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The data is bad due to hardware limitations. Maybe we could enhance
it with slightly better signal processing...
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ABSTRACT

Coherent heterodyne lidars are widely used to produce real time wind speed pro�les
for weather, air quality and aviation safety purposes. The instruments receive the
backscattering signal from atmospheric aerosols and the data can be converted into
attenuated backscattering pro�les coarsely presenting aerosol density along the beam
path. However, the laser experiences attenuation as the aerosols scatter and absorb
the light and the pro�les are typically skewed showing strong signal in short distances
and weak signal in long distances making the actual data analysis di�cult even with
inversion algorithms.

Simultaneous measurement of molecular scattering is typically used to calibrate
the laser power along the measurement distance. However, the coherent hetero-
dyne technique could not be applied for measuring molecular scattering due to laser
power and receiver electronic bandwidth constraints until recently. The heterodyne
receiver is essentially a downconversion spectrometer and ideally can record the com-
plete scattering spectrum without needing optical �lters, extreme laser stabilisation
or wavelength scanning techniques. Successful spectral measurement provides laser
power calibration and aerosol analysis capabilities but also a possibility to examine
remote temperature pro�ling.

The research presented in this thesis demonstrates an overhaul to �ber based
heterodyne lidar experiment enabling spectral detection of molecular scattering. A
novel tapered �ber ampli�er is presented for laser peak power scaling up to 2.2 kW
while maintaining the beam quality and laser linewidth optimal for coherent lidar.
A high speed FPGA preprocessing circuit is applied for the capture and averaging of
the spectral data. Finally, atmospheric measurements, signal analysis, data validation
and calibration are presented and compared to state of the art Raman lidar Polly Xt.
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1 INTRODUCTION

The earths atmosphere consists of air with varying amounts of di�erent substances
�oating in di�erent altitudes. Apart from gases and water vapour, the �oating parti-
cles are called aerosols that range from sub nanometer up to 100 µm in size. Aerosols
have varying form factors and they consist of di�erent materials giving them a key
role in many atmospheric phenomena a�ecting widely not only in weather and cli-
mate but also in air quality, business and aviation safety. The aerosols have been
shown to act as a condensation nuclei for water and ice clouds a�ecting directly to
planetary water cycle and earths radiative budget [1�3] making the cloud aerosol
interaction widely studied �eld in remote sensing [4�7]. The air quality is highly
dependent on the aerosol content and has been linked on to human health issues
through history [8�10]. The chemical composition analysis of aerosols is a must
for understanding the problem requiring local in-situ analysis and remote sensing
devices for e�cient pollution monitoring especially in metropolitan areas. The avi-
ation safety and business aspect is mostly related to volcanic ash content in air. In
2010 the volcano Eyja�allajökull erupted in Iceland causing an ash plume to spread
over Europe in�icting a large no-�y zone. The lost revenues for air transport in-
dustries reached $400 million per day at worst [11], sparking a need for real-time
remote sensing of volcanic ash in the atmosphere. A precise remote detection would
have enabled smaller bu�ers in no-�y zones rather than relying mostly in modelling
of plume spreads.

Atmospheric remote sensing with light began already in 1930s with pioneering
works on pulsed light cloud height detectors. The development of laser light in 1960s
drove the development of atmospheric soundings and soon enabled remote detection
of small particles. [12] The technique was named lidar after LIght Detection And
Ranging resembling the far more common radar acronym and as a technique shares
the basic principles of operation. Atmospheric lidar sends a pulse of light to the atmo-
sphere, after which a detector records backscattered light in a time trace signal.[13]
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In simple terms, the signal strength is proportional to the amount of aerosols and
the time delay from launch to receiving the signal can be used for determining the
range. The aerosol pro�ling lidars can be roughly divided in categories based on the
light detection techniques used in the receiver.

Elastic backscattering lidars are the foundation for atmospheric soundings. A
typical instrument comprises of a solid state or semiconductor laser transmitter and
semiconductor photodiode or a photomultiplier tube with a coarse optical �lter as
a receiver. The elastic backscattering data is typically measured with a ceilometer,
primary built for cloud ceiling detection, and the technique is highly commercialised
by companies such as Vaisala and Luft. The modern components and high sensitivity
of the devices allows capturing of aerosol scattering from near ground up to ten-
twenty kilometers. Ceilometers being relatively cost e�ective devices can be found
around the world from airports and weather stations forming a basis for large lidar
networks such as EARLINET [14] which in turn enable high resolution weather
and air quality forecasting [15].

The main challenge with elastic backscattering data is laser attenuation in atmo-
sphere. The aerosols scatter and absorb light in varying ratios depending on the
size and material making estimation of the available laser power di�cult on di�er-
ent distances. The attenuation skews the measurement results exaggerating the near
distance signal strength when compared to attenuated far distance scattering leading
to misinterpretation of high aerosol load in low altitudes and low load in high alti-
tudes. The available inversion algorithms [16�18] work into extent on correcting
the skew, however they require initial value estimations and cannot correct for any
aerosol type changes in di�erent layers causing errors of their own to the evaluation
of the lidar data. The fundamental issue of elastic backscattering data is to have one
signal a�ected by two loosely connected variables. The standard calibration method
for aerosol backscattering data requires simultaneous measurement of molecular scat-
tering as the air density behaves in relative stable manner with altitude. Aerosol free
atmosphere creates a molecular scattering signal relative to air density and the addi-
tional attenuation created from aerosol scattering can be solved from the molecular
scattering signal.

The molecular scattering lidars build on top of the elastic lidar technique adding
precision optical �lters to separate light scattered from molecules and aerosols to
multiple receiver channels. The laser power calibration with molecular scattering
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signal enables self calibration and basic aerosol type classi�cation from the scattering
signal. Complex multi-wavelength instruments have shown capabilities of measuring
even the micro-physical properties of aerosols such as size distributions [19]. The
requirements of the laser power and linewidth together with rather complex optical
�ltering requirements and almost unique lidar setups push the cost of molecular
scattering lidars. Typical instrument costs can be estimated to rise larger than 500k=C
making the molecular scattering lidars almost purely research instruments operated
by specialists.

Coherent heterodyne lidars are typically used for wind detection additionally
producing attenuated backscattering data. The winds speed is detected with a mixing
receiver converting the received light into oscillating radio frequency signal with the
frequency being proportional to wind speed and amplitude being proportional to
amount of backscattering. [13] While the main data revolves around the doppler
wind speed measurement, instruments produce similar aerosol scattering data to
ceilometers and have been demonstrated widely in aerosol measurements [20�24].
The doppler shift information has allowed measurement of aerosol �uxes [20, 25]
and tracking of plumes [26, 27], however the data su�ers from the same laser atten-
uation problem as elastic backscattering lidars.

