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Abstract

The aim of this work is to design and characterize all-diode laser
based master oscillator power ampli�er (MOPA) systems, which op-
erate in the ns-pulse region with peak powers in the range of more
than 10W. They should provide the ability to be implemented into
micro light detection and ranging (LIDAR) or di�erential absorption
LIDAR (DIAL) systems, commonly known as Micro Pulse Lidar sys-
tems (MPLs). The MPLs then enable to detect aerosols and water
vapor in the lower troposphere, the lowest layer of the earth's atmosphere
which is about 6 -10 km above the sea level. Thus the diode laser based
MOPA systems have to ful�ll the requirements of laser transmitters in
MPLs for aerosols and water vapor measurement.

Due to varying spatial distribution of aerosols and water vapor, the
resolution of the LIDAR system needs to be high both in vertical and
lateral directions. The response time for the detection of the photons
determines the spatial resolution of the LIDAR measurement, e.g. a
response time in the ns-pulse regime corresponds to a resolution in them
range. To distinguish between the resolution intervals, the emitted laser
pulse should have a length well below the response time of the system.
The repetition rate of the laser transmitter determines the maximal
time interval between emission and detection without a temporal overlap
of the emitted pulses. Together with the speed of light the possible
measuring range can be calculated. A repetition rate of 25 kHz, i.e. a
time between two pulses of 40µs corresponds to a measuring range of
6000m.

For gas absorption measurements, the spectral line width of the laser
transmitter has to be narrower than the gas absorption line width. The
spectral line width of water vapor at atmospheric pressure is about 10 pm
at wavelength of 975 nm, therefore a line width below 10 pm of the laser
transmitter is needed. For aerosols, only the intensity of the back scat-
tered signal is of interest, so that a laser with a broad spectral line width
together with a �lter of 300 pm can be used. This linewidth is required
to suppress the sunlight background of the daytime operation.

TwoMOPA concepts are demonstrated. One is a monolithicMOPA
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and the other is a hybrid MOPA system.

The monolithic MOPA is a compact device where the MO and the
PA are integrated on one single chip. It operates at a wavelength of
1064 nm. A peak power of about 16.3W at a pulse width of 3 ns and a
repetition rate of 800MHz are obtained. At this power, a spectral line
width of about 150 pm is achieved, which is su�cient for the detection
of aerosols. However, the spectral width is not suited for water vapor
detection.

The hybridMOPA concept features separated chips for the seed laser
(the MO) and the power ampli�er (PA). It allows to freely adjust and
individually control the operation conditions of the MO and the PA as
well as speci�cally select each device for desired purposes. In this work,
three hybrid MOPA systems providing stabilized, tunable and dual
wavelengths are investigated. A stabilized wavelength is required for
speci�c absorption line detection, whereas a tunable wavelength emission
allows scanning over several absorption lines. Dual wavelength emission
enables switching between on and o� resonance detection of the spec-
tral absorption lines. As master oscillators for these applications either
distributed feedback (DFB) lasers or Y −branch−DFB lasers are em-
ployed. In order to achieve high optical output power operation in the
ns-pulse regime, multi-section tapered power ampli�ers are used. The
MO is operated in continuous wave (CW ) mode to provide a narrow
spectral line width. The multi-section tapered ampli�er consists of a
ridge wave-guide section used as optical gate (OG) for the generation
of short pulses and a tapered section (TS) for the ampli�cation of the
generated pulses.

The hybridMOPA system operates at a wavelength of 1064 nm with
a stable spectral line width of below 10 pm and a side mode suppression
ratio (SMSR) larger than 46 dB. A peak power of 16W at a pulse width
of 3 ns is achieved at a repetition rate of 800MHz. By adjustment of
timing delay between the OG and the TS with respect to the shape
of the laser pulse, ideally a �at-top-hat-like and a small value of ASE,
the optimized excitation timing is found. It is related to the lifetime
of carriers and the time needed to create the carrier density inversion
in the upper level. In this case an amount of ampli�ed spontaneous
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emission (ASE) smaller than 1% is observed. These parameters meet
the demands of a light source suitable for the measurement of absorption
lines of molecular species under atmospheric condition.
A hybridMOPA system operation at 975 nm is investigated to target

absorption lines of water vapor detection. The pulse width and repeti-
tion rate are varied to adapt to the expected resolution and measured
range. For concentration calibration, adjustment of the working points
and the selection of suitable absorption lines, the system could not only
be stabilized at a speci�c wavelength but also be tuned continuously
for scanning over several absorption lines. A tuning range of 0.9 nm
is obtained by adjustment of the injected current into the DFB laser.
This allows to scan over several absorption lines of water vapor. A con-
stant spectral line width of below 10 pm and a SMSR larger 40 dB are
achieved at a peak power of 16.3W at a pulse width of 8 ns and at a
repetition rate of 25 kHz. An amounts of ASE of smaller than 1% is
observed.
In di�erential absorption LIDAR (DIAL), two wavelengths for on

/o� lines are needed. A hybrid MOPA system featuring a dual wave-
length is investigated for this purpose. The MOPA consists of a Y −
branch−DFB laser asMO and a two-section tapered ampli�er as PA.
The Y − branch −DFB laser emits alternatively at two wavelengths,
which can be �nely tuned by current and temperature. Thus a desired
pair of wavelengths for on and off resonance of water vapor absorption
lines can be selected. Two pair wavelengths at two absorption lines of
water vapor (di�erent absorption coe�cients) are selected. A stable be-
havior of peak power, spectral line width and SMSR at each wavelength
is observed. It is a suitable system for (DIAL) application.
In summary, we have developed all-semiconductor diode laser based

MOPA systems suitable for the laser transmitter inMPL applications,
which can be used for detection of atmospheric gases, such as H2O, and
aerosols. They are potentially applicable in LIDAR or DIAL and
would allow a new generation of ultra-compact, low cost systems.
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Zusammenfassung

Die Zielstellung dieser Arbeit ist es, Diodenlasersysteme zu charakter-
isieren, welche potentiell für die Detektion von Aerosolen und Wasser-
dampf in der tiefen Troposphäre geeignet sind. Diese Lasersysteme
sollen die Voraussetzungen scha�en, um in ein laserbasiertes Detektions
und Fernmessung atmosphärischer Parameter (engl. LIDAR - LIght
Detection And Ranging) oder ein miniaturisiertes Di�erentialabsorptions-
LIDAR (engl. DIAL - DI�erential Absorption LIDAR) integriert wer-
den zu können. Dementsprechend sollen Diodenlasersysteme die Rolle
als Lasertransmitter in Mikropuls LIDAR (engl. MPL - Micro Pulse
LIDAR) Systemen für die Detektion von Aerosolen und Wasserdampf
übernehmen.

Es werden zwei Konzepte mit gekoppeltem Leistungsverstärker (engl.
MOPA - Master Oscillator Power Ampli�er) untersucht, zum Einen ein
monolithisches, zum Anderen ein hybrides MOPA System. Das mono-
lithischeMOPA System ist ein äuÿerst kompaktes System, bei dem der
Masterlaser (engl. MO - Master Oscillator) und Leistungsverstärker
(engl. PA - Power Ampli�er) auf dem selben Chip untergebracht sind.
Dieser emittiert bei einer Wellenlänge von 1064 nm, einer Standard-
wellenlänge für die Detektion von Aerosolen. Hier wird eine Spitzen-
leistung von 16.3W bei einer Pulsbreite von 3 ns und einer Wieder-
holrate von 800MHz erreicht. Bei dieser Leistung wird eine spektrale
Linienbreite von 150 pm erreicht, was ausreichend ist für die Detektion
von Aerosolen. Bei der Messung der Verteilung von Aerosolpartikeln
ist lediglich die Intensität des rückgestreuten Lichts von Interesse, we-
shalb ein Laser mit groÿer spektraler Linienbreite zusamment mit einem
Band-pass Filter eingesetzt werden kann. Damit lässt sich das durch
Sonnenlicht verursachte Rauschen im Tages messungen ausreichend un-
terdrücken.

Für die Messung der Absorption von Gasen muss die spektrale Lin-
ienbreite des Lasers schmaler sein als die Absorptionslinie des Gases.
Im Falle von Wasserdampf in der Atmosphäre ist die spektrale Linien-
breite ca. 10 pm breit. Das hybride MOPA Konzept mit separaten
Chips für MO und PA wird ebenfalls vorgestellt. Es kann frei an den
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gewünschten Einsatzzweck angepasst werden und erlaubt eine individu-
elle Aussteuerung des MO und PA.

Das hybride MOPA Konzept bietet die Möglichkeit zur Wellenlän-
genstabilisierung, Durchstimmbarkeit oder des dualen Wellenlängenbe-
triebes. Eine Wellenlängenstabilisierung wird für die Detektion von
spezi�schen Wellenlängen benötigt. Die Durchstimmbarkeit gewährleis-
tet, dass über mehrere Absorptionslinien gescannt werden kann. Dualer
Wellenlängenbetrieb erlaubt es, zwischen on und off Resonanzbedin-
gung spektraler Absorptionslinien umzuschalten. DerMO für diese An-
wendungen kann entweder ein Laser mit verteilter Rückkopplung (engl.
DFB - Distributed FeedBack) oder ein Y-DFB-Laser sein. Um eine
ns-Pulsbreite und hohe optische Ausgangsleistung zu erreichen, wer-
den Mehrsektions-Trapezverstärker eingesetzt. Der Betrieb des MO
im Dauerstrichbetrieb gewährleistet eine schmale spektrale Linienbreite.
Der Mehrsektions-Trapezverstärker besteht aus einer Rippenwellenleiter
Sektion, verwendet als optischer Schalter (engl. OG - Optical Gate) für
die Generierung von kurzen Pulsen, und einer Trapezförmigen Sektion
(engl. TS - Tapered Section) zur Verstärkung des Pulses.

Das hybrideMOPA System emittiert bei einer Wellenlänge von 1064 nm
mit einer stabilisierten spektralen Linie unterhalb von 10 pm sowie einer
Nebenmoden unterdrückung (engl. SMSR - Side Mode Supression Ra-
tio) gröÿer als 46 dB. Eine Spitzenleistung von 16W bei einer Pulsbreite
von 3 ns wird bei einer Wiederholrate von 800MHz erreicht. Durch die
Anpassung der Zeitverzögerung zwischen OG und TS kann ein opti-
males Anregungsverhalten erreicht werden. Dieses ist abhängig von den
Ladungsträgerdichten und der benötigten Zeit, um die Besetzungsinver-
sion zu erzeugen. In diesem Fall ist der Teil der emittierten spontanen
Emission (engl. ASE - Ampli�ed Spontaneous Emission) kleiner als
1%. Diese Parameter erfüllen die Voraussetzungen einer Lichtquelle,
welche für die Messung von molekularen Absorptionslinien unter atmo-
sphärischen Bedingungen geeignet ist.

Für das Ziel der Detektion von Wasserdampf in der unteren Tro-
posphäre wird ein hybrides MOPA System bei einer Wellenlänge von
975 nm untersucht, da hier Absorptionslinien von Wasserdampf liegen.
Dabei werden die Pulsbreiten und Wiederholraten variiert, um die er-
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wartete Au�ösung und den erforderlichen Messbereich zu erreichen. Zur
Konzentrationskalibrierung und Einstellung der Arbeitspunkte und der
Auswahl geeigneter Absorptionslinien sollte das System nicht nur bei
einer bestimmten Wellenlänge stabilisiert sein, sondern auch kontinuier-
lich durchstimmbar, um über mehrere Absorptionslinie scannen zu kön-
nen. Durch passende Regelung des in denDFB Laser injizierten Stromes
wird ein Durchstimmbereich von 0.9 nm erhalten. Eine konstante spek-
trale Linienbreite von unter 10 pm und ein SMSR von über 40 dB wer-
den bei einer Spitzenleistung von 16.3W bei einer Pulsbreite von 8 ns
und einer Wiederholrate von 25 kHz erreicht. Ein ASE Anteil von unter
1% wird dabei beobachtet. Dieses Ergebnis deckt sich mit der Simula-
tion. Mit dem gegebenen Durchstimmbereich lässt sich über mehrere
Absorptionslinien von Wasserdampf scannen.
Für das Di�erenzabsorptions LIDAR (engl. DIAL - DI�erential Ab-

sorption LIDAR) Verfahren sind zwei Wellenlängen für on−off Reso-
nanz nötig. Das hybrideMOPA System benutzt dafür einen Y −DFB-
Laser als MO und einen Zweisektionen PA. Der Y − DFB-Laser
emittiert alternierend bei zwei Wellenlängen, welche fein eingestellt wer-
den können, indem Strom und Temperatur angepasst werden, damit ein
geeignetes Wellenlängenpaar für on− off Resonanzen gewählt werden
kann. In dieser Arbeit werden zwei Wellenlängenpaare für zwei Absorp-
tionslinien von Wasserdampf untersucht. Es wird stabiles Verhalten der
Spitzenleistung, der spektralen Linienbreite und des SMSR bei jeder
der untersuchten Wellenlängen beobachtet. Somit ist dies eine ideale
Kon�guration für DIAL Systeme.
Zusammenfassend wurden Halbleiterdiodenlaser-basierteMOPA Sys-

teme entwickelt, die als Lasertransmitter geeignet fürMPL-Anwendungen
sind, welche für die Detektion von Atmosphärengasen wie Wasserdampf
und Aerosole verwendet werden können. Sie sind potentiell einsetzbar
in Mikro-LIDAR-Systemen und ermöglichen eine neue Generation von
ultrakompakten und kostengünstigen Systemen.
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Introduction

1 Introduction

Aerosols and water vapor are extremely important for the weather
forecast and climate studies to predict dangerous situations. Aerosols
are suspended particles for example sea-salts, mineral dust, organic mat-
ter and smoke. They enter the atmosphere from a variety of natural and
anthropological sources and play an important role in countering global
warming e�ects by re�ecting incoming solar radiation and by in�uenc-
ing the hydro-logical cycle. Hence, aerosols play an important role in
the complex climate system of the earth [1�3]. Water vapor is one of
the most important atmosphere constitutes. It governs the atmosphere
water cycle, which is the basic for life on earth and plays a crucial role in
both radiation and convective energy transfer through the atmosphere
[4�7]. Water vapor is a key gas with extreme and rapid variability, which
is related to various atmosphere e�ects. Water is transported into the
atmosphere via evaporation where the rate depends on the ocean and
air temperature [8].

Accurate measurement of aerosols and water vapor in the atmosphere
is necessary to understand its behavior. It is a key information for
both the weather forecast and climate research. The main challenge of
aerosols and water vapor detection is the variability of its prevalence
[1�7]. It is essential to understand their spatial and temporal variability
in relation to various atmospheric e�ects.

The concept of Light Detection and Ranging (LIDAR) systems was
�rst introduced in the early 1960s after the invention of the laser [9].
The LIDAR systems allow measuring the distribution of speci�c trace
gas species in the atmosphere with a good accuracy and a su�cient
spatial resolution [10, 11]. LIDAR is a powerful tool for enhancing
the knowledge and understanding of a wide variety of environmental
phenomena which relate to the atmosphere, oceans, land surface, ice
cover and �nally to life [11]. It uses light in form of a pulsed laser which
is transmitted through the atmosphere. Where it hits an object and
scatters. A portion is scattered back to a detector system. Based on
the arrival time of the backscattered, a spatial resolved distribution of
particles, aerosols and molecules can be determined [12�14].
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Introduction

Di�erential absorption LIDAR (DIAL) is a developed technique that
operates at two wavelengths, one on resonance and one o� resonance of
the water vapor absorption line. The on resonance wavelength is more
strongly absorbed than the o� resonance wavelength. The di�erence
between both back scattering signals is proportional to concentration
of the water vapor [15�25]. Thus, the quantity of water vapor at a
particular pinpointed location can be inferred.

Conventional LIDAR systems use very high power (MW-peak power),
ns pulse length, mJ peak energy at low repetition rates in the Hz-range.
Solid state lasers such as Ti:Sapphire lasers [13, 14], Alexandrite lasers
[15], optical parametric oscillators (OPO) [16], Cr : LiSAF lasers [17,
18], and Nd : Y AG lasers [19, 20] were used. These lasers provide
high pulse energies to achieve the necessary spatial and temporal reso-
lution. Although yielding high pulse energy, the practical use of solid
state lasers is not widely implemented in LIDAR systems that require
deployment in standalone network con�gurations. Due to the high main-
tenance cost, the replacement of pump sources and gain medium, the
low electro-optical and optical-optical e�ciencies, the large optical foot-
prints and large nominal ocular hazard distances are detrimental [26].

An alternative approach known as the Micro Pulse Lidar (MPL)
system was used [27�29]. The �rst MPL was developed by NASA′s
Goddard Space Flight Centre in 1993. In MPL systems, the repetition
rates (f) are increased to approximately some 10 kHz and the pulse
length (τ ) shortened to a few µs. The large signal-to-noise ratio can
be achieved by summing over millions of pulses in fairly short time
intervals of several minutes. This allows to reduce the pulse energies
to the µJ ranges. The low pulse energy is an important factor for eye-
safety systems. A diode pumped Nd : Y AG laser was used because of
the availability and their suited properties.

Recent progress in diode laser technology allowed an improvement
of the vertical layer structures by the introduction of super large opti-
cal cavities and herewith reduction of the facet load. The development
of a highly reliable mirror technology by applying cleaning and pas-
sivation techniques and the use of highly reliable mirror coating are
demonstrated. An all diode laser system becomes feasible to reach a

2



Introduction

peak power above 10W [27, 30�33]. Master oscillator power ampli�er
(MOPA) systems in which a distributed Bragg re�ector (DBR) laser,
a distributed feedback (DFB) laser, or an external cavity diode laser
(ECDL) acts as master oscillator (MO) and a tapered ampli�er acts
as power ampli�er (PA). The MO o�ers a stabilized wavelength and a
small spectral line width whereas the PA provides a high output power.
The MOPA systems have the capability to reach a peak power in

the range of 10W and the output energy in the µJ range. A MOPA
is powerful enough to be used as an all semiconductor laser transmitter
in LIDAR or DIAL for aerosols and water vapor detection. They are
not only compact, inexpensive, highly e�cient, mechanically stable, but
also feature widely varied wavelengths. This allows to select a precise
wavelength at absorption lines for each molecular atmospheric composi-
tion to achieve an optimal e�cient detection. This thesis demonstrates
all-diode lasers based MOPA systems. The developed systems show
the potentially applicable in LIDAR or DIAL systems for aerosols and
water vapor detection and allow ultra-compact, low cost systems and
can be known as Micro Pulse Lidar systems (MPLs).
This work is organized as follows:

• The second chapter discusses the principles of operating LIDAR
systems as well as gaining understanding of the requirements of the
laser transmitters for LIDAR systems. Then the speci�cations of
the light source for elastic-backscatter LIDAR system for aerosols
are derived. For more accuracy and higher resolution, e.g, water
vapor pro�ling, the di�erential absorption LIDAR (DIAL) is in-
troduced. Success in MPLs development is strongly connected
with particular laser technology. A certain MPLs technique needs
speci�cally designed laser transmissions. For this reason, speci�c
parameters of the laser systems in this work will be discussed. Then
the status of the diode laser based MOPA systems as laser trans-
mitters for aerosols and water vapor will be shown.

• The third chapter will present the approaches of the MOPA con-
cepts. A short description of the fabrication of the monolithic
MOPA and the individual devices of hybrid MOPA systems used
in this work will be given.
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Introduction

• For characterization of diode lasers and MOPA systems, the ex-
perimental setups are comprised in chapter four. Basic character-
ization such as electro-optical characterization, spectral properties
under continuous wave mode and under the ns-pulse excitation are
shown. A description of the electrical circuit for high currents and
short pulses will be discussed.

