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Abstract

A gain-switched high-power single-frequency Ti:sapphire lagas developed. It is pumped
with a frequency-doubled diode-pumped Nd:YAG laser. The laser fulitlgequirements for a
transmitter of a water-vapor differential absorption lidar (DlAintended for accurate high
temporally- and spatially-resolved measurements from the grouthe tupper troposphere. The
laser was developed using thermal, resonator-design, spectral, andvollser® models. There
were layouts assembled for operation at 935 nm and 820 nm optimized fonaignor ground-

based measurements, respectively.

A birefringent filter and an external-cavity diode laser msngection seeder are controlling the
spectral properties of the transmitter. With @fequency stability of < 60 MHz, an emission
bandwidth of <160 MHz, and a spectral purity of >99.7 %, the total error fhemaser
properties is smaller than 5 % for water-vapor measuremettie imoposphere. The laser beam
profile is near-Gaussian wifti? < 2. The achieved laser power was 4.5 W at 935 nm and 7 W at
820 nm at repetition rate of 250 Hz. These values are the highegerefor a single-frequency
Ti:sapphire laser.

As a part of a ground-based water-vapor DIAL system, the tittesmwas deployed during the
measurement campaign COPS (Convective and Orographically-sndRregipitation Study).
Comparisons with radiosondes confirmed a high precision of the acquatedwapor day- and

nighttime measurements.



Zusammenfassung

Ein verstarkungsgeschalter leistungsstarker monofrequenteaphirS._aser, der mit einem
frequenzverdoppeltem diodengepumpten Nd:YAG Laser gepumpt ist, wurde katttwider
Laser erflllt die hohen Anforderungen eines Transmitters fur easséfdampf-Differential-
Absorption-Lidar (DIAL), der mit hoher zeitlicher und r&umlicher lsting Messungen
innerhalb der Troposphare durchfiihren soll. Fir die Entwicklung desshaseden Modelle fur
die thermischen Eigenschaften, das Resonatordesign, das Enpekiam® sowie den
Pulsaufbau verwendet. Es wurden Laseraufbauten gefertigt, dieritiEinsatz bei 935 nm fur
Flugzeug-Plattformen bzw. 820 nm fur bodengestitzte Messungen optimiert sind.

Ein doppelbrechender Filter und ein External-Cavity-Diodenlasénjaistion-seeder sorgen flr
die hohe Gulte der spektralen Eigenschaften des Senders. Mit leirleequenzstabilitat
<60 MHz, einer Bandbreite <160 MHz und einer spektralen Reinheit > 99,7 %eis
Gesamtfehler der Wasserdampfmessungen in der Troposphéare, ded@uEigenschaften des
Lasers bedingt ist, kleiner als 5 %. Werte der mittleren Aggjaistung von 4,5 W bei 935 nm
und 7 W bei 820 nm sind die zur Zeit héchsten, die von einem monofrequentguhiFiiSeser

mit nahezu gaussférmigem Strahlprofil udd < 2 erreicht wurden.

Als Teil eines bodengestutzten Wasserdampf DIALs, wurde demsifigier wahrend der
Messkampagne COPS (Convective and Orographically-induces BaggoipiStudy) verwendet.
Vergleiche von Messungen bei Tag und bei Nacht mit Radiosondeegafstzeigten gute

Ubereinstimmungen.
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Chapter 1

Introduction

Nowadays requirements for the accuracy of the weather foreeasine more stringent every
year caused by increasing population density and thus increasing tityeoh human life and
economics to extreme weather events. A failure of a forecagt gause severe economical
losses, as it happened by the flood in Europe in 2002 with 30 billion Euraydaibae to the
report of one of the world biggest insurance agencies “SwissdRb insured losses caused by
natural factors in 2007 exceeded 70 billion US$ worldwide (23 billion id&girope). Existing
weather forecast models, for example the model of the Deuwteerdienst (DWD), still
suffers limited predictability of extreme events, espegiallregions with a complex orography.
Among other issues they suffer from a lack of reliable datheo8-d distribution of water vapor
[e.g., Schwitalla et al., 2008; Zus et al., 2008].

The simulation of the mesoscale water-vapor distribution is fundainfem the precipitation
forecast down to the scales of catchments and land-use with a ddghaegy. Without this
information, progress in understanding such atmospheric processesgaaphically-induced
convection and formation of clouds [DWD, 2001; Wulfmeyer, 2008a,b] is venyeli. Better
knowledge in this area allows for improved and prolonged prediction otdrails and other

extreme events on the mesoscale.

With the growing of understanding of the human impact on the clitrextd, the corresponding
studies attracted in the last decade large attention of thetyso¢ariety of scenarios according
to different green-house gas emission and diverse respond of thesgsetim are already used
for global and regional simulation and for political council. Howevegianal climate

simulations are still limited by poor knowledge of processes ldwd-surface exchange

convection, formation of clouds and initiation of precipitation [IPCC, 208 C, 2008].



Chapter 1 Introduction

Accurate, spatio-temporal, high-resolved measurements of thdigrtbution of water vapor
can make major contribution in this connection [Emanuel et al., 1995; Wulfmeyer et al., 2003].

These challenges in the weather forecast led to initiationvefraleprograms, e.g. the Priority
Program (PP) 1167 “Quantitative Precipitation Forecast PQP"they German Research
Foundation (DFG) in 2003 (PQP stands for “Praecipitationis QuansigatPraedictio”) [Hense
et al., 2004] with a 1-year general observation period (GOP) and a 3-month intensivatarser
period over western France and south-eastern Germany in 2007 named @DR&ctive and
Orographically-induced Precipitation Study) [Wulfmeyer et a008a]. In order to achieve
maximum measurement synergy, GOP and COPS were coordinatedewéral national and
international programs, e.g. THORPEX, a Global Atmospheric Réséaogram of the World
Weather Research Program (WWRP) of the WMO (World MeteorabgDrganization),
TRACKS (Transport and Chemical Conversion in Convective SystemSewohan Helmholtz
Center, ARM (Atmospheric Radiation Measurement) of US Department of Energy

For the climate research water-vapor measurements wgrested by the World Meteorological
Organization (WMO) within the Global Energy and Water Cyclpdtkment (GEWEX) and the
Global Water Vapor Project (GVAP) as well as by the Natietesearch Council of the USA.
Recently, several initiatives have been inaugurated in ordmawlinate and to further develop
suitable observing systems, e.g., the Integrated Global Observiagegyt (IGOS) with its

“Water Cycle Theme”, the Global Climate Observing Syst&€@S), and the Global Earth
Observing System of Systems (GEOSS). The Committee on @hgrving Satellites (CEOS)

(e.g., WMO 2000) is developing requirements for suitable space borne systems.

An observing system has to fulfill certain specifications fovdedata of the mentioned quality.
The requirements are well known to the scientific community. Foerwapor measurements in
climate research, there is mainly a request for sensorsh whait measure vertical profiles with
high resolution and accuracy (error < 10 %) day and night up to the stratwsphere. The high
accuracy of the measurements must be granted for several decadder to allow for trend
analyses. In weather research networks ground-based, scanniessyse required able to
build within 10 minutes a 3-d map of an inhomogeneous water-vapor figldaview hundred
meters vertical and horizontal resolution and overall error ingtntah uncertainty <5 %
[Weckwerth et al., 1999; Wulfmeyer et al., 2003]. An observing systgimsuch a high fidelity
can be defined as a reference one for water-vapor measusdWertfmeyer et al., 2006]. Table

1.1 summarizes the accuracy requirements for the water-vapor meaduremezsted by



Table 1.1 Requirements set for the next generation of wapEr measuring systems [Wulfmeyer and
Walter, 2001a; Wulfmeyer and Walter, 2001b; Wulfmeyer et al., 26@88ard et al., 2004; Di Girolamo
et al., 2004]

Parameter Turbulence Weather foregasnitiation of | Regional| Global
convection | climate | climate
Horizontal 30 200-2000 300 10000 50000
resolution, m
Vertical resolution in 30 100 100 300 500
ABL, m
Vertical resolution in — 1000 1000 1000 2000
free troposhere, m
Repeatability 1ls 900 s 600 s 1h 6 h
Precision, % 5 10 10 10 10
Bias, % 5 5 5 1-2 1-2
Timeliness, h — 1 for nowcasting — — —
Coverage Vertical | 2-d, 3-d, radius| 2-d, 3-d, | 100x100| Global
profiing® | >10 km from |radius >10 km km?*®
ground from ground

ABL — atmospheric boundary layer; 1) only applioas in ABL considered; 2) must mainly be time inelegent;
3) 2-d or 3-d measurements would be very benefié)adet-up of networks important; 5) using grounraded
networks or space borne remote sensing

atmosphere processes, weather and climate studies for ground-lwdede aand space borne

observing systems.

Presently, there are no sensors available of the required @gcspacially for measurements in
the daytime. Precision and resolution of the existing instrumeniy if&r not sufficient to
provide the information necessary for a deeper process understaratixafmple, none of the
existing sensors has the ability to measure 3-d water-vajds figth the aim to determine their
vertical and horizontal inhomogeneities. A new generation of ground-bagbdrne and

satellite borne observing systems is therefore required.

The goal of this work was the design of a transmitter for anrabgesystem, to provide a high
spatially- and temporally-resolved low-error profiling of watapor fields in the atmosphere
during day- and nighttime measurements. The developed transmitemeaporated into a
ground-based DIAL system and operated extensively. Furthermoappiisability for airborne

and space borne platforms was demonstrated as well.

Chapter 2 contains an overview of available water-vapor sensorsalimation of the
requirements to the transmitter and definition of its principgbu& In Chapters 3, 4 and 5
development process of the transmitter is shown, from modelingvtorkang prototype and its
specification. In Chapter 6 results of the first field experimesihg the created device are
presented. Chapter 7 contains summary of the performed work and an outlook.
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Chapter 2
Lidar measurements of water
vapor with high spatial and

temporal resolution

2.1 Overview of measurement techniques

A brief overview of the remote sensing systems for profilinghefdtmospheric water vapor is
presented here. According to the specification (see Table Iwvb}otthree dimensional
measurements of the atmospheric water vapor are required. Sask eah not be performed
with passive remote sensing techniques due to their insufficient spatiati@sol

Among active remote sensing techniques, Global Positioning Sy&E®) (provides the easiest
possibility for the water-vapor in atmosphere. The measuremertifde is based on a water-
vapor induced delay of the satellite signal, so that the inexfjvgdter-vapor content on the track
between the transmitter and the receiver can be retrieved [@ealis 1992]. The overall error of
approx. 5% makes this technique beneficial for for model verificaind for synergetic
measurements with high resolution systems. However, a poor horizestélition, limited by
typical averaging time of 30 minutes, and vertical resolution of mldo not allow the
application of the GPS for a high-resolved water-vapor profiling of the atmeos.

Dependency of the air refraction index from the water-vapoiagbgmessure is deployed for
radar measurements of the near-surface humidity [Fabry €it98I7]. Such an information is
useful for present-day mesoscale models. However, this techniquendbesbtain range-

resolved measurements and its implementation is limited to llovate®n angles when a radar

emission can hit a hard target.
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Light Detection And Ranging (LIDAR) is an active remote sensgatpnique providing spatial-
and temporal-resolved information on key atmospheric variables, e ger&nore, water vapor
concentration, optical properties of aerosols. A lidar system coesptiigsee principle parts: a
laser transmitter, a receiver and a data acquisition sy3teentransmitter generates a laser pulse
of few dozens of nanoseconds with certain spectral properties. Tleeips|zatially transformed
with a beam-matching optics to obtain low beam divergence, needixyg the field-of-view
(FOV) of the telescope of the receiver part (usually < 1 mrauad. pulse enery is emitted into
the atmosphere, experience backscatter on molecules and aerostéspaftifraction of the

backscattered emission is picked up by the telescope.

The received radiation is focuses on a detector such as a photasmuttipe (PMT) or an
avalanche photodetector (APD). The acquisition system triggerdteldgser pulse, records the
time-resolved intensity of the backscattered emission and, hencangte-resolved profile along
the optical axis of the telescope. Steering coaxially thgoing laser beam and the FOV of the
telescope, a 3-d map of the atmospheric backscatter radiaticcoideée [Eloranta and Forrest
1992, Spuler and Mayor 2005]. Lidar deployment is limited solely inepas of precipitations
and optically thick clouds, causing a strong backscatter in tefiethand signal attenuation in
the far-field.

