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Abstract

In this work, an optical telescope has been designed, simulated and constructed
for a picosecond-Light Detection And Ranging (ps-LIDAR) system. A mode-
locked Nd:YAG laser system producing 30 ps laser pulses enables a maximum
range resolution of 5 mm, required for high resolution, single-ended, combustion
diagnostics utilizing the ps-LIDAR technique. The telescope is Newtonian type
with a spherical primary mirror d = 10 cm, f = 45 cm. The primary mirror can
be positioned, using a linear electric translator, to focus backscattered radiation
onto a stationary detector (streak camera with or without spectrometer) for any
measurement point including the near-�eld (≥ 0.5 m). The detectable range
interval can be varied between 0.03 and 3 m. The telescope can also be used in
far-�eld mode. Initial work using the ray trace software FRED created a basis
for constructing the telescope. The purpose of the simulation was to study
a situation applicable in the laboratory. A simulation of the signal collected
from a LIDAR measurement in ambient air was conducted. The focus of the
telescope was set at 1.7 m, capturing an interval of 1.8 m centered about the
focus. The simulation was then compared to an equivalent measurement in
the laboratory with good agreement. The spatial intensity distribution on the
streak camera slit was also simulated and compared to measurements in the
laboratory with good agreement. The overall FRED simulation consistency can
be considered to be satisfactory and proved to be a valuable tool in this project.
These initial results indicate a promising future for the ps-LIDAR technique. It
has a strong potential to be further developed by implementing, for example,
di�erential absorption LIDAR (DIAL) measurements allowing species speci�c
concentration determination.



Abstrakt

I detta projekt har design och simulering av ett optiskt teleskop för pikosekund-
Light Detection And Ranging (ps-LIDAR) utförts. Slutligen konstruerades
också teleskopet. En modlåst Nd:YAG laser som producerar 30 ps korta laser-
pulser ger en maximal rumsupplösning på 5 mm, vilket är tillräckligt bra för
att göra förbränningsdiagnostik med hög precision utnyttjande endast en optisk
ingång. Teleskopet bygger på en Newtonsk design med en sfärisk primärspegel
d = 10 cm, f = 45 cm. Det är fullt närfältskompatibelt genom att en linjär elek-
trisk translator används för att positionera den primära spegeln. Primärspegeln
kan positioneras så att spegelns fokus alltid sammanfaller med ingångsspalten
på en stationär detektor (streakkamera med eller utan spektrometer) för val-
fri mätpunkt i närfältet (≥ 0.5 m). Det detekterbara intervallet går att variera
mellan 0.03 och 3 m. Inledningsvis i projektet användes ett simuleringsprogram,
FRED, för att lägga grunden till det laborativa arbetet. Syftet var att simulera
en situation som kunde förverkligas i laboratoriet. En simulering av den insam-
lade signalen från en LIDAR-mätning i vanlig luft gjordes. Teleskopets fokus
ställdes till 1.7 m från sekundärspegeln med ett 1.8 m långt avståndsintervall
centrerat kring fokus. Resultated jämfördes med en ekvivalent mätning i labo-
ratoriet med bra överensstämmelse. Den spatiella intensitetsdistributionen på
ingångsspalten till streakkameran simulerades också och jämfördes med mät-
ningar i laboratoriet med bra överensstämmelse. Generellt sett så kan FRED
simuleringarna anses konsistenta och visade sig vara ett värdefullt verktyg i detta
projekt. Den föreliggande studien indikerar en lovande framtid för ps-LIDAR
tekniken, vilken t.ex. har potential att användas i di�erentiell absorption LI-
DAR (DIAL) mätningar för ämnesspeci�ka koncentrationsmätningar.
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Introduction

According to the World Coal Institute[1], fossil fuel power plants provide 41%
of the world's electricity. Currently, there exist no high precision, range re-
solved, laser diagnostic tool for large scale combustion devices such as boilers
in power plants. Laser diagnostics using tunable diode lasers (TDL) have been
demonstrated for large scale combustion devices [2]. In TDL spectroscopy, Beer-
Lamberts law is used to calculate the concentration of an absorbing species. The
intensity ratio between incident light, and detected light (at the end of the com-
bustion device) is used to �nd the average concentration. In this method, no
spatial information is received, yielding no information about where the observed
species is located and in which concentration. For combustion diagnostics, spa-
tial concentration pro�les play an important role for the understanding of many
combustion phenomena (e.g. �ame front propagation, temperature pro�les and
soot formation).

LIDAR is a single-ended technique for attaining spatially resolved measure-
ments. Since the 1970s, LIDAR system are used in atmospheric sciences for
spatially resolved far-�eld measurements in the atmosphere. The general LI-
DAR setup can be modi�ed to operate in the near-�eld (≥ 0.5 m), making
spatially resolved measurements in large scale combustion devices with limited
optical access possible. Development in this area is crucial to maximize e�-
ciency and minimize emission of pollutants in this type of devices. The purpose
of this thesis is to design, simulate and construct a near-�eld compatible tele-
scope for a ps-LIDAR system. Veri�cations of the conducted simulation were
done. Results for measurements with the ps-LIDAR system using a lens based
telescope have been shown by Kaldvee et al [3].

6
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1 Physical Background

To understand the LIDAR concept, underlying knowledge about scattering phe-
nomena is required. In this section the physical origin of scattering phenomena
is brie�y dealt with. In the early 1960s the laser was invented and eventually it
gave birth to a new era of conducting science, widely called laser spectroscopy.
The strong electric �eld introduced with the laser interacts with the electric
�elds inside an atom or a molecule. These processes can be described using the
wave nature of light. In classical electromagnetic �eld theory, elastic scattering
occurs when the energy of the electric �eld from the laser does not match any of
the discrete energy di�erences between energy states in a molecule. Scattering
phenomena are instantaneous (femtosecond scale) and can be either elastic or
inelastic. In the case of elastic scattering, no energy is transferred between the
incident light and the molecule. The elastically scattered light has the same
wavelength as the incident light. Inelastic scattering involves an energy transfer
between incident light and the molecule and consequently the scattered light has
a wavelength shift corresponding to the di�erence between two energy states in
the speci�c molecule under study. If the light is resonant with the molecule, i.e.
matching an energy di�erence between the states in a molecule, the energy of
the light can be transferred to the molecule. In these absorption processes the
molecule is excited from an initial state to an exited state.

