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Abstract

In the frame of the Atmospheric Dynamics Mission ADM-Aeolus of the European Space

Agency (ESA) an airborne demonstrator, called A2D, was developed in a cooperation

of DLR and EADS-Astrium. ADM-Aeolus is the �rst satellite mission worldwide to

measure wind from space with a lidar. The objective of the A2D, which is composed of

a laser transmitter, a telescope, and a receiver, is to validate the space lidar principle

during ground and �ight campaigns before launch.

Main objective of this thesis was to characterise the injection-seeded and frequency-

tripled Nd:YAG laser transmitter of the A2D concerning its frequency stability, beam

divergence, and spectral properties.

New frequency stabilisation methods as ramp-�re and ramp-delay-�re were analysed

with the result that the requirements of the seeded laser operation was achieved even

within the vibrational environment of an aircraft. During two test �ights on the DLR

Falcon 20 aircraft, the pulse-to-pulse frequency variation of the laser transmitter was

determined to be smaller than 0,6 MHz, and is thus within the requirement of 1,3 MHz.

Another ambitious task was the determination of the laser beam divergence. Two dif-

ferent methods (knife-edge and lens-camera method) were performed in the �eld and in

the laboratory. After optimization of the laser output beam expander, the divergence

was measured to be smaller than 100 µrad for the 6-σ-diameter, which is the required

value.



Abstract v

An increase in laser energy per pulse from 60 mJ
pulse

to 70 mJ
pulse

was achieved after charac-

terising the frequency spectrum of the seedlaser and shifting it to the maximum of the

gain spectrum of the master oscillator laser. Hence, the laser energy is even higher than

the required value of 60 mJ
pulse

.

Within this thesis the A2D laser transmitter performance was signi�cantly improved

and thoroughly characterised. It was shown that the optimized A2D laser meets the

requirements for frequency stability, beam divergence and laser pulse energy even during

�ight conditions on the DLR Falcon 20 aircraft.



Chapter 1

Introduction

Over the past two decades, the tools to observe, understand, and model the Earth System

have improved substantially through developments in observational technology. These

developments include remote sensing from space, improvements in numerical simulation

and high performance computing, and new methods for assimilation of time dependent

atmospheric, oceanic, and chemical data in a hierarchical set of dynamically evolving

models of the Earth System. This has deepened the understanding of the complex inter-

actions between the various components of the Earth System [ESA 1998]. Despite these

developments, there are still major de�ciencies in our ability to describe the current state

of the Earth System and its components. There is a strong demand for improvements in

wind measurements throughout the atmosphere, however, our information on the three-

dimensional wind �eld over the oceans, the tropics, and the southern hemisphere is cur-

rently incomplete due to insu�cient measurement data. These measurements are crucial

for improving numerical weather prediction and understanding atmospheric dynamics

and climate processes. Global wind measurements can also improve the prediction of

long-term climate changes [Baker et al. 1995].

To �ll in the gap in the global observing system, the European Space Agency (ESA)

has selected the Atmospheric Dynamics Mission (ADM) as an Earth Explorer core

mission to provide global wind pro�le observations [ESA 1999]. This is achieved using
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a spaceborne direct detection Doppler wind lidar (light detection and ranging) instru-

ment, called ALADIN (atmospheric laser Doppler instrument), which will be the �rst

European lidar in space and the �rst worldwide wind lidar in space [Sto�elen et al. 2005].

In order to validate the performance of this lidar system and to obtain a dataset of at-

mospheric measurements, a prototype for an airborne platform has been developed.

The ALADIN airborne demonstrator, called A2D, was developed to validate the prin-

ciple of the satellite based Doppler lidar. The A2D, designed to �y on the Falcon 20

research aircraft from DLR (Deutsches Zentrum für Luft- und Raumfahrt), operates as a

direct detection Doppler wind lidar at 355 nm wavelength retrieving aerosol and molec-

ular backscatter signals in parallel. A Fabry-Perot interferometer is used to measure the

Doppler shift of the spectrally broadened molecular signal while a Fizeau interferometer

is used to measure the narrowband aerosol return. The main task of the A2D is to mea-

sure the line of sight (LOS) component of the wind vector in the atmosphere (0-15 km)

with a range resolution of 300 m to 1,2 km. The projection of the line of sight onto the

horizontal line of sight (HLOS) should be measured with an accuracy of 1 to 2 m
s ,

depending on range [Reitebuch et al. 2003, Pa�rath 2006].

The key component of the A2D is the laser transmitter, which must comply with con-

straints for airborne applications such as compactness, ruggedness, and low power con-

sumption. Pulse energy, pulse length, repetition rate, spatial and spectral beam proper-

ties are essential laser parameters which determine the instrumental performance of the

lidar system.

One challenging goal in the development of the laser transmitter is to achieve a fre-

quency stability which should be in the order of several MHz root mean square (rms)

at medium output energies of about 60 mJ
pulse at 355 nm. This is necessary for accurate

wind measurements using the Doppler e�ect. In order to reach the performance require-

ments of the A2D, the laser transmitter is designed as a single mode, 60 mJ, 50 Hz

pulse repetition rate, diode-pumped, and frequency tripled Nd:YAG laser in a master
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oscillator power ampli�er con�guration [Schröder et al. 2007]. Stable single-frequency

operation and tuning is achieved through injection seeding in combination with a newly

developed ramp and �re cavity control technique.

A second challenging goal is to create a transmitted laser beam with a divergence angle

smaller than the �eld of view of the receiver. Otherwise backscatter signal from the

transmitted laser beam will not be collected from the telescope-receiver con�guration.

The main objective of this thesis is to verify the frequency stability and beam diver-

gence, which are crucial laser transmitter paramters in�uencing the lidar performance.

To verify the frequency stability, frequency measurements with a heterodyne unit were

performed during two test �ights with the Falcon 20 aircraft (chapter 4). Also, the long

term frequency stability and the frequency-temperature dependency were veri�ed with

heterodyne unit and wavelength meter measurements during ground operation. Addi-

tionally, the laser pulse spectral behaviour was characterised with an optical spectrum

analyzer (chapter 4).

To determine the accurate divergence angle of the laser beam, �eld measurements using

the knife-edge method and laboratory measurements with a UV-camera in combination

with a converging lens were performed (chapter 5).

The following chapters describe the basic principle of a Doppler wind lidar (DWL, chap-

ter 2) and the setup of the ALADIN airborne demonstrator (A2D, chapter 3).



Chapter 2

Doppler wind lidar system

2.1 Lidar principle

LIDAR is the acronym for light detection and ranging and is an active remote

sensing technology. Due to scattering of laser radiation from the ultraviolet (UV) to

the infrared (IR) spectral region it is possible to investigate atmospheric properties

with this method. A lidar consists of three main subsystems: a transmitter, a receiver

and a detection unit [Weitkamp 2005]. The schematic setup of a lidar system is shown

in �gure 2.1.

The laser (light ampli�cation by stimulated emission of radiation) transmitter is the

light source which generates light pulses and sends them into the atmosphere. Laser

light is an ideal light source for lidar systems because of its large spectral brightness, its

small angular divergence from the laser beam, and its ability to create short high power

pulses due to the Q-switch technique, developed by McClung and Hellwarth in 1962

[McClung and Hellwarth 1962]. When these transmitted light pulses propagate through

the atmosphere, they are a�ected by atmospheric particles and molecules.
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Figure 2.1: Schematic setup of a lidar system [ESA 2005].

The two relevant interactions of laser light with atmospheric particles are Mie scatter-

ing from aerosols and cloud particles and Rayleigh scattering from molecules. Rayleigh

scattering is dominant at higher altitudes, whereas Mie scattering is relevant in clouds

and the atmospheric boundary layer [Chester et. al 1988].

Rayleigh scattering occurs when the wavelength of the propagating light is in the or-

der, or larger than the diameter of the particles. Therefore, typical particles for Rayleigh

scattering with ultraviolet light are air molecules like oxygen and nitrogen. The intensity
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of Rayleigh scattering depends strongly on the wavelength (∼ λ−4). In order to obtain

a Rayleigh backscatter signal with higher intensity, ultraviolet wavelengths, e.g. 355 nm

in case of ALADIN, are used. Because of the absorption spectrum of the stratospere it

is not possible to use even lower wavelengths.

Mie scattering occurs when the wavelength of scattered radiation is less than the di-

mensions of the scattering bodies. This is the case for atmospheric aerosol particles.

The intensity of the return signal from aerosol scattering depends on the aerosol concen-

tration, which varies largely horizontly and vertically, and increases in parallel with air

pollution, clouds, fog and haze [Measures 1984]. Due to the comparatively lower mass of

molecules to aerosols, the velocity distribution of molecules is much broader than that of

aerosols, due to the Brownian motion of the particles. Figure 2.2 shows the distribution

with relation to the particle speed.

Figure 2.2: Backscatter signals with relation to the aerosol and molecule LOS speed for a wavelength of

355 nm [Pa�rath 2006].

The backscattered light is detected by a receiver. Information about atmospheric prop-

erties can be obtained with this detected signal. Due to the constant velocity of light
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c = 2, 9979 · 108 m
s
, a range-resolved measurement is possible. The time t between the

transmission of the laser pulse and the arrival of the scattered return signal can be di-

rectly related to the range R, at which the scattering occurred, using R = c·t
2
. A typical

backscatter signal for an airborne or spaceborne lidar system which depends on time is

shown in �gure 2.1. The �rst two peaks in this �gure are caused by clouds or aerosols,

and the higher peak due to ground return, which is not be measured for gound based

lidar systems.

2.2 Doppler e�ect

A Doppler wind lidar (DWL) uses the Doppler e�ect to determine atmospheric

wind speed from space. The Doppler e�ect is named after the Austrian mathematician

and physicist Johann Christian Andreas Doppler (∗1803 - †1853) and explains a typical

wave phenomenon.

The Doppler e�ect describes the shift in wavelength as well as in wave frequency caused

by the relative motion between observer and wave source. This motion causes an increase

in wave frequency, if the source moves towards the observer, and a decrease in wave

frequency as they move apart. Sketch 2.3 illustrates the principle of the Doppler e�ect.

Figure 2.3: Principle of the Doppler e�ect. λb is the wavelength of the wave source. Due to the motion of

the wave source with vb, the observer detects a change in wavelength λpa and frequency fpa.
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During the backscatter process, which is caused by moving particles, the Doppler e�ect

is invoked twice; once when the incident laser light, characterized by the wavelength

λb and the frequency fb, impinges on the moving target, and once when light with a

frequency fpa is scattered by the moving target particle and received by a stationary

detector with the frequency fre.

The frequency fpa which is received from the light source at the particle can be deter-

mined with [e.g. Albrecht et. al 2002]

fpa = fb ·
(
1− vpa · eb

c

)
(2.1)

where c is the speed of light in the medium surrounding the particle, vpa is the velocity

of the particle, and eb is the direction unit vector of the light source propagation direc-

tion (�gure 2.4). The frequency fre which is received from a stationary detector can be

calculated with [e.g. Albrecht et. al 2002]

fre = fpa ·
(

1

1− vpa·epr

c

)
(2.2)

where epr is the direction unit vector of the particle to the receiver.

With equation (2.1) in (2.2), the assumption that |vpa| << c and c = fb ·λb, the detected

frequency can be approximated with the �rst two terms of the Taylor expansion at the

point vpa → 0. With this approximation the received frequency is described using

fre = fb ·
1− eb·vpa

c

1− epr·vpa

c

≈ fb +
vpa · (epr − eb)

λb

(2.3)

Only signals which are backscattered with an angle of 180◦ are detected when the re-

ceiver is placed at the same position as the transmitter (eb = −epr). Therefore, the

line of sight (LOS) frequency shift ∆fre, in the line of sight pointing direction of the
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transmitted laser beam, is determined using

∆fre = fre − fb = fb ·
2 · vpa

c
(2.4)

and thus, the LOS wind speed, by measuring the frequency shift between transmitted

and received laser pulses. The Doppler shifted signal, caused by Rayleigh and Mie

backscattering, is shown in �gure 2.5.

