been addressed, forming the third and final part of this project, by
investigating the improvement of the Raman signal quality by temporally
discriminating the fluorescence. The investigation was made on liquid sam-
ples, delivering Raman scattered light and fluorescence, both by temporally
resolving the light and by using a fast time gate suppressing the fluores-
cence. The investigated substances were nitromethane, nitrobenzene, and
hydrogen peroxide, which were acting as Raman scatterers, and Rhodamine
590, providing the fluorescence. This work was connected to the DETEX
project, see Sect. 1.1 and [3], [4], and therefore the chosen Raman substances
were explosives and precursors, selected for their high Raman cross-section.

Other advantages of using laser light, which are relevant for this work, are
its non-intrusiveness and its ability to transport energy over long distances,
allowing remote probing without disturbing the sample volume.
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1.1 Applications

The qualities mentioned above introduce the possibility of remote species
detection, with a spatial resolution rendering it suitable for stand-off detec-
tion with distances varying from decimetres to several metres. Examples of
where the species detection may be applicable, through the method of Ra-
man LIDAR, are characterisations of large-scale combustion facilities and
search for explosive devices.

One major benefit in combustion spectroscopy is that only one optical
access point is needed. In this manner the need for transparent sections on
the combustion chambers is drastically reduced and the process of setting
up the equipment is simplified as well. Another advantage of the Raman
LIDAR method is the capacity to map occurrences of species along the line
defined by the laser beam. Information of this type is highly relevant in
such a spatially varying environment as a large-scale combustion facility.

Stand-off detection of explosives is a field, where, as of today, no obvious
tool for accurate detection exists. Long distances, trace amounts, possible
outside interferences, fast data evaluation, and the need for high molecu-
lar specificity prove to be a challenging combination. Picosecond Raman
LIDAR could potentially be a method fulfilling the mentioned criteria. Us-
ing a laser, large distances can be bridged, with resonance Raman detection
possibly providing the means to detect trace amounts. The handling of out-
side interferences has been treated in this project in the form of suppression
of fluorescence. Lastly, the selectivity in the detection is granted by the
molecular specificity of Raman scattering.

1.2 Structure of the presented work

The outline of the report is the following. In the next chapter the theory
of different scattering phenomena, with the emphasis on Raman scattering
is presented. A brief walkthrough of the principal mechanisms behind the
LIDAR method used in the current project is also included in the chapter.
Selected components of the experimental equipment are described in the
following chapter, after which the experiments that have been made are
stated. The results are presented and discussed in parallel, and next the
conclusions of the work are presented. At the end of the report an appendix
containing further information specific to the constructed telescope can be
found.



2 Background

The physical phenomenon exploited in this project is scattering, and more
precisely Raman scattering. In the following sections the theory behind
Raman scattering and other types of scattering events is treated. Afterwards
the Rayleigh and Raman LIDAR methods are presented.

2.1 Scattering processes

When an atom or a molecule is irradiated by photons with an energy corre-
sponding to the energy spacing of two levels, these photons may be absorbed.
However, photons can interact with the substance even if they do not pos-
sess the appropriate amount of energy. This phenomenon, scattering, has
a quantum mechanical description as well as a classical explanation and a
brief overview of the two descriptions are presented in this report. A more
thorough treatment is carried out in [5]. The effect of scattering is a disap-
pearance of the incident photon and the appearance of a photon commonly
travelling in a different direction. The scattering event is either an elastic
one, meaning that the new photon is of the same energy as the incident
photon, e.g. Rayleigh or Mie scattering, or it is an inelastic one, where the
new photon is of a different energy, as for instance in Raman scattering.

2.1.1 Rayleigh scattering

Quantum mechanically the scattering process is an absorption of the imping-
ing photon, thereby exciting the atom or molecule to a virtual level, followed
by a deexcitation to the original level and emission of a photon. For atoms
and smaller molecules, conventionally those whose diameter is smaller than
the photon wavelength, this interaction is termed Rayleigh scattering.

Classically the scatterer is considered to be an electric dipole with a
dipole moment P induced by the electric field of the incident radiation E.

P = αE (1)

This process is governed by the polarisability of the species. The polar-
isability tensor α represents this quantity with a matrix, describing how
fields along different axes may affect any other axis. The induced dipole
then reradiates with an average total power P depending on the incident
radiation.

P =
4π3c

3ε0λ4
P2 (2)

Here λ is the wavelength of the incident and of the emitted light, c the
speed of light and ε0 the permittivity. Only the magnitude of the polari-
sation, P = αE , comes into account. One distinguishes the well-known λ−4
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Figure 1: Polar diagram showing the the angular distribution of the field (inner
surface; ∝ sin θ) and of the radiant intensity (outer surface; ∝ sin2 θ) of an electric
dipole emitting π radiation.

dependence of scattering. The radiant intensity in a particular direction is
given by

I =
dP
dΩ

=
π2c

2ε0λ4
α2E2 sin2 θ (3)

where dΩ is the corresponding solid angle. θ is the angle between the oscil-
lation axis of the dipole and the direction of observation. Quite often I is,
rather loosely, referred to as the ’intensity’ of the source in a certain direc-
tion. Figure 1 shows the angular distribution of the radiation I, sometimes
called π radiation. Accordingly, the directionality of pure Rayleigh scat-
tering from a particle has an axis of symmetry parallel to the polarisation
of the incident light and the scattering is equally probable for all angles in
a plane perpendicular to this axis. In other words, there is no difference
between forward, backward and sideward scattering.

2.1.2 Mie scattering

When describing an elastic scattering process involving a particle with a
diameter exceeding the wavelength of the light, the Rayleigh model is no
longer applicable. The process is then explained using Mie theory. In this
model the probability of scattering is a complicated function of wavelength,
particle radius, index of refraction and absorption. Since this process is
not of great concern to this report only a few resulting qualities are stated.
The variation with wavelength of Mie scattering is much slower than that
of Rayleigh scattering and is approximately described by a λ−2 dependence.
In the open atmosphere, Mie scattering from particles normally dominates
over Rayleigh scattering from molecules, in particular for visible and near-IR
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radiation [6]. As opposed to Rayleigh scattering, the angular distribution
of Mie scattering depends on particle size, with a more pronounced forward
lobe for larger particles.

2.1.3 Raman scattering

After the excitation to the virtual level, in the quantum mechanical picture
of the scattering process, the molecule does not necessarily need to elasti-
cally return to its original level. If the molecule is rotating or vibrating,
the dipole induced by the incident radiation will oscillate at neighbouring
frequencies, shifted by the rotational or the vibrational frequency, hence gen-
erating frequency shifted scattered light. This inelastic scattering process is
referred to as Raman scattering.

This project has investigated Raman scattering from liquids exclusively.
In this phase rotational shifts are hindered and only vibrational shifts are
distinguishable. The most suitable approach for understanding vibrational
Raman shifts is probably through the classical analogy.

2.1.3.1 Classical treatment of the vibrational Raman effect
A molecule that vibrates can do this in several manners, e.g. by bending or
by stretching motions. Because of the displacements of the nuclei, the charge
distribution changes and therefore the polarisability varies. This variation
can be described by expanding each component of the polarisability tensor
in a Taylor expansion around the point of equilibrium. To illustrate the
concept a vibrational mode k affecting only one component is assumed,
giving an expanded expression for the polarisability of interest

α = α0 + α′kQk + . . . (4)

with

α′k =
∣∣∣∣ ∂α∂Qk

∣∣∣∣
0

. (5)

The quantity α′k is the rate at which the polarisability changes at the
point of equilibrium, and α0 is the actual polarisability at that point. Qk
is the normal coordinate describing the motion of the vibrational mode
k, with vibrational frequency νk. A simple harmonic motion is assumed,
Qk = Qk0 sin(2πνkt), Qk0 being the maximum amplitude. By inserting this
into (4), and neglecting higher order terms, an expression describing the
temporal dependence of the polarisability is obtained.

α = α0 + α′kQk0 sin(2πνkt) (6)

It is assumed that the incident radiation is polarised so that it only
interacts with the polarisability component connected to the vibrational
mode k. The oscillation of the electrical field has a maximum E0 according
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to E = E0 sin(2πν0t). Introducing the time-dependent polarisability and the
oscillating field in (1), still taking only the magnitudes of the components
in question into account, gives the full description of the induced dipole
moment.

P =
[
α0 + α′kQk0 sin(2πνkt)

]
E0 sin(2πν0t) (7)

Using the trigonometric identity sinx sin y =
[

cos(x−y)− cos(x+y)
]
/2

a more lucid form is obtained.