1.1 Rayleigh and Raman scattering

When a static electric �eld E is applied on an atom it creates a dipole moment
p whose magnitude is proportional to the magnitude of the electric �eld. The
constant of proportionality is α, also known as the polarizability of the atom.
The dipole moment can be written as: p = αE (in one dimension). If the electric
�eld is oscillating in time, like for example the electric �eld of a laser beam, the
dipole moment will also be oscillating with the same frequency:

p(t) = αElaser(t) (1)

Accelerating (hence, oscillating) charges emits radiation [4]. The laser �eld
drives the atom to emit radiation at the same frequency as the laser �eld. This
elastic scattering process is named Rayleigh scattering. For atoms, the polariz-

Raman scattering processes

v’

Stokesanti−

v’’

Stokes process

anti-Stokes process

        Rayleigh process

v’’

v’

StokesRayleighLaser

Figure 1: Schematic view over scattering processes
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ability is independent of the atoms orientation relative to the laser �eld because
of its spherical structure. The polarizability of molecules are nevertheless very
dependent on the orientation relative to the laser �eld because it has a non-
spherical symmetry. With thermal energy, molecules can vibrate and rotate at
species speci�c frequencies. Vibrational and rotational motion will correspond
to a time varying polarizability which will generate (species speci�c) inelastic
scattering (Raman scattering). An inelastic scattering process can transfer en-
ergy from the laser �eld to the molecule. The scattered light will have decreased
its frequency by the corresponding frequency of the vibrational motion. This
process is referred to as Stokes Raman scattering. For the opposite case, the
molecule can transfer energy from a vibrational state to the scattered light. The
molecule will then reduce its vibrational motion and the scattered light will have
increased its frequency by the corresponding frequency. This process is referred
to as Anti-Stokes Raman scattering. In �gure 1 a schematic view over recently
discussed scattering processes is visualized using virtual levels (dashed energy
states). Vibrational frequencies are generally lower than laser frequencies, there-
fore the frequency shift is small. An equivalent approach is valid for rotational
activity, whereas the frequency shift is even smaller. For some molecules such
as Methane (CH4) the polarizability is una�ected upon rotational motion (for
symmetry reasons), consequently the molecule is said to be Raman inactive (for
rotational motion).

The remainder of this chapter will be focusing on Rayleigh scattering. Rayleigh
scattering cross sections are typically three orders of magnitude larger than
Raman scattering cross sections [4] and therefore LIDAR signals are usually
dominated by Rayleigh scattering. The classical expression for radiation from
an in�nitesimal dipole can be used to derive an expression for the total power
scattered from a volume of molecules [5]. The scattered intensity of the electric
�eld from the dipole is given by:

Is(r, t) =
ε0c | ~Es(r, φ) |2

2
(2)

where the electric �eld propagating from the dipole, at a distance r is given by:

~Es(r, φ) |= ω2p sinφ
4πrε0c2

(3)

The frequency of the driving �eld is ω, which induces a dipole moment p, ε0 is the
vacuum permittivity and c the speed of light. φ is the angle of observation with
respect to the dipole vector. The sinφ dependence is a projection of the dipole
moment as seen from the angle of observation. The electric �eld is radiating
in all directions except for the same direction as the dipole is oscillating (when
φ = 0, see �gure 2). By inserting (3) into (2):

Is(r, t) =
π2cp2 sin2 φ

2ε0λ4r2
(4)

The classical λ−4 behavior for scattering theory is identi�ed. The λ−4 factor
originates from ω2 in (3). The ω2 term in (3) comes from the fact that the ra-
diation amplitude is proportional to the acceleration of the oscillating charges.
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Figure 2: Cross section of a radiating dipole

Since the oscillation is harmonic (with the form sin(kx − ωt)) and the accel-
eration is the second derivative of the oscillation, the ω2 factor is found. The
blue color of the sky is a result from the combination of the λ−4 factor and the
spectral response of the human eye. By using the expression for the induced
dipole moment, (1) and (4) the scattered intensity, Is, from one molecule is
found:

Is =
π2α2

ε2λ4r2
Ii sin2 φ (5)

where Ii is the laser intensity. Expressed with a di�erential scattering cross
section in the backwards direction, φ = 90:

Is =
δσb

δΩ
1
r2
Ii (6)

These expressions are valid for an in�nitesimal dipole only and therefore Rayleigh
scattering is only considered when the molecular size is approximately 1% of
the wavelength of the laser, also called the Rayleigh criterion. This originates
from an approximation that the electromagnetic �eld is constant over the entire
dipole. The criterion implies that the size of a molecule, for LIDAR measure-
ments when assuming Rayleigh scattering, is on the order of nanometers. The
angular scattering cross section from an oscillating dipole is found from (4) to
be sin2 φ, analogous to a radiating antenna. The uniform angular dependence
of the scattering cross section makes concentration measurements possible for
clean condition (non-sooty �ames) and is the basis for Rayleigh thermometry
[6].

1.2 Mie Scattering

When the molecule size approaches the wavelength of the incident light, the
electromagnetic �eld is not constant over the molecule. Molecules of this size
are not properly approximated with perfect spheres which further complicates
the problem. The nature of the scattering process is dramatically a�ected com-
pared to Rayleigh scattering. The angular dependency is not isotropic as in
Rayleigh scattering, instead there usually is a large lobe (meaning higher scat-
tering cross section) in the forward and backwards direction. Mie theory does
not appeal to concentration measurements because of these features, on the
contrary it contributes to one of the largest interference sources in Rayleigh
scattering measurements [4].
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1.3 Fluorescence

When the laser �eld oscillates at a frequency equal to the di�erence in energy be-
tween two energy states in a molecule it is said to be resonant with the molecule.
The energy of the laser �eld can be absorbed and various deexcitation processes
may occur. One of these processes is �uorescence. A variety of vibrational and
rotations transitions may occur before the molecule will naturally emit the rest
of the energy as light. The lifetime of the process can vary from nanoseconds
(�uorescence) up to seconds (phosphorescence).

Consider a Rayleigh scattering measurement in a �ame. If any of the (many)
species in the �ame is resonant with the laser there will be �uorescence. For pi-
cosecond regime laser pulses and nanosecond lifetimes of the �uorescing species
one could think that the signal should be retrieved long before any species have
emitted their excess energy. However, lifetime is the characteristic time it takes
for a number of excited atoms to be decreased by a factor 1/e. Some atoms
emit their excess energy almost instantaneous. This could interfere with the
measurement since the cross section for �uorescence is much higher than for
Rayleigh scattering.



2 LIDAR 11

2 LIDAR

LIDAR is the equivalence of Radio Detection And Ranging (RADAR) in the
ultraviolet, visible or infrared part of the electromagnetic spectrum. A main
di�erence between radio wavelengths and laser wavelengths (used in LIDAR) is
that radio wavelengths re�ects well on metallic surfaces such as airplanes while
laser wavelengths can be scattered o� smaller objects such as single molecules
or particles. Combining LIDAR theory with the strength and coherence of
laser technology, it has become a well established method for measuring, among
others: temperature, pressure, humidity and gas concentration (e.g. ozone,
methane, nitrous oxide) mainly in the area of atmospheric sciences [7].