Coherent heterodyne lidars have potential to measure molecular scattering sig-
nals as �rst shown in 2017 by Chouza et al. [28]. The receiver is essentially a down-
conversion spectrometer centered around the laser wavelength making separation of
spectrally di�erent aerosol and molecular scattering possible. The challenge lies in the
required electronic bandwidth and the laser peak power limitations of available tech-
nology. Capturing the full molecular scattering spectrum requires a multi-gigaherz
receiver and a laser source with a narrow linewidth and multi-kilowatt peak power,
both of which are typically not found in a coherent heterodyne lidar nor have been
technologically achievable.

Molecular scattering measurement with a coherent heterodyne lidar is tempting
for multiple reasons. The typical light sources have narrow linewidth and do not
require complicated stabilisation technique as the mixing receiver follows the laser
wavelength. The optical �ltering in the receiver is unnecessary as the optical re-
ceiver bandwidth is limited by mixing in the electronics. The full spectrum can be
measured simultaneously without scanning sensitive optical interferometers. The
aerosol and molecular backscattering is measured simultaneously on a single detec-
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tor and the heterodyne mixing ampli�es the weak backscattering signal making the
technique nearly single photon sensitive. A successful molecular scattering measure-
ment calibrates the aerosol scattering data enabling basic aerosol classi�cation and
aerosol �ux measurements simultaneously within a single device. Furthermore the
full spectrum recording has potential for enabling remote temperature pro�ling in
the future. The real-time temperature pro�les could enable dew point calculations
having major impact on weather forecasting and atmospheric modelling. Lastly, the
cost and relatively low complexity of a high power coherent heterodyne lidar could
have commercial potential as a combination tool for long distance winds and medium
distance calibrated aerosol sensor.

1.1 Aim and scope of the work

This thesis studies the spectral measurement of molecular scattering with coherent
heterodyne lidar technique. The idea was born in 2019 after extensive literature
study of aerosol and molecular scattering lidars. The technique had been demon-
strated in 2017 with an airborne instrument based on solid state laser source [28].
Although the idea of using a heterodyne receiver as a spectrometer was not com-
pletely new, it had a lot of novel ground to cover. As the thesis was prepared with
Doctoral School of Industry Innovations funding, the main research questions were
formed based on the commercial coherent wind lidar technology as follows:

� Is it possible to measure the full scattering spectrum of molecules with a �ber
based coherent heterodyne lidar?

� What are the necessary modi�cations to the commercial technologies in order
to achieve molecular scattering measurement?

� Can su�cient signal level be reached for calibration of aerosol backscattering
coe�cients within boundary layer?

Research objectives were formed based on the research questions to guide the re-
search path:

� Build or modify a �ber based light source suitable for a coherent lidar experi-
ment. Target a signi�cant increase in peak power when compared to existing
light sources.
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� Explore the current state of digital data processing hardware if they are capable
of handling the required multi gigaherz bandwidths in real time.

� Design and build a �eld capable experimental setup for atmospheric measure-
ments. Aim at producing reliable and repeatable datasets.

� Create signal processing algorithms to achieve accurate spectral data.

� Carry out a direct comparison measurement with a state of the art reference
method.

1.2 Structure of the thesis

The research has been carried out starting from signal formation theory and mod-
elling. Chapter 2 aims to give basic understanding on molecules and aerosols as
scattering sources and how the scattering a�ects on properties of light. Chapter 3
discusses about the relevant atmospheric lidar techniques in detail with emphasis
on the experimental di�erences of techniques. Chapter 4 concentrates on the ex-
perimental methods used in the thesis including the custom built �ber laser source
introduced in Publication I. The details of the optical and electronic experimental
methods are discussed based and expanding on Publication II and Publication III.
Chapter 5 emphasises the atmospheric scattering experiments from Publication II
and Publication III. The validation of the molecular scattering data and the cali-
bration of backscattering values are discussed in detail. Finally, the results and their
signi�cance for the �eld is discussed in the last chapter.
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2 SCATTERING OF LIGHT BY SMALL PARTICLES

Remote sensing of atmosphere is made possible by light scattering from small par-
ticles and molecules. The scattering phenomenon is wavelength dependent and can
be experienced with clear sky. The blue light scatters more from air than green or
red making the atmosphere glow in blue from the sunlight. On a more fundamental
level scattering can be described to happen when the optical electric �eld disturbs the
electron clouds of scatterers and the response is seen as scattering.

The atmospheric scattering is generated by molecules and small particles �oating
in the air called aerosols. The size scale of scatterers varies from angstroms to hun-
dreds of micrometers (10−10 − 10−4 m) and is demonstrated in Fig. 2.1. Scattered

Figure 2.1 Atmospheric scattering sources. The molecules in air move rapidly according kinetic the-
ory of gases. Aerosols are relatively large and due to the mass the thermal movement is
minimal. The aerosols move primarily due to wind.

light changes properties according to scatterer size, shape and chemical composition.
The altering properties include scattering amplitude, polarisation, doppler shift and
Raman shifts. The response is also dependent on the wavelength of the incident light.
The scattering amplitude and polarisation related e�ects are discussed brie�y in Sec-
tion 2.1 and the spectral shifts are discussed in Section 2.2. All the aforementioned
properties have been measured with atmospheric lidars creating extremely valuable
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information on the state of the atmosphere in real time.

2.1 Mie-theory

The scattering by small particles can be divided in to three regimes based on the
size-wavelength relationship. Rayleigh scattering occurs when the wavelength is sig-
ni�cantly larger than the particle size. The scattering cross section is proportional
to �/��, � being the wavelength of light. Mie-scattering regime appears when the
particles are approximately same size with the wavelength. The scattering cross sec-
tion in Mie-regime has oscillatory behaviour with particle size-to-wavelength ratio
settling to roughly �/� proportionally with growing particle size. Lastly, geometrical
scattering occurs when particle size is signi�cantly larger than the wavelength. [29]

0 5 10
0

1

2

3

4
n=1.33+0i

Figure 2.2 Scattering ef�ciency of spherical particles without absorption. The refractive index of water
was chosen for simulation and the wavelength dependent absorption in the imaginary part
of refractive index was neglected. The scattering ef�ciency rises rapidly in the Rayleigh-
regime when the particle size to wavelength -ratio increases. The oscillations in the Mie-
regime become from the resonance behaviour of the light inside the particle. The scatter-
ing ef�ciency settles towards value of 2 indicating roughly �/� dependency for the scat-
tering cross section as the particle size increases. The simulation was carried out with a
MatScat code library [30, 31].