The spatial resolution of the lidar signal along the line of sghimited by the bandwidtdF of
an analog-digital converter (ADCYr = c/2n4F, wherec/n is the speed of propagation of an
electro-magnetic (EM) wave in the atmosphere. The temporalutesolis limited by a
repetition rate of the transmitter. To increase the signabise ratio (SNR), the atmospheric

profiles can be averaged in time and in range.

The power of the detected backscattered signal of the EM-emisgiom frequency from a
remoter is described with a lidar equation [e.g., Wandinger 2005, WulfrreyeiValter 2001a,
Wulfmeyer and Walter 2001b]:

P(r)= qu%réO(r)ﬁ”(r)ex;{— 2Jr'a"(r')dr}, (2.1)

with P, average power in the pulseefficiency of the receivet, pulse width, full width on half
maximum (FWHM),A/r* solid angle, corresponding the field-of-view (FOV) of the reaeive
O(r) overlap between the laser beam and the FOV of the recédileze 8 = f'par + f'mol

frequency-dependent total backscatter coefficient caused bgohgrarticles and atmospheric
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molecules, " = a'par + a'moi — frequency-dependent total extinction coefficient of aerosol

particles and atmospheric molecules.

Among the lidar systems, there are two techniques applicableater-vapor measurements: a
Raman lidar [Melfi, 1969] and a differential absorption lidar (DIAL) [Schotland, 1966].

2.1.1 Raman lidar
The Raman-lidar system is intended to measure the inelasti@alkscattered signal, emerged
during scattering of the EM-emission on that molecules, which absorb part of itivegegxizoton
energy or emit part of their internal energy with the baatteced photon, changing their
vibrational and/or rotational state (Raman effect). This chahgmergy of the photon causes a

frequency shift of the backscattered light and is specific for the sogttaolecule.

The power of the detected Raman signal of the EM-emissidn avifrequencywgram from a

remoter is described with a Raman-lidar equation [e.g., Wandinger, 2005; Radlach et al., 2008]:
Ct A V " v 1 V 1 1
(D) = P12 50() Ram(r)exp{— Jla )+ aenryar } (2.2)
0

with P, average power in the emitted pulse at the transmitter wavkle€fiys equation has the
following distinctions from the conventional lidar Eq.2.1: the backscatiefficient S is
obtained solely by the number density and cross-section of the Rathag gases; the

extinction coefficient on the ‘way back&r’" is calculated not for the frequency of the
transmitter but for the Raman-shifted frequency. Figure 2.1 shovexample of the Raman

backscatter spectrum of the atmosphere, corresponding to an incident wavel&adtmior.

Applying narrow-band filters in the receiver, the intensity of R@nan-scattering of the gas of
interest can be detected. To extract information on the waper-waixing ratio, the signdbr of
the Raman-band of water vapor must be compared with a referené&ggnesually with the

Raman band of nitrogen:

Pr, () ex%_j-a;'efz (rl)dr}
Pres, (1) exp{— j Qys (r')dr}

m(r)=C (2.3)

where C is a calibration constant.
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Fig.2.1. Raman backscatter spectrum of the atmospere for an incidemtidastength of 355 nm, normal
pressure, a temperature of 300 K, graNd Q content of 0.781 and 0.209, respectively, and a water-
vapor mixing ratio of 10 g/kg. The curves for liquid water and ice are arbyjitsaaled. At the isosbestic
point the liquid-water backscattered spectrum is temperature iingefid/andinger 2005].

However, applicability of this technique is limited by a smalbss-section of the Raman
scattering. Although the resolution and the accuracy of nighttireasurements satisfy the
aforementioned requirements (see Table 1.1), a low SNR duringngagtakes water-vapor
measurements rather challenging. In spite of availability of Imgh-power lasers and narrow-
band filters, even the most modern Raman lidars provide dataomigr Quality than DIAL: in
the daytime, the maximum uncertainty < 5% was demonstrated oniyefdreights up to 4 km,
with 60-210 m spatial and 120 s temporal resolution [Whiteman, 2006]. Furthertnese,
systems require initial calibration of their receivers [&exret al., 2001; Wulfmeyer and
Bdsenberg, 1998].

Nevertheless, this robust technique do not require a high spectral gnulifyequency stability

of the transmitter as with a DIAL. Ones calibrated, the systiys tuned for the whole period
of observations. An additional feature of the temperature profilinth@fatmosphere makes
Raman lidars very attractive for synergetic operations witieraapor DIAL systems [Behrendt
at al., 2005; Radlach et al., 2008].
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2.1.2 Differential-absorption lidar
Although the DIAL technique can be applied for atmospheric profilorga variety of gases
(CO,, SO, 05 etc.) [Gimmestad, 2005], within this thesis implementation of DI&Laescribed

with respect to measurements of atmospheric water vapor.

This technique employees distinctions of water-vapor absorption omedifferavelengths to
derive information concerning atmospheric water-vapor distribution filoen backscattered
signal. The transmitter emits pulses at different wavellengbrresponding different absorption
cross-section of water vapor. To implement the DIAL technique,itlae transmitter has to
generate at least two wavelengths, one tuned to a water-vigsorpaon line (online

wavelength), another to a region with low water-vapor absorption (offline areytél).

If wavelengths are chosen close to each other and the Doppler brapffesmémann, 1985] of
the backscattered signal can be neglected, the differenceeldebméne and offline signals is
solely due to water vapor. To derive number density of water vaporemote from the DIAL,

the so-called Schotland approximation can be used [e.g., Bosenberg, 1998; Browell et al., 1998]

N(r):Aa—(r):iih'] P"“—(r) (2 4)
Ao 20hodr | P (r)) '

Ao = a(Von) — a(Vor) and 4o = o(Vor) — o(Vorr) iS discrepancy of the water-vapor extinction
coefficients and absorption cross-sections, respectively, at theeanid offline wavelengths,
Pon and Py are intensities of the backscattered signal at online and offmelengths. With the
spatial resolution of measurements limited to the size of a rangk,tig. 2.4 is modified to

N(r)= (2.5)

1 | Py (r +Ar)R, ()
2A0\r " P ()P, (r +Ar) |

The key advantage of the DIAL technique is a self-calibratiatufe: Eq. 2.4 does not include
any instrumental constant as well as ayriori information on backscatter and extinction
coefficients of atmospheric constituents. Difference in energiethe generated online and
offline pulses does not influence the result neither. By propertisgiesf working wavelengths
the temperature sensitivity of the absorption cross-seet{@g o T) iS minimized and its
spectrum can be estimated with a low uncertainty using HITRANESA databases [HITRAN,
2005; ESA, 2000]. Hence, the DIAL technique obtains measurements of atmospater
vapor with a high temporal and spatial resolution [Wulfmeyer, 1998friiéyker and Bdsenberg,
1998; Wulfmeyer, 1999a,b; Behrendt et al., 2007a,b].
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Having SNR of the elastic backscattered signal three orderaghitade higher than for the
Raman signal, DIAL appears to be the only available choiceh®rréference water-vapor

remote sensing system [Wulfmeyer et al., 2006].

2.2 System requirements

In contrast to the Raman lidar, the most stringent requirentetit® DIAL system are applied
not to the receiver but to the transmitter part [Ismail and Bipd@89; Wulfmeyer, 1998]. In
the recent time an extensive work was made to formalizeetherements for a reference water-
vapor DIAL system, deployed on a ground-based and airborne platform [Bigeib88;
Wulfmeyer, 1998; Wulfmeyer and Bdsenberg, 1998; Wulfmeyer and Walter, ,BO®trova-
Mayor et al., 2008]. To obtain measurements of water vapor with aallowetrumental error
< 5%, the laser transmitter must fulfill the following specifications {sdde 2.1).

Table 2.1 Summary of the requirements for the laser transwittee reference water-vapor DIAL. Here
FWHM — full width at half maximum.

Parameter Ground-based| Airborne and
(within boundary space borne
layer)
1. Wavelength, nm 730, 820, 935, 1450
2. Average power, W > 10
3. Pulse energy, mJ >40-10
4. Repetition rate, Hz 250 — 1000
5. Pulse duration, ns <200
6. Pulse linewidth, FWHM <400 <160
MHz
7. Frequency stability, MHzd <200 <60
8. Spectral purity, % >99.5 >99.7
9. Energy instability, % & <4
10. Tunability, GHz +10
11. Beam quality, M <2
12. Depolarization ratio, % <1
13. Pointing instabilityurad o 15

In the following sections a brief discussion on the specifications is given.

1. Choosing the working wavelength region, the following conditions havee concerned
[Wulfmeyer and Walter, 2001a]:
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» wavelength dependence of the atmospheric backscatter and extirmificients. A
longer wavelength corresponds a smaller values of these ceefisiith a ratio M for

molecules and A/for particles;

» wavelength dependence of the atmospheric background signal. For elaytim
measurements a strong short-wavelength background from theadiktion has to be
considered. Nevertheless, in the near IR region narrow-band fdesrsbe used to
decrease the background emission to an acceptable level. Henegrking absorption
lines are located in the wavelength range 700 — 1500 nm;

* presence of suitable water-vapor lines. The optimum detectiorisvad when for the
given spatial resolution of measuremenls the water-vapor absorption coefficient
within a single cell iso = 0.03...0.1 with a total optical thickness along the measured
profile t < 1. Thus, for scanning measurements with a ground-based DIAL, theeweak
lines for horizontal profiling has to be preferred, whereas fowvérgcal profiling the
stronger ones has to be chosen. The optimal deployment of a lirstristed to certain
range of partial pressure of water vapor, hence certain phraoes conditions. To neglect
temperature dependence of the absorption cross-section in calculdtemster-vapor
lines with a lower-state energl’ '< 300 cm* has to be preferred. Furthermore, to
minimize the calculation uncertainty, the ratio of the online aflthefabsorption cross-

sections has to be 100:;

» availability of detectors with a high SNR, a low dark curremdt Bnear response on the
optical signal within a range >80 dB for an optimum detectivity aobver whole
measured profile. Avalanche photodetectors were considered fittisg sipecifications,
having an advantage to photomultipliers in less “ringing” after regcttie saturation

value. This eliminates a systematic error in the presence of clouds;

« availability of laser mediums, obtaining a high average powaglapulse energy output

and a high wall-plug efficiency in the preferred wavelength region;

» eye safety. Regarding [ANSI, 1986] and simulations from [Wulfmeymed Walter,
2001a], acceptable wavelength regions for eye-safe lidar meantetocates below
~400 nm and above ~1400 nm. To assure an eye-friendly operation outsidedn@ss r
the designed DIAL has to be accomplished with a safety radar.
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2-3. Essential characteristics are the pulse energy and theagevgower. End-to-end
performance analyses show that the SNR of the lidar backssigtt@l has to be > 3 for a single

laser shot in a single range bin [Wulfmeyer and Walter, 2001a].

4. A high repetition-rate of the transmitter is essential atize 3-d measurements of the water-
vapor distribution with a high temporal and spatial resolution. Thisriscplarly required for

observations of convection and turbulent processes in the atmosphere.

5. A pulse duration of 200 ns defines a minimum spatial resolution of 3ChdtoEend
performance models demonstrate that this spatial resolutiosestzd to remove bias sources in
the retrieval of water-vapor profiles. Typically, laser pulb@se length of 20...50 ns. This

parameter does not influence the designing of the transmitter.

6.-8. The spectral properties of the laser are the most demamdirgjrengent requirements for
the transmitter. These have been extensively discussed in [Bapeh®@8; Wulfmeyer, 1998;
Wulfmeyer and Bosenberg, 1998]. The system should fit the given spéoifis to obtain
water-vapor measurements with a transmitter caused uncertaibt%. The values of
bandwidth, frequency stability and spectral purity are set to othtainindividual uncertainties
< 3 %. The requirements for the linewidth and the frequency stahiktynainly governed by a
spectral narrowing of the water-vapor absorption cross-sectiom thhemaximum width of the
absorption line varies from: 4 GHz at the ground level down to 1-2 GHz in the upper
troposphere. Thus, the operation of a laser transmitter has to kedlit@ one or two
longitudinal modes, employing sophisticated frequency stabilizatiechntques. The
requirements applied to the spectral purity (SP) allow for mmmgithe bias in regions with a
high water-vapor optical thickness. The SP is defined as acimactithe intensity spectrum of

the laser emission within the specified bandwidth.

9. The specified value of the shot-to-shot energy stability minsn&stematic errors in the

water-vapor retrieval with the DIAL technique.