Figure 2.4: Rayleigh backscattering for a wavelength of 355 nm and 0 m
s LOS wind speed (solid line);

the Doppler shifted spectrum (dotted line) refers to a wind speed of 210 m
s and a wavelength

change of 0,5 pm [Pa�rath 2006].



Chapter 3

The ALADIN airborne demonstrator

This chapter describes the ALADIN airborne demonstrator (A2D) Doppler wind

lidar (DWL) system including the transmitter, receiver and telescope, which were devel-

oped by DLR andEuropean aeronautic defence and space company EADS-Astrium

Germany and France [Durand et al. 2006, Reitebuch et al. 2004]. A sketch of the A2D

system is shown in �gure 3.1.

In section 3.1 the setup of the transmitter, including its single components, is described.

Section 3.2 introduces the setup of the telescope, and section 3.3 deals with the setup of

the receiver, including its principal constituents, the Rayleigh and the Mie receiver.

3.1 Transmitter

The laser transmitter of the A2D is a key component of the DWL system. It consists of

a continuous wave neodymium doped yttrium aluminium garnet (Nd:YAG) laser

used as an injection seeder for a low power oscillator (LPO) in order to achieve single

frequency operation and tunability. This is followed by two stages of ampli�cation in

order to reach the required energy of 60 mJ
pulse . Harmonic sections convert the original
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Figure 3.1: Sketch of the A2D Doppler wind lidar system like it is setup in a container.

beam from IR (1064 nm) to green (532 nm), and then UV at 355 nm, the transmitted

wavelength into the atmosphere. The laser base plate, where all optical elements are

mounted, is made of an iron-nickel alloy called Invar, which guaranties high thermo-

mechanical stability. In order to cope with the spatial constraints within the aircraft, the

laser head has been constructed in a compact setup with dimensions of 344 mm (width),

780 mm (length), 352 mm (height). A schematic setup of the A2D laser transmitter is

shown in �gure 3.2 and a photo in �gure 3.3.
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Figure 3.2: Schematic setup of the A2D laser transmitter including its principal constituents

[Schröder et al.2007].

3.1.1 Reference laser head

The reference laser head (RLH) is a low power, continuous wave, frequency tunable

IR laser system (1064 nm) with high frequency stability from Innolight [Innolight 2004].

It consists of two identical laser systems (reference laser and seedlaser) and a frequency

stabilization scheme. The reference laser which acts as the frequency reference, operates

as a �xed-frequency laser. However, the seedlaser must be tunable in frequency over

the range of 15 GHz, for wavelength calibration of the A2D receiver interferometers.

The reference laser and seedlaser are both Nd:YAG crystals based on non-planar ring

geometry, which enable the combination of high frequency stability and tunability in the

same device (see also chapter 4.2.1).

The laser crystal is optically pumped by laser diodes at λpump = 808 nm. To hold and

tune the seedlaser at a de�ned frequency o�set against the frequency stable reference
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laser, a phased-locked loop (PLL) controller is used in the RLH. seedlaser frequency

tuning is conducted using slow laser crystal temperature variation and fast pump diode

current modulation. Hence, the seedlaser is able to tune over 15 GHz single frequency

and is mode-hop free.

The seedlaser is coupled into a polarisation maintaining single mode �ber which connects

the RLH, via a �ber connector (FC), a Faraday isolator (FI), and a polariser (Pol.),

to the LPO. The frequency stability, measured by Innolight is 234 kHz (rms) during

25 min, and the maximum seedlaser power is 90 mW, measured at the �ber output

[Innolight 2004].

3.1.2 Low power oscillator

The pump chamber of the linear resonator of the LPO is composed of an Nd:YAG rod

which is transversally pumped by 3 standard diode stacks in a 3-fold radial symmetric

con�guration. Each stack provides a peak power of 350 W for a duration of 175 µs at

100 Hz. The highly re�ective mirror (HR) is concave with a re�ectivity of 99%. A

convex Gaussian variable re�ectivity mirror (VRM) is used as an output coupler to

ensure good output beam parameters. With this con�guration and a cavity length of

about 30 cm, pulse durations of more than 30 ns are obtained. To prevent the e�ect

of spatial hole burning within the laser crystal, two quarter wave plates (λ
4
) are placed

in front of and behind the pump chamber to create a circular polarisation within the

rod. Thus, any standing-wave patterns can be avoided. For the generation of actively

controlled laser pulses, a polarizer, a quarter wave plate, and a pockels cell, acting as a

Q-switch, are inserted at the LPO. The Q-switch acts as an electro optical switch which

was �rstly discussed by [McClung and Hellwarth 1962]. The output coupler of the LPO

is mounted on a piezoelectric translator (PZT) to allow active cavity length control.

A beam expanding telescope (BE) positioned behind the LPO magni�es the beam

diameter for optimum power ampli�cation. The two Faraday isolators (FI) protect the

LPO and the seedlaser from destabilizing feedback or damage from back-re�ected light

[Schröder et al. 2007]. To reach the required frequency stability for wind measurements,
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an active frequency control is used in the A2D. The cavity length is controlled by a piezo

stack mounted resonator mirror and the ramp and �re technique. Both, the injection

seeding method and the ramp and �re technique are discussed in detail in the next

chapter 4.2.

Figure 3.3: Photo of the A2D transmitter. BEX = Beam expander, LPO = Low power oscillator, BTM =

Beam turning mirrors, SHG = Second harmonic generation, THG = Third harmonic generation.

The dimensions are 344 mm (width), 780 mm (length), and 352 mm (height), with cover (not

shown).

3.1.3 Ampli�er stages

Slab geometry has been selected as a baseline for the laser crystals of the ampli�er

stages. This geometry allows e�ective removal of the strong thermal load deposited in

the slab by the pump laser light. Eleven internal re�ections lead to an optimum �ll

factor at given beam diameter and slab dimensions. Each slab is side-pumped by eight

standard laser diode stacks (1000 W
stack pumped for 185 µs at 50 Hz, synchronized with the

LPO). Between the two ampli�er stages, three beam turning mirrors (BTM) rotate
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the beam spatially by 90◦ after each pass for compensation of thermally induced astig-

matism. After double pass ampli�cation the beam is su�ciently circular to be used by

spherical optics. A Galilean telescope in front of the harmonic generators reduces the

spot size and adapts the divergence of the pump beam in order to optimize the UV

conversion e�ciency.

3.1.4 Harmonic generators

The nonlinear optical crystals for second/third harmonic generation (SHT/THG)

are LBO (LiB3O5) crystals (18/16 mm long, 7·7 mm2 section) used in critical phase-

matching orientation and they are temperature stabilized at 35 ◦C. The high quality

anti-re�ection coatings at the entrance and exit faces of the SHG crystal (double band

coating at 1064 nm and 532 nm) and THG crystal (triple band coating at 1064 nm,

532 nm and 355 nm) minimise the optical losses. Four heaters allow heating the mount

symmetrically. A thermistor is attached to the mount as part of the temperature control

circuit. An overview of the A2D laser transmitter speci�cations in shown in table 3.1.

Spezi�cations

Transmitter Nd:YAG, tripled, diode-pumped

Wavelength 355 nm

Repetition rate 50 Hz

Energy/pulse 60 mJ

Frequency stability (IR) 1,3 MHz rms over 7 s

Frequency stability (UV) 4 MHz rms over 7 s

Pulse duration (FWHM) 25 ns (UV)

Linewidth < 15 MHz

Table 3.1: Speci�cations of the A2D laser transmitter.
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3.2 Telescope

After the laser beam has been emitted and oriented towards the atmosphere, a Cassegrain

telescope is used to collect backscattered photons and redirects them into A2D optical

bench assembly (OBA). A sketch of the Cassegrain telescope is shown in �gure 3.4.

Figure 3.4: Sketch of a Cassegrain telescope.

The A2D telescope is characterized by two convex mirrors and the same optical axis

for the transmitted and backscatter light. The primary mirror collects the light and

the secondary mirror re�ects it through a hole in the primary mirror inside the focal

point. The secondary mirror obscures the beam path within the near-�eld, decreasing

the number of photons at the detector.
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3.3 Receiver

The key components of the receiver are the Fizeau interferometer for spectral analysing

the Mie backscatter signal and the Fabry-Perot interferometer for the Rayleigh backscat-

ter signal. A photo of the Fabry-Perot and the Fizeau interferometer is shown in �gure

3.5 and the principle and the main components of the receiver system are shown in �gure

3.6.

Figure 3.5: Photo of the Fizeau interferometer (left) and Fabry-Perot (right).

To minimise the disturbance due to solar background light, an interference �lter is used.

Then the signal is re�ected o� the polarising beam splitter into the Mie receiver which

consists of a Fizeau interferometer and an accumulation CCD as detector. The re�ected

signal from the Mie path is directed towards the Rayleigh detector unit, consists of

a Fabry-Perot interferometer. The Mie receiver uses the fringe imaging technique to

determine the Doppler shift of the atmospheric backscatter signal, while the Rayleigh

receiver uses the double edge technique (more details can be found in Pa�rath 2006).
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Figure 3.6: Schematic �gure of the A2D receiver [Pa�rath 2006].



Chapter 4

Laser frequency stability

The required shot-to-shot frequency stability of the A2D laser transmitter during one

observation period of 7 s is 4 MHz (rms) at 355 nm. This requirement must be achieved

in the vibrational environment of an aircraft. In this thesis, comprehensive frequency

characterisation measurements concerning temperature and vibrational dependency were

made to verify that the requirement with respect to frequency stability.

This chapter outlines the fundamentals of creating laser radiation (section 4.1) and dis-

cusses the theoretical background of the injection seeding frequency stabilisation method

(section 4.2). The last three sections in this chapter discuss frequency measurement

methods and their results.

4.1 Laser principle

Basically, lasers are devices that generate and amplify light. But unlike conventional light

sources, the beam of radiation that lasers emit have remarkable properties of direction-

ality, spectral purity, and intensity. These properties are the reason for the application

of laser light in remote sensing techniques like lidar.
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To generate laser radiation, only a few essential elements, shown in �gure 4.1, are needed.

The pumping process is required to excite atoms at the laser material into their higher

quantum-mechanical energy level (�gure 4.2, top). For laser action more atoms have to

be excited into a higher energy level, than are in the lower one. This status is called

population inversion. The essential condition of population inversion can be obtained,

for example, using a �ash-lamp, or a diode laser for better e�ciency.

Figure 4.1: The essential elements of a laser device. A laser medium consisting of an appropriate collection

of atoms, the pumping process to excite these atoms into higher quantum-mechanical levels,

and suitable optical feedback elements to allow a beam of radiation to bounce back and fourth

repeatedly through the laser medium [adapted from Siegmann 1986].

After a certain time the excited atoms make a spontaneous transition back to the lower

level, emitting radiation with characteristic transition frequencies in the process (�gure

4.2, middle). Within a Nd:YAG crystal, this transition produces radiation with a wave-

length of about 1064 nm or other wavelengths depending on laser crystal temperature.

Incoherent light is produced by spontaneous emission, as the point of time and therefore

the phase of the emitted light waves (or photons) are generated by mere chance. To

obtain the typical coherent and powerful properties of laser radiation, an optical res-

onator is needed. In the simplest case, this resonator is built with two high-re�ective

mirrors (�gure 4.1). If the photon, developed from spontaneous emission gets re�ected

between these mirrors, a process called stimulated emission is started (�gure 4.2, bot-

tom). Herein, a photon prompts another atom to drop to a lower energy level while
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emitting a second photon. This photon has the same properties, in terms of phase and

polarisation, as the initial one.

Figure 4.2: Principle of absorption, spontaneous and stimulated emission [Reitebuch and Fix 2006].

