
Field Test of a Brillouin LIDAR for
Temperature Profiles of the Ocean

SONJA FRIMAN

Master of Science Thesis in Applied Physics
School of Engineering Sciences

KTH Royal Institute of Technology
Stockholm, Sweden

March 2016

Supervisor: Thomas Walther, TU Darmstadt
Examiner: Katia Gallo, KTH

TRITA-FYS 2016:11





iii

Abstract

This thesis is about the field test of a Brillouin-LIDAR, which is
meant to be used for the measurement of temperature profiles of the
ocean up to 100 m’s depth, as a flexible alternative to contact-based
techniques. The temperature information is here deduced from the
Brillouin backscatter, which shows a temperature dependent spectral
shift with respect to the incident laser frequency.

The LIDAR setup consists of a pulsed fiber amplifier as the beam
source and an atomic edge filter as the detector. After frequency
doubling, the ytterbium-doped fiber amplifier emits 10 ns pulses with
a repetition rate of 1 kHz and a pulse energy of 0.5 mJ. The emission
wavelength of 543.3 nm is set by the rubidium-based components of
the setup: the absorption filter, which eliminates the elastic scattering
from the signal, and the edge filter (ESFADOF).

Recently, the setup was tested under laboratory conditions, resulting
in a temperature accuracy of up to 0.07¶C and a depth resolution of
1 m. For the field test, important changes to the setup were necessary:
first, the three ECDLs of the setup were replaced by two DFB and
one VBG laser. Then, the setup was moved to a smaller and moveable
table for the transportation. After a final laboratory test, the field test
was conducted in the harbor of La Spezia, Italy.

There, the functionality of the setup under non-laboratory condi-
tions was analysed. The sea water in the harbor was turbid, limiting the
maximal observable water depth. However, signal measurements with
targets blocking the beam under water showed that with the LIDAR,
one can detect objects and estimate their depths. The temperature
measurements indicated that the detection optics need to be modified
and that the calibration procedure is not ideal. Nevertheless, the field
test was successful and produced new insights into the functionality of
the LIDAR.
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Sammanfattning

Den här avhandlingen handlar om en fältundersökning av en Brillouin-
LIDAR som ska användas för mätningar av temperaturprofiler i havet
upp till 100 meters djup. Denna metod erbjuder ett flexibelt alternativ
till kontakt-baserade teknologier. Temperaturinformationen härleds
från Brillouin-återspridningen vars spektrala förskjutning från den
ursprungliga laser frekvensen är beroende av temperaturen.

LIDAR-uppbyggnaden består av en pulsad fiberförstärkare som
ljuskälla och ett kantfilter som detektor. Efter en frekvensdubblering
emitterar den ytterbium-doterade fiberförstärkaren 10 ns pulser med en
repetitionsfrekvens på 1 kHz och en pulsenergi på 0.5 mJ. Den emittera-
de våglängden på 543.3 nm bestäms av de rubidium-baserade komponen-
terna i uppbyggnaden: absorptionsfiltret, som eliminerar den elastiskt
spridda andelen av signalen, och kantfiltret (ESFADOF).

Uppbyggnaden har testats under laboratorieförhållanden. Testet
resulterade i en temperaturnoggrannhet på 0.07¶C och en djupnoggrann-
het på 1 m. Dock måste uppbyggnaden förändras för fältundersökningen:
först utbyttes de tre ECDLs mot två DFB lasrar och en VBG laser.
Sedan flyttes hela uppbyggnaden till ett mindre bord som är lättare
att transportera. Efter ett slutligt laboratorietest fördes LIDARn till
hamnen i La Spezia, Italien, där fältundersökningen genomfördes.

Där blev uppbyggnadens funktionalitet undersökt under icke-labora-
torieförhållanden. Det undersökta havsvattnet var grumligt. Detta för-
orsakade en reduktion av det maximala djupet som kunde undersökas.
Dock visade mätningar med strålmål, som blockerade laserstrålen under
vattenytan, att LIDARn kan användas för att detektera objekt och
fastställa deras djup. Temperaturmätningarna tydde på att detekto-
roptiken måste modifieras och att kalibrationsproceduren inte är ideal.
Likväl var fältundersökningen framgångsrik och ledde till nya insikter i
LIDARns funktionalitet.
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Chapter 1

Introduction

The oceans are of immense importance for life on Earth. They act as
moderators for the climate both globally and locally. Furthermore, the
natural water resources play a role in the globalised industries, as a means of
transport and as a resource for food and recreation and much more. Thus, it is
important to study the state of the oceans globally and in detail, in particular
the water temperature. International cooperations and networks of research
vessels exist for this purpose. The water temperature in the ocean can be
determined in several di�erent ways, e.g. by thermometers under buoys or
ships or on autonomous floats, satellite images, CTD instruments (measuring
Conductivity, Temperature, Depth) or XBTs (eXpendable BathyThermo-
graphs).

The two latter devices have a similar principle. They are deployed from a
ship and while the device sinks at a controlled velocity, the data is recorded for
di�erent depths. CTDs are used to determine temperature (with an accuracy
of up to 0.002¶C [23]), salinity and density simultaneously as a function of
the depth, while the one-way used XBTs only collect temperature data. With
technology developments, the temperature data becomes more and more
accurate and measurements to larger depths are realised. However, current
techniques have a few drawbacks: conventional contact-based thermometers
are slow and ine�cient; satellite images give rise to temperature profiles of a
few decimetres’ depths, so only the surface layer can be probed [32]; CTDs
are expensive and the measurements take a long time; XBTs have lower
accuracy and can only be used once, but are still seen as the cheapest and
easiest method presently available to obtain temperature profiles [18].

1



2 CHAPTER 1. INTRODUCTION

As an alternative approach, one can measure water temperatures by
analysing temperature-dependent optical properties of the water. This idea
is pursued in our group: in the Brillouin LIDAR-project (LIght Detection
And Ranging), a remote sensing method is being developed to determine
the water temperature using the Brillouin backscatter characteristics of
the ocean water [20]. During the measurement, pulsed green laser light is
focused perpendicular into the water and the Brillouin component of the
backscattered signal is analysed, using an edge filter, namely an Excited
State Faraday Anomalous Dispersion Optical Filter (ESFADOF), to convert
the temperature-, pressure- and salinity-dependent Brillouin frequency shift
into a temperature. The final goal of the LIDAR-project is to develop a
technique that allows remote measurements of sea water temperature depth
profiles when the LIDAR setup is mounted on a ship or helicopter.

After the successful test of the LIDAR setup in the laboratory indicating
a depth resolution of 1 m and a temperature uncertainty of up to 0.07¶C
[19], it was planned to conduct a field test in a real marine environment.
The purpose of this master’s thesis project is the preparation for and the
execution of the field test.

First, the setup was updated to standards suitable for the transport
as well as for the field test. The three ECDLs (External Cavity Diode
Lasers), which are sensitive to vibrations, were replaced by lasers with
mechanical stability. Then, the setup was characterised and tested with the
new components and then mounted on a transportable laser table which
could be moved to the site of the field test. Then, the whole setup was tested
and calibrated under laboratory conditions prior to the field test in Italy,
which was conducted in November 2015. The analysis of the field test data
is still in progress while some results can already be presented in this thesis.
For example, the results of the target measurements conducted in order to
test the LIDAR’s ability to detect submerged objects are shown.

This master’s thesis covers the adjustments to the setup, the field test
and an analysis of the data. It is divided into five chapters. The first
explains the theoretical background relevant for the experiment. The second
chapter gives an overview of the LIDAR setup and its functionality. In the
following chapter, the results of the setup adjustments are reported. The
fourth chapter describes the circumstances of the field test and presents the
results of the data analysis, so far. Then, in the last chapter, this master’s
thesis project is summarised and enclosed with an outlook.



Chapter 2

Theoretical Background

In this chapter, the theoretical background of the Brillouin LIDAR and
its principle are presented. To start with, the Brillouin scattering and the
signal theory of the Brillouin LIDAR are described. Then, the main optical
components of the setup are explained.

2.1 Scattering Theory
Generally, scattering is the interaction of particles or waves. It occurs either
without a change in the energy of the system (elastic scattering) or with
energy deviations due to internal excitation (inelastic scattering).

When radiation propagates through a medium, atoms and molecules can
be excited along the way. After a short while, they relax to lower energy
levels, emitting energy in the form of radiation or rotational and vibrational
excitations of the medium. For this experiment, the first case is relevant.
When the particles return to the original state, they emit a photon of the
same energy as that of the incident. Thus the photon is elastically scattered.
The elastic scattering by particles much smaller than the wavelength of the
incident photon is called Rayleigh scattering.

After an inelastic scattering process, the emitted photon has a di�erent
wavelength than the incident one. It is shifted to higher (Stokes) or lower
(Anti-Stokes) frequencies. There are two cases of inelastic scattering of
photons: Raman scattering occurs when a photon is scattered through
interaction with vibrational or rotational transitions in molecules. It is
non-resonant and the emission spectrum has peaks at certain frequencies

3
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Figure 2.1. Schematic drawing showing Brillouin scattering of an incident
light ray o� a density fluctuation caused by a sound wave moving towards
the light source, thus causing an Anti-Stokes Brillouin shift in the spectrum.
� is the wavelength of the sound wave, k̨ is the wave vector of the incident
photon, ◊ is the scattering angle, k̨Õ is the wave vector of the scattered photon
and k̨S is the wave vector of the sound wave.

characteristic for the molecule.
The other inelastic scattering process is Brillouin scattering. Sponta-

neous Brillouin scattering is the result of the interaction of light with the
time-dependent optical density-variations in a medium due to acoustic modes
(phonons), magnetic modes (magnons) or temperature gradients. In the
case of Brillouin scattering in sea water, the phonons interact with the light,
causing a shift in the frequency of the photon, as explained below. Another
e�ect is the Stimulated Brillouin scattering, where the variations of the
electric field of a beam in e.g. an optical fiber give rise to acoustic vibrations
(see section 2.6).

The acoustic phonons appearing in a medium may be described as periodic
oscillations with the wavelength of sound waves � causing periodic density
fluctuations. The fluctuations move through the medium in all directions
with the velocity of sound vS(T (x̨), S(x̨), p(x̨)) depending on the temperature
T , salinity S and pressure p of the medium at the position x̨. As the
speed of sound vS is much smaller than the speed of light c, the density
fluctuations appear to an incident photon as a static Bragg grating. This
causes the photon to scatter as shown in figure 2.1 for the case of a sound
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wave approaching the photon.
In the following, the theoretical Brillouin spectrum is calculated. The

incident light wave with wave vector k̨ and frequency Ê = |̨k| · c

n
is scattered

by the sound wave with wave vector k̨S and frequency ÊS = |̨kS| · vS. Here,
n = n(T (x), S(x), ⁄) is the refractive index of the medium and ⁄ the incident
wavelength of the photon. The wave vector of the scattered light wave follows
from momentum conservation, k̨Õ = k̨ + k̨S in the case of the sound wave
approaching the beam source (Anti-Stokes), and k̨Õ = k̨ ≠ k̨S when the sound
wave moves away from the beam source (Stokes). This implies

kS = ±2k sin ◊

2 (2.1)

assuming |̨kÕ| ¥ |̨k|, with the scattering angle ◊. From ÊS = 2fi‹B and
Ê = 2fi

c

⁄
, ‹B being the Brillouin frequency shift, given that kS = 2fi‹B

vS
and

k = 2fin

⁄
, equation (2.1) results in the equation for the Brillouin frequency

shift
‹B = ±2nvS

⁄
sin ◊

2 . (2.2)

where the plus sign is valid for Anti-Stokes scattering and the minus sign for
Stokes scattering. This equation can also be deduced from Bragg’s law.

Thus, the Brillouin frequency shift depends on temperature T , salinity
S, pressure p and wavelength ⁄. The water pressure in dependence of the
depth is well known, while the dependence of the velocity of sound and the
refractive index on temperature and salinity are given by empirical relations
as published by Del Grosso for the velocity of sound vS [2]

vS(T, S, p) = c0 + c1T + c2T 2 + c3T 3 + c4S + c5S2 + c6TS + c7T 2S

+ f(T, S, p)
(2.3)

and by Quan and Fry for the refractive index of seawater nH2O [17]

nH2O(T, S, ⁄) = n0 + S(n1 + n2T + n3T 2) + n4T 2

+ n5 + n6S + n7T

⁄
+ n8

⁄2 + n9
⁄3

(2.4)

with the coe�cients listed in tables A.1 and A.2 in the appendix. Here, the
term f(T, S, p) represents the dependence of the velocity of sound on the
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Figure 2.2. The two components determining the Brillouin spectral profile
in water with respect to the water temperature: on the left, the theoretical
Brillouin frequency shift ‹B in water under backscatter conditions is shown,
according to equation (2.2) in dependence of the temperature for salinities
ranging from 0h to 35h. On the right, the Brillouin linewidth �‹B in water
with 0h as measured by Kerstin Lux [10] is presented, with a quadratic
polynomial fit to the data (red).

pressure p. T and ⁄ are in the following units: ¶C and nm, respectively. The
salinity S has the unit h, equal to grams salt per kilogram of salt water.

In figure 2.2 on the left, the Brillouin shift given by equation (2.2) is
shown as a function of the water temperature for salinities ranging from
0h to 35h, the medium ocean salinity. The temperature, salinity and
wavelength dependencies of vS and n are given by equations (2.3) and (2.4).

Also the linewidth of the Brillouin lines �‹B depends on salinity and
temperature. The latter dependence is illustrated in figure 2.2 on the right,
using the data obtained by K. Lux [10] for S = 0h. Similar dependencies
are found for non-vanishing salinities. A quadratic polynomial can be fitted
to the data to estimate �‹B as a function of T for S = 0h.

In the LIDAR measurement, only the directly backscattered photons,
shifted in frequency by ‹B as in equation (2.2) with ◊ = fi, are observed.
Thus, the spectral profile contains two peaks symmetrically positioned around
the elastic scattering peak. The Brillouin Stokes component is shifted to a
lower frequency by the Brillouin shift ‹B, while the Brillouin Anti-Stokes
component is shifted to a higher frequency by the same amount. The peak
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Figure 2.3. Simulated spectrum of the backscattered radiation at an angle
of ◊ = fi with the central wavelength 543.3 nm as in the real experiment. It
shows the elastic scattering and the Brillouin scattering components, the
elastic being much more intense than the inelastic part. The Stokes and
Anti-Stokes components are indicated.

profile is represented by the Lorentzian function

S±
B (‹) = IB

fi

1
2�‹B

(‹ ± ‹B)2 + (1
2�‹B)2 , (2.5)

with the intensity of one Brillouin peak IB. Together with the elastic scat-
tering peak, the theoretical scattering spectrum is presented in figure 2.3.
For simplicity, the elastic scattering peak is represented by an Airy function,
the system response of a Fabry-Perot interferometer (FPI) which is generally
used for spectroscopy. In an FPI spectrum, even the Brillouin lines are
broadened. Therefore, the named function SB is convolved with an Airy
function, too. However, the shape of the Brillouin lines is only marginally
influenced by the system response.

In clear water, the elastic scattering intensity IR is very small compared
to that of inelastic scattering. Their ratio is given by the Landau-Placzek
ratio IR

2IB
= “ ≠ 1, with the isentropic coe�cient “ = CP

CV
. For temperatures

up to 40¶C, the ratio is smaller than 0.04 [14]. However, elastic scattering
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dominates in natural water, since it is not clear and the suspended matter
and organisms in the water column increase the ratio even further. As a
consequence, Brillouin scattering has a smaller cross section than elastic
scattering and therefore its intensity within the spectrum is small for natural
water. Hence, to increase the detection e�ciency for the Brillouin peaks,
the elastic scattering component of the signal must be reduced before the
signal reaches the detector. This is done by using absorption cells containing
rubidium gas, as explained in section 2.4.

2.2 LIDAR Signal Theory
In a LIDAR experiment, a pulsed laser beam is sent into a medium and the
returning scattered or reflected signal is detected and analysed. The time of
flight t of the pulse is a measure for the distance x of the scattering center to
the LIDAR setup and in the present experiment, it provides the information
needed to produce a temperature depth profile:

x = c

2n
t (2.6)

where c is the speed of light and n the refractive index of the medium. From
this relation, the connection between the pulse duration �t and the optimal
spatial resolution �x is deduced:

�x = c

2n
�t. (2.7)

This implies that the shorter the pulse is, the better the spatial resolution
should be. To optimise the signal evaluation, narrow-banded signal pulses
are needed. Therefore the following limiting relation between pulse duration
and spectral bandwidth for Gaussian pulse shapes needs to be considered
[27]:

�t · �‹ = 2 ln 2
fi

¥ 0.441. (2.8)

The pulses produced by the Brillouin LIDAR beam source have a duration
of 10 ns and hence the minimal spectral bandwidth of the pulse is Fourier-
transform-limited to 44.1 MHz.