10. The tunability of the transmitter frequency allows for optingzihe system performance in
highly variable atmospheric constitutions. The given value of 10 Gldppked to ‘on the fly’

tuning of the laser, e.g., when switched from vertical to hor&qgmbfiling. Furthermore, an
additional coarse tuning within a whole set of water-vapor absorpties is required to shift

from a strong absorption line to a weak one to decrease signal absorption insamgear r

11
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11. A low M allows to operate the system with a narrow FOV, which issémtial importance

for daytime measurements.

12.-13. The depolarization ratio and the pointing stability are not coedidas critical
parameters, but their specifications are required for desigmnigser transmitter. Nevertheless,
it has to be verified that the ratio of the angular jitterhed taser beam in the FOV of the
telescope to the size of FOV is < 1/10.

2.3 Currently available high-power systems

The first DIAL system was reported by [Schotland, 1966] and wasded for the water-vapor
profiling of the atmosphere. The set-up of the transmitterb@asd on two flash-lamp pumped
ruby lasers, temperature-tuned to the ‘online’ and ‘offline’ wewvgihs of the water-vapor
absorption in the vicinity of 694.3 nm. Ground-based measurements werargelfop to the
heights of 1-2 km with a spatial resolution of 100 m and temporal resolatound an hour.

Values of linewidth and frequency stability were specified te BeGHz.

Later for transmitters of water-vapor DIAL systems wenglemented C@lasers working in
the 10um wavelength region [Zuev et al., 1983], and pumped dye lasersngnmittine near-IR,
at 0.7um [Cahen et al., 1982]. An airborne system was reported [Ehrdt, €983]. These
transmitters had reasonable pulse energies and higher repetiisne.g. 70 mJ and 10 Hz, with
a bandwidths of ~1 GHz, achieved with intra-cavity etalons. Thestersg provided data with a
statistical error of 10% and 4 min/60-120 m tempo-spatial resolution thye teeight of 3 km for
ground-based measurements. To obtain the measurement sensitthigyvediter-vapor mixing
ratio of approximately 0.01 g/kg for airborne profiling in the uppapdsphere (8200 m), where
the ambient values range between 0.03 and 0.2 g/kg, an averaging06vehot pairs was
necessary [Ehret et al., 1993]. At the repetition rate of the dpuldes of 3 Hz and the aircraft
speed of 180 m/s, for the chosen vertical resolution of 300 m thiagavegryields an 11 km

horizontal resolution.

To decrease the transmitter size and increase its ‘wall-gifficiency, especially critical for
airborne devices, development of transmitters on solid-statee anediums was initiated. An
airborne flash-lamp pumped Alexandrite-laser has been desigi@dR$ (Centre National de
la Recherche Scientifique) in Paris, France as a part ANDRE 1l system (Lidar pour I'Etude
des interactions Aérosols Nuages Dynamique Rayonnement et du cycle J¢Biftaeau et al.,
1991; Bruneau et al., 2001a,b]. This system operates in the wavelegigth of 730-770 nm in

12
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a double-pulse mode with a pulse delay ofuSGand a repetition rate of 10 Hz. A single-shot
pulse energy of 50 mJ was achieved. A bandwidth of 700 MHz and a §peciiva of 99.99%
were obtained using intra-cavity etalons. The lasing frequencydefased with an uncertainty
< 150 MHz.

The next breakthrough in the transmitter development was achieveimpitmentation of an
injection seeding (IS) technique, when a weak cw laser definesptwtral properties of the
pulsed laser [Barnes and Barnes, 1993; Barnes et al., 1993; Brumdal @4]. Application of
IS drastically improved the bandwidth, frequency stability and, edjyecspectral purity of

transmitters (for more details see Subsection 4.1.2).

The first transmitter, where all the advantages of the sedéelamgpique were implemented and
which was verified for the total instrumental error < 5%, was ldpeel as a part of a ground-
based water-vapor and temperature DIAL at MPI (Max Planchktutestof Meteorology) in
Hamburg [Wulfmeyer and Bdsenberg, 1994; Wulfmeyer et al., 1995; Wulfm&988]. An
Argon-laser pumped cw Ti:sapphire (TISA) laser was appliednfection seeding of a ring-
cavity flash-lamp pumped Alexandrite-laser, emitting at 725 nmveder-vapor and at 770 nm
for temperature measurements. A pulse energy of 50 mJ at dioepeiie of 20 Hz with a
linewidth <160 MHz, a frequency stability <43 MHa &nd a spectral purity > 99.99% was

demonstrated during long-term tests as well as in following field cgmpai

As the first step for developing a space borne DIAL, a systamdesigned in NASA (National
Aeronautics and Space Administration) as a part of LASE (Lidano8pheric Sensing
Experiment) [Browell et al., 1996] for autonomous operation on researrhfis [Browell et
al., 1998; Ismail et al., 2008]. LASE is based on a flash-lamp pumped M&li##er used to
pump a linear-resonator injection-seeded TISA laser, emittin§1&tnm. The transmitter
operates in a double-shot mode with a pulse delay of 20Qugl@® a repetition rate of 5 Hz. A
single-shot pulse energy of this system is 100-150 mJ with a badhdwiL20 MHz, a frequency
stability <190 MHz and a spectral purity > 99%. Typical water-vapeasurements obtained
with this system have 300-500 m vertical and 30 s temporal resol8taning from 1995, this
DIAL participated a numerous measurement campaigns, e.g975@duthern Great Plains
1997 Experiment), IHOP2002 (The International H20 Project).

In the last years several water-vapor DIAL systems ase high-power transmitters were
reported. An airborne DIAL was designed in DLR Obepfaffenhoféhinv WALES project
(Water Vapoulidar Experiment in Space) [Wirth et al., 2009], as a further deweént of their

13
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previous system of a similar set-up [Poberaj et al., 2002]. The transmiitesad on a Nd:YAG-
pumped injection-seeded optical parametric oscillator (OPO), opera®29-®40 nm. The laser
alternates between two wavelengths at a rate of 100 Hz. @hersvo identical laser systems
operating temporally interleaved, producing a four-pulse trafouatwavelengths with a total
repetition rate of 50 Hz. The obtained output energy is 45 mJ per phk@cterized with a
bandwidth < 120 MHz, a frequency stability < 15 MHz and a spectral pu@§.9%. It is the
first airborne system, allowing the coverage from the lowatagphere to the ground with an
error ~10% (the exact value is still to be defined). The fiegilayment of the system was

performed in 2007.

A new laser for DIAL was developed at MPI in the last y§&rtel et al., 2005]. The transmitter
is based on an injection seeded ring-resonator TISA laser, pumgea irequency doubled
Nd:YAG laser. Two external-cavity diode lasers were impleggkrior seeding operation at
online and offline wavelengths, respectively. The laser alterbatesen online and offline on a
pulse-to-pulse base at a rate of 50 Hz. An output pulse energy is d881hd nm. Applying a

novel injection locking technique, a spectral purity > 99.95% was achiédvpulse bandwidth

is 22 MHz.

Another ground-based DIAL system was designed at RLC (Res€artbr Karlsruhe, formerly
Fraunhofer Institute) [Vogelmann and Trickl, 2008]. The transmiidzes an injection-seeded
pulsed Nd:YAG laser, used to pump two OPO converters, whose outpatipted in a flash-
lamp pumped TISA regenerative amplifier. For the lidar operatiqgncdl energies are around
150 mJ at 817 nm at a rate of 20 Hz, alternating between two wgtredeithe specification of
the transmitter was performed for the OPO systems with oeiperigies ok 0.5 mJ each, a
bandwidth of 130-250 MHz (depending on the pulse length of the Nd:YAG), and arfoegque
stability <35 MHz. A spectral purity >99.9% was specified at 852.333isimgy a caesium
absorption cell. The DIAL operates at the Schneefernerhaus hiigital research station
(2675m asl, Zugspitze, Germany). Measurements were perforitied vemporal resolution of
1000 s and a vertical resolution of 53-210 m in a near- and far-field (7200 m), respectively.

In the given overview the observation was focused on high-power fitegrsmHowever, it is
worth to mention water-vapor DIAL systems with diode lasergaasmitters [Hamilton et al.,
2008]. Their advantages are compact design, a high ‘wall-plugtiesfty and simple
construction. To obtain pulse operation, the cw output of the transmsitteodulated with an

amplitude modulator (usually, an acousto-optical). Using external-cavity dieehs iECDL),
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Table 2.2 Specification of transmitters of existing water-vapor BIAL

Parameter Ground-based Airborne

MPI195 MPI05 RCK DLR93 LASE | LEANDRE | WALES
Wavelength, nm 720-780 810-825 800-860 720 815 730-770 935
Pulse energy, mJ 50 15 150 | 30-40 | 100-15Q 50 45
Repetition rate, Hz 20 50 %0 10 5,dp 10, dp 200
Linewidth, MHz 160 22 130-250| 450 120 700 120
Frequency stability, 43 - 35 300 190 150 15
1o MHz
Spectral purity, % 99.99 99.95 99.9 75 99 99.99 99.9

dp — double-pulse; 1) specified before regeneratiplifier; 2) specified at 852.333 nm

a high accuracy of spectral properties of the laser emissiorbe achieved. With a frequency
stability of 88 MHz, a linewidth of 300 kHz and a spectral purity > 99t6&6transmitter is
verified for an instrumental error < 3% for measurements within bourdger [Nehrir et al.,
2008]. Nevertheless, the maximum output power after two taperedfiansptf 500 mW cw
restricts the tempo-spatial resolution of the water-vapor memsumt to 60 min and 150 m,

respectively.

2.4 Transmitter selection

From the presented water-vapor DIALs only the WALES at DLRr@faéfenhofen fulfils the
requirements for the reference system, as it was specifithe: iTable 2.1. However, on the start
of the current project that transmitter was not available. Thengrbased system from MPI is
also suitable for the accurate measurements, but the low im@mpetate restricts its

implementation in the scanning mode.

Deciding for the transmitter of the water-vapor DIAL, an optioithva pump laser and a
frequency converter was preferred. The latter was selectedRaman crystal, OPO and TISA.
They all require a diode-pumped Nd(Yb):YAG (YLF) laser, whosel fsetection can be made

later.

As far as we were unaware of any high-power Raman-crgp&htion, this material did not fit
the requirements. Both TISA and OPO have their advantages, but on the start of dtétproje
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Fig.2.2 Principal scheme of the transmitter for the water-vapor DIAL

was not clear, whether OPO can stand an average power of > 10 YéasvAdSA is the well
known material for high-power applications [Yamakawa, 2000; Zavelani-R2680]. The

beam quality of OPO characterized by a typical valuMd$ 5 was the other limiting factor.
Having in the working group an expertise of developing TISA and alexandsers, TISA was

preferred for the laser medium.

Figure 2.2 depicts the principal layout of the DIAL transmitter, composed frouma laser (see
Chapter 3) and a TISA laser, operating at 935 nm and at 820 nm for aidmulgound-based
measurements, respectively (see Chapter 5). For the finead@estection, the injection seeding

technique together with stabilization of the TISA cavity was applied (segt€zhy.
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Chapter 3
Pump laser

3.1 Introduction
To fulfill the requirements for a ground-based, airborne and space watee vapor DIALS,
summarized in the Table 2.1, the source laser for pumping the TISA&rt@nmust obtain the

following specifications:
* a high overall efficiency and compact design to operate in the field;
* a high pulse energy (~ 200 mJ);
* a high repetition rate (> 250 Hz) for scanning applications;
* an excellent beam quality to optimize pumping and to avoid hot spots in the beam profile;

« optional single-frequency operation for future applications such as pgnPPO-

systems (not applied in this experiment).

On the beginning of this work we were unaware of any commer@ahilable system fitting
this specification. Therefore, within a collaboration of the Universit Potsdam and the
company IB Laser AG such a laser was designed and manuthf@stermeyer et al., 2005].
The staff of IPM (Institute of Physics and Meteorology ) BfQH (Hohenheim University) was
involved in the optical design of the transmitter and proper assegnflithe components, final

specification and the following routine maintenance of the system,.
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3.2 System layout

Fig.3.2. Layout of the pump laser corresponding the scheme 3.1, used without IS forkhiBhecize
of the breadboard is 120x60 cm.