The frequency f of a photon is linked with the Planck constant h = 6, 626 · 10−34 Js to

the di�erence between the quantum energy levels:

EPh = E2 − E1 = h · f (4.1)

The wavelength λ of the photon is described with:

c = λ · f (4.2)

Due to permanent feedback between the two resonator mirrors, the light inside is ampli-

�ed as long as population inversion predominates, and the optical length of the resonator

n · L (n = index of refraction) is an integer multiple of half of the wavelength to obtain

positive interference (resonance condition).

n · L = q · λ

2
with q = 1, 2, 3... (4.3)

With this setup, a coherent standing wave is established in the resonator. A part of

this light can be coupled out with one of the resonator mirrors with lower re�ectivity

(≈ 80%) e.g. a Gaussian variable re�ectivity mirror to ensure good beam parameters.
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This process continuous until the whole population inversion is exhausted, or until the

losses in the resonator (out coupling, di�raction, re�ection, closed Q-switch) becomes

dominant. If the population inversion is maintained with a corresponding pump source

in a way that the losses are compensated, continuous wave (cw) laser action will re-

sult. In case the degradation rate of the population inversion is larger than the pump

rate, laser pulses will occur.

The active laser material which is used in the ALADIN airborne demonstrator laser

transmitter isNeodymium doped Yttrium Aluminium Garnet (Nd:YAG). Nd:YAG

lasers are a subgroup of solid state lasers with four energy levels at which population

inversion can be relatively easily be achieved, due to the energy level con�guration and

the �uorescence lifetime in a Nd:YAG crystal. A simpli�ed energy level diagram of a

four level laser is shown in �gure 4.3.

Figure 4.3: Simpli�ed energy level diagram of a four level laser. E0, E1, E2 and E3 are the di�erent energy

levels, and τ32, τ21 and τ10 are the �uorescent lifetimes between the respective energy levels

[Reitebuch and Fix 2006].

Using a �ash lamp or a diode laser, the atoms from the ground level E0 are excited

to E3. Due to non-radiative relaxation which is caused by the emitting of mechanical

vibrations in the surrounding crystal lattice, the atoms make a transition to level E2.
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When there are few to zero excited atoms in E1 due to thermal excitation, population

inversion between E2 and E1 can be reached. Therefore the life time con�guration τ of

the energy levels has to be τ21 >> τ32; τ21 >> τ10. The relaxations time τ32 between the

energy levels E3 and E2 for a Nd:YAG crystal is 30µ s [Koechner 1988]. The radiative

live time τ21 is 550µ s, and τ10 is 0, 03µs. Therefore all excited atoms will stay a relatively

long time at E2 and population inversion can be reached.

The gain spectrum of laser materials does not show narrowband frequency distribution.

For a Nd:YAG laser, there are two e�ects of linewidth broadening which are due to ther-

mally activated lattice vibrations in the active laser material. This vibration produces

slightly di�erent values for the exact energy levels of the atoms, and thus slight shifts

in transition frequencies. If the local lattice surroundings are similar for every atom but

vibrate rapidly and randomly in time, the vibrations will produce a dynamic homoge-

neous phonon broadening [Hitz et al. 2001]. In case the surroundings are di�erent from

site to site, due to defects, dislocations or lattice impurities at the laser crystal, the

vibrations will produce a static inhomogeneous lattice broadening [Siegman 1986]. These

broadening mechanism results in a gain spectrum of a Gaussian shape, which ampli�es

a bandwidth of frequencies. For a Nd:YAG laser the gain spectrum linewidth is 45 nm,

respectively 120 GHz, depending on ambient preassure and crystal doping.

The resonance condition (eq. 4.3) shows that only longitudinal modes with a frequency

separation of ∆f = c
2·n·L can exist within the resonator. Concerning the A2D laser trans-

mitter the cavity length is about 30 cm, and therefore the frequency distance between

two longitudinal modes ∆f is approximately 3·108 m
s

2·0,3m = 500 MHz. Furthermore logitudi-

nal resonator modes are not in�nitely sharp in frequency. Due to the ampli�cation of the

photons emitted spontaneously by the active laser medium, a phase noise is generated.

This is caused by spontaneous photons which do not have any relation to the stimulated

emitted ones. This process leads to a minimum level of the frequency stability of a

laser described by the Schawlow-Townes noise [Koechner 1988]. From this follows that

logitudinal modes do not have sharp edges, but a Lorenz shape. The combination of the
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gain spectrum and the resonator modes which are higher than the gain threshold (due

to losses) leads to the modes which can oscillate in a resonator (�gure 4.4).

Figure 4.4: Relation between the gain spectrum and the resonator modes in a laser system. Only the

longitudinal modes within the gain spectrum and above the gain threshold are ampli�ed and

emitted.

After some resonator round trips only the mode(s) in the center of the gain spectrum

are ampli�ed at cw operation. For pulsed lasers several modes within the spectrum are

ampli�ed. To reduce the spectral range of such a pulsed laser, some arrangements can

be taken. One way is to lift the gain threshold due to internal losses. Another one is to

control the cavity length in a way, to amplify only one longitudinal mode.

One active method which in�uences the output spectrum of a pulsed laser is the injection

seeding method, which is explicitly discussed in the next section.
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4.2 Single frequency operation

To meet the required frequency stability also in high vibrational environments, an active

frequency control is necessary. For the A2D laser transmitter, �rst single-mode operation

was achieved by injection seeding the oscillator in combination with theQ-switch build

up time (QBUT) minimisation technique [Schröder et al. 2007].

With this con�guration, the frequency stability requirement was met under laboratory

conditions, but not within the vibrational environment of the Falcon 20 aircraft. To

reach the required frequency stability during �ight, a faster cavity control using the

ramp and �re (RF) technique was developed and implemented in the A2D laser. The

injection seeding method and the ramp and �re technique are discussed in the following

section.

4.2.1 Injection seeding

Injection seeding is a method of controlling the spectral properties of a laser [Schmitt

and Rahn 1986]. With this technology single longitudinal mode output can be achieved

also for high power lasers. Injection seeding uses a low power output laser with a narrow

spectral bandwidth, referred to as the seedlaser, to control the properties of an oscillator

with higher power, referred to as the power oscillator [Barnes 1993].

To obtain single longitude mode output with the seedlaser, a very short resonator which

spreads the mode distance in a way that only one mode has su�cient gain, is necessary.

Additionally the e�ect of spatial hole burning, caused by standing waves, should be

eliminated for high frequency stable lasers. Because the nodal planes of the standing

waves represent regions of unexploited inversion which will preferentially contribute gain

to other modes, can lead to mode hopping [Koechner 1988].

All these features are combined in a non planar ring oscillator (NPRO), �rst described

by Kane and Byer 1985, which is implemented in the A2D seedlaser. As it is shown in

�gure 4.5, a low-noise diode laser pump source is coupled into the active laser material

and travels around in a way that no standing wave is obtained. Due to the small resonator
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length of some millimetres, the distance between two longitude modes can be estimated

with some GHz, and therefore only one mode gets su�cient gain for ampli�cation.

Figure 4.5: Principal of a non planar ring oscillator [Koechner 1988].

This spectral bright seedlaser radiation is injected into the resonator of the power os-

cillator by a polariser (in case of A2D) or one of the resonator mirrors, and serves as a

seed from which the pulsed laser output grows. As mentioned in section 4.1, naturally

occurring laser pulses begin from the zero point energy of the laser resonator, or from

spontaneous emission. But when the seedlaser radiation with enough power is inside

the resonator while opening the Q-switch, the pulse growing from the injected seed will

deplete the gain of the laser material, before pulses from spontaneous emission become

large. If this process happens, the laser output will have the properties as the seedlaser

rather than the properties of the free running one. The theory of injection seeding is

discussed in detail by Barnes 1993.

One challenging goal for reaching high frequency stability, and for using the injection

seeding method correctly, is to warranty a good mechanical stability of the resonator

length, and to open the Q-switch exactly in that moment, where the resonator length

is in resonance with the seedlaser radiation. Therefore a ramp and �re stabilisation

method is used and discussed in the next section.
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4.2.2 Ramp and �re cavity control

In comparison to ground based lidar systems the vibrational load, mainly caused by

engines and wings, is much higher in airborne systems, especially at frequencies of some

hundred Hz or even some kHz. This vibration can lead to a disturbance of the cav-

ity length and thus to a disturbance of the resonance frequency. For this purpose an

active frequency control is realized at the A2D. This active frequency control is based

on injection seeding technology [Barnes 1993] in combination with a ramp and �re

(RF) frequency control method [Fry et al. 1990, Schmitt and Rahn 1986, Nicklaus et al.

2007] which is realized with the A2D laser from Fraunhofer-Institut für Lasertechnik ILT

[ILT 2006].

The RF cavity control method utilizes the Fabry-Perot property of the cavity. Therefore

it is necessary to change the cavity length constantly (ramp). This is realized with a

piezoelectric translator (PZT) mounted on a variable re�ective mirror (VRM),

which is used as the output coupler in the LPO (see �gure 3.2). The seedlaser radia-

tion is coupled into the cavity via the polarizer of the Q-switch. The light leakage of

the seedlaser is monitored with a photodiode, which is placed close to the polarizer and

perpendicular to the LPO resonator axis. The photodiode signal is produced by interfer-

ence between the part of the incident seed light that does not pass through the complete

cavity and the part that has made one or more complete round trips trough the cavity.

As the cavity length is ramped, the interference signal reaches a maximum when these

two parts of the seed beam are in phase. At this point the seedlaser is in resonance with

the cavity, and the laser pulse should be emitted by opening the Q-switch [Walther et

al. 2001]. To get su�ciently good trigger resonance signals, the cavity is not fully closed

before the pulse extraction, but operates a bit below lasing threshold. Figure 4.6 shows

the typical behaviour of the resonance signal at the end of the pump pulse depending

on the PZT movement.

This method can lead to very high frequency suppression, because the time between

trigger detection and pulse release can be very short (up to 30 µs) and thus operates
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for vibrations up to 1
30µs

= 30 kHz. The disadvantage of this method is a jitter in the

trigger time from pulse to pulse.

Figure 4.6: Timing sequence of the A2D cavity control.

Due to this timing jitter the RF method does not allow to predict the exact time of

pulse extraction from pulse to pulse. But often the knowledge of the exact pulse release

time is required prior to the actual pulse extraction, in order to trigger the start of the

receiver data aquisition. The A2D system detector unit, for example, requires an exact

pre-trigger in the range of 60 µs with a time jitter below 100 ns. To achieve this, the RF

method [Hovis et al. 2004] has been modi�ed by measuring more than one resonance

peak in the piezo ramp. The �rst resonance peak is used to trigger the electronics, and

the pulse is �red at the second peak or with a �xed delay to the second peak (�gure 4.6).

The latter method is called ramp delay �re (RDF) [ILT 2006]. If the piezo movement

is su�ciently linear, a �xed delay leads to high frequency stability and a very low jitter
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between pre-trigger and pulse extraction. If the piezo movement is not linear the RDF

method will lead to a frequency jitter of the output pulse and the RF method might

be the better solution for high frequency stability at the cost of timing jitter between

pre-trigger and actual emitted laser pulse.
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4.3 Methods of frequency characterisation

This section describes the methods of frequency measurement in this thesis. It gives

a short overview of the di�erent measurement devices, shows their setup, and their

functional principle.

4.3.1 Heterodyne unit

A heterodyne unit, which was developed at DLR [Schröder et al. 2007], is used for mea-

suring the spectral bandwidth and the relative frequency jitter between seedlaser and

LPO for every single laser pulse. Therefore the pulsed LPO beam is heterodyned with

a reference beam with known frequency. Figure 4.7 shows the schematic setup of a het-

erodyne unit.

Figure 4.7: Principal setup of a heterodyne unit, which is used for frequency jitter and spectral bandwidth

measurement [Schröder et al. 2007].