• Chapter �ve goes into details of the experimental results of the
wavelength stabilized diode laser based ns−MOPA systems. Two
concepts of monolithic and hybrid MOPA systems operation at
1064 nm are investigated. One is a monolithicMOPA and another
is a hybrid MOPA system. The monolithic MOPA is a compact
approach with integratedMO and PA on a single chip. The hybrid
MOPA system consists of a DFB laser and a multi-section am-
pli�er. Based on speci�cation of two concepts further investigation
is oriented. The hybrid MOPA system is suitable for atmospheric
gases as well as for aerosols measurement whereas the monolithic
MOPA is su�cient only for aerosols.

• For concentration calibration, adjustment of the working points and
the selection of suitable absorption lines, the laser transmitters need
not only to be stable at a speci�c wavelength but also must be tuned
continuously to scan over more than one absorption line. Chapter
six presents a tunable wavelength hybrid MOPA system. It oper-
ates at wavelengths of around 975 nm where one potential spectral
region for water vapor detection is located. The behavior of the
output power on the input power as well as saturated operation of
the system will be discussed. The delay time between the optical
gate and tapered section targeting of a small of amount of ampli-
�ed spontaneous emission is investigated. Then the spectral tuning
range of 0.9 nm will be shown. It is possible to scan over several
absorption lines of water vapor.

• Chapter seven describes an investigation of aMOPA system opera-
tion at two wavelengths for an application in di�erential absorption
LIDAR (DIAL) systems. The MOPA uses a dual wavelength
Y − branch − DFB laser and a multi-section tapered ampli�er.
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It features two wavelengths at around of 964 nm. By changing the
temperatures and currents of the Y − branch − DFB the tuning
of two wavelengths is achieved. Two pair wavelengths for on-o�
lines with di�erent absorption coe�cients of water vapor are se-
lected. The peak power, spectral line widths and SMSR at each
wavelength are given.

• Finally, summary and outlines of future areas of interest for the ex-
tension of the ideas developed in this work will be shown in chapter
eight.
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2 Basic principle of LIDAR and DIAL systems-light sources

for LIDAR and DIAL

2.1 Basic principle of LIDAR system and basic equation

In order to understand the needs of the MOPA light sources in the
LIDAR or DIAL systems, a short overview of the operation principle
of the LIDAR system is given in this part. The LIDAR equation is
introduced to analyze the contribution of each parameter of the laser
transmitter in such a system.

Figure 2.1: Schematic diagram of LIDAR system block diagram.

A principle scheme of the LIDAR is given in Fig 2.1. In the simplest
term, it consists of a transmitter and a receiver. Short laser pulses with
lengths of few to several hundreds of nanoseconds and speci�c spectral

6
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properties are generated by a laser. The collimated light beam is sent
into the atmosphere. It can be absorbed and scattered by atmospheric
constituents. At the receiver, a telescope collects the photons backscat-
tered from the atmosphere then passes through a �eld stop placed at
the focus plane of the telescope. The �eld stop limits the �eld of view
such that returns from multiple scattering events and stray background
light are prevented before reaching the detector. A narrow optical �lter
placed in front of the detector is to ensure that only the backscattered
light from the laser transmitter is measured by the detector. The dura-
tion time of each scattering event from a single laser pulse is proportional
to the distance to the scattering volume along the entire illuminated
path. The signal processing and data acquisition are analyzed to inform
the characterization of the extent and properties of aerosols, gases such
as water vapor or other particles based on the real-time detection and
post-processing of the signal return.
The received power P (λ,R) from a distance R at a wavelength λ can

be calculated by the LIDAR equation, written in ref.[34] for a single
scatter, monochromatic elastic LIDAR with the simplest form as

P (λ,R) = K(λ,R)G(R)β(λ,R)T (λ,R). (2.1)

It can be seen that the received power P (λ,R) includes four factors.
Going into more detail for each factor, the �rst factor in equation (2.1)
K(λ,R) represents the system factor and can be written as

K(λ,R) = P0(λ)
cτ

2
Aη (2.2)

where P0(λ) is the average power of a single laser pulse and τ [s] is the
optical pulse width and cτ is the length of the laser pulse at a �xed time.
The factor 1/2 appears because the laser pulse has to travel forward and
backward. A is the area of the primary receiver optics responsible for
collection of backscattered light, and η is the overall system e�ciency.
It includes the optical e�ciency of all elements such as the transmitter,
receiver and the detection e�ciency. It can be optimized for the best
possible signal. The telescope area A [m2] and the average laser power
Pavg[W ] = Pp∗τ/T (with Pp is peak power, τ is pulse width and T is the
period of time, in inverse to the pulse repetition rate frequency frep [Hz])
are primary design parameters of a LIDAR system.
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The second factor in equation (2.1) G(R) is a geometric factor, the
ratio of the laser beam receiver-�eld-of-view overlap and the term R2

and written as

G(R) =
O(R)

R2
(2.3)

The laser beam receive-�eld-of-view is the receiver telescope area or the
entrance area of the telescope receiver. The quadratic reduction of the
signal intensity with the distance (R[m]) is due to the fact that the
receiver telescope area makes up a part of a sphere's surface with radius
R that encloses the scattering volume. This leads to a strong in�uence
on the received intensity. For example, a detected signal at 10m with
O(R) = O(10) = 1 will be 6 orders of magnitude lower at 10 km.
Both the �rst and second factors in equation 2.1 are completely de-

termined by LIDAR setup.
The third factor in equation (2.1) β(λ,R) is the backscatter coe�cient

at the distance R. It is the subject of investigation, the primary atmo-
spheric parameter that determines the strength of the LIDAR signal
and ascertains how much light is scattered into the backward direction,
i.e towards the LIDAR receiver. The backscatter coe�cient is a speci�c
value for the scattering angle of θ = 1800. If Nj is the concentration
of scattering particles of kind j in the length of the laser duration pulse
and the particles' di�erential scattering cross section for the backward
direction at the wavelength λ is

dσj,sca(π,λ)
dΩ . The backscatter coe�cient

can be written as a sum of all kinds of scatters,

β(λ,R) =
∑

j
Nj(R)

dσj,sca(π, λ)

dΩ
. (2.4)

Nj is given in units of [m−3] and di�erential scattering cross section

(
dσj,sca(π,λ)

dΩ ) in [m2sr−1], the backscatter coe�cient (β(λ,R)) has the
unit [m−1sr−1].
In the atmosphere, the laser light is scattered by air molecules and

aerosols. It can be expressed as β(λ,R) = βm(λ,R) + βa(λ,R) where
βm and βa are the molecular and aerosol backscatter coe�cients, respec-
tively.
The �nal factor in equation (2.1) T (λ,R) is the transmission term. It

describes how much light gets lost on the way from the laser transmitter
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to the distance R and back. It is the subject for studying. It results
from the speci�c form of the Lambert-Beer's law for LIDAR. Thus it
can be values between 0 to 1 and given by

T (λ,R) = exp {−2

∫ R

0

α(λ, r)dr}. (2.5)

The integral considers the path from the LIDAR to the distance R.
The factor 2 is due to two-way transmission path. The α(λ, r)[m−1] is
the extinction coe�cient and is the product of number concentration
Nj(r)[m

3] and extinction cross section σj,ext for each type of scatter j,

α(λ, r) =
∑

j
Nj(r)σj,ext(λ) (2.6)

extinction is caused by both scattering and absorption of light and both
by molecules and particles. The total extinction coe�cient σt(λ, r)[m

−1]
thus includes molecular scattering and aerosol scattering, molecular and
aerosols absorption. It can be expressed as

αt(λ, r) = αm,sca(λ, r) + αa,sca(λ, r) + αm,abs(λ, r) + σa,abs(λ, r) (2.7)

The subscripts m and a stand for molecular and aerosol, sca and abs
for scattering and absorption respectively. Due to scattering into all
directions, the general extinction cross section is caused by the scattering
cross section σsca, [m2] and the absorption cross section σabs, [m2]. It
can be written as

σext(λ) = σsca(λ) + σabs(λ). (2.8)

Finally, summarizing all the individual terms, the LIDAR equation can
be rewritten as

P (λ,R) = P0Aη(λ)(
cτ

2
){O(R)

R2
}β(λ,R) exp {−2

∫ R

0

α(λ, r)dr}.

(2.9)
Equation 2.9 is a common equation form of the LIDAR system. De-
pending on interaction processes of the laser transmitter with the atmo-
spheric constituents, LIDAR systems can be classi�ed into �ve di�erent
systems based on the speci�cally physical phenomenons such as elastic-
backscatter, di�erential absorption, Raman, resonance �uorescence and
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Doppler. The LIDAR equation of each kind of LIDAR therefore is
also developed based on each physical interaction.

In this work, diode laser based MOPA concepts suitable for elastic-
backscatter and di�erential LIDAR systems for aerosols and water va-
por detection are demonstrated. In the following, a further discussion
about these systems is given.

Elastic-backscatter LIDAR is developed based on elastic scattering
in which the wavelength is conserved with incident wavelength but its
direction is modi�ed. It provides information of the presence and loca-
tion of aerosols and cloud layers. The system uses one laser emitting a
single wavelength and one detector measuring the radiation elastically
backscattered from the atmospheric molecules and particles. Depend-
ing on the size of the particles, elastic backscatting LIDAR can be a
Rayleigh or a Mie LIDAR. Rayleigh scattering can be de�ned as
the elastic scattering from particles that are very small compared to the
wavelength of the radiation (laser transmitter). Its scattering intensity
is proportional to λ−4.

In case of particles with sizes comparable to the wavelength of the
radiation or larger, Mie scattering dominates. It is not limited to a cer-
tain size of the scatters. The scattered intensity is a function of particle
radius relative to wavelength and the particles complex refractive index.
Scattering from very large particles does not depend on the wavelength.

Because of the di�erent shapes of particles in the atmosphere, Mie
scattering theory is applied for providing a very rough approximation.
Since the particles are small compared to the wavelength, the actual
shape does not play a major role for the scattering properties as theories
for not-spherical scatters show [35].

In general, both Rayleigh-Mie LIDARsmeasure the total atmosphere
backscatter without separation of particle and molecular contribution.
They provide a rough pro�le of the climate relevant volume extinction
coe�cient of the particles.

The requirement of light source for these systems therefore is e�ortless
to the spectral line width. The intensity of the backscattered signal is
of interest, so that a laser with a broad spectral line width can be used.
However, to suppress the sunlight background of the daytime operation,
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Table 2.1.1: Parameters of light sources for elastic-backscatter LIDAR system for aerosols

detection

Peak power: Pp > 10 W

Pulse width: τ < 10 ns

Repetition rate: f > 20 kHz

Spectral linewidth: ∆λ < 300 pm

Wavelength: λ 1064 nm

ASE: < 10%

a �lter of 300 pm is often used. Thus, a spectral line width of about
300 pm should be su�cient. The light sources with a high peak power
to achieve a large signal-to-noise ratio are to be expected. In this work,
a peak power of above 10W with a repetition rate more than 20 kHz to
achieve more photons backscatted to receiver are applied. A short pulse
width provides a high resolution of the system. A single wavelength with
certain wavelength to avoid uncertain in the laser line position which
causes errors in measurement. A small amount of ampli�ed spontaneous
emission (ASE) provides a spectral purity which needs to prevent errors
in measurement. These parameters are given in the table 2.1.1.

In order to provide accuracy and high resolution, e.g, water vapor
pro�ling, the di�erential absorption LIDAR or DIAL is introduced.

2.2 Di�erential absorption LIDAR (DIAL) for gas measurements, e.g.,

water vapor pro�ling

Di�erential absorption LIDAR (DIAL) technique uses two di�erent
wavelengths, one of which is absorbed more strongly than the other.
The di�erential molecular absorption coe�cient ∆αmol,abs can be deter-
mined, if the di�erential absorption cross section ∆σmol,abs for the two
wavelengths is known. The number concentration of the gas atoms or
molecules can be determined.

When two wavelengths are very close to each other in the spectral
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regions where any absorption by gases in the atmosphere is negligible
except for water vapor absorption. Going into the elastic back scat-
ter LIDAR equation 2.9 as mention above, the factors such as sys-
tem (K), geometric (G), backscatter coe�cient (β) are equivalent for
two wavelengths. Only the transmission term (T ) factor is e�ected by
wavelengths which is caused only by water vapor and induced by the
Lambert-Beer's law. In the idealized case, the LIDAR signal back
scattering intensities are described as

P (λ,R) = P0Aη(
cτ

2
){O(R)

R2
}β(R) exp {−2

∫ r

0

α(λ, r)dr}. (2.10)

Therefore, the received power P (λ, r) from range r at the wavelength
(λ) is dependent on the wavelength, only by water vapor.
Applying for two wavelengths λon and λoff , corresponding to larger

and smaller absorption cross sections, then it is divided between each
other and can be written

P (λon, r)

P (λoff , r)
=

exp {−2
∫ r

0 α(λon, r)dr}
exp {−2

∫ r
0 α(λoff , r)dr}

(2.11)

In the simplest form, it is set as:

P (λon, r) = Pon(r), P (λoff , r) = Poff(r),

α(λon, r) = αon(r), α(λoff , r) = αoff(r)
(2.12)

The water vapor extinction coe�cient is product of water vapor num-
ber density NWV and the absorption cross section σWV . It is written
as

αWV = σWV NWV (2.13)

And it can be set,

αon = σon NWV , αoff = σoff NWV (2.14)

Replaying the equations (2.12- 2.14) into the equation 2.11 and di�er-
entiating both sides of the equation, they can be written as

ln{ Pon(r)
Poff(r)

} =
{−2

∫ r
0 σon NWV dr}

{−2
∫ r

0 σon NWV dr}
(2.15)
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The di�erential between the two spectral separated LIDAR returns
over an adjacent range, dr = cτ/2, can be written as

{ln(Pon, r)− ln(Pon, r + dr)}−{ln(Poff , r))− ln(Poff , r + dr)} =

2

∫ r+dr

r

σon NWV dr′−2

∫ r+dr

r

σoff NWV dr′

(2.16)
The molecular concentration in the Lambert-Beer's law relationship is
also assumed to be a constant over a singe range dr, allowing the integral
in equation 2.16 to be simpli�ed as

2

∫ r+dr

r

σon NWV dr′ = 2σon NWV (r + dr) dr

2

∫ r+dr

r

σoff NWV dr′ = 2σoff NWV (r + dr) dr

(2.17)

After algebraic manipulation the water vapor concentration can be writ-
ten

NWV (r + dr) =
1

2 σeff(r) dr
ln{ Pon(r)

Pon(r + dr)

Poff(r + dr)

Poff(r)
} (2.18)

where σeff(r) = σon(r) − σoff(r) is the e�ective cross section. The
dr = cτ/2 is the range size, Pon(r), Pon(r+dr), Poff(r) and Poff(r+dr)
are the intensities coming back to receiver at the wavelengths online and
o�ine at the range of r and r + dr, respectively. More details can be
read in [35�37].
In practice, the DIAL equation 2.18 is used to calculate the water

vapor concentration. It is realized by forming the ratio with the above
assumptions. Taken into account to achieve a accuracy measurement,
the errors caused by detectors, atmospheric e�ects and laser transmitters
should be minimized.
For detectors as background signal noise from solar radiation, the

detector dark current and ampli�er noise should be considered [38].
For atmospheric e�ects and laser transmitters, the main atmospheric

e�ects include temperature sensitivities, pressure broadening and pres-
sure shifts of the H2O absorption lines, and Doppler broadening of the
Rayleigh backscattered component in the LIDAR return [36�42].
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Table 2.2.1: Parameters of light sources for DIAL for water vapor concentration detection

in the lower troposphere in this work

Peak power: Pp > 10 W

Pulse width: τ 8 ns

Repetition rate: f 25 kHz

Spectral linewidth: ∆λ < 10 pm

Wavelength: λ 975 nm, tunable

Wavelength: λ 965 nm, dual

ASE: < 1%

Thus laser transmitters for water vapor concentration should be cho-
sen an appropriate absorption line strength for minimizing the absorp-
tion cross-section sensitivity to temperature, pressure broadening, etc,
as well as isolated from other nearby absorption lines. The line width
of light source smaller than spectral line width of the absorption line is
requested. The spectral purity and a certain wavelength are also needed
to limit the error in measurement.

Success in MPL system development is strongly connected with op-
tical and electronic technology, in particular laser technology [35]. To
meet the requirements of a certain MPL system, speci�cally designed
lasers for laser power, pulse width, repetition rate, wavelengths, spectral
line width and spectral purity are needed.

In this target, the main parameters of the laser systems are shown in
table 2.2.1. A peak power more than 10W with a high repetition rate
provides a high photons backscatted to receiver. A spectral linewidth is
smaller than the absorption line of the water vapor at the 975 nm region
at the normal atmosphere. A short pulse width (8 ns) provides a high
resolution of the system (1.2m). A tunable wavelength to scan over
several absorption lines of the water vapor for concentration calibration
and selection the working points or a dual wavelength to switch on
and o� absorption line can be expected. A small amount of ampli�ed
spontaneous emission provides a spectral purity which needs to prevent
errors in measurement.
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More details of these parameters of light sources in the MPLs sys-
tems, an analysis of each parameter is given in the following section.

2.3 Speci�c requirements of laser systems for LIDAR and DIAL

Going into detail of the contribution of each parameter of the light
source of theMPLs the speci�c parameters of diode laser basedMOPA
systems in this work are clari�ed as following.

The �rst parameter is the peak power. A high value is desired for
many applications. A peak power higher than 10W is the target. For
high energy of light sources is needed for LIDAR systems, one can be
used by high peak powers and low repetition rates and another can be
applied by low peak powers with high repetition rates. In the case of
repetition rates of 10 kHz, peak powers in the range between 2W and
10W with a pulse width of 1µs were performed [22�26]. The water vapor
pro�ling in the range of 7 km and a resolution of 150m were reported in
the measured time of about 10 minutes. Comparable with our systems, a
peak power of more than 10W at higher repetition rates (25 kHz) at the
pulse width of 8 ns should be su�cient to provide a high backscattering
signal. A shorter pulse width should provide a higher spatial resolution
of the LIDAR systems, and a higher repetition rate can be reduced the
measurement time.

The second and third parameters are the pulse width and the repeti-
tion rate. The pulse width of the light sources determines the achievable
spatial resolution in such systems whereas the repetition rate determines
the possible measured range of the system [12, 28, 29, 43]. The explicit
dependence of the resolution (∆L) and measured range (L) on the pulse
width and repetition rate of laser pulses, an example of two consecutive
laser pulses is sketched in Fig. 2.2. The relevant return signals as well
as the resolved-time interval are detected in the receiver. They are
expressed on the time scale axis (t) and the distance scale axis (L) re-
spectively. The symbols used to express the parameters are as follow:
the pulse width (τ ), the repetition rate (f), the measured range (L) and
the resolution (∆L).

The measured range L is determined by comparing the time elapsed
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Figure 2.2: Schematic diagram of two consecutive laser pulses and relevant receiver for

calculation the distance (a) and resolution (b) of the LIDAR system .

between the transmitted laser pulse and the return pulse T (correspond-
ing to a repetition rate f = 1/T). It is calculated by L = cT/2. It is a
product of the speed of the light (c) and the factor 1/2 as the light has
to travel forward and backward. A repetition rate between 1MHz and
25 kHz, corresponding to the periods of time of 1µs and 40µs, is needed
for a measured range between 330m and 6000m, respectively.
The resolution is estimated by the analog recording of the backscat-

tered light. It depends on the pulse width τ according to ∆L = cτ/2

with c speed of light. At a certain measurement time t1 signals from
the leading edge of the pulse arrive at the detector from the position
L1 = 1/2ct1 and from training edge is L2 = 1/2c(t1 + τ). The resolution
(the di�erence of leading and training edge positions) is determined by
∆L = L2−L1 = cτ/2. Thus, in order to obtain a resolution in the range
from 0.3m to 1.2m, pulse widths between 2 ns and 8 ns are needed.
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The fourth parameter is related to the backscattered signal intensity.
The stronger the absorption line is, the lower is the scattering signal
that returns back. Such a line should be applied for a short measured
range or a low concentration. And vice versa, the weaker the absorption
line is, the higher is the scattering signal that returns back. This line
should be applied for a long measured range and a high concentration.
In the case of water vapor absorption lines detection, usually absorp-
tion lines in the near infrared region or visible range are preferred. The
shorter wavelengths (visible) increase the backscattering coe�cient and
the near infrared region allow the use of high conversion e�ciency of
semiconductor lasers as well as high sensitive silicon based photo detec-
tors. Therefore it is chosen in this work.
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Figure 2.3: Transmission spectrum for water vapor in the near infrared based on the

HITRAN data compilation [43] for a path length of 500m at a temperature

of 296K and a total pressure of 1 atm (25% relative humidity).