P = α0E0 sin(2πν0t)

+
α′kE0Qk0

2

[
cos(2π (ν0 − νk) t)− cos(2π (ν0 + νk) t)

]
(8)

In this expression one can identify the fundamental oscillation of the dipole
ν0, responsible for the Rayleigh scattering, and two slightly modified oscil-
lation frequencies, generating the Raman scattered light. Recalling (5) it is
clear that for Raman scattering to occur the derivative of the polarisability
component, taken at the point of equilibrium, must be non-zero, i.e. Ra-
man scattering occurs only if the polarisability is altered. The down- and
upshifted Raman components are called Stokes line and anti-Stokes line,
respectively. Raman intensities vary extensively with the setup and with
different species, but commonly the intensity of these lines is roughly 103

times lower than the Rayleigh line intensity.

2.1.3.2 Vibrational Raman scattering in a quantum mechanical
treatment The corresponding description in quantum mechanics involves
the vibrational energy splitting of a certain electronic state in the molecule.
In the scattering process the electron is excited from a vibrational level in
this state to a virtual level. The deexcitation from the virtual level, however,
brings the molecule to a level different from the original one, which clearly
gives rise to a frequency shifted photon. A schematic illustration is given in
Fig. 2. To a first approximation, the energy splitting is depicted by vibration
in a harmonic oscillator potential. Still, only a single vibrational mode is
considered.

Ev = (v + 1/2)hνk, v = 0, 1, 2 . . . (9)

A level is identified by the vibrational quantum number v, and its energy Ev
is proportional to the vibrational frequency νk and to Planck’s constant h.
Due to a rather large energy spacing, typically 0.1 eV, most of the molecules
reside in the lowest vibrational level and a few in the v = 1 level at normal
temperatures. The selection rule demands that ∆v = ±1, generating the
Stokes line (0 → 1) and the anti-Stokes line (1 → 0) at ∆Evibr = ±hνk.
With the energy spacing being constant in (9), any transitions from higher
levels would superimpose on these two lines. The Stokes and the anti-Stokes
processes are illustrated in Fig. 2. In contrast to the classical description,
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v = 1

v = 0

υ

virtual 
levels

υ0

RayleighStokes anti-Stokes

υ0 + υkυ0 - υk

Figure 2: Top: Energy level diagram describing Rayleigh and vibrational Raman
scattering. Bottom: The frequency shifts of vibrational Raman scattering.

which incorrectly suggests the two processes to be equally probable, the
quantum mechanical picture can rely on Boltzmann statistics to describe
the line intensities. The anti-Stokes line is much weaker than the Stokes
line, since the v = 1 level is so scarcely populated compared to the v = 0
level.

If a more accurate vibrational potential is used, the energy levels can be
shown not to be equidistant, resulting in spectrally separated Raman lines
when higher levels are involved. The correction also opens up the possibility
for higher order transitions, v = ±2,±3,±4, . . . , referred to as overtones.
The probabilities for these transitions to occur, however, decrease rapidly
with increasing order of the overtone.

It is important to stress that the factors governing the vibrations, e.g.
symmetry properties, masses and bindings of the molecule, are unique for
each molecule and therefore the deviations in frequency of the emitted pho-
tons are molecular specific. As a result, the Raman scattered light is suitable
for species detection.

2.2 LIDAR

It is possible to obtain information about distant objects by studying the
backscattered light from a laser directed at them. Collecting optics, such as
a telescope, image the retroreflected photons onto a detector. To determine
the distance to the backscattering objects a pulsed laser can be used, which
is the most common implementation of the ranging method called LIDAR
(Light Detection And Ranging). Since the time of departure of the photons
is known, the time-of-flight of a retroreflected photon can be calculated,



8 (42)

laser

collection 
optics and 
detector

R

Figure 3: The principle of LIDAR (Light Detection And Ranging), where the
time-of-flight of backscattered light from a laser pulse gives the distance R to the
scattering particle.

which, in turn, is proportional to the distance travelled.

t =
2R
c

(10)

R is the distance to the object which scattered the detected photon, c the
speed of light. The principle is illustrated in Fig. 3. Obviously, the duration
of the laser pulse, tp, introduces a limit for the accuracy of the calculated
distance ∆R.

∆R =
tpc

2
(11)

It is important to remark that the accuracy may be lower, depending on
the temporal resolution of the detection system. Regardless, the distribution
in time of the detected photons describes the distances to scattering objects
in the direction of the laser beam.

2.2.1 Rayleigh LIDAR

The specimen to be probed does not have to be a single macroscopic ob-
ject. When probing a gas, the particles and molecules distributed along the
path of the laser beam take the role as retroreflectors. Frequently in atmo-
spheric contexts, Mie scattering provides a strong signal, but in laboratory
conditions the Rayleigh signal is stronger due to a cleaner air mass.

The variation in time of the intensity of the backscattered light describes
the variations in density of the gas at different distances. One often speaks
directly in terms of distance rather than in terms of time when the results
are interpreted.

However, to clarify the relation between intensity and concentration, one
must also take into account the inherent attenuation concerning the LIDAR
method [7].

I(λ,R) = CEpNbackscatt(R)σbackscatt
∆R
R2

· exp
{
−2
∫ R

0

[
σabs(λ)Nabsorbers(r) +Kext(r)

]
dr
}

(12)
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The range dependency of the detected intensity I(λ,R) is primarily domi-
nated by the factor 1/R2, describing how a fix detector area corresponds to
different solid angles at different distances. Furthermore, the range depen-
dency is determined by the excitation pulse energy Ep, the number density
of the backscattering particles Nbackscatt(R) and their backscattering cross-
section σbackscatt. ∆R is the range resolution, as described above. C is a
system constant taking into account the detector area, frequently the area of
the collector mirror in a telescope, the transmission function of the detection
system, the conversion efficiency of the detector chip, etc. In other words, all
factors affecting the signal between the arrival of the photons at the collec-
tion optics and the number displayed as detected intensity on the detector
interface. The excitation pulse and the backscattered light are attenuated
by the presence of absorbing molecules of concentration Nabsorbers(r), with
an absorption cross-section of σabs(λ), and by scattering particles along the
return path, described by an extinction coefficient Kext(r) which varies more
slowly with wavelength. Kext(r) is related to σbackscatt for particle scattering,
however the connection is rather complex.

Another factor significantly affecting the backscattered intensity is the
wavelength dependence of the backscattering cross-section. This cross-
section is proportional to 1/λ4 for Rayleigh scattering and roughly governed
by a 1/λ2 relation in the case of Mie scattering, as mentioned in Sect. 2.1.2.
As a result, the choice of laser wavelength strongly influences the strength
of the LIDAR signal.

2.2.2 Raman LIDAR

As opposed to the elastic scattering discussed in the previous section, the
retroreflected photon in a Raman scattering event does not carry the same
amount of energy as a photon emerging from the laser. This deviation
being different for different substances, it is possible to discern the species
present in the probed volume by spectrally resolving the backscattered light.
In addition, the LIDAR concept provides the means to reveal where these
species are situated since the distance to a retroreflector, responsible for a
certain shift in wavelength, can be calculated.

The LIDAR equation, (12), is still valid with the distinctions that
Nbackscatt(R) now is the number density of the Raman backscattering
molecules and that σbackscatt is their Raman cross-section. One should also
note that even though σbackscatt is still evaluated at the laser wavelength, the
exponent in (12) has a different wavelength dependence. The attenuation
of the light is not same for the excitation pulse, being of wavelength λ, as
for the backscattered light, which now has a Raman shifted wavelength λR.
Also, the extinction coefficient has different values for the two wavelengths.
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As a result, the exponent in (12) must replaced by the following expression.{
−
∫ R

0

[
σabs(λ)Nabsorbers(r) + σabs(λR)Nabsorbers(r)

+Kext, λ(r) +Kext, λR
(r)
]

dr
}

(13)

The most important obstacle in the Raman LIDAR method is the in-
herent weakness of Raman scattering, as mentioned being generally about
103 times weaker than Rayleigh scattering. Hence, a vital aspect of the
detection and signal processing is background rejection; both the elastically
backscattered light and the fluorescence, if any, must be removed from the
signal. The elastically reflected light can be suppressed using a sharp notch
filter or a liquid absorption filter. It is also possible to spectrally disperse
the signal with a spectrograph before imaging it onto a sensor, for example
a CCD. With the latter approach, the wavelength-shifted Raman photons
can be extracted during the signal processing.

Rejection of fluorescence is harder to perform since it commonly over-
laps spectrally with the Raman photons. There is a principle, as shown
by Tahara [8], which can achieve a fluorescence suppression provided that
the duration of the exciting laser pulse is much shorter than the lifetime of
the fluorescence. The elimination of the fluorescence is done by temporally
selecting the photons originating from the scattering event. Scattering is
a much faster process, taking place at the scale of femtoseconds whereas
typical fluorescence lifetimes range from nano- to milliseconds. This sep-
aration can be accomplished by time gating the detector or, if a detector
with a good capacity of resolving the signal in the time domain is used, the
selection can be made during postprocessing. It must be noted that regard-
less of the choice of implementation, the early part of the fluorescent light
is still present; however the total intensity of the fluorescence is reduced
considerably.