To shift the cw seedlaser frequency by a known frequency o�set, an acoustic-optical

modulator (AOM) is used. The principle of an AOM is shown in �gure 4.8.
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Figure 4.8: Principle of an acoustic-optical modulator [adapted from Eichler and Eichler 2003].

The plane ultrasound wave acts like a moving phase grating for the seedlaser beam. On

this grating, Bragg re�ection occurs. Therefore the �rst-order di�racted beam gets a

de�ned frequency shift of ± Ω, where Ω is the angular frequency of the ultrasound wave,

propagating in the AOM.

Reference beam and pulsed beam are optically mixed with a beam combiner. The in-

tensity of the detected signal includes the sum and the di�erence of both frequency

components. Due to the limited bandwidth of the photo detector, the sum of the fre-

quencies can not be measured, but the di�erence is a low-frequency signal, called beat

signal, which can be determined with high accuracy. With this signal, the frequency

jitter between seedlaser and LPO pulses can be determined. Due to the AOM frequency

stability of 5 · 10−5 at 200 MHz, the systematic error of beat frequency measurement is

smaller than 10 kHz. Also the spectral bandwidth of the laser pulse can be determined

by Fourier transformation of the time series of the beat signal. Disadvantage of this

method is that the frequency of the pulsed laser can only be determined relative to the

seedlaser frequency. Thus, no frequency drift of the seedlaser can be detected.
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4.3.2 Wavemeter

To obtain an absolute laser pulse frequency measurement, a commercialwavelength

meter (WLM) from High Finesse (WSU - 10) [High Finesse WS Ultimate] is used. The

schematic setup of a WLM is shown in �gure 4.9.

Figure 4.9: Principle setup of a wavelength meter. The laser beam is coupled into the WLM with a

polarisation maintaining �ber. Then the beam is collimated with a concave mirror and is linked

to 6 di�erent Fizeau interferometers, where the beam generates interference patterns. These

patterns are measured with a CCD line array, and therefore the wavelength and frequency is

calculated [High Finesse WS Ultimate].

The WLM can be used for continuous and pulsed laser radiation. The laser beam is

coupled into the wavemeter with a polarisation maintaining single mode �bre. After-

wards the beam is collimated with a concave mirror. Then the beam is navigated by a

prism into 6 di�erent Fizeau interferometers with di�erent spectral ranges and �nesse.

The generated interference patterns are detected with a CCD detector which is linked

to a computer. By correlating the single interference patterns and comparing them with



4.3 Methods of frequency characterisation 33

a calibration �le, the wavelength of the incident beam can be determined. With the

WSU-10 WLM a relative accuracy of 2 · 10−8 which is equivalent to 10 MHZ or 4,2 fm

at 355 nm, can be reached [High Finesse WS Ultimate], (see Appendix, �gure A.2).

With a cw He-Ne calibration laser (see Appendix, �gure A.3), the accuracy of the WLM

was veri�ed during a 22 min. measurement to be even better than 1 MHz (�gure 4.10).

Figure 4.10: He-Ne laser frequency, measured with the WLM, versus time (left). On the right photo, the

setup for WLM calibration is shown. The He-Ne calibration laser is coupled into a polarisation

maintaining �ber, which is linked to the WLM (not shown).

4.3.3 Optical spectrum analyzer

The third measurement device which is used to analyse the spectral properties of the

laser beam is a commercial optical spectrum analyser (OSA) from Yokogawa - Ando

(AQ 6319) [Yokogawa AQ 6319]. The OSA can be used to measure the seed and LPO

laser line spectrum. Figure 4.11 describes the basic concept of an OSA.

Similar to the other measurements, the laser light is coupled into the OSA with a po-

larisation maintaining single mode �ber. Then the light impinges on a rotating grating,
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Figure 4.11: Schematic setup of an optical spectrum analyzer.

where it is split, being distributed according to its wavelength (Bragg di�raction). With

the grating angle and the velocity of the grating movement, the span and the sweep

of the measurement can be adjusted. Next, a variable-width slit is used to select only

the wavelength desired, which is focussed on a photo detector. With changing the slit

width, the resolution of the measurement can be adjusted. So the OSA can measure

optical power levels versus the wavelength and can be used to measure the wavelength

emitted by the laser. The OSA wavelength accuracy is ± 50 pm over the full range

[Yokogawa AQ 6319].
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4.4 Frequency spectrum of seed and LPO laser

4.4.1 Characterisation of the frequency spectrum

Due to the strong temperature dependency of the refraction index of the laser active

material, the LPO gain spectrum changes its position in dependence of the crystal tem-

perature. To obtain the LPO gain spectrum position in reference to the used seedlaser

radiation, spectrum measurements with an OSA and a WLM were performed. For both

measurements, the radiation was coupled into a polarisation maintaining single mode

�bre which was linked to the respective measuring device. In �gure 4.12 the result of

LPO spectral measurement with the OSA is shown.

Figure 4.12: Normalized intensity of the LPO laser depending on wavelength measured with the OSA.
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With the OSA, the normalized intensity is measured depending on the wavelength.

Figure 4.12 shows a main maximum of intensity at 1064,54 nm. This is the wavelength

of the LPO laser caused by injection of the seedlaser radiation with its wavelength.

About 15 nm beside this peak at 1064,71 nm a secondary maximum was measured.

This is an indication for no single frequency operation of the LPO laser, but despite

this secondary peak no e�ects of frequency or mode-hopping were recognisable with the

WLM.

According to the secondary peak is probably the spectral di�erence between seedlaser

radiation and the maximum of the gain spectrum. According to the measured values it

can be assumed that the gain spectrum of the LPO is at wavelengths of 1064,71 nm,

but the seedlaser radiation is at 1064,54 nm. To verify this assumption, the seedlaser

and the free running (unseeded) LPO were analyzed in more detail.

Therefore the seedlaser was coupled into a polarisation maintaining single mode �bre

which was connected to the OSA and the WLM. To obtain spectral information of the

unseeded LPO, it was necessary to deactivate the active cavity control stabilisation. The

results of the OSA and the WLM measurement of the unseeded LPO and the seedlaser

are shown in �gure 4.13.

With these measurements, the assumption of the di�erence between seedlaser and the

free running LPO was veri�ed. The linewidth of the unseeded LPO laser (�gure 4.13,

left, black line), with a centre wavelength of 1064,69 nm is about 0,13 nm (FWHM:

full width half maximum), which is a third of the Nd:YAG typical linewidth (�gure

4.4) [Koechner 1988]. The linewidth of the seedlaser (�gure 4.13, left, red line) is about

0,05 nm, but due to the low resolution of 0,02 nm of the OSA measurement, the spectral

width of the seedlaser is signi�cantly broadened by the OSA. This was veri�ed with a

WLM measurement (�gure 4.13, right side). The spectral range in the free running laser

is around 60 pm (�gure 4.13, right, top) whereas the range of the seedlaser is only 14 fm
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Figure 4.13: On the left hand side the spectral di�erence of the seedlaser (red) and the unseeded LPO

(black), measured with the OSA is shown. On the right hand side, the corresponding WLM

measurement for unseeded LPO (top) and seedlaser (bottom) is shown.

(�gure 4.13, right, bottom), which is one order of magnitude smaller.

Another interesting fact was shown with this measurement. Although the seedlaser

wavelength is not in the range of the LPO gain spectrum (at least not with the OSA

sensitivity), the process of injection seeding does work properly with the actual seeding

con�guration.

4.4.2 Optimisation of seedlaser temperature

To match the seedlaser frequency to the unseeded LPO gain spectrum the seedlaser must

be tuned in the right direction, and there are two possibilities to tune the seedlaser in its

frequency. The �rst and fast one is a modulation of the diode pump current. If the pump

current increases, also the charge carrier density in the active zone of the semiconduc-

tor material and therefore its refraction index will increase. With this refraction index
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increase, the optical wavelength calculated with xres = c · nsemi · t is increasing too. In

this equation xres is the optical path length in the NPRO for the travelling wavelength,

c is vacuum light velocity, nsemi the di�raction index of the NPRO material and t is

the time for one round trip in the crystal. In case the optical wavelength becomes to

long for the actual longitudinal mode, the next one will oscillate. This process is called

mode-hopping. Due to the manufacture of the seedlaser, the distance between to modes

is about 15 GHz [Innolight 2004].

The second and slower method of wavelength variation is realized by changing the tem-

perature of the NPRO crystal. In this case, the increase of the refraction index, and

therefore the optical wavelength due to a temperature increase is the reason for a change

in wavelength. The temperature of the NPRO can not be measured directly, but a

thermo element which is placed at the surface of the laser crystal yields a voltage which

is proportional to the NPRO temperature. Despite the non-linearity between seedlaser

temperature and thermo element voltage, 10 mV are equivalent performed to 1 ◦C in the

area of operation [Innolight 2004]. The measurement results of temperature dependency

of LPO IR radiation, measured with the OSA, and laser output UV radiation, measured

with the WLM are shown in �gure 4.14.

The seedlaser temperature for the A2D laser system was set to 44,2 ◦C (442 mV). The

corresponding seedlaser wavelength was measured with the OSA to 1064,52 nm (�gure

4.14, top, maximum of the blue curve), and the resulting frequency of the outcoming

UV beam was measured with the WLM as 844,860 THz. For a higher temperature of

46,5 ◦C (465 mV), the LPO wavelength increased to 1064,58 nm (�gure 4.14, top, yellow

curve) and the UV frequency decreased to 844,830 THz. For a still higher temperature

of 47,5 ◦C (475 mV) the wavelength decreases to 1064,55 nm (�gure 4.14, top, magenta

curve) and the UV frequency increased to 844,852 THz. This is a result of mode hop-

ping which is due to the continuous resonator length increasing. The green curve (�gure

4.14, top, 1064,62 nm) and the red curve (�gure 4.14, top, 1064, 64 nm) show the fur-

ther spectral behaviour of the seedlaser radiation while temperature increase (50,7 ◦C

(507 mV), 53,5 ◦C (535 mV)). It is obvious, that the seedlaser radiation comes closer to
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Figure 4.14: In the upper diagram, the normalized spectrum of the LPO depending on seedlaser temperature

are shown; di�erent colors indicate di�erent thermo-element voltages. The corresponding

WLM measurement of the of the UV frequency is shown in the lower diagram.
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the gain spectrum maximum of the LPO for higher temperatures.

Remarkable to note is that the secondary peak in the LPO spectrum disappears almost

completely for seedlaser temperatures above 50 ◦C. This can be explained with the bet-

ter match of the seedlaser wavelength, and the fundamentals of the injection seeding

technique. If the seeded photons have their energy closer to the gain spectrum, nearly

all excited atoms will emit at the seedlaser frequency.

With this measurement it was be shown that the higher seedlaser temperature will shift

the seedlaser frequency closer to the gain spectrum of the LPO laser.

To get a direct relation between wavelength and the seedlaser temperature, a continuous

temperature tuning between 40 ◦C and 60 ◦C was done next. Therefore, the UV radia-

tion was measured with the WLM depending on the seedlaser temperature, which was

recorded with an oscilloscope. The result of this measurement is shown in �gure 4.15.

Figure 4.15: Wavelength measured with the WLM of the seeded LPO while temperature increase (red

curve) and temperature decrease (blue curve); the old/new temperature/wavelength are shown

in magenta/yellow, and the values for the free running LPO in green.
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The red and the blue line in �gure 4.15 show the wavelength of the seedlaser depend-

ing on its temperature. The hysteresis of this curve is due to the di�erence between

the surface crystal temperature which is measured with the thermo-element, and the

temperature at the inner crystal. To �nd the optimum position for the new seedlaser

temperature, the mean value of the hysteresis curve close to the unseeded LPO wave-

length was determined (�gure 4.15, black curve).

