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Abstract

Aerosols have long been known to provide a net cooling effect on Earth’s climate,
although the individual contribution of some aerosols to radiative forcing is still
unknown. Understanding these atmospheric particles may offer part of the solu-
tion to rapid climate change. To investigate particles in the atmosphere above
ALOMAR, a 355 nm lidar depolarization channel was designed and tested. How-
ever, due to issues with the troposphere laser, the channel has yet to be implemen-
ted. Theoretical background and analysis of previous results are also included.
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Sammendrag

Det har lenge veert kjent at aerosoler gir en netto avkjslede effekt i klimabalansen,
likevel er det individuelle stralingspadrivet til noen aerosoler fremdeles ukjent. En
storre forstaelse for disse atmosferiske partiklene kan potensielt resultere i en del
av lgsningen pa global oppvarming. For & utforske partikler i atmosfaeren over
ALOMAR har en 355 nm lidar depolariserings kanal blitt designet og testet. Grun-
net problemer med troposfere laseren har kanalen ikke blitt installert. Teoretisk
bakgrunn og analyse av tidligere resultater er inkludert i oppgaven.
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Chapter 1

Introduction

1.1 Relation to the Specialization Project

During the fall of 2022, I completed a specialization project titled "Design of a UV
355 nm LIDAR depolarization channel to characterize particles in the atmosphere
above ALOMAR" [1]. The specialization project provided me with the necessary
theoretical background to understand and implement the system.

Work from the specialization project has been incorporated into the master’s thesis.
Some of the material has been modified or improved, but it is based on the spe-
cialization project. The specialization project will not be referenced further in the
text; instead, the original sources will be cited. The chapters containing reused
material are listed below:

e Introduction 1.2 - 1.3

e Background theory 2.1 - 2.7
e Optical setup 3.1 - 3.7

e Data processing 4.2 - 4.7

1.2 Background and motivation

In recent years there has been a shift in political focus towards global warming
caused by rapid climate change. The emission of greenhouse gasses, consisting
of primarily carbon dioxide (CO,) and methane (CH,), is the leading cause of
rapid climate change. Human activities are responsible for almost all atmospheric
increase in greenhouse gasses, with the burning of fossil fuels being the main
source of emissions [2]. Due to this, political agreements have been implemen-
ted in order to decrease emission of greenhouse gasses and limit further global
warming. During the twenty-first session of the Conference of the Parties (COP
21) in December 2015, 196 parties signed The Paris Agreement, a legally binding
international treaty on climate change. The goal of the agreement is to limit global
warming to below two degrees Celsius [3]. To reach this goal measurements of
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the atmospheric composition is necessary. Both for measurements of change, but
also for understanding of atmospheric composition. Aerosols, a collective term for
tiny liquid or solid particles in stable suspension in the atmosphere, contribute to
Earth’s climate with a net cooling effect through direct aerosol interaction as well
as cloud albedo effects [4].

Anthropogenic and natural forcing of the climate for the year 2000, relative to 1750

Global mean radiative forcing (Wm2)

3 Greenhouse gases
galccaions Aerosols + clouds
24 N,O
= \
£ CH, Black
E carbon
G from
= ] ) fossi-
co, Tropospheric fuel Mineral
J ozone burning dust Aviation Solar
I '[ Contrails Cirrus I
0 T I T -
i Stratospheric I Organic I 1 l
ozone
carbon  gioriacs Land use
2 14 Sufate oM pyming (albedo only)
A= S fossil-
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o burning
-2 1
The height of a bar indicates a best estimate of the forcing, and the Aer_OSOI
accompanying vertical line a likely range of values. Where no bar is present indirect
the vertical line only indicates the range in best estimates with no likelihood. effect

Very Very Very Very Very Very Very
low low low low low low low

LEVEL OF SCIENTIFIC
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UNDERSTANDING ST
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Figure 1.1: The influence of external factors on climate compared using radiative
forcing, with their respective levels of scientific understanding [5].

In 2001 the Intergovernmental Panel on Climate Change (IPCC) published a syn-
thesis report on climate change. In this report a figure of anthropogenic and nat-
ural forcing was included, as well as the relative level of scientific understanding
related to the anthropogenic and natural contributors. The discussed figure is in-
cluded as figure 1.1, where the bars represent estimates connected to contribu-
tions to these radiative forcings, while the vertical lines about the bars represents
a range of estimates based on published values and physical understanding of the
forcings. With this report IPCC underlines that the understanding of aerosols im-
pact on global climate is quite lacking. Furthermore, aerosol cooling events due
to volcanic eruption and aerosols’ indirect effect on cloud lifetime is not included.
The major uncertainties and missing aerosol effects can further change aerosols
potential cooling effect, if properly understood. While long-term measurements
of aerosols (e.g. by Putaud et al. [6]) and remote sensing (e.g. by Holben et al.
[7]) have increased knowledge about the composition and characteristics of at-
mospheric aerosols, an understanding of the greater complexity as well as some
aerosols individual contribution to radiative forcing is still unknown [4]. Some
research indicate that a better understanding of aerosols and their effects on cli-
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mate could provide a potential part of the solution to rapid climate change, by for
instance an increase in anthropogenic aerosols emitted to the atmosphere [8].

Furthermore the EarthCARE (Cloud Aerosol and Radiation Explorer) satellite, ex-
cpected to launch in 2024, will travel above ALOMAR (Arctic Lidar Observatory
for Middle Atmosphere Research) using a atmospheric lidar to provide vertical
profiles of aerosols and thin clouds. This is achived by operating at a wavelength
of 355 nanometers (nm) with a high spectral resolution receiver and depolar-
isation channel. Thus a stationary 355 nm depolarization channel at ALOMAR
to complement and provide context for the satellite measurements with ground
measurements is advantageous and could further advance our understanding of
cloud and aerosol effect on climate.

1.3 Scope

The purpose of this master project is to present the design, tests and implement-
ation of a ultraviolet (UV) 355 nm depolarization channel at ALOMAR. A further
theoretical background, data processing involved with a depolarized signal, exper-
imental and final results as well as modifications from design to implementation
will also be presented.

ALOMAR is an observatory located at 69°N and 16°E, 379 m above the ocean and
is operated by Andgya Space. As ALOMAR is placed quite remotely, but close to
the Gulf stream, a high variety of both natural and anthropogenic atmospheric
particles is to be expected from land, sea and the arctic climate. The high latit-
ude placement also present ALOMAR as a reference station for almost unpolluted,
clean air from north and north-western airmasses [9]. The implementation of a
355 nm depolarization channel has several useful applications; for example, com-
plementing measurements of the EarthCARE satellite as well as providing vertical
profiles of aerosols and thin clouds that affect the radiative balance in the ar-
tic climate. At ALOMAR a 532 nm depolarization channel is already in place. By
utilizing results from the 532 nm channel in combination with the 355 nm chan-
nel one can extend the particle size range and achieve more accurate results for
atmospheric and cloud composition. The expected backscatter returns from ice
crystals in cirrus clouds is for instance exemplified in a paper by Kustova et al.
[10, 11], while aerosol returns have been presented by for instance Giannakaki et
al. [12] and Miiller et al. [13]. Using the wavelength pair 532 nm and 355 nm in
combination with the beam polarization one can further investigate the Angstrém
exponent as both a particle size indicator, but also a particle shape indicator in a
atmospheric particle mixture [14].

Lidars are often used for temperature profiling of the troposphere, this is also pos-
sible with the UV channel [15]. Lidars can have other applications as well, meas-
urement of; height, cloud layers and density, pressure, global wind and trace gas
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concentration [16]. These will not be subject to investigation during this masters
project.



Chapter 2

Background theory

Lidar, an acronym for Light detection and ranging, is an optical remote sensing
device capable of detecting backscattered light from distant particles. A typical
lidar setup is shown in figure 2.1. As seen, this setup consists of a transmitter
and a receiver. Short light pulses in the order of nanoseconds (ns) are generated
from the laser. A beam expander is applied within the transmitter to reduce the
divergence of the laser pulses before being transmitted to the atmosphere. Due to
interaction with either aerosols or molecules the laser pulses will scatter. As part of
the receiver a telescope collects the scattering of light in a backwards direction (i.e.
backscattering). The telescope is followed by an optical analyzing system which
selects specific wavelengths and polarization states from the collected light. Using
photomultiplier tubes, PMTs, the backscattered signal, is converted to an electrical
signal. The current produced from the PMTs can be measured directly allowing
access to information about properties of the scattering medium.

2.1 Ultraviolet light

UV light is a region of electromagnetic wavelengths shorter than visible light. UV
light spans from 380 to 100 nanometers (nm), sometimes subdivided into UV-A,
UV-B and UV-C, with ranges 380-315 nm, 315-280 nm, 280-100 nm respectively.
Due to absorbtion in the ozone layer of earth’s atmosphere, roughly 99% of UV
radiation that reaches the earth’s surface is in the UV-A band [17]. Hence, the
application of a UV depolarization channel in the UV-A range. Executing the im-
plementation of the proposed UV 355 nm depolarization channel will open several
possibilities for further investigation. While visible 532 nm channel is most com-
monly used for lidar signals, the shorter UV 355 nm wavelength channel offers
eye saftey and stronger Rayleigh scattering [15].
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Transmitter

Beam expander
Laser P

Receiver

Optical box

Data acquisition

Telescope

Figure 2.1: A typical lidar setup.