To select a proper region the simulation was performed based on Hi-
tran database [43]. A spectrum of water vapor in the near infrared
spectral range from 800 nm to 1000 nm is plotted in Fig. 2.3. Here a
path length of 500m at a temperature of 296K and a total pressure
of 1 atm (25% relative humidity, partial pressure of the water vapor
PH2O of 0.0069 atm) are used. It is remarked at three regions at 830 nm,
930 nm and 975 nm where locates the potential regions for water vapor
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absorption lines detection. It is obvious that the transmission values of
about 50% are obtained in the spectral region of 830 nm which was used
for the water vapor measurement referred in refs [22�26]. Comparable
absorption would be in the region around 935 nm as used by Fix et al.

[44] or in the region around 975 nm. An advantageous property of the
spectral region at 975 nm are the high e�cient conversion ofGaAs-based
high power diode and the availability of the diode lasers and the power
ampli�ers as well as the detectors.
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Figure 2.4: High resolution of transmission spectrum for water vapor in the range between

of 975 nm and 976 nm zoomed in from Fig. 2.3.

The �fth parameter deals with the spectral line width. To minimize
spectral distortion of the shape and width of the water vapor absorption
lines, the laser spectral line width must be no larger than one-quarter
of the water vapor line width [45�47]. A spectrum of water vapor in
the range between of 975 nm and 976 nm is compiled by HITRAN [43]
and given in Fig. 2.4. Here the same conditions as in Fig. 2.3 are used.
It can be seen that at the wavelength of 975.20 nm, the full width at
half maximum of the spectral line width is about 40 pm. A one-quarter
spectral line width therefore is about 10 pm. Thus, a spectral line width
smaller than 10 pm should be su�cient.
The �nal consideration is the ampli�ed spontaneous emission (ASE).

An example spectrum including laser and ASE is given in Fig. 2.5.
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Figure 2.5: An example of a broad emission spectrum consisting ASE and lasing emission.

The ASE covers a wide spectral range outside of absorption line of the
water vapor and is non-absorbed by H2O. Thus, their back scattering
signals are similar to the o�-line absorption lines. In LIDAR or DIAL
application, the H2O concentration is retrieved by using the di�erential
absorption cross section between the on and off wavelengths, whereas
the online laser energy is assumed to be absorbed by H2O molecules
and the o�ine laser energy is transmitted. It causes an error in the
measurement that changes with distance and cannot be corrected [35,
48�50].

To estimate the error caused by the ASE, it can be assumed that
fraction PASE is the total transmitted energy that is outside a well-
de�ned laser line. Since this portion of the transmitted light passes the
atmosphere with no absorption, its contribution to the backscatter for
online wavelength will increase with optical thickness (τ0). The relative
error in the retrieved absorption coe�cient is then [34]

∆α

α
=

PASE
PASE + (1− PASE)e−τ0

(2.19)
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In [38], the in�uence of spectral purity, the ratio of the energy within
the acceptable spectral limits to the total energy transmitted (caused
by ASE) on H2O in DIAL measurements was simulated. The number
density errors increased from 1% up to 15% when the spectral purity
of the laser reduces from 0.05% to 5%. It was reported that for most
DIAL applications, lasers with the spectral purity better than 0.99%,
the amount of ASE smaller than 1% are necessary. Therefore, the �nal
parameter is considered to reduce the amount of ASE down to below
1%.

Brie�y, the goal of this work is to realize all diode laser basedMOPA
systems that meet all above-mentioned parameters for both aerosols and
water vapor detection.

2.4 Current status of diode laser based MOPA systems as laser

transmitters for aerosols and water vapor

In the above sections, the motivation for the research in framework of
this thesis is carried out. The speci�c parameters concerning the laser
systems were de�ned. Now, a short overview of the recent investiga-
tions of all-semiconductor diode lasers based MOPA systems as laser
transmitters for water vapor and aerosols detection is given.

The laser transmitters based MOPA systems based diode lasers for
water vapor and aerosols detection were introduced in 1996 by Reagen et

al. [51]. The simulated results were given in daytime measurement with
an averaged time over 15 minutes for 5µJ of laser energy for the on/o�
line wavelength at wavelength of 830 nm, a 10 kHz repetition rate and
1µs pulse width. A relatively clear aerosol pro�le with back scatter at
a height of 3 km at the standard atmosphere (T= 296K, p= 1 atm) [52]
was shown. At nighttime, a better signal up to 5 km was observed. These
results suggested that all diode laser based MOPA systems should be
suitable for aerosols and water vapor sensing.

Up to now numerous studies of the diode laser basedMOPA systems
as light sources for the water vapor absorption lines and aerosols have
been performed. They are listed in following table.

Machol et al. [22] used a DFB laser operating at 823 nm as seed
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Table 2.4.1: Recent literature of the experimental MOPA systems as laser transmitters in

MPLs for water vapor and aerosols pro�les in the atmosphere (The white and

blue colors are remarked as external and internal references)(Refs: references,

PP : peak power, PG: pulse generation, τ : pulse width, f : repetition rate,λ:

wavelength, δλ: Spectral line width, ∆λ: tuning range, ASE: ampli�ed spon-

taneous emission, TPA: tapered power ampli�er, ECDL: external cavity diode

laser, DM: direct modulation.)

Refs MO PA PP [W] PG τ [ns] f [kHz] λ [nm] δλ [pm] ∆λ[nm] ASE [%]

[22] DFB TPA 0.5 DM 600 6-10 823 0.03

[53] ECDL 2 TPA 0.5 DM 500 0.5 830 0.001 17

[25, 54] ECDL 2 TPA 0.5 DM 1000 20 830 0.001 17

[23, 24] ECDL 2TPA 2 DM 1000 20 830 0.001 17

[26] ECDL TPA 7 DM 1000 10 830 0.001 17

[27] DBR TPA 10 DM 1000 10 830 0.023

[28] 2DBR TPA 5.6 DM 900 9 830 0.023

[30] DBR TPA 50 ML 0.001 16000 1064

[31, 32] DBR TPA 60 Q-Sw 1000 0.008 1060 0.2 17.6

[33] DBR TPA 74 ML 0.001 1250 1060 1000
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laser with a spectral linewidth of about 0.03 pm (12MHz bandwidth)
and a diode �ared ampli�er as power ampli�er. The DFB operated in
continuous wave (CW ) and the PA operation in pulsed mode. A peak
power of 0.5W with a pulse width of 600 ns at repetition rate of 6-10 kHz
was obtained. The system could o�er a minimum range resolution of
90 m (corresponding to a pulse width of 600 ns), measure a range of
18.75 km at a repetition rate of 8 kHz and need an average time of 30
minutes for the measurement.

Nehrir et al. used an ECDL as MO and either two-stage ampli�-
cation with a CW tapered pre-ampli�er and a pulsed driven tapered
ampli�er [23, 24] or only one pulsed ampli�er [25, 27]. At a wavelength
of 824 nm a spectral width of 0.001 pm (≤ 0.3MHz bandwidth) with
a SMSR of 45 dB was reported at peak powers of 2W [23] or 7W
[24, 25] or 10W [27] respectively. The generated pulses at repetition
rates between 20 kHz and 10 kHz were applied for water vapor pro�ling
corresponding to ranges of 7.5 km and 15 km respectively, at a spatial
resolution of about 150m, and measured time of about 20 minutes. It
is noted that in refs [23�27] the pulse widths were limited to τ =1µs by
the applied electronics.

Recently, Spuler et al. a report of �eld-deployable diode laser based
di�erential absorption lidar (DIAL) for pro�ling water vapor was pub-
lished [28]. Two DBR laser diodes emission at two wavelengths for
on/o� line and tapered semiconductor power ampli�er were used. The
pulse width of 900 ns at 9 kHz repetition rate provides a spatial resolu-
tion of about 150m. With a repetition rate of 10 kHz a measuring range
of 15 km and with 20 kHz repetition rate a range of 7.5 km would be
possible together with 10 minutes for measured time.

Common for the above mentioned, a maximal peak power of 10W
[27], a pulse width of about 600 ns by directed modulation (DM) into
the power ampli�er [28] was reported. It leaded to result in a 90m
vertical resolution.

In ref [28], it was suggested that the power of the laser transmitter
could be increased by increasing the injected current into the tapered
power ampli�er (TPA). However, it was reported that the exceeding
pulse currents into the TPA could adversely a�ect transmitter lifetimes.
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A suggestion of reducing the pulse duration to achieve higher spatial
resolution should be considered.

Shorter pulses would allow improving the spatial resolution ∆L. The
optical pulses in nanoseconds and picoseconds ranges can be generated
by gain switching, Q-switching and mode locking of diode lasers either
as monolithic devices or in MOPA system.

In the Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequen-
ztechnik, numerous papers were reported. Klehr et al. [30] described
a short pulse MOPA system using a hybrid mode locked master oscil-
lator. The energies in the nJ range with a pulse length in the 10 ps
range (peak power of about 50W) at a repetition rate of 16MHz were
obtained. Unfortunately, they did not mention the spectral linewidth
and amount of ASE.

In[31, 32] Schwertfeger et al. used a single stage all semiconductor
master oscillator power ampli�er system, consisting of a Q-switches dis-
tributed Bragg re�ector laser as master oscillator and a tapered power
ampli�er. They reported of pulses with a length of 80 ps, a peak power
of 50W [31] or 60W [32] and a spectral width less than 0.2 nm around a
center wavelength of 1066 nm. Wenzel et al. [33] showed gain switched
modules for pulse widths in the range between 1 ns and 100 ns which
provided a peak power of 10W with a spectral width less than 0.1 nm.
Q-switched modules for pulse widths around 100 ps yielded a peak power
up to of more than 30W with a spectral width less than 0.5 nm. Mode-
locked DBR laser is combined with two-stage ridge wave-guide pre-
ampli�ed operation in CW and pulsed current for tapered section of
20A. A peak power of 72W with a pulse width of 9.2 ps at a repetition
rate of 100MHz was obtained. A spectral width around 1 nm was also
reported in [33] .

Harth et al. used a DFB laser operated CW and a power ampli�er
consisting of pulsed modulator and ampli�er sections [55]. By changing
the temporal overlap of the modulator and ampli�er current pulses,
optical pulses with lengths between 0.4 ns and 1.0 ns were generated.
The repetition rates were between 100 kHz and 816 kHz. A peak power
of 0.6W was reached with a SMSR of 54.9 dB at 1064 nm wavelength.

A maximal peak power of 72W could be achieved at the pulse width
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of 9.3 ps with a spectral line width of 1 nm [33]. A complicated structure
and modulation for both MO and PA were implemented. In contrast,
the operation in ns pulse width, a MOPA system consisting of DFB
laser and a tapered ampli�er integrated a ridge wave-guide were used.
The ridre waveguide operation in CW was a pre-ampli�cation section.
The gain-switch operation of the DFB laser generated optical pulses.
The tapered section was driven with pulse currents. A peak power of
about 10W with the spectral line width of 100 pm was observed [33].
In this work,MOPA systems based diode lasers feature a spectral line

width below 10 pm operation in ns pulse width at some 10 kHz repetition
rate, a peak power above 10W and an amount of ampli�ed spontaneous
emission (ASE) below 1%. The systems could be potential light sources
for water vapor and aerosols detection in the MPLs systems.
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3 Diode laser based MOPA concept approaches

A master oscillator power ampli�er (MOPA) is a con�guration which
consists of a master oscillator (MO) (a seed laser) and a power ampli-
�er (PA) to boost the output power. Ideally the MO provides spectral
and spatial properties of the system, whereas the PA only increases
the power and preserves the MO's spectral properties. There are sev-
eral approaches of the MOPA con�gurations. For all-semiconductor
laser systems, it can be distinguished into two concepts, monolithic and
hybrid MOPA systems.

In the monolithic MOPA, the MO and the PA are integrated on
one chip. The device can be made of at least of two sections (MO
and PA sections) or more additional sections. The MO acts as seed
laser, the PA ampli�es the power and another sections can be used
for modulation or changing the phase. In our case, it consists of three
sections, a Distributed Feedback (DFB) laser section as the MO, a
ridge wave-guide section as an optical gate (OG) section and a tapered
gain section as PA.

Due to the integration ofMO and PA on one single chip, the temper-
ature change within the tapered section during pulse operation e�ects
properties of the MO.

The hybridMOPA system features separated chips for the seed laser
(the MO) and the power ampli�er (PA). Here, the radiation of the
MO has to be coupled into the PA via suitable optics. TheMO can be
a Fabry−Perot laser, a Distributed Bragg Re�ector (DBR) laser, or a
Distributed Feedback (DFB) laser. As mentioned above, a single-mode
operation and a narrow spectral line width to adapt the requirement of
aerosols and water vapor detection is needed. This in this work, the
MOs are selected as RW −DFB and Y − branch−DFB lasers. This
will be discussed in detail in following sections.

The PA has multiple sections used for pulse generator and ampli�-
cation. Two structures of the PA are investigated, one of which is a
four-section and other is a two-section device. The four-section tapered
ampli�er consists of two ridge wave-guide sections as optical �lters for
controlling the input power and avoiding the unwanted feedback, a ridge
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wave-guide section as an optical gate and a tapered section as a gain
section. The two-section device omits the optical �lter section. Both
types of PA are investigated to �nd out the better structure for hybrid
MOPA systems.

To generate the optical pulses, on the one hand, it can be achieved by
injection pulses current directly into PA [22�28]. The pulse width was
limited by a commercial pulse current driver [24, 26�28]. On the other
hand, it can be obtained by modulation directed into the MO [30�33],
the broaden spectral linewidth is reported. Using a ridge wave-guide
section integrated in the tapered ampli�er as an optical gate for pulse
generation is a good solution. The optical gate is completely indepen-
dent from the MO. Thus, it has no in�uence on the spectral properties
of the MO which often cause the variation of wavelength during the
optical pulse and �uctuations in the near and far �eld pro�les under
high injection conditions in the gain-switched diode lasers [56]. Further-
more, it is integrated into the tapered ampli�er a compact system can
be obtained.

An all diode laser system o�ers the compact, low cost systems which
feature a stabilized wavelength, a tunability, a dual wavelength together
with narrow spectral line width and small amount of ASE operation
under ns-pulse operation.

In this part, a short description of the manufacturing of each device
in the MOPA systems is given. The properties of the systems will be
discussed in the following chapters.

3.1 Monolithic MOPA concept

The monolithic MOPA is a compact concept. It is integrated the
MO and the PA on a single chip which was developed based on an es-
tablished technology for obtaining high-power, nearly di�raction limited
and wavelength-stabilized optical output [57, 58]. The scheme top view
of monolithicMOPA is shown in Fig. 3.1 a. The device consists of three
sections, a 1mm long ridge wave-guide distributed feedback RW−DFB
section as theMO, a 1mm long ridge wave-guide section as optical gate
(OG) and a 4mm long tapered section as gain section (TS). The DFB
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section and optical gate section (OG) has a 5µm width of ridge wave-
guide for the lateral optical con�nement. The tapered section has a full
taper angle of 6◦ [57�59].

(a)

(b)

Figure 3.1: a) Schematic diagram of top view of monolithic MOPA system.

b) Epitaxial layer structure of the monolithic MOPA.

As the device features a RW −DFB section, the vertical wave-guide
structure is grown by metal organic vapor phase epitaxy in two steps,
shown in Fig. 3.1 b. In the �rst growth step, the vertical structure includ-
ing n-GaAs substrate, the n-AlGaAs cladding, the broad n-AlGaAs
wave-guide, the double quantum well of GaAsP/InGaAs/GaAsP ac-
tive region, the �rst part of the p-AlGaAs wave-guide and the grating
layer sequence (InGaP/GaAsP/InGaP ), respectively are grown. To
achieve a small vertical far �eld divergence a double quantum well ac-
tive region placed asymmetrically into the 4.8µm broadAlGaAs vertical
wave-guide is implemented.
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Then the Bragg gratings are realized by holographic photo-lithography
and wet-chemical etching into the InGaP/GaAsP/InGaP layer se-
quence. The second order Bragg grating with a period of about 320 nm
for lasing at a wavelength of 1064 nm is performed [59, 60].

When the Bragg grating process is �nished, the second epitaxy step
is performed in order to complete the vertical structure with the re-
maining the p-AlGaAs wave-guide, the p-AlGaAs cladding and highly
doped p-GaAs contact layer. It is now ready for lateral structure im-
plementation.

The process is started by etching the ridge wave-guide (RW ). Then
an insulation layer is deposited which is opened at each section to allow
separated contacts by subsequent metallization. A 5µm ridge wave-
guide is created in the DFB section and optical gate section (OG) for
the lateral optical con�nement which supports only the fundamental
guide mode. Consequently, it is suppressed the higher order modes
generated in the tapered section and re�ected back/forward at the front
facet. The tapered section has a full taper angle of 6◦. The back side
of the DFB facet is coated with a re�ectivity of R > 0.9 whereas the
ampli�er facets have an anti re�ectivity (AR) coating with a remaining
power re�ectivity of R ≤ 5 × 10−4. The device is mounted p-side up
on C-mount for individual currents for each section. The fabrication of
devices can be found in more detail in refs [57�59].

3.2 Hybrid MOPA concepts

The principle of a hybridMOPA systems is shown in Fig. 3.2. It con-
sists of a master oscillator, optical components and a power ampli�er. In
this part, a short description of the operation principle and manufacture
of MO and PA used in this work are given.

3.2.1 Master oscillators

As mentioned above, the development and understanding of light
sources for water vapor and aerosol detection in the troposphere is the
target of this work. A single mode operation and a narrow spectral
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Fig. 3.3 shows the sketch of principle of the scanning over absorption
line or switching between on/o� of an absorption line. An example of
an absorption line (red color) of the water vapor, a laser line (blue color)
and a dual wavelength for on/o� (green and black color) absorption line
are given. A continuously tuning laser emission should be scanned over
at least an absorption line. This allows to measure the pro�le of an ab-
sorption line therefore the broader or narrower absorption line, e�ected
by pressures or temperatures can be determined. In other case, the laser
tuning range can scan over several absorption lines, it is possible to se-
lect a wavelength at an absorption line having suitable strength for the
atmospheric condition. For switching between on/o� of an absorption
line, it needs two wavelengths, one is located at the center of the absorp-
tion line and another is located outside of the absorption line, as shown
in Fig. 3.3. The concentration of the water vapor then can be deter-
mined by the equation 2.2 given in the previous chapter. In this work,
the diode laser basedMOPA systems suitable for these applications are
expected.

The MO should o�er a single mode operation together with a wave-
length stabilization and a continuously tuning wavelength or dual wave-
length emission. In case of stable and continuous tuning wavelength,
a distributed feedback (DFB) or a distributed Bragg re�ector (DBR)
laser can be applied. For dual wavelength a Y − branch −DFB laser
can be used.