Also the pulse repetition frequency (PRF) is limited by equation (2.6):
the resulting temporal delay between pulses multiplied by the speed of light
c must be longer than the maximum distance from where a return signal
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can be expected. For clear ocean water, the maximal measurement depth is
approximately 100 m [7], implying a maximum PRF of 0.9 MHz. However,
since the signal-to-noise ratio is inversely proportional to the PRF, a lower
PRF of 1 kHz is chosen for the LIDAR setup.

2.2.1 LIDAR Signal
The theoretical LIDAR signal profile in the limit of an infinitesimally short
laser pulse is represented by the LIDAR equation [4]

P (x, ‹) = P0
c�t

2n
G(x) A0

(x + x0)2 ÷(‹)—(x, ‹) · exp(≠2–x) (2.9)

which describes the return signal P (x, ‹) depending on the following param-
eters and functions [31, 16]:

P0 is the average laser output power of a pulse,
c

n

is the speed of light in the medium (in the case of water, n ¥ 1.33),

�t is the pulse duration, P0 · �t is the pulse energy,
G(x) is the ratio of the laser radiation ideally being received with
G(x) Æ 1,
x0 is the distance of the receiver optics to the medium (here, the water
surface),

A0 is the receiver area, while
A0

(x + x0)2 is the angle of perception of

the receiver, a measure for the probability for a backscatter photon to
be collected,
÷(‹) is the detection e�ciency depending on the frequency ‹,
—(x, ‹) is the backscatter coe�cient depending on x and ‹ and
– is the attenuation coe�cient which is assumed to be independent
both of range x and frequency ‹.

The last term represents the attenuation in dependence of range x as
given by the Beer-Lambert law

I(x)
I0

= exp(≠–x) (2.10)
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Figure 2.4. Left: The ESFADOF transmission spectrum for a pump
power of 102 mW [19] depending on the frequency o�set from the central
frequency. Right: The theoretical ESFADOF transmission with respect to
the temperature in the relevant temperature range.

where I0 is the incident intensity. As the LIDAR signal travels the distance
2x through the medium before detection, the strength of the surviving signal
is proportional to exp(≠2–x).

The backscatter function —(x, ‹) describes the amount of light scattered
from the range x at a certain frequency ‹. For the Brillouin LIDAR signal, —
is the normalised Brillouin spectrum in dependence of the depth-dependent
temperature.

In this Brillouin LIDAR experiment, the detector function ÷(‹) is equiv-
alent to the ESFADOF transmission spectrum, independent of x. The
transmission spectrum for the optimal pump power of 102 mW is shown in
figure 2.4 in the left graph [19]. The edges around ±6 GHz, which produce
the temperature dependent transmission, are clearly visible. The integral
of the product of —(T, ‹) and ÷(‹) over the frequency results in a function
that connects the temperature with the transmission through the edge filter.
This function is shown in figure 2.4 on the right. In a real experiment, this
calibration curve is determined experimentally by measuring the transmission
for known water temperatures.

2.2.2 Attenuation Coe�cient

The optical properties of ocean water can be grouped in two categories: the
Apparent Optical Properties (AOP) are dependent on the ambient light field
while the Inherent Optical Properties (IOP) are not and depend only on the
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medium. The LIDAR attenuation coe�cient – in equation 2.9 depends on
the water quality. In the literature [5, 13], the parameter cR = cH◊, with
the total attenuation coe�cient c (an IOP), the distance to the sea surface
H and the receiver field of view ◊, is considered to be an indicator for the
identity of –. For cR π 1, assuming a vertically homogeneous distribution
of IOPs as in clear waters, – converges to c. In turbid waters, where the
IOPs are in-homogeneously distributed, cR ∫ 1 and – converges to the
downwelling irradiance (or di�use) attenuation coe�cient K (< c), which
is an AOP. As the field test location is in a harbor, one would expect high
turbidity and therefore low values for –. However, as mentioned in [5], –
cannot be interpreted for values of cR between the two extremes named
above. Also, small values of cR can be interpreted as a LIDAR possessing
a small ◊ and thus receiving only single scattered photons, while a bigger
◊ makes it possible for multiple scattered photons to remain in the field of
view and reach the receiver. As the LIDAR system subject to this project is
assumed to have a non-infinitesimal small field of view, the condition cR π 1
is not fulfilled.

2.3 ESFADOFs

For the detection of narrow bandwidth in LIDARs, the use of Atomic Line
Filters (ALFs) is common [11]. ALFs are a special kind of band-pass filters
based on atomic absorption or resonance lines. One type of ALFs are the
Faraday filters, also called Faraday Anomalous Dispersion Optical Filters
(FADOFs). They are based on the Zeeman e�ect and anomalous dispersion
[6]. A FADOF contains a gas cell in a constant homogeneous magnetic
field along the optical axis. Due to the Zeeman e�ect, the absorption lines
are split up pairwise, each line absorbing either ‡+ or ‡≠ polarised light
(circular dichroism). Close to resonance, the dispersion is distinctly di�erent
for both polarisations, inducing frequency-dependent dispersion. This causes
a rotation of the polarisation axis depending on the incident frequency.
Consequently, by adding a polariser in front and behind the gas cell and
having them crossed, the frequency-dependent dispersion is transformed into
frequency-dependent transmission through the filter. Around the resonance
frequencies, transmission edges with high gradients are found.

By applying radiation resonant with the transition from the ground state
to the lower excited state collinearly with the signal beam, an FADOF can
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be operated between two excited states. This type of filter is also known
as ESFADOF (Excited State FADOF). In the Brillouin LIDAR setup, the
ESFADOF transition happens between the 8D5/2 state and the 5P3/2 state
of rubidium. Further details are given in the following section.

The maximum transmission of the filter depends on the pump power. At
low pump powers, the maximum transmission increases with the pump power.
When a certain power, called plasma point in the following, is reached, the
gas in the cell forms a plasma where most of the gas atoms are ionised,
allowing only lower transmissions which decrease with the pump power. The
graph on the left hand side of figure 2.4 shows the ESFADOF transmission
spectrum at an optimal pump power of 102 mW before the measurements for
this project were made [19], resulting in a maximum transmission of 84.8%,
the highest value for a rubidium ESFADOF until then. Furthermore, the
transmission depends on the seed frequency, the magnetic field strength, the
pump frequency and the gas cell temperature. A detailed analysis of the last
two dependencies can be found in [19].

2.4 Rubidium

Since the absorption spectrum of water has a transmission window in the
visible domain of the electromagnetic spectrum, between 360 nm and 750 nm
[24], visible radiation is best suited for oceanic LIDAR experiments. Measure-
ments using microwaves, infrared or UV light can only examine the topmost
layer of the ocean water as these types of electromagnetic radiation cannot
penetrate the water to larger depths.

The absorption spectrum of water has a minimum at 420 nm (blue) and
the absorption coe�cient is still low, below 0.1 m≠1, for green light, which is
more easily produced than blue light. (In this context, it is worth mentioning
that the vitreous humor of the human eye consists mainly of water and thus
has a similar transmission spectrum.)

Some ocean LIDARs use frequency doubled Nd:YAG laser light at a
wavelength of 532 nm [9]. However, for the present Brillouin LIDAR setup,
another constraint needs to be fulfilled. The absorption filter contains two
heated rubidium gas cells. In figure 2.5, the relevant levels of rubidium are
shown. From the grund state 5S1/2, rubidium can be excited to the 5P3/2
state, the energy of the so called D2 line corresponding to a wavelength of
780.2 nm. In the excited state, rubidium is resonant with light at a wavelength
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5S1/2

5P3/2

8D5/2

543.3 nm

780.2 nm

Figure 2.5. The three energy levels of rubidium relevant for the LIDAR
experiment with the respective transition wavelengths.

of 543.3 nm, corresponding to the 5P3/2 æ 8D5/2 transition. This transition
sets the wavelength of the beam source such that the absorption filter can
absorb the elastic scattering part of the signal. While the absorption filter is
pumped with radiation at a wavelength of 780.2 nm, the rubidium gas cell
contained in the ESFADOF setup needs pump radiation that is 70.4 GHz
detuned from the D2 line to reach the ESFADOF ground level, the 5P3/2
level. The detuning is due to the strong magnetic field.

As there are no lasermedia capable of directly producing radiation at
543.3 nm, the seed beam is produced by frequency doubling radiation at
1086.6 nm, as described in more detail in section 3.1.

2.5 ECDLs and DFB Lasers
Until the start of this project, the three main lasers of the LIDAR setup, the
seed laser and the two pump lasers for the detector system, were tunable
ECDLs (External Cavity Diode Laser). An ECDL contains a laser diode
(LD) chip with one end anti-reflection coated. An optical filter positioned
externally closes with the HR-coated end of the LD chip an external cavity.
Often, the optical filter is a di�raction grating as in the so-called Littrow
configuration, see figure 2.6 on the left side. Here, the first di�raction order
is reflected directly back into the LD, causing a frequency-selective feedback
and enabling mode locking [12]. The grating is mounted on a moveable
device which is steered by a piezo actuator and by adjusting the grating, the
output frequency can be tuned in the gain profile. Thus, an ECDL has a wide
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LD GCL LD GCL

M

Figure 2.6. Principle setup of the Littrow ECDL configuration to the left,
with the laser diode (LD), a collimation lense (CL) and a grating (G), and
the Littman-Metcalf ECDL configuration with the additional mirror (M) to
the right.

tuning range. A drawback of the Littrow configuration is, that the movement
of the grating causes the output beam to be tilted. In the Littman-Metcalf
configuration, see figure 2.6 on the right side, not the di�raction grating itself
is moved but an additional mirror which is positioned opposite to the grating.
In this way, the output beam direction is fixed. However, also the output
power is lower as the zero-order reflection is lost. The typical linewidth of
an ECDL is smaller than 1 MHz.

The main drawback of ECDLs is that the ECDL is sensitive to vibrations
because the frequency-tuning happens through the alignment of the cavity.
Since the aim is to convert the LIDAR setup to a mobile setup, to be
employed in field measurements, for example on a ship or a helicopter, a laser
insensitive to vibrations as a DFB laser is a better choice. This is the main
reason for replacing the ECDLs with DFB lasers. A semiconductor DFB
(Distributed FeedBack) laser consists of a periodic structure containing a
gain medium which causes Bragg reflection and a distributed selection of the
output frequency. Single-mode operation is possible, but the linewidth is
broader than for ECDLs, typically of the order of 100 MHz.

2.6 Fiber Amplifiers
The main component of the beam source of the LIDAR setup is the five-stage
ytterbium-doped fiber amplifier, as seen in the setup figure 3.3. An important
advantage for their use in the LIDAR setup is, that fiber amplifiers have high
stability and are robust against vibrations because the working principle is,
as explained in the following, not based on resonances.
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The principal part of a fiber amplifier is the an optical fiber, the optically
active medium, which can be traversed by light with small loss. The fiber
core is usually doped with rare-earth ions. They absorb the incoming pump
beam, causing population inversion and the seed beam causes stimulated
emission resulting in a coherently amplified beam. Thus, energy is transferred
from the pump light to the seed light in a non-resonant transition. The
doping determines the gain spectrum and in the case of ytterbium, the
absorption and emission maximum is at 976 nm which is the ideal pump
wavelength. The emission band lies between 1030 nm and 1100 nm, therefore
the seed wavelength of the LIDAR setup of 1086.6 nm can be amplified by
ytterbium-doped fiber amplifiers.

In the LIDAR setup, the continuous fiber amplifier and the first two
stages of the pulsed fiber amplifier use step index fibers with an asymmetric
core surrounded by a cladding, while the latter two stages are operated with
photonic-crystal fibers. Here, the cladding is made of a periodic structure of
air-filled channels reducing the refractive index around the core, thus causing
the seed light to remain in the core.

One drawback of fiber amplifiers is the appearance of Amplified Sponta-
neous Emission (ASE) where spontaneously emitted radiation is amplified
in the fiber. This can cause the amplification of the seed radiation to shrink
as the population inversion decreases due to other transitions. ASE appears
especially in operation at the edge of the emission band and as the seed
wavelength 1086.6 nm is close to this edge at 1100 nm, the ASE has to be
suppressed e.g. with long-pass filters.

Also nonlinear e�ects can occur in fiber amplifiers, especially the Stimu-
lated Brillouin Scattering (SBS) limits the output power. SBS is, just like the
spontaneous Brillouin scattering, inelastic scattering o� density fluctuations.
In this case, the fluctuations are caused by the electric field of the laser light
through electrostriction. SBS can lead to backward scattering, thus reducing
the amplified seed light output. The backscattered light has to be filtered
e.g. with Faraday isolators (FIs) to suppress the back coupling into the
seed laser. Therefore SBS poses limitations on the fiber amplifier output as
with growing power density in the fiber core, the e�ect increases as well. To
counteract SBS, the fiber geometry is adapted to the input pulse energy per
stage of the five-stage fiber amplifier. With growing input energy, the size of
the fiber core is increased, too.
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Figure 3.1. Overview of the Brillouin LIDAR setup, with a few setup
components indicated with accronyms: mirror (M), half-wave plate (⁄/2),
polarising beam splitter (PBS), photomultiplier tube (PMT1 - PMT2) and a
mirror inserted for spectroscopy (MS).

In the following section, the Brillouin LIDAR setup is described. Its outline
is shown in figure 3.1. The setup is divided into two parts: in the first part,
the beam source, an amplified seed laser beam converted into pulses provides
infrared laser light, which is amplified by a four-stage fiber amplifier. Then,
the pulses are frequency doubled to green laser pulses and transmitted to
the object of the measurement - a water reservoir or a sea water column.
In the second part, the detector setup, the backscattered light is received
and its elastic scatter components are reduced by an absorption filter. The
filtered signal is split into two beams by a polarising beam splitter (PBS).

17
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While the first beam is detected by the photomultiplier tube PMT11, the
second beam is transmitted through the ESFADOF and processed by the
photomultiplier tube PMT2, which is of the same model as PMT1. This
signal is then normalised by the PMT1-signal. The normalised transmission
can be converted into temperature information with a calibration curve. In
order to obtain spectra of the absorption filter and the ESFADOF, the seed
frequency needs to be scanned and a mirror (denoted with MS in figure 3.1)
is inserted to lead the amplified continuous seed light directly to the detector.
For this purpose, photo diodes are included in the setup as described in
section 3.3.

3.1 Beam Source
This section is concerned with the setup providing the beam which is used for
the LIDAR experiments. It contains two major parts. In the first part, the
continuous radiation from the seed laser is pre-amplified and then cut into
pulses. Those pulses are then stepwise further amplified in the four-stage
pulsed fiber amplifier followed by the frequency doubling setup, forming the
second part.

First, the seed radiation is amplified and transformed into pulses. This

Seed DFB Laser
1086.6 nm

Pump 0
976 nm

CW-FA

FI

EOM + MZM

FI
TF

LPF

to P-FA

PBSλ/2

to WLM

Seed ECDL
1086.6 nm

2x FI

prior to the thesis

FI

Figure 3.2. Picture of the setup where the continuous seed is amplified
and transformed into pulses, prior to and and the improved setup employed
in this project. The setup components are indicated with accronyms: the
continuous fiber amplifier (CW-FA), Faraday isolator (FI), transport fiber
(TF), longpass filter (LPF), half-wave plate (⁄/2) and polarising beam splitter
(PBS).

1Hamamatsu R6358
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part of the setup is shown in figure 3.2. Prior to this project, the seed
radiation was provided by an ECDL in Littrow configuration, described in
section 2.5 and shown in figure 2.6 (left). The seed light was transmitted
through a Faraday isolator (FI) and a transport fiber to two more FIs, having
high transmission in the direction of the beam while blocking backreflections.
The ECDL was substituted by a more stable DFB laser emitting continuous
infrared light at 1086.6 nm, see section 4.1. The new DFB laser has two FIs
implemented such that the three FIs previously included in the setup could
be omitted.

Through a transport fiber, the DFB laser output beam reaches the first
ytterbium-doped fiber which is the central part of the continuous fiber am-
plifier (CW-FA). The fiber is backward pumped with laser light at 976 nm,
as all the fiber amplifiers in this setup, and a maximum power of 30 W. A
long pass filter (LPF) in front of the amplifier fiber prohibits the transmitted
pump laser radiation from entering the seed laser. Then the beam passes
another FI and and a half-wave plate (⁄/2). A fraction of the output of
the CW-FA (the amount can be adjusted by turning the ⁄/2-plate) is split
o� by a PBS and used for frequency measurements with the wavelength
meter HighFinesse (WLM). Based on the WLM data, the frequency can
be stabilised via a PID program in LabVIEW. The remaining radiation is
then transformed into pulsed radiation with two modulators: a water-cooled
electro-optic modulator (EOM) cuts the pulses with a duration of 10 ns and a
repetition rate of 1 kHz and a fiber-coupled Mach-Zehnder modulator (MZM)
reduces the piezo-electrical ringing caused by the EOM.

The next part of the setup is shown in figure 3.3. From the MZM, the
light is transmitted to the four-stage pulsed fiber amplifier composed of four
ytterbium-doped fibers. For each stage, the pumping power and the fiber
core diameter is increased as the amplified pulsed beam gains in energy.
Between two stages, the light traverses a LPF and a FI to reduce the ASE
and backreflections.