To �nd the right seedlaser temperature it was necessary to consider that the new wave-

length is far enough away from a mode hop. This is important due to the fact that a

frequency tuning over 15 GHz has to be possible for A2D receiver interferometer cali-

bration. With the relation ∆f
f

= −∆λ
λ
, the frequency change of 15 GHz (@ 1064,68 nm)

leads to a wavelength change of 0,056 nm. With this information and the mean value of

the hysteresis curve (�gure 4.15, black), it was decided to increase the seedlaser temper-

ature, and therefore also the reference laser temperature to 60,6 ◦C (606 mV) (orange

line). With this adjustment, the seedlaser spectrum is only 0,05 nm away from the gain

maximum of the free running LPO.

After the temperature modi�cation, the wavelength of the LPO laser was measured with

the OSA and is shown in �gure 4.16 in comparison to wavelengths of other temperature

settings (from �gure 4.14).

Figure 4.16 shows the seedlaser frequency spectrum for temperatures not matching the

unseeded LPO spectrum (grey lines), and for the determined new seedlaser temperature

(red curve).

It is obvious in this �gure, that the secondary peak at the gain maximum of the LPO was

eliminated with the new seedlaser temperature. This change did not have any remarkable

in�uences to the frequency stability, but the energy per pulse in the UV laser power has

increased more than 10 % , from 60 mJ
pulse to 70

mJ
pulse after this modi�cation.
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Figure 4.16: Normalized spectrum from the unseeded LPO (blue), the seeded laser with old temperature

settings (grey), and the new seedlaser temperature (red).
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4.5 Frequency measurement during vibrations

The �rst test �ight with the A2D has been carried out in October 2005. During this

test �ights it was realised that the high vibrational levels within the aircraft prompts

the laser to unseeded operation. Therefore no accurate wind measurement using the

Doppler e�ect was possible with this laser transmitter con�guration. It was realised

that the QBUT minimisation technique works well in laboratory [Schröder et al. 2007],

but is too susceptible for vibrations. To obtain a seeded laser operation despite these

vibrational levels, a mechanical cavity stabilisation and the new ramp �re, and ramp

delay �re cavity control method was developed (section 4.2.2).

4.5.1 Measurements in laboratory

To verify the frequency stability with the new active frequency control con�guration,

a vibration test in laboratory was accomplished. Therefore the laser system was �xed

onto an aluminium plate, which was hanged up with 22 expanders. Near the centre of

gravity of the laser an electrodynamics vibration shaker was positioned and �xed by a

rod to the lower side of the aluminium plate. A photo of the test setup is shown in �gure

4.17.

In order to measure the acceleration levels at di�erent positions, 3-axis accelerometers

were �xed on the laser platform. The excitation was realised by using a random signal in

the x and z direction created by a shaker control system. The applied vibration spectrum

during the test from frequencies of 10 - 2000 Hz was extracted from measurements of

vibration levels during test �ights in 2005. With these vibrational levels it was possible

to simulate the excitation spectrum in the aircraft across the whole frequency band from

10 - 2000 Hz.
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Figure 4.17: Setup for vibration test at EADS-Astrium (Ottobrunn) in z-direction (left) and x-direction

(right).

During the vibration test, di�erent control loop settings for the cavity control using the

RF and RDF technique were tested. The frequency stability was measured with the

heterodyne unit, and the timing jitter between estimated and actual pulse release was

estimated with an oscilloscope.

The requirement for the frequency stability of the A2D laser system is 4 MHz rms (UV)

which is equivalent to 1,3 MHz (IR), and the timing jitter should be below 100 ns.

The summarised results of frequency and timing stability measurements during the ex-

citation in z- and x-directions are shown in table 4.1 and 4.2. The red printed values are

not compliat with the requirements for the A2D laser.
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Table 4.1: Results of frequency and timing stability measurements during vibrational excitation in

z-direction. Values in red indicate non-compliance.

Table 4.2: Results of frequency and timing stability measurements during vibrational excitation in

x-direction. Values in red indicate non-compliance.
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In the �rst column, the shaker settings, which are split in two di�erent frequency ranges,

from 10 - 100 Hz and 100 - 2000 Hz, due to technical limits of the shaker are shown.

The frequency stability and timing jitter was measured without excitation, with vibra-

tions comparable to the aircraft (power spectral density PSD = 2, 5 · 10−3 (m/s2)2

Hz
for

10 - 100 Hz and 2 ·10−4 (m/s2)2

Hz
for 100 - 2000 Hz), and with vibrations one order of mag-

nitude higher than in the aircraft (2, 5 · 10−3 (m/s2)2

Hz
for 10 - 100 Hz). The second column

indicates the operation mode (RF or RDF), while the third column shows the respective

cavity control settings. The settings were varied concerning the dynamic lookup table

operation (o�, slow, and fast), the time when the piezo gets ramped (Z1), and the time

when the peak detection of the cavity control gets enabled (Z2). The parameter PR4 is

the target time for the �rst peak appearance, and p−controller and i−controller shows

the settings for the proportional and integral part of the cavity controller. In the fourth

and �fth column, the standard deviation of frequency, measured with the heterodyne

unit, and the standard deviation of timing between expected and actual pulse, measured

with an oscilloscope are shown. Table 4.2 shows the result of frequency stability and

timing jitter measurements during excitation in the x-axis.

Due to the new stabilisation arrangements a seeded operation of the A2D laser was

achieved with vibrational levels comparable with aircraft vibration levels all the time.

Very good frequency stability, with values below 1 MHz, was achieved with the ramp

and �re technique for vibrations in z-directions as well as in x-direction. With this

adjustment, the timing jitter exceeds the requirement of 100 ns by a factor of 2-3 for

higher vibration frequencies. This will result in an uncertainty of the vertical range gate

assignment by 45 m for 300 ns, which is still lower than the minimum vertical range

gate resolution of 315 m for 2,1 µs. With the ramp delay �re technique, the timing jitter

is in a range of some nanoseconds, but the frequency stability exceeds the requirement

of 1300 MHz by a factor of 2-3 for higher vibration frequencies. With both methods,

the variation of time Z1 which is the time between the start of pumping and piezo ac-

celeration, and Z2 which is the time between piezo acceleration and enabling of peak

detection (�gure 4.7), and also the variation of the dynamic look-up table, did not lead

to remarkable changes in reference to timing and frequency stability.
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4.5.2 Measurements during �ight

Due to the good frequency stability performance during the vibration test on ground,

it was decided to continue with a test �ight with the A2D in April 2007. Therefore the

laser transmitter, the telescope, the OBA, and all necessary electronics were setup in

the DLR Falcon 20 aircraft. The system was �xed onto a Newport honeycomb plate via

its mounting isolation system, and the plate was supplied by a special frame built for

the integration into the aircraft. A photo the aircraft and the A2D within the aircraft

is shown in �gure 4.18.

In order to obtain information of the vibration level at di�erent positions during �ight

operation, several accelerometers were �xed to the seat rails, the mounting rack, and

the laser platform.

Figure 4.18: The DLR Falcon 20 aircraft (left) and the A2D integrated in the aircraft cabin (right).

The vibration levels, measured during the �ight, were recorded with a sample frequency

of 5 kHz [ISMB 2007]. In �gure 4.19 the acceleration data for sensor 1 (seat rail) and

sensor 3 (laser) in all three axes are shown. Thereby, sensor 1, which was mounted on
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the seat rail, measured the vibrations caused by the aircraft, and sensor 3, which was

mounted on the laser base plate, measured the vibrations which a�ect the laser (see

�gure 4.18 right, for positions).

Figure 4.19: Time record which shows the acceleration data in x(top), y(middle), and z(bottom) direction

of sensor 1 (seat rail, left) and sensor 3 (laser, right) in m
s2 , during travel �ight conditions until

1000 s and during descent (1000 - 1550 s) [adapted from ISMB 2007] with the period of the

heterodyne measurements (yellow) of �gure 4.21; note that the y-axis is scaled di�erently for

each plot.

The yellow marked areas in �gure 4.19 indicate the times where frequency measurements

using the heterodyne method were done (table 4.3). As obviously in �gure 4.19, the

acceleration on the seat rail sensor is much higher than on the sensor which is placed

on the laser base plate. So the mechanical damping of vibrations did work quite well,

applying for travel �ight with lower vibrational levels (≈ 0 - 1000 s) as well as for descent

�ight with higher vibrations (≈ 1000 - 1550 s). In order to obtain the spectral behaviour

of the aircraft vibrations, the power spectral density (PSD) was computed for 4096

time samples (=̂ 0,82 s) and an average PSD during stationary conditions for travel �ight.

The PSD representative for descent �ight were obtained from the maximum amplitudes

from single PSD during this period.
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Figure 4.20: Power spectral density of sensor 1 (top) and sensor 3 (bottom) during travel �ight (grey colors,

average PSD) and descent �ight (red colors, maximum amplitude of PSD) in the frequency

range from 2 - 2000 Hz [adapted from ISMB 2007].
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Figure 4.20 shows the PSD in ( m
s2

)2

Hz
depending on frequency in the range of 2 Hz to

2000 Hz. The grey lines show the average PSD of measurements during travel �ight,

the red lines the maximum amplitude PSD during descent �ight. As it is obvious in

this diagram, the power density for descent �ight is orders of magnitudes higher than

for travel �ight. By comparison the PSD measured with sensor 1 and sensor 3, the

attenuation due to the mechanical damping of the aircraft mounting rack is obvious in

the frequency range between 100 and 2000 Hz. Figure 4.21 shows the corresponding

frequency and timing jitter measurement results using the heterodyne method.

Figure 4.21: Heterodyne measurements of frequency (left) during travel �ight (top, middle) and descent

�ight (bottom). Timing jitter measurements (resolution 8 ns) during travel �ight are shown

on the right.
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The frequency stability requirement of 1,3 MHz was reached for travel �ight (0,3 MHz -

0,4 MHz) as well as for descent �ight (0,5 MHz). Despite the vibrational disturbance in

descent �ight of orders of magnitude higher than in travel �ight, the laser was operating

seeded all the time, and met the stability requirements concerning frequency and timing.

Table 4.3: Results of frequency measurements during �ight.

In table 4.3 the results of all heterodyne measurements is shown. It turns out that the

frequency stability is always smaller than 600 kHz, for travel �ight as well as for curve

�ight, as well as for descent �ight. This result is independent of cavity control settings

and of operation mode (ramp �re - ramp delay �re). Also the timing jitter between

expected and actual laser pulse emission meets the requirement. It is smaller than 50 ns

in all cases, except measurements with the ramp and �re setting during curve �ight
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which leads to a timing jitter of 411 ns. The number of unseeded shots is below 3 %

determined from heterodyne measurements, which could be also disturbed by vibrations

for the coupling of the seedlaser and the LPO laser into the heterodyne unit.

Concluding it can be pointed out that the new active frequency control, based on the

ramp �re technique, did work well compared to the earlier Q-switch build up time

method. A signi�cant di�erence between ramp and �re and ramp delay �re method,

concerning to frequency and timing jitter was not observed. Also the di�erent look-up

table settings did not in�uence the results remarkably.
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4.6 Frequency stability measurements during receiver

calibration

During calibration, the laser frequency is changed in steps over a de�ned frequency

interval and the signal detected with the Mie and Rayleigh receiver is recorded. This

is used to calibrate the receiver response function. The response function for the two

Rayleigh receiver �lters is shown in �gure 4.25.

Figure 4.22: The transmission curves of Rayleigh interferom �lter A and B, and the intensity distribution

of the Mie and Rayleigh signal from a 355 nm source with respect to zero wind speed and to

a Doppler-shifted signal versus wavelength [Pa�rath 2006].

Wind measurements are performed at the frequency of the crosspoint of both �lter

curves. To get an approximate position of the cross point, the laser frequency is changed

in 250 MHz steps over a range of 11 GHz to cover both �lter transmission maxima. If

this approximate position of the cross point is found, the frequency step resolution is

increased to 24,9 MHz over a range of 1,8 GHz around the cross point. The frequency

is changed every 700 laser pulses.
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To characterise this process the output frequency (UV) of the A2D was measured during

one calibration. The result of this frequency measurement is shown in �gure 4.23.