2.2 Polarization and depolarization

If a laser beam consist of only electromagnetic waves with electric field vectors
in the same plane, the beam is said to be plane or linearly polarized. If there are
no preferred directions of the electric field vectors when averaged over all elec-
tromagnetic waves, the beam is said to be unpolarized. Polarization can therefore
be defined as a vector described by its direction and amplitude in an arbitrary co-
ordinate system. A vector rotating with time yields circularly or elliptically polar-
ized light. Some degree of polarization or direction of the electric field oscillation
is an optical property inherent in all laser beams [18].

The received lidar signal consist of Rayleigh and vibrational Raman scatter from
molecules, and Mie scatter from aerosols and clouds. With the use of spectral
filters these scattering components can be separated. Atmospheric scattering oc-
curs as light (e.g. from the laser beam) interacts with a scatter medium (e.g. mo-
lecules, aerosols or clouds) in the atmosphere. From Rayleigh scatter molecules
scatter the light in all directions, while Mie scatter from clouds and aerosols tends
to scatter in a forward direction with regards to incident angle. Rayleigh scatter
can be further split into a central Doppler-broadened peak, called the Cabannes
line, and sidebands due to rotational Raman scattering. In a high-density gas or
condenced matter, the Cabannes line splits to a triplet due to entropy (narrow
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central peak) and pressure (Brillouin Stokes and anti-Stokes lines) fluctuations.
Literature incorrectly use a wide range of terminology for these processes, such as
Rayleigh-Brillouin spectrum, Doppler shift of Rayleigh spectrum, Rayleigh-wing
scattering, etc. This thesis will use the terminology (Rayleigh scatter, Cabannes
line, Mie scatter, Raman scatter, Brillouin Stokes and anti-Stokes lines) as first
presented. While Raman scatter (vibrational and rotational) can cause inelastic
scatter, the Cabannes line and Mie scatter returns are elastic, implying that the
wavelength of the incident beam remains unchanged. As wavelength remains un-
changed, polarization can used for information gathering [19, 20].

Pioneered from scattering theories some 40 years ago and now well established
within lidar research is the fact that homogeneous spherical particles elastically
backscatter electromagnetic radiation. Following this a range of scattering the-
ories correctly predicted that nonspherical or inhomogeneous particles will in-
duce a depolarized component, i.e. polarization change, in the backscatter. The
strength of depolarization depends on the amount of particles and complexity
of the particles deviation from sperical symetrical shape, as well as the particles
size relative to the radiation wavelength. The refractive index also influences the
amount of depolarization generated by nonspherical particles. Implying that laser
depolarization measurements are essentially confined to particles without over-
whelming absorption at the laser wavelength. Depolarization results predomin-
antly from internal reflections [18].

Figure 2.2: Electromagnetic radiation scattering due to particle interaction; 1.
reflection, 2. refraction, 3. internal reflection & refraction, 4. diffraction.

Though backscatter occurs primarily from internal reflections & refraction, reflec-
tion, refraction and diffraction also cause scatter from interaction with particles.
An overview of these scattering processes can be seen in figure 2.2. Aerosol scat-
ter depends on the particles size, morphology, orientation, surface roughness, etc.
In addition scattered light from aerosols exhibits polarization features, and the
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degree of polarization, as well as the phase function of the polarized compon-
ent, depend on aerosol type, shape and absorption [21]. Before measures of de-
polarization can be further discussed a background on the lidar system must be
established.

2.3 Troposphere lidar

The ALOMAR observatory have consisted of four different lidar systems. An out of
service elastic DIAL Og lidar capable of middle atmospheric measurments, an out
of service metal resonance Na lidar capable of middle atmospheric measurments,
an advanced Rayleigh-Mie-Raman (RMR) lidar for middle atmosphere measur-
ments [22] and a troposphere lidar for low atmospheric measurments .

The troposphere lidar at ALOMAR can be described as an Rayleigh-Mie-Raman
lidar and is the classic form of lidar system. The lidar has been operational since
2005 and can dectect Raman, Rayleigh and Mie scatter from the atmosphere. The
altitude range is from 0,5 km to 18 km, corresponding to the lowest atmospheric
layer, the troposphere. The scope of the thesis is therefore limited by the range of
the lidar. A summary of the laser can be found in table 2.1, of note is that ALMOAR
only utilize half of the capable altitude range.

Table 2.1: Summary of characteristics for troposphere lidar at ALOMAR.

Specification ALOMAR
Laser Quanta Ray Nd:YAG PRO-290
Wavelengths emitted 355 nm, 532 nm, 1064 nm
Pulse energies 375 mJ, 800 mJ, 1600 mJ
Laser power 1020 mJ
Repetition rate 33.333 Hz
Beam divergence <500 prad
Telescope Newtonian
Wavelengths detected (elastic) | 355 nm, 532 nm, 532, nm, 1064 nm
Wavelengths detected (inelastic) 387 nm, 408 nm, 607 nm, 660 nm
Max signal range 16384 bins
Applied signal range 8192 bins

2.4 The lidar equation
The detected lidar signal can be written as

P(R)=KG(R)B(R)T(R), (2.1

where P is the received power, R is the distance the from receiver to the scattering
region, K is a constant which summarizes the efficiency of the system, G(R) de-
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scribes how intensity varies due to changes in the scattering geometry with range.
B(R) and T(R), the backscatter and transmission coefficients respectively, are at-
mospheric variables and subject to investigation.

The constant K can be expressed as

K= PO%An, (2.2)

where P, is the average power and 7 is the duration of a single laser pulse. The
energy of a single pulse, E,, can be described by multiplying these two factors,
P, and 7, together. c is the speed of light, A is the area of the optical receiver,
typically a telescope. 7 is the systems overall efficiency, both for the transmitting
and receiving system. The factor % is due to backscatter from the leading edge of
the laser pulse overlapping with the trailing edge of the laser pulse.

The geometric factor can be described as

O(R)
R2

where O(R) is the laser-beam receiver-field-of-view overlap function. The quad-
ratic decrease in signal intensity with distance is due to the area of the telescope
making up part of the scattering volumes surface. This implies that the received
signal intensity will equal the true signal intensity when the laser beam and the
telescopes field of view overlaps. An example of the effect is shown in figure 2.3.
The backscatter coefficient, 3(R), is highly dependent on the wavelength of the
laser and describes how much light is scattered towards the receiver. This is the
primary atmospheric parameter that determines the strength of the lidar signal.
B(R) is determined by the scattering medium,

G(R) = (2.3)

d
BRA) = D NRIZ=(m, ). (2.4)
j

This is the sum of the concentration of scattering particles, N;(R), of type j within
the volume of the laser pulse, multiplied with the differential backscatter, 3—5, in
the backwards direction (1), also known as the backscatter cross section. As the
two main contributers to backscatter is molecules and aerosols, $(R,A) can be
written as,

BR,A) = Brot (R, A) + Baer (R, 1) (2.5)

Molecular backscatter occurs mainly from interaction with nitrogen (N,) or oxy-
gen (0O,) molecules. As air density decreases with height, backscatter for ground
based systems will decrease with range. Backscatter from aerosols in the atmo-
sphere is highly variable as scatter occurs from a great variety of particles, includ-
ing, but not limited to, soot, sea-salt, dust, water droplets, ice crystals, sulfates
and pollen. The transmission term T(R) accounts for how much light that gets
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Figure 2.3: Example of the overlap function’s effect on received signal, with full
overlap at 2 kilometers or with O(R) = 1 when R > 2.

lost on the way to the scatter medium and on the way back [18]. Some literature
writes T2(R) to indicate that one must account for both directions of the light.
Here T(R) is defined as

R

TR, A) = exp[—2f a(r,A)dr] (2.6)

0
where «a is the sum of all light extinction coefficients and can be broken down
similarly to B(R, 1),
a(R,2) = Y N;(R)o(A) 2.7)
J
where o is the extinction cross section for each type of scatter j. Summarizing the

individual terms, the lidar equation can now be expressed in the more common
form

R

OR) a(r,A)dr]

R2

P(R,A) = P, %An B(R, 1) exp[—2 f (2.8)

0
[18].

To determine the transmission coefficient one must know the extinction coeffi-
cient. The most common way to determine this would be to use the method de-
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veloped by James D. Klett in 1981 [23]. Assuming the backscatter and extinction
coefficients are related by some power law of the form

B = constant - a¥ (2.9)

where k depends on the lidar wavelength and properties of the atmospheric gases,
and introducing the move convenient signal variable

S(R) =1In[r?P(R)] (2.10)
one ends up with a more well known solution for the extinction coefficient

exp[($ —Sn)/k]
ARy, A1+ 2 [ exp[(S—S,,)/k)dr!

a(R,A) = (2.11)

where k is assumed to be constant and R, is chosen as a far distance reference
to integrate to, from a distance r. As r decrease from r,,, a(R, A) is determined
as the ratio between two progressively larger numbers, providing the advantage
that stability and accuracy are easier to maintain [23].