An intrinsic property of fluorescence further enhancing the principle of
fluorescence suppression in the time domain, is the rise time of the fluores-
cence. Since the radiative and non-radiative deexcitation processes of the
fluorescing state always are present, a finite time is required for the excited
level to become significantly populated. As a result, the peak intensity of the
fluorescence is not reached immediately. The case is not the same for Raman
scattering since the excited state is a virtual level which can be considered
to be populated instantaneously, in comparison with the fluorescence. As a
result, the Raman signal reaches its peak value earlier than the fluorescence
signal. When detecting during a time interval ending as soon as the Raman
signal reaches its maximum, a considerable part of the registered light is
Raman scattered photons. Additionally, the simultaneously recorded fluo-
rescence photons represent merely a small fraction of the total fluorescence
collected by the telescope.



3 Experimental equipment

The important qualities, as well as the principle of operation, of the key
components in the experimental system is given in the following sections, in
order to facilitate the comprehension of the work that has been performed.

3.1 Laser system

The light source used was a flash lamp pumped solid state laser (Nd:YAG)
equipped with a frequency doubling crystal, i.e. the excitation wavelength
was 532 nm. The particular system used, PL2143, was produced by
EKSPLA. The methods presented in this report require extremely short
pulse durations and therefore the cavity is mode locked. The system deliv-
ers pulses of 30 ps, at 10 Hz, although the mode locking technique in general
is capable of generating femtosecond pulses.

Mode locking is based on having a multitude of subsequent longitudinal
modes1 oscillating simultaneously in the laser cavity and, by external means,
ensuring that they oscillate in phase. The interference of all the waves is
purely constructive only at one point in space, given that the waves are of
equal amplitude. In this way, the light in the cavity can be regarded as
a single, very intense, narrow pulse travelling back and forth between the
cavity mirrors. At each reflection on the output mirror, having non-zero
transmittance, a part of the intensity is coupled to the outside and appears
as a pulse of light. The more modes oscillating simultaneously and the wider
the spectral width of the laser gain, the sharper and shorter the pulses will
be.

Phase locking can be achieved with active and passive mode locking.
In the PL2143 system the active mode locking is implemented through an
electro-optic switch, which blocks the cavity at all times except for when
the single pulse is to be expected. Since this introduces losses for all com-
binations of phases apart from the special case of equal phases, as soon as
this favourable condition occurs, by chance, mode competition ensures that
the modes remain locked. A passive switch is also included in the PL2143
system, in the form of a solid state modulator. The absorption of this device
decreases as the intensity of any incident light increases. With the help of
this element the losses in the cavity are set to be surpassed by the gain solely
for case of the very intense single pulse. The result is that oscillation can
occur only if a single pulse is formed, i.e. the modes are phase locked.

1i.e. with frequencies νm = ν0 + mνF , m = 0,±1,±2, . . . with ν0 as the centre of the
atomic lineshape and νF being the free spectral range of the cavity.
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Figure 4: The streak camera principle, providing a temporal resolution which is
not limited by the read-out time of the detector. A ramped electric field deflects
photoelectrons in a linear manner, establishing a time axis along a spatial axis
on the detector which allows for the read-out to be carried out after the course
of events has taken place. A micro channel plate (MCP) amplifies the stream of
photoelectrons to detectable levels.

3.2 Streak camera

In order to attain a high temporal resolution a streak camera was chosen
as detector. The brand used in this setup was an Optoscope, manufactured
by Optronis, with streak rates ranging from 10 to 1000 ps/mm and corre-
sponding temporal resolutions ranging from approximately 2 to 200 ps. The
readout unit was an ANIMA-PX CCD camera of 1392×1024 pixels.

The principle of a streak camera is similar to that of an oscilloscope,
as shown in Fig. 4. The light pulse to be detected arrives at a photocath-
ode, generating a pulse of electrons. A strong electric field accelerates the
electrons towards a phosphorescent screen near the rear end of the streak
camera. During the flight a second electric field, perpendicular to the first,
is ramped to deflect the electrons, resulting in the pulse of electrons being
spread out along an axis perpendicular to the incoming light. The later
a photoelectron is created, i.e. the later the arrival time of the impinging
photon, the more this electron is deflected. This causes the transverse co-
ordinate to be proportional to the time coordinate. Finally the intensity
on the different areas of the phosphorescent screen is imaged onto the CCD
chip. The chip measures 19.5 mm by 14.4 mm and the slightly longer di-
mension is used for the time coordinate, allowing for time intervals ranging
from 195 ps to 19.5 ns to be recorded.

The CCD chip is composed of a two-dimensional array, though the prin-
ciple of the streak camera only requires the signal to be swept along one
dimension. For this reason the entrance of the streak camera is chosen to
be a slit, which images a horizontal line, perpendicular to the optical axis
of the camera, onto the detector. The resulting image on the CCD chip
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represents points along this horizontal line on one axis and the temporal
evolution for each one of these points along the other axis. When using the
LIDAR technique in conjunction with this detector setup, the result is an
image with both depth and width, i.e. something similar to a snapshot taken
from above the measurement area. In fact, it is the optical equivalent to a
radar image where the position in depth and width of scattering objects is
recorded.

3.3 Collection optics

To collect the LIDAR signal in an efficient manner a Newtonian telescope
was set up to focus the retroreflected light onto the entrance of either the
streak camera or a spectrograph. Figure 5(a) illustrates this LIDAR con-
figuration. The primary mirror was a UV-coated spherical mirror of f/4.5
with a diameter of 10 cm, in front of which a flat, 4.5 cm diameter secondary
mirror was fixed. Behind the diagonal secondary mirror another flat mirror
was situated, facing the opposite direction. This mirror reflected the laser
beam, arriving perpendicularly to the optical axis of the telescope, towards
the probe volume. Using this configuration, the path of the laser beam was
coaxial with the optical axis of the telescope ensuring the possibility to,
in theory, probe all distances in a single laser shot. All mirrors used were
UV-coated, rendering the telescope suitable for UV radiation.

spectrograph

streak 
camera

primary mirror, 
mounted on rail

secondary 
mirror

towards probe volume

ps 
Nd:YAG 

laser

notch filter

(a)

spectrograph

ICCD

cuvette

ps 
Nd:YAG 

laser

lenses

edge filter

(b)

Figure 5: The LIDAR (a) and the side detection (b) configurations.

Since the measurements were to take place in the near-field, the issue of
light being focussed at different distances appeared. In far-field applications,
e.g. atmospheric LIDAR, all backscattering objects can be approximated by
point sources at infinite distance and, accordingly, all light is focussed onto
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the same image plane. For shorter ranges the thin lens equation

1
f

=
1
z1

+
1
z2

(14)

dictates that the distance to the image plane, z2, is dependent on the dis-
tance to the object in question, z1, both distances measured from the fo-
cussing mirror or lens. f is the focal length of the mirror and therefore
constant. To accommodate for the different positions of the image plane,
the collector mirror was mounted on a rail and could be translated along
the optical axis of the telescope. In this manner the image plane, and thus
detection equipment, was kept at a fixed point in space. A detailed cal-
culation of primary mirror positioning as a function of detection distance
was performed and is presented in the appendix, Sect. A.1. Problems may
arise with a non-fix collector mirror if the rail is not capable of maintaining
the same inclination of the mirror at all positions, something which is also
discussed in the appendix, Sect. A.2.

The strength of the coaxial configuration is manifested in that the near-
field LIDAR signal can, in a single measurement, be obtained from different
points in the volume along the optical axis. However, for long volumes
the deviation from the current distance in focus, z1, lowers the collection
efficiency for the extremes of the volume. Rays originating from the extremes
are focussed at a distance different from z2 and, as a result, a subset of the
rays, namely the outermost rays with respect to the optical axis, may miss
a small detector such as the thin slit of the streak camera. Another reason
for a lower collection efficiency is the secondary mirror which blocks the
central rays. This obstruction grows more important for shorter detection
distances, reducing the expected increase due to a larger solid angle being
covered. For longer distances the collection efficiency is reduced because
a smaller solid angle is covered. The effects of these factors are discussed
more thoroughly in the results section, 5.1. A simple estimation of the total
collection efficiency at different detection distances has been made. It is
explained and the approximative optimal detection distance is given in the
appendix, Sect. A.1.

For the Raman LIDAR measurements the backscattered light needs to be
spectrally resolved and a spectrograph was placed in front of the streak cam-
era. The horizontal, transverse spatial coordinate was no longer recorded
by the streak camera, but was replaced by the spectral information from
points situated on the optical axis. Because of the inherent weakness of
Raman scattering a holographic notch filter was mounted in front of the
spectrograph entrance to suppress light of the excitation wavelength.