The basic behaviour of scattering can be described with Mie-theory [32]. The
theory assumes that scatterers are perfect transparent spheres, which form extremely
small resonators and the response can be derived based on the relative size of the
scatterer and wavelength. The shape of the response curve is called scattering phase
function and describes how much of the light is scattered in di�erent directions.
For a perfect isotropic scatterer the phase function p = �

�� or in other words the
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scattering spreads equally through the full solid angle ��. In Rayleigh regime the
phase function can be solved analytically and for unpolarised light it can be written
as

p(�) =
�
�

(� + cos�(�)), (2.1)

where � is deviation angle from the incident light propagation direction and nor-
malisation factor �

� is added so that the phase function integrated through full solid
angle results to value of ��. The phase function for Rayleigh regime is extremely
useful as it enables analytical calculation for the scattering of molecules in air. The
Mie theory can also predict phase functions for spherical particles in Mie regime,
however the results and derived values act more as general guidelines than absolute
truths when applied to real world particles appearing in many di�erent shapes, sizes
and materials. The scattering phase functions for molecular scattering and aerosol
scattering are demonstrated in Fig. 2.3.
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Figure 2.3 Scattering phase functions for unpolarised light. a)The radius of the particle is signi�cantly
smaller than the wavelength of the incident light (Rayleigh regime). b) The radius of the
particle is �

� of the wavelength. Mie scattering emphasises forward scattering due to co-
herent interference in forward direction. Larger particles in comparison show even larger
bias towards forward direction. Both phase functions have been normalised to total value
of 4� after integrating over full solid angle. The simulation was carried out with a MatScat
code library [30, 31].

The total scattering cross section � for a single molecule can be written

� =
�
��

� ��

�

� �

�

�
�

(� + cos�(�)) sin(�) d� d�, (2.2)

where �
�� represents the di�erential scattering cross section for isotropic scattering
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and the phase function acts as the weighing term for the non-isotropic scattering. The
double integral in spherical coordinates enables solving the e�ective scattering cross
section to any solid angle 
 by adjusting the integration intervals accordingly. The
angular terms follow the standard physics notation where � is the polar angle and � is
the azimuthal angle. The di�erential terms can also be written as sin(�) d� d� = d
.

Atmospheric sensing with lidar is dependent on backscattering. The integral form
of the scattering cross section can be simpli�ed for the purpose of the lidar measure-
ments and di�erential backscattering cross section can be used instead. The solid
angle varies with distance and can be directly calculated with A

R2 , where A is the area
of the collecting lens and R is the distance between the lens and the scatterers. Typi-
cally the area of the lens is in the order of 10−2 m2 and the R2 = 102:::108m2, leading
to extremely small solid angles with � ≈ �. With these realisations, the backscattering
cross section �back can be written as

  \begin {split} \sigma _{back}&=\frac {\sigma }{4\pi }\frac {3}{4}(1+\cos ^2(\pi ))\iint _{\Omega }\,d\Omega \\ &=\frac {3}{8\pi }\sigma \frac {A}{R^2}, \\ \end {split} \label {eq:singlescattercross} 





 














(2.3)

where 3
8� � is the di�erential backscattering cross section for a single molecule. Backscat-

tering coe�cient for the molecular scattering �m in the atmosphere can be calculated
with the number density

  \beta _m =\frac {3}{8\pi }\sigma \frac {N}{V},\\ \label {eq:backscatter} 






 (2.4)

where N is the number of molecules in the volume V . By applying the ideal gas law
and atmospheric pressure and temperature models [33] the molecular backscattering
coe�cient can be solved as

  \begin {split} \beta _m(R) &=\frac {3}{8\pi }\sigma \frac {P(R)}{k_b T(R)},\\ &=\frac {3}{8\pi }\alpha _m(R) \end {split} \label {eq:backscatter_final} 















(2.5)

where P and T are the pressure and temperature at the distance R and kb is the Bolz-
mann constant. The scattering cross section together with the number density terms
is often treated as a single term �m which stands for extinction coe�cient. Techni-
cally �m should be called volumetric di�erential backscattering coe�cient, but the
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forewords are omitted for simplicity. The backscattering coe�cient describes how
much light is scattered backwards from each meter of propagation to a solid angle
de�ned by the measurement distance and the area of the receiver. The total scatter-
ing cross section has been measured and modelled accurately with di�erent methods
such as cavity-ring-down [34]. By using the Equation 2.7 with 1 atm pressure at
20 oC and the scattering cross section from [34] the molecular backscattering coe�-
cient at the wavelength of 1053 nm can be calculated to be 1:02 × 10−7m−1sr−1 in a
good agreement with literature values [35].

Aerosol backscattering coe�cients vary depending on size, shape, material and
number density. While molecular backscattering coe�cient is directly connected to
molecular extinction coe�cient, the variations in aerosol scattering parameters lead
to varying ratios between extinction and backscattering. The extinction to backscat-
tering ratio L is de�ned as

  L(R) =\frac {\alpha (R)}{\beta (R)}. \label {eq:lidar_ratio} 



 (2.6)

The lidar ratio for molecules has the value of 8�
3 sr−1 and for aerosols it ranges from 10

to 100 sr−1 [36]. The measured lidar ratio can be used for basic aerosol classi�cation,
however the backscattering and extinction must be solved separately.

2.2 Spectral shape of the scattered light

The scattered light can have varying spectral properties depending on the scattering
target. Aerosols are relatively large and heavy particles �oating in air and move pri-
marily with the wind. The movement along the lights propagation direction causes
a doppler shift �� for the scattered light which can be calculated as

  \Delta \nu =\nu _0 \frac {2u}{c}, \label {eq:backscatter_final}  


 (2.7)

where �0 is frequency of the lasers electric �eld, u is the speed of the scatterer and
c is the speed of light. For a laser light with a wavelength of 1053 nm, the doppler
shift is approximately 1.9 MHz for a speed of 1 m/s in the line-of-sight direction,
corresponding to a wavelength shift of 7 fm.