2.5 Measures of Depolarization

For an ideal system the depolarization ratio is given as

o= I—l (2.12)
Iy

where I, and I} are the scattering intensities for perpendicular and parallel po-
larization channels respectively. Elastic backscatter from a spherical particle will
not induce a depolarization component, implying that the backscattered signal
from a linearly polarized laser beam will be totally linearly polarized, hence § =
0. To fulfill this criteria, equation 2.12 must change according to incident polar-
ization. The depolarized component is described by the numerator, thus equation
2.12 describes a system with a parallel polarized incident beam. Particles assumed
to be spherical include, but are not limited to wet haze, fog, cloud droplets and
small raindrops. If particles are nonspherical the backscattered signal will contain
a cross-polarized component, hence 0 < 6 < 1. Ice crystals, snow flakes and dust
are examples of particles causing depolarization of a laser beam [24].

By taking the ratio of the two polarization planes for each laser shot most terms
will cancel out leaving the range-resolved linear depolarization ratio, 5, defined
as

5= [ﬁL(R)]exp(T” —T)) (2.13)
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where 3 and T are the backscatter and transmission coefficients as defined before,
separated with respect to the planes of polarization of the laser. In practice the ex-
ponential term is not used, but has been historically included to account for the
possibility of certain anisotropic targets affecting transmission of light depending
on polarization state, an effect well known from microwave radar studies, but not
yet established in lidar research. Equation 2.13 is often referred to as the total
linear depolarization ratio as it encompasses potential scatter from aerosols, mo-
lecules and clouds [18].

Uncertainties in lidar depolarization measurements stem for a range of sources:
accounting errors for differences in optical and electronic gain of the channels,
poor polarization purity of laser beam, misalignment between polarization plane
of laser and detector, just to mention a few. Part of the error can be reduced by
a proper design and frequent calibration, but the depolarization ratio should also
be corrected,

_(P® L
g e

where P (R) and P(R) are the received powers (or signal strength) for the perpen-
dicular and parallel channel respectively. C is a constant accounting for differences
in the detector channels obtained by viewing an unpolarized light source, and y is
a correction term to account for poor laser polarization purity and misalignment of
transmitter and detector polarization planes [ 18]. Extensive research has connec-
ted the depolarization ratio to particles in the atmosphere [10-13], but aerosols
in particular span a great range of sizes, and spherical particles, such as deli-
quesced aerosols, produce little to no lidar depolarization. Little depolarization
is also expected from strongly absorbing (e.g. carbon-black) aerosols. However
the depolarization from inhomogeneous and irregularly shaped aerosols strongly
depend on size, and lidar data indicate that for example supermicron-sized desert
dust clouds generate & as large as ~ 0.25 [18].

2.6 Aerosol optical depth and Angstrém coefficient

The Beer-Lambert law can be used to measure aerosol concentration, by defining
optical depth. Optical depth defines how well photons from the sun are scattered
or absorbed by the atmospheric medium. Thus indicating the amount of absorbing
gases or particles in the atmosphere. Angstrém further built on the Beer-Lambert
law by defining optical depth as a function of wavelength with two paramet-
ers, turbidity and the Angstrom coefficient, providing information about amount
and size of particles respectively [25]. Two previous campaigns to characterize
particles in the atmosphere above ALOMAR have previously been carried out.
These used a sun photometer and/or the troposphere lidar to obtain the Angstrom
coefficient from the aerosol optical depth (AOD) [26, 27]. AOD was derived from
the Beer-Lambert law:
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F(A) = Fy(A) - exp[—m(7, + T + To,)] (2.15)

where F(A) is the wavelength dependent signal in mA, Fy(A) is the wavelength
dependent instrument signal, m is the airmass factor obtained from a paper by
Kasten and Young [28], Ty is the Rayleigh optical thickness, 7, is the ozone

optical thickness and 7, is AOD. AOD was further used to calculate the Angstrom
coefficient allowing insight to the size of the aerosol, calculated by the formula

T, = ﬂ N (2.16)

where f is the turbidity and a is the Angstrém coefficient [25]. A drawback with
the method implemented in these studies is that the lidar and sun photometer
must point in different directions, i.e. away from the sun and into the sun, provid-
ing a source of error. Utilizing a study by Miffre et al. [14] the polarization of the
beam and the wavelength pair 355 nm and 532 nm can be used instead of the sun
photometer to further investigate the Angstrém coefficient, providing insight to
both the particle size and the particle shape without the afford mentioned error.

2.7 The lidar profile

The lidar profile is the received signal frequency plotted against altitude of the
scattering signal. The most common way to plot this is with use of semi-logaritmic
axes, as with the assumptions of clean air, neglecting geometrical compression and
extinction, the signal should only decrease due to changes in pressure. Photons
received from scattering in clean air primarily derives from Rayleigh scatter by
air molecules and as the atmosphere is expected to become exponentially less
dense with altitude, one can expect a straight line on a semi-logarithmic plot. An
example of a range corrected signal can be seen in figure 2.4.
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Figure 2.4: Example of raw signal and range corrected signal in thesis by Fimpel
[29].

2.8 Polarization filters

When working with polarizing filters the intensity, I, can be calculated based on
Malus’ Law

I =Iycos26 2.17)

where 0 is the angle between the direction of polarization and the axis of the filter.
I and I, are the intensities of the transmitted light wave and light wave before
the polarizing filter respectively. Working with an unpolarized wave, which can be
considered a rapidly varying, random combination of parallel and perpendicular
polarizations, the filter will reduce the wave intensity by 50%.

1

I=2] 2.18
1o (2.18)

Malus’ law can easily be expanded for two filters, by perceiving I; as the source
for I, and I; related to I, as in equation 2.17. Hence

12 = 11C05291 = 10C05291C05292 (2.19)

where 6, is the angle between the direction of polarization of I, and the axis of
the first filter, while 6, is the angle between the direction of polarization of I; and
the axis of the second filter [30].
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Figure 2.5: Figure showing the effect of two polarizing filters on unpolarized
light, with the second filter tilted 0°, 45° and 90° relative to the first filter.

For the three examples in figure 2.5 this gives

1 1
I, = Iyc0s%0; , = =Iyc0s?0° = =1
2.1 1 1.1 2 0 2 0

1 1
I, = Ijcos%6, , = 51r0cosz45° = 7l (2.20)

1
Ir3= 11005291,3 = EIOC0529O° =0

Looking at figure 2.6, light passes through the bottom position of the filter wheel,
thus implying that the filters must be aligned with their respective axis in the
bottom position as they’ll rotate while moving to the bottom position.
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Figure 2.6: Sketch of rotational component of the FW102C filter wheel. Light
passes through the bottom position, in this schematic numbered 2.

Figure 2.5 gives and indication to the intended calibration approach. By utilizing
that a minimum should occur as the second filter is perpendicular to the first filter,
one can determine how accurate the filter wheel calibration is with a secondary
rotational filter, seen in figure 2.7.

Figure 2.7: Manual rotational filter used with an attached thin film polarizer to
calibrate the motorized filter wheel.

By placing the manual rotational filter in front of the motorized filter wheel the
minimum can be found. This implies that the minimum for the second filter, posi-
tion 3 in figure 2.6, should be a 90 degree rotation on the manual rotational filter
from the minimum of the first filter, position 1 in figure 2.6. Using this approach
deviation of the filter alignment can be measured.
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2.9 Calibration theory

A common lidar system such as the ALOMAR troposhpere lidar can be described
grouping individual parts in modules, which in turn are describable by the Stokes-
Miiller formalism. This formalism is convenient for optical systems as it describes
the linear transformation of an elliptically polarized beam, which includes the
range from linear to circular polarization, by scattering or passage through a po-
larizing medium. Briefly, the beam itself is characterized by a Stokes vector, I,
consisting of four components describing the intensity, ellipticity and orientation
of the major axis relative to the scattering plane. The optical system is described
by 16 coefficients expressed in terms of the scattering angle and azimuth relat-
ive to incident beam, collected in a 4x4 Mueller matrix that linearly transforms
the state of polarization of the beam, I, after passage through the system [31]. In
Stokes-Miiller formalism symbols for matrices are bold (M), vectors bold and it-
alic (I) and variables italic (I). The setup in figure 2.8, for simplicity not including
the 532 nm and 607-1024 nm channels, can be described as

Itp =N rMyrCMoFMEI} (2.21)

where Mt and My, are the Miiller matrices for the transmitted and reflected path
after the calibrator, C, and nry their opto-electronic gains respectively. Corres-
pondingly I+ and I are the stokes vectors for the electronic signal in the trans-
mitted and the reflected path. I; is the Stokes vector for the laser beam expanded
and directed towards the atmosphere with the backscatter matrix, F. Appropri-
ately My and M,, are the Miiller matrices for the emitter and receiver modules.
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Figure 2.8: Troposphere Lidar schematic subdivided in functional blocks describ-
able by the Stokes-Miiller formalism: I, is the Stokes vector of the laser source,
M; the Miiller matrix of the transmitter optics, F the atmospheric backscattering
volume, M,, the receiver optics inbefore the calibrator, C, and My the beamsplit-
ter cube including optics for the transmitted (T) and reflected (R) branches, I
and I being the electronic signals for those respective branches.