Due to in DBR laser the Bragg grating is located in the rear side of
the cavity. Thus, the currents are only injected into the gain section,
therefore the DBR section acts purely as a mirror. However, DBR
lasers su�er from the periodic non-linearity in the light-current charac-
teristics due to longitudinal mode hopping.

In contrastDFB lasers the Bragg grating is spread over the entire cav-
ity. Thus the current is injected through the grating. The DFB lasers
can operate in the same longitudinal mode over a large current range
which leads to linear light-current characteristics and a continuously tun-
able wavelength [61]. Therefore, RW −DFB and Y − branch−DFB
lasers are selected as master oscillator in this work.
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3.2.1.1 RW-DFB laser as master oscillator

RW −DFB lasers generate a single longitudinal mode oscillation due
to a Bragg grating along the path of propagation. The periodic grat-
ing is created by a periodic variation of the material compositions and
therefore the refractive index. A RW −DFB laser is combined a con-
ventional Fabry − Perot laser with a Bragg grating throughout the
cavity length at the ridge wave-guide layers. It acts as a wavelength
selective element and provides the feedback, re�ecting light back into
the cavity to form the resonator, so that only frequency (wavelength)
components close to the Bragg frequency will be coherently reinforced.
Other frequency (wavelength) terms are e�ectively cut o� as a result
of destructive interference [34, 61]. In other words, single longitudinal
mode operation in the DFB laser is achieved due to the wavelength
selection of the Bragg condition. The Bragg condition can be expressed
as [61]

Λ =
mλB
2neff

. (3.1)

where Λ is the grating period, neff is the mode e�ective index, and
the integer m represents the order of Bragg di�raction. Depending on
the targeted wavelength emission, the grating period, the order of the
Bragg di�raction and the refractive index of the material have to be
considered. For instance, a grating period of Λ = 150 nm for a �rst-
order Bragg grating and a refractive index of about 3.25 result in lasing
at 975 nm. A period of Λ = 324 nm with a second-order grating and a
refractive index of about 3.28 emit at 1064 nm [62�67].

Due to the e�ective refractive index dependence on the temperature
and the injected carrier density, changing the temperature causes a
change in refractive index, leading to a alteration the wavelengths. An
inverse e�ect to changing temperatures, the refractive index also de-
pends on carriers density or injection currents. A tunable single mode
laser in DFB lasers therefore is achieved by �ne tuning the refractive
index which can be controlled by changing the temperature and carrier
density. More detail theory of changing refractive index by temperature
and carrier density of DFB lasers can be read in refs [35, 61].

A narrow spectral line width can be obtained when both vertical and
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lateral directions operate in single mode. The vertical single mode is
achieved by the design of the vertical wave-guide structure. The material
layers with the di�erent refractive index and the band gap are used to
con�ne carriers and wave-guiding. The wave-guiding layers above and
below the active region with a refractive index higher than the cladding
layers and lower than the active region are used. Materials with a lower
refractive index are typically also exhibiting a larger band gap. This
is an important feature since light is not absorbed in the surrounding
layers.

For lateral optical con�nement, gain guided lasers or index guid-
ing/ridge wave-guide (RW ) lasers can be used. Gain guided lasers use
the refractive index di�erence in the lateral direction due to di�erent
carrier densities in the pumping process. They are usually used for high
power devices [68]. The dependence of optical con�nement on the car-
rier density is a drawback and they typically do not provide a stable
single mode operation.

In contrast, index guiding (ridge wave-guide) lasers control better and
provide a tight lateral con�nement of the optical �eld in combination
with a narrow width. They enable to operate in single lateral mode.

In this work, DFB lasers with an emission at 1064 nm or 975 nm are
used. Both of them are grown by metal organic vapor phase epitaxy in
two-step. In Fig.3.4 a, the vertical structure of the RW −DFB lasers
emission at 1064 nm is given. The vertical structure is identically grown
to the monolithic MOPA, described in section 3.1. For small vertical
far-�eld divergence, the active region is a double quantum well (DQW )
placed asymmetrically in a 4.0µm n-Al0.35Ga0.65As and a 0.8µm p-
Al0.35Ga0.65As wave-guide. This structure features a vertical far-�eld
divergence of about 15◦ (FWHM) [59, 68].

The Bragg grating is implemented into the p-InGaP/GaAsP/InGaP
layer sequence. The thickness of the grating layer and the distance be-
tween the active region and grating layers have to be controlled for the
desired wavelength and the coupling coe�cient. The period of the grat-
ing depends on the e�ective index of the vertical structure, which is
designed for a desired emission wavelength of the laser. A grating pe-
riod of 150 nm with the �rst order is calculated for lasing at 1064 nm
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(a)

(b)

Figure 3.4: a) Epitaxial layer structure of the DFB laser emission at 1064 nm.

b) Epitaxial layer structure of the DFB laser emission at 975 nm.

wavelengths.

In Fig.3.4 b, the vertical structure of the RW −DFB lasers emitting
at 975 nm is shown. The �rst epitaxial step includes of the n-GaAs
substrate, the n-AlGaAs cladding, the 1.8µm broad n-Al0.45Ga0.55As
wave-guide, active region, the �rst part of the 0.8µm p-Al0.45Ga0.55As
wave-guide and the p-InGaP -GaAsP -InGaP grating sequence. The
active zone has a compressible strained InGaAs single quantum well
SQW sandwiched between GaAsP spacer layers. This structure fea-
tures a vertical far-�eld divergence of about 23◦ (FWHM) [69].

The Bragg grating is implemented into an p-InGaP -GaAsP -InGaP
layer sequence. A grating period of 324 nm with the second order fea-
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tures lasing at 975 nm wavelengths.
The second epitaxial growth for both is performed to �nish the p-

AlGaAs cladding. Finally, the p-GaAs contact layer is grown on top of
the wafer.
After completing the vertical structure, the lateral structure is pro-

cessed in ridge wave-guides (RW ) and to metallize the electrical con-
tacts. Following processing is similar to the description in 3.1. To ensure
fundamental lateral mode propagation along the optical cavity, a RW
width of about between 2.2µm and 5µm can be implemented for di�er-
ent wavelength emissions.
As the next step, several microns thick gold layer was electroplated on

top of the p-metallization. After the evaporation of the n-contact, the
wafer is cleaved into bars with lasers having a desired cavity length. In
this case, cavity lengths of 1mm and 3mm are used. Then the front and
rear facets are anti-and high-re�ection coated, respectively. The diode
lasers are then mounted on C-mount. Further details of the fabrication of
the devices were described elsewhere in [62, 67, 68, 70�73]. Fig. 3.5 shows
a scheme of a RW − DFB laser. Here, the cavity lengths of devices
have 1mm to 4mm, the re�ectivities of about 95% and ≤ 5× 10−4 for
the rear and front cavity are used. The Bragg grating in the p-ridge
wave-guide is shown.

Figure 3.5: Schematic diagram of a RW DFB laser

3.2.1.2 Dual wavelength Y-branch-DFB lasers

As mentioned above, for DIAL application, two wavelengths for on-
line and o�ine wavelengths are needed. It can be achieved by using two
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MOs for two wavelengths [21, 49, 74]. Recently, the Y −branch−DFB
laser emits dual wavelength was introduced [75]. It is a good selection
for a laser transmitter in di�erential absorption LIDAR (DIAL) ap-
plication. The manufacturing of these two-wavelength lasers will be
discussed in this part. Their properties will be shown in the following
chapter.

The vertical structure is grown in one epitaxial step as shown in
Fig.3.6 a. It is included the n-GaAs substrate, the n-AlGaAs cladding,
the 1.6µm broad n-Al0.25Ga0.75As wave-guide, the GaAsP−InGaAs−
GaAsP active region, the 0.8µm broad p-Al0.25Ga0.75As wave-guide and
�nally p-GaAs cladding. A strain compensated GaAsP − InGaAs −
GaAsP DQW as active region embedded in asymmetric AlGaAs con-
�nement and cladding layers is employed.

The lateral structure starts with the de�nition of 80th order Bragg
gratings in the DFB sections. The grating is calculated to obtain a
coupling coe�cient length product κL = 0.3 ÷ 0.5 in order to achieve
a good laser performance [76], κ is grating coupling coe�cient and L
is length of the cavity. This corresponds to a re�ectivity of a passive
grating about 10 to 20%. I-line wafer stepper lithography is used to
expose the Bragg grating into the resist. Reactive ion etching is used
to form V-shape grooves. The Bragg grating periods of 11520.0 nm and
11567.6 nm are applied to provide two wavelengths with a distance be-
tween each other of about 4 nm. Its space is selected for two wavelengths
suitable for the online and o�ine absorption lines, it will be seen later
in the chapter seven.

In lateral structure, the ridge wave-guide in the DFB section, Y −
branch and common section are also etched by reactive ion etching [75].
The following steps such as deposition of the insulation layer, metalliza-
tion, deposition of plated gold and cleaving, facet coating and mounting
are implemented. The re�ectivities at rear and front facets are about
95% and below 0.1%, respectively.

Schematic top view of a Y −branch−DFB laser is shown in Fig. 3.6 b.
It can be seen that the device has a 4mm length, separately from three
sections. It consists of a 2mm length of the DFB section, a 1.6mm
length of Y − branch and 0.4mm length of the common section. The
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(a)

(b)

Figure 3.6: a) Epitaxial layer structure of Y −Branch−DFB laser.

b) Top view of the Y −Branch−DFB laser.

RW width has 5µm and a distance between the two branches of 80µm.
The Y-branch section having S-bend shape features low the internal
losses and symmetric devices for identical signals at the output of two
branches.

3.2.2 Multi-section tapered power ampli�ers

In contrast to laser devices, the tapered ampli�er does not feature a
resonator, the rear face is an anti re�ection coating. It needs another
devices for input signal and then ampli�es the input signal by providing
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optical gain. Two devices with four-section and two-section are used.
The four-section device operates at 1064 nm and the other one operates
at 975 nm. The function of each section will be presented in detail in
the following. In this part a short description of fabricated devices is
given.

3.2.2.1 Four-section tapered power ampli�er

The vertical structure can be performed in one step epitaxy; It consists

(a)

devices1.png
(b)

Figure 3.7: a) Epitaxial layer structure of four-section tapered ampli�er.

b) Top view of a four-section tapered ampli�er.

of the n-GaAs substrate, the n-AlGaAs cladding, the 4µm broad n-
Al0.25Ga0.75As wave-guide, an InGaAs triple quantum well as active
zone, 0.8µm p-Al0.25Ga0.75As wave-guide and p- AlGaAs cladding. The
active zone also is embedded in an asymmetric AlGaAs based on super
large optical cavity to provide a narrow vertical divergence [33, 60]. The
epitaxial layer structure is shown in Fig. 3.7 a.
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After the vertical structure is �nished, the process is to form the
ridge wave-guide sections and tapered section. It is identical to the
description in section 3.1. The device length is 6mm and is divided into
4 sub-sections. The �rst and third ridge wave-guide sections (RW1 and
RW2) have a 500µm length and 5µm width ridge wave-guide acting as
optical �lters. The second ridge wave-guide has 1000µm long and 5µm
width acting as optical gate (OG). The output is a tapered section
(TS) having a 4000µm and a full taper angle of 6◦ as gain section. The
front and the rear facets are passivized and anti-re�ection-coated with a
re�ectivity of R ≤ 5× 10−4 in the spectral range between 1045 nm and
1065 nm. The device is mounted p-side up on a C-mount. The top view
is shown in Fig. 3.7 b. All electrically separated sections can be driven
individually.

3.2.2.2 Two-section tapered power ampli�er

The two-section ampli�er is also grown in one epitaxial step. To amplify
in the 980 nm region, the active region is an InGaAs double quantum
well sandwiched between GaAsP spacer layers. It is also embedded in
an asymmetric AlGaAs super large optical cavity to obtain a narrow
vertical far-�eld divergence. The epitaxial layer structures is shown in
Fig. 3.8 a. The lateral process for wave-guide section and the tapered
section is performed identically to the four-section.
The top view of indicated scheme is shown in Fig. 3.8 b. The ampli�er

with a total length of 6mm consists of a 2mm long ridge wave-guide
(RW ) section with a 5µm wide ridge wave-guide and a 4mm long gain-
guided tapered section (TS) with a full taper angle of 6 ◦. The front and
the rear facets are passivized and anti-re�ection coated with re�ectivities
of R ≤ 5×10−4 in the spectral range from 965 nm to 985 nm. The device
is mounted p-side up on a C-mount allowing individual excitation of the
two sections.
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(a)

(b)

Figure 3.8: a) Epitaxial layer structure of two-section tapered ampli�er.

b) Top view of a two-section tapered ampli�er.
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4 Experimental setup

In this section, the experimental setups used for measuring the char-
acterizations under continuous wave (CW ) excitation and under the
ns-pulse excitation are given.

For CW excitation, the characterized electro-optical and spectral
property setups are given. The characterized electro-optical setup can
be used for optical output power and junction voltage versus injection
current of the diode laser measurement. It also can be measured the
power ampli�ed spontaneous emission (ASE) versus current for tapered
ampli�er. The second experimental setup is used to measure spectral
properties of the lasers and the gain (ASE) pro�le of tapered section
(TS).

For ns-pulse excitation, an experimental setup for optical peak powers
and spectral properties measurement will be given. By using this setup,
the pulse shape, peak power and spectra can be measured.

The electrical circuits for ns-pulse of optical gate (OG) and TS section
is presented.

4.1 Characterization under continuous wave excitation

4.1.1 Electro-optical characterization

The optical output power and the junction voltage of the diode lasers
versus forward bias current are measured by the experimental setup as
shown in Fig. 4.1. From this, the threshold current, the slope e�ciency
(S = ∆P/∆I), electro-optical e�ciency (η = P/UI) can be determined.

The experimental setup consists of a diode laser and a diode laser
mount, a laser diode driver (Model 525B), a temperature controller
(350B Laser Diode Thermal-electric Temperature Controller) and the
detection (Thermal Solo XLP 12-3S-H2-DO). The laser beam is directly
collected into the detector.

The diameter of the active area of the thermopile Gentec EO −
XLP12 − 3S − H2 − DO is 12mm. Its spectral range is 0.19µm-
20µm. The maximum average optical power up to 3W can be detected.
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Figure 4.1: Schematic diagram of experimental setup for PUI characteristics
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Figure 4.2: A typical example of PUI characterizations of a p-side up mount DFB laser

emitting at 1064 nm at temperature of 25 ◦C.

The output power is obtained in Watts directly from the Gentec-SOLO
monitor and is calibrated to ±2.5% of national standards. The bias
voltage is measured by an oscilloscope at the two contacts of the laser
mount. Note that the small voltage drops across the contacts and the
bonding wires are included as well.
The laser diode driver (Model 525B) can supply currents with two
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ranges of 0mA to 1000mA and 0mA to 2500mA, the resolutions of
0.1mA to 2.5mA, the accuracy of ± 1mA and ± 3mA, respectively.
The temperature controller (Model 350B) features a stable temperature
0.001 ◦C over a broad range from -50 ◦C to 150 ◦C. The setup is controlled
by a computer via GPIB interfaces.

A typical example of PUI characterizations of a DFB laser emission
at 1064 nm wavelength at the heat-sink temperature of 25 ◦C is shown in
Fig. 4.2. The black, the red and the blue lines represent the PI charac-
teristics, the UI characteristics, and the conversion e�ciency as derived
from the PUI characteristics, respectively. The �gure illustrates that at
the heat-sink temperature of 25 ◦C, the device has a threshold current of
about 26mA, and at an injection current of 300mA, an output power of
P = 170mW is obtained at a forward voltage drop of 2.3V, leading to a
conversion e�ciency of 24.5%. The slope e�ciency determined slightly
above threshold current is 0.62W/A. A maximum conversion e�ciency
of about 28% is obtained at 110mA.

4.1.2 Spectral properties

The experimental setup is sketched in Fig. 4.3. The entrance port
of the OSA is compatible with FC/PC-terminated �ber patch cables.
Therefore, the laser beam has to be focused in an optical �ber. An as-
pheric lens (352330B/C-Thorlabs) (focal length f = 3.1mm, Numerical
aperture NA = 0.69) is used to collimate the laser beam. An optical
isolator (Thorlabs IO−980−5−HP , 40 dB or Qioptiq FI−1060−TI ,
60 dB isolation) is used to avoid unwanted feedback to the laser. Then
an another aspheric lens (f = 3.3mm, NA = 0.47) is employed to col-
limate light into the entrance of a single mode optical �ber. This is
connected to the entrance port of the (OSA).

In this work, the optical spectrum analyzer (OSA) (Advantest Q8384)
having a spectral resolution of 10 pm and a dynamic range of 60 dB is
used.

As mentioned above, the targets are to demonstrate the light sources
o�ering a narrow spectral line width, a stable wavelength, a continuously
tunable wavelength and a dual wavelength. It is necessary to understand
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Figure 4.3: Schematic diagram of experimental setup for measurement of spectral proper-

ties.

the behavior of spectral properties of the lasers under changing the injec-
tion current and the temperature. Moreover, it also used to determine
the experimental conditions for further investigation.

Using this setup to measure the spectra, the center emission wave-
length, the single longitudinal mode operation, the side mode suppres-
sion and the dependence of these quantities on the diode laser injection
current and the diode laser (mount) temperatures can be estimated.
The corresponding data can be displayed in a color-mapping, with the
axes corresponding to wavelength, current and intensity. This analysis
allows extraction of the wavelength shift of the laser versus the operating
current.

The dependence of the laser emission spectrum on the temperature
is also measured. This provides useful information for the analysis of
spectral properties, for example measurement of center wavelength in-
stability under �uctuation of surrounding temperature. Moreover, it
enables to measure the gain medium or ampli�ed spontaneous emission
of optical ampli�ers.

A typical example of spectra of a DFB laser emission at 1064 nm is
shown in Fig. 4.4 at an output power of 30mW (80mA) at 25◦C. It is
seen that a single mode laser emission at the wavelength of 1063.5 nm
with a spectral line width below 10 pm and the side mode suppression
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Figure 4.4: Optical spectrum at an output power of 30mW (80mA) at 25◦C.

ratio (SMSR) of about 55 dB are determined.

Fig. 4.5 is an example of color-scale mapping of the optical spectra
in dependence of the currents at temperature of 25◦C. It shows a single
mode operation with a continuously tuning range of about 1.3 nm by
varying current from 40mA to 300mA (corresponding to 5.0 pm/mA)
at temperature of 25◦C.

A typical example of the color-scale mapping of the optical spec-
trum in dependence on temperatures at the current of 50mA is given in
Fig. 4.6. The wavelength shifts from 1062.7 nm to 1065.4 nm when the
laser mount temperature increases from 15◦C to 50◦C (corresponding to
73.0 pm/K) at current of 50mA.

4.2 Characterization under ns-pulsed excitation

In principle, power current characterization and spectral properties
operation in ns-pulsed region can be identically performed to experi-
mental setups under CW excitation. However, the ns-pulse excitation
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Figure 4.5: Color-scale mapping of the optical spectra in dependence on the currents at

temperature heat sink of 25◦C.
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Figure 4.6: Color-scale mapping of the optical spectra in dependence on temperatures at

current of 50mA at about 15mW.
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is applied, and therefore the average values of the optical power and the
temporal pulsed shapes have to be measured. The measuring process
has two main steps.
Firstly, the full temporal pulsed shape of a single pulse is measured by

fast photo-diode, displayed pulse shape on the screen of the oscilloscope
and recorded by both the computer and the oscilloscope. The aver-
age power versus pulse currents is measured by the thermopile Gentec
EO-XLP12-3S-H2-DO as similar to the experimental setup under CW
excitation.
Secondly, combining the pulsed shape and the averaged power, the

optical peak power as a continuous function of time can be calculated
as following.
The optical peak power is then calculated by

P (t) =
φ(t) ∗ Pavg ∗ T∫

φ(t)dt
(4.1)

where φ(t) is the temporal shape of the optical pulse, Pavg is the average
power, and T is the period (T = 1/f, f is the repetition rate).
The experimental setup under ns-pulse excitation is shown in Fig 4.7.