Molecules move rapidly in air due to thermal motion. The speed distribution can
be solved from a kinetic theory of gases leading to a Maxwell-Bolzmann distribu-
tion with an average speed of 504 m/s at the temperature of 20 oC. From the lidar
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point of view the molecule can move towards or away from the laser propagation
direction and the velocity distribution along the propagation axis can be shown to be
gaussian. Additionally gases experience spontaneous density �uctuations that appear
as periodic �uctuations in the refractive index. These �uctuations create stokes and
anti-stokes Brillouin scattering lines on the scattered spectrum and combined with
the gaussian broadening they create a broad triple peak structure called Cabannes
lines [37, 38]. Due to nature of acoustic �uctuations and scattering happening in
the Rayleigh regime, the spectrum is also widely called Rayleigh-Brillouin scatter-
ing spectrum. The modelling of such shape has can be done with Tenti S6 model
[39] and the simulated scattering spectrum can be seen in Figure 2.4. The sponta-
neous Rayleigh-Brillouin scattering and the Tenti6 model for air has been studied
extensively enabling remote wind speed and temperature pro�ling in aerosol free
atmosphere [40�44].
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Figure 2.4 Schematic picture of the scattering signal at the temperature of 20 oC and pressure of
1 atm relative to the laser wavelength of 1053 nm. The aerosol scattering mimics the
laser lineshape. Gas molecules show Maxwell-Boltzmann distribution of particle speeds
causing doppler broadening in the scattered light. Additional side peaks are formed due
to collisions between gas molecules generating spontaneous sound waves and interact-
ing with the light. The side peak locations are dependent on the temperature of the
gas. The Rayleigh-Brillouin spectrum has been simulated based on code library "Co-
herent+Spontaneous Rayleigh-Brillouin Scattering Spectra" [45, 46]

In addition molecules produce Raman shifted scattering spectra. The vibrational
Raman shift for nitrogen is approximately 70 THz [47] and the cross section for
Raman scattering is approximately two orders of magnitude lower [38] than for
the Rayleigh-Brillouin scattering. The spectral separation of aerosol and molecular
scattering is relatively simple for Raman scattering due to large spectral gap. In case
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of molecular scattering lidars, this allows the laser to have larger linewidth and the
optical �ltering does not have to be extremely narrow to separate aerosol scattering
from the molecular scattering.
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3 REMOTE SENSING OF SMALL PARTICLES AND
MOLECULES IN THE ATMOSPHERE

Aerosols are the main source of signal for light based measurements in the atmo-
sphere. The vast amount of variables in aerosols can make the signal analysis rather
tedious as the varying size, materials and concentrations all a�ect on the signal
strength. From lidar point of view these parameters are often reduced into backscat-
tering and extinction coe�cients a�ecting the backscattered signal strength. The
following sections describe the basic principles of aerosol and molecular scattering
lidars and their calibration techniques.

3.1 Elastic backscattering lidar

The elastic backscatter lidar is the simplest form of an atmospheric lidar instrument.
The basic idea of operation is demonstrated in Fig.3.1. A laser pulse is released to
atmosphere through a collimation lens and the receiver data collection is turned on.
As the light travels through the atmosphere aerosols scatter light, until the laser pulse
hits a cloud and attenuates or is too far for the detector to capture any signal from.

The scattering power P is typically measured within �xed time intervals that
are called range gates. The power collected from the range R can be described as
proportionality equation [13]

  P(R)= P(0) \beta (R) \Delta R \frac {A}{R^2} \eta G(R) e^{-2 \int _0^R \alpha (r) dr} + P_{bg}\ , \label {eq:elasticlidar}   





     (3.1)

where � is the backscatter coe�cient, �R is the range gate length de�ning the distance
the laser pulse travels within one range gate from the view of the receiver and can be
expressed as �R = 1

2 c�, where c is the speed of light and � is the integration time of the
range gate. The factor 1

2 is due to light needing to travel also back to the receiver, so
e�ectively the received light is always from half the distance of actual pulse travel. A is
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Figure 3.1 Simple elastic backscatter lidar scheme. Laser pulse scatters from aerosols and the scat-
tered light is detecter as voltage (V) on a photodetector. The scattering distance can be
calculated from the time delay (t) between laser launch and signal arrival.

the area of the receiver telescope. A
R2 describes the portion of the full solid angle that

can be collected from isotropic scattering at the distance R. � is the total e�ciency
of the receiver and G(R) is the geometrical overlap function describing how much
of the received light can be coupled to the receiver from di�erent distances. � is
the range dependent extinction coe�cient and the exponential term in total covers
for the attenuation of the laser beam travelling back and forth. Pbg represents the
background noise power.

The backscattering coe�cient � and the extinction coe�cient � are the atmo-
spheric parameters a�ecting the signal and are related to the microphysical proper-
ties of aerosols. The parameters are loosely connected so that if the aerosol content
is homogenous by size, shape and material and the actual values only depend on
number density, then the lidar ratio L = �

� is constant. However, in reality the lidar
ratio depends heavily on the aerosols type and can range from 10 sr to 100 sr for
di�erent types. For example low values at 20 sr corresponds to marine aerosols and
high values of 80-100 sr can be generated by dust and smoke [36]. The variations in
lidar ratio makes solving the backscattering and extinction coe�cient from the lidar
equation impossible without pre-assumptions on either having constant lidar ratio
in the measurement path or well estimated lidar ratio within mixing layer based on
ground measurements and well estimated lidar ratio near cloud aerosols. The lidar
ratio depends also on the wavelength of the laser and the values presented above were
measured at the wavelength of 355 nm.
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By assuming constant lidar ratio, the extinction coe�cient can be solved by the
Klett-inversion algorithm [16, 18]

  \alpha (R)=\frac {e^{(S-S_m)}}{\alpha _m^{-1}+2\int _R^{R_m}e^{(S-S_m)}dr}, \label {eq:klett} 



 


 

 (3.2)

where S = ln(R
2P(r)
G (R) ) and stands for logarithmic range corrected power. The Klett-

inversion calculates the extinction coe�cient from far distance to near distance and
requires a reference range m, where an initial value for the extinction coe�cient �m
has to be guessed. The guessed value typically causes almost directly proportional
error to the inverted values and often the initial value can be iterated if additional
data, such as columnar extinction from sun photometer is measured simultaneously
[48�50]. The inversion is extremely noise tolerant due to from-far-to-near integra-
tion while earlier solutions solved extinction from-near-to-far causing the inversion
to explode due to noise. The solution presented in Eq. 3.2 can be modi�ed to in-
clude the lidar ratio to compensate for potential changes in aerosol layers, however
the lidar ratio has to measured separately for the addition to be usable. The inver-
sion method is a good tool in many cases but the fundamental calibration problem
with the elastic backscatter lidar signals persists: one measured signal and two loosely
connected parameters that cannot be independently solved.