The concept of LIDAR is illustrated in �gure 3. The system shown here is
coaxial (LIDAR systems can also be biaxial), i.e. the direction of the laser
beam coincides with the optical axis of the telescope. A pulsed laser is directed
towards the region of interest. Backscattered light is collected with the telescope,
detected by a photodetector and processed by a computer. The temporally

Detector Region of interestTelescope

Laser

Outcoupling mirror

Figure 3: LIDAR principle

resolved information gathered (by using a time resolved detector setup) is used
for ranging. The time for the light to travel from the laser system, to the region
of interest and back is simply multiplied with the speed of light to calculate the
distance. The laser pulse has a �nite spatial length, this length will correspond
to the range resolution, ∆r, of the system. The range resolution is given by:

∆r =
c ·∆t

2
(7)

where ∆t is the laser pulse duration. The product c ·∆t is the spatially occu-
pied length of the laser pulse. For acceptable range resolution (for atmospheric
measurements) a pulse duration of, at least, a few nanoseconds is required. For
nanosecond pulses, the temporal resolution corresponds to a range resolution
on the order of meters. It should be mentioned that the range resolution can
also be limited by the detector.

The backscattered intensity can be used for concentration and temperature mea-
surements. As previously discussed the backscattered intensity from a single
molecule is given by (4), from which an equation also known as the LIDAR
equation can be derived [8]:

P (r,∆r) = CWNb(r)σb
∆r
r2

exp
∫ r

0

−2[σ(λ)N(r′) +Kext(r′)] dr′ (8)
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where P (r,∆r) is the backscattered power at distance r, C is a system constant,
W is the pulse energy of the laser, Nb(r) is the number density of backscattering
molecules with scattering cross section σb in the backwards direction. The
exponential factor describes the total attenuation (extinction coe�cient, Kext

and absorbing particles N(r′) with absorption cross section σ(λ)) of the laser
beam and the backscattered radiation due to the presence of any molecules in
the pathway between the telescope and the region of interest (Beer-Lamberts
law).

2.1 Di�erential Absorption LIDAR (DIAL)

A powerful method to make precise concentration measurements using LIDAR
is the DIAL technique. Using DIAL, concentration measurements down to few
hundreds of ppb (parts per billion) have been demonstrated [9]. The concept is
fairly straightforward. Normally, the resonance frequency of a energy state has
a narrow linewidth. For example, in Nitric oxide (NO) a 0.012 nm alteration in
wavelength from 226.812 to 226.824 nm will be enough to go o� resonance, see
�gure 4. In most cases this very small wavelength shift, ∆λ, will not cause any

Figure 4: Relative transmission spectrum for NO [10]

considerable e�ects on other wavelength dependent variables. This is the feature
that DIAL relies on. Two consecutive LIDAR measurements are done using one
on-resonance wavelength and one o�-resonance wavelength. In practice, this
requires a tunable laser source. The intensity ratio between the two recorded
signals is calculated. By assuming that all other variables are constant over [λ ,
λ+ ∆λ] most parameters cancel out such as Nb(r), σb, Kext(r′) and constants.
In the simpli�ed case the expression will become [9]:

P1(r,∆r)
P2(r,∆r)

= exp{−2[σ(λ1)− σ(λ2)]
∫ r

0

N(r′)dr′} (9)



2 LIDAR 13

Number density of scattering particles, Nb(r), is eliminated and only the number
density of absorbing particles, N(r′), as a function of distance and absorption
cross section for on-resonance, σ(λ1), and o�-resonance, σ(λ2), wavelengths are
left. In a DIAL experiments the ratio of the two measurements are constant
until some point(s), where the on-resonance intensity drops in power because it
is absorbed by the measured species. With appropriate absorption cross sections
the concentration can be found as a function of distance.

2.2 LIDAR in combustion applications

In combustion applications, a LIDAR system could be useful in several cases.
In this chapter, a few examples will be discussed. One of the largest practical
advantages for the LIDAR technique is the ability to do measurements with
a single optical access. For large-scale combustion devices (industrial boilers,
heaters, etc) there is often only one optical access available. Therefore, several
other measurement approaches, that require two or more optical accesses, are
not applicable. In this way, when ready, it may be the �rst ps-LIDAR system
doing single ended measurements in large scale combustion applications.

The �rst example of combustion applications is related to the inevitable climate
debate. In the European Union, the European standard emissions (ESE) de�ne
the acceptable limits for exhaust emissions of new vehicles sold in EU member
states [11]. Currently the emission standard for heavy duty trucks is Euro IV
and as of 2008/10 new vehicles will be forced to follow the Euro V standard.
As an example, the Euro V standard lowers emission of Nitrogen oxides (NOx)
by 43% . In 2013/04 (proposed) the Euro VI standard will be initiated, which
will further lower the NOx emissions 80% from Euro V standards. These strict
emission controls imply high demands on techniques for NOx emission reduc-
tion.

Although not as apparent as the ESE, similar requirements of NOx emission re-
duction in power plants are currently being implemented. A developing method,
operational in both heavy duty trucks and power plants, is Selective non cat-
alytic reduction (SNCR). SNCR is based on injections of Ammonia (NH3) or
Urea CO(NH2)2 into the exhaust gases to form Nitrogen and Water, see �gure
5. To make this process as e�cient as possible (up to 70% reduction [12]) the ps-
LIDAR system, here presented, could be used to map the presence of Ammonia
or Urea. Species concentration data of Ammonia or Urea could yield valuable
information in an otherwise harsh environment for conventional instruments.

A critical parameter in combustion is temperature. The ps-LIDAR technique
allows single-ended temperature measurements under non-sooty conditions [3].
The temperature can be extracted from Rayleigh scattering intensity, given that
the scattering cross section is known. However, if there are other particles of
bigger size, they would contribute to the intensity from Mie scattering which
strongly interferes, making temperature measurements practically impossible.
From the Rayleigh scattering cross section the concentration of scatterers can
be found by assuming constant pressure. A reference measurement with known
temperature is also needed. The temperature is determined with the ideal gas
law. Obviously the temperature is a very important parameter for combustion
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4NH3 + O24NO +
8NH36NO2 +

Dosing unit
Control

SNCR

4N2 + 4H2O
6N2 + 12H2O

850° - 950° C

Figure 5: Selective non-catalytic reduction using Ammonia

processes in general, but to give a speci�c example one can relate to the case of
the SNCR process where there is a limited temperature interval (800-950 ◦C) in
which the chemical process is possible. Careful monitoring of the temperature
(and how it is spatially distributed) is therefore an important factor for success-
ful reduction of NOx emissions. At exhaust gas temperatures above and below
the 800-950 ◦C interval, NOx will be produced from the Ammonia injection.