The spectrograph used had an f-number of f/3.9 thereby introducing
a slight mismatch with the telescope, namely the grating not being fully
illuminated. Even though a lower spectral resolution was obtained, this
was not solely unfavourable for the measurements. Since Raman signals are
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weak, it is in general important to ensure that all collected light arrives at
the detector. A slight misalignment in a perfectly f-matched system would
result in some light being lost inside the spectrograph, while in the current
configuration all light would still be reflected by the grating and directed
towards the streak camera.

In further studies it would be possible to map the entire field of view of
the collector mirror, registering both at different distances from the mirror
and at different distances from the optical axis of the telescope. By sending
out the laser pulse as a fan-like sheet, all particles in this horizontal plane of
the field of view will contribute with backscattered light in every single-shot
measurement. The introduction of the spectrograph removes this possibility,
since the transverse spatial dimension is replaced by the spectral dimension.
However, an investigation of this imaging method lies outside of the scope
of the project.

Two series of measurements were performed in a side detection configu-
ration as shown in Fig. 5(b). The angular dependence of Raman scattering
is the same as for Rayleigh, which was discussed in Sect. 2.1.1, and this
assures that the side detection configuration probes the same physical phe-
nomenon as the LIDAR configuration. A lens of 5 cm focal length collected
and collimated light from a small volume inside the path of the laser beam
and a lens of 20 cm focal length focussed the light onto the slit of a spec-
trograph. Both lenses had a diameter of 5 cm. The detector in this case
was an ICCD (Princeton Instruments, PI-MAX2:512 (GEN II)) with gate
durations down to 2 ns available.

3.4 Spectrographs

The spectrograph used in the Raman LIDAR measurements was a Czerny-
Turner type by Spectral Products, 1/4 Digikröm DKSP240, f = 0.25 m. A
grating of 150 grooves per mm was chosen in order to be able to easily record
the entire Raman spectrum. The grating was blazed for 500 nm, providing
a satisfactory transmission for the Stokes Raman signal generated with an
excitation wavelength of 532 nm.

In the side detection configuration a Texas Instruments SpectraPro 150i
(Czerny-Turner) spectrograph, with a focal length of 0.15 m, was used. The
grating had 300 grooves per mm and was blazed for 300 nm.

3.5 Laser rejection filters

To ensure adequate rejection of Rayleigh and Mie scattering and other
sources of elastically scattered light in the Raman measurements, interfer-
ence filters were used. In the LIDAR detection scheme a 5 cm diameter
holographic notch filter was employed. For a spectral band of 306 cm−1 sur-
rounding 532 nm, this filter had an attenuation of at least 6.0 OD, meaning
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that the transmission was no greater than T = 10−6.0. Since the manu-
facturing process for these filter types is based on the formation of a laser
interference pattern the variation in refractive index is sinusoidal. This type
of variation drastically decreases the presence of extraneous reflection bands,
which normally arise in dielectric stack filters due to their square wave vari-
ation.

As for interference filters in general, the functionality of the notch filter
is highly dependent on the angle of incidence. A slight tilt of the filter
shifts the attenuation maximum to shorter wavelengths, in addition to a
reduction of the overall attenuation. For the notch filter used, the specified
angle of incidence to be used was 5 degrees. The collection optics of the
LIDAR measurements did not collimate the light and therefore the angle
of incidence was rather an interval of angles approximately 2 degrees wide.
The general result of this interval of incident angles was that some elastically
scattered light would still be transmitted.

In the side detection configuration a edge filter of 1 cm diameter was
used. The attenuation of this long-pass filter was of >6 OD, with the edge
being situated at the interval of 535.4 to 536 nm.



4 Methods

The outline of the experiments that have been performed is presented in the
following sections, divided into the three parts constituting this project.

4.1 Telescope collection efficiency

In order to interpret measurements made with the telescope, the relative
collection efficiency must be charted. For the LIDAR method it is especially
important to be able to compare intensities of different points along the
optical axis of the telescope, and for this to be possible knowledge of the
collection efficiency as a function of distance is needed.

To determine the collection efficiency of a LIDAR measurement, the am-
bient air of the laboratory was used as sample volume. In other words, the
measurements were made with the Rayleigh LIDAR method on a homoge-
neous medium. In this manner the only variation with distance of the signal
would be due the collection efficiency of the telescope, provided that the air
was completely homogeneous.

Two main aspects of the variation in collection efficiency were addressed
in the investigation. Both arise as consequences of the central obstruc-
tion of the telescope, i.e. the secondary mirror, the finite slit width of the
streak camera and the characteristic behaviour of ray optics in the near-field.
Firstly, within a measurement the collection efficiency has its maximum at
the distance for which the mirror is positioned and decreases monotonically
before and after, see Sect. 3.3. Depending on when the streak camera is
triggered, different parts of this mountain-shaped function is registered, but
in the majority of the measurements the maximum was positioned at the
centre. The second aspect of the variation is differences in the form of the
mountain-shaped functions at different detection distances.

To map the relative variations in the collection efficiency, a small
database of homogeneous Rayleigh LIDAR measurements was created. The
variations within a measurement were recorded at the detection distance of
3.36 metres from the telescope2, where all streak rates from 1 ns/mm down
to 25 ps/mm were charted. Measurements with the streak rates 500 and
25 ps/mm were repeated at 1.93 and 4.83 metres, in order to investigate
the variation in the shape of the collection efficiency function at different
detection distances.

4.2 Stand-off species detection through Raman LIDAR

With the introduction of the spectrograph in the LIDAR configuration, the
first thing to be assessed was the capacity to detect the weak signal of
inelastically scattered light. Nitromethane (NM), nitrobenzene (NB), and

2Distances given from the telescope are always measured from the collector mirror.
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hydrogen peroxide, all in liquid phase, were probed at several distances from
the telescope, ranging from 1.93 to 4.34 metres. A quartz cuvette of 1 cm
path length was filled with at least 2 cl of the substance and mounted, on
the optical axis of the telescope, in a manner that the laser beam would
interact exclusively with the liquid when inside the cuvette. Slow streak
rates, 1 ns/mm and 500 ps/mm, were used in order to cover as long probe
volumes as possible.

The next subsection of measurements that was performed involved mul-
tiple samples of the same and of different substances. The laser beam tra-
versed three quartz and glass cuvettes at different distances, truly exploiting
the strength of the LIDAR method by probing several distances at once. The
samples were placed at 3.35, 3.85, and 4.35 metres from the telescope.

4.3 Fluorescence suppression

The main aspect to be investigated was the possibility to enhance the col-
lection efficiency of the Raman signal in relation to spectrally overlapping
fluorescence. With elastically scattered light being handled by a spectral
filter the next interfering phenomenon, as mentioned, is the possibility of
inducing fluorescence in the sample and its immediate surroundings.

4.3.1 Temporally resolved measurements

The method used to reject the fluorescence was to isolate the Raman signal
temporally, at first through software processing of the data recorded with
the streak camera. The fluorescence was introduced by adding droplets
of a very weak laser dye solution to a cuvette containing 2 cl NM, which
was the substance to be detected. The dye used, Rhodamine 590 dissolved
in ethanol, is appropriate for 532 nm excitation and has fluorescence that
immerses the Raman peaks up to and beyond 2000 cm−1. Peaks situated
around 3000 cm−1 can be left reasonably unaffected by the fluorescence with
weaker dye concentrations, but are still affected by stronger dye concentra-
tions. This first part of the fluorescence suppression measurements was
taken in the LIDAR configuration with the cuvette situated at a distance of
3.85 metres.

To confirm the prediction that the peak value of fluorescence is reached
later than the peak value of the Raman signal, measurements were per-
formed on NM-Rhodamine mixtures at 50 ps/mm. This significantly faster
streak rate offers higher temporal resolution, but also fewer detected photons
per pixel. To increase the signal strength, the cuvette was placed 1.70 me-
tres from the telescope, which approximately corresponds to the distance of
optimal collection efficiency.
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Figure 6: Schematic illustration of the temporal filtering of the light that is cap-
tured by the telescope. Closing the gate before all of the fluorescence has arrived
at the detector, the Raman signal constitutes a greater part of the total registered
intensity than if no time gating is used.

4.3.2 Time-gated ICCD measurements

The final series of measurements were performed in the side detection con-
figuration, to demonstrate the method of fluorescence rejection by fast time
gating. Figure 6 shows how the temporal discrimination of the fluorescence,
relying on the extended lifetime of the fluorescence, is achieved through an
early closing time of the gate. Using the 2 ns gate of the ICCD camera,
the goal was to compare the intensity of the detected Raman signal rela-
tive to the interfering fluorescence for different closing times and quantify
the relative increase of the signal intensity. The signal-to-interference ratio
(S/I) of a measurement with this fast gate could then be compared with
the S/I of a measurement where a 20 ns gate was used, representing “no
fluorescence suppression”. A sequence of measurements was made with the
2 ns gate closing later and later into the fluorescence, as well as a single
20 ns measurement.