The beam is first transmitted through a PBS and enters then the first
stage fiber (P-FA1) which is set up in double pass configuration. The fiber
is pumped from the opposite direction with a maximum power of 275 mW.
After passing the P-FA1 once, the beam is transmitted through a Faraday
rotator (FR) where its polarisation is rotated by fi/4. Reflected by a mirror,
it traverses the FR a second time such that its polarisation has been rotated
by a total of fi/2. Therefore, after the second transmission through the
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Figure 3.3. Picture of the setup where the pulsed seed is amplified by the
four-stage fiber amplifier and frequency doubled. The setup components are
indicated with accronyms: the pulsed fiber amplifier stages (P-FA1 - P-FA4),
polarising beam splitter (PBS), dichroic mirror (DM), longpass filter (LPF),
transport fiber (TF), Faraday isolator (FI), Faraday rotator (FR), glass plate
(G), avalanche photo diode (APD), half-wave plate (⁄/2) and quarter wave
plate (⁄/4).

P-FA1, the beam is reflected by the PBS towards the next stages. There, it
traverses a glass plate which is AR-coated on both sides. This glass reflects a
tiny part of the backwards reflected light from the second stage fiber (P-FA2)
onto an avalanche photodiode (APD) connected to an oscilloscope to detect
SBS in the second stage. The LPF in front of the APD filters out the pump
light which is reflected by the glass plate. The second, third and fourth
stage are backward pumped with a maximum power of 9 W, 27 W and 49 W,
respectively. The final fourth stage fiber is in contrast to the others installed
rigidly for optimal guiding of light.

After the amplification, the infrared pulses are frequency doubled from
275.89746 THz (=̂ 1086.6 nm) to 551.79492 THz (=̂ 543.3 nm). This happens
in a KTP crystal (potassium titanyl phosphate, KTiOPO4) which is heated
to a temperature of 313¶C for phase matching. The two wave plates in
front of the KTP crystal are used to adjust the polarisation for maximum
conversion e�ciency. After the frequency conversion, the green beam with
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an energy of around 500 µJ is led to the water via multiple mirrors and a
telescope collimating the beam.

3.2 Detector System
In the detector setup, the backscatter is first transmitted through an ab-
sorption filter eliminating the elastic scattering components from the signal
spectrum. Figure 3.4 shows the absorption filter setup. Then, the transmit-
ted signal is analysed with the ESFADOF.

The backscattered light from the water is received with a telescope where
the scattered light is first focussed on a pinhole and then collimated with a
second lens. Thereby, unwanted scattering components in the backscatter
shall be reduced. Then, the signal is focussed by a lens and transmitted
through a dichroic mirror (DM), which is reflecting for red light, into the
absorption filter.

The absorption filter contains two heated glass cells filled with rubidium
gas. The cells are linearly aligned along the optical axis behind one another.
Prior to the project, the pump radiation with a frequency of 384.23126 THz
(=̂ 780.23963 nm) was produced by an ECDL. Now, the pump laser is a DFB
laser emitting at the same frequency. The pump radiation is transmitted
through a FI. Then, a fraction is split o� by a BS to the WLM, again for
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Rb cell Rb cell
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to DAQ card
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Figure 3.4. Picture of the absorption filter setup. The setup components
are indicated with accronyms: lens (L), pinhole (PH), beam sampler (BS),
dichroic mirror (DM), rubidium cell (Rb cell), polarising beam splitter (PBS),
Faraday isolator (FI), half-wave plate (⁄/2) and photo diode (PD).
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frequency stabilisation via a PID program. The remaining beam traverses a
⁄/2-plate and another FI. This combination can be used to reduce the beam
power entering a tapered amplifier (TA) as the latter needs a seed power
of 15 mW to 30 mW. The beam is then focussed into the TA. The amplified
beam traverses another FI and ⁄/2-plate before a second fraction is split
o� and detected by a photo diode (PD). The PD-signal is transferred to
the DAQ-card connected with a computer where a PID program for pump
power stabilisation in LabVIEW uses the PD-signal as input. The pump
power is stabilised over the TA current. Finally, the amplified beam is split
approximately 50:50 with a ⁄/2-plate and a PBS in order to pump the
rubidium cells from both sides. The two pump beams are focussed into the
cells by two lenses.

In the pump process, the infrared light excites the rubidium atoms from
the 5S1/2 to the 5P3/2 state, such that they can e�ciently absorb the elastic
scattered light at 543.3 nm while the Brillouin shifted photons are transmit-
ted through the gas, as explained in section 2.4. The absorption e�ciency
depends on the ideal overlap of pump light and scattered light, the splitting
ratio of the pump beam, the pump power and the temperature of the rubid-
ium gas cells which can be heated individually. The ideal temperature is
between 150¶C and 160¶C.

The remaining signal is transmitted to the ESFADOF setup which is
shown in figure 3.5. The transmitted light, now ideally only containing the
Brillouin peaks, is parted 50:50 with a ⁄/2-plate-PBS combination: The first,
the so-called reference beam, is led directly to PMT1, while the second is
reflected into the ESFADOF by a dichroic mirror.

The ESFADOF contains a temperature controlled rubidium gas cell,
surrounded by a strong magnetic field. A combination of ten magnets
connected by iron parts provides a field which is linear in the gas cell with
600 mT [19]. Before this project, the gas cell was pumped by an ECDL
amplified by a TA. The ECDL setup was substituted by a VBG (Volume
Bragg Grating) laser emitting at 384.16086 THz (=̂ 780.38262 nm) which
is 70.4 GHz (=̂ 0.143 nm) detuned to the absorption filter pump laser for
maximum transmission. Further details on the ESFADOF can be found in
section 2.3. In the VBG laser cover, a fraction of the beam is split o� by a
beam sampler. This exits the laser cover through the spectroscopy port on the
side of the cover (denoted as WLM port in the following) and is transmitted
to the WLM for frequency stabilisation with a PID program. Another BS
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Figure 3.5. Picture of the ESFADOF setup. The setup components are
indicated with accronyms: half-wave plate (⁄/2), polarising beam splitter
(PBS), lense (L), rubidium cell (Rb cell), Wollaston prism (WP), beam dump
(BD), beam sampler (BS), Fieldmaster power meter (FM), photo diode (PD1 -
PD3), photomultiplier tube (PMT1 - PMT2) and mirrors used for spectroscopy
(MS).

fractions the sample beam a second time, the fraction being detected by
a Fieldmaster power meter (FM)2 for power stabilisation. The main laser
radiation is transmitted to the ESFADOF through a Y-fiber, splitting the
beam approximately 50:50. The fiber ends are positioned symmetrically on
both sides of the ESFADOF. Traversing two DMs and two lenses, the pump
beams travel the same path through the Rb cell as the signal beam, ideally
overlapping at the center of the cell. The cell itself is heated to 235¶C. The
transmitted signal beam is reflected by the second DM to PMT2. The PBS
in front and behind the ESFADOF are crossed for maximum transmission at
the edges of the transmission spectrum. A beam dump (BD) at the reflecting
exit of the latter PBS absorbs the reflected polarisation part.

The PMT1- and PMT2-signals are recorded by an oscilloscope3 which
then transfers the signals in packages of 1000 sample signals to the DAQ-card

2Fieldmaster GS Power/Energy Analyzer, Coherent. Accuracy: ±1%.
3Tektronix TDS5034B
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connected to the computer for analysis with a LabVIEW program. For the
analysis, the signal profile (intensity against time) of PMT2 is divided by
the signal profile of PMT1 to obtain a normalised signal. This can then be
translated into a temperature when a calibration of the relation between
water temperature and ESFADOF transmission has been carried out.

3.3 Spectroscopy Operation
To analyse the transmission spectra of both the absorption filter and the
ESFADOF, the beam source setup is operated in continuous mode. For this,
the EOM and MZM are turned o� and adjusted for maximum transmission,
while the seed DFB laser is scanned over a frequency interval. Also the fiber
amplifiers need to be operated at lower pump powers to prevent destruction
of the photo diodes used for spectroscopy. The mirror reflecting the seed
beam directly to the detector setup is inserted into the beam path.

The beam power must be stabilised via a PID box, because with the
scanned frequency, the power output of the DFB laser varies. For the
stabilisation, a fraction of the sample beam is reflected by a beam sampler
(BS), positioned in front of the absorption filter, towards a PD transmitting
the signal to a PID box. Via the PID box, the beam power can be stabilised
by adjusting the fourth stage pump current according to the PD signal.

Furthermore, the mirrors denoted as MS in figure 3.5 are inserted into
the setup. The first photo diode PD1 is positioned in front of the ESFADOF
and collects the reference beam reflected by the mirror MS. The detected
signal over time (connected to the frequency over the scanning ramp) is the
absorption filter spectrum. In front of the PBS in front of PMT2, the second
MS is positioned, reflecting the transmitted beam to a Wollaston prism (WP)
which separates the two polarisation components. They are detected by the
photo diodes PD2 and PD3, rendering transmission spectra for both the s-
and p-polarisation. All three PD-signals are transferred to the computer via
the DAQ-card for analysis.
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Preparations for the Field Test

As mentioned above, the experimental setup needed to be modified for the
field test as the transport of the system and the application in the new
environment pose requirements e.g. on its size and its stability against
vibrations and temperature variations.

One problem is the setup’s immediate response to even the smallest
external influence. To obtain higher stability, the seed ECDL and the
two pump ECDLs of the detector system were substituted with two DFB
lasers and a VBG laser. As explained in section 2.5, the DFB lasers are
less sensitive to vibrations than ECDLs, however they theoretically have a
broader linewidth. In section 4.1, the replacement of the seed ECDL with a
DFB laser is presented as well as the characterisation of the DFB laser, its
output power, frequency and linewidth. The analysis of the implementation
into the setup is given in sections 4.2 and 4.3. Thereafter, in section 4.4,
the replacement of the pump ECDL for the absorption filter with another
DFB laser is analysed. The third new laser, which should substitute the
pump ECDL for the ESFADOF, revealed low frequency and power stability
including mode jumps. After the exchange of main laser parts, the laser
worked well in combination with the ESFADOF. This is reported in 4.5.

The other issue concerns the di�culties involved in the transportation
of the setup, which at the beginning of the project were prohibitive. Thus,
the setup components had to be moved to a smaller and moveable optical
breadboard. After the adjustments to the setup, a final test before the field
test was conducted. Its results are presented in section 4.6.
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4.1 Replacement of the Seed Laser
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Figure 4.1. To the left: Output power over current for the seed ECDL,
measured directly in front of the CW-FA reflected by a gold mirror. To the
right: CW-FA output power over the seed power from the ECDL, the pump
laser having a typical output of 33 W.

Prior to this project, the seed radiation of the LIDAR setup with the
wavelength 1086.6 nm was delivered by an ECDL with a maximum output
power of 63.5 mW. The ECDL’s output power as a function of the current
is shown in figure 4.1 to the left. It has a slope of 0.1665 mW/mA. The
measurement was conducted with the Fieldmaster power meter behind the
second FI over a gold mirror. In order to choose a substitute DFB laser
at the same wavelength which would fit into the setup, the CW-FA output
in dependence of the seed power with a constant pump power of 33 W is
determined as all commercially available DFB lasers at the seed wavelength
have lower output powers than the ECDL. The graph in figure 4.1 to the
right shows the results of the measurement with the Gentec power detector4,
which was positioned behind the EOM.

For the substitute, the DL 100 DFB laser by Toptica Photonics AG was
selected. The maximum output power of the DFB laser is 30 mW according
to the manufacturer [30], such that approximately 10 mW remain after the
transmission through the isolators and the transport fiber. This would result
in a CW-FA output power of around 2 W for a pump power of 33 W, as
indicated in figure 4.1 in the graph to the right, and would mean a 20%
reduced input into the pulsed fiber amplifier compared to the ECDL setup.

4UP19K-30H-H5, Gentec-EO.
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In the following, the new DFB laser is characterised and the influence of
the reduced seed power to the total output of the fiber amplifier is analysed.

4.1.1 Characterisation of the New Seed DFB Laser

In this section, the DFB diode output is characterised. The DFB diode is
mounted on a temperature controlled mount called Cold Pack which can
be tuned by a temperature control module, the DTC 110 module. The
Cold Pack again is mounted in a light-tight case where the diode emission
is aligned through an optical isolator (OI) before exiting the case into a
transport fiber. The OI within the assembly substitutes one of the FIs
situated between the seed laser and the CW-FA when integrating the DFB
laser into the setup. According to the data sheet [29], the maximum current
is 85.0 mA, the maximum power is 27.0 mW in front of the OI and 22.8 mW
between the OI and the coupler of the transport fiber, the set temperature
is 17.5¶C and the set wavelength is 1086.6 nm.

Figure 4.2 shows the output power of the transport fiber over the current
for the temperatures 16.1¶C, 17.5¶C and 18.7¶C, measured in the same
configuration and at the same position as with the ECDL (section 4.1 figure
4.1): directly in front of the CW-FA reflected by a gold mirror. The output
power of the DFB laser seems to be independent of the set diode temperature.
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The maximum output power of the fiber is around 11.5 mW which corresponds
to 18% of the maximum fiber output power of the configuration with the
ECDL. A linear fit to the data curves gives an average slope of 0.1525 mW/mA,
comparable to the slope of the ECDL.

The DFB laser wavelength depends on the temperature and the current,
such that it can be tuned by changing one of the two parameters. This
can be seen in the spectra taken by the optical spectrum analyser (OSA)5

for currents from 25 mA to 85 mA for the temperatures 16.1¶C, 17.5¶C
and 18.7¶C. The spectra are shown in figure 4.3. Note that the absolute
wavelength values can be shifted as the OSA may need to be calibrated.
Nevertheless, the scale should be correct and it is obvious that for higher
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Figure 4.3. OSA spectra of the 1086 nm DFB Diode.

5Optical Spectrum Analyser AQ6373, Yokogawa.



4.1. REPLACEMENT OF THE SEED LASER 29

currents, the wavelength increases in steps of 0.2 nm per 15 mA. A similar
trend is observed for increasing temperatures, approximately 0.1 nm per
1.4¶C.

The frequency dependence on temperature and current is used for the
frequency stabilisation. For this, a small part of the seed is transmitted to
the WLM, as for the ECDL in the old configuration. The measured frequency
is used as input for a PID module in a LabVIEW program and the output of
the PID module is transmitted to the DFB laser driver, the DCC 110 module,
which operates the Diode Laser Head. To obtain an accurate measure for the
dependence of the wavelength on temperature and current, the WLM data
is taken over currents of 50 mA to 85 mA for temperatures between 16.1¶C
and 18.7¶C in 0.2¶C-steps. The results are shown in figure 4.4. As already
seen in the OSA spectra in figure 4.3, the depencencies are approximately
linear. The desired frequency of 275.897460 THz, as marked with a grey line
in the figure, can be reached with temperatures above 17.5¶C (at 85 mA), in
agreement with the data sheet [29], and currents above 79 mA (at 18.7¶C).

As mentioned in the previous paragraph, the frequency stabilisation
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functions through tuning the temperature and/or the current. The same
configuration can be used when applying a ramp on the frequency output
over a DAQ card to scan e.g. the transmission spectra of the absorption filter
or the ESFADOF. Here, the problem occurred that by connecting the BNC
cable from the DAQ card with the laser driver and adjusting the current
along a ramp, noise from the DAQ card in the range of MHz appears on
the signal and destroys the spectrum of the laser. This can be reduced by
modulation of the temperature because the Cold Pack reacts more slowly to
the external modulation, but this is a suboptimal solution as the scanning of
the spectra takes longer. Thus, a first order low-pass RC filter is implemented
between the DAQ card and the laser driver input. The filter contains a
resistor in series with a load and a capacitor in parallel with the load. This
acts as a low-pass filter which is needed to eliminate the noise.

The e�ect of the low-pass filter is shown in the following measurement:
Here, the signals for di�erent configurations with BNC cable connected to
the external modulation input of the laser driver and the constituents of the
low-pass filter are compared with the signal without external modulation,
see figure 4.5. As expected, the signal is smoothed by the low-pass filter.
To quantify the result, the signal standard deviations are listed in table 4.1.
The low-pass filter successfully reduces the noise in the signal originating
from the DAQ card noise.
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Figure 4.5. Seed DFB laser signal for di�erent external modulation config-
urations.
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Table 4.1. Signal standard deviations (SD) for di�erent external modulation
configurations.

Configuration SD (mV)
with ext. mod. 0.0475704

and resistor 0.0144970
and capacitor 0.0143975

without ext. mod. 0.0147954

4.1.2 Spectral Linewidth
The spectral linewidth of the seed DFB laser is determined with a delayed
self-heterodyne technique (DSHT) setup available in the research group [1].
In the experiment, the laser beam, which is the object of the measurement, is
split into two partial beams. While the first beam’s frequency is shifted by a
constant frequency with an acousto-optic modulator (AOM), the other beam
is delayed by a constant time with a long glassfiber. Then the two beams
are overlayed by an x-fiber and the signal is then detected by a photodiode
and analysed by an electric spectrum analyser (ESA). The resulting signal
shows a beating centered at the frequency shift of the AOM.