In the current ps-LIDAR system two laser wavelengths are used. Second har-
monic radiation from the Nd:YAG laser at 532 nm and the fourth harmonic
radiation at 266 nm. Temperature measurements based on Rayleigh scattering
is not wavelength dependent per se, the Rayleigh signal however scales as λ−4.
The fourth harmonic gives stronger signal than the second harmonic, though
on the other hand it is approaching the energy between electronic levels in
molecules. The second harmonic radiation at 532 nm is usually well outside
electronic resonances. For species speci�c measurements (using DIAL), a tun-
able laser source is needed. Work has been done to pump a distributed feedback
dye laser (DFDL) with a ps-LIDAR laser to achieve a highly tunable laser [13].

2.3 LIDAR in the near-�eld

LIDAR in the �eld of atmospheric sciences in most cases (if not all cases) con-
siders a region of interest in the far-�eld, i.e. it can be regarded to be at in�nite
distance from the telescope. The telescope will have no signi�cant problems to
focus backscattered light onto a detector. This luxury is not available in near-
�eld LIDAR since objects in the near-�eld will be focused at di�erent distances
from the focusing mirror. It is readily seen in the lens formula:

1
f

=
1
z1

+
1
z2

(10)

Where z1 is the distance from object to the focusing mirror and z2 is the distance
from focusing mirror to the image plane and f is the focal length of the focusing
mirror. Obviously for a given mirror 1/f is constant and if, as assumed in
the far-�eld approximation, any object far away is considered to be at in�nity
(z1 = ∞). Then, z2 = f . This concept is shown in �gure 6. At increasing
distances the image plane is almost stationary and converging towards z2 = f
(red line). The deviation from the focus for an object at, for example 100 m
(which is a small distance for atmospheric probing) is on the order of 1%. For
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a near-�eld LIDAR telescope the optical problem is to focus onto a stationary
position (in our case, at the streak camera or spectrometer entrance slit) for
any given distance, z1.

A solution is to place the focusing mirror on a translator along the optical

0 2000 4000 6000
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55

60

65

z
1
 (mm)

z 2 (
m

m
)

Figure 6: The lens formula for f = 45 mm

axis. Consequently, when light is incident from di�erent places in the near-
�eld it will be focused at di�erent distances, z2, from the focusing mirror given
by the lens formula. The shift can be compensated by moving the focusing
mirror. A challenge is to implement a translator without pitch, roll or yaw.
These terms describes the angle of rotation in three dimensions. The actual
angles in the translator used in this project, Zaber Technologies T-LSR300B,
are very small and unnoticeable for the naked eye, yet small angles and a long
optical path length introduce considerable e�ects when focusing the light into
a micrometer size slit. The pitch, roll and yaw e�ects can be compensated for
by introducing a vertical angle β and horizontal angle θ on the focusing mirror.
The angles β, θ are not constant for any position along the translator. A table
of compensation angles β, θ for translator positions is needed in order to ensure
optimal light collection e�ciency. There are additional problems, the table
of β, θ as a function of translator position is not constant in time (translator
instabilities). A solution would be a real time compensation system where an
alignment laser is introduced in the system using a "�ip-in" mirror. The system
can be aligned using the laser back re�ection for any translator position.
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3 Experimental equipment

The nature of the experiments in this work requires high standard equipment. A
short pulse laser is needed to create 30 picosecond pulses. In order to temporally
resolve the signal a high temporal resolution detection system is needed. A
streak camera o�ers the temporal resolution needed for this experiment.

3.1 The Streak camera

The detector in this LIDAR setup is a streak camera (Optronis Optoscope).
For LIDAR application it is used to temporally resolve backscattered radiation.
From the temporally resolved signal, using the speed of light, the radiating scat-
terers can be spatially resolved. The concept of the streak camera can be seen
in �gure 7. The streak camera collects the incident light and converts it into
electrons on a photo cathode. The number of electrons will be proportional to
the light intensity (with a constant of proportionality equal to the quantum ef-
�ciency of the photo cathode). De�ection plates with an applied voltage create
an electric �eld. By sweeping the voltage over the de�ection plates with a large
time gradient the electrons arriving at di�erent times are de�ected to di�erent
positions of a phosphorus screen. The electrons are smeared out in a streak
(hence the name) and the voltage gradient can be used to relate the streak to
the actual positions along the optical axis. In LIDAR experiments the laser
pulse scatters radiation as it travels through the air, so there is always a signal
during the streak related to a position in the air. The system needs to be trig-
gered such that the de�ection voltage sweeps when light (in form of electrons)
from the region of interest is between the de�ection plates. The phosphorus
screen is connected to a multi channel plate (MCP). By lowering the streak
speed (measured in ps/mm) a longer interval along the optical axis can be tem-
porally resolved, although with a lower resolution. There is obviously a trade-o�
between resolution and measurement interval. The fastest streak (highest pos-
sible voltage gradient on the de�ection plates) is 10 ps/mm, corresponding to a
temporal resolution of 2 ps. The resolution will be limited to 30 ps by the laser
pulse length. At the slowest streak, 1000 ps/mm, corresponding to a temporal
resolution of 200 ps, the streak camera will be the limiting factor. The size of
the entrance slit to the streak camera must be under 100 µm to allow the above
stated resolutions since a larger slit size will cover a larger portion of the CCD
chip of the streak camera when imaged onto it.

3.1.1 Jitter

When triggering the streak camera there is always some uncertainty in the time
it takes for the trigger to arrive at the streak camera, called jitter. For example,
a trigger is used to tell the camera when to streak in order to collect data
from the region of interest. The uncertainty of the trigger signal results in a
variation of the time period between laser �ring and the onset of the streak
camera between laser shots. The uncertainty is di�erent for di�erent streak
rates, yet it can be reduced to picoseconds. Still, picoseconds is enough for light
to travel a few centimeters. When collecting pulse shapes (for example the re�ex
o� a hard target) the system is able to "jitter correct". Jitter correction reduces
the jitter uncertainty to approximately zero. For scattering in ambient air there



3 EXPERIMENTAL EQUIPMENT 17

Voltage as a 
function of time

Time             

Vo
lta

ge

e-

Figure 7: Streak camera concept

is no pulse shaped signal to jitter correct on. The problem can be solved, even
for scattering in ambient air, by using a hard target in the region of interest. A
small portion of the laser light is su�cient to produce a pulse shape for jitter
correction. The laser needs to have a short pulse duration (picoseconds) and
have a pulse shaped intensity distribution (in time).