The advantage of this formalism is that it can easily account for changes in the
system. For example, if the calibration device, C, is placed before the receiver
optics rather than the polarizing beam splitter, equation 2.21 simply becomes
Itr = n1rMrrMoCFMEI] (2.22)
For simplicity we’ll neglect polarizing effects of the receiver optics, My, and the
laser emitter optics, Mg, simplifying equation 2.21 to
IT,R - nT,RMT,RCFIL (2.23)

The Stokes vector, I}, is represented by the total power I; and the state of polar-
ization of horizontally linearly polarized laser light

o~

(2.24)
0

I; is the total beam intensity, i.e. the radiant flux or radiant energy per unit of time,
not to be confused with the previously defined P(R), the total received power. As
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with I and Iy, the electronic signals of the detectors in the transmitted and re-
flected paths, I; is also directly measurable with a light detector for the flux of
photons.

2.9.1 Depolarizing atmospheric aerosol

Before the calibration theory we need to define a few parameters. Miiller matrices
describe the linear interaction between polarized light and an optical system. Any
input in the representation of a Stokes vector will produce an output in the form of
another Stokes vector. For the backscattering of randomly oriented, non-spherical
particles with rotation and reflection symmetry the Miiller matrix F can be written
as

F;, 0 0 0 10 0 0

| 0 Fp 0 0 |_ 0 a O 0

F=1 0 o —Fyy O =filo 0 —a o (2.25)
0 0 0 Fy 00 0 1-2a

with polarization parameter a = % and Fyy = F;; —2F5, = F11(1—2a).

In this work the polarization parameter a is defined as the fraction of backs-
cattered light that maintains the emitted linear polarization, and F;; as the backs-
catter coefficient. It should be noted, however, that other definitions can be found
in the literature. Equation 2.25 describes a pure depolarizer, including a mirror
reflection My, for the backscattering direction gives

10 0 0\/1 0O O
01 0 01]/0ao0 O

F=Fulo 0 -1 o|lo o a o (2.26)
00 0 —-1/\0 0 0 2a—1

The volume linear depolarization ratio 6, described in equation 2.14, of the scatter
volume can be written as

_Fll_FZZ _ 1—a

= = (2.27)
implying
1—6
= 2.28
“T1ts (2.28)

Horizontally linearly polarized light I; reflected by the atmosphere F and collected
in the receiving optics can then be expressed as
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1 0 O 0 1 1
0 a O 0 1 a

ILF:F].]. 0 0 —a 0 IL 0 :Fl]_IL 0 (2.29)
00 0 1—-2a 0 0

2.9.2 Optical parts: diattenuator with retardation

The remaining optical components in the lidar receiver can be described as a com-
bination of diattenuators and retarders, which have two different transmittances
for two orthogonal linear polarizations. With many lidar systems, as with this one,
a polarizing beam splitter cube is used for separating transmitted and reflected
light polarized perpendicular og parallel with respect to the laser polarization.
Other systems implement the use of polarizing or non-polarizing beam splitter
plates with subsequent polarization filters. All can be described with the Miiller
matrix of a polarizing beam splitter. The transmitting part as

%+@ %—@ 0 0
v L TP —T5 Tp+T; 0 0
=2 0 0 24/ TrTicosAr 24/ TR TSsinAg
0 0  —24/TPTssinAr 24/ TETScosA; (2.30)
1 Dy 0 0
Dy 1 0 0

=Tl o 0 Zzyep Zpsy

0 0 —ZTST ZTCT

with transmission coefficients for parallel polarized (T?) and perpendicular po-
larized (T*) regards the plane of incidence of the polarizing beam splitter. The
diattenuation, or property of the transmitting material in which the transmittance
depends on the incident polarization state of light, is denoted as Dy. Ty is the av-
erage transmittance. Ay is the retardance, i.e. the difference in phase shifts of the
parallel and perpendicular polarized light.

L TR4Ty o TR-Th 0 24/TyTy -
I't=—F—Dr=—Z2r=—7p = —V1-D7
2 TP+ TS TP + T5

cr =cosAr, sp =sinAp, Ap = ¢h — ¢,

(2.31)

To simplify we combine subscript for transmitting  and reflecting  to splitter ¢
when appropriate, implying
Dg € {Dg,Dr}, Mg € {Mg,M¢}, Is € {Ig,I1} (2.32)

Important not to confuse the notation for splitter, g, with the notation for perpen-
dicular polarized light, °.
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2.9.3 Calibration, depolarization ratio and total signal
Finally reaching calibration theory, still neglecting receiver optics, My, with the

new splitter subscript and removing the calibrator, i.e. C = 1 = identity matrix,
equation 2.23 represents the standard measurement at the axial rotation of 0°

I5(0°) = ngMFI,,

1 Ds 0 0 1
_ Ds 1 0 0 a
=Tl o 0 zges zess [Tt o
0 0 —ZSSS ZSCS 0 (233)
1+ Dsa
Dg+a
=nsTsFly SO
0
The measured signals I;(0°) are
Is(Oo) =MNs TSFl].IL(]‘ + Dsa) (2.34)

Thus it can easily be shown that the ratio of the measured reflected to the trans-
mitted signals is

Ia. . Tr(1+Dga)  nr(Tg + T36)
Riry= BT 5A _ TOR TR (2.35)
Iy nrTr(1+Dsa)  nyp(Ty +T3.6)
and solvable for ¢ if the calibration factor, 7,
T,
= RR (2.36)
nrlr

(with reflectance, Ty, and transmission, Ty, for unpolarized light),the transmis-
sion parameters, and the correction for unwanted interference or crosstalk, TIf s
T3, Tﬁ and Ty, of the polarizing beam splitter is known. 1 could also be calculated
from equation 2.35 with measurements from unpolarized light, i.e. a = 0. Or, as
this thesis intends to, determine it by means of calibration measurements. One
such method is by rotating the polarizing beam splitter including the detectors by
+45° with regards to the optical axis.
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Is(+45°) = nsMgR(+45°)FI;

1 0 0 0 (1
_ 0 0 1 O a
- nSMS 0 +1 0 0 FlllL 0
0 0 0 1 \0
1 Ds 0 0 1
Dy 1 0 0 0 (2.37)
- T’STS 0 0 ZSCS Zsss FllIL +a
0 0 —Zsss Z5CS 0
1
Dg

=nsTsFi1ly +aZgcs
FaZgsg

By rotating +45° the intent is to produce equal light intensities in the transmit-
ted and reflected paths, independent of the atmospheric depolarisation. One is-
sue with this calibration method is the error induced by an potential inaccurate
+45° alignment [32]. The error propagation following an inaccurate alignment
has been simulated in a paper by Zhao et al., concluding that a deviation in angle
smaller than 5° results in a relative error on the gain ratio of less than 2,7%, but
increases sharply above 5° [33].

The measured signal is now

IS(:|2450) = nSTSFl].IL (2.38)

and the calibration factor, 1, determined from the signal ratio

I T,
R(p45°)= TR _ (2.39)
It Nrlr

With the calibration factor known, the measured signal ratio 6* is defined as

Tr(TF + T36)

11 I I
Tr(Ty + T5.6)

5% = 0°) = L(+45°)R(0°) = (2.40)
nIT( ) IR( )IT( )

which is almost equal to the linear depolarisation ratio, &, but includes diatten-
uaton and crosstalk due to an imperfect polarizing beam splitter. The linear de-
polaristation ratio can now be expressed as

8*TrTr — Tr T
Ty TS — 5% TRTS

(2.41)

Assuming a good polerizing beam splitter the transmitted polarization should con-
tain very little crosstalk, such that
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T, <1 = {Ty~1, Ty ¥0.5TF, Ty ~0.5(1+ T})} (2.42)

further implying the approximation

5~ 6 —Tr(1—6%) (2.43)

The total lidar backscatter signal from the two signals I and Iz measured at 0° can
now be determined. This is the range-dependent signal, which was used for the
inversion of the backscatter coefficient, F;;, with lidar inversion methods. From
equation 2.34
Fp, = I5(0%) (2.44)
nsTsl (14 Dsa)

Further the polarisation parameter can be extracted from equation 2.35

Ir—1I
a= _Mr—Ir (2.45)
IgDy — I Dy
Inserting equation 2.45 into equation 2.44 yields
TrDrlg —NgTrDgl 1 D71 Dpl
ILFllznTTTR NrRIRVRIT _ ( iR RT) (2.46)
NrTrrTrR(Dr +Dr)  Dr—Dp \mgTgp  nrTr

From equation 2.46 the absolute backscatter coefficient, F;;, cannot be determ-
ined without calibration of the individual channel gains, ng and 1y, and know-
ledge of the laser intensity, I;. However, lidar signal inversions use a reference
value at a certain range, which implies only a relative, range-dependent Fy; is
needed. Hence F;; can be expressed proportionally as

P p
Ir—Tp Tr —Tx

—Ir—1 I
p R p T
TT+T; TR+T}§

Fyy < Dplg =MDl = (2.47)
Assuming an ideal polarizing beam splitter, i.e. Tﬁ =Ty =1, Tf; = T3 =0, and
thus Dy = -1 and D; = 1, equation 2.47 simplifies to

F11 OCIR_T)IT (2.48)

as expected. Bearing in mind that in general T; > Tﬁ , and therefore (T}f —Tp) <
0 and Dy < 0, while for the 355 nm and 532 nm depolarization channels at ALO-
MAR the perpendicular polarization is transmitted and the parallel polarization
reflected.