The spectral profile of a laser beam is theoretically represented by a
Voigt profile V (‹) which is the convolution of a Gaussian profile G(‹) from
the spontaneous emission of the laser and a centered Lorentzian profile L(‹)
from the white noise in the laser diode current:

V (‹) =
⁄

G(·)L(‹ ≠ ·)d· (4.1)

G(‹) = 1Ô
2fi‡

exp
C

≠ (‹ ≠ ‹0)2

2‡2

D

(4.2)

L(‹) = “

fi(‹2 + “2) (4.3)

where ‹ is the frequency and ‹0 the central frequency. Furthermore, the
Gaussian profile depends on the standard deviation ‡ which is connected
to the Gaussian linewidth through �‹G = 2

Ô
2 ln 2‡ and the Lorentzian

profile depends on the half-width at half-maximum (HWHM) “ connected
to the Lorentzian linewidth through �‹L = 2“. By fitting the Voigt profile
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to the signal profiles, the total linewidth can be accurately estimated (with
a maximal accuracy of ±0.02%) from the Gaussian and the Lorentzian
counterparts with �‹V ¥ 0.5346�‹L +

Ò
0.2166�‹2

L + �‹2
G [15], provided

the delay fiber is longer than the coherence length of the laser. If this is not
the case, the two partial beams are still correlated and the signal profiles are
more complex showing periodic structures as studied in detail in [1].

To study the fiber-coupled seed DFB laser with the DSHT setup, the
transport fiber is connected to the latter. First, the spectral profiles of the
laser for diode currents between 10 mA and 85 mA and the temperatures
16.1¶C, 17.5¶C and 18.7¶C are taken with a 350 m long delay fiber, which is
longer than the coherence length of the laser, and then also with a 10 km long
fiber. The profiles are processed with a LabVIEW program fitting the Voigt
profile (equation 4.1) to the data, thereby determining the Gaussian and the
Lorentzian linewidths as well as the Voigt linewidth with the corresponding
uncertainties. The results for the Voigt linewidth being the total linewidth
are shown in figure 4.6. In the measurements with the 350 m long delay fiber,
see figure 4.6 (left), the overall linewidth is relatively high, up to 6 MHz for
low currents, and decreases for an increasing diode current until it reaches
the minimum of 2.4 MHz at 40 mA for all three temperatures. For currents
between 40 mA and 85 mA, the linewidth stays low, the average value being
2.53 MHz. A similar progression with increasing diode current is displayed in
figure 4.6 for the 10 m-long delay fiber (right). Nevertheless, the measured
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Figure 4.6. Total linewidth of the seed DFB laser for the temperatures
16.1¶C, 17.5¶C and 18.7¶C and currents ranging from 15 mA to 85 mA,
resulting from the DSHT measurement with the 350 m and the 10 km long
delay fiber to the left and right, respectively.
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linewidths are larger and have an increased spread between 40 mA and 85 mA,
with values between 3 MHz and 6 MHz, the average being 4.13 MHz. This
fact is a consequence of the fiber acting as a high-pass filter: the longer
the fiber, the more pink noise (or 1/f noise) is observed. This leads to an
increased linewidth compared to the shorter delay fiber. All in all, these
linewidth values are in accordance with the linewidth range that Toptica
states for their DFB lasers: 1 MHz to 4 MHz.

Compared to the ECDL, the DFB laser has a broader linewidth. However,
as the spectral bandwidth of the LIDAR pulses is limited to 44.1 MHz, as
found in section 2.2, the broader linewidth has no influence on the final
bandwidth of the pulses.

In figure 4.7, the Voigt, Lorentzian and Gaussian linewidths measured for
a temperature of 17.5¶C with both delay fibers are presented. The Lorentzian
contribution to the profile is constantly low, independent of the current. This
agrees with the theory that the Lorentzian linewidth remains constant since
the white noise is constant. On the other hand, the Gaussian linewidth varies
with the current. For low currents, the Gaussian linewidth is larger and with
increasing currents, it decreases. This is the same qualitative behaviour as
the Voigt linewidth. Smaller variations of the linewidths at currents above
65 mA can be understood in terms of the asymmetry of the spectral profiles,
which causes a low fit quality.

To quantify the e�ect of the noise of the DAQ card on the spectral
linewidth and to study the e�ciency of the low-pass filter, the linewidth of
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Figure 4.7. DSHT measurement results for the Lorentzian (grey), Gaus-
sian (orange) and total linewidths (green) with respect to the current for a
temperature of 17.5¶C with the 350 m (left) and the 10 km (right) long delay
fiber.
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Figure 4.8. DSHT measurement results for the Lorentzian (grey), Gaussian
(orange) and the Voigt linewidth (red) with modulation and low-pass filter
and without modulation with the 350 m (left) and the 10 km (right) long
delay fiber. The diode current is 82 mA and the temperature is 17.5¶C for
both measurements.

the DFB laser is additionally determined with external current modulation
with and without the low-pass filter. The DFB laser has a current of 82 mA
and a temperature of 17.5¶C and both delay fibers are used. The results
are shown in figure 4.8 and the spectral profiles in figure 4.9. As expected,
the total linewidth with modulation is larger than without modulation. In
particular, the measurement with the 10 km long fiber results in a linewidth
three times the linewidth without modulation. However, as expected from
the signal comparison (c.f. figure 4.5), the low-pass filter successfully reduces
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Figure 4.9. Signal profiles with external modulation (blue), with low-pass
filter (yellow) and without modulation (green) from DSHT measurement
with modulation and low-pass filter and without modulation at a current of
82 mA and a temperature of 17.5¶C, measured with the 350 m (left) and the
10 km (right) long fiber, respectively.
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the linewidth with modulation to values comparable to those seen without
modulation. Furthermore, the Gaussian linewidth is more a�ected by the
low-pass filter while the Lorentzian linewidth remains nearly constant with
or without the filter. This is consistent with the expectation that the white
noise is constant while the laser spontaneous emission depends on the diode
current which is subject to the noise. Again, the e�ect of the noise is larger
in the longer delay fiber, as expected from the findings above.

4.2 Characterisation of the Continuous Fiber
Amplifier

After the detailed characterisation of the new seed DFB laser, it was imple-
mented into the setup: The seed beam is aligned with the CW-FA in the
same way as the ECDL seed beam. In order to compare the continuous
amplification in the new configuration with the one of the old configuration
(with the ECDL), the output power of the CW-FA is measured with the
Gentec power detector depending on the pump power. The pump power as a
function of the pump diode current is shown in figure 4.10 (left). The CW-FA
output power is again measured behind the EOM, as in the measurement in
dependence of the seed ECDL power, presented on page 26, with the DFB
laser at maximum current 85 mA and a temperature of 17.5¶C, seeding the
CW-FA with 11.5 mW. The resulting characteristic curve is shown in figure
4.10 (right). The output power is nearly linearly dependent on the pump
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Figure 4.10. Left: Output power over current for the fiber-coupled CW-FA
pump laser diode. Right: CW-FA output power in dependence of the pump
power to the right, with a DFB laser output of 11.5 mW.
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power and the maximum output power is 2.09 W at a pump power of 33.7 W,
as predicted. This results in an amplification factor of 182, compared to
the amplification factor of 51 in the old setup configuration with the ECDL
where a seed power of 54 mW is amplified to 2.73 W. Thus, the CW-FA
output is 76% of the output with the seed ECDL.

As explained in section 2.6, the ASE should not be reflected back to
the beam source. It needs to be suppressed. In order to quantify the ASE
suppression, the CW-FA output spectrum is analysed by an OSA. The results
for di�erent power values of the CW-FA pump diode with the DFB diode
operated at maximum current are shown in figure 4.11 (left). The stimulated
emission occurs in the background signal between 1025 nm and 1050 nm with
the center at 1035 nm and increases for higher pump powers. Subtracting the
maximum intensity of the ASE from the intensity of the peak at 1086.6 nm
yields the ASE suppression at a certain pump power. The resulting values
are listed in the table in figure 4.11. For the lowest pump power where ASE
appears, 9.12 W, the ASE is suppressed by 44.14 dB and for the pump power
33.7 W still by 34.25 dB.

This can again be compared with the ASE suppression in the old configu-
ration, where a measurement was conducted for varying seed power between
4 mW and 53.6 mW and a constant pump power of 33.7 W. The spectra are
shown in figure 4.12 to the left and the resulting ASE suppressions in the
table to the right. In this measurement, the ASE grows with increasing
seed power, and also the ASE suppression increases from 30.17 dB for a seed
power of 4 mW to a suppression of nearly 50 dB for the maximum seed power
of 53.6 mW. As stated before, in the measurement with the seed DFB laser
at a pump power of 33.7 W, the suppression is 34.25 dB which compares well
with the measurement with the seed ECDL at a power of 11.8 mW and the
same pump power which results in an ASE suppression of 36.97 dB.

Thus, the ASE is su�ciently suppressed in the zeroth stage of the five-
stage fiber amplifier. For the pulsed stages, the ASE is spectrally filtered
with LPFs behind each amplifier fiber and, as seen from the measurement
with varying seed power, the ASE decreases with increasing seed. Hence,
one can assume that there, the ASE is even better suppressed.
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4.3 Characterisation of the Pulsed Fiber Amplifier

As the CW-FA output in the new configuration with the seed DFB is by 76%
lower than in the original setup configuration, one would expect the total
amplified output of the four-stage pulsed fiber amplifier (P-FA) to be lower as
well, if the pump powers stay the same. But now, some pumps are operated
at higher output powers. In the following, the P-FA is characterised and the
results are compared with the results from David Rupp’s characterisation
of the system in the original configuration with the seed ECDL [21]. The
measurements of the pulse energies are conducted with the Gentec pyro
detectors6 and the data is averaged over 100 measurements.

Leaving the CW-FA with a power of 2.09 W, the seed beam enters the
pulse generation setup containing the EOM and the MZM. Thereafter, the
remaining pulsed beam traverses the first stage where the pump diode has
an output power of 274.5 mW at a current of 475 mA [19]. Then, the pulses
are amplified in the second stage of the P-FA. The resulting second stage
output energy is measured over the pump power up to 2.1 W, the resulting
data is shown in figure 4.13 in the upper row on the left. A maximum output
energy of 14.3 µJ is achieved. This is 1.4 times more than the pulse energy
output from the second stage that Rupp achieved with the same pump power
in the second stage. This might be due to better adjustment of the setup
components.

The next stage of the P-FA, the third stage, is pumped with at the
maximum available power of 13.2 W while the previously used maximum
pump power was only 8.2 W. Again, the output pulse energy was measured
as a function of the pump power of the third stage with maximum input
from the second stage and the results are presented in figure 4.13 in the
upper row to the right. The output pulse energy at the maximum pump
power is 211.4 µJ which indicates an amplification factor of 14.8 for the
second stage, while Rupp reached 203.6 µJ and 20.4, respectively. It can be
observed that the third fiber amplifier reaches a saturation stage at a pump
power of around 9 W where SBS appears (see section 2.6). Consequently, the
third stage can be operated at a lower pump power and still have the same
amplification e�ciency.

The final stage is pumped with a maximum of 36.4 W in this measurement
as well as in Rupp’s experiment. For this stage, the amplified output pulse

6Infrared: QE12. Green: QE4. Both from Gentec-EO.
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Figure 4.13. Puls energy over pump power in the second, third and fourth
stage of the fiber amplifier (upper row to the left and right and lower row
to the left, respectively), and the conversion e�ciency of the SHG crystal in
dependence of the pump power in the lower row to the right.

energy is measured behind the frequency doubling setup, where the green
pulses and the remaining IR pulses are separated. The results from the
measurements can be seen in figure 4.13 in the lower row to the left. The
total pulse energy increases nearly linearly with the pump power up to about
600 µJ, more than the maximum output of 576.6 µJ in the original setup,
measured by Rupp. The green pulses reach a maximum output of around
521.2 µJ which is 1.3 times more than the 400 µJ in the original setup, too.
Still, the amplification factor is similar in both configurations: 2.7 with the
seed DFB laser and 2.8 with the seed ECDL, though the second harmonic
generation (SHG) conversion e�ciency, c.f. figure 4.13 in the lower row to the
right, is higher in the new setup than in the original setup: 82% compared
to 71%.

The curves of the fourth stage show variations not present in the two
preceding stages. The reason for the variations is found in polarisation
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variations depending on the pump power [21]. As in the third stage, the
curves show a saturation for pump powers above 32 W. Again, the cause for
the saturation is SBS.

4.4 Replacement of the Absorption Filter Pump
Laser

This section is concerned with the second new DFB laser that substitutes
the pump ECDL for the absorption filter. It is also a DL 100 DFB laser by
Toptica, emitting the requested wavelength of 780.2 nm at a temperature of
33.4¶C and a current of 125 mA, in accordance with the data sheet [28]. The
laser has the same structure as the seed DFB laser though it has no OI in
the light-tight case. In the original setup, the pump ECDL beam traversed
two FIs before amplification by a TA. For the implementation of the new
DFB laser into the setup, one of the FIs is built into the case to save space.
This is important as the setup shall be compressed for the field test.

To evaluate the success of the integration of the pump DFB laser into
the setup, the transmission spectrum of the absorption filter is measured
with respect to the pump power which can be adjusted by changing the
TA current. The DFB laser is at a maximum current of 125 mA and a
temperature of 33.7¶C. The half-wave plate in front of the TA is adjusted
such that the TA gets a seed power of 25 mW. The TA current is varied
between 1.0 A and 2.0 A and the seed DFB diode is scanned over 30 GHz
around the central seed frequency fseed (=̂ 543.3 nm) while the five-stage
fiber amplifier is operated at maximum pump powers.

The resulting transmission spectra of the absorption filter are shown
in figure 4.14 over the frequency interval [fseed ≠ 10 GHz, fseed + 10 GHz],
averaged over 10 spectra. These profiles can again be compared with a
preceding measurement with the old setup including both the seed ECDL
and the absorption filter pump ECDL [19] as well as a longer SHG crystal
and only three P-FA stages. The results are presented in figure 4.15.

The newer spectra show that lower pump powers are needed for the same
depth of the absorption dip as in the old configuration. This can be explained
by assuming that there was more green light entering the absorption filter
due to e.g. better adjustments in the old configuration and higher SHG
conversion e�ciency caused by the greater crystal length. Thus, the absolute
absorption could be equal while the relative absorption is larger in the new
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Figure 4.14. Transmission spectra of the absorption filter with respect to
the pump power, with the DFB laser. Averaged over 10 spectra.

Figure 4.15. Transmission spectra of the absorption filter with respect to
the pump power, with the ECDL, measured by Andreas Rudolf [19]. Averaged
over 15 spectra.

measurement. Also, the small dips next to the central absorption dip, which
are caused by two-photon transitions, are deeper and more distinct than in
the older measurement. As they are not close to where the Brillouin peaks
occur, around ± 7 GHz, they can be ignored.
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4.5 Replacement of the ESFADOF Pump Laser

The pump ECDL for the ESFADOF rubidium gas cells was substituted with
a Micron laser by Sacher Lasertechnik Group, a VBG laser. Such a laser
contains a Bragg grating made in a bulk piece of e.g. glass as the wavelength
and mode selective component. As described in section 3.2, a fraction of
the beam is extracted with a beam sampler inside the laser cover. The
sample beam exits the head through the WLM-port and is then coupled
into a fiber to be transported to the WLM for frequency analysis. The
frequency information is needed for frequency locking with a PID module.
For power locking, a beam sampler splits a small part of the WLM-beam
to a Fieldmaster power meter and the recorded power information is again
used in a PID module. Another change to the original setup is the coupling
of the VBG laser to a polarisation maintaining 50:50 Y-fiber for more stable
alignment of the pump beams. The two output ends of the Y-fiber, having
a white and a blue coating respectively, are positioned on both sides of the
ESFADOF setup in order to pump the rubidium cell.

In the original alignment of the setup, the ESFADOF had maximum
transmission at pump powers of 102 mW [19], thus at each fiber output, the
output power should be at least 51 mW. The data sheet states a maximum
output of the VBG laser of 300 mW. This should theoretically su�ce consid-
ering the losses at the integrated optical isolator and the coupling e�ciency
into the fiber. Also according to the data sheet, the demanded frequency of
384.16 THz is emitted at a temperature of ≠2¶C. Thus the laser has to be
cooled down slowly before operation at the maximum current.

While studying the VBG laser, several issues occurred: It took a long
time after cooling until the emitted frequency was stable. Furthermore, the
laser did not emit single-mode and mode jumps appeared during longterm
operation. Furthermore, the power output decreased over the period of three
weeks. Even through adjustments of the fiber coupler and the fiber, the
incident output of one fiber end of 20 mW for a diode current of 150 mA
could not be reached anymore.