3.2 The Laser system

The theory in the following chapter is summarized from Saleh and Teich [14].
The laser system used in the ps-LIDAR experiments, Ekspla, PL-2143C, is
a mode-locked Neodymium Yttrium Aluminum Garnet laser more known as
Nd:YAG laser. Laser action takes place in the solid state material Neodymium
(Nd) which is a member of the lanthanides. The lanthanides are often called
rare earths because they were long ago thought to be rare, which they actually
are not. The reason was that they were extremely hard to separate from their
uncommon oxide-type mineral host (earths). The lanthanides share the same
electronic valance con�guration, 6s2 since it is, energetically, more favorable
than the 4f state. As a result they have almost identical chemical properties.
The lanthanides therefore consist of a series of inner transition elements that
are successively �lled starting from the 4f state. Since Neodymium is a metal,
it needs a dielectric host in order to operate as a gain medium, in this case
an Yttrium Aluminum Garnet host. Because laser action takes place in the
shielded 4f shell (4F3/2 → 4I11/2 at 1.06415 µm) it is not a�ected by the lattice
of the host. This results in very narrow linewidth of the laser. The Nd:YAG
laser concept was developed in the 1960s and is probably the most widely used
of all solid state laser materials. Very often, Nd:YAG lasers use a doubling
crystal like the lithium-triborate (LBO) crystal to produce the well known 532
nm emission line.

In a laser cavity there are several possible standing wave solutions (modes) for
electromagnetic waves, both in the transverse and longitudinal planes. The
separation between the modes in frequency is given by:

∆νF =
c

2d
(11)
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where d is the distance between the mirrors in the cavity. Electromagnetic waves
satisfying this solution have to be created by stimulated emission in the laser
medium. For the Nd:YAG laser, several modes are covered since atoms at room
temperature and atmospheric pressure broadens the transition pro�le. The
output characteristics in this case are multimode operation and can be seen as
a quasi-continuous wave (CW) laser. In order to achieve single mode operation
a Fabry-Perot etalon could be used. The Fabry-Perot etalon is basically a thin
glass plate which transmits a small band of frequencies. It can be used to cover
only one of the existing modes in the multimode laser. Mode selection can be
seen in �gure 8. The pulse duration and energy of the single mode is low. Most
available laser energy is lost in the Fabry-Perot etalon. To generate ultrashort

Resonator modes
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Figure 8: Theoretical approach to achieve single mode operation

laser pulses a technique called mode-locking is used. The combined energy of
all the modes in multimode operation are coupled (locked) to create one large
pulse. To achieve this, all pulses needs to be in phase. Consider a large collection
of modes circulating in the cavity, there is no speci�c phase relation between
them. Rules of superposition apply when two modes are spatially overlapping.
Randomly some modes will be in phase for some time. By using a mode-locking
device that allows these, randomly in phase, pulses to circulate and discriminates
weaker pulses, eventually all modes will have locked into one large pulse. Mode-
locking devices are divided into two categories: Passive mode-locking (saturable
absorber, Kerr lens) and Active mode-locking (acousto-optic or electro-optic
modulator). The intensity of the pulse as a function of time and space is a
superpositioning of all modes, which may be expressed:

I(t, z) = |A|2 sin2[Mπ(t− z/c)/TF ]
sin2[π(t− z/c)/TF ]

(12)

where A is the complex envelope, M is the total number of locked modes and
TF = 1/νF = 2d/c, thus cTF = 2d is the time the pulse takes to complete one
roundtrip in the cavity or the temporal period of the pulse train. Assuming 100%
successful mode-locking, the pulse duration τ is given by τ = TF /M = 1/∆ν
where ∆ν is the atomic linewidth. The pulse duration is inversely proportional
to the number of locked modes such that in order to create very short pulses, the
atomic linewidth has to be broad (to support many modes). In the ps-LIDAR
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system, a combination of passive and active mode-locking creates 30 ps pulses.
For a Fourier-limited, Gaussian shape pulse the atomic linewidth to create 30
ps pulses is in the order of ∆ν = 10 GHz. The pulse duration is proportional
to the range resolution in LIDAR measurements, for 30 ps the range resolution
is approximately 4.5 mm [2], high enough to do high resolution, large scale,
combustion diagnostics.

Additional speci�cations for the laser (Ekspla, PL2143C) is found in Table 1.

Ekspla, PL2143C

Pulse duration (ps) 30± 3
Pulse energy at 532 nm (mJ) 110
Pulse energy at 266 nm (mJ) 13
Pulse energy stability at 532 nm (% , StDev) 3
Pulse energy stability at 266 nm (% , StDev) 7
Linewidth at 532 nm (cm−1) < 2
Linewidth at 266 nm (cm−1) < 4
Repetition rate (Hz) 10
Beam diameter (mm) 12
Beam divergence (mrad) 0.5

Table 1: Laser speci�cations [15]



4 CONSTRUCTION OF THE TELESCOPE 20

4 Construction of the telescope

In �gure 9, a simple layout of the telescope is presented. The laser light enters
from the lower edge and is re�ected on the outcoupling mirror. Backscattered
light is incident towards the primary mirror from the region of interest (ROI).
The primary mirror focuses the scattered light down to the secondary mirror and
onto the entrance slit of the streak camera. The electric translator is schemati-
cally drawn to visualize how the primary mirror can be translated. An optical

Streak camera entrance slit

Primary mirror

Laser

ROI
OA

Figure 9: Layout of near-�eld LIDAR telescope

axis (OA) of the system needs to be de�ned which is done by de�ning it with
an alignment laser and two pinholes (apertures). The laser beam is directed
to re�ect on the outcoupling mirror and this laser is now used to align all the
components. The height of the OA is matched with the least adjustable com-
ponent, in this case the streak camera. The next step is to make sure all other
components can cover this height within their individual adjustment interval.
The OA of the primary mirror, when standing on the electric translator, is a
few centimeters too low to the OA of the system. It needs to be adjustable in
an interval covering the OA of the system. A lab-jack is used for this purpose.
The outcoupling and secondary mirror are mounted on small horizontal pins.
Both mirrors can be adjusted in �ve degrees of freedom (xyz -coodinates and
two angles).
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5 Results

In this section the results of this thesis are presented. The FRED simulations
was the �rst results produced. A thorough explanation of the simulations is
presented in the �rst section, 5.1. In the next section, 5.2, laboratory results are
presented and compared to the simulations in FRED. Discussion and veri�cation
of the results is included.

5.1 FRED simulations

FRED is a raytracing software by Photon Engineering, for simulation of optical
systems known for the ease of operation and the high precision in simulating
a variety of optical events. In this work FRED has been used to simulate the
LIDAR telescope before it was built. FRED o�ers an opportunity to construct,
simulate and measure on the telescope in order to maximize its e�ciency. Fig-
ure 10 displays the telescope when constructed in FRED. In the �gure, from the
left, the outcoupling mirror, secondary mirror and primary mirror are seen. In
this image, rays representing backscattered light (propagating from the region
of interest to the primary mirror) has been removed to more clearly visualize the
interior of the telescope. The red rays propagating from the primary mirror is
re�ected backscattered light. The yellow rays represent light that is re�ected on
the secondary mirror and focused onto a narrow slit. Green rays are the pulsed
laser beam re�ected on the outcoupling mirror. Some of the backscattered light
is also re�ected on this mirror, up towards the laser (blue rays).