Summarizing, the calibration factor, 1, must be determined and the crosstalk cor-
rected for. The linear depolarization ratio, 0, is retrieved from two signals at O
degrees represented by 6* in equation 2.40, plus two signals for the calibration
factor at 45 degrees, equation 2.39, and knowledge of the polarizing beam split-
ter parameters T3, T}f , Ty and Tﬁ for correction of the crosstalk [32].
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Optical setup

Per today the UV channel at ALOMAR only consists of a beamsplitter filtering out
wavelengths less than 400 nm to a fiber, used for elastic and inelastic backscatter
measurements [9]. An optical setup for a 355 nm UV depolarization channel is
proposed with further description of the individual optical components in the next
sections. Assuming the backscattered lightrays from the telescope are collimated,
the filtered wavelengths from the laser will first pass a filter wheel used for calib-
ration. Then onto a beamsplitter cube to split the p-polarized (parallel polarized)
light from the s-polarized (senkrecht polarized, German for perpendicularly po-
larized) light. The rays further pass a filter to clean the signal of any unwanted
polarizations or wavelengths before being focused to a fiber by a combination of
two lenses. The fiber transmits the lightrays to the photomultiplier tubes for data
processing. A sketching of the proposed setup can be seen in figure 3.2.

Figure 3.1: Schematic of troposphere lidar system configuration with red outline
marking area of implemented depolarization channel.

25
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3.1 Laser - combine with troposphere lidar sub-section?

ALOMAR is outfitted with a Quanta Ray Nd:YAG PRO-290 laser which emits in
the infrared spectral region at a wavelength of 1064 nm. Part of the original 1064
nm wavelength is used for frequency doubling and tripling with nonlinear crys-
tals, producing an additional two wavelengths of 532 nm and 355 nm [18]. As
seen from table 2.1 the laser power is 1020 mJ at 30 Hz repetition rate. A beam
expander is used to keep the laser divergence low, with exit diameter of the laser
at 5cm and divergence less than 140urads. The typical pulse energy for the 355
nm channel is 120 mJ [9]. The manufacturer specifics a polarization "purity" of >
95%, which is not very accurate. Most likely, the laser is much better polarized,
but measurement of the polarisation is expensive and it can change during oper-
ation or as the laser degrades over time. This is probably why the manufacturer
specify a lower limit which they can assure under all circumstances [32]. The
laser at ALOMAR is angled such that it produces mainly parallel polarization in
the incident beam, thus perpendicular polarization (or the depolarized received
beam) will be detected in the transmitted path, further explained in section 3.3.
A schematic of the optical setup can be seen in figure 3.2.

Perpendicular polarized light, 355nm

Fiber

Lenses

4—\Filter

]

/]
Lu Parallel polarized light, 355nm//

\ Beamsplitter cube
J *~ Filter wheel

355 - 408 nm channel

Figure 3.2: Sketched optical setup for the UV 355 nm depolarization channel
fitted to the red outline in figure 3.1, with the system mainly in the focal box and
the fibers leading to the detection box
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3.2 Motorized wheel

The first optomechanical component of the depolarization channel is a filter wheel.
The filter wheel will serve as a calibration unit and must consist of minimum four
positions,

filter rotated +45 degrees

filter rotated O degrees

filter rotated -45 degrees

open channel for measurements

For calibration the first three positions will be used. By positioning filters rotated
0 degrees and rotated +45 degrees the calibration method called "+45 degree
calibration method" can be employed [32]. The equivalent is used for the pre-
existing 532 nm channel and the full method is explained in section 2.9. The
advantage of using a motorized filter wheel is full automation of the system, thus
limiting time spent adjusting the wheel which is important for the assumption of
a constant atmosphere during the operation. The open channel will be used for
measurements after the calibration is complete. The FW102C from Thorlabs was
selected to solve this task.

3.3 Beamsplitter cube

To seperate the two polarizations of light, a beamsplitter is placed after the fil-
ter wheel as indicated in figure 3.2. Apart from splitting the polarizations of the
beam, the main important property is high transmission of 355 nm light. Previ-
ously described by the manufacturer as the lasers "purity", the polarization ex-
tinction ratio (PER) or ratio of p-polarization to s-polarization from the laser is
high [34]. The orientation is such that the scattered signal matching the laser
polarization is detected as p-polarization, while the weaker depolarized signal is
detected as s-polarization. Therefore the beamsplitter cube will be rotated such
that s-polarization passes through the cube and p-polarization reflects 90 degrees.
This is due to the changing of medium causing part of the light to reflect instead
of transmit [35]. By rotating the cube one ensures that the stronger polarization
signal will have a minimal contamination from the weaker polarization signal,
instead of the opposite. Anti-reflective coating is added to the cube to decrease
the reflecting caused by the changing of mediums [36]. The PBS25-355-HP High-
Power Polarizing Beamsplitter Cube from Thorlabs was selected for this task.

3.4 Filters

Aslidar measurements are based on the backscatter of the laser signal, getting reli-
able measurements highly depends on transmitting as clean of a signal as possible
to the photomultiplier tubes. To ensure the received signal consist of the inten-
ded wavelengths, polarization filters are used. Thin film laser line polarizers are
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perfect for this, with a transmission of >98% p-polarization [37]. For s-polarized
light the filters are rotated 90 degrees with regards to the parallel filter. Hence
acting as a filter for s-polarization with equal specifications. The filters are placed
before the lenses as indicated in figure 3.2, this is to ensure the light still consist of
collimated rays as it passes the filters. An important factor, as varying the incident
angle of the rays will shift the filters to a shorter wavelength. Varying temper-
ature will provide a similar effect, with filter wavelength linearly depending on
filter temperature [38]. With this in mind it is important to avoid any unnecessary
angling of the beam, as well as avoid temperature build up due to light absorp-
tion. The thin film laser line polarizers will serve both in calibration with the filter
wheel and as filters for any contamination of wavelength or polarization after the
beamsplitter cube. 355nm, 25mm diameter, thin film laser line polarizers from
Edmund optics are optimal for this task.

3.5 Lenses

Lenses in optical systems should ideally focus one point from the object plane
to one point on the image plane exactly. Unfortunately a common problem are
chromatic aberrations, meaning the focal length of a lens will shift in accord-
ance with the lights wavelength [39]. A common approximate solution for this
is the use of multi-lens systems or achromatic doublets or triplets [40]. As this
system ideally consists of a single wavelength, chromatic aberrations should be
close to negligible. However, optical components are not perfect and rather than a
single wavelength, the system will likely consist of a short interval of wavelengths
centered around 355 nm. To counteract any abbreviations a short interval might
cause, a convex and a concave lens in succession will be used. Essentially working
in a similar fashion to a achromatic doublet, by placing a stronger (shorter focal
length) convex lens before a concave lens as indicated in figure 3.3.

Figure 3.3: Raytrace using Lensforge of Thorlabs LA4148 (convex lens) and
LC4513 (concave lens). Simulating with 200 collimated rays and 7mm distance
between the lenses. Marginal ray and Chief ray in green and red respectivly
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3.6 Fibers

A fiber will be placed in the focus of the lenses. As the lens tubes have a diameter
of 25 mm and the fiber has a diameter of 2.3 um, the absolute value of the mag-
nification must be < 0.000092. This is only if the backscattered beam used the
full diameter of the Thorlabs lens tubes, which is not the case as that would cause
light to scatter of the internal components (lens tube walls, retaining rings, etc.).
Thus this magnification is not absolute, but a good basis for initial computations.
Important to note is the potential change in polarization caused by the fiber and
for this reason a polarization maintaining (PM) fiber will be used. As the fibers
are placed after the beamsplitter cube, this is not a concern for this design, but
PM fibers will still be used as they are more flexible to design changes. To limit
loss in fibers, as short a fiber as possible should be implemented, as well as avoid-
ing any excessive bending of the fiber. Another important note is the angle of the
fibers acceptance range, implying that rays with angle of incidence to large will
not be accepted. Thorlabs describes their fibers with the property numerical aper-
ture (NA). NA is a measurement of the opical fibers ability to capture light. From
Thorlabs website the fiber PM-S350-HP has NA = 0.12 [41]. Numerical aperture
can be described as

NA = nsin(9) (3.1)

where 6 is the half cone angle and n is the index of refraction [42]. n is approxim-
ately equal to one for air. With the thin lens approximation, n is about one for the
lens system. Hence the sine of half the acceptance angle is equal to NA. With the
previously described two lens setup and a distance of 7mm between the lenses, a
6,86° maximum angle of incidence from the principal axis will be transmitted to
the fiber, just below the fibers acceptance range of 6,89°. Decreasing the distance
between the lenses increases the combined focal length, which in turn decreases
the maximum incident angle. The lenses LA4148 and LC4513 with a maximum
of 7mm distance in combination with Thorlabs PM-S350-HP fiber are selected for
this system.

3.7 Summary of optical components

The optical components have been chosen based on three main properties; per-
formance, cost and weight. During the construction of the 532 nm depolarization
system Thorlabs one inch components where exclusively used, meaning the UV
channel per today also has a one inch tube mount. As mounting the proposed sys-
tem to the preexisting system is unavoidable, a fourth requirement of all compon-
ents being compatible with Thorlabs 1 inch components where made. A summary
of the selected components can be found below.
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Table 3.1: Summary of optical components

Optical component | Product name | Amount Distributor
Filter wheel FW102C 1 Thorlabs
Beamsplitter cube | PBS25-355-HP 1 Thorlabs
Filter #86-707 4 Edmund Optics
Convex lens LA4148 2 Thorlabs
Concave lens LC4513 2 Thorlabs
Fiber PM-S350-HP 2 Thorlabs




Chapter 4

Data processing

Before analyzing the lidar profile the raw signal data must be processed. ALOMAR
use Licel transient recorders for data processing. The Licel software use range bins
instead of km for altitude measurements. Range bins , commonly called resolution
steps (dR), can be determined by

cT

dR: ? (41)

where ¢ is the speed of light, 7 is as defined earlier the pulse duration and the
factor 1/2 is due to the light traveling both ways in the resolution step [43]. Know-
ing the sampling frequency is 20 MHz, the pulse duration must be m =50 ns.
Following, the range bins are quickly calculated to 7.5 m with equation 4.1. Thus
from table 2.1 the max and applied signal ranges become 122800 m and 61440
m respectively.