3.2 System layout

The combination of the requirements, — such as a robust setup, high pelges a high
repetition rate, single-frequency operation, a good beam qualitggl +ol a Master Oscillate
Power Amplifier (MOPA) architecture. For the active mediune tNd:YAG crystals were
chosen. A transversal rod pumping using laser diodes was prefermsgriove stability and
efficiency of operation and to ease cooling of the crystals. tik®rpump diodes, the bars
“ProLight Monsoon” MMO-808-050 from Spectra-Physics and LB-80A01-60QCW-2#0wW
Monochrome were used (see Table 3.1). The principle scheme and dbe déyhe laser are

depicted on Figs. 3.1 and 3.2, respectively.

3.2.1 Resonator
In the oscillator, a Nd:YAG rod (3 mm diameter, 50 mm length, 0.9% dopied) is used. The
crystal is pumped transversely with six diode bars ProLight Blamsarranged in a threefold

geometry around the laser rod (see Fig.3.3).

The pump pulse of the diodes has a length ofl{@)®@btaining an average pump power of 56 W
with a corresponding thermal lens focal length valud ofL.71 m. The beam radius of the
eigenmode in the rod amounts to 0.6 mm. To verify the JoEdyeration, an aperture with a

diameter of 1.5 mm was incorporated in the laser cavity. A twisted-mode emangwith two
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water channi .
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crystal rod
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Fig.3.3 Principle scheme of the transversal pumping technique applied irQtipeitdp chamber
(upper panel). The Nd:YAG rod is mounted inside a tube with an AR-coating on the deértst
space between tube and crystal is filled with flowing water for hemival. Six pump diodes in the
threefold geometry form two ‘stars’ (diodes in the first markedet;j in the second green) and pump
the rod through windows in the flowing tube. The heat sinks of the diodes arecomied as well.

On the photo of the pump chamber (lower panel) electric contacts are shootpnetgct pump
diodes from static electricity. The aperture of the crystal is edvier prevent dust contamination on
the end-surface of the rod. The outer dimensions>se7/cm as IxWxH.
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Fig.3.4 Calculated stability zone of the MO, the eigenmode size in the etuaction of the thermal
lens focal length (dashed curve), and the eigenmode size along théaesiaging at the back HR
mirror (solid curve) . Current thermal lens focal length value is ethwith a circle.

quarter-wave plates before and after the laser rod was impletnémtprevent spatial hole
burning, thus increasing the lasing efficiency and removing theabddta the single-frequency

operation. The oscillator ®-switched by an RTP (Rubidium Titanyl Phosphate) Pockels-cell.

The back highly-reflective (HR) mirror is flat and has a iléty of 99% allowing for coupling
of the seeding photons in the cavity. The calculations of the resalegmn were performed
using a matrix formalism, similar as in [Wulfmeyer, 1998; Wufrar et al., 2000] (see EQs.5.6-
5.8). Taking into account the requirement of resonator dynamicallitytalsompromising
between size of the eigenmode volume in the rod and misalignmeitivégrs the cavity and
obtaining a pulse length of > 20 ns to prevent components of the MO anditigllamplifier
stages from optical damage, a 770 mm long cavity was chosen. An oatmler (OC) was
calculated to have a radius of curvature of 3 m with a reflectdfity0%. Figure 3.4 depicts a
resonator stability zone, — a range of the thermal lens valuessponding minimal fluctuations

of the eigenmode size in the rod, — and the eigenmode radius along the laser cavity.
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Fig.3.5 M-measurment of the MO beam in theFig.3.6 Profile of the laser beam after the MO.
horizontal (x, red) and vertical (y, blue) planes.

These calculations as well as all the further ones for the pasap Wwere performed at IPM.
Assembling of the Nd:YAG, namely, the MO, a pre-amplifier, a-aogplifier, and a second
harmonic generator, and its iterative optimization were acconaglisvithin a cooperation of
IPM and IB Laser.

The output beam of the MO is linear polarized with a purity of > 9B8€.beam parameters in a
horizontal/vertical direction have the following specifications: aarsgaussian profile,
M? = 1.14/1.15, astigmatism 0.07, asymmetry 1.02 (see Fig.3.5). The measunsamnt
performed with a Spiricon M2-200 device using acBdethod [ISO 11146-1, 2005] during
assembling of the system. The output pulse energy yields 11 mJnmAdvefle recorded with a
CCD-camera Spiricon TM6 is shown on the Fig. 3.6.

The injection seeder of the pump laser is a monolithic Nd:YAG ring-laser (Innolight
“Mephisto”) with an output power of 50 mW, protected from the back reflgk a Faraday
isolator (FI). The seeder beam propagates through an etgttcal phase modulator (EOM) as
a part of a stabilization system and lenses F1 and F2 to rietchtra-cavity eigenmode. The
desired polarization orientation is obtained with a halfwave plae ks$g.3.1). Currently, no

injection-seeding operation is applied.
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3.2 System layout

3.2.2 Amplifiers
Pump chambers of amplifiers are assembled in two pairs foranmplfier and a post-amplifier.
Each pump chamber of the pre-amplifier includes a Nd:YAG rod (dam&tmm,
length 90 mm, doping level of 0.8%) pumped by 12 diode bars (ProLight Monsoon) in a
threefold geometry with an optimum pump pulse duration of @24rhis yields an average
optical pump power of 92 W per pump chamber. To prevent parasitic lagimg amplifiers, all
rods have a 0.3° wedge. To isolate the MO from occasionally contragatopalight from the
amplifiers which could disturb the evolution of the laser pulse, a Faraday isets@pplied.

For an effective compensation of thermally induced phase distogiahs birefringence in the
crystals, the following technique was applied [Hodgson, 1996, p.295; Konhpl&19¥; Stral3er

et al., 2007]. The lens combination in front of the pre-amplifier shdamesutput of the MO,
yielding a symmetric propagation of the TgMhrough the pump chambers. The beam, set
divergent in front of the pre-amplifier, is collimated by thertha lens in the first pump
chamber. Furthermore, the waist of the collimated beam lotates center of the optical path
between the rods. The thermal lens in the second pump chamber, identimathermal lens in
the first pump chamber, converges the laser mode symmetticdhg input of the amplifier. To
compensate the induced birefringence, a 90° optical rotator was maatwesen the chambers
[Koechner, 1996, p.409].

Measurements of thermal lens focal lengths in the pump charabdre MO and the amplifiers
were performed in IB Laser. The technique is similar to one eply [Koechner, 1970]. A
pump chamber is mounted in a plane resonator close to one of the nsortingf a distance to
the other mirror is an order of magnitude longer. Increasing pumprpointhe diode bars, the
corresponding growth of the output energy of this laser is observiédch dast power drop. At
the peak of the output power the cavity configuration is equivalenteamac®nfocal resonator,
hence, value of the focal length of the thermal lens equals the desbleator length. Drop of
the output power with the further pump increase is caused binghoft the resonator out of its
stability zone. Applying different cavity lengths, a functional elegence between the pump

power and the strength of the thermal lens can be defined.

To optimize the parameters of the beam shapers (optical powetipposigarding the pump
chambers), a CAD-program ZEMAX was implemented. Applying resoftthe thermal lens
measurement in Nd:YAG crystals, the optical layout of ther lases modeled using ZEMAX.

The rods with thermally induced lens were described as gradiediums with parabolic
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dependence of the refraction index [Koechner, 1996, p.400; Wagner et al., 20@0e]ing a
propagation of the laser beam from the MO, parameters of the siegmers were defined. The
optimization was performed regarding the aforementioned requireshéme symmetric pump-
chamber propagation with a size of the eigenmode in the rods as a boundary condition. The beam
diameter had to be in a range limited by the crystal aperture from top alahage threshold of

the Nd:YAG from bottom.

When MO was assembled, the first beam shaper (lenses F3 andHig. @11) and the pre-
amplifier were mounted on the breadboard of the laser system.péktial parameters of the
laser beam behind the MO, the beam shaper and the pump-chamberpretahwlifier were
characterized with the Spiricon M2-200 device to find a discrepaitbytie model. When the
real beam propagation after the pre-amplifier did not fit ¢h&ulated one, the program
parameters were corrected to remove this deviation. The firsh lsbaper was recalculated
regarding the changed conditions, the layout was modified and the beamepss were
checked again.

Such an iteration was repeated until the parameters of thiasealbeam after the pre-amplifier
matched the model with an error, limited by a measurement aimtgrtThe measurement errors
were caused by residual non-zero astigmatism and spatially agemeous phase distortions of
the mode cross-section. It was not possible to eliminate thesefextmes completely due to a
distinction between the thermal lenses in the pump chambers and eligantertainties. Thus,
the symmetrical propagation of the real beam through the pre-anplifin identical thermal
lenses in its pump chambers was verified. Modeling of the nert-sbaper (lenses F5 and F6)
and assembling of the post-amplifier was performed regartiegame procedure, using the

laser beam after the pre-amplifier as a reference one.

For the experiment with the TISA laser, the pump laser wasindgea different configurations.
The distinction was due to a type of the post-amplifier. In & dosfiguration (Pump-1), the
post-amplifier with 36 pump diodes “Prolight Monsoon” per pump chamber ix-fold
geometry was deployed [Ostermeyer et al., 2005]. For a pump gutagon of 30Qus, an
average pump power of the diodes was 345 W per pump chamber. The Nd:YAG dods ha

diameter of 8 mm, a length of 93 mm and a doping level of 0.6%.

Later these pump chambers were replaced to increase the outipaiiager, and the experiment
was continued with a second configuration of the pump laser (Pump-2). The posteaipptiip

chambers were modified to deploy 32 more powerful diode bars “Monochrome” eachblesse
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3.2 System layout

in an eight-fold geometry. For a pump pulse duration of iZ5@n average pump power of the
diodes was 450 W per pump chamber. The geometry of the rods was preserved, doping level w:

decreased to 0.4%. For specifications of the laser see Table 3.1.

3.2.3 Output energy control
Propagation of the laser beam through the amplifiers in a MOPAgecwation is prone to the
thermal lensing in the crystals. Steering of the repetition rateequump pulse energy will cause
deviation of the beam propagation, yielding a drop of the output power anei@ £hange of
the spatial properties of the outgoing beam. Hence, these usual teshm@uenot be
implemented in the pump laser for a smooth tuning of the output power.

For such a fine control, tuning of a Q-switch delay in the MO afral fire delay of the pump-
diodes in the amplifier stages was implemented. It works as follows: in a statakdy, all pump
chambers in the MO and the amplifiers are powered and diode bapstpemrystals, forming
quasi-stable thermal lenses. The Q-switch is delayed, sohthanergy stored in the Nd:YAG
crystal of the MO is decayed with spontaneous transitions. No lasipgssible. Shifting the
delay value from the lasing threshold at 380to the maximum output of 11 mJ at i the
pulse energy of the MO can be controlled with g ktep for a fine output adjustment. With this
technique, the thermal load of the rods stays constant and the gpapalties of the MO

emission are preserved for the whole range of the output energy.

The amplification in the amplifier stages is controlled regaydhe same scheme: in a steady-
state condition the pump diodes are delayed regarding the Q-swfitthe MO and no
amplification of the master-pulse is performed. Decreasingd#lay, a temporal overlap
between pulses of the pump diodes and the propagating laser emissmmmeasing. The
amplification starts. For the amplifiers the samesIninimal tuning step can be used, obtaining

a fine tune of the output.

Although this technique preserves the beam parameters, typioally short- and long-term

fluctuations of the spatial characteristic of the laser eanissiay be expected. This is caused,
likely, by the thermal effects: heating of the crystalgshaf pump chambers, the Q-switch, the
Faraday rotator and the quartz rotators. For a stable operatiom laker, some warm-up time is

optionally required. For further details see Subsection 3.3.2.

3.2.4 Second harmonic generation
The wavelength of the pump source has to be tuned to the vicinity absloeption maximum of

TISA at 514 nm. Using a second harmonic generation (SHG) technique, appnaek of the
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output energy of the pump laser at 1064 nm is converted to 532 nm. Heredtgiahsross-
section of the TISA amounts 80% from maximum [Moulton, 1986].

In the pump laser an SHG-converter comprises two identithiuba triborate (LBO) crystals
with a square aperture of 10 mm and a length of 15 mm, mounted regardimglk-off”
compensation scheme [Boyd and Kleinman, 1968]. The lens combinatiothaffeyst-amplifier
(lenses F7 and F8, see Fig.3.1) adjusts the parameters of theelaseto obtain its symmetrical
propagation through the frequency doubler and a homogeneous energy detr#itytidn on
the crystal surfaces. Due to a residual absorption in thealsyshe converter builds a weak
thermal lens at high power levels. The optimization of the behaper was performed
implementing the same technique as for the amplifiers.