Figure 10: FRED simulation of LIDAR telescope

Simpli�ed simulations (using MatLab) based on ray optics was initially carried
out [16] and were used as a starting point for simulations in FRED. The main
di�erences between the simulations in FRED to those in MatLab are optical
properties included in FRED, such as spherical aberrations of the primary mir-
ror. Another important di�erence is that the geometry of the optical elements
is more detailed in FRED. In MatLab simulations the tilted mirrors (as seen
in �gure 10) are replaced by in�nitively thin vertical projections of the mirrors
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to simplify calculations. This has a signi�cant impact on the results, especially
when distances between the light source and the outcoupling mirror is small.
To further investigate how backscattered light entered the telescope and how
it propagated inside, simulations in FRED using a point source (mimicking
backscattered radiation) at increasing distances from the outcoupling mirror
were carried out. A set of 3259 rays from the light source was used.

The goal was to �nd how much power from this light source actually entered
the telescope, i.e. reached the primary mirror. The lens formula was used to
calculate the position of the primary mirror in order to focus the light onto
the slit of the streak camera. The divergence angle of the point source was
geometrically calculated knowing the diameter of the primary mirror as well as
the distance between it and the light source. 100% of the power from the light
source was kept within this angle. Thus, in these measurements the power from
the light source would not experience the classical r−2 dependence in power
(where r is the distance between light source and mirror, see eq. (8)) due to the
fact that the light source is moved further away. Instead the measured results
were multiplied with the r−2 dependence afterwards. In �gure 11 the power
incident on the primary mirror without r−2 dependence is shown. As expected,
at distances close to the outcoupling mirror, the power is low due to the fact
that the outcoupling mirror itself is blocking a large portion of the backscattered
light. The power increases as the point source is moved further away from the
outcoupling mirror. The closest possible measurement point is found at 510 mm
from the outcoupling mirror. At distances closer to the outcoupling mirror, all
backscattered light is blocked by the outcoupling mirror.
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Figure 11: Simulation of power incident on primary mirror without r−2 depen-
dence
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When multiplying with r−2 for each power measurement the light collection
characteristics is altered. The results can be seen in �gure 12. Similar result
is found in [9]. At short distances the r−2 dependence is negligible, at longer
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Figure 12: Simulation of power incident on primary mirror with r−2 dependence

distances the r−2 dependence starts to dominate and at very large distances it
leads to very low power. To make the simulation more realistic the point source
has to be modi�ed. The width of the laser beam is not in�nitely small, the size
is approximately 1.2 cm in diameter. This means that most of the backscattered
light is not originating from the optical axis. The closest possible measurement
point is decreased approximately 200 mm when considering a �nite width of
the laser beam. To include the laser beam width in the simulations, a cylinder
with randomly distributed point sources inside can be used (the point source
distribution should be equal to the Gaussian laser intensity pro�le for maximum
realism). The main di�erence is that the spot in focus will not be as small as it
was with a point source.

The result shown in �gure 12 is achieved with the telescope optimized for op-
timal light collection e�ciency by repositioning the primary mirror for each
position to focus the light onto the detector. However, let us consider a gas
volume with a �nite thickness in the direction of the laser beam. Obviously,
optimizing the telescope for each position in the gas volume is not applicable
in reality, instead the telescope has to be optimized for some distance, at which
the entire gas volume is probed. This leads to the situation of simulating the
light collection e�ciency for di�erent distances from the outcoupling mirror and
using a �xed position for the primary mirror. In addition, a slit (width: 500
µm) has been created at a �xed position, simulating the entrance slit of the
streak camera.
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In the next simulation, the telescope will be optimized for a light source located
1.7 m from the outcoupling mirror (origo). The source will now be located at
11 positions in an interval 1.7± 0.9 m without repositioning the primary mirror
to have its focus on the streak camera entrance slit. A set of 10 000 rays from
the light source was used. The number of rays that made it into the slit for the
11 positions for the source was measured. The spatial distribution of rays inside
the slit was also measured. It is interesting to note how much light that enters
the slit, but of course also for 2D measurements, how it is spatially distributed.
The results from the simulation can be seen in �gure 13. The light collection ef-
�ciency reaches a plateau around 1700 mm where it seems like it is independent
of distance to outcoupling mirror. This originates from the depth of �eld of the
telescope. The depth of �eld is de�ned as the interval in which the image of an
imaging system is still considered to be sharp. For this telescope, this interval is
approximately 200 mm (the plateau length). The asymmetric shape originates
from a combination of two e�ects; (1) measurement points closer to the outcou-
pling mirror su�er from higher intensity losses because the outcoupling mirror
itself is blocking a larger part of the scattered light, (2) nonlinearity of the lens
formula.
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Figure 13: Simulation of power incident on detector slit optimized at 1700 mm
without r−2 dependence

The results from �gure 13 multiplied with the r−2 dependence is presented in
�gure 14. When including the r−2 dependence the best light collecting e�ciency
is reached at 1600 mm from the outcoupling mirror, even though the telescope
is optimized for 1700 mm.

As previously mentioned, the spatial distribution of the intensity entering the
slit was also measured. In �gure 15 the spatial pro�le is displayed for four dif-
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Figure 14: Simulation of power incident on detector slit optimized at 1700 mm
with r−2 dependence

ferent positions of the light source; 800 mm, 1200 mm, 1700 mm and 2600 mm.
Note the scales in each pro�le. In (a), (b) and (d) the primary mirror is unable
to focus the light onto the slit since it is not optimized. As a result, the spatial
pro�le is enlarged. The reason why there is no rays entering the center of the
slit is because the outcoupling mirror is blocking this light, which can be see in
�gure 10. Red rays re�ected from the primary mirror are only originating from
the outer parts of the primary mirror. Any rays with a direction towards the
center of the primary mirror are blocked by the outcoupling mirror. In (c) the
focus of the primary mirror coincides with the slit. The inhomogeneity of the
intensity on the slit is due to the �nite number of rays reaching the slit (1600
rays in (c))

(a) 800 mm (b) 1200 mm (c) 1700 mm (d) 2600 mm

Figure 15: Spatial intensity pro�les at varying positions of the light source
(distances are given in mm)
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5.2 Laboratory results

The aim of the laboratory experiments was to investigate a case similar to the
situation simulated in FRED. However, these conditions could not be precisely
ful�lled. In the simulations, the focus of the telescope was set at 1.7 m from the
outcoupling mirror since previous simulations (�gure 12) suggested maximum
light collection e�ciency at this distance. The range interval around this point
was set to 1.8 m centered around the focus. In the laboratory, the range interval
is given by discrete streak rates, for example, 1 ns/mm corresponding to a 3 m
range interval. A streak rate of 250 ps/mm results in a range interval of 0.75 m,
which is not in exact agreement with the simulations. However, the measured
interval will be equivalent to a 0.75 m interval in the simulation. Apart from
minor details, (such as mounts for mirrors and misalignment) the model created
in FRED is identical to the laboratory setup.