The reason for such a behaviour of the VBG laser was not evident.
Therefore the laser grating was exchanged by the manufacturer, to allow
a new operation temperature between +6¶C and +8¶C, which was more
convenient (although the manufacturer states as the new maximum operation
current only 350 mA). In the updated Individual Test Data sheet [22], the
maximum output powers of the white and the blue fiber outputs were 80 mW
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Figure 4.16. To the left: White fiber output power over current for the
VBG laser, measured directly in front of the white fiber end. To the right:
White fiber output power with respect to WLM-port output power, at a
temperature of 19¶C at lower currents (red) and 6.5¶C at higher currents
(blue).

and 72 mW, respectively, at a diode temperature of 6.58¶C, such that the
required pump power could be reached according to the specifications. This
also showed that the Y-fiber did not split the beam perfectly 50:50.

To test the laser, the output power of the white fiber output was measured
for increasing diode currents. When turning the VBG laser on, one has to
increase the current to 150 mA before cooling the diode down to the aimed
temperature. Thus, the output power was measured at currents up to 150 mA
at a temperature of 19¶C and above 150 mA at a temperature of 6.5¶C. The
results are shown in figure 4.16 (left). In the measurement, a maximum
output power of 72.2 mW could be reached, which is 9.75% less than the
value given on the data sheet. The power jumps originate from the mode
jumps which appear at higher currents. The lasing threshold is 67.1 mA
according to the measurement, while the data sheet states a threshold current
of 60.0 mA.

As mentioned above, the WLM-port was used for locking the laser output
power. Thus a measurement of the fiber output power in relation to the WLM-
port output power was necessary before locking operation. The resulting
graph is shown in figure 4.16 (right), where the expected linear relation can
be confirmed.

For validation of the laser locking with the PID module, the frequency and
output power were measured over a period of 4.5 hours. The frequency was
locked at 384.161 THz over the temperature which was around 6.638¶C and
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the output power was locked at 0.366 mW at the WLM-port over the current
which was around 328.8 mA. For the measurement period of 4.5 hours, the
frequency standard deviation was 9.9 MHz. This is su�ciently small for the
operation of the ESFADOF as its transmission spectrum does not change for
variations of the incident pump frequency below 1 GHz [19]. More critical for
the ESFADOF functionality is the pump power. In the measurement, the
white fiber output had an average value of 65.1 mW and a standard deviation
of 0.19 mW (equal to 0.29% of the average) while the WLM-port had a
standard deviation of 0.00011 mW, corresponding to 0.03% of the locked
power. Even these deviations are su�ciently small for a stable ESFADOF
spectrum because close to the plasma point, the spectrum varies only little
with the pump power.

As described above, the maximum VBG laser output power was reduced
after the exchange of the grating. This could pose a problem on the LIDAR
operation if the pump power needed for the optimal ESFADOF transmission
could not be reached. However, due to the new alignment of the setup during
the relocation to a smaller moveable optical table, a lower pump power was
needed to obtain similar spectra just below the plasma point. Even higher
transmission values than before the relocation (84.8%) could now be achieved.
In the new configuration, a maximum transmission of 91.5% was measured
when the laser was stabilised at a fiber output power of 47.5 mW and a
frequency of 384.16 THz. The temperature was 7.352¶C and the current
259.6 mA. Both the old and the new laboratory spectrum are shown in figure
4.17, in blue and red, respectively. The form of the spectra is very similar
except that the central dip at �‹ = 0 varies in depth, which is explained
with di�erent pump powers of the absorption cells. The position and slope
of the edges has changed slightly and the symmetry is not perfect either.
However, the new spectrum is su�cient for the LIDAR experiments as the
exact form of the ESFADOF spectra is not as important as the position and
slopes of the edges are. The ESFADOF transmission spectrum varies due to
changes of the beam alignment, the pump power and frequency and the Rb
gas cell temperature. This means that for each temperature measurement
with altered configurations of the previously named parameters, the system
has to be calibrated. The calibration curve technique is described in the
following section and in section 5.4.2.
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Figure 4.17. Transmission spectra of the ESFADOF obtained in two
measurements: with the old setup configuration before the modification
of the setup, averaged over 20 spectra (blue) [19] and after the relocation,
averaged over 10 spectra (red). The maximum transmissions are indicated.

4.6 Laboratory Test

After the setup modifications and the relocation of the system to the moveable
table (visible in figure C.1 in the appendix), the functionality of the setup
had to be tested in the laboratory as the final step before the field test.
In the previous test conducted by Rudolf, two calibration water reservoirs
with a spacing of 1.33 m (equal to 1 m in water) were used to analyse the
depth resolution besides the temperature resolution [19]. In this laboratory
test, one water reservoir su�ced because the purpose of the experiment
was to analyse if the temperature measurement worked with the new setup
configuration. In order to have a setup as similar to the field conditions as
possible, the water reservoir was positioned as far from the setup table as the
facilities allowed, namely 1.8 m. Otherwise, the test procedure was the same
as in the previous test. Both the absorption filter and the ESFADOF were
operated at ideal pump powers and the water used in the test was distilled.

The signals detected by the two PMTs can arrive at di�erent times due to
varying optical path lengths to the water reservoir or unequal cable lengths to
the oscilloscope. Therefore, the oscilloscope traces had to be correctly aligned
on the time axis prior to the measurement. During the calibration, the water
reservoir was heated from 4.4¶C to 28.3¶C while the normalised transmission
(PMT2-signal divided by PMT1-signal) was recorded. The temperature
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Figure 4.18. Left and center: PMT1- and PMT2-signals for the tem-
peratures between 4.4¶C to 28.3¶C in 0.1¶C-steps averaged over all 1000
signal-packages for each temperature, obtained in the laboratory test. On
the right, the normalised signal for the temperature range is shown.

was simultaneously measured with a PT100 temperature sensor7. As the
temperature variation in the water tube was assumed to be greater than the
uncertainty of the PT100 sensor, the temperature values were rounded to
one decimal digit. The graphs on the left and in the center of figure 4.18
show the PMT1- and PMT2-signals averaged over the PT100 temperatures
during the calibration phase. While the PMT1-signal amplitude varies only
slightly, showing a standard deviation of 0.0014 V, the variation originating
from small changes in the pulse energy for the PMT2-signal is much larger.
It is characterised by a standard deviation of 0.0045 V, due to the ESFADOF
transmission dependence on the water temperature in addition to the non-
constant pulse energy. To get the ESFADOF transmission, the PMT2-signals
are normalised to the PMT1-signals. The normalised signals are shown in
the graph to the right in figure 4.18, where the maximum and minimum
temperatures of the temperature ramp are indicated for the corresponding
signals. Since the water temperature in the reservoir should be approximately
the same because the water is steadily pumped through the reservoir, the
normalised transmission is expected to be constant over the whole pulse.
This is not the case, as seen in the graph. An explanation could be that
the PMT-signals are not precisely aligned and that the PMT2-signal profiles
have an asymmetric form which is di�erent from the PMT1-signal profiles.
The cause for this asymmetry needs still to be analysed.

To obtain the calibration curve, the normalised transmission is averaged
7Unitherm Messtechnik GmbH KWT21-60
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Figure 4.19. To the left: The calibration curves obtained in the previous
laboratory test by A. Rudolf [19], the curve for the closer water tube in blue,
the curve for the farther tube in red and the cubic polynomial fits in orange
and green. To the right: The calibration curve from the laboratory test with
the modified setup in blue with the cubic polynomial fit in orange.

over the time interval of the peak, between 40 ns and 50 ns, per PT100
temperature. The resulting calibration data is shown in the graph on the
right in figure 4.19 together with a cubic polynomial fit to the data. A linear
fit to the data gives a slope of (≠0.00467 ± 0.00003)¶C≠1. Compared with
the calibration curves obtained in the previous laboratory test, which are
presented on the left in figure 4.19, with slopes of (≠0.00739 ± 0.00002)¶C≠1

and (≠0.00799±0.00005)¶C≠1 for the first and second water tube, respectively,
the slope is less steep. This can be caused by altered inclination and height
of the edges in the ESFADOF transmission spectra. Furthermore, the e�ect
may be due to a non-perfect alignment of the signal and pump beams in the
cell.

After the calibration, a temperature measurement with the same setup
was conducted to analyse the accuracy of the temperature determination.
Here, the water reservoir was cooled from 28.3¶C to 10¶C. In figure 4.20, the
temperatures determined with the LIDAR and measured with the PT100
are shown. The LIDAR temperatures deviate from the PT100 temperatures
with an o�set of 1.15¶C, while the o�set has a standard deviation of 0.7¶C
which can be interpreted as the uncertainty of the LIDAR temperature
measurement. The uncertainty has a higher value than in the previous
laboratory test. This can be explained with the longer optical path length
between the water reservoir and the LIDAR setup, a less perfect alignment
of the components or a less ideal timing alignment of the PMT-signals in
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Figure 4.20. PT100 temperatures (blue) and LIDAR temperatures (red)
over the time of the temperature measurement.

the oscilloscope.

However, the laboratory test demonstrates that the LIDAR setup can
measure water temperatures remotely when a calibration curve has been
taken in advance. It also indicates that the alignment has a strong impact
on the temperature accuracy.



Chapter 5

The Field Test

The successful laboratory test was the last important step before moving
the setup to the field test location by a truck. The lab container, which
would be the laboratory for the experiment for four weeks, was located at the
harbor of NATO’s CMRE (Center for Maritime Research and Exploitation)
in La Spezia on the westcoast of Italy. There, facilities necessary for the field
test, such as electricity, a crane and easy access to sea water of some meters’
depth, are available. The crane was located directly next to the container
for measurements with a CTD setup and another optical setup by Will Hou
for data comparison. The CTD data is analysed in section 5.4.1 while Hou’s
data processing is still in progress. The depth of the harbor basin at the
field test location is between 3.80 m and 4 m.

5.1 Field Test Setup
The optical setup was positioned inside the lab container in such a way that
the green laser pulses exited the container through a hole in the door on the
quayside. The indoor setup is shown in the appendix (see figure C.1). An
outdoor setup was positioned for bringing the laser pulses into the water, see
figure 5.1. Due to laser safety regulations, the laser beam had to be encased
by a tube to shield observers from the laser pulses. Thus, the laser beam
traversed a horizontal plastic tube attached to the mirror rail holding the
mirror before being reflected into the vertical direction towards the sea water.
The mirror has an oval form such that it seems circular viewed under an
angle of 45¶. The shorter axis has a length of 3" (equal to 7.62 cm). During

49
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3.05 m
Mirror

2.7 m surface
reflections

Lab container

Figure 5.1. Setup outside the laboratory container.

the experiments, the mirror rail was fastened on a rotatable platform on the
concrete pier such that setting up the mirror and adjusting the tilt of the
mirror was feasible. A plastic bag was draped over the mirror as a rain cover.
The mirror was tilted in an angle slightly o� from 45¶ such that the laser
beam entered the sea water at an angle (not vertical), preventing the main
part of the surface reflections to hit the mirror and enter the receiver setup
together with the scattering signal. The beam path down to the water and
the surface reflections were shielded by a vertical plastic reflectance tube
which was fastened to the mirror rail assembly.

In the beginning, a black plastic bag was fastened around the vertical
tube opening over the water surface. It was immersed into the water to
damp the waves in the region where the laser beam enters the water, thereby
reducing the randomly occurring reflections in the signal. However, the e�ect
was the opposite: the plastic bag transformed the waves to ripples and acted
as a wave multiplier. Since the ripples had a higher frequency, the signal
was even more perturbed due to the bag. A more e�ective smoothing of the
waves was obtained by extending the tube into the water. The tube as well
as the surface reflection hitting the tube can be seen in figure C.3 in the
appendix.

The scattering occurring in the field of view of the receiver optics under an
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angle close to 180¶ (backscatter) hit the mirror and traversed the horizontal
tube to enter the lab container through the hole in the door. In the container,
the signal was focused on the pinhole by the receiver lens in the telescope.
Thereafter, the signal passed the detector optics until the remaining part
was detected by the photomultiplier tubes.

The optical setup itself survived the transport to the field test location
well. All components seemed to be intact during the installation of the setup
in the container, but in operation, two setup parts broke. The first was
the CW-FA fiber which suddenly started to glow in the fiber coupler facing
towards the seed DFB laser during the first operation after the transport.
The fiber had a damaged end and needed to be polished or substituted.
While the broken fiber was polished, it was substituted by a polarisation
maintaining fiber with a length of 2 m, a pump cladding diameter of 125 µm
and a di�erent doping than the original fiber which is 9 m long and has a
pump cladding diameter of 400 µm. With the substitute fiber, the CW-FA
output power was lower than in the original setting, probably because of the
other characteristics of the fiber. Already at a pump power of 9.7 W, the
relation between output power and pump power was saturated at a maximum
output power of 1.2 W, therefore the CW-FA was not operated at higher
pump powers with the substitute fiber. However, the setup could be used
and first signals from the sea water were detected, which are analysed in
section 5.2. When the polished original CW-FA fiber was placed back into
the fiber amplifier, a maximum output power of 2.2 W was measured at a
pump power of 33.7 W. The corresponding graph representing the relation
between pump power and CW-FA fiber output with the polished fiber is
shown in figure 5.2 (left). The graph resembles the one in figure 4.10 (right)
showing a linear relation with no saturation. Thus the CW-FA could be
operated as before the fiber broke. However, the fiber amplifier did not work
reliably and the maximum output power decreased by approximately 10%
during the field test.

During the operation of the setup, the ESFADOF transmission started
to decrease until it dropped completely to zero. Evidently, the ESFADOF
rubidium cell had broken. It had no visible breakpoints but the glass walls
were brown instead of transparent and the transmission was reduced. The
broken ESFADOF cell was substituted by one of the absorption filter cells,
which had the same dimenions as the ESFADOF cell. The absorption cell was
replaced by a shorter cell. An ESFADOF transmission spectrum after the
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Figure 5.2. Left: CW-FA output power over pump power after polishing
the fiber. Right: The old ESFADOF spectrum before the setup modifications
in blue, a spectrum obtained a day before the ESFADOF Rb cell broke in
red and a spectrum with the Rb cell from the absorption filter in green. The
maximum transmissions of the first and the last spectrum are indicated.

cell substitution is shown in the graph to the right in figure 5.2 in comparison
with the old spectrum from before the modifications to the setup and a
spectrum prior to the cell substitution. The new spectrum resembles the
other two spectra su�ciently well, the edges being at the right positions and
also the maximum transmission of 88.4% is good.

While locking the frequency and the power output of the ESFADOF
pump VBG laser, its current, temperature, WLM-output power and frequency
were logged simultaneously. In the four weeks of the field test, the optimal
configuration of current and temperature for the ideal frequency and power
output changed and the laser was prone to mode jumps towards the end of the
field test. However, the laser could be locked over longer periods e.g. during
a calibration measurement and both the frequency and output power were
su�ciently stable for the experiments. For example on 30/11/2015 during
2.6 hours, the frequency was locked at 384.16 THz resulting in a standard
deviation of 6.14 MHz, while the power output was locked at 203.25 mW with
a standard deviation of 0.12 mW. This compares well with the stability of the
locked laser as measured in the laboratory (c.f. section 4.5). The frequency
was again locked over the temperature which was around 7.66¶C and the
power was locked over the current which was around 216.5 mA. As mentioned
above, the parameter values deviated from the ones used during locking
operation in the laboratory. A reason for this might be temperature changes
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in the lab container, which occurred in spite of the air conditioning. On
sunny days, the container heated up rapidly such that the air conditioning
was not able to stabilise the temperature. Varying temperatures could, for
example, cause imbalance of the coupling to the Y-fiber. Another e�ect
could be changes in the polarisation of the laser output which then again
induced changes in the coupling e�ciency.

5.2 First Data Acquisition

When the setup was in operation, a first data acquisition of the backscattering
from the sea water, called (regular) ocean measurement in the following,
was conducted on 19/11/2015. The CW-FA was still operating with the
substitute fiber. The laser beam traversed the optical setup as described in
the previous section. However, as the backscatter signals were low due to low
pulse energy, the wave plate in front of the PBS in front of the ESFADOF was
adjusted in such a way that the PMT1-signal was maximal. The resulting
signals detected by PMT1 are shown in figure 5.3, with the absorption filter
turned on or o� and the PMT voltage varied between 420 V and 540 V.
The distinct pulse signals distinguishable in all four graphs between 265 ns
and 285 ns could be identified as the backscattering signals from the water,
e.g. by holding a target into the beam above the water surface, causing
the named peak to vanish. The length of the water signal is about 30 ns
which corresponds to a maximum scattering depth of approximately 3.4 m,
calculated using equation 2.6. The “depth range” is further analysed and
discussed in section 5.6.