It consists of light sources (MOPA), the optical components (lenses,
isolator, mirrors, optical �bers) for coupling the laser beam, power sup-
plies (the electrical circuits, current supplies, temperature controllers)
for modulation and computer for recorded database.
To measure the optical peak power, fast photo-diodes either the InGaAs

pin photo-diode (New Focus 1434) or the high speed InGaAs PIN
photo-diode (C30617BH EXCELITAS) are used. Collimation of the
laser beam have to be considered for accurate measurement. More de-
tails of the optical collimation, electric modulation and fast detectors
will describe as follows.
Firstly, the collimation of the laser beam from the MO into the RW

section of the power ampli�er is given. Two aspheric lenses (L1 and
L2, f = 3.1mm, NA = 0.69) and an optical isolator (IO − 980 − 5 −
HP 40 dB or FI−1060−TI 60 dB isolation) for 975 nm and 1064 nm,
respectively are used. The emitted light from the MO is collimated by
the �rst lens (L1), passing an optical isolator and is then focused by
another aspheric lens (L2) into the RW section of the power ampli�er.
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Figure 4.7: The experimental setup for optical peak power and spectra in ns- pulse exci-

tation. Light sources (MOPA): MO, L1,L2 (352330-C/B), f = 3.1mm,NA =

0.69, optical isolator (OI) and tapered ampli�er with integrated optical gate

(OG+PA); Aspheric lens L3 (352330-C/B) f = 3.1mm,NA = 0.69; Cylindri-

cal lens L4 (LJ1477L1-B/C), f= 70 mm; Bi convex lenses L5, (LB1471-B/C) f=

50 mm; Aspheric lens L6 (A414TM- B/C)(f= 3.3 mm, NA= 0.47; Broadband

dielectric mirrors (BB1-E03), DM; Beam splitter optical �ber 1× 2, BSOF).

Figure 4.8: Schematic showing the coupling of the collimated laser beam from theMO into

the RW section of the power ampli�er.

A scheme of collimation laser beam from the MO into the RW section
of the power ampli�er is sketched in the Fig. 4.8.
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Figure 4.9: Schematic showing the collimated beam of the tapered ampli�er with the out-

coupling optics to compensate the astigmatism

Secondly, the collimation laser beam coming out of the hybridMOPA
is shown in Fig 4.9. The lenses used, the positions of lenses, the beam
waist and the far-�eld distribution should be calculated by the available
software "WinABCD" at the FBH written by Eppich [77]. The aspheric
lens (L3, f = 3.1mm, NA = 0.69) is used to collimate the vertical
detection and the cylindrical lens (L4, f = 70mm) is used to collimate
the lateral direction the laser beam. The astigmatism of (-1.4mm) is
approximately estimated. The laser beam coming out after the lens
(L4) having the vertical diameter of 10.1mm and the lateral diameter
of 1.41mm is calculated. With this beam the average power can be
measured by using the Gentec Solo2 EO −XLP12 − 3S −H2 −DO
(the diameter of the active area of 12mm).

In order to measure the spectra the entrance port of the OSA is a
single mode optical �ber. It is necessary to focus the laser beam into
a single mode optical �ber. A bi convex lens (f = 50mm, L5) and
another aspheric lens (f = 3.3mm, NA = 0.47, L6) are used. A verti-
cal diameter of 6.27µm and lateral diameter of 8.85µm are simulated.
These diameters are su�cient to enter a single mode �ber with a diam-
eter about of 9µm. A beam splitter optical �ber 1 × 2 is used to split
into two parts for the measurement of both spectra and optical pulse
shape.

For pulsed shape, it is used either the InGaAs pin photo-diode (New
Focus 1434) or the high speed InGaAs PIN photo-diode (C30617BH
EXCELITAS). The entrance port of the New Focus 1434 is a single mode
optical �ber, it can measure at the second part of the splitter optical �ber
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as used in measurement of spectra. Another photo-diode (C30617BH
EXCELITAS) has a useful area of 100µm. It can be measured behind
the �fth lens (L5), where a vertical diameter of 31.3µm and a lateral
diameter of 44.4µm are calculated.

Both fast photo-diodes have high speed performance up to 25GHz.
The output impedance is 50Ω. The rise/fall time is 7-14 ps. The spectral
range is from 550 nm±1630 nm. The optical pulse shapes are displayed
on the screen of the oscilloscope.

Now we discuss the electrical circuits, power supplies, temperature
controllers and oscilloscope used in this setup. The laser diode driver
and temperature controller for MO as the experimental setup under
CW are used.

As far as the CW currents into the ridge wave-guide sections in the
case of the four-section tapered ampli�er, the laser diode driver (Model
525B) is used to drive the CW current. The temperature controller
(Model 3040, Newport) is used for the tapered ampli�er.

A digital pulse and delay generator (Stanford DG645) is used to con-
trol the delay time between the pulses of optical gate and tapered sec-
tion. It provides precisely de�ned pulses at repetition rates up to 10MHz
and can control the timing in 5 ps resolution over the broad range from
0 s to 2000 s. In this work, it is used to control the pulse widths for
optical gate and tapered section, and the delay time between each other
with an adjustable resolution of 500 ps.

The TDS754D having 500MHz bandwidth or the 70GHz sampling
scope (LeCroy NRO 9000) is used.

Two Hameg HMP 4040 Programmable 4 Channel High Performance
Power Supplies are used to supply the DC current for the electrical cir-
cuits. The pulse width and amplitude of the current into the tapered
section and optical gate can be adjusted by changing the voltage, there-
fore the current, in these power supplies.

During the measurement of the relevant parameters, i.e. the CW
current (set at the diode laser controller), the pulse current (set at the
Hameg HMP 4040), delay time (set at the delay generator), the optical
output power, the spectra, the pulse shape are measured and recorded
by the computer. The software performs all the measurement and plots
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in the computer.

4.3 Electrical circuit for high current at ns-pulses regime

The electrical circuits providing ns-pulse currents are developed by
Liero et al [65, 78]. For OG, an electrical circuit featuring pulse widths
of between 0.5 ns and 10 ns and amplitude currents of below 0.5A is
used.

Due to the low input impedance of the diode laser, it is not possible to
use impedance-matched transmission lines as interconnections between
the diode and the electronic driver. Thus the absolute inductance has
to be minimized to keep the parasitic of interconnections.

Circuit for 
pulse current 

for TS 

Circuit for 
pulse current 

for OG 

MO 

TS 

OG 

MOPA 

Figure 4.10: The photograph of pulsed driver for optical gate and tapered section

A high frequency GaN high-electron mobility transistor is placed as
close as possible to the optical gate to ensure fast switching behavior.
Additionally, to optimize the load capacitance, the directly bonded chips
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to the board (see Fig. 4.10) are close nearby the optical gate.
The electrical circuit used to apply the pulse current for the tapered

section is similar to the OG. However, it has pulse widths of between
2 and 20 ns and amplitude currents up to 20A. Therefore, three high-
electron mobility transistors are used to amplify the pulse current. It is
also needed to minimize interconnection parasitics. Thus it is placed as
close as possible to the tapered section, see in Fig. 4.10. More details
can be read in ref [78].
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5 Wavelength stabilized diode laser based ns-MOPA

In the previous chapters, the motivation of this work and the structure
of devices as well as the experimental setups were discussed. In this
chapter, the experimental results of high-power diode lasers generating
spectral stable, narrow spectral line width operation in the nanosecond
range and small amount of the ASE will be shown.

For the monolithic MOPA, the (P-I) characteristics and spectra of
the tapered section in the ns-pulse regime will be analyzed in order
to gain information about the ampli�ed spontaneous emission in the
system. To avoid thermal �uctuations and therefore achieve a stable
and narrow spectral line width, theMO is driven in CW mode. Optical
pulses are then generated by injecting pulsed currents into the OG and
TS. Subsequently the time delay adjustment between the pulses of
the tapered section and optical gate is discussed, targeting high peak
powers and a low amount of ASE. Thereafter the spectral properties
of the overall monolithic MOPA will be shown.

Consequently, the hybrid MOPA system the same working princi-
ple and time modulation scheme are applied. In the following, both the
power-current-voltage characteristics and the spectra are studied for the
RW −DFB laser and the tapered section, separately. In order to pro-
vide comparability to the monolithic MOPA, a corresponding analysis
is performed to gain the respect of the need for application.

5.1 Monolithic MOPA

The top view of the monolithic MOPA with the investigated modu-
lation parameters for each section is given in Fig. 5.1.

The DFB section acting as the MO operates in CW mode o�ering
a stable and narrow spectral line width. The second section, the ridge
wave-guide section is modulated in pulse mode to transform the CW
operation of the DFB section into optical pulses. It acts as an optical
gate (denotedOG). The tapered section (denoted TS) is used to amplify
the optical pulses. It is operated in pulse mode with a high amplitude
and a short width pulse to provide a high intensity and a low amount
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Figure 5.1: Top view of the monolithic MOPA with the investigated modulation parame-

ters for each section

of ASE.
In this section, the ampli�ed spontaneous emission characteristics of

the tapered section will be shown. The timing scheme for a high power
and a low amount of ASE as well as the spectral properties will be
discussed.

5.1.1 Characterization of the tapered section without seeding

At a heat sink temperature of 25◦C, no currents are injected into the
DFB and RW sections. The injected pulse current into the tapered
section (TS) has a pulse length of τTS = 6ns and a repetition rate of f =
800 kHz. The same conditions are used later in theMOPA experiments.
The average power depending on the pulsed currents is measured using
the experiment setup in Fig. 4.7 and shows in Fig. 5.2 a. It is obvious
that two ranges can be distinguished. In the low currents ITS ≤ 4 A
the average power is small, mostly spontaneous emitted photons. The
lasing starts at current about 4A. At above this current, the slope of
the output power abruptly increases and at a current of ITS = 14.5A,
an average output power of 20mW is obtained.
The spectrum is measured using an optical spectrum analyzer men-

tioned in section 4.1.2. Fig. 5.2 b shows the spectral behavior of the ta-
pered section at currents of ITS = 12.5A, 13.5A and 14.5A and resulted
in average powers of about 18mW, 19.5mW and 20mW, respectively.
The positions in the average power-current characteristic are remarked
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Figure 5.2: a) Power-current-characteristic for the tapered ampli�er at T = 25◦C under

pulsed operation with τTS = 6ns and f =800 kHz.

b) Optical spectrum for the tapered section at T = 25◦C under pulsed operation

with ITS = 12.5A, 13.5A and 14.5A, τTS = 6ns and f = 800 kHz.

with arrows in Fig. 5.2 a. It can be seen that at -3 dB, the full width
at half maximum (FWHM) in power scale, of the spectrum of about
0.4 nm and the whole range (95%) of about 1 nm are observed.
In fact, when only injected current into the tapered section, a small

re�ectivity from the DFB section and the RW section is excited by
the ASE from the TS section, the device can work as a DBR laser.
This leads to a narrow spectrum. The peak wavelength of 1063.5 nm is
approximately determined. No saturation was observed.

5.1.2 Timing scheme for high power and low ampli�ed spontaneous emission

After the characterization of the tapered section, now all sections of
the MOPA are operated. The target now is to �nd out the optimal
condition with the criteria of a narrow spectral line width, a stabilized
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wavelength, a high peak power and a small amount of ASE.

As mentioned earlier the spectral properties of the MOPA systems
depend mainly on the spectral properties of theMO. A continuous wave
(CW ) current is applied into the DFB section for a narrow spectral line
width and a stabilized wavelength. The temperature of the heat sink is
set at T = 25◦C and a current of 150mA is used.

The optical gate section is used to transform the optical beam in CW
mode of the DFB section into optical pulses. It operates in pulse mode.
It absorbs the coupled CW beam of the DFB section when no current
is injected. When a current pulse with de�ned width τOG and amplitude
IOG are injected, the OG becomes transparent and during this current
pulse the optical beam of the DFB section can pass.

In this experiment, a optical pulsed width of 2 - 3 ns is the target.
Therefore a pulse width of 2 - 3 ns is applied into the OG section. The
amplitude of the current pulse is selected so that this section becomes
transparent. This current depends on the structure of devices and the
material of the wave-guide. Here a current amplitude of IOG = 140mA
is de�ned.

In order to obtain a high peak power and a small amount of ASE,
the pulse width τTS has to be carefully selected. It is larger compared to
τOG, but not too long to prevent the generation of ampli�ed spontaneous
emission after the wanted optical pulse. Since the time needed to create
an inversion population in the upper level, relative to the lifetime of the
carriers, i.e, 2 - 3 ns, and the target pulse length is an optical pulse
length of about 2 - 3 ns. To allow for this change up time and for the
actual pulse length of another 2 - 3 ns, a pulse width τTS = 6ns is
chosen. Pulse current amplitudes of up to ITS = 14.5A are injected into
the TS. The ITS = 14.5A is limited by the available current supply.
The electrical circuits for ns pulse currents for both optical gate and
tapered section are described in section 4.3.

To �nd out the best adjustment delay time between τTS and τOG, the
criteria are a high peak power with an ideally top-hat-like laser pulse
shape and a small value of ASE. The repetition rate f of the current
pulses injected into both sections (OG and TS) is set to 800 kHz.

The timing scheme is given in Fig. 5.3. At τ = τ0 the current pulse
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Figure 5.3: Schematic diagram of the electrical modulation of optical gate and tapered

section;

a) Electrical modulation, Ael shows the pulse current through TS, Bel shows

the pulse current through OG.

b) Optical output, Aopt is optical pulse power without seeder and Bopt is optical

pulse power with seeder.

with a length of τTS = 6ns is injected into the TS. At τ = τ0 + τdelay
the current pulse (Bel) with the length τOG = 2ns is injected into the
OG. The delay time between τTS and τOG is varied in 500 ps steps from
delay time τdelay = 0ns to τdelay= 2.5 ns. In the upper trace (Aopt) of
Fig. 5.3 b, the dependence of the pulse emission as a function of time
without seed laser is shown. The optical pulse is delayed due to cable
and optical path lengths. In the case with seed laser, the laser pulse
(Bopt) is also delayed with respect to the current pulse OG and slightly
broadened by about 1 ns due to the time constants of the electronics.

The optical peak power is calculated according to equation 4.1. The
behaviors of optical peak power with the di�erent delay time between
OG and TS are given in Fig. 5.4. The optical pulse generated by the 6 ns
long current pulses with an amplitude of ITS = 14.5A without injected
current into the DFB laser and without supplied current into the OG is
shown in Fig. 5.4 a. The rise time is about 0.5 ns, the fall time is ∼ 1 ns.
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Figure 5.4: The temporal shape of the optical output pulse power without input signal (τTS

= 6ns, ITS = 14.5A, IDFB = 0mA IOG = 0mA)(a) and with input signal at

di�erent delay times τDelay indicated (b-e) for IDFB = 150mA, τOG= 2ns, IOG

= 140mA, τTS = 6ns, ITS = 14.5A, f = 800 kHz and T = 25◦C.

The peak power of 7W is approximately determined. Figs. 5.4 (b-e)
show the optical output pulses when a current of 150mA is injected into
DFB section and the delay time is varied between 0 ns and 2.5 ns. It
can be seen that the pulse shape and peak power change signi�cantly for
di�erent delay times. For the shortest delay time (τDelay = 0), a pulse
width of about τPulse = 2ns, the peak power was Pp = 14.5W. At the
trailing edge of the pulse up to 3.6W of ASE is observable.

Increasing the delay time to 0.5 ns, the peak power increases to 16.5W
with a length of about 2.5 ns. At the leading edge of the pulse an amount
of ASE of 4.7W is generated. An increase of τDelay to 1.5 ns leads to
a further reduction of ASE to 3.7W. Moreover, the pulse has now a
top hat pro�le with a pulse length τPulse = 3ns and a nearly plateaued
power of 16.3W. An even longer delay time of τDelay = 2.5 ns occurs the
peak power reduces to 16W and there is a pronounced emission of ASE
at the leading edge of 4.5W.

If we assume that inside the optical pulse is only emission at the
seed wavelength and outside of the pulse is only ASE. Then separate
integration inside and outside the optical pulse allows the distinction
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Figure 5.5: Average optical power versus electronic delay time τDelay for a τOG = 2ns

between the laser emission and the ASE. Fig. 5.5 shows the dependence
of the average pulse power Pave and the ASE power on the delay time.
The delay time τDelay = 1.5 ns is found to deliver the highest average
power with Pave = 26.7mW together with the smallest average ASE
power PASE = 2.4mW. A percentage of the amount of ASE of about
9% with respect to laser emission can be determined.

It can be explained that for this delay time the maximum excess
carrier density in the TS is reached, which results in a maximum am-
pli�cation of the injected laser pulse. After the passage of the pulse
the carrier density is depleted and approaches the transparency carrier
density, so that only a small amount of ASE can be generated. When
the optical gate pulse occurs too early, the maximum carrier density is
not reached and the ampli�cation is reduced. Furthermore, after the
passage of the pulse more ASE can be generated (see in Fig. 5.4 b-c).
If the optical gate pulse is too late, the ASE is generated already at the
beginning of the TS pulse (see in Fig. 5.4 e). Based on these results,
it can be stated that the delay time between the OG and the TS of
τDelay = 1.5 ns is best choice for the high peak power, the top hat pro�le
optical pulse and small ASE.

The optical powers at di�erent injected pulse currents of the TS
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= 800 kHz and T = 25◦C

section are shown in Fig.5.6. Here, it is �xed of IDFB = 150mA,
τDelay = 1.5 ns, τOG= 2ns, IOG = 140mA, τTS = 6ns, and f = 800 kHz.
At three pulse currents of 9.2A, 13.5A and 14.5A the optical peak
powers of 11.5W, 15.2W and 16.3W, respectively are measured. No
saturation can be observed.

5.1.3 Spectral properties

At the delay time of τDelay = 1.5 ns, the optical spectra are measured
with increasing the pulse currents of the ITS. A color-scale mapping
of the optical spectra of the monolithic MOPA in dependence of the
amplitude of the pulsed current injected into the TS section in steps of
about 1A for a �xed τDelay = 1.5 ns, IDFB = 150mA, τPulse = 3ns, IOG
= 140mA, τTS = 6ns, f = 800 kHz and T = 25◦C is shown in Fig.5.7.
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Figure 5.7: a) Color-scale mapping of the optical spectra of the MOPA in dependence of

the amplitude of the current pulses injected into the TS for a �xed DFB laser

current of IDFB = 150mA, τDelay = 1.5 ns, τPulse = 3ns, IOG = 140mA, τTS

= 6ns, f = 800 kHz, and T = 25◦C .

b) An optical spectrum of the MOPA system at peak power of 16.3W

The DFB laser is set at I = 150mA and herewith the seeding peak
wavelength is �xed. The spectral width is slightly broader by about
50 pm from 100 pm at the pulse current of 4A to 150 pm at the pulse
current of 14.5A. At a pulse current of 14.5A, the spectrum with 16.3W
peak power is given in Fig. 5.7 b. The spectral line width at (-3 dB) is
about 150 pm and is smaller than the spectral line width of the tapered
section (400 pm) as in Fig. 5.2 b.
The slightly broader emission spectra of the MOPA when increasing

the pulsed current of tapered section and the narrow gain pro�le of TS
section can be explained. Without the separation between their sections
of the device, the in�uence of each section to another section can not
be prevented. Typically, the tapered section can work as a DBR laser
without the injected current into the DFB and OG sections. In this
case, the RW can be excited by optical pumping from TS section. Thus
the light emission from the TS section can pass to the DFB section,
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acting as a Bragg grating to create a resonator and results as a DBR
laser.
In refs [79, 80], an identical e�ect was found. The unstable spectra

could be resulting in the uncontrollable optical feedback and coupling
of the light emission from the ampli�er to the oscillator. The same
results in refs [81�83], it was reported that it is di�cult to optimize
independently due to the integration of both components on one single
chip. The optical and thermal coupling could not be prevented. It leads
to a fairly complicated dynamic behavior.
A short summary of the monolithic MOPA is that an optical oper-

ation in ns-pulse is generated at 1064 nm with the monolithic MOPA.
The timing delay between the optical gate and tapered section is inves-
tigated. The best delay time between the TS and the OG is found. In
this case, a peak power of 16.3W at a pulse width of 3 ns with the top-
hat pro�le is observed. A ratio of the power of the ASE and the laser
of 9% is achieved. The spectral line width of 150 pm is obtained. These
properties are met the requirement for aerosols detection as mentioned
in section 2.1.
To detect the absorption lines of gases, e.g. water vapor, the spectral

line width had to be smaller than 10 pm as discussed in section 2.2.
Therefore, this spectral line width is not su�cient the requirement. To
overcome this problem, a hybrid MOPA concept is demonstrated and
presented in the next section.
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5.2 Hybrid MOPA concepts

The schematic diagram of the hybrid MOPA system with the in-
vestigated modulation parameters for each section is shown in Fig. 5.8.
The RW −DFB laser as MO operates in CW , the pulse operation is
applied for optical gate and tapered sections. A CW current is injected
to make the RW1 and RW2 sections transparent, then they work as
the optical �lters. The characterization of the RW − DFB laser, the
tapered section and MOPA system will be presented in the following.