In �gure 16 the measured backscattered radiation from a single shot in ambi-
ent air is seen. In this measurement and for the following measurements the
following settings were used:

• Streak speed: 250 ps/mm

• Gain voltage (voltage over MCP): 800 V

• Laser output energy (at 1064 nm i.e. before doubling crystal): 74 mJ

• Laser output energy (at 532 nm): approx. 30 mJ

• Laser wavelength: 532 nm

• Streak camera slit size: 500 µm

The y-axis represents spatial coordinates perpendicular to the optical axis. In
the following images the spatial coordinates on the y-axis is presented in pixel
values of the streak camera CCD chip. The x -axis represents spatial coordi-
nates in the direction of the laser beam (optical axis). Both axes are spatial
coordinates as if the region of interest was seen from above (in analogy with
radar images). On the left side of �gure 16 (close to the telescope), with the
radar analogy in mind and considering that scattering particles are present when
laser radiation is incident, it seems unreasonable that scattering particles are
positioned in this way. The divergence of the scattered light at distances close
to the outcoupling mirror is due to the inability of the telescope to focus light
from these spatial coordinates onto the streak camera. This observation en-
lightens the challenges of near-�eld LIDAR measurements. The corresponding
near-�eld property in the simulations can be seen in �gure 15, where the light
is diverging on both sides of the slit. The di�erence between the simulation and
the experiment is that on the lower side of the laboratory image, no signal is
detected. The missing light intensity is due to the mounts for the outcoupling
and secondary mirror. The mounts are blocking the �eld of view of the streak
camera slit. Unfortunately, this has a negative impact on the collected signal.
The mirror mounts in the present telescope reduce the collected intensity with a
factor of 2 when not in focus. Note that the colorbar is normalized in all streak
camera images (except for �gure 17 and 18), i.e. a speci�c color represents the
same intensity in all �gures. A previous result (by Kaldvee et al.) using a lens
based telescope is seen in �gure 17.
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In the previous setup, there were no mounts positioned in the �eld of view of the
streak camera slit, therefore both sides of the slit receive, unfocused, backscat-
tered light. An interesting comparison can be made between the result obtained
with the previous, lens based, telescope and the data obtained with the new,
mirror based, telescope. Most noticeable is the improved image quality. Since
the lens based system su�ered from multiple spherical aberrations (one collec-
tion lens and two lenses to improve f#-matching) the image is less focused.

On average, 20% of the images collected, exhibit an interesting property. When

Distance from outcoupling mirror (m)

D
is

ta
nc

e 
pe

rp
en

di
cu

la
r 

to
 o

pt
ic

al
 a

xi
s 

(p
ix

el
s)

1,335 1,440 1,545 1,650 1,755 1,860 1,965 2,065

1024

800

600

400

200

0 0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 16: Typical single shot measurements with no dust particles (ambient
air)

dust particles enter the region of interest they strongly scatter light in the back-
ward direction. An example of a measurement with a dust particle is seen in
�gure 18. Since dust particles have a large size compared to the wavelength of
the laser light, they scatter light according to Mie theory. Mie scattering cross
sections are higher than Rayleigh scattering cross sections and when present,
in the region of interest, they contribute with a large intensity of backscattered
light.

An acquisition of 200 images was recorded. It is possible to record and average
all images in the streak camera software. The dust particle images were unde-
sired since the FRED simulation was performed using isotropically scattering
media. Due to this problem, 200 single shots were recorded and saved in sepa-
rate �les. All images were manually examined and images similar to �gure 18
were categorized as "dust images" and images similar to �gure 16 were cate-
gorized as "no dust images". In �gure 19, 20 and 21 the average of 40 "dust"
images, 160 "no dust images" and all 200 images, respectively, are presented.
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Figure 17: Single shot measurement taken with earlier lens based telescope (not
normalized)

Distance from outcoupling mirror (m)

D
is

ta
nc

e 
pe

rp
en

di
cu

la
r 

to
 o

pt
ic

al
 a

xi
s 

(p
ix

el
s)

1,335 1,440 1,545 1,650 1,755 1,860 1,965 2,065

1024

800

600

400

200

0 0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 18: Typical single shot measurement with dust particle interference (not
normalized)



5 RESULTS 29

As seen in �gure 19, the intensity distribution in the averaged "dust image" is
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Figure 19: Average of 40 single shot measurements with dust particle interfer-
ence
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Figure 20: Average of 160 single shot measurements without dust particles in
ambient air

very uneven. The high statistical variance of the dust particle position would
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require a larger number of images to be averaged in order to generate a smooth
intensity distribution. By removing all "dust images" a smoother image, com-
parable with the simulation, is produced (as seen in �gure 20). In �gure 21 the
average of all collected data is shown, it is notable how large the e�ect of dust
particles is. The images are not jitter corrected since it is not possible for this
type of air scattering pro�le. Consequently, each single shot measurement will
be centered around di�erent distances close to the focus of the telescope. In
averaged images the time jitter introduces an uncertainty in the spatial coordi-
nates along the optical axis (x -axis). The jitter error is on the order of ps, which
is equivalent to few cm in the room, however it is considered to be negligible in
these measurements.

The most important simulated result is the "collected power incident on detec-
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Figure 21: Average of all 200 single shot measurements

tor slit" simulation seen in �gure 14. In order to compare experimental data
to the simulation in FRED, a horizontal pro�le of the experimental data, de-
scribed above, needs to be created. This is done by vertically binning all pixels.
In �gure 22 the horizontal pro�les of �gure 19, 20 and 21 are seen. They can be
compared to �gure 14. There is a resemblance between the simulation and the
experiment when considering the shape of the pro�les. The detected intensity
does not drop to zero as expected from the simulations. The maximum inten-
sity is not located at the position of the focus at 1.7 m, instead it is located
to the left of the focus (closer to the detector), which is in agreement with the
simulation. Naturally there is some inhomogeneities in the laboratory air, with
contributing dust particles, not accounted for in the simulation. The data set
in the simulations is rather poorly resolved, including only 11 data points and
detector noise is also present in the laboratory experiment.
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Figure 22: Horizontal pro�les for �gure 19, 20 and 21

Considering �gure 20, it seems like the focus would not be in proximity to the
center of the image. The width of the medium participating in the scattering
phenomena is given by the width of the laser pulse. When imaged, the laser
beam has a minimum width at the focus of the telescope (close to 1.7 m). When
comparing, the minimum width of the laser beam is located at the right edge
of �gure 20. One possible explanation for this location of the beam waist could
be an error in the prediction of the focal point of the telescope, leading to an
actual position close to the right edge of �gure 20. If the focus of the tele-
scope was located at a position corresponding to the edge of �gure 20, it would
correspond to a distance of (0.75/2)+1.7 m = 2.075 m from the outcoupling
mirror. According to the lens formula, the corresponding error in the position
of the primary mirror, would be on the order of centimeters. It was concluded
that this could not be the case since caution was taken to minimize this error.
An interesting property was found when analyzing �gure 19. In the center of
the image, the imaged size of the dust particles become noticeable smaller. In
�gure 23 an enlargement of the area containing these dust particles is seen. A
comparison with an enlargement of another part of �gure 19 (seen in �gure 24)
indicates an obvious di�erence.