The absorption filter reduced the signals by filtering the elastic scattering
from the signal, but further measurements are needed to analyse the absorp-
tion e�ciency. Also the variety of signal amplitudes was reduced through
the absorption filter, the origin of the variation being randomly appearing
reflections. An interesting fact is that the degree of reduction through the
absorption is di�erent for the two PMT voltages. It is 0.082 ± 0.022 for a
voltage of 540 V and 0.069 ± 0.022 for a voltage of 420 V, the uncertainties
originating from the averaging over the 50 sample signals. As the other
components of the setup were unchanged during the whole measurement, one
possible explanation for the deviation is that the PMT output voltage has a
nonlinear relation to the input signal power. This assumption is supported
by the comparison of the amplitudes in the low and high voltage measure-
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Figure 5.3. Results from the first data acquisition: 50 PMT1-sample signals
with the absorption filter in operation (upper row) and turned o� (lower
row), measured with a PMT voltage of 420 V (graphs to the left) and 540 V
(graphs to the right). The averaged signals are shown in yellow.

ments, where the measurements with the absorption filter turned o� produce
an amplification factor of 4.2 ± 1.3 and the measurements with operating
absorption filter a factor of 5.9 ± 1.3. A saturation e�ect is visible in form of
a continuously decreasing gain for higher input powers. When depicting the
signals on a logarithmic scale (c.f. figure 5.4) the e�ect is more obvious as the
top of the signal is increasingly rounded the higher the maximum amplitude
is. The saturation e�ect is further discussed in the following section, where
the signals are fitted with the LIDAR signal equation.

In all four graphs in figure 5.3, an oscillatory noise is visible, especially
distinct in the left graph in the upper row where the signal is low. As this noise
increased with the PMT voltage and was present even when the PMTs were
blocked, it was assumed to originate from the EOM. The oscillation pattern
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changed in intensity when the cables from the PMTs to the oscilloscope or the
power supply were moved. Besides the signal peak, a small peak at around
220 ns to 230 ns is distinguishable from the noise. Its amplitude is unchanged
with or without absorption filter in operation at both PMT voltages such
that it is assumed to not traverse the absorption filter before hitting the
PMTs. The signal is detected earlier than the scattering signal. Furthermore,
the peak’s amplitude decreased when the beam source setup was blocked
more e�ciently such that the signal could be identified with scattering from
the beam source setup. This peak appeared in all measurements except when
the PMT voltage was too low for it to be distinguishable from the noise and
its time distance to the ocean scattering signal is in all measurements close to
constant. This may change when the optical path length between the setup
and the water surface is changed for example owing to the tides as seen in
section 5.6.1. In the following, the peak is called setup scattering peak and
can be used as a trigger for comparing signals from di�erent measurements.

5.3 Fitting the Signals with the LIDAR Equation
In order to obtain an approximate measure for the attenuation coe�cient,
the signals can be fitted with a simple adapted form of the LIDAR signal
equation 2.9 [3]:

U(t) = A ·
⁄ ct

2n

0
IL

1
t ≠ 2nz

c

2
· 1

(z0 + z)2 · exp(≠2–z) · H(z, B)dz + o (5.1)

where the Gaussian pulse form with the pulse HWHM
Ô

2 ln 2‡ and the
position of the pulse center µ is presented by the function

IL(t) = 1Ô
2fi‡

exp
C

≠ (t ≠ µ)2

2‡2

D

. (5.2)

The o�set o is needed to compensate the signal o�set. The step function

H(z, B) =
I

1, z Æ B

0, z > B
(5.3)

is used to determine the maximum depth B, “depth range”, from where
the detector can detect scattering signal. An attempt to use Wolfram
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Mathematica 10’s NonlinearModelFit-algorithm for the fit failed, as the avail-
able computer capacity did not su�ce for a fit with equation 5.1 containing
seven variables (A, o, ‡, µ, z0, – and B). Thus, the fitting was performed
manually and the fit quality was assessed with the ‰2-test, as discussed
below.

As an example, the signals obtained during the first ocean measurements
with a PMT voltage of 540 V averaged over 50 1000 signal-packages are
fitted with the simple fit function 5.1. The resulting fits to the signals with
the absorption filter turned on and o� are shown in grey in figure 5.4. The
fits do not describe the data well. In particular the flatness of the peak
in the signal with the absorption filter turned o� is not reproduced. This
can be understood in terms of the saturation e�ect in the PMT response.
To compensate this e�ect, an improved fit function is needed for data with
higher amplitudes. For this, the following equation for the dependence of
the gain on the signal voltage is used [33]

G(U) = 1
Û

1 + U“

U“
sat

(5.4)

with “ > 0. This equation follows from the assumption that the PMT
amplifies below a certain signal amplitude Usat while above the latter, the
amplification factor decreases. The amplification is proportional to the gain
such that the equation can be used in combination with the PMT-signal
equation 5.1, resulting in the improved equation for higher PMT voltages:

Ui(t) = G(U(t)) · U(t). (5.5)

The improved fit function contains nine variables (adding “ and Usat) such
that the fitting again was done manually. When using the improved equation,
the fit is more accurate as shown in figure 5.4: the grey simple fits do not
reproduce the data well, while the red curves that show the fits including
saturation compensation match the data very well. As a test of the fit quality,
the reduced ‰2-value can be calculated with the sum

‰2
red = 1

Ï

Nÿ

j=1

ÿ

i

(Ej
i ≠ Ui(ti))2

(‡j
i )2

(5.6)

over all N 1000 signal-packages, where Ej
i is the data point of the j:th sample

at time ti with variance (‡j
i )2. The number of degrees of freedom is defined
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Figure 5.4. Averaged data from the first data acquisition with the absorption
filter turned on (left) and turned o� (right) with the signal axis in logarithmic
scale with simple fits with equation 5.1 in grey and improved fits with equation
5.5 in red.

as Ï = N ≠ n ≠ 1 with the number of averaged signal packages N and the
number of variables n, in this case N = 50 and n = 9. The errors ‡j

i should
include the uncertainties of the PMT and the oscilloscope. For simplification,
it was assumed that they are approximately equal for each data point in the
N signals. The Ej

i ’s were averaged over the samples. Therefore, equation
5.6 simplifies to

‰2
red = N

Ï

ÿ

i

(Ei ≠ Ui(ti))2

(‡i)2 . (5.7)

As an estimate for the uncertainties is hard to obtain, the variance over
the averaged signals in every data point is chosen as the lower limit for the
errors. Thus, the absolute values of ‰2

red are expected to be an overestimate
due to underestimated errors. The quality of the fits can only be tested by
comparing the ‰2

red of the simple fits with those of the improved fits. From
this comparison, it follows that the saturation compensation reduces the ‰2

red
from 130.9 to 23.7 for the signal with the absorption filter in operation and
from 2488.6 to 8.8 for the absorption filter turned o�.

As usual, the fit parameters were obtained by successively varying their
values to obtain a minimum ‰2

red and their values for the best fits are listed
in table 5.1. An estimate of the parameter errors, the 68.27% confidence
interval for ‰2 is determined using the probability distribution

f(‰2, Ï) =

Y
_]

_[

(‰2)Ï/2≠1 exp(≠‰2/2)
2Ï/2�(Ï/2)

, ‰2 > 0,

0, ‰2 Æ 0
(5.8)
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Table 5.1. Parameters from fitting function 5.5 on the averaged signals as
shown in figure 5.4 with error estimates from the ‰2-distribution as explained
in the text.

Parameter Absorption filter turned on Absorption filter turned o�

A / V (6.6+1.0
≠1.0) · 10≠8 (1.74+0.34

≠0.33) · 10≠6

o / V 0+0.00019
≠0.00045 ≠0.0008+0.0042

≠0.0047

‡ / ns 3.01+0.35
≠0.35 3.00+0.47

≠0.77

µ / ns 271.01+0.45
≠0.42 270.46+0.61

≠0.69

z0 / m 7.00+0.61
≠0.52 7.00+0.89

≠0.67

– / m≠1 1.16+0.13
≠0.10 1.15+0.10

≠0.08

B / m 2.23+
≠0.70 2.36+

≠0.53

“ 1.3+1.1
≠0.9 1.15+0.25

≠0.21

Usat / V 0.030+0.009
≠0.013 0.165+0.054

≠0.046

with
�(Ï/2) =

⁄ Œ

0
xÏ/2≠1 exp(≠x)dx

for the number of degrees of freedom Ï. The 68.27% confidence interval
�‰2 is defined by

s �‰2

0 f(‰2, Ï)d = 0.6827. Thus, the error of a parameter
is calculated by varying the parameter until the resulting ‰2

red for the fit is
‰2

red,0 + �‰2, where ‰2
red,0 is the reduced ‰2 of the best fit, while the other

parameters are kept at their best fit values.
One error could not be estimated. With the variation of B to larger

values, the ‰2
red values stay in the confidence interval, so the positive B error

was omitted. With the ‰2
red-estimate, the best improved fit rendered an o�set

of ≠0.0008 V, while the grey curve in figure 5.4 corresponding to the simple
fit aligned manually without the ‰2

red comparison appears to fit well on the
rising flank of the signal. It seems that the signal drops rapidly on the falling
flank at around 293 ns to 294 ns due to a PMT e�ect. This “cli�” is also
the reason for the low values of the depth range B which is now interpreted
as the maximum depth that can be observed without interference from the
PMT. The depth range is expected to be larger but no signal information
from depths deeper than the “maximum PMT depth” could be analysed,
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though the approximately linear form of the falling flank indicates that the
signal could carry information from larger depths.

The values obtained for the parameter ‡ are reasonable, as the directly
measured pulse duration is 7 ns corresponding to a ‡ of 3 ns. The optical path
length of the setup to the water surface was estimated to be 6.50 m while
the path length to the first meter in the water column was approximately
7 m. The latter was taken as start value for the parameter z0 and as the
amplitude A and z0 are dependent of each other, the best fit value of z0
cannot be analysed further. The values obtained for – are discussed in the
following section and in section 5.6.1. The saturation voltage Usat should
theoretically depend on the PMT voltage. Thus it should di�er for the two
measurements discussed here. This is indeed the case. However, in later
measurements with equal PMT voltages, varying values for Usat were found
which can be understood in the terms of a correlation between A and Usat.
Also “ varies with di�erent combinations of the two latter parameters. Since
the errors are influenced by the quality of the fits dependent on the fitting
technique, an automated fitting program could reduce the errors as well as
the measurement uncertainty.

5.3.1 Measured Attenuation Coe�cients
As mentioned above, the LIDAR attenuation coe�cient can be estimated
from the signal fits. This was done for the ocean measurements on 19/11,
28/11, 30/11, 01/12 and 02/12/2015. The results for the fit parameter – are
given in table 5.2 in the second column. It was assumed that the attenuation
did not change during one day, consequently the resulting parameter values
are averaged for each day. The values seem to reflect the water quality.
During the first ocean measurement, the water seemed clear and the fitted
LIDAR attenuation coe�cient is low, while after the storm on 21/11, which
caused higher turbidity in the water column, the attenuation coe�cient
reached higher values. The influence of the water quality on the signal length
is analysed in section 5.6.1.

In section 2.2.2, the correlation between – and the water conditions is
discussed. The LIDAR attenuation coe�cient – can shift between the total
attenuation coe�cient c and the di�use attenuation coe�cient K, depending
on the predominance of either single photon scattering or multiple photon
scattering. When the water characteristics are between these two extremes,
there is no simple interpretation of –.
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Table 5.2. Values for the LIDAR attenuation coe�cient – as results from
the fitting of equation 5.5 to the ocean measurement data on di�erent days
and the c- and a-values from the optical parameter measurements on the last
three days. To the right, the measured Secchi depths and the values for c
estimated with equation 5.9 are listed.

Day – / m≠1 c / m≠1 a / m≠1 zSD / m c / m≠1

from fits measured measured measured from zSD

19/11 1.15+0.05
≠0.06

28/11 1.66+0.10
≠0.08 2.2 ± 0.2 2.49 ± 0.13

30/11 1.71+0.15
≠0.11 2.395 ± 0.084 0.501 ± 0.022 2.5 ± 0.2 2.32 ± 0.11

01/12 1.57+0.13
≠0.09 2.602 ± 0.297 0.563 ± 0.066 1.8 ± 0.2 2.79 ± 0.17

02/12 1.69+0.14
≠0.09 1.704 ± 0.202 0.351 ± 0.028 2.0 ± 0.2 2.63 ± 0.15

On 30/11, 01/12 and 02/12/2015, the optical parameters of the sea water
close to the LIDAR setup were measured with an optical sensor8. The
resulting values for c and the absorption coe�cient a are given in table 5.2
in the two columns in the center. The values are averaged over the depth as
the fitting technique could not render a depth profile for – but an estimate
for the length of the water column under consideration. No real correlation
between the fitted and the measured parameters can be found.

If the water had been clear and thus the single photon scattering would
have been predominant resulting in the equality of – and c, the absorption
coe�cient a and the scattering coe�cient b could be determined by dividing
the elastic and inelastic LIDAR signals, as proposed by Georges Fournier
[3]. The attenuation coe�cient c = a + b can be obtained from the Brillouin
scattering signal. Then b can be calculated by the division of the inelastic
signal by the Brillouin signal as the inelastic scattering amplitude is dependent
of b. However this calculation renders reliable results only when – is equal
to c.

Also a third measurement technique was used to obtain a value for
the attenuation coe�cient. On several occasions, the Secchi depth was
determined with a device called Secchi disk. The disk is colored black and
white and when deployed into the water, the depth where the disk is not
distinguishable any more is called the Secchi depth, denoted as zSD in the

8HyperPro II, Sea-Bird Scientific
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following. This parameter is correlated with the attenuation in the water and
both c and the di�use attenuation coe�cient K can be estimated from zSD
with di�erent relations depending on the water quality. For turbid waters as
in the present case, a relation between c and zSD was empirically determined
in [8]:

c ¥ ln
3 100

5.3 · zSD ≠ 3.4

4
. (5.9)

The measured Secchi depths and the resulting attenuation coe�cients are
listed in the two columns to the right in table 5.2. The values for c correspond
well to the ones directly measured in the water on 30/11 and 01/12, but on
the last day, the c from the Secchi disk measurement is too high compared to
the measured value. The reason for the deviation might be that the Secchi
disk measurement was conducted too early in the morning when the harbor
was still too dark while the optimal time for the measurement is around
noon. Therefore the measured Secchi disk depth is too small resulting in a
value for c which is greater than the actual one.

5.4 Temperature Measurements
After the necessary adjustments and tests of the setup and the first data
acquisition, ocean measurements with di�erent configurations were made.
One calibration measurement will be presented as an example in section
5.4.2. Further detailed analysis is in progress.

5.4.1 CTD Measurements
On several occasions during the field test, a CTD device (by Sea-Bird
Electronics) was deployed by Richard Stoner (CMRE) simultaneously to
the LIDAR measurements [26]. The CTD temperature data could then be
matched with the temperatures determined with the LIDAR. The CTD
data sets received during a measurement contained at every measurement
point values for the temperature, conductivity, pressure, salinity and speed
of sound. Thus, the time axis could be translated into a depth axis through
the pressure, because in sea water, the pressure increases by 1 ATM per
10 m 9. As an example, the temperature depth profile from 01/12/2015 is
shown in figure 5.5. Over a depth of three meters, the temperature ranged

9ATM is the abbreviation for the standard atmosphere. 1 ATM is equal to 1013.25 hPa
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Table 5.3. Temperature (T ), salinity (S) and speed of sound (vS) measured
with the CTD on the last three days, averaged over the depth and water
temperatures measured with the PT100 temperature sensor on the right.

CTD PT100
Day T / ¶C S / h vS / m/s T / ¶C

30/11 14.869 ± 0.007 37.591 ± 0.004 1509.32 ± 0.01
01/12 14.616 ± 0.015 36.455 ± 0.024 1507.19 ± 0.05 15.305 ± 0.009
02/12 14.660 ± 0.012 36.662 ± 0.017 1507.57 ± 0.05 15.172 ± 0.001
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Figure 5.5. CTD temperature profile data, measured on 01/12/2015.

between 14.58¶C and 14.63¶C, the di�erence being only 0.05¶C. The vertical
lines in the graph indicate that the temperature varied while the CTD depth
was constant. However, the variations were very small, about 0.01¶C. It is
interesting that the temperature increased with the depth. Even on the other
days, the temperature variation was small, as seen in table 5.3, where the
mean values and standard deviations of the temperature, salinity and speed
of sound profiles are shown. These results supported the assumption that
there would be nearly no temperature gradient in the sea because of water
currents in the harbor, indicated by the high turbidity.

On the last two days, a PT100 temperature sensor was used to measured
the temperature just beneath the surface. The results are listed in table
5.3 in the right column. The PT100 temperatures deviate from the CTD
data by 0.7¶C and 0.5¶C on 01/12 and 02/12, respectively. Because the
CTD measurement started at a depth of 30 cm and e.g. on 01/12, the
temperature closest to the surface was about 14.585¶C, the true temperature
beneath the surface is unknown. As the air temperature was around 9¶C,
the temperature could be reduced closer to the surface through influence
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of the colder air. This would also explain the temperature gradient seen in
figure 5.5. However, the solar radiation could contrarily heat up the surface
layer as might be suggested by the higher PT100 temperatures. Another
reason for the temperature di�erence could be that one of the sensors is not
calibrated correctly. To conclude, the two temperature measurements can
not be compared but have to be seen as complementary.