3.2 High spectral resolution lidar

The natural progression to calibrate the aerosol signal is to measure molecular scat-
tering simultaneously. The scattering power received from molecular scattering is
proportional to the number density of molecules and within troposphere decreases
almost linearly with increasing altitude [33]. The basic principle is to compare the
molecular scattering with the measured or modelled curve and additional decrease
in scattering power is interpreted as attenuation from the aerosol extinction. While
the molecular scattering itself causes extinction, the magnitude at the wavelength
of 1 µm is in the order of 8 × 10−7 m−1 and is nearly always dominated by the
aerosol extinction especially within planetary boundary layer. The scattering cross
section is wavelength dependent as shown in Section 2.1 and in ultraviolet region
with clear conditions the molecular scattering extinction can be dominant, especially
after boundary layer altitude. The state of the art techniques for molecular scattering
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lidars include high spectral resolution lidars (HSRL) and Raman lidars.
High spectral resolution lidars take advantage of doppler broadened molecular

scattering spectrum. The aerosol scattering mimics the spectral properties of the laser
shifting within the wind by no more than few tens of megahertz. The doppler broad-
ened molecular scattering spectrum can reach several gigahertz in width as shown in
Chapter 2. The technique was �rst introduced in 1983 [51] by stabilising a dye laser
with optical etalons to a linewidth of 260 MHz and reaching pulse energy of 40 µJ.
The molecular scattering was separated with optical etalon �lters having bandwidth
of 500 MHz passing the aerosol scattering and re�ecting the molecular scattering
to two photomultiplier tubes for detection. The high �nesse etalon �lters are ex-
tremely sensitive on the angle of incidence and were soon replaced by atomic vapour
chambers [52, 53] which could absorb only the aerosol scattering and let the molec-
ular scattering pass through. Addition of injection seeded and frequency doubled
Nd:YAG pulse laser [54] with a combination of iodine vapour chamber �ltering,
the HSRL state of the art con�guration was introduced in 1994 [55].

The separation of scattering sources leads into two lidar equations. By applying
the Equation 3.1 for aerosols and molecules the HSRL equations can be formed
similarly as Grund et al. in Ref. [54]

  P_{a}(R)= P(0) \beta _a(R) \Delta R \frac {A}{R^2} \eta G(R) e^{-2 \int _0^R \alpha (r) dr} + P_{bga}(R) \\ P_{m}(R)= P(0) \beta _m(R) \Delta R \frac {A}{R^2} \eta G(R) e^{-2 \int _0^R \alpha (r) dr}+P_{bgm}(R),  





   

  





    (3.3b)

where subscripts a and m denote aerosols and molecules, respectively. The back-
ground powers Pbga(R) and Pbgm(R) are typically not dependent on range as the
atmospheric background is mainly constant sunlight leakage through �lters. The
values for Pbga(R) and Pbgm(R) are di�erent due to necessary di�erence in �lter band-
widths. The aerosol backscattering coe�cient can be calibrated by �rst measuring
and removing the background terms. Dividing equation 3.3a with equation 3.3b,
the aerosol backscattering coe�cient can be solved from

  \beta _a(R)=\beta _m(R) \frac {P_{ra}(R)}{P_{rm}(R)}. \label {eq:backscatter}  



 (3.4)

The molecular backscattering coe�cient �m(R) can be calculated by combining the
atmospheric density models with measured scattering cross sections and scattering
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phase-function for Rayleigh scattering as shown in Chapter 2. Depending on the
receiver �lters of the instrument, the calculation may need additional steps as one
especially in vapour chamber �ltering one channel measures combined aerosol and
molecular scattering and the other aerosol �ltered molecular scattering [55]. The
�lter bands must also be calibrated and the measured powers scaled appropriately to
gain correct result.

The extinction coe�cient � can be solved from the molecular scattering signal
as the exponential term is the only variable. Typically the molecular signal is rela-
tively noise dominant even when averaged and requires additional techniques such
as iteration with Klett-inversion or advanced denoising techniques based on noise
characteristics [56�58]. The main limitation for the molecular scattering pro�ling is
the reality of photon counting from a limited number of available photons decaying
proportional to 1/R2.

Modern HSRL instruments have increased laser pulse energies to level of 10-
100 mJ and narrowed the laser linewidth to range of 30-80 MHz [59�61]. In these
Nd:YAG laser powered instruments the receiver bandwidth at the wavelength of
532 nm were 60 GHz, 30 GHz and 1 THz respectively. The high laser pulse en-
ergies enable impressive, up to distance of 20 km, range for molecular scattering
measurements. The modern instruments have added additional capabilities such as
depolarisation channels, which combined with the backscatter and extinction pro-
vides accurate aerosol and cloud classi�cation data. Also there are myriad of other
approaches to separate the aerosol and molecular scattering apart, including Fabry-
Perot �lters [62], Michelson interferometer [61] and Mach-Zehnder interferometer
[63].

Although the technique has somewhat been standardised, the requirement of laser
and etalon stabilisation, high laser pulse energy and multiple detectors in the receiver
increase the cost of such instruments out of large scale commercial viability. Addi-
tionally, typical HSRL operates at the wavelength of 532 nm or lower increasing the
scattering e�ciency of molecules with cost of eye-safety. Operating high power laser
instruments in atmosphere requires additional safety measures, such as an aeroplane
radar [64] for automatic laser shut o�, and agreements with �ight authorities for safe
use.

Advances in semiconductor laser technology have enabled low energy micropulse
HSRL instruments, which could enable commercialisation of HSRL technique in the

19



future. The laser sources of micropulse lidars comprises of a diode laser paired with a
tapered semiconductor ampli�er [65, 66]. The instruments work at high repetition
rate of 7 kHz producing pulse energies up to 7 µJ. The receivers utilize vapour
chamber �ltering and etalon �lters similar to their high pulse energy counterparts.
The high repetition rate and low-energy pulses resemble similarities with ceilometer
technology while the laser linewidth and stability are very similar to commercial
coherent heterodyne lidars, although the operation wavelength di�ers.

The high spectral resolution technique has been applied in multiple additional
applications requiring only minimal modi�cations in hardware setup.