Figure 5.8: Schematic diagram of the hybrid MOPA set-up at 1064 nm.

5.2.1 RW-DFB laser characterization

As mentioned above, the main spectral properties of the MOPA are
determined by the MO. The hybrid MOPA system achieves a narrow
spectral line width and stabilized wavelength only if theMO provides a
narrow spectral line width and a stabilized wavelength. Such properties
can be obtained by applying the CW for the RW −DFB laser.
The power-voltage-current PUI characteristics are measured using

the setup given in section 4.1.1. Optical output power versus injec-
tion current, P (I), and voltage drop across the device versus injection
current, U(I), are plotted in the same graph together with the con-
version e�ciency (ηc(%)). Fig. 5.9 a shows P (I), U(I) and η(I) of
the DFB laser at a temperature of 20◦C. The threshold current is
Ith = 25 mA. The slope e�ciency determined slightly above thresh-
old current is S = 0.61 W/A. The maximum conversion e�ciency is
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Figure 5.9: a)Power-voltage-current characteristics for the DFB laser at T = 20 ◦C.

b)Power-voltage-current characteristics for the DFB laser at di�erent temper-

atures (from T = 15 ◦C to 50 ◦C).

29%. A linear increase (PI) of the power versus the current from above
threshold current up to 300mA can be observed. At an injection current
of 300mA the output power is P = 175 mW.

At di�erent temperatures T = 15 − 50 ◦C, the PUIs are given in
Fig. 5.9 b. The threshold currents increase from Ith = 23mA to 33mA,
the slope e�ciency S determined slightly above threshold current varies
from S = 0.62 W/A to 0.59W/A when changing temperature from
15 ◦C to 50 ◦C respectively. At an injection current of 300mA the output
powers are P = 176 mW at 15 ◦C and P = 158mW at 50 ◦C.

The spectral properties are performed by the experimental setup in
section 4.1.2. A color scale mapping of the optical spectra of the DFB

laser in dependence on the current at a temperature of 20◦C is shown
in Fig. 5.10 a. It can be seen that the device operates single mode with
a spectral line width below 10 pm for the whole range of current from
30mA to 300mA. An optical spectrum measured at P = 20mW (IDFB
= 55mA) is given in Fig. 5.10 b. At this output power, later used for
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Figure 5.10: a) Color scale mapping of the optical spectra of the DFB laser in dependence

of the current at 20 ◦C.

b) An optical spectrum of the diode laser at an output power of 20mW (55

mA)

seeding the tapered ampli�er, a SMSR of 55 dB and a spectral line
width below 10 pm limited by the spectrum analyzer are observed.

5.2.2 Characterization of the tapered power ampli�er under ns-pulse excitation

To compare the hybrid with monolithic MOPA directly, the tapered
section (TS) is operated with an electrical pulse width of τTS = 6ns and
a repetition rate of f = 800 kHz. No currents are injected into the RW
sub-sections. The power-current-characteristic of the tapered ampli�er
at heat sink temperature of 25 ◦C is given in Fig. 5.11 a.

The same conditions are used later in theMOPA experiments. It can
be seen that at a current of ITS = 13.5 A, an average output power of
7.5mW is obtained. It is only about 30% when compared to the averaged
power of tapered section in monolithic MOPA, discussed in 5.1. The
same structure of the tapered section (4mm long gain-guided tapered
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section (TS) with a full taper angle of 6◦), the same material and the
vertical structure of devices are used. From this, it can be supposed that
the tapered section of monolithic MOPA could work as a DBR laser,
leading to a higher averaged power and a narrow spectrum, as discussed
above.
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Figure 5.11: a) Power-current-characteristics for the tapered ampli�er at T = 25 ◦C under

pulsed operation with τTS = 6ns and f = 800 kHz.

b) Optical spectra of the tapered ampli�er from Fig. 5.11 a at T = 25 ◦C

under pulsed operation with three di�erent currents (ITS = 8.5A, ITS = 11A

and ITS = 13.5A), τTS = 6ns and f = 800 kHz.

Fig. 5.11 b shows the ASE spectral behavior of the PA at a current
ITS = 8.5 A, 11 A and 13.5 A corresponding to the average powers of
3.3 mW, 5.4 mW and 7.5 mW as denoted positions by arrows respec-
tively in Fig. 5.11 a.
The ripples in the spectra seen in Fig. 5.11 b are caused by the cou-

pling of the lasing modes to the substrate modes due to the �nite thick-
ness of the n-cladding layer. The simulated periodicity of the ripples of
3.3 nm, calculation by model developed by Hans Wenzel, agrees quite
well with the periodicity seen in the �gure of about 3.65 nm. The peak
wavelength of the ASE spectrum determined from a polynomial �t is

65



Wavelength stabilized diode laser based ns-MOPA

1056.5 nm and indicted with an arrow. No lasing modes are observed.
The full width at half maximum (at -3 dB) of the gain pro�le increases
from 15 to 17 nm without shifting the peak wavelength when varying
injection current from 8.5A to 13.5A. No saturation is observed.

5.2.3 The behavior of optical power and ampli�ed spontaneous emission under delay

time

In order to compare the hybridMOPA with the monolithicMOPA,
the experiments keep all parameters identical to the previous investiga-
tion of the monolithic MOPA. To provide a narrow spectral line width
and stabilized wavelength, theMO operates at a �xed CW current and
temperature. The DFB laser is set at ITS = 55mA and T = 20 ◦C,
leading a power of 20mW.

The four sections of the tapered ampli�er with the integrated optical
gate is given in Fig. 5.8. There are three subsections of the ridge wave-
guide (RW ). The �rst and the third RW sections are denoted RW1 and
RW2 and used as optical �lters. To control the input signal from theMO
into the optical gate (OG) section, the RW1 section is driven with a CW
current of about 10mA. This current makes this section transparency
for the laser beam from MO and to avoid large reabsorption in OG
section. The same current through the RW2 section can be assumed
transparently for the laser beam from the MO and prevent the light
coming from the TS towards the OG section.

The second RW serves as an optical gate denoted OG. It transforms
the optical beam in CW mode of the RW−DFB laser to optical pulses.
The OG absorbs the coupled CW beam of the DFB laser when no cur-
rent is injected into this section. And it becomes transparent when suf-
�cient current is applied. The current amplitude to reach transparency
depends on the structure of the device and the material of the wave-
guide. Here, a current amplitude of IOG = 270 mA is selected. During
the current pulse the optical beam from theMO can pass. The targeted
pulse width is 2 - 3 ns, a current pulse width of τOG = 2 ns is injected
into the OG section. For the TS section, a pulse width of τTS = 6 ns is
selected, as above mentioned. It is larger compared to τOG, but not too
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Figure 5.12: a) Schematic diagram of the electrical modulation of optical gate and tapered

section; Ael is the current through TS, Bel is the current through OG.

b) Resulting optical pulse traces, Aopt is the ASE without seeder, Bopt is the

laser pulse.

long to prevent the generation of ampli�ed spontaneous emission after
the desired optical pulse.

Pulses with the amplitudes ITS ≤ 13.5 A are injected into the TS.
The delay time between τTS and τOG is varied to �nd the best adjustment
between population of the upper state and laser relaxation. The criteria
for the adjustment are a high peak power with a rectangular shape of
the laser pulse and a small value of ASE. The repetition rate f of the
current pulses injected into both sections (OG and TS) is 800 kHz.

A scheme of the temporal behavior of the electrical pulses is sketched
in Fig. 5.12 a. At τ = τ0 the current pulse (Ael) with a length of about
τTS = 6 ns is injected into the TS. And at τ = τ0 + τdelay, the current
pulse (Bel) with the length τOG is injected into the OG. The delay time
τdelay between the OG and the TS is also varied in 500 ps steps between
0 ns ≤ τdelay ≤ 3 ns.
The temporal pro�les of the optical output pulses were measured by the
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Figure 5.13: The temporal shape of the optical output pulse power without input signal (a)

and with input signal (Pin = 20 mW) at di�erent delay times τDelay indicated

(b, c, d, e, f) for τOG = 2ns, IOG = 270mA, τTS= 6ns, ITS = 13.5A and f

=800 kHz

70GHz sampling scope (LeCroy NRO 9000) as mentioned in section
4.2. In the upper trace (Aopt) of Fig. 5.12 b the dependence of the ASE
as a function of time without seed laser is shown. In the case with the
seed laser, the laser pulse (Bopt) is delayed with respect to the current
pulse OG and slightly broadened by about 1 ns due to the time constants
of the electronics.

As mentioned in the section 4.2, the optical output pulse powers are
calculated by the combination of the average power measured by the
power meter (GentecSOLO2) and the optical output pulse detected by
the 25GHz photo diode (New Focus 1434). The time dependence of the
optical output pulse power is calculated by equation 4.1.

Typical temporal shapes of the optical pulses emitted by the MOPA
system are given in Fig. 5.13.

Fig. 5.13 a shows the ASE generated by the 6 ns long current pulses
with an amplitude of ITS = 13.5A without an input signal from the
RW −DFB laser. The rise time is about 0.5 ns, the fall time is about
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Figure 5.14: Average optical power versus electronic delay time τDelay for a τOG = 2ns.

1 ns. The peak power of the ASE is about 2W. Figs. 5.13 (b-f) show
the optical output pulses when the beam from theMO was coupled into
the RW section of the PA. The delay time is varied between 1 ns and
3 ns.

It can be seen that for the shortest delay time, the pulse width is
τPulse = 1.5 ns, the peak power is PP = 10W, and at the trailing edge of
the pulse up to 2W of ASE is observable. Increasing the delay to 1.5 ns,
the pulse shape becomes more top-hat-like with a length of 2.0 ns. At the
trailing edge of the pulse still a large amount of ASE is generated. An
increase of τDelay to 2 ns leads to a further reduction of ASE. Moreover,
the pulse has now a top hat pro�le with a pulse length τPulse = 3ns and
a plateau power of 12.5W. An even longer delay time of τDelay = 3ns
increase the peak power up to 17W but there is a pronounced emission
(1.7W) of ASE at the leading edge of the pulse.

The ASE can be calculated with two approaches. As identical to
monolithic MOPA, it is assumed that inside the optical pulse is only
emission at the seed wavelength and outside the pulse is only ASE.
From the integrated areas inside and outside of the optical pulses, the
average power can be calculated for the laser and the amount of ASE.

Fig. 5.14 shows the dependence of the average power for laser (PLaser)
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Figure 5.15: Spectrum of the MOPA at peak power of 12.5W (Pin = 20 mW) at di�erent

delay times τDelay = 2ns, τOG = 2ns, IOG = 270mA, τTS= 6ns, ITS = 13.5A

and f =800 kHz (Fig. 5.13d) in the range between 1030 nm and 1080 nm.

and the average power for ASE (PASE) on the time delay. The delay
time τDelay = 2ns is found to deliver the highest average power mea-
sured with Pave = 22 mW (corresponding to about 27 nJ pulse energy)
together with the smallest average ASE power PASE = 0.15 mW. The
ratio is Plaser/PASE = 0.15/22 = 0.007 . It means that the amount of ASE
is suppressed to 0.7%. In this delay time the maximum excess carrier
density in the TS is reached, which results in a maximum ampli�cation
of the injected laser pulse.

After the passage of the pulse the carrier density is depleted and
approaches the transparency carrier density, so that only a small amount
of ASE can be generated. When the pulse of the OG occurs too early,
the maximum carrier density is not reached and the ampli�cation is
reduced. Furthermore, after the passage of the pulse more ASE can
be generated (see Fig. 5.13 b and c). If the OG is too late, ASE is
generated already at the beginning of the TS pulse (Fig. 5.13 e and f).
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Within the studied parameter range, a τTS = 6 ns and τDelay = 2 ns for
τOG = 2 ns can be assumed as the best choice (Fig. 5.13 d).

Another approach to calculate the amount of ASE is based on spec-
tral pro�le. In our case, a spectrum was measured in the range be-
tween 1030 nm and 1080 nm for the whole range of the gain pro�le (see
in Fig. 5.15). The resolution was 50 pm. It is su�cient to determine
the amount of broad band ASE by integration over the whole spectral
range. Due to the limited spectral resolution together with the nar-
row linewidth of the DFB laser of about 1 pm, the same measurement
cannot be directly used to determine the amount of laser radiation by
integration. The area below the emission line is underestimated. To cor-
rect the value one had to assume a certain spectral width of the emission
caused mainly by the stability of the set-up. In our case a width of about
1 pm was assumed. Using this estimation an ASE amount below 1%
can be deduced for τDelay = 2 ns. This matched well with the estimation
based on the pulses shape analysis.

An investigation of di�erent pulse widths of the injected currents into
the OG is performed. The peak power and pulse energy in dependence
of the optical pulse width τPulse for pulses with a top hat pro�le and
minimized ASE (see e.g. Fig. 5.13 d) is shown in Fig. 5.16.

The widths of the optical output pulses are varied by adjusting the
width of the current pulses injected into the OG in the range 1 ns ≤
τOG ≤ 3 ns. In all cases the delay time is set at τDelay = (τTS−τOG)/2,
τTS = 6 ns. The optical gate section is switched transparent when nearly
the full population of the excited state is reached. The section is closed
shortly before the end of the current pulse at the TS. Using shorter
optical gate τOG ≤ 2 ns, a slightly higher population of the excited state
can be reached and therefore the obtained peak power is higher, as shown
in Fig. 5.16.

Nevertheless, the longer times without opening OG section leads to an
increase of theASE up to 1.3%, see in the lower trace of Fig. 5.16. In the
case of longer OG pulses τOG ≥ 2 ns the population of the excited level
is not completed and therefore the optical power is smaller compared
to τOG = 2 ns, and the ASE amount is smaller. The integrated optical
pulse powers, corresponding to pulse energy is given. The pulse energy
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of ASE and laser versus pulse width τPulse for IOG = 270 mA , τTS = 6 ns,

ITS = 13.5 A, f = 800 kHz.

increases from 19 nJ to 34 nJ as shown in the right axis in Fig. 5.16.

In all experiments, the current pulse amplitude through the tapered
section is limited to 13.5A. Up to this current amplitude no satura-
tion of the output power is observed. From the measured power-current
characteristics a further increase of the output power seems to be pos-
sible if the current (both the amplitude and the pulse width) could be
increased.

5.2.4 Spectral properties

The optical spectra of the DFB laser at the power of 20mW and
the MOPA system at the delay time of τDelay = 2ns, τOG = 2ns,
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IOG = 270 mA, τTS = 6 ns, ITS = 13.5 A, Pin = 20 mW, f = 800 kHz
are compared in Fig. 5.17 a, measured at the same range and the same
resolution.
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Figure 5.17: a) Optical spectra of the DFB laser (CW , P = 20mW) and the MOPA

system at for τDelay = 2 ns, τPulse = 3 ns, IOG = 270 mA, τTS = 6 ns, ITS =

13.5 A, and f = 800 kHz.

b) Color-scale mapping of the optical spectra of the MOPA in dependence of

the amplitude of the current pulses injected into the TS for a �xed input power

DFB (CW , P = 20mW) (IDFB = 55 mA, TDFB= 20 ◦C) and τDelay = 2 ns,

τPulse = 3 ns, IOG = 270 mA, τTS = 6 ns, ITS = 13.5 A, and f = 800 kHz.

The peak wavelength of λ = 1063.45 nm and the measured spectral
full width maximum (at - 3 dB) of 10 pm given by the resolution limit
of the optical spectrum analyzer coincides for the DFB laser and the
MOPA. The DFB laser has a side mode suppression ratio (SMSR)
of 55 dB whereas the SMSR of the MOPA is deteriorated to 46 dB
indicating the ASE contribution.

The dependence of the optical spectra on the current ITS as a color-
scale mapping is shown in Fig. 5.17 b. The DFB laser is operated at
I = 55mA, TDFB= 20 ◦C and herewith the seeding peak wavelength is
�xed. Over the whole range of TS currents the peak wavelength of the
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MOPA does not vary and the spectral width remains ≤ 10 pm.

5.3 Conclusion

It can be shortly summarized, that nanosecond optical pulses at a
wavelength of about 1064 nm are generated by a monolithic and a hybrid
MOPA system. The monolithic MOPA provides a stable wavelength
and a peak power of 16.3W with a nearly rectangular pulse shape at
a pulse width of 3 ns and a repetition rate of 800MHz, by adjusting
the time delay between OG and TS. At this peak power, a spectral
line width of about 150 pm is observed. A ratio between the powers of
the ASE and the Laser of 9% is estimated. These properties ful�ll the
requirements for detection of aerosols, however the spectral line width is
not su�cient for the detection of absorption line of the gases, e.g water
vapor. In order to achieve even narrower spectral line widths the hybrid
MOPA system with separated chips for the MO and the PA had to
be used.
Hybrid MOPA systems o�ers a stable, spectral line width of below

10 pm and a side mode suppression ratio (SMSR) larger than 46 dB. A
peak power of 16W at a pulse width of 3 ns is achieved at a repetition
rate of 800MHz. An amount of ASE smaller than 1%, a high spectral
purity is guaranteed, which provides a decreased error in measurements.
This system features a drastic improvement in terms of spectral line
width and the amount of ASE which are now su�ciently narrow for the
detection of absorption lines of molecular species under atmosphere con-
dition. To detect the absorption line of water vapor the spectral regions
needs to be considered for targeted measured range. In next chapter, an
identical hybrid MOPA system transfers to another wavelength, where
the absorption lines of water vapor located will be presented.
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6 Tunable wavelength ns-MOPA diode lasers

In the previous chapter, the hybrid MOPA systems with stabilized
wavelength emission wavelength at 1064 nm were presented. In this
chapter, a hybrid MOPA system operates at wavelength of 975 nm,
where a potential spectral region of water vapor is located.

The challenges now are not only to obtain a spectral line width be-
low 10 pm and a peak power of more than 10W, but also a continuous
tunable emission wavelength for scanning over some absorption lines of
the water vapor.

A continuously tunable light source can allow the access to some wa-
ter vapor absorption lines with di�erent strengths. This is particularly
important for concentration calibration, adjusting the working points
and the selection of suitable absorption lines.

Figure 6.1: Schematic diagram of the hybrid MOPA set-up operation at 975 nm with the

studied modulation parameters for each section.