4.1 Photomultiplier tubes

Licel transient recorders process signals from electrical currents, implying that the
often weak backscattered signal from the atmosphere must be amplified. For this,
Photomultiplier tubes (PMTs) are used. A PMT is an electron tube composed of a
photocathode coated with a photosensitive material. Signal reaching the cathode
causes the release of electrons into the tube thought the photoelectric effect. These
electrons are attracted to and accelerated towards the first positively charged dyn-
ode. Several dynodes are arranged such that electrons from each dynode are dir-
ected towards the next dynode in a series. Electrons emitted from each dynode are
accelerated by the applied voltage towards the next dynode, where their impact
causes the emission of numerous secondary electrons. These electrons are also
accelerated to the next dynode, thus generating a cascade of electrons. At the last
dynode the stream of electrons are accelerated to the anode and produce a cur-
rent pulse in the load resistor, representing an external circuit. This current is the
current registered in Licel transient recorders and is proportional to the intensity
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of the signal reaching the cathode. In a well designed PMT emitted photoelectrons
can produce between one and eight secondary electrons at each dynode impact.
A PMT is used as it is capable of detecting extremely low intensity levels of light,
even individual photons [44].

When the electrical current from the PMTs reach the Licel transient recorder, the
signal is ready to be processed. The data processing can be summarized in six
steps. For all corrections the measurement uncertainty is considered and com-
bined using the standard Gaussian error propagation.

4.2 Dead-time correction

Licel photon counters in general have certain limitations during photon count-
ing. Dead-time is defined as the minimum time needed for the photon counter to
distinguish between two photons. Due to the electron cascade, the pulse at the
anode has a width. Should two photons hit simultaneously, these pulses will over-
lap. Normally counters are rated according to their ability to count "clock" pulses
(regular spacing). However, the photons come at random times (in a Poisson dis-
tribution), so that some are too close to distinguish. A general rule of thumb is
that a 10 MHz counter will be linear (photons to counts) from the dark count to
1 MHz. As photon scatter from the laser is high, so is the likelihood of missing
photons. Photons hitting within the dead-time are simply lost and detector sat-
uration will be reached proportionally to the inverse of dead-time. As this is a
statistical problem and the system can be described as non-paralyzable, the count
rate is given as

N

S=—
].—N'Td

4.2)
Where S is the true count rate, N is the observed count rate, and 7, is the system
dead time. This is a theoretical model and only valid if N < 7d [45]. Implying
that the model is good as long as the observed count rate per dead-time is less
than one on average.

4.3 Background correction

The detected lidar signal will always consist of some background noise or un-
desired signal. At daytime, the background signal consist mostly of direct or scattered
sunlight, while nighttime is dominated by the moon, stars and artificial light
sources. All these factors must be accounted for before a lidar signal can be eval-
uated further [18]. In the raw signal this can be seen at great heights, where the
atmospheric scattering is negligible, and between shots where the observed count
rate becomes close to constant. The average of this observed constant is subtrac-
ted from the signal. Note that this also accounts for the dark count, which arises



Chapter 4: Data processing 33

from thermal generation of electrons from the cathode.

4.4 Range correction

Range correction is a widely used approach as it does not require the use of re-
flectance targets, as it would be nearly impossible for non-stationary lidars. The
correction is based on a simplified form of the radar equation, which normalizes
intensities for a range with respect to a reference range as

R f
Lorrected = R ’ Ioriginal (4.3)
reference

where I is the corrected and original intensities respectively, R is the distance from
the lidar to the scatter source, R;¢ference iS the mean distance and f is the tuning
parameter. Theory suggests that f cannot be smaller than 2.0 [46]. Implying that
the received signal will decrease with height proportional to the factor }%. Similar
to the previously described overlap function in equation 2.3, correction for this is
known as the range correction.

4.5 Bin shift correction

The photomultipliers used measure in both discrete photon counting and analog
mode. For high intensity light, the photon count is high, implying that the analog
signal or the mean of the current observed is used. While for low intensity light
the current pulses can be counted individually, implying discrete photon counting.
The analog and the photoncounting data has a fixed shift between them due to
two factors. Firstly analog bandwith, the preamplifier contains a antialias filter
with a bandpass of half the sampling frequency, delaying the analog signal by two
bins compared to the photon counting. Secondly the Analog-to-Digital Converter
(ADC) sample voltage in a multiple step process, implying that the sample result
is available several clock cycles after the actual sampling took place [47]. The bin
shift correction between analog mode and photon counting at ALOMAR is three
bins.

4.6 Zero-bin correction

Most lidar instruments utilize a trigger to activate the pulse-firing from the trans-
mitter and data acquisition in the receiver. Even so a temporal delay between the
activations may occur. This creates a spatial displacement in the received signal
with respect to the real position of the source. To ensure that the first resolution
step, i.e. first bin, is the first altitude measured a zero-bin correction is completed.
A common fix is to place a source with known distance from the lidar and measure
the backscatter. This will reveal the necessary calibration for the zero-bin.
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Laser ————»

Focal box

Figure 4.1: Experimental setup used for calculating zero bin correction at ALO-
MAR. 100 meter fiber with known transmission, t is trigger activation, t, is time
when signal received from first atmospheric backscatter, t, is time when signal is
received from fiber.

A similar approach has been used to calculate the zero bin correction at ALOMAR.
Figure 4.1 shows the experimental setup. Using a 100 meter fiber with known
transmission and measuring the distance between the laser and the focal box to
be 7 meters, the calculation could be made after measuring t, and t;. The zero
bin correction used at ALOMAR is three bins.

4.7 Gluing

Finally the analog and the discrete photon counting modes can be combined or
glued together for a complete lidar profile.
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Experimental setup

Before implementation at ALOMAR it was important to prove that the proposed
design would be functional, thus a proof of concept or benchmark test was com-
pleted. As there were no available lidar systems in Trondheim to test the depolariz-
ation channel on an alternate system was implemented to simulate the backscatter
transmitted from the beamsplitter in the focal box, marked as the red outline in
figure 3.1. The setup used to simulate the reciver setup at ALOMAR for benchmark
tests in Trondheim can be seen in figure 5.1. The fibers where in turn connected a
low power detector transmitting the signal to an optical power meter. The detector
and power meter can be seen in figure 5.5.

Figure 5.1: Experimental setup; 1. Mercury lamp, 2. Mercury lamp exit slit with
adjustable pinhole, 3. Lens tube with biconvex lens and bandpass filter, 4. Sun
photometer, 5. Filter wheel, 6. Beamsplitter cube, 7. Filter in parallel channel, 8.
Filter in perpendicular channel, 9. Two lens system in parallel channel, 10. Two
lens system in perpendicular channel, 11. Fiber in parallel channel, 12. Fiber in
perpendicular channel, 13. Newport detector.

35



36 J.Salvesen: Design, test and implementation of a UV 355nm depolirazation channel

5.1 Mercury lamp, pinhole and biconvex lens

The germicidal low pressure mercury lamp has a broad emission spectrum, with
peak emissions at 253.65 nm, 296.73 nm, 365.02 nm, 404.66 nm, 365.02 nm,
404.66 nm, 576.96 nm, 579.07 nm [48]. A spectrometer was used to confirm that
the mercury lamp exhibited the full spectrum. The pinhole in combination with
the mercury lamp acts as a point source, and can be seen in figure 5.2. The pinhole
was placed in the focal point of the biconvex lens, with the collimator placed in the
other focal point. Thus all light exiting the pinhole should focus to the collimator.

Figure 5.2: To the left a germicidal low pressure mercury lamp and an adjustable
pinhole. The pinhole can be seen attached to the lamp in figure 5.1.

5.2 Bandpass filter

Due to the Mercury lamps broad emission spectrum a narrow bandpass filter was
implemented to reduce the amount of unwanted wavelengths within the system
and thus get a better proof of concept test. Figure 5.3 shows that transmission for
the bandpass filter starts at about 340 nm and ends at about 380 nm, perfect for
the intended peak emission 365 nm. The disadvantage of this bandpass filter was
the low transmission, letting through less than 50% of the desired wavelength.
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Figure 5.3: To the left the narrow bandpass filter. To the right the narrow band-
pass filter transmission curve.

5.3 Collimator

The mercury lamp exhibits uncollimated light. To better simulate the receiver
setup at ALOMAR a Sun photometer collimator (JO04-SMA), seen in figure 5.4,
was implemented in the experimental system to collimate the light traveling through
the system. Normally used as a telescope in the study of direct irradiance of the
solar radiation, the optic utilized a UV-grade fused-silica window to provide high
transmission of UV radiation. As the optic has a field of view of 1.5 degrees, one
can feed light from a fiber through the SMA connection and expect reasonably col-
limated light transmitted to the optical system [49]. As the both the fibers where
in use, an alternate solution was used, focusing light from the the pinhole to the
SMA entrance with a biconvex lens instead of a fiber.