3.3 Raman lidar

Raman lidars were �rst demonstrated for molecular scattering detection and calibra-
tion of attenuated backscatter signals in 1992 [67]. The operation principle relies on
detection of Raman scattering from nitrogen molecules and the calibration is done
similar to high spectral resolution lidars. In aerosol free atmosphere the Raman sig-
nal decays with the air density and additional extinction is blamed on the aerosol
load.

The Raman scattering cross section is approximately two orders of magnitude
lower than Rayleigh scattering [38] and the spectral shift of 70 THz [47, 68, 69] is
signi�cant in comparison to few gigahertz broadening of Rayleigh scattering. For
example, the laser wavelength of 532 nm produces a Raman shifted nitrogen signal
at the wavelength of 607 nm. The Raman lidars do not require as strict laser stabili-
sation and �ltering techniques as aerosol do not generally produce identical Raman
shift to molecules. The typical �lter bandwidths are in the order of 0.3 nm, or 300
GHz for the Raman signal at the wavelength of 607 nm [70], making the �lters
more tolerant to minor laser drifts and the angle dependency is not as critical as for
HSRL etalons having order of magnitude smaller bandwidth. The wider �lter bands
together with low Raman scattering cross section lead to Raman lidars often being
limited to night time operation due to sunlight interference during daytime [19].

The modern Raman lidars operate with multiple laser and receiver wavelengths.
The advantage of creating the Nd:YAG laser fundamental, second harmonic and
third harmonic emission (1064 nm, 532 nm and 355 nm) from one laser unit has
enabled relatively simple laser system design. The multi-wavelength emission creates
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also multi-wavelength backscattering and the three produced aerosol backscattering
signals together with two molecular Raman signals from wavelengths of 607 nm and
387 nm enable calculation of aerosol size distributions via so-called 3�+2� -algorithms
denoting three backscatter coe�cients and two extinction coe�cients [71].

The multi-wavelength scattering analysis is often combined with depolarisation
measurements and additional Raman channel for water vapour. The set of described
features can be found for example from widely known PollyXt Raman lidars [70, 72]
having 10 receiver channels in total. The instruments have demonstrated the capa-
bilities of remotely measuring the microphysical properties of aerosols based on the
optical response on multiple channels [73�76] and has been compared successfully
with in-situ censors with for data validation [77, 78].

The Raman lidars are extremely versatile atmosphere analysers. The Raman sig-
nal is created from all scattering sources, enabling water vapour mixing ratio measure-
ments [70], aerosol hygroscopicity characterisation from aerosols [79], ozone con-
centration determination [80] and even temperature measurement based on purely
rotational Raman lines [81�84]. The additional measurement parameters often in-
crease the receiver hardware complexity further, which make the Raman lidar tech-
nique to require at least a specialist to setup and calibrate properly at the cite making
commercialisation di�cult.

3.4 Coherent heterodyne lidar

The main purpose of coherent heterodyne lidars is windspeed pro�ling. The receiver
design comes from radio frequency radars and is extremely sensitive for changes in
frequency of the backscattered light revealing the windspeed from aerosols moving
along the air mass. The scattering power data is similar to ceilometer data and has
the same limitations with the attenuation of laser power and calibration is typically
done with the Klett-inversion. The heterodyne receiver itself has big potential for
molecular scattering measurement. After all, the heterodyne receiver is a downcon-
version spectrometer by design capable of detecting sub-megaherz frequency shifts
centered around the local oscillator wavelength.

The main challenge of detecting molecular scattering comes from the low backscat-
tering cross section and high speeds of molecules in gas phase. In order to generate
and capture signal, a high laser pulse energy and high detection bandwidth of the
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receiver are required. Both of which are typically designed for windspeed pro�ling
in eye-safe conditions and limited by the available technology. The following para-
graphs introduce the typical setup used in coherent heterodyne lidars and the signal
formation in the heterodyne receive.

The commercial coherent heterodyne lidars are based on optical �ber technol-
ogy. The telecommunication industry has driven the cost of �ber components down
at the wavelength of 1.5 µm and the basic coherent lidar can be built with a tele-
com laser source and �ber ampli�er. An acousto-optic modulator (AOM) is used to
make pulses from the continuous wave seed laser. The AOM also shifts the spectral
frequency of the pulse in order of tens or hundreds of megaherz which enables sim-
ple windspeed determination from the signal as the seed laser and received light are
mixed in the receiver. The laser pulses spectral line width is almost always Fourier
limited. The linewidth is important for the laser as windspeed of 1 m/s corresponds
to 1.29 MHz frequency shift at the detection for laser wavelength of 1.5 µm. The
transceiver optics are typically built with a �ber optic circulator and a collimating
lense assembly, making the lidar almost alignment free. The �ber optic circulator
enables exact alignment between the transmitter and receiver steering light from the
atmosphere to the detector. A simpli�ed �ber optical coherent heterodyne lidar
setup operating at the wavelength of 1 µm is demonstrated in Fig. 3.2.

Figure 3.2 Simpli�ed �ber based coherent heterodyne lidar setup. Typically a distributed feedback
(DFB) laser emits continuous light from which a low portion of light is sampled to act as a
local oscillator beam. For the atmospheric sensing the laser light is chopped into pulses
with an acousto-optic modulator (AOM) and ampli�ed in a �ber ampli�er. The light is
coupled to a beam expanding telescope via a circulator which guides the sended beam
straight and received beam down to the receiver. The detected light is mixed in a �ber
coupler with the local oscillator beam and the �nal signal is detected as irradiance beating
on the detector.

The coherent heterodyne receiver operates by mixing the received signal with
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a local oscillator and measuring the irradiance beating signal generated by the elec-
tric �elds with a photodiode. To achieve beating and ability of resolving positive
and negative changes in frequency, the local oscillator is sampled from the seed laser
while the laser pulse frequency is shifted with the acousto-optic modulator by tens
or hundreds of megahertz. The current i generated by the photodetector being pro-
portional to the detected power P and to electric �eld Etot can be written as follows

  \label {eq:heterodyne} \begin {split} i \propto P \propto |E_{tot}|^2 & =|E_{Lo}+E_s|^2 \\ & = |E_{Lo}|^2 + |E_s|^2 + E_{Lo}E_s^* + E_s E_{Lo}^*, \end {split}         

        



(3.5)

where ∗ denotes the complex conjugate of the �eld. |ELo |2 and |Es |2 proportional
to the local oscillator and signal power, respectively. The beating signal is found by
expanding the electric �eld terms with amplitude and oscillations terms E = Ae−i!t,
where A stands for the electric �eld amplitude, ! is the angular frequency of the �eld
and t is time. By inserting the expansion to Eq. 3.5 the expression for the beating
can be found as