The phase-matching condition in non-linear optical materials hexgeaestemperature sensitivity
[Hodgson, 1996, p.575]. Hence, the SHG-cluster was mounted on Peltier-e|eniergs other
side was put in contact with a water-cooled heat sink. A termyeraensor and an automatic
driver perform dynamic temperature stabilization with a greniof few hundreds of Kelvin. To
prevent adsorption of water vapor on the LBO end-surfaces, the crystal sstaletin a plastic

case with an input and output windows and a build-in replaceable water absorber.

To prevent occasional damage of the crystals on their edges pyoghegating beam, a water-
cooled aperture was placed between the last lens combinatioheasHG. A halfwave plate
was mounted in front of the SHG-converter, obtaining an option to adjusfrateency-
doubling conversion efficiency from the maximal 50% to 0%. Thisufeat valuable for further
operation of the pump laser at the original wavelength of 1064 nm with attiee mediums,
e.g., OPO, Er:YAG.

3.3 Pump laser specification

3.3.1 Output power and beam quality
The parameters of the pump laser were fully specified befmesxperiment with the TISA
laser. The pump laser was deployed in two configurations, Pump-Ruwang-2, with different
post-amplifiers, hence, different output powers and beam qualitiesT éde 3.1). In this table
values of the output power and the pulse energy at 1064 nm are given taséhehen the
halfwave plate in front of the SHG is tuned to provide minimum cororeigsto green. At the

maximum conversion efficiency the IR output is about 50%.
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3.3 Pump laser specification

Table 3.1 Pump laser specification, pump diodes specification. H&teM-— full width on a half
maximum, SP — Spectra-Physics, Mon — Monochrome.

Parameter Pump-1 Pump-2
Wavelength, nm 1064/532 1064/532
Repetition rate, Hz 250 250
Pulse energy after SHG, mJ
and type of pump diodes
— max MO 9@1064 nm, 1@532 nm (SP)
— max pre-amplifier 70@1064 nm, 13@532 nm (SP)
— max post-amplifier (full output) 220@1064 nm 384@1064 nm

108@532 nm (SP) 184@532 nm (Mon)
Output power (max), W 55@1064 nm | 96@1064 nm 46@532 nimn

27@532 nm

Pulse duration (FWHM), ns 20 19
M? for horizontal/ vertical cross- 2.1/2.4@532 nm 3.1/3.1@1064 nm
section 3.9/4.3@532 nm
Optical conversion efficiency 5.9% 8.4%
at 1064 nm

Pump diodes

Spectra-Physics Monochrome
MMO-808-50 LB-80A01-60QCW-270W

Wavelength, nm 808+3 808+3
Output power, W cw 50 270
Maximum duty cycle 10 % 10 %
Size of active aria (LxH) 10 mm x 1 pm 10 mm x 1 pm
Divergence (FWHM) 38°x 7° 30° x 10°

With modernisation of the pump laser from the Pump-1 to the Pump-gower and the pulse
energy were almost doubled, but a beam quality at 1064 nm as web2® ram decreased (see
also Fig.3.7-3.9). The major part of the spatial distortions is productte pre-amplifier. Small
number of pump diodes (12) and not-optimized construction of the pump chamleztstda
provide a required homogeneity of the illumination dfl4 mm Nd:YAG rod. To improve the
illumination pattern, thé14 mm rods were replaced with3 mm ones. To obtain the similar
amplification ratio in the smaller volume of the active medium,pinp power of the diodes
was intensified, increasing thermally-induced distortions of thelifed laser beam. However,

it was decided to keep tHeé3 mm rods, because this design provides a better beam quality.

These pump chambers were implemented in both configurations of the pump laser.
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Fig.3.7 Pump energy distribution on the TISA-crystal (up) and temporalepoffihe not seeded
pump pulse (down) in Pump-1 (left) and Pump-2 (right). Wavelength 532 nm.

Further amplification of the laser emission in the 32-diodes pump-chambthe post-amplifier
is not able to amend the quality of the outgoing beam. Furthermdhe @onfiguration Pump-2
the spatial beam distortion after the pre-amplifier is irs@dan the post-amplifier (see Fig. 3.9).
The post-amplifier provides a higher amplification ratio than incthfiguration Pump-1 (see
Fig. 3.8), while the implemented crystal rods for the samehsize a smaller doping level. This
leads to large spatial non-uniformity in the gain depletion, woosepensation of thermally-
induced aberrations, and, hence, grow of wavefront distortions in théiadhf@ser beam. The

temporal profiles of the pump pulses in both configurations do not show remarkable difference
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3.3 Pump laser specification

To achieve a high yield of the TISA laser, a high pump powerelisas a good spatial overlap
between the pump beam and the resonator mode of TISA cavityeistiabgsee Subsection
5.2.3). With the Pump-1 a near-Gaussian energy distribution in the pump beam dioasases
obtained on the TISA-crystal (see Fig.3.7, left). With the Pump-2otinep beam has worse
overlap with the eigenmode of the TISA cavity and, therefore, yeelidsver pump efficiency
(see Fig.3.7, right). However, further improvement of the pump-beargyedsstribution on the
TISA crystal is possible (see Subsection 3.4).

3.3.2 Pointing stability
In both configurations the pump laser has a certain warm-up timé&e usual commercially
available systems with time of 30 minutes, this one require®apiiree hours until drift of the
laser beam becomes negligible. The source of the pointing instabiliigated in the MO: on
the Fig.3.10 a trend of the beam position after the MO is depictdd avtbtal walk-off of
80 urad. No output power drift was observed for the MO.

Figure 3.11 shows a trend of the pump beam position in the plane of Shecfystal. The
vertical and horizontal planes are switched compare to Fig. 3.1Qdsecd bending mirrors
between the pump laser and the TISA. Obviously, the deviation of the autgomp beam
mimics the behavior of the MO-output. The total displacement of the pea@p of ~0.5 mm in
the TISA plane makes a long-term TISA operation impossible without sufficieneating time.
Even short switch-off of the laser affects the beam pointingr af20-minutes break the pump

laser requires another hour to return to the steady-state position.

Although the output power of the pump laser at 1064 nm does not show ankakelma
fluctuations, those are observed at 532 nm. It is caused by an aligeensittvity of the LBO
crystals of the SHG-converter. Considering a strong disparityhisf sensitivity in two
orthogonal directions, the crystals were mounted with their memsitssze axes horizontally
where the beam drift is smaller. Nevertheless, the starting power lastreat 532 nm is approx.
85% compare to the steady-state condition.

To avoid the warming-up time during intensive operation at a figtgpaggn, the pump laser can
be run continuously with the MO tuned to the full output power and the @&nplifelayed. The

laser was operating in this mode during COPS measurement igan{pee Subsection 6.2).
After the amplifiers are tuned for the full-power output the lame¥ds approx. 30 minutes to

come in a steady-state operation mode.
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Fig.3.10 Spatial stability of the pump beam (after MO, IR); red — horizortaépgreen — vertical.
Higher fluctuation first 1% hour is caused by implementing of a single-shasdiogy whereas
later a 4-shot averaging was applied.
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Fig.3.11 Spatial stability of the pump beam (on the TISA-crystal, 532 nm); red eritafiplane,
green(blue) - vertical plane. The overlapping blue trend is a momgusition of the beam peak
in vertical direction.

3.4 Outlook

Being a state-of-the-art system, the pump laser required af ltime for adjusting it to the
required specifications. This included improvement of the driving elgics and software,
modernization of the base frame of the laser head, optimizatithe afptical components. The
components which caused the largest delay were the pump diodes implibees. The
originally used “Monsoon-long” diode bars from Spectra-Physicschadin weaknesses in the
construction: the water-flow channels had nondurable gold coatingdg tha channels prone
to galvanic corrosion, causing water leakage and operation breakexttversion of the pump

chambers was developed. The overall delivery delay of the pump laser exceedga ins.
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3.4 Outlook

To improve the efficiency and stability of the laser operationhé&urbptimization of the pump
laser is necessary. In a first hand, the overlap between the pumpahdahe eigenmode of the
TISA-cavity has to be enlarged. The spatial distribution inctiveently deployed pump beam
corresponds the profile 1 (see Fig. 3.9). However, there are betts-sections of the pump
beam available (profiles 14-17). The current lens combination of megatd positive lenses in
front of the TISA laser (a defocused Galileo-telescope) camlotain imaging of the desired
profiles without placing the beam waist on intermediate optexs F$g. 5.28), causing its optical
damage. To fulfill this imaging the beam shaper has to be miaddrto the Kepler-scheme with
two positive lenses. The latter was not implemented for expesndeset to focusing of the high-
power emission between the lenses of the beam shaper. Usingvaicaated cell with Brewster

windows should allow for this modernization.

Furthermore, the long-term angular drift of the laser beféen the MO must be minimized. The
major source for this drift is, likely, a temperature dependentieecglements of the MO: during
the operation, the temperature in the lab raised several degressl came into a steady-state
condition in several hours together with the pump beam position andting power. Although
the appearance of the temperature-induced spatial instabilitheoMO output is not fully
revealed, some observations and the experience of the systetenaage marked the Q-switch
and the pump chamber of the MO as probable sources of the disturbance.

The Q-switch build by a pair of RTP-crystals can be temperatiabilized the same way as it
was done with the LBO crystals in the SHG. For this purpose yilseatmount has to be put on
a Peltier-element, whose other side is fixed on a heat sinkle&tranic circuit will provide the
automatic control of the temperature using a semiconductor temmgeraensor. This

modification is currently under discussion.

The pump chamber of the MO has only 6 diodes, packed in a three-folétggdsee Fig. 3.3),
which makes illumination of the Nd:YAG rod not fully symmetricaikely, a long-term

temperature drift in the constructive elements of the pump dicdeses drift of their
wavelength and pump power. Hence, this causes deviation of the pumpgisedred in the
Nd:YAG crystal and shifting of the thermal lens with the follogyidrift of the output beam.

There are different ways to solve this problem.

The current MO can be replaces with another one, build on two pumpbetanmvith a 90°
quartz rotator in between, as it was made in the construction @ntpéfiers. Then thermal
effects induced by the pump diodes will be self-compensated, improving both thestphtlity
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of the laser beam and a depolarization compensation [Stra3er28041]. Furthermore, the two-
rod layout allows to increase the MO output power.

This modernization requires additional funding and human sources. There#siar solution
available, when the propagation direction of the MO laser beagti®lg stabilized. The first
bending mirror can be finely tuned by piezo actuators to keep theimgitgeam on the same
track. As a reference signal, the response of a quadrant detantdrecused. Although this

technique requires a test to define its boundaries, the solution is cheap and fast.

Another important task is installing the IS and all the equipmenhjection-seeding technique,
similar to one described in Subsection 4.1.3. No problem is expectadassthe similar system
was build and specified at University of Potsdam [Ostermeyadr,2005]. The seeded Nd:YAG
laser can be deployed to pump OPO-converters, extending the ttansmanother wavelength

regions.
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Ti:sapphire laser

Maintaining the spectral properties of the TISA laser on a slsowell as a long-time scale is
essential to perform high-quality DIAL measurements (seeeTalil). The emission spectrum of
the laser transmitter is defined by the gain spectrum of ¢ieeamedium, the transmission
spectrum of the intra-cavity optics and the resonator parametaesning the mode structure.
Generally, the resulting laser spectrum consists of a supegpositlongitudinal and transversal
modes. To obtain lasing on the single transversal, gbEMde, no special spectral narrowing
technique is required. With a properly designed resonator, the pump en@itgs only the
volume of the resonator eigenmode in the crystal. The appearing “gain-guitfed’abdtains an
effective mode selection. However, to restrict the emission of iBA to the only longitudinal

mode, a set of spectral narrowing techniques has to be applied.

4.1 Spectral narrowing techniques
4.1.1 Coarse spectral narrowing by intra-cavity optics

The spectrum of spontaneous emission of the TISA is about 300 nm broabewitiaximum at
800 nm. The reflectivity of a commercial HR laser mirror wittdialectric coating in this
wavelength region iR > 99% within £50 nm from the maximum (for 0° incident angle) and
+20 nm from the maximum (for 45° incident angfepolarization). Further purifying of the
spectrum may be achieved using intra-cavity optics with narrow-tsandmission, e.g. intra-
cavity Fabry-Perot interferometers and prisms [Hodgson, 1997ydels2003]. However, the
efficiency of these techniques is not sufficient for operatioma inigh-power high-gain laser
cavity, and a multimode lasing can not be prevented. Furthermore cthrepenents are prone

to optical damage and their transmission spectrums are teomgesansitive, which decreases
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Chapter 4 Spectrum control of the Ti:sapphire laser

stability of the system for in-field operations. It is diffitub tune and to stabilize their
spectrums regarding the wide tuning requirements of the DIAlesygtor instance, tuning of a
multi-prism configuration [Elsayed et al., 2003; Bruneau et al., 1993 et al., 1996] will

lead for a displacement of the outgoing beam.