As in the LIDAR detection scheme a 1 cm path length cuvette, contain-
ing 2 cl of NM and several droplets of the weak dye solution, was used. Un-
fortunately, due to the extended duration of the sequence of measurements,
the magnitude of the induced fluorescence decreased by roughly 30%3 from
the beginning to the end of the sequence. In order to maintain a stable fluo-
rescence background, another approach of containing the samples was taken.
A larger amount of the dye solution was diluted in ethanol in a 100 cl beaker.
To avoid a decrease in fluorescence due to the dye being pumped into a non-
fluorescing triplet state, a magnetic stirrer was used. The 1 cm path length
cuvette, now containing pure NM, was lowered into the Rhodamine-ethanol
mixture, ensuring that the point of focus of the collection optics was kept
within the NM. Since the concentration of the dye surrounding the cuvette
was much stronger than the dye concentration in the previous configuration,
the collected NM Raman signal would still be immersed in fluorescence. The
2 ns sequence and the single 20 ns measurement were repeated in this second
configuration.

3Most probably due to the Rhodamine reacting with the NM.



5 Results and discussion

Simplifying for the reader, the results and the discussions thereof are di-
vided into the same three parts as the methods section. Within each part,
the experiments are divided further in order to, hopefully, provide a clear
structure of the work that has been performed.

5.1 Telescope collection efficiency

To determine the collection efficiency, measurements were made in the
LIDAR configuration, but without the spectrometer and the notch filter.
The major qualities of these Rayleigh LIDAR images taken of the ambient
air are well illustrated by Fig. 7, presenting a measurement taken with the
telescope focussing at 3.36 metres and using a streak rate of 1 ns/mm. The
colours of the streak image in Fig. 7(a) represent the amount of backscat-
tered light from a certain point in the measurement volume. The horizontal
axis displays the distance from the telescope and the vertical axis the trans-
verse distance from the optical axis, situated in the middle of the image.
Since the transverse magnification is not the same for all distances, no gen-
eral scale, true for all distances, can be defined for the transverse coordinate.
Instead the pixel number on the CCD chip of the streak camera was chosen
to identify the positions along the vertical axis.

Given that the transverse magnification is larger at shorter distances, the
width of the laser beam appears to grow narrower as the distance increases,
despite the beam being well collimated. The lack of intensity shaped like a
triangle, extending from pixel 200 and 600 at approximately 2 metres to pixel
500 shortly before 3 metres distance, is due to the central obstruction, i.e. the
secondary mirror. For all distances except the distance in focus, the mirror
casts a shadow onto the image plane. In other words, the light transmitted
from a part of the probe volume that is “out of focus” will describe a circle
in the image plane. The width of the circle is roughly determined by the size
of the shadow of the secondary mirror, falling onto the primary mirror as
projected by a point source at the distance in question. Since the entrance
of the streak camera is a horizontal slit, only two segments of the circle
of backscattered light are captured by the CCD chip, shown as two spots.
Moving from the distance in focus towards shorter distances in the streak
image, the transition from one spot to two, i.e. from well focussed light to
the case of the circle, creates the two branches seen in Fig. 7(a).

The reason for the much lower intensity in the lower branch is an unfor-
tunate positioning of the post holding the secondary mirror. Both the post
and the detector slit were at the same height, and as a consequence the post
blocked the majority of the light on one side of the central obstruction. An
obvious conclusion from Fig. 7 is that the central obstruction blocks quite
a large fraction of the backscattered light. The structure of the Rayleigh
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(b) Collection efficiency of the telescope

Figure 7: A Rayleigh LIDAR image taken of the ambient air with the telescope
set to focus at 3.36 metres. 300 software accumulations were made, with jitter
correction, using a slit width of 50 µm and a streak rate of 1 ns/mm. The collection
efficiency shown in (b) was calculated by integrating the streak image vertically,
excluding the jitter correction object, seen as a bright spot in (a). The collection
efficiency curve has been normalised to its maximum value.

LIDAR images has been described more thoroughly in [1]. The bright spot
at pixel 800, slightly beyond 3.3 metres, is not a Rayleigh LIDAR signal,
but the diffuse reflection of a needle used for jitter correction.

5.1.1 Variation in collection efficiency within a measurement

The streak image was integrated along the vertical axis, excluding the jitter
correction needle, to determine the collection efficiency of the telescope at
the detection distance and the streak rate in question. The result is a
curve describing the collection efficiency as a function of distance in the
LIDAR image, the function shown in Fig. 7(b). It displays a mountain-like
shape with a rapid decrease at the longer distances. The 1/R2 solid angle
dependence can be recognised in the form of the decline. At shorter distances
the collection efficiency exhibits a slower decrease, which is determined by
the finite slit width in conjunction with the shadow cast by the central
obstruction.

The investigations of different streak rates in the database4 showed that
the transverse structure of the Rayleigh LIDAR images disappears quickly
when going to faster streak rates. Figure 8 shows a Rayleigh LIDAR im-
age taken with 250 ps/mm, at the same detection distance as Fig. 7. In
Fig. 8(a) the imaged width of the laser beam is only varying slightly, which
is explained by the fact that the faster streak rate simply enlarges a subin-

4The examined streak rates were 1 ns/mm, 500 ps/mm, 250 ps/mm, 100 ps/mm,
50 ps/mm, and 25 ps/mm.
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(b) Collection efficiency of the telescope

Figure 8: A Rayleigh LIDAR image taken of the ambient air with the telescope set
to focus at 3.36 metres and employing a streak rate of 250 ns/mm. 300 software
accumulations were made, using a slit width of 50 µm and applying jitter correction.
The collection efficiency shown in (b) was calculated by integrating the streak image
vertically, excluding the jitter correction object, seen as a bright spot in (a). The
collection efficiency curve has been normalised to its maximum value.

terval of distances in Fig. 7. The collection efficiency function is also varying
less, as seen in Fig. 8(b).

To indicate how the variation of the collection efficiency decreases for
the faster streak rates, Rayleigh LIDAR images were taken, at 3.36 metres
with streak rates of 250 to 25 ps/mm. The collection efficiency curves were
determined in the same manner as above. To obtain a rough estimate of the
variation in collection efficiency within a measurement, the minimum value
of the curve was divided by the maximum value. This measure describes
the largest deviation from the optimal collection efficiency at each streak
rate. The findings are presented in table 1, where a tendency towards lesser
variation for the faster streak rates is seen.

Table 1: Minimum value of the normalised collection efficiency within a measure-
ment. The measurements were made with slit widths of 50 µm, except for the
50 ps/mm one where 70 µm was used. Jitter correction was employed.

Streak rate (ps/mm) 250 100 50 25

Minimum value in the collection efficiency
70% 70% 79% 87%

(given as per cent of the maximum value)
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(a) Telescope focussed at 1.93 metres
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(b) Telescope focussed at 3.36 metres
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(c) Telescope focussed at 4.83 metres

Figure 9: The collection efficiency of the telescope at three different detection dis-
tances, employing 500 ps/mm streak rate. 300 software accumulations were made,
using a slit width of 50 µm and applying jitter correction. The same gain and laser
pulse energy were used for all three measurements. The functions have been nor-
malised to their maximum value. Consequently, the collection efficiency is displayed
as a fraction of the maximum collection efficiency within that measurement.
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5.1.2 Variation in collection efficiency with detection distance

When moving the detection to 1.93 metres, it was noted that the 500 ps/mm
measurement was very similar to the 1 ns/mm measurement around 3.36 me-
tres. The transverse structure was essentially the same and the variation
with distance of the collection efficiency was comparable. In the same man-
ner, the Rayleigh LIDAR measurement taken with the collector mirror fo-
cussing at 4.83 metres, using 500 ps/mm streak rate, was very similar to
the 250 ps/mm measurement around 3.36 metres, in terms of transverse
structure and variation with distance.

These results suggest that the collection efficiency varies more rapidly
for shorter detection distances and more slowly for longer distances. When
one leaves the near-field and move towards the optical infinity, only the
1/R2 variation, which is extremely slow at longer distances, remains in the
collection efficiency. Figure 9 shows the collection efficiency for 500 ps/mm
taken at 1.93, 3.36, and 4.83 metres. As above, the functions have been
determined by taking Rayleigh LIDAR measurements of the ambient air
followed by vertical integration, excluding the jitter correction object. When
comparing the three functions, one can note that the collection efficiency
varies more slowly for longer detection distances. The result follows the
tendency of the theoretical simulations made in [1].

5.2 Raman LIDAR

The following measurements were made in the LIDAR configuration, in
other words, the Spectral Products spectrograph and the notch filter were
introduced. Throughout the rest of the report, reference spectra were used
for identifying the Raman samples and for creating spectral scales. The
reference spectra are available online [9].