5.4.2 Calibration
This section is concerned with the setup configuration for the temperature cal-
ibration measurements, also shown in figure C.2, and presents one conducted
measurement as an example. The resulting calibration curve is compared
with the previous calibrations presented above.

As before, the water tube with adjustable water temperature was used,
now filled with sea water from the harbor. The optical path length from the
LIDAR setup to the calibration tube should be close to the path length to
the sea water column. For this, the water tube was fastened to the mirror
rail under the horizontal plastic tube and the mirror was tilted in a small
angle allowing the pulses to be reflected backward under the horizontal tube
into the slightly tilted water tube. The optical path length to the water tube
was approximately 5.9 m, compared to 6.5 m to the water surface. Again
for laser safety, the setup was shielded with a light-tight drape. The water
tube has transmitting windows at both ends, thus a small mirror positioned
behind the tube reflected the transmitted pulses at an angle on a black plate
such that the back-reflections would not follow the signal into the receiver
optics and increase the elastic scattering part.

During the calibration on 02/12/2015, the temperature of the water tube
was varied between 8.6¶C and 26.5¶C covering the expected temperature of
around 15¶C. The pulse duration was reduced to 7 ns at 1086.6 nm corre-
sponding to 4.9 ns at 543.3 nm, for better depth resolution, while the pulse
energy was around 170 µJ. The signals detected by both PMTs during the
calibration measurement are shown in figure 5.6. As in the laboratory test,
the signals are averaged for every temperature. In comparison with the
signals in the laboratory test, the form of the calibration signals deviates
from the ideal Brillouin signal form. Instead of a smooth round form close to
the ideal pulse form represented by the Gaussian distribution (c.f. equation
5.2) the signals are more pointed. Especially the signal forms detected by
the two PMTs are di�erent. The PMT2-signals are shorter and distorted
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Figure 5.6. Results from the calibration measurement on 02/12/2015:
Signals for the temperatures between 8.0¶C to 26.4¶C in 0.1¶C-steps, averaged
over all 1000 signal-packages for each temperature, measured with PMT1 and
PMT2. The signals for the warmest (red) and coldest (blue) temperatures
are marked.

compared to the PMT1-signals. This could be due to the elastic scattering
on the facets or other parts of the water tube, which might be increased
as the diverging beam has a bigger diameter at the water tube due to the
longer path length from the setup compared to the laboratory test. Because
the absorption e�ciency of the absorption filter is below 100%, adding the
scattering of the facets to the Brillouin signal of the water in the tube could
result in the deformed signals. Moreover, as the ESFADOF transmission
spectrum has a dip at the central frequency, the elastic scattering may be
more reduced in the PMT2-signal than in the PMT1-signal and thus the
PMT2-signal is shortened.

A perfect timing alignment of the PMT1- and PMT2-signals is necessary
for an accurate normalised signal and therefore for a reliable temperature
analysis. If they are not well aligned, the normalised signal is so to say
tilted which should not be the case as it would imply a temperature gradient.
However, the temperature in the harbor basin was assumed to be constant
for di�erent depths, as discussed in section 5.4.1.

Since the signal shapes are not similar, the normalised signal is not
constant over the width of the signals but has a di�erent form, the amplitude
increasing to the peak maximum, as shown in the graph on the left side of
figure 5.7 for the averaged signals measured at the temperature of 15¶C. Here,
the PMT1- and PMT2-signals are shown in purple and cyan, respectively,
while the normalised signal is indicated in green. Left and right of the signal
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Figure 5.7. Left: PMT1 (purple) and PMT2 (cyan) signals measured at
15¶C during the calibration on 02/12/2015. The normalised signal is shown
in green. The section chosen for the calibration curve is indicated with
the vertical lines. Right: The normalised signals for the temperature range
between 8.6¶C and 26.5¶C in the section marked in the left graph.

peak, the normalised signal increases towards the maximum peak amplitude
in oscillating manner due to the EOM background also visible in the signals.
For the calibration curve, the section of the signals where the PMT1-signal
amplitudes are above 0.15 times the peak amplitude of the PMT1-signal are
chosen. The section, having a width of 16.4 ns, is marked in the left graph in
figure 5.7, the horizontal line representing the marginal amplitude and the
vertical lines the section borders. In the graph to the right in figure 5.7, the
normalised signals for the whole scanned temperature range are shown. As
in the laboratory test, the general form of the normalised signal remains the
same for all temperatures, while the o�set varies. The oscillating form laid
over the signal originates from the EOM noise induced on the PMTs cables.

The normalised transmission signals are averaged over the section for
each temperature, resulting in the calibration curve with the transmission as
a function of the temperature, shown in figure 5.8. A quadratic polynomial
fit on the data is also shown in the figure. The slope of the curve is
(≠0.00697 ± 0.00007)¶C≠1, close to the values of the calibration curves in
the former laboratory tests.

The form of the normalised signal, decreasing towards both edges of the
section marked in 5.7, influences the calibration curve in such a way that the
smaller the section is, the higher is the normalised transmission as the lower
transmission points on the edges are dropped. Thus the position of the edges
for the averaging section has a huge impact on the resulting calibration curve
and thus on the temperature determined with the calibration. To illustrate
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Figure 5.8. Calibration curve from 01/12/2015, with the polynomial fit
function in red. The normalised transmission of the ocean signal and the
resulting temperature are indicated.

this, the temperature during a regular ocean measurement conducted directly
after the calibration measurement and with the same setup configuration shall
be evaluated. The signal data is presented in figure 5.9 with the normalised
signal in green. Again, as for the calibration data, the section of the pulse,
where the PMT1-signal amplitude is above 0.15 times the peak amplitude
of the PMT1-signal, is indicated by vertical lines. The section has a width
of 14.2 ns, 2.2 ns shorter than the calibration signals. This contradicts the
expectation, that the calibration signal should include only scattering from
the water column of 1 m’s length, while the ocean signal gets scattering from
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Figure 5.9. Ocean signal averaged over 100 000 sample shielding tubessignals
from the 01/12/2015, detected by PMT1 (purple) and PMT2 (cyan) with
the same PMT voltage configuration as in the calibration measurement, with
the normalised signal in green.
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larger depths. It follows that the calibration signal is broadened by other
scattering components adding to the Brillouin scattering from the water.

As the temperature variation in the water column was vanishingly small,
it was assumed that the resolution of the LIDAR would not su�ce to resolve
a temperature gradient. Therefore, for a temperature determination, the
normalised transmission of the ocean signal was averaged over the chosen
section, resulting in an averaged transmission of 1.03. This value indicates
a temperature of 15.87¶C from the calibration curve. This value deviates
0.7¶C to 1.2¶C from the temperatures determined with the PT100 sensor
and the CTD. A possible reason is discussed in the following paragraph.

Comparing the normalised signals of the calibration measurement with
the ones of the ocean signal, one sees that the normalised ocean signal is
nearly constant in the chosen section while the calibration normalised signal
decreases towards the edges as mentioned above. Therefore, the temperature
deduced from the calibration curve varies with the marginal amplitude. The
resulting relation is shown in figure 5.10 for di�erent limit amplitudes (a
detailed explanation on the sectioning for both calibration and ocean signals
is given in appendix B). Thus some section with an amplitude limit below
15% can be found such that the temperature obtained by ground truthing is
deduced from the calibration curve. However, this should not be the case
and a repetition of the measurement is necessary.
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Figure 5.10. The ocean temperature determined from the calibration curve
depending on the section length of the averaging section of the calibration
signals. The ocean section length was also varied, it is proportional to the
calibration section length, see B.
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5.5 Target Measurements
Another application of oceanic LIDARs is the detection of objects and the
determination of their depth. This ability of the Brillouin LIDAR setup was
tested with the aim to evaluate the depth resolution of the LIDAR system.
For the experiments, two targets were attached to the vertical pipe at depths
of approximately 0.2 m and 0.8 m. The elastic backscatter is expected to
increase due to scattering and reflection o� the target while the Brillouin
scatter signal is reduced because of a shortened water column where inelastic
scattering can occur. This would indicate a more intense signal when the
absorption filter is turned o� compared to a regular ocean signal without
target and a shorter signal with the absorption filter in operation. In the
following, the LIDAR’s ability of target detection is analysed via signal
comparison with regular ocean signals, by signal subtraction and division.

5.5.1 Closer Target
Figure 5.11 shows the PMT1-signal measured with the closer target at 0.2 m’s
depth in green in comparison with a regular ocean signal from the same
day in blue. Both measurements were conducted with a PMT1 voltage of
950 V and the absorption filter in operation. The signals are averaged over
100 000 sample signals, normalised and synchronised on the time axis by the
setup scattering peak. In the graphs, the signals are shown on a linear and a
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Figure 5.11. Signals from the measurement with the closer target and the
absorption filter in operation (green), in comparison with a regular ocean
signal (blue), averaged over 100 000 PMT1 sample signals, on a logarithmic
scale (left) and a linear scale (right). The right graph includes furthermore a
di�erence curve between the ocean and the target data in purple.
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Figure 5.12. Signals from the measurement with the closer target and the
absorption filter in operation on a logarithmic scale, averaged over 100 000
PMT1 sample signals, including the best fit in red. The water depth is
indicated on the upper x-axis, according to equation 5.5.

logarithmic scale. In the logarithmic graph on the left, it is obvious that the
target signal is shorter than the ocean signal. The target signal also shows
an increase in intensity which is more apparent in the graph on the right
with a linear signal axis. The higher amplitude of the signal could indicate
that the absorption filter does not absorb the elastic scattering completely
such that an assumed increase of the elastic scattering due to the target
leads to an increase of the amplitude.

In order to determine the target depth from the Brillouin signal, the
latter is fitted with the improved LIDAR equation 5.5. The best fit is
shown in figure 5.12 together with the data averaged over 100 000 sample
signals. The fit resulted in a depth range parameter value of (25+13

≠9 ) cm
which deviates from the estimated true depth by 5 cm. However, the devi-
ation is smaller than the negative parameter error, thus the fit rendered a
good value for the target depth even though the signal is possibly not free
from elastic scattering as indicated by the amplitude increase. The graph
has also a water depth-axis corresponding to the time via equation 2.6 and
the fit parameter µ = (94.76+0.81

≠0.76) ns as the surface position on the time scale.

In a second measurement, the absorption filter was turned o�. The
resulting averaged PMT1-signal is shown in figure 5.13 in green. The PMT1
voltage was 570 V. The target signals can be compared to the ocean signals
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Figure 5.13. Signals from the measurement with the closer target and the
absorption filter turned o� (green) in comparison with a regular ocean signal
(blue), averaged over 100 000 PMT1 sample signals and with the time o�set
eliminated, on a logarithmic scale (left) and a linear scale (right). The graph
to the right includes also a di�erence curve between the ocean and the target
data in purple.

from a measurement conducted one day before with a PMT1 voltage of 572 V,
which is close enough to the voltage used in the target measurement. Again,
both signals are normalised and synchronised on the time axis by the setup
scattering peak and averaged over 100 000 sample signals. Furthermore, a
time o�set of 1.9 ns to the ocean signal is subtracted for easier comparison.
A possible cause for the time o�set are the tides. (The tides’ e�ect on the
timing of the signals is discussed in section 5.6.1.)

The target signal is shorter than the ocean signal, as the water column
was cut by the target. This is also visible in the di�erence curve in purple
in the graph to the right which has a maximum in the region where the
target signal is below the ocean signal. In theory, the amplitude of the target
measurement should be higher than the regular ocean signal amplitude as
the elastic scattering from the target should increase the signal. However,
the pinhole size was changed between the two measurements and thus, the
signal amplitudes cannot be compared on a quantitative level. On the falling
flank of the signal, a disturbance flattening to a plateau is found, which ends
into the cut o� of the signal. As this is also visible in the ocean signal, it is
assumed to originate from the PMT.

The second target signal could be fitted, too. As the signal contains
the elastic (and inelastic) scattering from the water column between the
surface and the target as well as the scattering and reflections o� the target,
the fit function includes the saturation compensation for the sum of two
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Figure 5.14. Signals from the measurement with the closer target and
the absorption filter turned o� on a logarithmic scale, averaged over 100 000
PMT1 sample signals, including the best fit in red. The water depth is
indicated on the upper x-axis, according to equation 2.6.

simple LIDAR equations, one for the scattering in the water, the other for
the elastic scattering o� the target:

Utotal(t) = U(t) + Utarget(t)

= A

⁄ ct
2n

0
IL

1
t ≠ 2nz

c

2
· exp(≠2–z)

(z0 + z)2 · H(z, B)dz + o

+ AÕ
Ô

2fi‡
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5
≠ (t ≠ µÕ)2

2‡2

6
.

(5.10)

The target LIDAR equation Utarget is independent of the parameters from
the continuous scattering in the water, as all photons scattered o� the target
take the same path and are attenuated with the same amount, reflected in
the amplitude AÕ. However both LIDAR equations have the same values for
the pulse dependent ‡. The final fit is then the saturation compensated total
function G(Utotal) and the best fit is shown in figure 5.14, again with the
depth axis determined from the surface position µ = (96.96+0.96

≠1.01) ns. From

the position of the target on the time axis µÕ, a target depth of (23+10
≠11) cm

is calculated. This value is very close to the estimated true value. Thus,
both measurement techniques were successful in obtaining an estimate for
the target depth.
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5.5.2 Farther Target
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Figure 5.15. Signals from the measurement with the farther target and
the absorption filter in operation (green) in comparison with a regular ocean
signal (blue), averaged over 100 000 PMT1 sample signals and with the time
o�set eliminated, on a logarithmic scale on the left and linear scale on the
right. The graph to the right includes a curve showing the di�erence between
the ocean and the target data in purple.

The same measurements were conducted with the more distant target at
a depth of approximately 0.8 m. Figure C.3 in the appendix shows the
illuminated target in the beam. The signal averaged over 100 000 sample
signals with the absorption filter in operation is shown in figure 5.15 in
comparison with the ocean signal. It is again normalised and synchronised
at the setup scattering peak. A time o�set of 0.5 ns is compensated in both
graphs. The target signal curve is very similar to the ocean signal curve, even
the signal length seems to be equal instead of being shortened as expected.
The total target signal amplitude is decreased slightly at the beginning of the
signal (around 96 ns) while it is increased somewhat at the end (at 105 ns).
This is also seen in the di�erence curve in figure 5.15 on the right, showing a
profile opposite to that of the corresponding curve for the closer target. This
would again indicate that the absorption filter does not eliminate all elastic
scattering and thus the increased elastic scattering from the target adds to
the signal.

Fitting this signal is not worthwhile as the EOM background noise disturbs
the falling flank of the signal. Moreover, the influence of the transmitted
elastic scattering on the signal makes it impossible to retrieve information
on the target from this measurement.

When the absorption filter is turned o�, the target signal as shown in
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Figure 5.16. Signals from the measurement with the farther target and
the absorption filter turned o� (green) in comparison with a regular ocean
signal (blue), averaged over 100 000 PMT1 sample signals, on a logarithmic
scale (left) and a linear scale (right). The graph to the right includes a curve
showing the di�erence between the ocean and the target data in purple.

green in figure 5.16 has an increased amplitude at the later end of the signal
due to the elastic scattering from the target. The ocean measurement, which
is shown for comparison, was conducted one day before. Thus, the total
amplitudes cannot be compared. However, the di�erence curve in purple in
the right figure shows the relative amplitude: the curve decreases abruptly
to the later part of the signal, indicating that the target enhances the signal
there.

For further analysis, the signal is fitted in the same way as the elastic
scattering signal with the closer target, resulting in a value for the target
depth of (1.47+0.11

≠0.25) m. Again, this value corresponds relatively well to the
real target depth, even though the estimated value is not covered by the
error interval around the determined mean value. The surface position was
determined to µ = (95.90+0.93

≠0.86) ns. The averaged signal and the best fit are
shown in figure 5.17.

To conclude, the LIDAR can be used to detect objects in the water
column above the maximum depth that the LIDAR is able to observe. This
depth varies with the water quality and the pulse energy, as analysed in
section 5.6. The depth of the objects can be determined as well, but the
precision needs still to be improved. In the following section, an alternative
analysis method is discussed.
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Figure 5.17. Signals from the measurement with the farther target and
the absorption filter turned o�, averaged over 100 000 PMT1 sample signals,
including the best fit in red. The water depth is indicated on the upper x-axis,
according to equation 2.6. Zero depth, the position of the water surface, is
deduced from the fit parameter µ = 95.9 ns.

5.5.3 Signal Division

Another technique to visualise the target in the data is to divide the signals
with the absorption filter turned o� and on. One would expect an increase
in the resulting division signal to the later end of the signals as the elastic
signal should be longer than the inelastic. The resulting signals together with
both elastic and inelastic signals from the target measurements are shown
in figure 5.18. As expected, both division signals show an increase to the
later end of the original signals while they seem to have a plateau originating
from the approximately proportionally rising flanks. The division signal is
subject to the oscillating EOM noise which can be amplified by the division.