Figure 4.23: Frequency measured by the WLM versus time during the interferometer calibration. Laserfre-

quency is changed in 24,9 MHz steps every 18 s.

The frequency jitter for every frequency step is analysed, because it a�ects the accuracy

of the calibration. Therefore, the respective frequency intervals were fractionized. So

it was possible to calculate the frequency mean value of each step (700 shots) and its

standard deviation (�gure 4.24).

The mean value of frequency deviation is about 0,68 MHz (UV). So the requirement for

frequency stability of 4 MHz (UV) is clearly met during the calibration. The histogram

on the right side shows the distribution of the frequency standard deviation. With

the calculated mean values of frequencies, the compliance of the frequency step size

(24,9 MHz) can be veri�ed. Therefore the frequency di�erence between the frequency

mean values is calculated (�gure 4.25).
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Figure 4.24: Standard deviation of frequency, for every single frequency step (left), and the corresponding

histogram of standard deviation (right).

Figure 4.25: Di�erence between the mean frequency of every single step (left), and the corresponding

histogram of the di�erences (right).

The mean value of one frequency step is (24,915 ± 1,54) MHz. Hence the frequency

mean value di�ers only 15 kHz from the set value. The deviation of the interval steps

is 1,54 MHz. With these measurements it was shown that the laser tunability complies

with the requirements.



Chapter 5

Laser beam parameters

For accurate wind measurements with a Doppler wind lidar system the quality of the

emitting laser beam is very crucial. An important parameter therefore is the divergence

of the laser beam. The angular divergence of the transmitted beam determines if the

beam is completely in the �eld of view (FOV) of the receiver. The FOV of the A2D

receiver is �xed to a very small value of 100 µrad in order to reduce the solar background

light in the Rayleigh receiver. The full divergence angle of the laser transmitter has to be

smaller than the FOV for optimal lidar performance. Beam divergences in the range of

100 µrad are neither easy to achieve nor easy to measure. To get accurate information of

the characteristic of the A2D laser beam two di�erent divergence measurement methods

and its results are discussed in this chapter.

In section 5.1 the propagation and characterisation of a Gaussian beam and non-Gaussian

beams are discussed. Section 5.2 deals with beam diameter measurement using the knife-

edge method. In section 5.3 beam characterisation with a converging lens in combination

with an UV-camera is discussed.
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5.1 Laser beam theory

5.1.1 Beam spatial pro�le

Before the propagation and characterisation of a Gaussian beam will be analysed in

detail, the genesis of such a beam gets recapitulated.

A laser beam is the result of light ampli�cation by stimulated emission of radiation (see

chapter 4). An active laser medium, which is pumped by an external energy source,

is placed in a resonant optical cavity. The process of generating laser radiation was

discussed in more detail in chapter 4.

Essential for beam analysis is the transverse spatial distribution of energy within an

optical resonator. In optical resonators only electromagnetic �elds can exist whose dis-

tribution of amplitudes and phases reproduce themselves upon repeated re�ections be-

tween the mirrors. This is a process of positive interference. These particular �eld

con�gurations comprise transverse electromagnetic modes (TEMmn) of a passive

resonator. The integers of m and n represent the numbers of nodes and zeros of intensity

transverse to the beam axis in the vertical and horizontal directions. Some examples of

TEM patterns are shown in �gure 5.1.

The mode with a special importance is the TEM00 mode, also called fundamental mode

or Gaussian mode. One reason for this special importance is the minimum divergence

angle θ and waist diameter d0 of the TEM00 mode. Also the property that a Gaus-

sian beam is reproduced in another Gaussian beam by non-aberrative optics makes it

so peculiar. As the name suggests in TEM00 mode the beam emitted from the laser

has an ideal Gaussian intensity pro�le. This intensity pro�le is given by the equation

[e.g. Koechner 1988]

I(r) = I0 · exp(
−8r2

d2
) (5.1)

in which I0 is the intensity at the center, r =
√

x2 + y2 is the distance from the center,
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Figure 5.1: Examples of cylindrical transverse mode patterns. The �rst subscript indicates the number of

colored rings, whereas the second subscript indicates the number of colored bars across the

pattern. The modes marked with an *, are linear superposition of two like mode, one rotated

90◦ about the axis relative to the other [Koechner 1988].

and d is the beam diameter.

As the Gaussian beam does not have sharp edges, the limitation of such a beam has

to be de�ned. For a Gaussian beam the beam radius is de�ned at the point where the

intensity is down to e−2 ≈ 13, 5% of its intensity maximum. The intensity pro�le with

the corresponding beam diameter is shown in �gure 5.2.

For a non ideal Gaussian beam, the diameter is de�ned by the �rst and second order

moments [ISO 11146]. The �rst order moment x, y gives the centroid of the beam. It is

calculated similar in both, x and y directions with

x̄(z) =

∫ ∫
x · I(x, y, z) · dxdy∫ ∫
I(x, y, z) · dxdy

(5.2)

The second order moment σx,y
2 is called variance.
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Figure 5.2: The intensity pro�le of a Gaussian beam. The distance from the position where the intensity

reaches its maximum to the position where it is decreased to e−2 is de�ned as the beam radius r.

The variance is given by

σx,y
2(z) =

∫ ∫
r2 · I(x, y, z) · dxdy∫ ∫

I(x, y, z) · dxdy
(5.3)

where r is the distance to the centroid (x̄,ȳ).

The square root of the variance is de�ned as the standard deviation σ. The interval

between ± 2σ about the mean value includes 95,45 % of the complete beam intensity

and is de�ned as the beam diameter d [ISO 11146]

d(z) = 4 · σx,y(z) (5.4)
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Due to the A2D laser requirements the divergence angle in this thesis is always calculated

with the 6 - σ - diameter. This is the interval where 99,73 % of the whole beam intensity

is included.

5.1.2 Beam propagation and divergence

Gaussian Beam

If light waves propagate, di�raction causes them to spread transversally, and it is not

possible in this case to obtain a perfectly collimated beam. The spreading of intensity of

a Gaussian beam is in precise accordance with the predictions of pure di�raction theory

[Bouwkamp 1954]. Thus, a Gaussian beam contracts to a minimum diameter 2 · w0 at

the beam waist where the phase front is planar. The spot size at a distance z from

the beam waist w0 = d0

2
expands as a hyperbola, which is described by the following

equation [e.g. Koechner 1988]

w(z) = w0

√
1 +

(
λ · z

π · w0
2

)2

(5.5)

where z is the distance from the plane z0 where the wavefront is �at, w0 is the beam

waist radius of the e−2 irradiance contour at the waist position z0, and λ the wavelength.

w(z) = d(z)
2

is the beam radius at any distance z from the waist (�gure 5.3).

The asymptote of the hyperbola is inclined at an angle θG

2
with the axis, as shown in

�gure 5.3, and de�nes the far-�eld divergence angle θG of the emerging beam. The full

divergence angle for the TEM00 mode is given by

θG = lim
z→∞

d(z)

z
=

4 · λ
π · d0G

(5.6)

where d0G is the diameter of a Gaussian beam at the waist position z0.

At su�ciently large distances from the beam waist, the wave has a spherical wavefront
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appearing to emanate from a point on the beam axis at the waist. The radius of curva-

ture R(z) of the wavefront that intersects the axis at z is described by

R(z) = z ·

[
1 +

(
π · w0

2

λ · z

)2
]

(5.7)

Another parameter which is often used to characterise a laser beam is the Rayleigh

length zR. The Rayleigh length gives the position on the propagation axis, where the

phase front curvature has a maximum value. Therefore the Rayleigh length is calculated

by di�erentiation of equation 5.7

dR

dz
= 0 → zR =

π · w0
2

λ
(5.8)

Thus, the Rayleigh length is the position where the beam waist radius is increased by

a factor of
√

2. The typical form of the Gaussian beam propagation with its beam

diameter d0 and the curvatures of the wave fronts R(z) is shown in �gure 5.3.

Figure 5.3: Gaussian beam propagation where d(z) shows the position of the intensity, where it is decreased

to e−2 compared to the maximum on the propagation axis z, and d0 is the waist diameter. On

the left side of the waist, the curvature radius R(z) is shown. It is plane at the waist and at

in�nity, and reaches its maximum one Rayleigh length zR away from the waist. On the right

side the divergence angle θG with the hyperbola asymptotes are shown. z0 is the waist position

along the propagation axis z.
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Non Gaussian beam

Most real laser beams show a deviation of the ideal Gaussian pro�le. Reasons therefore

can be the excitation of higher transverse modes in the optical resonator, the inhomo-

geneous amplitude and phase ampli�cation of the laser medium, or interference with

splitted beams. These real laser beams show a higher divergence and a larger focus

diameter after focussing with a lens.

The usual way to compare a real laser beam with the ideal Gaussian one is to determine

the beam-propagation factor M2 [ISO 11146]. For higher transverse modes or mode

mixtures both the waist diameter d0 and the divergence θ are higher than for Gaussian

beams by a factor M [Roundy 1999, Roundy 2000]. The relation between a real beam

and an ideal Gaussian beam is shown in �gure 5.4.

Figure 5.4: Beam waist diameter d(z) and full divergence angle of a real beam M · θG. Both are a factor

M larger than Gaussian beam parameters. M2 is the times-di�raction limit factor.

Hence, Equation (5.6) gets modi�ed for real laser beams with the factor M2 giving

θ · d0 = M2 · 4 · λ
π

= M2 · θG · d0G
(5.9)

where θ is the full divergence angle, d0 the beam waist diameter of a non Gaussian beam.

M2 is called the times-di�raction-limit factor.

The product of θ and d0 is called the beam parameter product (BPP), and is used
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to specify the quality of a laser beam. Signi�cant to mention is that the BPP does

not change when the beam is sent through non-aberrative optics. If the lens generates

a focus with smaller beam waist diameter, the beam divergence will correspondingly

increase. So the relation

θ · d0 = θf · d0f
(5.10)

can be written, where θ · d0 is the BPP of the emanated beam and θf · d0f
this of

the focused one. This property is used for laser beam characterisation as described in

section 5.3.
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5.2 Methods for beam divergence characterisation

The following subsections discribe two di�erent methods to determine the beam diver-

gence and discuss their results.

5.2.1 Knife-edge method

For divergence measurement respectively diameter measurement using the knife-edge

method, the propagating beam is cut via an edge. The transmitted power is measured

with a powermeter depending on the edge position. In �gure 5.5 the transmission curve

measured while cutting the beam in one axis is shown, assuming a Gaussian intensity

pro�le.

The transmission T (x) of a Gaussian beam depending on the edge position x can be

calculated with [e.g. Eichler et al. 2004]

T (x) =
1

P

∫ ∞

x

∫ ∞

−∞
I(x, y) · dxdy =

1

2

(
erf

(
2
√

2
x

d

)
+ 1

)
(5.11)

where I(x, y) is the intensity on the respective position, P the laser power, d the beam

diameter and erf the error function.

To obtain the beam radius r it is necessary to measure the transmission at the egde

position of ± d
4
, because the di�erence between ± d

4
is equal to 2 σ, which de�nes the

beam radius. This value can be calculated with equation (5.11) and table 5.1 where

values of the numerical solution of the error function are listed.