5.2.1 Single species detection

In order to investigate the stand-off species detection capacities of the sys-
tem, the main emphasis of the measurements were on the longer distances.
Measurements were taken with samples of the NM, NB, and hydrogen per-
oxide at 1.93, 3.36, and 4.34 metres. In Fig. 10 a spectrum of each substance,
taken at 4.34 metres, is shown. To the naked eye, the qualities of the Raman
spectra from the other investigated distances were similar to those displayed
in Fig. 10.

The spectral scale was deduced from the relative positions of the Raman
peaks, when compared with the reference spectra in [9]. Clearly the position
of the laser, i.e. zero Raman shift, does not coincide with the peak at the
far right, however it is still likely that the peak originates from elastically
scattered light. Since the Raman scattering is very weak compared to elastic
scattering, the wings of the homogeneously broadened laser emission may
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Figure 10: Stand-off Raman spectra taken at 4.34 metres in the LIDAR configu-
ration. The bulging background profile in (c) is a weak inherent fluorescence that
nitrobenzene displays for 532 nm excitation wavelength. Background subtraction
has been performed. All measurements were made with the same gain, laser pulse
energy, and spectral slit width (50 µm). A measurement consisted of one to ten
sets of 100 hardware accumulations, which were added together.
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still be of intensities comparable to the Raman signal intensity at a con-
siderable distance from the central wavelength. If this distance exceeds the
width of the attenuation band of the notch filter, the elastically scattered
light appears as a peak situated at a wavelength different from the central
wavelength. The effect is even more pronounced if the central wavelength of
the notch filter does not coincide with the central wavelength of the laser,
because of a deviating angle of incidence. The result is that the laser line is
unevenly discriminated, and a larger peak will arise on the side of the line
which is less attenuated.

The signal-to-noise ratios (S/N), for measurements performed at the
different distances, are presented in table 2. The S/N was calculated by
dividing the maximum intensity of a Raman peak with the noise, which was
defined as the standard deviation of the intensity fluctuations in an interval
where no Raman peaks were present. For NM, the S/N was determined
for the 2966 cm−1 peak, with the noise taken from the interval of 1940 −
2480 cm−1. The same calculation was performed for the maximum value of
the broad peak around 3410 cm−1 in hydrogen peroxide, using the 2300 −
2650 cm−1 interval for noise.

Due to the intrinsic fluorescence of NB, the background was no longer
constant across the wavelengths, but contained a slowly varying component.
This variation is not of interest when the noise level is to be determined, and
to remove it a 3rd degree polynomial was fitted to the underlying fluorescence
profile. Two spectral intervals, where no Raman peaks were present, on each
side of the 3082 cm−1 peak, 1850− 2410 cm−1 and 3350− 5200 cm−1, were
used as data for the polynomial fit. The 3082 cm−1 peak was chosen for
the S/N estimations in order to avoid errors of inconsistency which might
be introduced by the spectral overlap present among the other NB peaks.
The signal value was defined as the maximum recorded value of the peak
minus the fluorescence intensity, meaning the value of the fitted curve, in
that point. The noise for NB was calculated as one standard deviation of
the intensity fluctuations over the 1930− 2410 cm−1 interval relative to the
values of the fitted curve. The three NB measurements had identical settings
and therefore the noise used in the NB S/N calculations was an average of
the three.

All three substances provided good signal intensity for the detection dis-
tances in question, as is reflected in the S/N values. Unfortunately, the
1.93 metres measurement of NM was from an early version of the LIDAR
configuration, where the collection efficiency was poorer. The inferior col-
lection efficiency caused the total intensity to be much lower, resulting in a
smaller S/N. The spectral resolution of the system was limited, most prob-
ably due to two reasons: the f-number mismatch between the telescope and
the spectrograph, as well as sub-optimal optical configurations introduced
by the rail not being able to maintain the same inclination of the collector
mirror.
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Table 2: The obtained signal-to-noise of single species measurements at different
distances. All measurements were made with the same gain and the same spectral
slit width (50 µm). A measurement consisted of one to ten sets of 100 hardware
accumulations, which were added together. No measurements were performed with
hydrogen peroxide at the shorter distances.

Distance from NM H2O2 NB
telescope (m) S/N Sets S/N Sets S/N Sets

1.93 350 10 - - 690 1
3.36 410 10 - - 310 1
4.34 240 10 190 10 270 1

5.2.2 Multiple species detection

Two sets of samples were used for the multiple species measurements: NM,
hydrogen peroxide, and NM as well as NM, hydrogen peroxide, and NB.
LIDAR images displaying temporal/spatial and spectral axes of the two sets
are shown in Fig. 11. The two measurements were taken with the cuvettes
positioned with equal spacing and the telescope set to focus at the centre
cuvette.

The NM cuvette at 3.35 metres had a path length of 2 cm and contained
twice as much liquid, thus generating twice as much Raman scattered light.
However, the intensities indicated by the colours in the LIDAR images are
the collected intensities, which were subject to the variations in collection
efficiency discussed in Sect. 5.1.1. The outcome is apparent in Fig. 11(a),
where one can see that, despite the approximately twice as high Raman gen-
eration at 3.35 metres, the Raman signal from the NM at 4.35 metres was
still stronger. It is not as easy to distinguish the impact of the collection
efficiency in Fig. 11(b) due to the intrinsic Raman scattering cross-section
being superior in NB. The fluorescence in the NB was present for a few
nanoseconds after the laser pulse had passed through the NB itself. Of
course the intensity in the time interval following the NB was merely fluo-
rescence and did not correspond to any substances physically present at the
corresponding distances.

With the excitation wavelength being in the visible range of the electro-
magnetic spectrum, the glass cuvettes did not pose any noteworthy problems
with respect to absorption. Nevertheless, the quartz cuvettes seemed to al-
low for slightly higher signal intensity than the glass ones did.

It was noted during measurements with 1 ns/mm streak rate that it
was possible to resolve two samples down to 10 cm distance, after which
the mounting equipment did not permit any closer positioning. This is
comparable with the depth resolution of the old LIDAR detection system,
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Figure 11: Raman LIDAR images of two different sets of liquids. The cuvettes at
3.35 metres were of 2 cm path length, while the others were of 1 cm path length.
(a) consists of 30 sets of 100 hardware accumulations taken at 500 ps/mm streak
rate with 200 µm spatial and 10 µm spectral slit width. (b) is a sum of 10 sets
taken at 1 ns/mm streak rate with 500 µm spatial and 50 µm spectral slit width.
The same gain and laser pulse energy were used for both sets.

which was determined to be approximately 10.6 cm for 1 ns/mm [10]. The
depth resolution of the LIDAR method is dictated by the temporal resolution
of the system, which was the same in the old LIDAR detection system.
As a side note it can be mentioned that post processing techniques, e.g.
multivariate analysis, can be readily applied to distinguish substances even
if they overlap temporally.

5.3 Fluorescence suppression

Before discussing the method of signal enhancement through rejection of
fluorescence, it is useful to investigate the rise times of the Raman signal
and the fluorescence, respectively. The early evolution of the spectrum of
a NM and dye mixture at 1.70 metres was captured with the streak rate
of 50 ps/mm, as shown in Fig. 12(a). Because of the fast streak rate, the
electronic time jitter of the system could potentially have had a negative
influence on the temporal resolution. By taking single shot measurement
and using the software jitter correction of the streak camera , the influence of
the time jitter was avoided. Two spectral regions were selected to calculate
the two rise times. The fluorescence region was the interval between the
2966 cm−1 peak and the peaks at lower wavenumbers, 1920 − 2630 cm−1.
The Raman signal region was the spectral extent of the 2966 cm−1 peak,
2850− 3070 cm−1, where the fluorescence was very weak.

Each spectral region was integrated and divided by its width in order
to obtain a vector describing an averaged evolution in time of the intensity
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Figure 12: Nitromethane with trace amounts of Rhodamine 590 diluted in ethanol
at 1.70 metres, detected with a streak rate of 50 ps/mm, thus showing the Raman
signal and the early fluorescence. The measurement consisted of 400 single shots,
individually corrected for time jitter. Spatial and spectral slit widths of 200 µm
were used. The two spectral regions in (a) contain, respectively, fluorescence only
(Fluorescence) and Raman signal along with very weak fluorescence (Raman sig-
nal). The average evolution in time of the regions is displayed in (b). Background
subtraction has been performed, followed by normalisation of the two curves to
their maximum values.
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of the region in question. The resulting vectors are shown in Fig. 12(b),
normalised for easier comparison. The time span required for the intensity
to increase from 10% to 90% of the maximum intensity, after background
subtraction, was defined as the rise time. A total number of three measure-
ments like the one displayed in Fig. 12 were performed, yielding a grand total
of 1200 single shot measurements. The rise times were calculated for the
two regions in each measurement. The average values of the rise times were
101 ps for the fluorescence region and 53 ps for the Raman signal region.