As mentioned above the repetition rate and pulse width determine
the measured range and resolution of LIDAR systems. A repetition
rate of 25 kHz, i.e., a time between two pulses of 40µs corresponds to
a measuring range of 6000m. A response time of 8 ns corresponds to a
resolution of 1.2m. Therefore, a repetition rate of 25 kHz and a pulse
width of 8 ns are now applied. The scheme of the hybrid MOPA setup
with the studied modulation parameters for each section is given in
Fig. 6.1. The RW − DFB laser used as MO was operated in CW
mode. Two section tapered ampli�er consists of OG and TS sections
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and both of them are driven in pulse currents.
Characterization of the RW −DFB laser such as the power-current-

voltages and the spectral properties will be given. The properties of
ampli�ed spontaneous emission of the tapered section will be pointed
out. Then the dependence of the output powers on input power as well as
the spectral properties of the hybrid MOPA system will be discussed.
Finally, a speci�c stabilized wavelength with a constant spectral line
width at an online water vapor absorption line will be shown.

6.1 Tunable RW-DFB laser

In order to provide a light source with a narrow spectral line width,
single mode operation and possible tuning, the MO should be oper-
ated in single mode emission and can be tuned by either current or
temperature. For this target, the RW − DFB laser having a cavity
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Figure 6.2: The power-current-voltage characteristics of the DFB laser at T = 35 ◦C.

length of L = 3mm and a ridge width of wRW = 3µm is used. It is
mounted p-side down on a C-mount for better heat dissipation and oper-
ated in CW mode. The power-voltage-current characteristics are shown
in Fig. 6.2 at T = 35 ◦C. This temperature is set to provide the explicit
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tuning range, where the water vapor absorption lines are located. The
scanning over several absorption water vapor absorption lines will show
later. At this temperature, the threshold current is about 40mA. At an
injection current of 600mA an output power of P = 340mW is emitted.
The slope e�ciency S determined slightly above threshold current is
S = 0.62 W/A. A maximum conversion e�ciency of 24% is obtained at
200mA.
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Figure 6.3: a) Color scale mapping of the optical spectra of the DFB laser in dependence

of the current at the temperature of T = 35 ◦C.

b) Optical spectra at two operating points (IDFB = 100mA and 600mA).

The optical spectra are also measured with the spectrum analyzer
(Advantest Q8384). The dependence of the optical spectra on the in-
jection current is shown in Fig. 6.3 a as a color scale mapping. It can
be seen that a single mode operation without mode hopping is obtained
over a tuning range of about 1.3 nm by varying the current from 80mA
to 700mA. Two spectra at 100mA (40mW) and 600mA (340mW) at T
= 35 ◦C are shown in �g. 6.3 b. The peak wavelengths are 974.50 nm and
975.40 nm respectively. This tuning range is used for MOPA system,
which covers some absorption lines of the water vapor. It will be shown
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later. The side mode suppression ratio exceeds 55 dB in both cases. The
DFB laser operates in single mode with a spectral line width smaller
than 10 pm. The spectral line width remained below 10 pm and is limited
by the resolution of the spectrum analyzer. Its properties are suitable
for further experiments as a seed laser, which o�ers a continuously �ne
tuning.

6.2 Ampli�ed spontaneous emission under ns-pulse excitation

The structure of the two-section tapered ampli�er is given in Fig. 3.8.
Now the spectral properties and power behavior under ns-pulse excita-
tion is given.

Figure 6.4: The ASE spectra of the TS section at ITS= 17A, τTS = 15ns, f = 25 kHz at

di�erent temperatures (T = 20 ◦C, T = 25 ◦C and T = 30 ◦C).

The pulse width of τTS = 15ns and a repetition rate of f = 25 kHz
are selected for the TS section. The ASE spectra of the TS section
at di�erent temperature of the heat sink are measured. In Fig. 6.4
shows the ASE spectra of the TS section at ITS= 17A, τTS = 15ns,
f = 25 kHz at di�erent temperatures (T = 20 ◦C, T = 25 ◦C and T =
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30 ◦C). It is seen that at the current of ITS= 17A, τTS = 15ns, f =
25 kHz, the self-lasing is obvious at the temperatures of T ≤ 25 ◦C. At
the temperature of T = 30 ◦C, the ASE spectrum does not appear the
self-lasing. To avoid the self-lasing, further investigation a heat sink
temperature of 30 ◦C is set.

(a) (b)

Figure 6.5: a) Power-current characteristic for the tapered section of the ampli�er at T =

30 ◦C under pulsed operation with τTS = 15ns, f = 25 kHz.

b) Spectra of the ampli�ed spontaneous emission at ITS= 10A, 13A and 18.4A,

τTS = 15ns, f = 25 kHz.

The heat sink temperature is set to 30 ◦C. The power current char-
acteristic is given in Fig. 6.5 a. A maximal average output power of
1.40mW is obtained at an amplitude of ITS = 18.4A with a length of
τTS = 15ns, a repetition rate of f = 25 kHz.

At the pulsed currents of 10A, 13A and 18.4A leading in average
powers of 0.60mW, 0.95mW and 1.40mW, respectively are obtained.
The position in the power current characteristic are marked with arrows
in Fig. 6.5 a. The respective ASE spectra are given in Fig. 6.5 b. The
peak wavelength of the ASE spectrum is constant at about λ = 969 nm.
The full width half maximum (-3 dB) of the spectra increases slightly
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from 17 nm to 18 nm when increasing the current from 10A to 18.4A, a
higher current circuits compared with the previous chapter. No lasing
modes are observed.

6.3 Dependence of output powers on input powers, saturation behavior

In the previous section, the MO laser and the TS section of the ta-
pered ampli�er were characterized, both of them are suitable for further
investigate. Now, the hybrid MOPA system is studied. As mentioned
above, the MO is driven by the CW current. The OG and TS are
applied by pulse currents. A pulse width of 8 ns and a repetition rate
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Figure 6.6: Schematic diagram of the electrical modulation of optical pulse and tapered

section;

a) The symbol Ael represents the current through TS and the Bel is current

through OG.

b) Temporal shape of the optical output pulse power for Pin = 20mW, τDelay

= 3.5 ns , τOG = 8ns, IOG= 100mA, τTS = 15ns, ITS= 18.4A and f = 25 kHz.

of f= 25 kHz are targeted as mentioned above. Thus, the pulses with
a width of 8 ns at a repetition rate of 25 kHz are applied for the OG.
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The pulsed current amplitude of the OG is set at the current where
this section becomes transparent and then the laser beam from theMO
can pass. This amplitude depends on the structure of devices and the
material of the wave guide. A current amplitude of IOG = 100mA is
de�ned.

As the target is a high optical power laser and a low amount of ASE,
the pulse width of the TS section has to be considerated. As the previous
chapter mentioned that the pulse of the TS section has to long enough
for building up the inversion population in the upper level and short to
prevent the generation of the ASE after the wanted optical pulse. A
pulse width of τTS = 15ns is selected. In the upper trace in the Fig. 6.6
b, the measured ASE power at an amplitude current of 18.4A and a
pulse width of τTS = 15ns is plotted. It can be seen that it needs about
3.5 ns to reach the steady carrier state density, related to the carrier
lifetime [84], and the same time for depopulation the carrier density can
be observed. This means that a pulse width of 15 ns is reasonable for
a high peak power and a low amount of ASE. An optical peak power
of about 15.5W at 8 ns pulse width with a repetition rate of 25 kHz is
obtained, as shown in �g. 6.6 b (in the lower trace).

Therefore, in further experiments, the pulse width of τTS = 15ns for
the TS, the pulse width of τOG = 8ns with the current amplitude of
IOG = 100mA for the OG and the delay time between the TS and the
OG of τDelay = 3.5 ns are used.

The transient shapes of the optical output power at di�erent input
powers are shown in Fig. 6.7. The optical pulse without the input (ASE)
has a pronounced plateau with a pulse width of about 11 ns and a power
amplitude of 3.8W. The rise and fall times determined from 10% and
90% of the pulse are 2.2 ns and 2 ns, respectively (Fig. 6.7 a). Figs. 6.7 b-
h show the optical output pulses at di�erent input powers varied between
5.3mW (Fig. 6.7 b) and 50mW (Fig. 6.7 h). It can be seen that the
optical peak power increases from 10W to 15W when the input power is
increased from 5.3mW to 15mW (Figs. 6.7 b-e) and reaches a constant
output power of 16.3W for larger input power (Fig. 6.7 f-h). The pulse
width as well as rise and fall times are almost unchanged. A small ripple
observed at the top of the optical pulse may be caused by unwanted

81



Tunable wavelength ns-MOPA diode lasers

4
8

1 2
1 6
2 0

4
8
1 2
1 6
2 0

0 5 1 0 1 50
4
8

1 2
1 6
2 0

0 5 1 0 1 5 0 5 1 0 1 5 0 5 1 0 1 5 2 0 0
4
8
1 2
1 6
2 0 

 

 
Op

tica
l p

ea
k p

ow
er 

P P
 / W

A S E

t i m e  � / n s

b )  P i n =  5 . 3  m W c )  P i n =  8 . 8  m W

 

 

 

d )  P i n =  1 1 . 8  m W
 

 
 

e )  P i n =  1 5  m W

 

 

 

 

g )  P i n =  3 5  m W

 

 

f )  P i n =  2 0  m W

a )  P i n =  0  m W

 

 

h )  P i n =  5 0  m W
 

  

  

Figure 6.7: Temporal pulse shapes emitted by the MOPA when the MO is turned o�

(a) and for di�erent input powers (Pin= 5.3mW (b), 8.8mW (c), 11.8mW(d),

15mW (e), 20mW (f), 35mW (g) and 50mW (h), for τDelay = 3.5 ns, τOG =

8ns, IOG= 100mA, τTS = 15ns, ITS= 18.4A and f = 25 kHz.

feedback e�ects. At the beginning and the end of the ampli�er pulse
the pedestals indicate contributions due to ASE.

The dependence of output power on input power can be tested by
changing the injected current into the RW −DFB laser. It can be seen
in Fig. 6.2 that the input power from the MO increases from 40mW at
100mA to 340mW at 600mA. They are too large which saturate the
tapered section. Neutral density �lters are used to reduce the input
power. And a beam splitter 50:50 (Thorlabs, BS014) is used to divide
the beam into two parts. One part is focused into the RW section (Pin).
Another part is sent to a power meter or an optical spectrum analyzer
(OSA) for monitoring the power and spectrum, respectively.

The dependence of the output power on the input power with di�erent
injected currents into the TS is measured. Fig. 6.8 shows the dependence
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Figure 6.8: The dependence of the average power on the input power.

of the average output power on the input power at three di�erent cur-
rents into the TS section. It can be seen that the average output powers
increase with the input powers in the range of 0 mW ≤ Pin ≤ 15 mW.
Above 15mW the output powers saturate with only a marginally in-
crease in average optical output power when increasing the input power
from 15mW to 50mW. At three di�erent currents into the TS section,
a similar behavior of the dependence of the output power on the input
power is observed. A higher average output power can be achieved at
a higher current into the TS. For reliability of the devices, a maximal
pulse current of ITS = 18.4 A is applied. At this pulsed current, the
maximum average power of 3.26mW can be observed, corresponding to
an optical peak power of 16.3W.

In order to calculate the amount of ASE, in the previous chapter
based on the measured optical powers it was assumed that inside the
pulse is the optical laser emission and outside of the pulse is the ASE.
Now, we use the model developed by Ulm et al. [66, 85] to determine
of the amount of ASE. The measured results of the dependence of the
optical output power on the input power at the pulse current of 18.4A
of the TS section is plotted as black circles in Fig. 6.9. It is the total
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Figure 6.9: Optical peak power versus input power for τDelay = 3.5 ns , τOG = 8ns, IOG=

100mA, τTS = 15ns, ITS= 18.4A and f = 25 kHz from the experimental results

(black circle); The calculated databases by using equations 6.1, 6.2 and 6.3 for

curve �tting for both laser and ASE (red curve), the ASE (magenta curve),

the laser (blue curve) and the ratio of amount ASE and laser (wine curve) are

given.

optical power included of the laser power and the ASE. The saturation
power Psat can be determined by using the following formula [66, 85].

Pp = PASE
max · exp (−Pin/Psat) + Pmax

p · [1− exp (−Pin/Psat)] (6.1)

Where PASE
max is the experimental result shown in Fig. 6.7 a (= 3.8W)

without seed laser and the saturated output power of 16.3W with seed
laser is used. This leads to a saturation input power of Psat = 5.3mW.
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And the ASE power decreases with increasing input power according
to

PASE = PASE
max · exp (−Pin/Psat) (6.2)

Whereas the laser power increases as

PLaser = Pmax
p · [1− exp (−Pin/Psat)] (6.3)

In the upper trace of the Fig. 6.9, the red, the magenta and the blue
curves are plotted based on the calculation using equation 6.1 for the to-
tal power (both the laser power emission and the ASE), using equation
6.2 for the amount of ASE and using equation 6.3 for the laser power
emission, respectively. Then the ratio between the amount of ASE and
the power of laser emission is plotted in the lower trace. It can be seen
that above input powers of 10mW an amount of the ASE is below 0.1%.
In the previous chapter two methods for calculating of the amount of
the ASE are used. One method is based on the spectra and another
method assumed that inside the pulse is the optical laser emission and
outside of the pulse is the ASE. At the input power of 20mW, the ratio
between of ASE and laser is 0.7%. Now, its ratio is 0.1%. Both values
are smaller than 1% and agree very well. It is the proof to approve the
previous assumption.

6.4 Spectral tuning properties

The optical spectra of the RW−DFB laser and of the hybridMOPA
are measured for various injected currents into the RW − DFB laser.
Here it is �xed values of τDelay = 3.5 ns, τOG = 8ns, IOG= 100mA, τTS
= 15ns, ITS= 18.4A and f = 25 kHz. In Fig. 6.10, a comparison of
the optical spectra of the MO (lower graph) and the MOPA system
(upper graph) are given. Here, the injected currents of the RW −DFB
laser increase from 100mA to 600mA for both cases. The input powers
change from 5.3mW to 50mW.
In the case of hybrid MOPA, the optical output power of 16.5W is

approximately constant over the tuning range. The peak wavelengths
tune from 974.50 to 975.40 nm and the measured spectral full widths
at 3 dB of 10 pm given by the limited resolution of the optical spectrum
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Figure 6.10: The upper graph: Emission spectra of the hybridMOPA for varying theMO

input power with a constant of the optical output power of 16.5W(IDFB=

100mA÷600mA, in steps of 50mA, responding to the input power from

5.3mW to 50mW, respectively) (at τDelay = 3.5 ns , τOG = 8ns, IOG= 100mA,

τTS = 15ns, ITS= 18.4A and f = 25 kHz).

The lower graph: The MO spectra for comparison, the IDFB=

100mA÷600mA, in steps of 50mA, with power from 5.3mW to 50mW, re-

spectively.

analyzer coincide for the RW−DFB laser and theMOPA. The RW−
DFB laser has a side mode suppression ratio (SMSR) of 60 dB whereas
the SMSR of the MOPA is deteriorated to 40 dB indicating the ASE
contribution in the whole RW −DFB injected current range.

The dependence of the optical spectra of the hybrid MOPA on the
current IDFB as a color-scale mapping is shown in Fig. 6.11 for the
�xed τDelay = 3.5 ns , τOG = 8ns, IOG= 100mA, τTS = 15ns, ITS=
18.4A and f = 25 kHz. Single mode operation without mode hopping is
observed. The emission wavelength tunes over 0.9 nm with the spectral
width remaining <10 pm when varying the injected current of the DFB

86



Tunable wavelength ns-MOPA diode lasers

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

9 7 4 . 5

9 7 5 . 0

9 7 5 . 5

C u r r e n t  I D F B  /  m A

Wa
ve

len
gth

 � 
/ n

m

- 8 0
- 7 0
- 6 0
- 5 0
- 4 0
- 3 0

M O P A

d B

Figure 6.11: Color-scale mapping of the optical spectra of the MOPA in dependence of

the amplitude of the current injected into the RW − DFB laser for a �xed

τDelay = 3.5 ns , τOG = 8ns, IOG= 100mA, τTS = 15ns, ITS= 18.4A and f

= 25 kHz.

laser from 100mA to 600mA.

The dependence of the optical peak power on the wavelength is given
in Fig. 6.12. In the wavelength range from 974.50 nm to 974.66 nm the
peak power rises with increasing wavelength due to the low input power.
In the wavelength range from 974.66 nm to 975.40 nm, the output power
remains constant with the maximum peak power of PP = 16.3W.

In this tuning range, a calculated water vapor spectrum in this region
is also plotted (blue color). Here a path length of 1000m and a relative
humidity of 25% at 25 ◦C are applied by the HITRAN database [45].
It can be seen that there are two strong absorption lines and �ve weaker
lines of the water vapor. Using these tuning properties of theDFB laser
it would be possible to scan over some absorption of the water vapor. It
can be used to adjust the DIAL measurement according to the current
concentration of H2O in the atmosphere. The strong lines are preferable
for low concentrations, the weaker one for higher concentrations. It
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Figure 6.12: Optical peak power of the MOPA in dependence on the input wavelength

where the current injected into the RW−DFB laser is varied (black squares).

And a calculated spectrum based on the HITRAN data compilation [45] for a

path length of 1000m and a partial pressure of 0.0069 atm (25% rel. humidity

at 25 ◦C(blue line).

should be noted that a change of the operating temperature of the RW−
DFB laser would allow larger spectra coverage up to about 5 nm to
10 nm.

It should be mentioned that a �ne tuning is possible to select a speci�c
wavelength at an located absorption line of water vapor. A selected
temperature of the DFB of T = 35 ◦C and a current of IDFB= 270mA
are set for emission at wavelength 974.62 nm. The input power is set to
20mW to reach an output power of 16.3W. The emission wavelength is
coincident with one of the strong absorption lines of water vapor (see in
the Fig. 6.12). The spectra are measured in dependence of pulse currents
of the TS section when keeping the τDelay = 3.5 ns, τOG = 8ns, IOG=
100mA, τTS = 15ns and f = 25 kHz. The color-scale spectral mapping
in dependence on the current of the TS is shown in Fig. 6.13. It can be
seen that over the whole current range of the TS the peak wavelength
of the MOPA does not vary and the spectral width remained below
10 pm, limited by resolution of OSA.
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Figure 6.13: Color-scale mapping of the optical spectra of the MOPA in dependence of

the amplitude of the current pulses injected into the TS for a �xed DFB laser

current, temperature and input power of 20mW, τDelay = 3.5 ns, τOG = 8ns,

IOG= 100mA, τTS = 15ns and f = 25 kHz.

6.5 Conclusion

Nanosecond optical pulses at a wavelength of about 975 nm of hybrid
MOPA system was investigated. An optical peak power of 16.3W with
a pulse width of 8 ns is obtained. The ASE power amounts to less than
1% in comparison to the laser power. The emission wavelength could
be tuned over 0.9 nm from 974.50 nm to 975.40 nm when varying the
current of the RW − DFB laser. The spectral width is smaller than
10 pm and the SMSR is 40 dB.
In this tuning range, there are two strong and several weak absorp-

tion lines of the water vapor. It would be possible to adjust the DIAL
measurement according to the current concentration of H2O in the at-
mosphere. The strong lines are preferable for low concentrations, the
weaker one for higher concentrations. A change of the operating tem-
perature of the heat sink would allow larger spectra coverage. A speci�c
wavelength was selected as working point for an online resonance of an
absorption line of the water vapor. In this case, the spectral properties
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were measured in the whole range of the current into the TS section.
The emission wavelength and the spectral line width of below 10 pm re-
mained constant at all output power levels of the MOPA system. The
SMSR amounts to 40 dB.
These parameters meet the demands of a light source for the mea-

surement of absorption lines of molecular species such as H2O under
atmospheric conditions. For switching between on/o� absorption line,
two wavelengths are needed. Thus, in the next chapter a dual wave-
length suitable for on/o� absorption line will be given.
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7 Dual wavelength diode laser based MOPA systems

In the previous chapters, the light sources o�ering a stabilized wave-
length and a tunable wavelength were investigated. In this chapter, it
is focused on a light source providing two wavelengths, one of which
locates at the center of an absorption line for the online wavelength and
the other is outside the absorption line for the o�ine wavelength. They
are needed for DIAL application.