Figure 5.4: A J004-SMA sun photometer collimator. Used in the experimental
setup to produce collimated light for the depolarization channel.
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5.4 Optical power meter

At ALOMAR photomultiplier tubes in combination with Licel transient recorders
are used for processing the signal received from the fiber, as a replacement for the
experimental setup a Newport optical power meter and manual recording was
used.

Low-Power Dectector
918

Model

Figure 5.5: To the left a Newport 918 low power detector and to the left a New-
port 2930C duel channel optical power meter.

5.5 Experimental results

Figure 5.6 shows the signal intensity in the two channels during the mercury lamp
warmup phase. As expected the signal rises from low to high during the warmup
phase, before stabilizing at about 42 pA and 55 pA in the perpendicular and the
parallel channel respectively.
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Figure 5.6: Signal intensity through the mercuary lamp warmup phase. Measure-
ments where run with the filterwheel in an open channel. Manual measurement
points added with fitted curve.

Notably the results imply that the mercury lamp exhibits a slight preference to
parallel polarization. This is unexpected as the mercury lamp should produce un-
polarized light, but could be due to internal reflections within the lamp tube and
housing, or to slight misalignment of the optical components producing scatter
or changes in polarization. Further the signal received is quite weak, only on the
scale of picoampere. This could also be due to misalignment, but more likely a
combination of the relatively low output from the mercury lamp, a small pin-
hole drastically reducing the amount of light entering the system, as well as a
low transmission through the bandpass filter. These tests where only intended as
proof of concept and not as the results themselves, thus optical alignment and
high transmission was not prioritized. A performance test was to follow during
the implementation at ALOMAR.

5.6 Experimental calibration results

Previously a paper by Zhao et al. highlighted the importance of an accurate filter
wheel calibration [33]. Following the setup explained in section 2.8, calibration
of the filter wheel was completed, yielding the following results.
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Figure 5.7: Offset filter wheel calibration. Manual measurement points with fitted
curve. The drop in signal at 90 degrees is due to switching the motorized filter
wheel from position 1 to position 3.

Figure 5.7 shows a slight offset of 6-7 degrees, the minimum of the first filter can
be seen at 45 degrees, related to the degrees on the manual rotational filter wheel.
Implying that the second filter should have a minimum at 135 degrees. Another
indication to the error in figure 5.7 is the offset between filter switches. Utilising
that the mercury lamp exhibits unpolarized light and rotating the manual filter
wheel 45 degrees after the initial minimum, the output right before and right
after switching filter wheel position should be equal due to the alignment of the
filters.
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Figure 5.8: Corrected filter wheel calibration. Manual measurement points with
fitted curve. The drop in signal at 90 degrees is due to switching the motorized
filter wheel from position 1 to position 3.

Figure 5.8 shows the corrected calibration. Notably the minimums are larger than
zero signal, implying that the two filters are letting through some light. This is
probably due to noise in the system, fibers or low power detector. One cause of
noise could be the bandpass filter letting through unintended wavelengths. Light
between 340 - 460 nm will be transmitted by the fiber and the longer wavelengths
are less affected by the filters compared to the design wavelength and thus create
noise. For the £45 degree method calibration for the filter in position 2 from figure
2.6 should be included to ensure accuracy of filters in position 1 and 3 being +45
degrees from this filter.






Chapter 6

Implementation at ALOMAR

Due to several shipment delays and malfunctioning equipment, combined with
the time constraint of a masters project I was unable to achieve all that I wanted,
leaving a good amount for future work.

Hn‘l;‘!“ o :

!4

Figure 6.1: Telescope and attached focal box, 532 nm calibration wheel marked
with a red circle.

From figure 6.1 the focal box can be seen mounted to the telescope, with the
circular calibration wheel for the 532 nm depolarization channel being most re-
cognizable and marked with a red circle. This design necessitates a lengthy re-
calibration whenever access to the focal box is required, as the telescope must be
disassembled and realigned. Due to the lengthy re-calibration process the planned
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and proposed design was rejected while at ALOMAR. An alternate solution was
proposed, using the polarization maintaining fibers to transmit 355 nm light to
the detection box without changing the polarization. Only changing the fiber lead-
ing from the telescope would avoid dismantling the telescope and thus also avoid
the re-calibration. The depolarization channel would then be implemented in the
detection box, seen in figure 6.2.

Figure 6.2: Picture and Schematic overview of the detection box.

Advantages of this setup would be easy access to the depolarization channel,
allowing for re-calibration, adjustments and the swapping optical components
without re-calibrating the telescope. Potential issues are the unknown effect of
the polarization maintaining fiber on the polarization, and the premounted lens
focusing from the telescope to the fiber either not achieving the necessary magni-
fication with regards to the fiber diameter, or the angle of incidence of the focused
light beam being larger than the acceptance angle of the fiber. These latter two
would result in either increased scatter or loss of signal, which could limit the
range.



Chapter 6: Implementation at ALOMAR 45

Figure 6.3: Picture of troposphere laser.

For the initial issue, fibers effect on polarization, several tests where attempted.
First with a 532 nm laser pen, as the 405 nm pen was malfunctioning. The pen
would have high collimation, making it excellent for simulating the received laser
signal. Thorlabs only specify the lower cutoff for their fibers, so the thought was
that transmission for higher wavelengths would be possible, but likely poor [41].

Figure 6.4: On the left the malfunctioning 405 nm laser pen. On the right the
laser pen setup for benchmark tests of fiber influence on polarization

Using polarizing filters for 532 nm benchmark tests for the laser pen where run,
the results can be seen schematically in table 6.1. Theoretically, with both parallel
and perpendicular filter in place, one would expect no signal, but about 10% of
light was still transmitted. This is likely due to poor alignment or imperfect filters.



46 J.Salvesen: Design, test and implementation of a UV 355nm depolirazation channel

Unfortunately no signal was achieved when the fiber was implemented, and it was
later confirmed with a simple mobile phone light test that only blue light transmits
through the fiber. The white light from a phone is created by three diodes in red,
green and blue wavelengths, thus one can shine light on one end of the fiber and
use the naked eye on the other end to see what color the transmitted light is. A
likely reason for the upper limit on transmitted wavelength is bend-losses in the
fiber, which is higher for longer wavelengths.

Table 6.1: Benchmark tests for 532 nm laser pen.

System components Output | Output with fiber
Laser pen 20mW -
w/ parallel filter 5mW -
w/ perpendicular filter 15 mW -
w/ parallel and perpendicular filter | 2mW -
w/ perpendicular filter x2 15 mW -
w/ parallel filter x2 5mW -

Next a Perkin-Elmer lambda 900 spectrophotometer able to produce wavelengths
between 175 nm and 3300 nm, was intended as a light source for the lab tests.
Unfortunatly the spectrophotometer produced quite weak and uncollimated light
with only a 5% transmission through a normal fiber compared to direct transmis-
sion from exit slit to detector slit. The poor transmission combined with a high
incidence angle from the preinstalled lenses lead to a signal through the polariz-
ation maintaining fiber indistinguishable from background noise. An attempt to
collimate and refocus the light was made, but due to the short working distance
within the spectrophotometer a fiber to a secondary working station had to be
used. The low transmission, even invisible to the naked eye at 532 nm, led to un-
detectable signal. This was likely due to a combination of a weak signal from the
first fiber and some signal lost when collimating and refocusing. The Perkin-Elmer
spectrophotometer can be seen in figure 6.5.
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Figure 6.5: Perkin-Elmer lambda 900 spectrophotometer with bird’s-eye view of
exit and detector slits

Final attempt was to filter out 355 nm light from the troposphere laser itself, seen
in figure 6.3. Potential issues with this approach was that the laser intensity would
be too strong and damage the optical components, of special concern was the fiber
because the entrance diameter requires a strong focus of the already intense beam.
To limit the intensity of the beam neutral density filters were installed, leading to
another worry. Neutral density filters work by absorbing part of the beam as heat
energy. Overheating the density filters would reduce the absorption and poten-
tially still damage the optical components. The test setup can be seen in figure
6.6 and consisted of the laser, the beam expander, two mirrors, two beamsplit-
ters and a detector. Two pinholes and a 1024 nm laser was used for adjusting the
beam path, and Thorlabs cubes for reducing the scatter from unused wavelengths.
Unfortunately, leading up to my stay at ALOMAR the laser obtained an oscillator
issue. It was believed that the faulty oscillator could be remotely started, thus op-
erating the lidar as usual, but when the test setup in figure 6.6 was completed, the
remote startup also failed. The laser is per today out of commission and awaiting
service.
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Figure 6.6: On the left the unfinished test setup can be seen, with a 1024 nm
laser and two pinholes used for adjusting the mirrors and beam path. On the
right the finished test setup can be seen, with cubes for reducing the scatter from
the unused wavelengths.

While setup from figure 6.6 was installed, damage on the beam expander entrance
and exit lenses was found. The laser last received maintenance in February and
have likely been harming the beam expander since. The lens damage can be seen
in figure 6.7, showcasing that even if the laser were operating normally the results
produced, and calibration based on those results would be speculative at best, due
to the changing of polarization caused by the beam expander. Changing the lenses
was possible, but without knowing the influence of the potential internal damages
of the beam expander, the results would be deemed conjectural.