  \label {eq:heterodyne2} \begin {split} i \propto |A_{Lo}|^2 + |A_s|^2 + A_s A_{Lo} \cos ((\omega _{s}+\omega _{Lo})t) + A_s A_{Lo} \cos ((\omega _{s}-\omega _{Lo})t). \end {split}                 (3.6)

The equation can be simpli�ed by noting that the �rst term is ideally constant and
proportional to local oscillator power. The second term is proportional to backscat-
tered power and is extremely small. The third term shows oscillations at the sum
frequency of the �elds leading to oscillation frequency of 600 THz at the wavelength
of 1 µm, which cannot be detected by any real detector. The �nal term shows the
oscillations with the di�erence frequency of local oscillator and backscattering �elds.
Discarding the �rst three terms the equation simpli�es to

  \label {eq:heterodyne3} \begin {split} i \propto A_s A_{Lo} \cos (2 \pi (\nu _{s}-\nu _{Lo})t), \end {split}      (3.7)

where �Lo and �s are the frequencies of the local oscillator and signal �elds. Finally,
the signal frequency �s can be expressed as a sum of the local oscillator frequency
�Lo, heterodyne frequency shift �h and the doppler shift ��D caused by the scattering
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target

  \label {eq:heterodyne4} \begin {split} i \propto A_s A_{Lo} \cos (2 \pi (\nu _{h} + \Delta \nu _{D})t). \end {split}      (3.8)

For experimental purposes the equation can be further modi�ed to

  \label {eq:heterodyne5} \begin {split} i(P_s, \Delta \nu _{D}) \propto \sqrt {P_s}\sqrt {P_{Lo}} \cos (2 \pi (\nu _{h} + \Delta \nu _{D})t), \end {split} 




    (3.9)

by realising that electric �eld amplitudes As and ALo are proportional to square root
of signal power Ps and square root of local oscillator power PLo, respectively. As
the equation 3.9 shows the local oscillator ampli�es the beating signal making the
optical heterodyne receiver extremely sensitive. In reality the receiver receives signal
from multiple scattering sources which may have caused varying doppler shifts. In
theory all the scattering components create beating signals with each other, however
the ampli�cation term ensures that the amplitudes of all beating components with
the local oscillator will dominate. Still multiple peaks or peak broadening are more
than likely to appear especially with long pulse lengths and atmospheric conditions
with wind shear.

The typical signal processing involves Fourier analysis and averaging to resolve
the scattering signal. The high windspeeds revolve in the range of +-30 m/s mak-
ing the bandwidth requirement in the receiver relatively narrow, from 80 MHz to
120 MHz depending on the heterodyne frequency. In case of molecular scattering the
complete scattering spectrum has bandwidth of ~2 GHz for instrument operating at
the wavelength of 1.5 µm and ~3 GHz for instrument operating at the wavelength
of 1 µm. The bandwidth is a serious challenge for signal processing and increases the
cost of hardware rapidly. While the complete spectral measurement is not needed
for molecular scattering measurement, it is necessary for initial data validation.

Backscattering signal from molecules requires su�cient laser pulse energy. The
typical laser pulse energies for molecular scattering lidars are in the order of few
to hundreds of millijoules while commercial heterodyne lidars generate tens of mi-
crojoules. The �ber based sources are peak power limited by stimulated Brillouin
scattering limiting the power scaling without sacri�cing the simplicity of the laser
system. Modern, coherent lidar capable, �ber light sources are able to produce peak
powers up to 1.1 kW [85] with pulse energy of 110 µJ and pulse length 108 ns.
As of 2024, commercial high peak power coherent lidar instruments have started to
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appear however, the peak power data nor the source hardware speci�cations are not
publicly available.

The molecular scattering detection with a heterodyne receiver was theoretically
discussed already in 1998 [35] as a possibility. The technique was realised with a solid
state laser source operating at the wavelength of 2 µm in 2017 [28] in an airborne
heterodyne lidar. Another demonstration of molecular scattering measurement with
a limited range appeared in 2022 [86] with an instrument operating at the wavelength
of 1.5 µm. The demonstrations are encouraging while limited on the detection band-
width capturing only a part of the molecular scattering spectrum.
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4 METHODS FOR ENABLING ATMOSPHERIC
MOLECULAR SCATTERING MEASUREMENTS
WITH COHERENT LIDAR

The low cross section and a gigaherz wide broadening of molecular scattering sets
up serious challenge for the measurement. First and foremost the laser has to be
engineered speci�cally for the coherent lidar. The optical telescope system has to be
stable and maintain the beam quality. The detector along with the digitisation and
pre-processing electronics must be fast enough to capture the multi-gigaherz-wide
molecular scattering spectrum. Additionally the post processing of noisy data has
to be treated correctly in order to extract spectra resembling the theoretical shape
as well as calculate the scattering powers of aerosols and molecules for high spectral
resolution measurement.

4.1 Tapered �ber ampli�er for increased laser peak power

The key features of �ber based coherent lidar light source have been studied into
extent and are well known [87]. A narrow, less than few megaherz, spectral linewidth
is desired for a sharp peak in heterodyne spectrum. The narrow peak exhibits less
spectral noise and ensures accurate wind speed determination. The beam quality close
to a single-mode gaussian beam should be achieved to minimise beam divergence in
the atmosphere. Additionally the receiver collection e�ciency is dependent on the
beam quality as single mode �bers are used for heterodyne mixing. The pulse length
of the laser e�ects mainly on the spatial resolution of the measurement but also to the
signal to noise ratio since longer pulses carry more energy. Typically pulse lengths
from 50 ns up to 1 µm can be used depending on application. The shorter pulses
carry less energy and have larger linewidth due to Fourier transform limit but enable
better range resolution in the atmospheric measurement.
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The main challenge in increasing the peak power of �ber based lidar light sources
is stimulated Brillouin scattering (SBS). The e�ect arises from acoustic vibrations in
the �ber that are excited by the light travelling inside. The acoustic vibrations cre-
ate periodic density �uctuation in the material which in term appears as a periodic
change in refractive index. Practically the light excites a re�ection grating along the
�ber. The backre�ected light experiences a Stokes frequency shift due to interac-
tion with the stimulated acoustic phonon. SBS has a so called gain bandwidth of
50-100 MHz determined by the acoustic phonon lifetime in the �ber [88, 89] caus-
ing the peak power limit for the narrow linewidth �ber sources. SBS is especially
problematic inside an ampli�er since the backre�ection is further ampli�ed due to
available gain, causing damage especially in splices and �ber components eventually
burning the ampli�er.