The resulting rise times indicate that the statement of a Raman signal
reaching its peak earlier than fluorescence induced by the same laser pulse
is true. Unfortunately, the signal intensities were not sufficient to perform
jitter correction at faster streak rates and no measurements could be made
at 25 or 10 ps/mm, i.e. with higher temporal resolution. The temporal reso-
lution of 50 ps/mm in the old system was of the order of 50 ps [10], however
this was with a spatial slit width of 100 µm. The rise times mentioned above
were measured using a slit width of 200 µm, which makes it reasonable to
believe that temporal resolution was somewhere between 50 and 100 ps.
Consequently, the temporal resolution was not high enough to fully resolve
the true rise times. In other words, the registered shapes can be seen as
convolutions of an instrumental function with the true shapes of the Raman
signal and the fluorescence. Since the two shapes differ, it is not certain that
the instrumental function affects them in a similar manner and no quanti-
tative conclusion can be drawn. Thorough knowledge of the instrumental
function and processing of the data through deconvolution would be needed
to draw further conclusions.

5.3.1 Temporally resolved measurements

The first part of the study of fluorescence suppression was performed in
the LIDAR detection configuration with a streak rate of 1 ns/mm. Again
the sample was a quartz cuvette with NM, but now the dye concentration
was significantly stronger. Figure 13(a) shows how the spectrum changes in
the nanoseconds to follow the excitation pulse, due to the dominating flu-
orescence. Subintervals in time with the same starting point, -1.29 ns, but
different duration were defined. The starting point was set where the first
photons of the signal were distinguished from the background noise, making
the subintervals similar to time gates. The durations of the subintervals were
∆t = 1.31, 1.57, 1.85, 2.69, 4.08, 5.48, 9.68 and 13.87 ns. For each interval a
spectrum was created by integrating along the time axis. A superposition
of the obtained spectra is drawn in Fig. 13(c). As more and more of the
duration of the fluorescence is neglected, the Raman spectrum is seen to
increase relative to the fluorescence background. The shortest interval was
adjusted to end at the time of the Raman signal maximum, bearing in mind
that the Raman signal possibly peaks earlier in time than the fluorescence.
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Figure 13: Stand-off detection at 3.85 metres of nitromethane with very small
amounts of Rhodamine 590 diluted in ethanol, recorded with a streak rate of
1 ns/mm. One set of 100 hardware accumulations was made, using 300 µm spatial
and 10 µm spectral slit width. Different intervals, ∆t, all starting at -1.29 ns, were
selected with their spectra being displayed in (c). The valley around 0 cm−1 in the
spectra is due to the notch filter used; the appearance of the peak on the other side
is discussed in Sect. 5.2.1.
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Figure 14: Raman signal-to-interference ratios for all ∆t intervals. The S/I calcula-
tions were made for the Raman peak at 2966 cm−1 and the interfering fluorescence
at the same wavenumber. The values are joint by a piecewise cubic Hermite inter-
polation.

Comparing the spectrum of the shortest ∆t and the spectrum in Fig. 13(b),
calculated without selecting any subinterval, the improvement in quality of
the Raman scattered light is obvious. The spectrum obtained with maxi-
mum fluorescence suppression displays several of the NM Raman peaks.

To quantify the improvement of the Raman signal with respect to the
interfering fluorescence, a signal-to-interference ratio (S/I) was introduced.
Analogous to the treatment of the NB measurements in Sect. 5.2.1, a 5th

degree polynomial was fitted to the fluorescence to estimate its intensity for
each wavenumber. The maximum intensity of the Raman peak at 2966 cm−1

minus the corresponding fluorescence was defined as the signal. The interfer-
ence was defined as the intensity of the fluorescence at the same wavenumber
and the S/I was defined as the ratio of the signal and the interference. For
each ∆t an S/I value was obtained, as displayed in Fig. 14. The improve-
ment of the S/I from the longest to the shortest ∆t, the former symbolising
a conventional time-integrated measurement, was a factor of 16.5. It is im-
portant to emphasise that this number is dependent on the streak rate and
the spectral slit width, i.e. if using a higher temporal resolution this S/I
value would increase.

As mentioned, the temporal selections made in Fig. 13 can be interpreted
as gate functions of a detector, i.e. the variation in time of the transmission
to the detector chip. Even though the rise times and closing times of these
gates are restricted by the temporal resolution of the streak camera, the
principal shape of the gate functions is near square wave.
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5.3.2 Time-gated ICCD measurements

In the second and final part of the study of fluorescence suppression, per-
formed in the side detection scheme, the gate of the ICCD camera was
utilised for the discrimination in time. For the first series of measurements
in this configuration, a sample similar to the one utilised in Sect. 5.3.1,
a 1 cm cuvette containing 2 cl NM with small amounts of the weak dye
solution, was used. The 2 ns gate of the ICCD camera was used for the se-
quence of measurements. It was set to trigger at times spanning an interval
of 1.5 ns, taking 100 hardware accumulations at each time step. The scanned
interval was set to begin with the gate closing a few hundred picoseconds
before the first incoming photons, to ensure that the early evolution of the
signal was captured. It is vital to note that the absolute times measured in
the side detection configuration have a non-negligible uncertainty, owing to
the lack of jitter correction in the ICCD camera. However, the uncertainty
did not pose a major problem, since the objective was to obtain high flu-
orescence suppression and not to investigate which point in time that was
optimal for suppression. The high number of accumulations was chosen with
the purpose of averaging the time jitter, thus minimising the uncertainty it
introduced.

As already mentioned, there was a slow decline of the total amount
of fluorescence induced at a certain point in time, in the NM-Rhodamine
mixtures. This decline was probably due to the Rhodamine reacting with
the NM. As a result, the magnitude of the interference in the obtained S/I
could have been underestimated in the measurements made with the dye
and the NM contained in the same cuvette. Therefore a second series of
measurements, repeating the one mentioned above, was performed in the
arrangement where the Rhodamine was not in contact with the NM. The
fact that the dye was no longer situated at the same location as the NM in the
1 cm cuvette could cause a longer optical path for the fluorescence photons
than for the Raman scattered photons. However, the difference in distance
was of millimetres so the fluorescence delay would lie below the temporal
resolution of the detectors. The first series of measurements is hereafter
referred to as the mixed series and the second series of measurements as the
separated series. The results of the two series are presented in parallel, for
comparison.

The spectra obtained from the measurement series were analysed the
same way as the spectra in Sect. 5.3.1, and the same measure of the S/I
was used to quantify the fluorescence suppression. In Fig. 15 the spectra of
the measurements displaying the highest S/I are presented. The graphs also
show the spectra obtained with 20 ns gates, but otherwise using the same
settings. Using the same method as above, the S/I were calculated for the
measurements taken with the long gates. The improvement of the S/I, when
comparing the 2 ns gate measurements with the 20 ns gate measurements,
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Figure 15: Spectra of nitromethane with very small amounts of Rhodamine 590
diluted in ethanol. The measurements were made in two configurations: with
the substances mixed (a) and with nitromethane and Rhodamine/ethanol in two
adjacent containers (b). All other settings were identical for the two measurements.
20 ns and 2 ns gates were used in both measurements, the latter triggered in a
manner that it closed very early, thus suppressing the fluorescence but transmitting
the Raman signal. The curves represent 100 hardware accumulations and have been
normalised to their maximum values. Background subtraction has been performed.

was a factor of 52 for the mixed series and 25 for the separated series.
The improvement of the S/I obtained in the time-gated measurements

was higher than the improvement of the S/I obtained in the temporally re-
solved measurements, with the results from the mixed series differing more.
The difference between the two results from the side detection scheme is
probably due to the two experimental configurations in question. The mea-
surements taken with the 20 ns gate were single shot measurements, in
contrast to the extended duration of the sequences taken with the 2 ns gate.
Since the fluorescence decreased with time in the mixed series, it was prob-
ably weaker in the 2 ns sequence than in the long gate measurement taken
in the same arrangement, resulting in a higher S/I.

The difference between the time-resolved and the time-gated measure-
ments can be of several origins. The total intensity of the fluorescence may
have been underestimated in the former of the two. In Fig. 13(a) only
around 14 ns of the fluorescence signal were recorded, but the full dura-
tion appears to be longer than that. Other measurements in the LIDAR
configuration, made with similar pulse energies, indicated a duration of the
fluorescence in the vicinity of 19 ns. Another possible origin of the difference
in the improvements of the S/I is of mathematical nature. In the time-gated
measurements the high S/I were obtained for early times, when the Raman
signal and the fluorescence were relatively weak. Using the small value of
the interference in the denominator strongly amplifies any uncertainty or
noise contained in that value.
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Even though there were quantitative deviations in the improvements of
the S/I, it is evident that the gating of the ICCD camera strongly improved
the Raman signal quality. In other words, the implementation of the method
of fluorescence suppression using a time-gated detector provided promising
results.