This observation led to the conclusion that dust particles in the proximity of
the center of the image during the acquisition were in focus of the telescope and
created a small images of dust particles on the CCD chip of the streak camera.
Dust particles not in focus of the telescope (most probably of roughly the same
size as other dust particles) created a large, less intense pattern, due to the fact
that they were not focused by the telescope. To prove this hypothesis, the full
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Figure 23: Zoom-in of �gure 19

Figure 24: Zoom-in of �gure 19 at a di�erent location

width at half maximum (FWHM) and the spatial coordinate on the optical axis
(x -axis) of each dust particle peak were determined (in a horizontal pro�le).
The aim was to �nd out if the FWHM had a minimum at a certain spatial
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position on the optical axis, which would then correspond to the position of the
telescope focus. The result is presented in �gure 25.

These results indicate that the focus of the telescope is in the center of the
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Figure 25: FWHM of dust particles peaks as a function of peak position

region of interest with a small error (in measuring the distance of 1.7 m). The
distance between the focus position and the position of the peak intensity value
in the horizontal pro�le in �gure 22 can now be found and compared to FRED
simulations. In the simulations the distance was 100 mm. In experiments, the
corresponding distance was 193 mm. The di�erence is mainly due to the high
uncertainty of this distance in the simulations since the resolution was quite low.
Another possible explanation for the di�erence between simulations and exper-
iments could be the back scattering light source in the simulations which had a
random intensity distribution. In the laboratory, the intensity distribution was
set by the laser pro�le (Gaussian).
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6 Conclusion and Future

There were several goals of this work. First of all, advantages of simulating
optical systems (using FRED) were investigated. Secondly, constructing the
telescope and aligning it for maximum performance. Finally, performing ps-
LIDAR measurements in ambient air for characterization of the new telescope.

6.1 FRED simulations

The conclusion is made that the FRED simulations can be helpful to recon-
struct the telescope for improvement, understanding how it works in detail and
interpreting measurement performed using the telescope. The main advantages
of the simulation is the ease of operation and the possibility to extensively mod-
ify the con�guration in any way needed. This was not realized at the time
when simulations were performed and consequently FRED did not reach its full
capacity. A variety of di�erent telescope layouts could have been investigated
and compared. At best, large improvements, not realized until much later could
have been made in the simulations. FRED supports geometric drawings created
in CAD to be included in the simulations, which could have been used to create
a more detailed simulation. If this had been done, for example by including the
mirror mounts in the simulations, the problem with the mounts blocking one
side in the �eld of view of the streak camera slit could have been foreseen and
prevented.

6.2 Construction and Alignment of the telescope

The main goal of this project was to build a near-�eld compatible telescope
with improved imaging capabilities and light collecting e�ciency compared to
previous telescope design. The goal was reached on both points. The main
reason for improved imaging capabilities is the lowered spherical aberrations
when using only one spherically designed component (primary mirror) and the
improved f#-matching between the telescope and the streak camera. Naturally
when focusing capabilities increase, the light collecting e�ciency increases since
the slit size is smaller than the focused image.

6.3 ps-LIDAR measurements

As presented above, the laboratory results allowed interesting comparisons to
the simulations in FRED. Initial testing was performed for characterization
of the new telescope with good agreement with simulations in both detectable
range interval and focus position. Thus, initial simulations creates an advantage
in setting up the measurement and interpreting the results.

6.4 Future

In the future, the telescope could be improved on a few points. The main issue is
the mirror mounts blocking the �eld of view of the streak camera slit. This could
be solved by mounting the mirrors in a di�erent way, preferably by using the
same translators. A solution would be to place the mounts at a lower position
where they would not interfere with the slit �eld of view when the object is not
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in focus. Initially, work was put into introducing a small alignment laser at the
optical axis (using a �ip-in mirror) to align the primary mirror (when misaligned
from translator instabilities). The alignment laser was later discarded since it
had lost its position on the optical axis. A reintroduction of the alignment laser
in a more stable way would ensure that the primary mirror is in position for
maximum light collecting e�ciency. In initial stages of the construction part,
attempts in modifying the electric translator to reduce instabilities resulted in
further instabilities. The electric translator should be replaced with a stable
translator and the whole system realigned.

Large-scale combustion application is one of the future applications for the ps-
LIDAR system. Possible applications have already been addressed. Further-
more, the research group working on the ps-LIDAR system is involved in a
project for another application. The Swedish Defence Research Agency (FOI)
runs a project called DETEX, funded by VINNOVA (Swedish Governmental
Agency for Innovation Systems). The project aims to demonstrate stando�
detection (>30 m) of explosives at trace levels with Raman spectroscopy. Sev-
eral other organizations are involved in this project with the ultimate goal to
create a commercial product for stando� detection of explosives for both civil-
ian communities and military personnel on peace keeping or peace enforcing
missions. Raman scattering is a species speci�c method and can be used to de-
tect active substances in explosives. A technique currently under development,
called Resonance Enhanced Raman Scattering (RERS), could prove valuable in
the detection of low concentration, gas form explosives (e.g. trace levels from
evaporation). The ps-LIDAR system is being developed for stando� Raman
spectroscopy on explosives for species identi�cation and localization. Further-
more, interference from �uorescence may be strongly reduced by using a time
gate on the detector to detect only scattered light.

Another possibility is detection of particles. In the results above, dust parti-
cles are methodically identi�ed. Further investigation could potentially reveal
a possibility to detect smaller particles such as soot particles in a rich �ame.
Extensive research is currently conducted on soot particle formation to better
understand the underlying phenomena and how to optimize combustion pro-
cesses in for example diesel engines [17]. A levitator (a device using ultrasonic
radiation to levitate small amounts of liquids or solids) could be used for charac-
terization of small particles detected with the ps-LIDAR system. Measurements
on a water droplet while evaporating (with known evaporation rate and size)
could indicate how soot particles of di�erent sizes would appear in ps-LIDAR
measurements.
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