For a complete analysis of the division signals, they have to be compared
with corresponding signals from regular ocean measurements, as presented in
figure 5.19. The signals on the left are measured with nearly the same PMT
configuration (950 V and 572 V) as the target measurements, the signals
on the right had a PMT voltage of 572 V for both measurements with the
absorption filter turned on and turned o�. The EOM oscillation is visible
on both division signals, especially on the right graph as the inelastic signal
(in blue) is very low and thus a�ected intensely by the EOM noise. The
left division signal from the measurement with the same PMT voltages as
during the target measurements shows a similar shape to later times as the
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Figure 5.18. PMT1-signals from the measurement with the closer target on
the left and the farther target on the right, with the absorption filter turned
on (blue) and o� (red) together with the resulting division signal in green.
The signals are averaged over 100 000 sample signals each.

target signals. This could be an indication that the rise in the signal is a
result of the dependence of the PMT response on the voltage. The other
division signal does not show such a broad peak close to the end of the
signals, supporting the assumption that the peak originates from the PMT
behaviour.

The time interval between the maximum of the Brillouin signal peak
and the peak maximum in the division signal, as marked in figure 5.18, is
around 8.6 ns for the closer target and 12.7 ns for the farther target. These
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Figure 5.19. PMT1-signals from regular sea water measurements with the
absorption filter turned on (blue) and o� (red) together with the resulting
division signal scaled with a factor of 0.1 (right) and 0.002, respectively. The
measurement on the left was conducted with PMT voltages of 950 V and
572 V and the signals are averaged over 100 000 sample signals, while the
signals to the right were both measured with a PMT voltage of 572 V and
are averaged over 50 000 sample signals.
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time di�erences cannot be translated into depth information, because the
signals would have to be deconvolved in advance. However, the time interval
variation seems to be proportional to the real target depth.

As the target measurements were conducted with di�erent PMT voltages,
the ratio between elastic and inelastic scattering cannot be studied on a
quantitative level. Furthermore, since the absorption filter does not eliminate
the elastic scattering from the filtered signal completely, the ratio would not
be reliable, even if the measurements were done with equal PMT voltages.
Further measurements are necessary to ascertain, whether the signal end
peaks originate from the target or only reflect the PMT response to the
signal. For example in measurements with varying PMT voltage, one could
study the influence of the voltage on the position and form of the peaks.

5.6 Depth Range
One important feature of the present setup is the capability to produce
temperature profiles as a function of the depth. Here, the depth range is
defined as the maximum depth from which scattered photons can be collected.
Its dependence on the water quality, i.e. the attenuation, the pulse energy
and duration are analysed in this section.

The depth range can be estimated by using the LIDAR fit function for a
signal and evaluating the deconvolved function, i.e. the part of the function
which is folded with the Gaussian pulse profile. The deconvolved function
representing the pure signal

U0(AÕ, ‡, z0, –) = AÕÕ

(z + z0)2 exp(≠2–z), (5.11)

depends only on the amplitude of the fit function which includes both A and
the normalisation factor of the Gaussian function in the term AÕÕ = AÔ

2fi‡
,

as well as z0 and –. The amplitude itself depends on the pulse duration
(‡) because the shorter the pulse is, the less energy is stored in every pulse
and with decreasing total pulse energy, also the scattering produced by the
pulse decreases. The deconvolved signal function corresponds to the signal
that would be detected if the pulse was infinitely short and if the PMT had
infinitely short rise and fall times. The depth range is then estimated as the
value of z where the signal has decreased to a certain limit voltage which can
be detected by a PMT, i.e. which can be distinguished from the background
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noise. In the following two sections, the dependence of the depth range on
the attenuation and the pulse energy is evaluated and discussed.

5.6.1 Water Quality
The length of the return signal depends strongly on the value of the at-
tenuation coe�cient of the water which limits the depth range. For a low
attenuation coe�cient, the laser pulses can reach larger depths and thus, the
backscatter signal carries information from a wider range of depths in the
water column than when the attenuation is high. Then, the laser pulses are
strongly attenuated and the depth range from where scattering is detected is
limited. This can be seen in the data obtained under di�erent water condi-
tions. In the beginning of the field test, the water seemed to be clearer than
later, when the water appeared more dirty, probably due to more turbulences
in the water column caused by a storm with strong onshore winds. As an
example, two PMT1-signals measured during the first week (on 19/11/15)
and the last week (on 30/11/15) of the field test averaged over 50 sample
signals are compared in figure 5.20 on a logarithmic and linear scale. Both
signals were measured with the absorption filter turned o�. When the signals
are synchronised based on the setup scattering signals, the 19/11-signal is
delayed by 2.5 ns. A possible explanation for the time o�set are the tides
(as mentioned in section 5.2): The tide in La Spezia can vary between 30 cm
and ≠10 cm, which compares well with the distance of 28 cm corresponding
to the time o�set. Sea level data from the relevant time period in La Spezia
is not available, but a prediction for the dates suggests a tide gauge of 5 cm
on 19/11 at 17:21 and ≠5.5 cm on 30/11 at 17:23 in La Spezia [25]. As it is
not stated for which exact location in the harbor of La Spezia these values
are calculated, they can only be rated as estimates. Because the location of
the field test was in a bay, the e�ect of the tides can be increased and the
tide gauges may have higher amplitudes than the prediction. Thus, the idea
that the time o�set originates from the tides is plausible.

Unfortunately, the measurements during the first day before the storm
were conducted with a maximum PMT voltage of 540 V, while during later
measurements only PMT voltages above 570 V were used, thus a quantitative
analysis of the signal amplitudes is not possible. But the signal length and
the form of the signals can be compared. Figure 5.20 shows both signals with
the time o�set eliminated. As expected, the 19/11-signal contains scattering
from a wider time range than the 30/11-signal from the dirtier water. The
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Figure 5.20. PMT1-signals from the first week (19/11/2015) in red and the
last week (30/11/2015) in blue in comparison, measured with the absorption
filter turned o�, averaged over 50 sample signals, in logarithmic (left) and
linear (right) scale. The time o�set of 2.5 ns is compensated. The best fits
for the signals are shown in orange and green.

19/11-signal is 3.4 ns longer than the 30/11-signal under the assumption,
that a PMT-signal voltage of 0.002 V corresponds to the minimum signal
receivable by the PMT and distinguishable from the background noise. This
indicates that in the dirtier water, the water column that can be observed
with the LIDAR is shortened by 38 cm. But as it is visible in the logarithmic
graph, the 19/11-signal seems to be cut o� on the falling flank at around
129.5 ns, supposedly caused by an e�ect of the PMT. Thus the PMT shortens
the signal.

To get the theoretic shortening of the depth range due to increased
attenuation, both signals are fitted with the improved LIDAR equation,
the best fits are shown in figure 5.20 in orange and green. The resulting
deconvolution can then be analysed on the depth range by equating the
function with the minimal detectable PMT-signal voltage. Assuming its
value to be 0.002 V, the theoretical depth range on 19/11 was (3.07+0.23

≠0.21) m

and on 30/11, it was (1.98+0.28
≠0.23) m, (1.09+0.22

≠0.26) m shorter.

5.6.2 Pulse Duration and Energy
The longer the sample pulse is, the more energy is transported into the water,
but the shorter the pulse is, the shorter is the water column illuminated
at the same moment such that the depth uncertainty is reduced. Thus,
both the pulse energy as well as the duration influence the return signal



5.6. DEPTH RANGE 79

Table 5.4. Pulse duration evaluated for three di�erent pulse durations.

Pulse duration (IR) / ns Pulse energy (green) / µJ Depth range / m
7 60 1.32
8 172 1.63
10 200 1.57

quality and the transported information. As also the water quality plays a
role, the signals should be measured on the same day in order to ascertain
comparability. During one measurement set, ocean signals were detected for
three di�erent pulse durations between 7 ns and 10 ns. The estimated depth
ranges for the di�erent pulse durations are listed in table 5.4. The data does
not indicate a clear relation between the depth range and the pulse duration
and energy. For a conclusive analysis, more measurements at di�erent pulse
energies but equal attenuation conditions are necessary.





Chapter 6

Conclusions and Outlook

6.1 Conclusions

The aims of this project were to prepare for a field test of the Brillouin
LIDAR, to carry out the field test and to analyse the acquired data. The
main problem of the LIDAR setup prior to this project was its sensitivity
against vibrations and its size which did not allow transportation. To reduce
the stability problem, the LIDAR setup needed modifications, for example
the three ECDLs in the setup were substituted by two DFB lasers and a
VBG laser. A characterisation of the setup in the new configuration followed.

The first laser to be replaced was the seed ECDL at 1086.6 nm seeding
the five-stage fiber amplifier. The substitute for the ECDL is a DFB laser
which produces less output power than the ECDL. Nevertheless, the output
of the fiber amplifier increased and reaches now values around 500 µJ after
the frequency doubling to 543.3 nm, exceeding the output of 400 µJ in the
original setup. The reason for this may be the improved alignment and
the fact that the fiber amplifier pumps are now operated at higher currents
than before. While the output power of the laser does not depend on the
diode temperature, the frequency decreases both with increasing temperature
and with increasing current. For the required frequency of 275.897460 THz,
the temperature-current combination has to be between 17.5¶C and 85 mA
and 18.7¶C and 79 mA. The linewidth of the DFB laser is broader than the
one of the ECDL, as expected. However, the linewidth of 2.53 MHz is still
su�ciently small since the Brillouin shift is around 6 GHz.

The two other ECDLs were part of the detector setup: one ECDL pumped

81
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the absorption filter, the other the ESFADOF. The absorption filter ECDL
was replaced by a DFB laser at the wavelength 780.23963 nm and similar
output power as the ECDL. This results in the same pump power for the
absorption cells. In the new configuration, less pump power is necessary
for saturated absorption, probably again due to better alignment. The
ESFADOF pump laser was substituted by a VBG laser at a wavelength of
275.38262 nm, detuned from the D2 line of rubidium due to the magnetic field
inside of the ESFADOF. Now, the ESFADOF is pumped via the two ends of
a Y-fiber connected to the VBG laser. With frequency and power locking,
the laser remains stable over longer periods. Even here, less pump power
is needed for optimal operation and the ESFADOF has now an increased
maximum transmission of 91.5%. The reason for this improvement may
be that the foci of the pump and signal beams are better overlayed in the
rubidium gas cells.

After the successful substitution of the lasers, the setup was moved to a
smaller table with wheels, making it transportable. Then, as a last check
of the setup before the field test, a calibration measurement with a water
reservoir was conducted. The resulting calibration curve agrees well to one
obtained previously. However, the following temperature measurement re-
sulted in temperatures deviating from the true values by an o�set. This
deviation may be due to the longer optical path between the setup and the
water reservoir or caused by less perfect alignments of the components.

Then, the field test took place in the harbor of the Centre for Maritime
Research and Experimentation (CMRE) in La Spezia, Italy. In the harbor,
the setup table was positioned close to the water in a laboratory container.
The LIDAR beam left the container through a hole in the door and traversed
an outdoor setup leading it to the water surface. The optical path length
between the setup and the water surface was 5.9 m. From the harbor
water, elastic as well as Brillouin scattering could be detected. By fitting
the signals with a LIDAR signal equation, an estimate for the LIDAR
attenuation coe�cient could be obtained. However, its interpretation is not
straightforward due to the poor water quality. The values did not match the
total attenuation coe�cients measured with an optical sensor. Nevertheless,
the fitted parameter reflects the general impression of the water quality as it
changed greatly during the field test. In contrast, the temperature remained
nearly constant, around 14.6¶C throughout the field test. Moreover, the
temperature gradient was very small. Thus, the temperature was assumed
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to be equal for all depths.
All in all, the water contained lots of dissolved matter. Thus, it was not

clear enough to detect signals indicating that the laser beam reached the
bottom in 3.9 m to 4 m’s depth. The maximum depth from where scattering
signal could theoretically be analysed, was 3 m when the water was clearest in
the beginning of the field test. It turned more turbid due to a storm and the
maximum depth was reduced to 2 m. Also measurements with underwater
targets positioned in the beam were conducted. To assess the maximum
depth, the target signal is compared to a normal signal without target. The
attempt to obtain target information by dividing the signals obtained with
the absorption filter turned o� and on resulted in an identification of the
target in the signal only for the target close to the water surface. Division
signals from normal signals were found with similar features as the target
division signals.

The analysis of a calibration measurement with sea water did not render
reproducable relations between the normalised signal and the temperature to
obtain temperature values close to the real one. Depending on the section of
the signals over which the transmission is averaged, the temperature result
changes. The reason for this has to be found in further study of the data.

6.2 Outlook

The analysis of the field test data needs to be completed for final evaluation of
the field test. Altogether, the LIDAR’s ability to measure water temperatures
needs to be further tested and enhanced. For this, modifications of the LIDAR
setup are necessary.

The next step is to improve the receiver optics. One problem which
occurred during the field test is that the diameter of the telescope pinhole
is too big. Therefore, the diameter of the signal beam was bigger than the
one of the seed beam used for the alignment of the components. Also, the
receiver optics are adjusted with a laser pointer directed backwards through
the telescope. An increased beam diameter causes for example a deteriorated
overlay of the pump and signal beam in the absorption filter leading to
reduced absorption e�ciency. Thus, a smaller pinhole is needed. Even
better would be to substitute the pinhole with an optical fiber because the
light exiting a fiber has a constant diameter, not influenced by the previous
features of the beam. A fiber would therefore simplify the alignment. Also,



84 CHAPTER 6. CONCLUSIONS AND OUTLOOK

to exchange the receiving lens by a reflecting telescope with the mirror
focussing the signal on the input end of the fiber would further improve the
functionality.

Another problem is the detector setup’s sensitivity to external influences.
For example the EOM noise on the cables disturbs the signals, especially
low signals. Also, the scattered light from the beam source setup interferes
with the detection, limiting the PMT voltage as the setup scattering is often
more intense than the Brillouin scattering from the water. Therefore, it is
necessary to separate the two setup parts, preferably each encased with a
metal cover. Here, an optical fiber in the receiver optics would lead the signal
to the detector.

Furthermore, the calibration setup needs modifications. Even though
the beam was collimated after the frequency doubling, it had an increased
diameter at the water surface or the water reservoir. This induced scattering
from the reservoir facets and metal cover around the facets disturbing the
signal. To mitigate the problem, a smaller pinhole would help to reduce the
elastic scattering by increased absorption filter e�ciency. But also a water
reservoir covering the total field of view of the LIDAR or the blocking of the
scattering from the metal cover would be an improvement.

The aim of the LIDAR projet is that the LIDAR can be used to measure
both the temperature and the salinity, the two unknown parameters connected
to the Brillouin shift. With the LIDAR setup in the present state, only
one parameter can be deduced from the ESFADOF transmission. For every
salinity, the system needs to be calibrated for the temperature evaluation.
However, if another ESFADOF were added to the setup with transmission
edges inverted to the ones of the existing ESFADOF, it would be possible to
extract both parameters.



Appendix A

Coe�cients for v

S

and nH2O

Table A.1. Empirically evaluated coe�cients for vS as in eq. (2.3), [2].

c0 1402.392 m/s
c1 5.01109398873 m/s (¶C)≠1

c2 ≠0.0550946843172 m/s (¶C)≠2

c3 0.00022153596924 m/s (¶C)≠3

c4 1.329522990781 m/s (h)≠1

c5 0.000128955756844 m/s (h)≠2

c6 ≠0.012562783426 m/s(¶C)≠1(h)≠1

c7 0.000096840315642 m/s (¶C)≠2(h)≠1

Table A.2. Empirically evaluated coe�cients for nH2O as in eq. (2.4), [17].

n0 1.31405 n5 15.868 nm
n1 1.779 · 10≠4 (h)≠1 n6 0.01155 nm (h)≠1

n2 ≠1.05 · 10≠6 (¶C)≠1(h)≠1 n7 ≠0.00423 nm (¶C)≠1

n3 1.6 · 10≠8 (¶C)≠2(h)≠1 n8 ≠4382 (nm)2

n4 ≠2.02 · 10≠6 (¶C)≠2 n9 1.1455 · 106 (nm)3
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Appendix B

Details on Calibration Data Analysis

For the calibration, the influence of the section of the normalised signal, over
which it is averaged, on the resulting temperature was analysed. In figure B.1,
the sectioning is shown. For the sectioning, a percentage of the maximum
amplitude of the PMT1-signal (purple) was chosen as the threshold of the
section. Then, the part of the signal with amplitudes above the threshold is
the averaging section.
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Figure B.1. Calibration data (above) and ocean data (below) from
02/12/2015 with the sectioning dependent on the limit amplitude. The
PMT1-signal is purple and the PMT2-signal cyan.



Appendix C

Photographs

Figure C.1. Optical setup inside the laboratory container.
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Pump system

Water tube

Figure C.2. Changed outdoor setup for the calibration.

Figure C.3. The farther target in the laser beam. The surface reflection is
visible in the vertical tube.
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