The most appropriate intra-cavity element for a coarse defirofittmee emission spectrum of the
TISA is a birefringent filter (BF). It is a set of astlation plates with the thickness ratio of two
consecutive plates from 2 to 4. Optical axes of the plates sethere aligned to be parallel. The
plates are mounted in the resonator at a Brewster anglaliregaine eigenmode propagation.
Due to the birefringence, the ordinary and extraordinary polarizabamponents of the laser
beam experience different refractive indices when propagate thydate, and thus have a
different phase velocity. Therefore, the polarization statehef electro-magnetic emission,
namely the ratio of energies pis components, will be modified after the passage of the plate.
The degree of the energy redistribution is wavelength dependant.cdises losses on the
Brewster surfaces of the intra-cavity elements for the wkpkctrum of emission except a
preferred wavelength. The wavelength of interest is definedhbgngle between polarization

direction of the incident beam and the optical axis of the retardation plate.

When on the entrance of the single retardation plate the figlteely polarized and the vector

E of the electric field is horizontal, the polarization on the éitistributed between two

EX _MO_ Mll M12 0 41
el ) s

M is the total Jones matrix of the set, accomplishil losses on the Brewster-surfaces of the

orthogonal modes as

plates for thes-polarization. In a right-handed coordinate systeith the z-axis coaligned with
the propagation direction of the EM-waweaxis directed vertical angtaxis directed horizontal,
the Jones matrix of a birefringent plate with teardation axis parallel to the entrance surface is
defined as [Bloom, 1974; Preuss and Gole, 1980]

1
X
nZ —cos ¢ cos &
203, 2 _ 0y win? 4 2 ; % _ id 2 _
| a(e cosz¢(n0. co§8)+e sin® ¢ n?) .qsm¢cos¢(e' €%®),/n> —cos & |
gsing cosp(e* —€*),/n> —cos 8 €% sin’ g n? + €% cos ¢(n? - cos 6)

M(p,6,1) =

(4.2)
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{“ cos fcos ¢ _cos fcos q
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_2m 1 __2n,
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No(4), Ne(4) ordinary and extraordinary (along the optical afishe plate) refraction indices of
the quartz, respectively thickness of the platej angle between optical axis of the plate and
incident planegtilting angle between entrance surface planezir(tdy the optimum alignment

6= 90°6&, & —Brewster angle).

1
For the set of plates 1k.with coaligned optical axes the general matrixMs = |_| M, .
1=k

Defining the transmission of the BF as a fractidremergy left in the initial polarization on the
exit of the last plate of the set, for the horizabqolarization it amounts forf (4,9) = ‘MZZZ‘Z (see

Eq. 4.1). The energy transferred in orthogonal nmddéion is coupled out of the cavity on
Brewster-tilt surfaces of the intra-cavity opticBhe transmission of the single surface is

2
T2=¢°= 2n , and for a ring cavity with Brewster-cut TISA rathd the 4-plate BF the
- 1+n?

losses for the-polarized EM-wave will exceed 81% for a round-trip

Figure 4.1 depicts calculated transmission spectiithe BF for different mounting order of the

retardation plates in the set, plates thicknes§&s5omm, 1 mm, 2 mm and 8 mm. The plate
consequence 8 mm, 0.5 mm, 1 mm and 2 mm was prdfdéor the TISA laser, emitting at

820 nm.

The given BF obtains a bandwidth of the main pebkhe transmission spectrum sf5 nm
FWHM or ~ 1.3 THz. Taking into account that in a 1-m ringaeator the free spectral range
between the longitudinal modesASR= 0.3 GHz, further spectral narrowing of the TI&&er

is required.
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4.1 Spectral narrowing techniques

4.1.2 Fine spectral narrowing
Recently a new spectral narrowing technique wasidoto be very suitable for water-vapor
DIAL transmitters, when a single-frequency opematiogether with a broad tuning range are
required [Wulfmeyer and Bdsenberg, 1994; BarnesBardes, 1993]. In this approach the beam
of a weak cw laser, the so-called injection-se€t®ror master laser, is coupled in the cavity of

a high-power pulse laser transmitter, also calladeslaser.

When a Q-switch of the pulse laser opens or, &élsedaser-pumped TISA laser, a pump pulse is
absorbed in the active medium, the intra-cavity &\t starts building up from initial number
of photons. Due to a strong mode competition, #eder frequency is preferred. If the cavity
length is not controlled, the laser operates oetaf&longitudinal modes in the vicinity of the IS
wavelength [Barnes et al., 1993; Bruneau et aB41®Wulfmeyer et al., 1995; Wulfmeyer and
Bdsenberg, 1996]. The number of the modes depamtiseoratio of the intensity of the injected
field to the intensity of a natural seed, a fractas fluorescence photons able to contribute laser
emission (for further details see App. A.). Whee thtio exceeds certain threshold, the laser
spectrum is limited to two modes, closest to thevielength. Below the threshold numerous

modes will participate the pulse evolution.

A single-frequency operation is achieved when #medsr frequency coincides with one of the
longitudinal modes of the slave cavity. In thisesabe laser will operate just on one longitudinal
mode. Among the existing techniques to maintain ¢heity length of the slave laser in

resonance with IS, passive and active ones carsbegiliished.

With the passive control, drifts in the opticallpaf the slave laser resonator are used to detect a
resonance and to fire the laser [Wulfmeyer, 1988]error signal from the slave cavity is sent to
the control electronic. Using a feedback loop, sonance length of the cavity regarding the
seeder frequency can be maintained with a contevhent. Several approaches have been
developed for the production of the error signal.

The laser pulse itself has been used to defineanemce position. In [Park et al., 1984] the laser
frequency has been stabilized by monitoring sinmaltausly the transmission of the laser pulse
and the IS through an external interferometer. Aermapplied technique is the minimization of

the pulse build-up time [Rahn, 1985]. A similarhieiue has been presented in [Grund et al.,
2001]. The frequency offset between the laser m#ter and the IS is measured shot-by-shot
using a beat-note signal. This offset is fed vieedback loop to a piezo mirror to stabilize the

optical path length in the slave resonator. AltHotlgese techniques are easy to incorporate, they
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Chapter 4 Spectrum control of the Ti:sapphire fase

have several disadvantages. Their response tinimited by the repetition rate of the laser,
making them too slow to remove acoustic vibratiomghe cavity. Furthermore, their error
signals are not sensitive to small frequency dgfid the adjustment of the cavity length can be
performed only after emission of the laser puldee Tatter is especially critical for the DIAL
technique with a pulse-to-pulse frequency alteomatiHere the difference signal has to be
produced and the cavity length has to be adjustethe resonance with the IS before the

transmitter fires out the pulse.

With respect to this requirement some more tecteschave been examined. The speed and the
accuracy of the frequency stabilization can be iciemably improved, if the resonance of the
seeder itself in the slave cavity is used as timtrabsignal. Several approaches in this direction
have been developed. The ramp-and-fire techniqumsed on the production of an artificial
resonance with a fast piezo mirror [Henderson tl&886]. Though this technique seems to be
reliable, the problem is the fast movement of tiez@ mirror. As it continues moving during the
pulse build-up time, an unwanted frequency chirthanlaser pulse occurs.

Similar problems are present in the side-of-fringehnique [Vassen et al., 1990; Wulfmeyer,

1998]. The cavity length is stabilized to the wifghe resonance, so that a frequency chirp also
occurs during the Q-switch operation. The narrosonance signal can easily be lost and
additional normalization of the error signal withetseed power is required using another

detector.

Among the techniques those should be preferred;iwdmie minimizing the movement of cavity
elements, thus avoiding limitations in the lase&qtrency stability and in the lifetime of the
resonator elements. There are two techniques liindfilall aforementioned requirements. The
first one is based on a polarization sensitivitylef seeder resonance in the slave cavity [Hansch
and Couillaud, 1981]. The disadvantage of this mwetis lack of tunability: even for a minor

wavelength tune, the layout of the controlling dates has to be realigned.

4.1.3 Pound-Drewer-Hall stabilization technique
The other technique is based on the optimized P&ueder-Hall (PDH) technique [Drever et
al., 1983; Wulfmeyer et al., 2000a; Ostermeyerlegt2905]. The phase shift of the reflected
slave cavity field is used to produce an error aligior the resonator length control. This
approach has been applied for the first time iotsecent Doppler lidar transmitter in the master-
slave configuration [Wulfmeyer et al., 2000a]. Iat work a frequency stability of 0.2 MHz 1

was achieved.
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HR+Piezo Y.
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Fig.4.2 PDH stabilization scheme adopted for a ring cavity. Here EOM troetgatical phase
modulator, HR — high-reflecting mirror, OC — output coupler, Detl, Det2 — biased piectods, rfF —
rf-filter, rfA — rf-amplifier, rfPS — rf-phase shifter, CU — contralit, HVA — high-voltage amplifier.

Figure 4.2 depicts the set-up of a feed-back losgduor the stabilization of the TISA laser in
the experiment at 820 nm (see Subsection 5.5)f-8anmerator produces a high-frequency signal
for an electro-optical phase modulator (EOM, Quantliechnology REM-101-P). A high
modulation frequency has to be preferred to obgahigh SNR in the slave cavity with a low
finesse, but not exceeding a half of the free spkecange (FSR) of this cavity [Black, 2001].
Furthermore, a high frequency modulation broadssgestral bandwidth of the high-power laser

as well. Therefore, a 40 MHz modulator was choseihfe experiment.

After propagation of the IS emission through theME@wo sidebands appears in its spectrum at
the frequencies 40 MHz from the carrier (see F&).4The modulation depth for the successful
operation is defined experimentally. Theoreticalhg optimum ratio of power in a sideband to
the power in the peak is 42% [Black, 2001].

The PDH-technigue deploys a length noise of theestavity with the circulated 1S-emission to
produce a correction signal. The cavity acts astary=Perot interferometer (FPI), yielding the
transmitted and reflected EM-fields. The reflectield is detected with Detl (Thorlabs
DET?210) and filtered with an rf-filter (rfF, Munioo 5BP8-40/10-S) to select the information on
the sideband frequency. The filter output is angdif(rfA, Miteq AU-4A-0110) and mixed with

a fraction of the rf-generator signal in a phageder (Municom ZRPD-1-BNC). To eliminate a
phase shift of the two signals, a manual phaseeshiMunicom MP-180-40-4-S) is deployed.
The produced error signal is delivered to a controt (CU), a specially designed circuit board
(manufactured in NCAR, Boulder). Another input fdtne CU is the signal from the

photodetector Det2, observing the transmitted fieldoound the stabilization region to the

vicinity of the cavity resonance. The correctiognsil from CU is amplified with a high-voltage
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Fig.4.3 Signals in a PDH stabilization circuit: relative IS frequencly sidebands (red curve) and error
signal (black curve). Resonance position is marked with a red linednegd@wulfmeyer et al., 2000a])).

amplifier (HVA, Pl E-507) and used to drive a pieactuator with a light-weight resonator
mirror fixed on it, adjusting the cavity length. Tainimize the response time, the fastest high-
voltage piezo actuator (HVPA) available was preferr(Pl P-010.00H) together with a
%"x1 mm HR-mirror from fused silica. The responsegfiency of the actuator with the glued

mirror can be estimated as

4.3)

with f.s resonance frequency = 2.7-10 N/m stiffness of the HVPAMps = 4.1-10° kg and
Mmiror = 3-10° kg mass of the HPVA and the mirror, respectivéDn the other hand, the

response frequency is limited by the amplifier aad be calculated as

. -3
f=_t o 12007 _ooume (4.4)
2CU_ 2[21M10°[100

PP

with i maximum average current of the amplifi€rcapacity of the HPVA andpp peak to peak

voltage of the output signal.
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Summarizing, the following advantages of this teghe are to be mentioned. First, the error
signal is nearly continuously present, so that fdexlback loop can be operated with a high
bandwidth. This leads to an optimal reduction efjfrency deviations. The error signal crosses
zero exactly at the resonance, yielding minimizatd the frequency chirp and optimization of
the seeding efficiency. The slope of the error @igs large, leading to a high sensitivity of the
error signal to frequency fluctuations. At lasg #rror signal is produced using an RF-technique,

making the feed-back loop insensitive to sourcat®tlectrical noise.