Figure 7.1: Calculated transmission spectrum for water vapor in air based on the line

data from the HITRAN data base, where a path length L=1000m, a partial

pressure PH2O=0.0069 atm, total pressure Ptotal= 1atm at T= 296K, (relative

humidity of 25%) are used.

In order to select a pair wavelength for an on/o� line of the water
vapor absorption line, the HITRAN database [45] can be used. It
is compiled based on the line positions, line strength, line broadening,
line shift coe�cients and others. An absorption spectrum of H2O near
infrared between 963 nm and 969 nm is given in Fig. 7.1. Here a path
length L=1000m, a partial pressure PH2O=0.0069 atm, total pressure
Ptotal= 1atm at T= 296K, (relative humidity of 25%) are used.
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It is obvious that in the spectral range between 967.4 nm to 968.20 nm
only weak absorption lines occur. This region is therefore preferable as
region for the o� line wavelength λoff . The on line wavelength λon as
mentioned in the section 2.2 should be selected based on the line parame-
ters relevant for the DIAL application, e.g., the temperature dependence
of the absorption and the pressure dependence of the line position. Due
to the available master oscillator, in this part the potential window for
λon was selected between 963.60 nm and 964.50 nm.

A combination of a short pulse width, a high peak power, a narrow
spectral line width and dual wavelength in this range will be presented.
A short description of Y − branch−DFB laser, power voltage current
characteristics for two branches and the spectral properties of the alter-
native two wavelengths will be presented. Then the spectral properties
and peak power of hybrid Y − branch − DFB −MOPA system will
be discussed. Finally a conclusion will be given.

7.1 Dual wavelength Y-branch-DFB laser as master oscillator

First of all, the power-voltage-current characteristics at di�erent tem-
peratures of the heat sink of the Y −branch−DFB laser, see in Fig.3.6
are measured. The injection current at the common section is set to IF
= 10mA whereas the current at the Y − branch−DFB section is set
to IY = 0mA to avoid cross talk between both resonators. The optical
power and the voltage versus the injection current IG1 (DFB1) and IG2

(DFB2) at temperatures between T = 20 ◦C and 35 ◦C are shown in
Fig. 7.2 a, respectively. It can be seen that laser operation starts at
67mA and 72mA, and reach powers between of P = 96mW and 90mW
at 250mA, respectively. In the second branch, the laser operation starts
at 67mA and 81mA, and reach powers between of P = 90mW and
86mW, respectively at 250mA in CW operation. A slope e�ciency of
two branches of about 0.55W/A is reached. In the hybrid MOPA sys-
tem, the input power of the seed laser needs about 20mW. It can be
easily reached with this device.

The spectrum analyzer (Advantest Q8384) with a resolution of 10 pm
and a dynamic range of 60 dB is used to measure the optical spectra.
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Figure 7.2: Power voltage current characterization of two branches (IG1 - a) and (IG2 - b)

when �xed current of IF = 10mA, IY 1 = IY 2 = 0 mA at di�erent temperatures

between T = 25 ◦C and 35 ◦C.
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Figure 7.3: Shifting wavelength by current into two branches at di�erent temperatures (T=

20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C) with �xed current of IF = 10mA, IY 1 = IY 2= 0mA.
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The peak wavelength tuning rates by temperature and injected current
are 70 pm/K and 0.89 pm/mA, respectively. Fig. 7.3 shows the measured
tuning peak wavelength by varying injected current into two branches
of Y − branch−DFB laser at di�erent temperatures (T= 20 ◦C, 25 ◦C,
30 ◦C and 35 ◦C) with �xed current of IF = 10mA, IY 1 = IY 2 = 0mA.
A stable distance between two wavelengths of 3.48 nm is observed.
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Figure 7.4: Dependence of the peak wavelength on the heat sink temperature for the two

branches of the Y-branch-DFB laser �xed currents IF = 10mA, IY 1 = IY 2

= 0mA, IG1 = 105 mA and IG2 = 115 mA at heat sink temperatures of T =

25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C with the �xed power of 20mW.

In comparison with the water vapor absorption spectrum in Fig. 7.1,
it is visible that in the tuning range of branch one (λ1: from 963.67 nm to
964.83 nm), the yellow range in Fig. 7.1, there are some absorption lines.
In contrast, within the tuning range of branch (λ2: from 967.40 nm to
968.30 nm), the blue range in Fig. 7.1, only weak absorption lines occur.
This is a good solution as a master oscillator for water vapor pro�le
measurement in DIAL application.

The optical spectra measured at IF = 10mA, IY 1 = IY 2 = 0mA,
IG1 = 105 mA and IG2 = 115 mA corresponding to a power of about
20mW at the di�erent heat sink temperatures are given in Fig. 7.4.
A side mode suppression ratio of more than 50 dB with a spectral line
width of 10 pm, limited by spectrum analyzer, is observed for all spectra.
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7.2 Ampli�ed spontaneous emission under ns-pulse excitation

The wide gain pro�le of the tapered ampli�er with integrated optical
gate used in the previous chapter covers well this wavelength range (see
Fig. 6.5 b). Therefore, it is also used in this chapter. The modulated
conditions of the OG and TS are identical with the previous chapter.
The ASE power at T= 30 ◦C, a current pulse with a length of τTS =
15ns, a repetition rate of f = 25 kHz and an amplitude of ITS = 18.4A
is injected into the TS, the ASE of 1.4mW, average power or 3.8W
peak power was reached. The peak wavelength of the ASE spectra of
about λ = 969 nm and the 3 dB full width of the spectrum of 18 nm were
obtained. More details can be read in section 6.2

7.3 Optical power and spectral properties of MOPA system with dual

wavelength

Figure 7.5: Schematic diagram of hybrid Y − branch−DFB −MOPA system.

A scheme of hybrid Y − branch−DFB−MOPA system is given in
Fig. 7.5. The operation conditions of the MO and PA are identical to
the previous chapter. As the DFB laser used in previous chapter, the
Y − branch − DFB laser operates at CW current. The RW section
of the tapered ampli�er serves as an optical gate (OG) and the tapered
section works as gain section, both operate at pulsed currents. A cur-
rent pulse amplitude of IOG = 100mA and the pulse width of 8 ns are
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injected into OG section. The pulsed width of the TS is 15 ns. A delay
time between the pulses of the TS and the OG of 3.5 ns is used. The
repetition rate f of the current pulses injected into both sections (OG
and TS) is 25 kHz.
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Figure 7.6: Color-scale mapping of the optical spectra of the MOPA in dependence of the

amplitude of the current pulses injected into the TS for a �xed input power

(20mW) for each branch at τDelay = 3.5 ns, τPulse = 8ns, IOG= 100mA, τTS

= 15ns, f = 25 kHz at TY−DFB = 25 ◦C.

TheMO is the Y −branch−DFB laser, which operates in CW mode.
The input power is set at 20mW for each branch and the desired pair
wavelength are set by adjustment of the currents and temperatures. The
dependence of optical spectra on the pulsed current into the TS then
are measured.

In Fig. 7.6, a color-scale mapping of the optical spectra of theMOPA
in dependence of the amplitude of the current pulses injected into the
TS is given. Here, the input power (20mW) for each branch of Y −
branch−DFB laser and τDelay = 3.5 ns, τPulse = 8ns, IOG = 100mA,
τTS = 15ns, f = 25 kHz at T = 25 ◦C are �xed. The MO is operated
at I = 130mA for each branch and T= 25 ◦C. Therefore the seeding
peak wavelength is �xed. Over the whole range of TS currents the peak
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wavelength of the MOPA did not vary.
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Figure 7.7: Optical spectra of the Y −Branch−DFB or each branch are �xed the input

power (20mW) and optical spectra of the Y − Branch − DFB −MOPA at

Pin = 20mW, τDelay = 3.5 ns, τPulse = 8ns, IOG= 100mA, τTS = 15ns, f =

25 kHz at TY−DFB = 25 ◦C.

Optical spectra of input (Pin= 20mW for each branch) and the output
of the MOPA system at peak power of 16.3W for each branch (Pin=
20mW, τDelay = 3.5 ns, τPulse = 8ns, IOG = 100mA, τTS = 15ns, f =
25 kHz at T = 25 ◦C) are measured at the same range and resolution
of the OSA. A comparison between the optical input and output of
the hybrid MOPA system is shown in Fig. 7.7. Two peak wavelengths
964.00 nm and 967.50 nm with a SMSR of about 50 dB and larger than
35 dB for input and output of the MOPA, respectively, are observed.
The measured spectral full width at 3 dB of 10 pm for both cases are
given by the resolution limit of the optical spectrum analyzer. The
wavelength 964.00 nm is located at center of an absorption line and the
other 967.50 nm is located at non-absorption line, respectively.
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The system can work at other dual wavelengths by changing either
the heat sink temperatures or currents. At the temperature of heat
sink of MO of 30 ◦C, two wavelengths of two branches are shifted to
964.33 nm and 967.81 nm with remained the spectral width and SMSR.
In which, a wavelength (964.33 nm) is located at the center of an another
absorption line, and another 967.33 nm is outside of absorption line,
respectively.
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Figure 7.8: Temporal pulse shapes of optical peak power at two wavelengths (964.02 nm and

967.50 nm) at Pin= 20mW and τDelay = 3.5 ns, τPulse = 8ns, IOG= 100mA,

τTS = 15ns, ITS= 18.4A, f = 25 kHz and TY−branch−DFB = 25 ◦C.

The optical peak powers at two wavelengths are measured. As the
previous chapter the tapered ampli�er operates in saturation when the
input power in the range of 15mW and 50mW, an approximate output
optical power of 16.3W was reached. In this experiment the input power
of 20mW is set for all wavelengths. Thus a peak power of 16.3W is
obtained. Fig. 7.8 illustrates the peak power behind the PA of two
wavelengths (964.00 nm, and 967.50 nm), respectively for a pair of on/o�
line as remarked on the transmission of water vapor at default of T=
296K, P= 1atm, L= 1000m and 25% relative humidity from Hitran
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database in Fig. 7.1.
It can be summarized that the hybrid MOPA system based Y −

branch−DFB laser and tapered ampli�er enables not only to emit dual
wavelength but also to tune wavelengths by currents and temperatures,
which allows to select a desired pair wavelength for on/o� line wherein
the absorption coe�cients are di�erent. It is useful inDIAL application
when atmosphere condition changes rapidly. These properties meet the
demands as laser transmitter in DIAL system for detection of water
vapor absorption lines.

7.4 Conclusion

Nanosecond optical pulses emitting at two distinct wavelengths at
about 964 nm and 968 nm are generated. The hybrid MOPA system
consists of a Y − branch−DFB laser and a two-section tapered ampli-
�er. The Y − branch−DFB laser operates in CW mode. The optical
gate generates the optical pulse which is then subsequently ampli�ed
by the tapered section. An optical peak power of 16.3W with a pulse
width of 8 ns at a repetition rate of 25 kHz was obtained. The spec-
tral line widths of below 10 pm, limited by spectrum analyzer, remained
constant at all output power levels of the MOPA system. A SMSR
of more than 35 dB was observed. These properties are suitable for
the measurement of absorption lines of water vapor under atmospheric
conditions in DIAL application.
The system can emit alternatively at two wavelengths. They can

be tuned by current and temperature, leading an opportunity to select
a pair wavelength for on/o� line of the water vapor absorption line
for DIAL applications. The di�erent strengths of line are suitable for
di�erent atmospheric conditions. It is useful in the case of a rapidly
changing atmosphere. In the future, this system should be applied in
experiments for di�erential absorption water vapor measurement.
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8 Conclusion and outlook

8.1 Conclusion

The scope of this work was the realization and the analysis of the
potential of all-diode laser light sources for MPLs application. The
challenges are combining a narrow spectral line width with a high optical
peak power in the ns-pulse regime, containing a small amount of AES.
The speci�cations of the light source were derived based on the need
coming from the application, i.e., aerosol and gas measurements. To
meet the demand, the light sources are performed in the ns-pulse regime
at a repetition rate of 25 kHz, leading to a resolution in them range in an
altitude of 6 km. As mentioned in the motivation, for the gas absorption
line measurement, a spectral line width of 10 pm is required, whereas
for aerosols a spectral line width of 300 pm is su�cient. A high optical
power provides a higher amount of backscattered photons reaching the
receiver, so that a large signal-to-noise ratio can be achieved. In the
literature of MPLs optical peak powers of 10W were achieved with a
typical amount of ASE of larger than 17.6%. Peak powers of more than
16.3W and an amount of ASE smaller than 1% in the hybrid MOPA
is reached in this work, which guarantees a high spectral purity and
therefore a high accuracy in the measurements.

Two MOPA concepts were investigated, namely monolithic and hy-
brid systems.

The monolithic MOPA, where MO and PA are integrated on one
single chip, operates at a wavelength of 1064 nm. This system is com-
pact. No optical components and adjustment of system are needed.
Disadvantageous is that the interaction ofMO and PA can not be con-
trolled due to its integration on a single chip. The uncontrollable optical
feedback and thermal coupling cause broader spectral line widths and
unstable spectra. A spectral line width of about 150 pm with a SMSR
of 30 dB was observed. A ratio between the ASE and the laser of 9%
was estimated. These spectral properties ful�ll the requirements for
aerosol detection. However, the spectral line width is not su�cient for
absorption line of the gasses, e.g., water vapor.
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In contrast to monolithic MOPA, the hybrid MOPA systems have
separated chips for MO and PA. It allows adjusting and controlling or
even changing the MO and PA individually for the desired purposes.
Three di�erent hybrid MOPA systems were investigated, o�ering a
stabilized wavelength at 1064 nm, a continuously tunable wavelength
around 975 nm and a dual wavelength around 964 nm. Common for
all hybrid MOPA systems, a spectral line width below 10 pm, for both
MO andMOPA, respectively, limited by the resolution of the spectrum
analyzer. A SMSR better than 50 dB for the MO and of larger than
35 dB for the whole MOPA was reached. These spectral properties are
well suited for measurements of molecular species in the atmosphere,
e.g., water vapor.

The stabilized light source at a speci�c wavelength was realized to
enable a MPL for the detection of a well de�ned absorption line. The
second system, featuring 0.9 nm continuous tunable wavelength, showed
su�cient properties to scan over two strong and several weak absorp-
tion lines of the water vapor. This con�guration can be applied to the
concentration calibration of water vapor. The dual wavelength system
proofed the capability of tuning the two emitted wavelengths into the
center and the outside region of an absorption line, respectively. This
can be used for switching between on/o� line in DIAL applications.

The calculation method for the amount of ASE was studied and led
to a model which is in good agreement to a former model developed by
Ulm. An amount of ASE of the hybrid MOPA systems below 1% is
obtained due to optimized delay time between the OG and TS. In order
to make sure that the carrier density in the excited state and therefore
optical gain reaches its maximum before the optical pulse is transmitted
by the OG, the delay time has to be in the range of the order of 1 ns.

Since the tunable wavelength hybridMOPA was realized by changing
the injection current of the DFB laser which again leads to a variation
in the input power, the dependence of output power on input power was
investigated. It was shown that the output power remained constant in a
large range of input powers from 15mW to 50mW. This allows constant
power operation also when varying the injected current or the tempera-
ture to change the wavelengths. The hybrid MOPA works stable over
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a wide spectral range.
In summary, the diode laser based MOPA systems in this work were

proven to provide all spectral properties required for detection of at-
mospheric gases such as aerosol and water vapor. Pulse widths in the
ns-range with a peak power of 16.3W, corresponding to an energy in
the nJ-range, were achieved, which enabled a drastic increase in spatial
resolution. Moreover, no saturation in optical peak power was seen. It is
possible to achieve higher output power by using higher pulsed injection
currents.

8.2 Outlook

The monolithic MOPA and the three di�erent hybrid MOPA sys-
tems presented here meet the spectral requirements for aerosols and
water vapor detection. They are ready for water vapor absorption spec-
troscopy measurements under di�erent pressure or concentration to de-
termine the detector limits and the spectral resolution of the systems.
To obtain higher optical peak power, experiment with higher current

supply sources should be performed to determine the limitation of the
tapered ampli�er.
For further application in a real DIAL system, it is very important

to have information about the beam quality under the pulse excitation.
It helps to calculate the size of the �eld of view of the telescope, which
mainly serves for the suppression of both background light and scattered
laser light from the short range.
Miniaturization of the system to a compact module should be per-

formed, which integrates the electrical circuit and all components on
the micro bench.
Last but not least, a transfer to other wavelengths should be per-

formed to address other species of trace gases or aerosols.
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List of Abbreviations and Symbols

The following abbreviations and symbols are widely used within this
work.

Abbreviations

Al Aluminum

As Arsenide

ASE Ampli�ed spontaneous emission

CW Continuous wave

Cr Chromium

DM Direct modulation

DQW Double quantum well

DBR Distributed Bragg re�ector

DFB Distributed feedback

DIAL Di�erential absorption LIDAR

ECDL External cavity diode laser

ECL Emitter-couple-logic

HITRAN High-resolution transmission

FWHM Full width at half maximum

Ga Gallium

LIDAR light detection and ranging

In Indium

MPL Micro pulse LIDAR system

MPLs Micro pulse LIDAR systems

MPE maximum permissible exposure

NASA National aeronautic and space administration

MO Master oscillator

MOPA Master oscillator power ampli�er
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Nd Neodym

OG Optiacal gate

P Phosphorus

PA Power ampli�er

PG Pulse generation

PUI The power voltage current

TS Tapered section

TPA Tapered power ampli�er

RW Ridge wave-guide

S The slope e�cenncy

SQW Single quantum well

Si Silicon

SMSR Side mode suppression ratio

SOA Semiconductor optical ampli�er

YAG Yttrium aluminium garnet

c Vacuum speed of light

f Frequency

T Period of time

T Temperature

τ Pulse width

Ep Pulse energy

f(t) Temporal shape of the optical output pulse

P(t) Temporal optical peak power

τTS Width of the pulse current through tapered section

τOG Width of the pulse current through optical gate

τdelay Timing delay between the optical gate and tapered section

Pp Peak optical power

Rf Re�ectivity of front facet

Rr Re�ectivity of rear facet
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Symbols

∆λ Spectral linewidth

λ Wavelength

T (R) Transmission tern at distance R

∆αmol,abs The di�erential molecular absorption cross section

∆σmol,abs The di�erential absorption cross section

β(R) Back-scatter coe�cient at distance R

βmol Molecular scatter coe�cient

βaer Aerosols scatter coe�cient

αaer The extinction coe�cient

σext The extinction cross section

σsca The extinction cross section by scattering

σabs(λ) The extinction cross section by absorption

σj,sca The scattering cross section of the scatter j

αmol,sca The scattering extinction coe�cient by molecular

αaer,sca The scattering extinction coe�cient by aerosols

αmol,abs The absorption extinction coe�cient by molecular

αaer,abs The scattering extinction coe�cient by aerosols

T (R) Transmission tern at distance R

∆αmol,abs The di�erential molecular absorption cross section

∆σmol,abs The di�erential absorption cross section

αWV Water vapor extinction coe�cient

σWV Water vapor absorption cross section

σeff(r) The e�ective absorption coe�cient

NWV Number density or number concentration of water vapor

Pon The back scattering intensity at wavalenth λon

Poff The back scattering intensity at wavalenth λoff
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