It follows that the transmitted power at 16 % and 84 % yields the value which includes

the beam radius. If the beam radius gets measured on di�erent positions of the propa-

gation axis, the spreading of the diameter and therefore the full divergence of the beam
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Figure 5.5: Determination of the beam diameter with the knife-edge method. Above: Intensity pro-

�le of a Gaussian beam. Below: Transmission depending on the edge position. The

beam radius is de�ned as the distance between the value of 16 % and 84 % transmission

[adapted from Eichler et al. 2004].
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x erf(x) x erf(x) x erf(x)

0,00 0,0000000 0,45 0,4754817 0,90 0,7969082

0,05 0,0563720 0,50 0,5204999 0,95 0,8208908

0,10 0,1124629 0,55 0,5633234 1,0 0,8427008

0,15 0,1679960 0,60 0,6038561 1,1 0,8802051

0,20 0,2227026 0,65 0,6420293 1,2 0,9103140

0,25 0,2763264 0,70 0,6778012 1,3 0,9340079

0,30 0,3286268 0,75 0,7111556 1,4 0,9522851

0,35 0,3793821 0,80 0,7421010 1,5 0,9661051

0,40 0,4283924 0,85 0,7706681 1,6 0,9763484

Table 5.1: Numerical solution of the error function erf [Abramowitz and Stegun 1972]. To obtain the beam

width from the measured transmitted power, equation (5.11) has to be solved for x = ±d
4 .

Therefore, the bold printed value, and the relation erf(−x) = −erf(x) is used.

can be calculated according to:

θ =
d2 − d1

∆z
(5.12)

where d2 and d1 are the diameters at di�erent positions with distance ∆z.

To arrange this measurement the A2D laser transmitter was set up in a container without

telescope and receiver. An aluminium was mounted on a micrometer drive to cut the

beam. Because of an expected divergence of around 100 µrad the edge length was chosen

to 5 cm. With this size it ensured that in 100 m distance from the container 99,5 % of

the beam intensity gets cut from the plate.

The moving plate was placed in front of a thermal sensor (PM 150 - 19C, coherent)

which was linked to a powermeter (Field Max - TO, coherent). A schematic diagram of

the measurement setup is shown in �gure 5.6.
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Figure 5.6: Setup of divergence measurement with the knife-edge method. The laser beam gets cut with

an edge. The transmitted power, measured with the powermeter, provides information of the

beam diameter.

The diameter measurements were done in 1,26 m, 37,18 m and 77,68 m distance from

the laser beam expander (BEX) output. At about 300 power measurements per edge

position were used to build the mean value of one power measurement with its standard

deviation. The mean value, error bars of the measurements and the resultant beam

diameters at di�erent positions of the z-axis are shown in �gure 5.7.

In �gure 5.7, the transmission curves measured in 1,26 m (top, left), 37,18 m (top,

right), and 77,68 m (bottom, left) and the respective resulting 4-σ and 6-σ-diameters

are shown. The diagram on the lower right side shows the 4-σ diameter propagation

in z-axis. From this diagram it is obvious that the beam diameter decreases along the

propagation axis until about 40 m, before it increases. This matter of fact does not

agree with the theoretical expected propagation of a divergent laser beam, but can be

explained with a wrong BEX alignment.
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Figure 5.7: Power transmission depending on the edge position in the distances of 1,26 m (top, left), 37,18

m (top, right), and 77,68 m (bottom, left). The 4-σ diameter along the propagation axis z is

shown in the right, bottom diagram.

For beam expansion at the laser output, a Galilean beam expander, consisting of a

negative input lens and a positive objective is used. A sketch of the beam expander is

shown in �gure 5.8.

If the distance between both lenses is too large, the outcoming beam will propagate

convergent �rst. By means of the performed measurement the waist diameter would be

close to 40 m.
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Figure 5.8: Galilean BEX with 2 lenses L1, L2 and its focal points f1, f2 in a con�guration, where the

distance of the lenses is too large.

The full divergence angle is calculated with (5.12), d2 = 12, 57 mm, d1 = 9, 45 mm, and

∆z = 40, 5 m (�gure 5.7) and yields an angle of 76,8 µrad (6-σ). The di�raction limited

divergence angle for a Gaussian beam with a waist diameter of 6,3 mm is calculated with

equation (5.9) to be 107 µrad (6-σ). Since the di�raction limited divergence angle is the

minimum possible value, the result of the knife-edge measurement is not consistent with

the theory.

One explanation for this inconsistency can be an insu�cient accuracy of beam width

measurement because of the sensibility of the used thermal sensor for power measure-

ment. The power sensor absorbs the incident laser radiation and converts it into heat.

The temperature between the absorbing area and an air cooled reference area is mea-

sured, and gives a value which is proportional to the power of the incident laser radiation.

If the ratio between both areas is disturbed by temperature changes (like wind �uctu-

ations during �eld measurements) or other external in�uences, the accuracy of power

measurement, thus diameter determination will decrease. For beam width measurement

at 37,18 m and 77,68 m the complete measurement setup inclusive thermal sensor were

exposed to outside in�uences like wind, solar radiation and temperature �uctuations.

These e�ects disturbed the temperature di�erence between absorber and heat sink and

therefore yield to a random error which could be a reason for an inaccurate measurement

result. Since the data points in �gure 5.7 are a result of averaging 300 measurements,

and due to the of the data points with the expected error-function the described error

is not signi�cant.
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Another issue which could lead to errors in the knife-edge measurement is the beam

pro�le of the emanating beam. Figure 5.9 shows the intensity pro�le measured with an

UV camera. It is obvious that the beam pro�le is not radial symmetric but has an elliptic

shape. If an elliptic beam �rst propagates convergent, the ellipse will rotate due to the

higher divergence of the major axis. If now the edge cuts the beam in an arbitrary axis,

the resulting measurement is not along the major axis. The ratio between major and

minor axis is about 1:1,30. So the half angle divergence between major and minor axis

will di�er 15 % at the most. Therefore the ellipticity of the beam can not fully explain

the inconsistence between measured divergence and di�raction limited divergence.

Figure 5.9: Intensity pro�le of the emanated beam, recorded with an UV camera.

It turned out that the large Rayleigh length of the emanating beam has lead to a wrong

divergence result. To calculate the far �eld divergence angle with (5.12) it is necessary

that both d2 and d1 are some Rayleigh lengths away from the laser output (�gure 5.10),

because equation (5.12) assumes a linear diameter increase for divergence calculation.

The Rayleigh length from equation (5.8), with λ = 355 nm and d0 = 6, 3 mm results in

zR = 44 m. Due to the waist at around 40 m, the diameter measured in 77,68 m is only

about one Rayleigh length away from the waist and therefore not useful for divergence
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calculation. Diameter measurements in larger distances were not possible due to the

limited powermeter aperture size.

Figure 5.10: The dark grey area shows the divergence angle θknife−edge which is calculated with equation

(5.12), where the diameters are d2 ≈ d(zR) and d1 ≈ d(z0). Due to the long Rayleigh

length of the laser beam, the assumption of linear diameter increasing leads to an error. For

comparison, the actual divergence angle θ is indicated with the light grey area.

To obtain an approximate value of the divergence angle, equation (5.5) was used for a

statistical curve �t through the 3 measured diameters. With this hyperbola �t the waist

diameter d0, the Rayleigh length zR and the waist location z0 can be determined, and

therefore a calculation of the divergence angle θ and the times-di�raction limit factor M2

was possible. A detailed explanation of this calculation is given in next subsection 5.2.2.

The three measured diameters along the beam axis position including the hyperbola are

shown in �gure 5.11.

Figure 5.11: Diameters of the laser beam along the propagation axis from the knife-edge method and

equation (5.5), and the resulting hyperbola curve.
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For d0 = 6,3 mm and zR = 44,0 m, the M2 value is calculated to 2,04 and the full

divergence angle to be 219 µrad.

Summarized it can be shown that the knife-edge measurement method has some limi-

tations which can not be eliminated. Nevertheless, with the non-linear curve �t it was

possible to get a �rst estimate of the beam parameters M2 and θ. To verify these results,

a second divergence measurement method is discussed in the following section.
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5.2.2 Lens method

In comparison to the knife-edge method the beam width measurement with a UV camera

is a more comfortable method and yields to more accurate values. Also the determination

of the second moment diameter is much easier, due to accumulation of the intensities of

every single pixel by the UV camera software.

Because of the limited active area size of the camera chip the laser beam can not be

completely acquired without a focussing lens. If the given input beam with a width D

will be focussed by a lens, the diameters of the focussed beam can be measured some

Rayleigh lengths in front and behind the beam waist and therefore also the divergence

of the focussed beam can be determined. The typical setup of a diameter measurement

with an UV camera is shown in �gure 5.12.

If the diameter of the focused beam is measured on di�erent positions along the propa-

gation axis z, the waist diameter d0, the waist position zf0, and the Rayleigh length zfR

can directly be determined by a hyperbolic curve �t according to equation (5.5), and

using equation (5.6) for θf . For accurate �t results, at least 10 diameter measurements

within one Rayleigh length, and 10 beyond were done.

To obtain the divergence angle of the focussed beam θf , and the times-di�raction-limit

factor M2, the square of the measured diameters is calculated and �tted with the square

of equation 5.5 [ISO 11146].

d2(z) = d0
2 + (z − zf0)

2 · θf
2 (5.13)

d2(z) = A + B · z + C · z2 (5.14)

The coe�cients A, B and C of the parabola d2(z) = A + B · z + C · z2 are determined

by curve �tting, and θf can be calculated using

θf =
√

C (5.15)
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Figure 5.12: Setup for beam characterisation with a UV camera and a converging lens. The orientation of

the radius of curvature Rs of the emanating beam and RL of the focussed beam is shown at

the bottom.

To determine the beam width DL at the lens position, equation 5.13 has to be solved

for z = 0 giving

DL =
√

A (5.16)

The times-di�raction-limit factor M2 is described by M2 = θ·d0

θG·dG
(eq. 5.9). The BPP

of the focussed beam can be calculated using θf · df =
√

A · C − B2

4
, and the BPP of

the ideal Gaussian beam is given by θG · dG = 4·λ
π

(eq. 5.6). Thus, M2 is determined

according to

M2 =
π ·

√
A · C − B2

4

4 · λ
(5.17)
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To accurately determine the angular beam divergence θ, the waist diameter of the ema-

nating beam D0 is needed. This is done by "retransforming" the radius of curvature of

the focussed beam.

The radius of curvature on the measurement side of the lens (right of the lens in �gure

5.12) can be calculated according equation (5.7)

RL = zf0

[
1 +

(
zfR

zf0

)2
]

(5.18)

where zfR is the Rayleigh length of the focussed beam.

This radius of curvature is changed while it was passing the lens. The radius of curvature

on the source side of the lens can be calculated according to [e.g. Wright et al. 1992,

Sasnett et al. 1989]

RS =
1

1
f
− 1

RL

(5.19)

Using Rs, the beam width minimum D0 on the source side of the lens can be calculated

with [e.g. Wright et al. 1992]

D0 =
DL√[

1 +
(

π·DL
2

4·λ·M2·RS

)2
] (5.20)

The waist location z0 is determined with [e.g. Wright et al. 1992, Kogelnik 1966]

z0 =
RS[

1 +
(

4·λ·M2·RS

π·DL
2

)2
] (5.21)

For diameter measurement with a setup shown in �gure 5.12, the LaserCam - HR (Coher-

ent) was used. The active area of the complementary metal oxide semiconductor
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(CMOS) of this camera is 6,8 x 8,5 mm and comprises 1024 x 1280 pixels. For accurate

diameter calculation a minimum of 30 digital pixels are required according to the manu-

facturer. Hence, it is necessary to choose an appropriate converging lens for an accurate

diameter determination.

The size of the focus diameter d0f can be approximated with [e.g. Siegman 1986]

d0f ≈
2 · f · λ

DL

(5.22)

which should be at least 6,7 µm·30 = 0, 201 mm. For λ = 355 nm and the diameter

DL in the position of the lens of approximately 8 mm (taken from �gure 5.7, measured

in 1,26 m), a focal length f of 2,25 m is required. This calculation assumes an ideal

Gaussian beam. Since a real beam creates a larger waist diameter than the ideal one, a

2 m converging lens will be su�cient. In the following measurements both, a 2 m and a

3 m converging lens were used.