For the DIAL operation the stabilization techniches to allow for a pulse-to-pulse alternation
between online and offline wavelengths. The feetkbbaop has to readjust the cavity length for
every pulse. The response frequency 8fkHz is sufficient for cavity tuning at a repedit rate

of the transmitter up to 1 kHz.

Nevertheless, this operation provides a high loadhe actuator and significantly decreases its
lifetime. It was shown [Wulfmeyer and Walter, 20(Jathat the spectral purity of the offline
signal is not critical for accurate water-vapor swwaments with DIAL. Hence, stabilization of
the cavity length while lasing offline can be omit For this operation mode, the PDH
stabilization circuit has to be accomplished withiaput gate. Triggered to the IS, this device
send either error signal of the cavity when the@gnaitter is seeded with an online source, or

zero, when the laser works ‘offline’.

4.2 Injection seeder — experimental set-up

As a seeding source, a stabilized single-mode madteavity diode laser (ECDL) can be applied.

An ECDL is smoothly tunable within few nanometeasdich is sufficient to operate on a pre-

selected band of absorption lines. In the followsagtions two IS used in the experiments are
described. For the experiment in a wavelength regiear 935 nm and for first measurements
with the transmitter at 820 nm, an IS bases on ptid@ DL100 system was implemented.

Providing a single-wavelength emission either abalme or an offline wavelength, the IS was

applied for initial specification of the TISA lasén both experiments the ECDL was tuned for a
single-frequency operation, laser driver was oedito achieve a widest possible mode-hop

free tuning range. Description and specificatiom detailed in the Subsection 4.2.1.

For the TISA operation as a part of a water-vapxLDmobile platform (see Subsection 6.2), a
custom made double-ECDL system was manufacturBilRtOberpfaffenhofen. During its
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Fig.4.4 Principle design of an ECDL in the Littrow configuration (aftemv.toptica.com)

maintenance at IPM the IS was repaired includingaeement of a fast fiber switch with
following realignment of the lasers. Furthermorems minor changes in a LabView driving

program were introduced to optimize the operatior.details see Subsection 4.2.2.

4.2.1 Injection seeder based on a Toptica system

The Toptica DL100 system comprises an externaltgahode laser and a driver. The ECDL is
build in a Littrow design (see Fig. 4.4): emissadrthe laser diode in a standard 5.6 mm package
passes through its AR-coated output surface, isratked with a lens and directed to a grating.
The grid reflects the energy of the™-arder of diffraction back to the laser chip, fongian
external linear resonator with a high-reflectivarrsurface of the diode. Tilting the grating, the
ECDL can be tuned to the desired wavelength withigain profile of the laser diode. For a
rough angle definition, an adjustment screw is u3é fine wavelength tune (within a mode-

hop free range) is realized with a high-voltagepiactuator.

The laser emission is coupled out with the zerepdiffraction of the grating. To preserve the
propagation direction of the outgoing laser beamlenvtuning, an additional bending mirror
fixed on the grating mount was applied. The temjpeeaof the laser diode is measured with a
thermal sensor and adjusted with a peltier elemBatimprove the mechanical stability, the
ECDL was mounted on a 1 cm thick plate and sealigldl a/metal cover. The laser emission
escapes the sealed volume through an output windaglass plate tilted at a Brewster angle.
The driver of the system comprises a temperatungér@ounit DTC110, a current control unit
DCC110, a scan control unit DSC110 for a fine HV&@ering and a diode control unit DC110.

Output of the ECDL is coupled with a fiber coup{ECp, Schéafter+Kirchhof 60SMS-1-4-A15-
02) in a single-mode polarization-maintaining fif8chafter+Kirchhof PMC-850-5,4-NA012-3-
APC-150-P) with angle-polished connectors (APCg (5ig.4.5). This fiber showed a good
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Fig.4.5 Set-up of the IS. Here ECDL — external-cavity diode laser, FI ddaisolator, PR — partially
reflecting mirror, HR — high-reflecting mirror, FCp — fiber coupler, FS erfaplitter, FCI — fiber
collimator, PM — power meter, WM — wavemeter, SA — spectrum analyzes @silloscope.

performance at 935 nm as well as at 820 nm. Orexiteof the fiber the beam is focused on a
power meter (PM, Coherent LM2) using a fiber codlior (FCI, Schafter+Kirchhof 60FC-4-

A11-02). Although the fiber has an APC with an exadface cut at 8° and the optics of the fiber
coupler and fiber collimator has an AR-coatingneb fraction of the incident energy reflects
back into the ECDL, increasing wavelength instapihf the laser emission. To avoid this effect,
a single-stage faraday isolator (FI, Linos FI-93X5and Linos FI-800-5SC for the experiment
at 935 nm and 820 nm respectively) was mounteddmmivthe ECDL and the fiber coupler. Two
bending HR-mirrors were installed between the EGIDH the FCp to obtain fine steering of the

coupled beam for a better coupling efficiency.

The energy leak through the first bending mirrocasipled in the other fiber. This channel is
used for the control and specification of the gysteamely definition of the wavelength with a
wavemeter (Burleigh WA-1500) and spectral propertigh a spectrum analyzer (SA, Coherent
Model 240) and an oscilloscope (LeCroy LC564DL)r lBohigher experiment flexibility the
energy was multi-channeled using a fiber splitte8,(Newport F-CPL-S12855), allowing for

simultaneous measurements.

To stabilize the wavelength of the ECDL emissiofeed-back loop was build. As a reference
signal, the output of the wavemeter was used. AVigle program acquires the wavemeter via
the COM-port of a computer. The correction sigsghioduced from comparison of the response
with a predefined value. Via an ADC/DAC board (Nweilis AB-BNC16) the discrepancy signal
is converted into the analog form and transmitiether to the external voltage control of the

piezo actuator in the ECDL. This feed-back loop Wwaid in IPM by Armin Austerschulter,
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Fig.4.6 Spectrum of the IS at 935 nm, recorded with the spectrum analyzer. H8Rng7.5 GHz and
finesse > 250, the SA defines the single-mode operation of the IS with anntgerta0 MHz, limited
by the resolution of the instrument.

LabView program was later improved by ChristianeRfahrt [Wohlfahrt, 2006].

This IS was implemented in both experiments, atr@85and 820 nm. To modify the layout to
the other wavelength, the laser diode chip andFRewere replaced. The laser diode Toptica
LD935-50-AR2 with a power of 50 mW (free running)daa tuning range of 910-970 nm was
applied for the experiment at 935 nm. The outpwtgroon the exit of the ECDL and behind the
fiber collimator did not exceed 33 mW and 20 mWspectively. This corresponds the coupling
efficiency of 60%, which is less than the maximurohiavable value of 80% (see
Schafter+Kirchhoff, www.sukhamburg.de). The highHesses can be explained by lower
coupling efficiency of the laser beam for a norcaiar shape of the cross-section.

For the seeding at 820 nm the mirror set was redlas well as the laser chip with a diode from
Sanyo (DL7032-001) with the specified output powérl00 mW (free-running) and tuning
range of 810-830 nm. Due to a small gain at 820tm,IS and the TISA laser operated at
825 nm. The maximum output power of the ECDL codpbeit of the fiber was: 16 mW at
825 nm. This ECDL was deployed for the initial Sfieation of the TISA transmitter.

For the verification of the single-frequency openatand measurement of the spectral bandwidth
of the seeding emission, the spectrum analyzerusasd. It comprises a focusing lens with a
focal length of 10 cm, a confocal Fabry-Perot i@emeter with a mirror spacing of 10 mm,

and a high-speed detector. The FSR of the FPbBi&Hz. The signal from the detector is sent to
an amplifier (HMS-Elektronik, Model 564) and disypdal on the oscilloscope. Figure 4.6 depicts

the spectrum of the IS at 935 nm. The measureddmes~ 250, yielding the instrumental
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uncertainty ofx 30 MHz. In the absence of a secondary spectrursitiyge-frequency operation
of the IS was confirmed.

To verify a long-term stability of the IS, the 20ur test was performed (see Fig.4.7). The
ECDL was stabilized at 935.6846 nm, the strongesemvapor absorption line in the region

(see Table 5.1). The upper plot presents a wavildrend of the 1S, recorded with a 100 s time-
step and 32 MHz resolution. The standard deviabiothe data is < 20 MHz, limited solely by

the resolution of the wavemeter. The wavelengtisetffin the beginning corresponds the
stabilization time of the feed-back loop. The setpiot shows the trend of the voltage on the
piezo actuator, only a slow long-term drift of tBEDL was detected. The third plot presents
temperature fluctuations in the laboratory (copi@n a paper-record of temperature/humidity
sensor). A trend of the power coupled out from fiber is depicted on the last plot. The IS
showed a good long-term stability in the stableiremwment. The specifications of the IS on the

base of the Toptica DL 100 system are summarizdaiote 4.1.

Table 4.1 Specification of the Toptica DL 100 system used in 820/935 nm experiments

Parameter 935 nm 825 nm Notes

Tunability, nm 925...945 823... 850

Mode-hop free <10 <10

range, GHz

Linewidth, MHz <30 <30 resolution
limited

Frequency <20 <20 resolution

stability, MHz o limited

Coupling eff. > 60% > 60%

Output power, 20 16 (at 825 nm) coupled out

mwW the fiber

Beam profile ; '
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Fig.4.7 Long-term test of the IS on the base of the Toptica DL100 system at 93®mmopr IS
frequency deviation, value of correction signal, temperature, output power
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Fig.4.8 Principle design of an ECDL in Littman/Metcalf configuratiotefavww.sacher-laser.com).

4.2.2 Injection seeder developed at DLR Oberpfafitan
In the final stage of the experiment, when the Ti&smitter was incorporated in the ground-
base water-vapor DIAL (see Chapter 6), a dual-vength IS developed at Institute for
Atmospheric Physics (IPA) of the German Aerospaeat& (DLR) in Oberpfaffenhofen was
implemented. The system is based on two stabiE£eDL’s (Sacher Laser, TEC 500 Leon), one
tuned at an online wavelength and other at an nefflone. The lasers are build in a

Littman/Metcalf configuration (see Fig.4.8).

The cavity of the laser is formed with a HR reteflector and the front facet of a laser diode as
the OC. The emission of the tapered laser diodeoiimated with a lens and directed to a
grating. The -T order of diffraction propagates further to therregsonator mirror and then is
reflected the same way back to the chip. By dopbdpagation of the diffraction grating during
a round-trip, side modes are better suppressedtufiadility is better and, hence, the mode-hop
free range is broader then in the Littrow configiara Using of a tapered laser diode chip allows

for a higher output power referring to the Littmdetcalf technique [Stry et al., 2006].

Tilting the grating, the laser wavelength can beatily tuned. A coarse adjustment over the
whole tuning range of the ECDL is performed witimator drive, for the fine steering of the
grating a piezo actuator is applied. The motor thiedpiezo actuator are controlled either directly
from a driver of the ECDL, or from any computernoected to the driver via the universal serial
bus (USB).

Figure 4.9 presents the scheme of the double-ECDLThe laser emission of both ECDLSs is
combined in a fast electro-optical switch (OMP2)pwing for the pulse-to-pulse alternation of

the channels at repetition rates up to 1 kHz. Ti&eh is triggered by the pump laser.
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Fig.4.9 Principle scheme of the IS developed at DLR. Here FC — Fiber coliler Precision Fiber
Coupler, XCOF — Cross Coupled Optical Fiber, OMP — Optical MultiplexedeHehelium-neon laser.
Courtesy of DLR Oberpfaffenhofen.

Several percent of the emission of every ECDL ispged off in a cross-coupled optical fiber
(XCOF) and directed to a precise wavemeter (Highése, Angstrom WS/7) via second
multiplexer (OMP1). A stabilized HeNe laser (SIQ&odel SL 03,A = 632.9900894 nm) is
coupled into the wavemeter via the same OMP1. &wigcthe input channels, the wavelengths
of both ECDLs and the HeNe laser are measureddycke. These measurements provide the
information for a feed-back loop, organized onltlase of a computer with a LabView program.
The duration of the cycle is adjustable, 30 s wamdl to be optimal. Once in a round the
wavemeter connects via the OMP1 to the stabilizetlédfor a recalibration. This is required
because of continues temperature drift of the watemand helps to keep the absolute
measurement uncertainty < 5 MHz. IThe acquired frequency measurements are storadile

and can be used later in a water-vapor retrieved fine data correction.