6 Conclusions and outlook

The constructed telescope displayed promising detection capacities at a mul-
titude of distances in the near-field; despite the central obstruction the tele-
scope collected a sufficient amount of backscattered light. Significant varia-
tions in the collection efficiency with distance within a LIDAR measurement
were present. As a result, any quantitative or comparative measurements
necessitate knowledge of the collection efficiencies as functions of distance.
A collection efficiency database, providing such functions, was created and
is described in this report. The variations in the collection efficiency dimin-
ished for faster streak rates, and for longer detection distances the variations
grew slower.

Stand-off species detection through picosecond Raman LIDAR was per-
formed up to and beyond 4 metres, with satisfactory signal-to-noise ratios
and with a constant depth resolution of centimetres. Nitromethane, hydro-
gen peroxide, and nitrobenzene provided ample signal strengths. Multiple
species, positioned at different distances, were proven to be discernable down
to 10 cm, truly exploiting the strength of the Raman LIDAR method. As
expected, the signal was lower for samples placed far away from the point of
focus of the telescope; nonetheless, the spectra were readily distinguishable.

By means of temporal discrimination, fluorescence suppression improv-
ing the Raman signal quality was demonstrated, both using a fast time gate
and a streak camera. It was possible to move from a time-integrated spec-
trum displaying no discernable Raman signal, only interfering fluorescence,
to a spectrum with several pronounced Raman peaks. The suppression was
probably promoted by the Raman signal rise time being shorter than the
fluorescence rise time, as dictated by the picosecond excitation pulses. Pre-
liminary values of the improvement of the ratio of Raman intensity over
fluorescence intensity range from a factor of 16.5, in temporally resolved
measurements, to 25 and 52, when employing a time gate.

Improvements in experimental design : During the course of this mas-
ters project a few ideas on enhancing the experimental configuration have
arisen. One problem lies in the rail of the primary mirror in the telescope.
As is discussed more extensively in the appendix, the rail is not entirely
capable of translating the mirror without slightly altering its inclination.
As a result, slight realignments, to ensure optimal collection efficiency, are
needed after each change in detection distance. If the realignments could
be avoided, a notable amount of time would be saved. One solution is to
replace the rail with one of higher quality; however it is not certain that it
would entirely solve the problem. Given the considerable distances involved,
even a slight deviation in inclination could have a significant effect on the
collection efficiency. Another approach is to keep the primary mirror fixed
and introduce two lenses, suitable for UV, after the secondary mirror. A
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negative lens collimates the collected light and an adjustable positive lens
focuses it onto the detector. Thus, the image plane can be maintained at
the same point in space by translating the positive lens. Since the lens is
not as heavy as the collector mirror, it remains steadier during translation.
As a positive side-effect, the notch filter will be working under optimal con-
ditions thanks to the parallel rays. Another improvement of the equipment,
increasing the overall collection efficiency, is to avoid blocking the streak
camera slit by replacing the horizontal post holding the secondary mirror.

Further data processing : The data analysis performed on the measure-
ments concerning fluorescence suppression is a fairly straightforward one.
A generous amount of data has been acquired, which allows for further in-
vestigation. For instance, the analysis of the temporally resolved data can
be performed on measurements made with higher streak rates. The result
would be more accurate predictions of the capacity of improving the Raman
signal quality.

Due to the low spectral resolution in the measurements, there is an over-
lap of the NM Raman peaks positioned where the fluorescence is the most
intense. By fitting Gaussian functions to the peaks, they can be differ-
entiated and the improvement of Raman signal quality can be assessed at
maximum interference. Additionally, the entire area under such a Gaussian
can be defined as the signal, which is more realistic than simply using the
maximum value, resulting in more accurate results of the S/I improvement.
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A Appendix: Details concerning the telescope

For continuity and for reference, this part of the report contains information
specific to the telescope, acquired from daily use of the system.

Firstly, there is one important remark to be made concerning the transla-
tor rail. When not in use it must always be positioned in the front position,
using the input 607740 bits in the computer interface or by advancing it
manually. The reason is that if the rail is subject to power failure, even for
only a fraction of a second, it loses its frame of reference. The only way
to reset the rail is to home the translator device, i.e. move it to the back
position, and for this to be physically possible the mounting equipment of
the primary mirror must be removed.

A.1 Mirror calibration sheet

Using the thin lens formula and an ensemble of measured distances
characterising the telescope itself, a table for finding the mirror po-
sition required for focussing at a certain detection distance was con-
structed. The calculations were made in an Excel spreadsheet named
Collector mirror calibration distances.xls and are found on the
sheet labelled Pt in room <> Mirror pos.

Since the primary mirror, which is the frame of reference for the thin lens
formula, is non-fix in space, a non-linear equation had to be solved for each
detection distance. The positioning of the mirror is given in millimetres,
measured from the front position, i.e. the position for detecting at infinity.
The millimetre values have also been converted to the translator rail variable
called data, with the unit called um, where 1 um corresponds to roughly
5 micrometres. A linear regression for conversion is found on the sheet
labelled Convert data <> actual position. For experimental simplicity
the calculated mirror positions are shown as a function of detection distance,
measured from the edge of the optical table. All detection distances given in
the report are measured from the collector mirror, since this is the relevant
distance when considering the covered solid angle. Both definitions of the
detection distances are included in the table.

When considering a point source at the optical axis of the telescope, the
percentage of the primary mirror area that is shadowed by the secondary
mirror can be calculated. In other words, the fraction of light lost due to the
central obstruction can be estimated, using the point source approximation,
for all detection distances. The results are presented in table form and in
a graph. For all detection distances the fraction of light not blocked by the
central obstruction is multiplied by 1/R2, giving an estimate of the variation
of the total collection efficiency along the optical axis of the telescope. From
the results, provided in both graph and table form, one can conclude that
the optimal collection efficiency should lie very close to the shortest distance
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where detection is possible. In detection distances it would be situated be-
tween 50 and 75 cm from the table edge, the two extremes corresponding to
1.48 and 1.70 metres, respectively, measured from the primary mirror when
it is properly positioned. However, it is important to note that this is only
an estimation, since real samples are not point sources. For completeness,
the information denoted by the columns of the spreadsheet is given below.

Dist fr. table edge (m)
Detection distance measured from the edge of the optical table
Pt #
Numbering of the considered detection distances
Object @z1 (mm)
Distance to object in the thin lens formula
Image @z2 (mm)
Distance to image in the thin lens formula
Mirror pos (mm)
Position of the primary mirror, measured from the front position
Light cone radius @ 2nd mirror (mm)
Distance from the optical axis to the outermost rays still captured by the
primary mirror
On rail: data ("um")
Position of the primary mirror, as given in the computer interface
Corrections on mirror
Manual corrections for the inclination of the primary mirror; see below
Dist fr. mirror (m)
Detection distance measured from the primary mirror
"Transmission"
The fraction of light not blocked by the central obstruction
Product: "1/R^2 * T"
An estimate of the variation of the total collection efficiency

Note that the column Mirror displacement (mm), on the sheet of the
linear regression, is defined as 300 minus the column Mirror pos (mm),
measured in millimetres. Another important remark is that there is an un-
certainty connected to physically measuring the detection distance. A slight
misplacement of the streak camera, along its optical axis, leads to consider-
able deviations in detection distance. According to calculations made using
the thin lens formula, a few millimetres misplacement can cause the distance
in focus to change by several centimetres.

In the mirror calibration sheet, manual corrections for the inclination of
the primary mirror are given. These corrections are experimentally deter-
mined and are needed because the rail is not able to maintain the mirror
completely upright at all positions, as is discussed in the following section.
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A.2 Instabilities in the translation system of the primary
mirror

Possibly due to irregularities of the strips where the translator device moves,
the inclination of the primary mirror is not held constant for all positions
along the rail. In conjunction with long detection distances and thin slits,
these variations hamper the collection efficiency, which is the reason for the
creation of the table of corrections. When translating the primary mirror
from one position to another, the difference between the values for the two
positions must be effectuated. Values of correction are given for both the
left (inclination about the vertical axis) and the right (inclination about the
horizontal axis) knob. The corrections at one position, 40287.40 um, corre-
sponding to detecting at 1.5 metres from the table edge, are zero. Setting
the system at this position, the mirror inclination can be recalibrated, by
using the outer knobs (the knobs that do not have a numbered scale) to
optimise the detection of an experimental signal.

Unfortunately, there are indications of a small drift in the system. It
is not extreme, but in the long run it may grow. It could be connected
to the outer knobs not being entirely immobile when the inner knobs are
turned vigorously. The effect of the drift is that the correction values are
no longer correct relative to each other. In other words the drift can not be
circumvented by the recalibration mentioned above.

Another solution for manual corrections, involving a permanent align-
ment laser, is encouraged. The laser is sent through two well-separated
diaphragms and, using a flip-in mirror, the laser is brought onto the opti-
cal axis of the telescope and retroreflected on the primary mirror. If the
inclination of the mirror has changed since the laser was calibrated the
retroreflected light misses the diaphragms. The correction is easily made by
bringing the retroreflection back into the centre of the diaphragms.
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