Because of the UV radiation, the lenses are made of fused silica (leading to high trans-

mission) and have a surface �gure of λ
10
. The focal length tolerance of both lenses is ±

0,5 % [Appendix A.4, Laser Components].

To reduce the laser power density at the surface of the detector, some attenuation devices

are used in this measurement setup. In the laser system itself a half-wave plate (λ
2
) in

combination with a polariser is applied to reduce the exiting laser power from 3,2 W

to 30 mW. To realize a variable attenuation for matching the beam intensity for the

di�erent diameters to the CMOS saturation, a UV attenuator (Type C-VARM from

Coherent) is used. This attenuator consists of two wedge attenuators. One which is

continuously variable and one which allows stepwise attenuation from 107 : 1 down to

3000 : 1. The third way of attenuation is caused by two tilted mirrors which navigate

the beam around the optical bench in a way that the beam waist of the focused beam is

at the position of the UV-camera. On these devices 4 % of the incident beam power is
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re�ected. With these three attenuation devices it is possible to adjust the laser power

to be lower than the camera power saturation. The material of the attenuation optics

is properly speci�ed and polished so that the beam is not distorted by the introduction

of the attenuation.

To realize su�ciently large distances along the z-axis for enough diameter measurements,

the UV-camera was mounted on a 2 m long rail.

Results

One example of the diameter measurement using the UV-camera is shown in �gure 5.13.

The beam width is calculated with the method of the second moments by the UV camera

software for the major and the minor axis of the beam. The beam width is an average

of 50 measurements and the error bars show the standard deviation. The result of beam

parameter calculation in comparison with the knife-edge method is shown is Table 5.2.

UV-camera UV-camera knife-edge

(major axis) (minor axis) (x axis)

M2 1,87 ± 0,22 1,74 ± 0,20 2,04

D0 [mm] 6,56 ± 0,57 5,61 ± 0,61 6,299

DL [mm] 8,49 ± 0,23 7,37 ± 0,38 8,48

Z0 [m] 42,0 ± 6,0 33,7 ± 3,6 39,89

θ6σ [µrad] 193 ± 21 210 ± 15 219

Table 5.2: Result of the beam parameter measurement with the lens and the UV camera (major, minor axis

with mean ± 1 σ) and the knife-edge measurement (x-axis), for times-di�raction-limit factor

M2, waist diameter of the original beam D0, the beam diameter at lens position DL, the beam

waist position of the original beam Z0, and the 6σ value of the beam divergence θ6σ.

The mean values and their standard deviation, shown in table 4.2, are calculated from

8 di�erent divergence measurements (4 times with f = 2 m lens and f = 3 m lens each).
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Figure 5.13: Measurement with a f = 3 m converging lens. The beam diameter depending on the position

behind the lens, including the hyperbola curve �t (top), and the square of the diameters

including the parabola �t (bottom) is shown for minor axis (black), and major axis (red).
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The accuracy and also the repeat accuracy of this measurement method is in a range of

10 %.

The results of the UV camera measurement are very consisting with the knife-edge mea-

surement results. This is obvious for all measured parameters. Also the waist location

at about 40 m can be con�rmed. The measured divergence in both axes is about 200

µrad (6σ = 99,7 %), and therefore it is more than two times larger than the receiver FOV.

One way to reduce the laser divergence and to eliminate the waist at 40 m is an optimi-

sation of the position of the BEX lenses. If the waist of the emanating beam is aligned

at in�nity, the waist diameter would be as large as the diameter at the lens position, and

therefore the divergence will be smaller. Another way to magnify the beam diameter is

to use a BEX with a larger magni�cation. Both options were realized within this thesis

and are described in the next section.

5.3 Optimisation of laser beam parameters

To realize a laser beam which is completely in the FOV of the telescope (100 µrad)

the two lenses of the BEX are changed with lenses of di�erent focal length. With this

modi�cation it was possible to change the magni�cation of the beam diameter from 4 to

5. A higher magni�cation was not feasible due to the limited BEX diameter of 1 inch.

If the diameter of the beam is larger than 50 % of the BEX lens diameter, di�raction

e�ects will not be negligible.

After exchanging the lenses it was necessary to optimize the distance between the 2

BEX lenses. To realize this, the measurement setup described in 5.2.2 was used. The

emanating beam was focussed with a f = 2 m converging lens, and the UV camera was

placed exactly one focal length away from the lens (2164 mm @ 355 nm). If now the

distance between the lenses of the BEX gets changed in a way that the beam waist is

exactly positioned in the focus of the converging lens, the alignment will be perfect.

Due to the di�erent waist positions for major and minor axis, not the beam diameter
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was chosen to �nd the focus of the beam, but the power density which hits the CMOS.

Thus, the BEX was aligned in a way that the spot onto the CMOS chip creates the

highest power density. For an ideal transformed Gaussian beam, this point would be the

beam waist.

After this alignment, the measurement procedure described in 5.2.2 was repeated. The

result of this measurement is shown in �gure 5.14 and table 5.3.

UV-camera UV-camera

(major axis) (minor axis)

M2 1,21 1,14

D0 [mm] 11,09 7,94

DL [mm] 11,25 9,80

Z0 [m] 38,5 88,7

θ6σ [µrad] 74 97

Table 5.3: Results of divergence measurements after BEX modi�cation, for times-di�raction-limit factor

M2, waist diameter of the original beam D0, the beam diameter at lens position DL, the beam

waist position of the original beam Z0, and the 6σ value of the beam divergence θ6σ.

As expected from the modi�cation of the BEX, the beam diameter in both axes is at a

factor of 4
5
larger than before. However, the waist diameter D0 is only slightly smaller

(for major axis), and about 10 % smaller (for minor axis) than the beam diameter at the

lens position. This fact is an indication for a nearly collimated propagating beam. The

di�erence of waist diameter for major and minor axis is due to the e�ect of astigmatism

which can not be removed.

The remarkable improvement of M2 is not explained with the new BEX. The M2 is a

ratio between ideal and real BPP, and the BPP is not depending on transformations

between lenses. The reason for the improvement of the M2 is the adjustment of the

IR path of the laser. Clipping e�ects on the power ampli�er crystals led to di�raction

e�ects which increased the beam waist diameter, and therefore M2.
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Figure 5.14: Measurement with a f = 2 m converging lens using a new BEX con�guration and alignment.

In the upper diagram, the beam diameter depending on the position behind the lens, including

the hyperbola curve �t is shown. In the lower diagram, the square of the diameters including

the parabola �t is shown.
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The divergence of the current laser beam is below the requirement of 100 µrad, and

therefore 99,7 % of the Gaussian beam are within the FOV of the telescope.

5.4 Summary of divergence measurements

It was shown in the previous chapter that laser beam divergence measurements with val-

ues of some 100 µrad are not easy to achieve. The divergence measurement with both

methods requires accurate diameter measurement. Therefore it is important to know

if the beam shape is radial symmetric, or not. For non radial symmetric beams it is

necessary to make a di�erence between the major and the minor axis. Also the method

of diameter determination should be well chosen. For real beams, the diameter calcu-

lation using the method of the �rst and the second moment would lead to minimal errors.

Using the knife-edge method it is important to realize that the Rayleigh length of the

outcoming beam could be higher than 50 m for UV wavelengths, and a beam waist

diameter larger than 6 mm. So the approximation of linear diameter propagation could

only be done, if the diameter measurements are performed in a distance of at least two

time the Rayleigh length. If not, the hyperbola �t has to be used for beam parameter

determination.

Using a converging lens for beam transformation it is crucial to choose non aberrative

optics. The focal length of the lens must be well known, because the accuracy of the

measurement is mainly depending on the knowledge of the focal length. Furthermore,

the focal length must be chosen in a way that the focus diameter is measurable with the

used CMOS detector. It must be pointed out that at least 10 diameter measurements

within one Rayleigh length, and 10 beyond are necessary to minimise the �t error. Ad-

ditionally it is important to determine the beam waist diameter of the emanating beam

by the radius of curvature. If the approximation is used that the waist diameter of
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the original beam is nearly as large as the one at the lens, the error in the divergence

calculation would not be negligible.

If above criteria are met, both measurement methods will be able to determine the di-

vergence with an accuracy of 10 %, for divergence values in the order of 100 µrad. Due

to the comfortable setup in laboratory, the non radial symmetric beam, and the easier

diameter determination, the lens method would be preferred to the knife-edge method.

Also the BEX alignment is easier to achieve with this method.

After optimisation of the laser alignment and magni�cation of the BEX, the divergence

of the emanating beam was smaller than 100 µrad. Therefore the beam is completely

in the FOV of the receiver telescope, and an optimal radiometric performance of the

A2D lidar system is possible.



Chapter 6

Summary and conclusion

The main objective of this thesis was to characterise the laser beam parameters and the

frequency stability of the ALADIN airborne demonstrator A2D in the vibrational envi-

ronment of an aircraft. It was shown that the cavity control technique, based on ramp

and �re, allows seeded laser operation despite the vibration levels in the aircraft. This

was not achieved with the earlier cavity control based on pulse build up time minimi-

sation technique. The frequency jitter from pulse to pulse, measured during 2 �ights in

April 2007 was smaller than 0,6 MHz (IR) which is below the requirement of 1,3 MHz.

This frequency stability was reached for ramp �re and ramp delay �re settings, inde-

pendent of vibration level and the respective �ight attitude (travel �ight, curve �ight,

descent �ight). The timing jitter between actual pulse and expected pulse during the

�ights was smaller than 50 ns (rms). This value is a factor of 2 lower than the require-

ments. During the test �ights, no dependence between cavity control settings, �ight

situation and timing jitter was realized. During the vibration test in laboratory it was

shown that the ramp �re control method leads to a lower frequency jitter, and the ramp

delay �re method to a lower timing jitter, which is expected.

The pulse energy requirement for the laser transmitter is 60 mJ
pulse

, which is equivalent to

a laser power of 3,0 W for 50 Hz pulse repetition rate. It was shown that the seedlaser
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frequency was not in the gain spectrum of the low power oscillator. After changing the

seedlaser frequency due to a higher laser crystal temperature, and after coarse alignment

of the laser beam through the second and third harmonic crystals for a better conversion

e�ciency, a laser power between 3,4 W and 3,5 W (68-70 mJ
pulse

) was achieved.

The beam divergence for the A2D laser transmitter has to be smaller than 100 µrad (6σ

diameter) to be completely in the �eld of view of the telescope. To determine the actual

divergence angle, comprehensive measurements were done in �eld and laboratory. These

measurements yields values for M2 of 1,8 and divergence angles at about 200 µrad.

After changing the lens combination of the beam expander to get a larger beam diameter

magni�cation from 4 to 5, and after realigning the optical path the of IR beam to obtain a

better M2, the divergence angle was determined to be smaller than 100 µrad, and a M2

value of 1,2 was achieved. A summary of the required laser parameters in comparison

with the actual measured values in this thesis is show in table 6.1.

Table 6.1: Comparison between requirements and characterized laser parameters in this thesis.
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It is obvious from table 6.1, that all laser requirements are met. The future measurements

with the A2D receiver and laser should verify that the radiometric performance of the

A2D is within the expected values of the simulations. If the measured signal of the

Rayleigh and Mie receiver is lower than the expected one, one reason can arise from

pointing stability of the laser beam from short term (pulse to pulse) or long term e�ects.

In this case it is necessary either to improve the pointing stability of the laser beam or

to decrease the laser divergence further.
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Figure A.1: Coherent - LaserCam Hr - Datasheet [Coherent LaserCam HR].
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Figure A.2: High Finesse - Wavelengthmeter WSU-10 - Datasheet [High Finesse WS Ultimate].
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Figure A.3: Yokogawa - Optical spectrum analyzer AQ 6319 - Datasheet [Yokogawa AQ 6319].
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Figure A.4: Laser Components - Fused Silica Singlet Lenses - Datasheet [Laser Components].
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