Typical method of increasing the SBS limit is to increase the core size from single
mode �ber to a large-more-area (LMA) �ber to reduce power density. The increase
has to be made in multiple steps for best performance as too low power density in the
ampli�er will result in increasing amount of ampli�ed spontaneous emission limiting
the gain of the laser pulse.

Other techniques of increasing the SBS limit include manipulation of �bers acous-
tic properties such as inducing a temperature gradient or strain gradient along the
�ber length [90�92]. The gradients modify the acoustic properties shifting the Bril-
louin gain bandwidth along the �ber reducing the constructive interference of Bril-
louin scattering from di�erent parts of the �ber. Especially the stress gradient is
relatively simple to implement with o�-the-shelf �bers in lidar light sources. Other
methods of SBS suppression include usage of specially engineered �bers that suppress
or modify the acoustic waves with their construction [93, 94]. A novel approach for
lidar sources may arise from usage of frequency combs engineered with comb spac-
ing exceeding the Brillouin gain bandwidth theoretically multiplying the SBS limit
by the number of comb teeth available [95].

The requirements of the light source led into a novel laser source in Publication I.
The tapered �ber as an ampli�er is not a novel idea for a high power laser source,
however typical demonstrations rely generally on few nanosecond or shorter pulses
with a broad linewidth. The SBS mitigation by tapering the �ber and applying it as
a lidar light source however was yet to be demonstrated.

Theoretically tapering has multiple bene�ts. The core size increases from diam-
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eter of 17 µm supporting only few transverse mode up to 50 µm being clearly a
multimode �ber in the output. The end face of the �ber together with with the
taper pro�le is can be seen in Fig. 4.1 The slow growth in diameter ensures that
the beam maintains single mode quality in the output if the only the fundamental
mode is excited by careful splicing of single mode �ber to the taper. The increase in
core size while laser pulse experiences gain maintains the power density below the
SBS threshold and possibly the backwards travelling SBS experiences losses travelling
towards smaller core size. Theoretically the best performance is achieved when the
increase in laser power increases with the same rate as the �ber core area. In practice
the �ber input power and pump power have to be optimised high enough not to
cause excessive amount of spontaneous emission and low enough not to cause SBS
in the narrow part of the �ber.

Figure 4.1 a) Tapered �ber end face image. The core and cladding structure can be seen as well
as the two stress rods making the �ber maintain the linear polarisation state. b) The core
diameter of the tapered �ber. The narrow end starts at the diameter of 17 µm and grows
up to diameter of 50 µm at the wide end. Figures originally from Publication I.

To demonstrate the capabilities, a simple master oscillator - power ampli�er
scheme was constructed as shown in Fig. 4.2. The wavelength of 1053 nm was
chosen for enhanced scattering cross section of molecules when compared to typical
coherent lidar light sources operating at 1.5 µm region. Additionally the ytterbium
doped tapered �bers were considered more mature than their erbium doped coun-
terparts. The speci�c wavelength of 1053 nm was considered a sweet spot for the
available taper pro�les as it experiences less gain than a seed laser at the gain peak
wavelength of 1030 nm would in the ytterbium doped �ber. Less gain improves the
stability of the peak power growth in the tapered �ber.

The seed laser for the �ber ampli�er setup is a distributed feedback diode laser
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Figure 4.2 The laser and the �ber ampli�er as con�gured for lidar application. The distributed feed-
back (DFB) laser diode acts as a continuous wave seed laser. The �rst AOM is used to
create custom shaped pulses into the �ber ampli�er. The second AOM is used for addi-
tional seed laser isolation and it also isolates the ampli�ed spontaneous emission from the
second stage from entering the power ampli�er. The dual stage preampli�er is a simple de-
sign and is capable of increasing the peak power up to SBS limit of the single mode �bers.
The power ampli�er consists of a Yb3+ doped tapered double cladding �ber pumped with
stabilized laser diode operating at the wavelength of 976 nm. Figure adapted from Publi-
cation I.

operating in continuous wave mode. A 90:10 beam splitter is used for sampling the
local oscillator for the receiver and the acousto-optic modulator (AOM) creates cus-
tom shaped pulses at the repetition rate of 10 kHz. The pre-ampli�er consists of
single-mode ytterbium doped gain �bers with an isolator and bandpass �lter in be-
tween to prevent lasing and reduce the coupling of ampli�ed spontaneous emission
between stages. The second acousto-optic modulator was added for additional seed
isolation as the single AOM driver On-O� ratio was too low and caused constant
leakage signal in the lidar instrument. The power ampli�er is a reverse pumped ytter-
bium doped double cladding tapered �ber. The pump laser is coupled to the cladding
of the tapered �ber and excess pump is removed in the cladding mode stripper. The
tapered �ber luminescence under pumping can be seen in Fig. 4.3. The pump is
coupled via a micro-optical assembly in the lower left corner and the cladding mode
stripper (CMS) can be seen below the center where the luminescence vanishes.

The tapered �ber amplifer can be tuned in with the pre-ampli�er for optimal
performance. While the preampli�er itself is capable of bringing the pulse peak
power up to the SBS threshold of single-mode �ber, the optimal input power for
tapered �ber has to be tuned experimentally. The pulse energy - pump power curves
for two di�erent input powers can be seen in Fig. 4.4. The pulse energy increases
more rapidly with the higher input power of 10.8 mW as expected. However higher
SBS threshold and pulse energy was achieved with input power of 5.8 mW. The lower
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Figure 4.3 The tapered active �ber under pumping. The output of the �ber is on the lower left corner
where the �ber is connected into a micro-optics assembly for collimation and pump laser
coupling. The cladding mode stripper can be seen on the center where the green emission
fades away as the cladding modes couple out from the �ber and the taper is spliced into a
single-mode �ber.

Figure 4.4 a) The pulse energy at the output for the linear polarisation excitation. 10.8 mW input
power was close to single-mode �bers SBS-limit causing a lower SBS-threshold also in
the tapered �ber. 5.6 mW input power allows better gain matching with tapered �ber cross
section pro�le. b) The output spectrum at the maximum pulse energy. The general shape
follows the spontaneous emission of Yb+3 ions while the increased feature around the
laser peak is created by the bandpass �lter in the preampli�er.
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