Figure 6.7: Beam expander with damages from the laser beam

When the project was proposed the plan was to install the depolarization channel
in the focal box, similar to the 532 nm channel and marked with a red outline
in figure 3.1. This would cancel all other channels with wavelengths of the range
355-408 nm, and more specifically the existing 387 nm Raman channel, seen in
figure 6.2. During my stay this proved to be undesired after all. An alternative
solution, to install the depolarization channel after the 355/387 nm beam splitter
was proposed. The issues with this proposed solution is that the 355/387 nm
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beam splitter is a dichroic mirror unintended for polarization work, thus causing
an unknown polarization on the signal and rendering the results speculative. The
effect could be measured or the mirror swapped, but as per today the issue remains
unsolved.

6.1 2021 Results

As Iwas unable to implement the 355 nm depolarization channel at ALOMAR due
to problems with the system a short analysis of some existing results are included,
with reference to what could be achieved when the laser is operational and the
channel installed. ALOMAR uses the previously mentioned +£45 degree calibration
method for calibration of the 532 nm channel.

Sequence Setup Average Intensities | Selected Channel Signal |

Start Angle StopAngle StepAngle DAQs Laser pulses
-80 80 5 33 80

Polarizing film Angle © [9]

-180

Polarizing film Angle © [9]
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Figure 6.8: Calibration wheel position and calibration measurement from 532
nm channel on 4™ of August 2021, plotted with Labview. Reflected(||) channel in
blue and transmitted(L) channel in red.

Figure 6.8 shows a calibration measurement for the 532 nm depolarization chan-
nel. Theoretically the signal intensities at polarizing film angle +45° should be
equal as explained in section 2.9.3. The inequality in combination with the slight
shift of the reflected path intensity peak implies a slight rotation of the plane of
polarization, a re-calibration of the filter wheel should thus be preformed [29].
Though other calibration techniques exits, the 45 degree calibration method
was the calibration of choice. This was due to simplifying the operational work
for the employees at ALOMAR, as both depolarization channels would be based
on the same calibration technique. There would still be differences, the 532 nm
calibration unit is manufactured with polarizing film, providing a possible full 360
degree rotation with £90 degree rotation for calibration. However, while the mo-
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torized filter wheel used in the UV channel has 360 degrees of rotation, it has
only six fixed positions. With one of those six used for measurements, that only
leaves a potential five positions for calibration. As explained in chapter 3 only
three of these five positions are needed. Unlike the 532 nm calibration this will
only provide six measurement points and will hence be more susceptible to errors
due to deterioration, such as shifts in alignment or filter damage, but easier to
maintain as parts degrade over time.

ALOMAR Troposphere Lidar Measurement 04. jul. 2021
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Figure 6.9: Labview plot from all channels on 4 of August 2021.

An overview of the different channel measurements on the 4™ of August 2021 can
be seen in figure 6.9. Of special note is the strong backscatter in the 355 nm chan-
nel at low altitude, but fading as the day progresses. While saturation of the system
is represented by the white cutoff at very low altitudes, general low altitude lidar
backscatter can be due to a number of reasons. The troposphere contains various
aerosols such as dust, pollutants, and other particulate matter. At low altitudes,
where the concentration of aerosols often is higher, the backscattered signal from
the aerosols can become strong. Low-altitude clouds can significantly affect lidar
measurements. Clouds are composed of water droplets or ice crystals that scat-
ter and reflect light, including the laser pulses emitted by the lidar, this can also
be seen from the cloud at 12-16 km height. When the lidar beam interacts with
clouds at low altitudes, the return signals from the cloud particles can be intense.
The ice-contents of the clouds could be investigated by comparing the results from
the two depolarization channels to the papers by Kustova et al. [10, 11].

Interestingly the strong backscatter fades with a progressing day and this could
be due to a number of reasons. For instance diurnal variation of aerosols. Aerosol
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concentrations in the atmosphere can vary throughout the day due to factors such
as human activities, local emissions, and meteorological conditions. If the aerosol
loading responsible for the backscatter is higher in the morning or early hours and
decreases as the day progresses, then lidar measurements may experience reduced
backscatter at low altitudes later in the day. It could also be due to changing atmo-
spheric conditions. The state of the atmosphere can change over the course of the
day. For example, the mixing of air masses, atmospheric stability, and wind pat-
terns can affect the distribution and characteristics of aerosols and clouds. If these
conditions shift in a way that reduces the concentration or scattering properties
of aerosols or clouds at low altitudes, it can lead to a decrease in backscatter as
the day progresses. A shift in wind directing due to ground heating on a summer
day carrying unpolluted, clean air from the north and north-western airmasses is
an example of this and could be a likely culprit given the day of measurement
was early August. If low-lying fog or clouds are present at low altitudes in the
morning or early hours, they can contribute to backscatter in tropospheric lidar
measurements. As the day progresses, solar heating, wind, or other atmospheric
processes can lead to the dissipation or lifting of these fog or cloud layers, redu-
cing the backscatter effects. Other environmental factors, such as temperature,
humidity, and air pollution levels, can vary throughout the day. These factors can
influence the formation, transport, and properties of aerosols and clouds. If con-
ditions become more favorable for dispersion or dissipation of aerosols or clouds
at low altitudes, it can result in a decrease in backscatter as the day progresses.
An example of an environmental factor could be radiation fog or mist. During the
night, the ground cools and can cause condensation on cloud-condensation nuc-
lei. Typically such fogs or morning mists persists until the sun warms the ground
and evaporates the fog.

Most of these reasons would imply a visible effect in all channels, but the strong
signal is only visible in the 355 nm channel. Combining the thought of only visible
in the 355 nm channel and fading as the day progresses provides a potential ex-
planation. As lidar measurements at different wavelengths are sensitive to differ-
ent particle sizes. The 355 nm channel, typically more sensitive to smaller aerosol
particles, while the 532 nm and 1064 nm channels are more sensitive to larger
particles. If the aerosols present in the atmosphere have a composition that res-
ults in stronger scattering at 355 nm, it can lead to a more intense return signal.
Using the two depolarization channels as a wavelength pair the aerosols could be
characterised by comparing results with the papers by Giannakaki et al. [12] and
Miiller et al. [13]. An investigation of a similar phenomena has been conducted by
Gugerli, showcasing a diurnal fluctuation in the number and size of the aerosols,
with more and marginally larger particles in the morning. Presumably some small
water clusters formed overnight [50].

These explanations highlight the complexity of lidar measurements. The specific
cause for the backscatter in the 355 nm channel, while the other channels re-
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main unaffected, would require further investigation and analysis of the aerosol

properties and atmospheric conditions on the day of measurement.
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Figure 6.10: Labview plot from 355 nm channel on 4" of August 2021. Plot is
averaged over the red outlined section.

As can be seen in figure 6.9 saturation in the 355 nm channel is reached earlier
than the other channels, with even the digital channel seen in figure 6.10 reaching
saturation around the same altitude as the 532 nm analog channel, figure 6.11.
This either indicates the atmospheric conditions above ALOMAR favors scatter at
shorter wavelengths, or could just be caused by Rayleigh scatter, which varies as
A~*. Hence short wavelengths tend to scatter more than long, and could account
for the 355 nm channel seeing more scattered sunlight.
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Figure 6.11: Labview plot from 532 nm channel on 4™ of August 2021. Plot is
averaged over the red outlined section.

As seen from both figure 6.10 and plot 6.11 part of the passing cloud is still within
the averaged period and backscatter intensity peaks at 11-12 kms. Interestingly
the intensity has a stronger peak in the 532 nm channel compared to the 355
nm channel. Given that water droplets scatter all wavelengths to a similar degree
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this must be either due to the height of the cloud being advantageous for longer
wavelength as less of the shorter wavelength reach the cloud, or due to particles or
ice in the cloud scattering the visible 532 nm wavelength to a greater degree. The
latter being the most likely explanation, as for a given wavelength, the scattering
cross section as a function of % increases low values of %, flattens off around %zl,
and then is reasonably flat for higher values of %.






Chapter 7

Conclusion and future work

7.1

Conclusion

A design with benchmark tests for a 355 nm depolarization channel to character-
ize particles in the lowest part of the atmosphere, the troposphere, above ALOMAR
has been presented. Theoretical background, data processing and analysis of ex-
isting measurements have also been displayed. The intended implementation of
the depolarization channel encountered numerous problems and has not been in-
stalled. Solutions to all the aforementioned problems, have been proposed and
the system is ready for installation as soon as the troposphere laser is operational.

7.2

Future work

Implementation of 355 nm depolarization channel either in focal box as
intended or in the detection box. Potentially also moving the 532 nm chan-
nel with the use of polarization maintaining fibers for easier access in the
future.

o Test of polarization maintaining fibers influence on polarization

Measurement comparison of 355 nm depolarization channel to EarthCARE
satellite.

Aerosol investigation and characterisation, comparison with the 532 nm
channel, both for long and short term measurements.

Investigate the Angstrém exponent by use of the two depolarization chan-
nels.

Calibration and systematic error calculation based on for instance the Miiller-
Stokes formalism.

Comparison with the CIMEL sun photometers at ALOMAR.
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