Although the system was completely specified in DbRhe optical lab, another specification
for the work in the mobile ground-based platform fiee DIAL was required. Figure 4.10 (a)
depicts a 17-hour trend of a frequency deviatiohSpfmeasured during an intensive operation
period (IOP) of COPS measuring campaign [Wulfmeyteal., 2008] on 1-2 August 2008.
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Fig.4.10 Frequency deviation of the IS during DIAL measurements on 01-02 Aug 2007: lorigetetm
(a), detailed picture of a mode hop (b) and statistical distributiofér sd — standard deviation

This data set has a periodic structure due to testyre fluctuations in the trailer of the ground-
based DIAL system, caused by an air cooling sygtenthe discussion see Subsection 6.3). At
1630 UTC and after the midnight there were sevéeduency jumps of 500 MHz (see
Fig.4.10, b). They can be explained by lasing imétees of the ECDL, when it approaches a
limit of the mode-hop free zone. The spectrum efémission starts jumping between two stable
modes with an increasing amplitude. The frequerttsr jof the ECDL decays with the further

drift of the laser emission spectrum in the neabk zone.

A standard deviation of the given data set is 24zMiee Fig.4.10, c). Having an overall

requirement of 200 MHz ) for the accurate water-vapor measurement witmoargl-based
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DIAL (see Table 2.1), such a behavior of the IS t@naccepted for measurements in the
boundary layer as far as mode hops would be avoitledvever, the requirement of the
maximum frequency deviation of < 60 MHz, makes egapion of this IS rather challenging for
water-vapor measurements in the upper troposphbeespecifications of the IS are summarized

in Table 4.2 (regarding preliminary laboratory measent and following in-field operation).

Table 4.2 Specification of the DLR IS based on TEC 500 moduleardieg initial specification and
after the field experiment COPS).

Parameter Value specified Values measured dufing
COPS

Tunability, nm 815... 840 815... 840

Mode-hop free range, GHz >40 10-15

Linewidth, MHz (after Sacher-Laser) <20 L

Fiber out-coupled power, mW 20 <10

Frequency stability rms, MHz <25 24

Channel cross-talk of OMP2, dB <-65 -20

Response time of OMPgs <5 L

1 — the value was not specified

For the water-vapor profiling of the atmospherenfrthe ground level up to the lowermost

stratosphere, this IS has to be modified. The mspdime of the feed-back loop has to be
decreased. When necessary, another stabilizatdmitpie has to be applied, for instance,
stabilization on a wing of a resonance of a sotamlom. The revealed mode hops destroy the
frequency stability as well as the spectral purityhe slave TISA laser. Further work for a better
passive stabilization of the IS is required. If tbag-term drift of the diode lasers can not be
avoided for the in-field operation, the ECDLs mag teplaced with more stable lasers with

distributed feed-back (DFB) [Wirth et al., 2008].

Unfortunately, during the measurement campaignfalse optical switch OMP2 was damaged
and was not able to obtain the specified valuehefdhannel cross-talk. Therefore, the TISA
transmitter of the DIAL system was operated witkirggle IS tuned at an online wavelength,

whereas the unseeded output of the laser was fakan offline signal (see Subsection 6.3).

4.3 Coupling of the seeding emission into the resator

The output of the IS was coupled in the TISA resongsee Fig. 4.11). The laser beam on the
output of the fiber is collimated with the fiberliomator. Laser emission propagates the EOM
and is coupled in the TISA cavity through an OC protect the fiber from an occasional high-
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Fig.4.11 Coupling of the fiber output of the IS into the TISA cavity. Here FQier fiollimator, FI —
Faraday isolator, Lens — negative lens of the beam shaper, EOMre-elgiital phase modulator, OC —
output coupler, HR — high-reflective mirrors, CCD — CCD-camera.
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500 1000 1500 2000 2500
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Fig.4.12 Fitting of the beam propagation of the IS (blue) to the eigenmode of ttye(sali red).
Dashed red line corresponds the intra-cavity mode Mithk 1.8. Waist position of the intra-cavity
eigenmode is marked with a black line.

energy pulse from the TISA, a Faraday isolator wpplied. The collimating lens in the
collimator and a negative lens (with focal lengthf & -127 mm) between FI and EOM build a

beam-matching optics to fit the laser beam of #exlgng emission to the intra-cavity eigenmode.

To coalign the IS-beam to the optical axis of tegonator, a propagation direction of the non-
seeded TISA emission was marked, using an irisageand a CCD-camera. Ones defined, this
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track can be used for the alignment of the IS beéBonsimplify the tuning procedure, two HR
mirrors were applied to realize a “beam walkingheique.

The propagation of the seeding beam was contrallddthe CCD-camera to verify its fit to the
cavity mode. Comparing the size and divergenceheflaser beams, the best fit was found,
assuming the beam quality of the seeder beaM?cf 1.8 (see Fig.4.12, dashed). The quality
drop of the IS beam can be explained by its obsicuran a 2-mm aperture of the EOM crystal.
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Ti:sapphire transmitter

In the beginning of the TISA transmitter designipgcess, the performance of the laser was

analyzed within boundaries of four models, considecertain properties of the laser.

A model of thermal properties of the TISA crystdlhen the laser operates at a high-
average power, a significant part of the absorhedpemission is dumped as heat in the
crystal. This thermal load has an essential impadhe laser action. The crystal forms a
thermal lens, affecting the eigenmode beam propayat the cavity. The lifetime of the
laser level is reduced with increase of the tentpeza Thermal-induced aberrations
influence the beam quality. Therefore, the therpraperties of the laser crystal must be
carefully modeled and understood. A thermal modéhva special concern of a
Brewster-cut shape of the crystal was developetdinvifNVagner, 2009] (see Subsection
5.2).

A resonator design model. It is necessary to defieecavity configurations allowing for

a high-power operation. The thermal lensing mustdresidered, the laser has to operate
close to a dynamically stable point, TgMnode has to be preferred and the beam
propagation has to be corrected for astigmatise geetion 5.3).

A model for the laser pulse evolution. Applying afate equations approach allows to
find an optimum output coupler reflectivity and ¢alculate a slope efficiency of the

laser, a build-up time and duration of the pulsee(#\pp. A). Comparison of the

simulation and the experiment is presented in thbs&ctions 5.4.2 and 5.5.2 for
measurements at 935 nm and 820 nm, respectively.

Laser spectrum simulation. Spectral density ofdtmmulated emission cross-section of
the TISA, spectral properties of the intra-caviigneents were taken into consideration to
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optimize the transmitter for the wavelength of rest. The corresponding calculations
are presented in Subsections 5.4.1 and 5.5.1 émsdtup of the airborne and the ground-

based system, respectively.

In the following sections these models are detadled applied to simulate the optimum TISA
laser, matching the requirements for the DIAL traitter (see Table 2.1). Taking the modelling
results for a basis, the TISA transmitters for #idorne and the ground-based water-vapor

DIAL systems were built and specified (see Subeastb.4 and 5.5).

5.1 Ti:sapphire crystal

TISA is a solid-state laser material with a higlerthal conductivity, chemical inertness and
mechanical rigidity. First laser action was repdriie@ 1982 [Moulton, 1982]. TISA is one of the
most widely tunable lasers with a tuning range 00 to 1100 nm (see Fig. 5.1), which can be
operated continuous wave (cw) and in a pulsed mAdea four-level system (see Fig. 5.2) a
TISA laser provides a low lasing threshold and ghhtonversion efficiency. The transitions
between the pump level and the upper laser levektisas between the lower laser level and the
ground-state are significantly faster than therldssnsition and can be neglected in the rate
equations for TISA [Wagner, 2009]. However, theaxeltion time of the upper laser level of
7= 3.2us must be considered for the adequate simulatibiseoseeded and, especially, free-

running laser operation of a pulsed TISA laser wittavity length of L= 1 m (see App. A).

5.2 Thermal model

5.2.1 Crystal cooling
For experiments two crystal rods were grown usirigeat-exchange technology with diameters
of 7£0.001 mm and lengths of 20.01 mm. Their end-surfaces were cut at a Brewsigte of
60.5° regarding the optical axis with the c-axighef crystal parallel to the polarization plane of
the propagating light. The doping level of*Fiones is~ 0.15% (weight), absorption coefficient
is as514=1.8...1.9 crit at 514 nm and figure of mefitOM = 380. The rods were manufactured

in the company FEE GmbH, Idar-Oberstein, Germany.

To optimize the TISA laser for a high average pymopver, special construction of the crystal
heat sink was developed in collaboration with tlaidhal Centre of Atmospheric Researches.
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Fig.5.1 TISA polarized fluorescence spectra and Fig.5.2 Energy level scheme in the TISA [e.q,
calculated gain line shape [Moulton, 1986]. Moulton, 1986].
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Fig.5.3 Scheme of the clamp-shelled TISA crystal mounted into the heataimegy of Gerd Wagner,
IPM, Uni Hohenheim).

Its application significantly improved heat remoffam the rod and allowed for the temperature
control of latter with a precision better 0.1° Qa$s Here the crystal is mounted in an aluminium
cooler, two aluminium plates with a cylindrical bomade with an uncertainty &b um. The

bore diameter of each clamp-shell pair was measusaty an etalon rod with a precision of
+1 um. The bore surface was gold coated, and the Enekness was calculated to obtain the

best fit of the TISA rod. A high gold plasticity glds optimum mechanical and, therefore,



Chapter 5 Ti:sapphire transmitter

thermal contact between the clamp-shells and thystalr in spite of remaining surface

irregularities.

Figure 5.3 presents the heat-sink schematic. Tter surfaces of the clamp-shells are in contact
with peltier elements, and other surfaces are @oterl. Temperature of the peltier elements is
controlled by an external driver, using a sensoumbed in the clamp-shell. The outer surfaces of
the peltier plates are pressed into aluminium webeted heat sinks. In the experiment
temperature of the clamp shells was set to 15°ke&p the upper-laser-level lifetime long and,
therefore, the laser efficiency high [Moulton, 1§8@®peration at lower temperatures was

avoided to prevent condensation of atmosphericrwaigor on the crystal surfaces.

For a better temperature control, the heat-sinkuteodias mounted on an isolating plate. The
5 cm long blends are used to reduce risk of dustacoination: during operation at a high power

even a tiny dust particle may cause a severe daofdfge end-surface of the TISA crystal.

5.2.2 Building the thermal model

A fraction of the pump emission absorbed in theAliBaterial is utilized for its heating, causing

spatially-inhomogeneous temperature increase oker rod. The refraction index grows

proportionally to the temperature, building a stlech‘thermal lens’ in the crystal. To define

parameters of the thermal lens in the pumped rethildd spatial and temporal temperature
distribution has to be derived first. The thermaldal for the end-pumped Brewster-cut TISA
crystal was build by Gerd Wagner, IPM [Wagner et 2005; Wagner, 2009]. The clamp-shells
and the transition layer with their own propertiesre concerned for the calculation.

Figure 5.4 shows the calculated focal lengths efthiermal lens for different pump fluencies, for
the laser operation at 820 nm and at 935 nm, asgudifference in the fraction of the pump
power converted into heat. The simulation for av&ter-cut TISA rod was performed in a
parabolic approximation separately for two orthaggulanes: tangential, defined by the rod axis
and the end-surface normals, and sagittal. The faeam radius is 1.05 mm (at the energy level
of 1/& from maximum). The modeling shows clear differenéehe thermal lens strength in
sagittal and tangential plane, caused extensiweth& Brewster-cut shape of the rod. Although
the TISA birefringence contributes the astigmatisnthe thermal lens as well, its impact is far
too low. The astigmatic thermal lens causes defoomaf the eigenmode of the cavity, forming
elliptical cross-section of the laser beam and esws an overlap between the pump beam and
the TEMy in the crystal.

The theoretical investigations were complementdt am experiment (see Subsection 5.2.4).
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Fig. 5.4. Calculated focal lengths of thermal lens for Brewster-catatripVagner, 2009]. Pump beam
diameter 2.1 mm. Values in tangential plane marked red, in sagittal —@fitea solid curve are plotted
results for simulation of the laser operation at 820 nm, with a dashed-cangs5 nm.

5.2.3 Optical damage threshold of the Ti:sapphire
For optimum energy conversion the size of the plo@@m on the crystal should fit the size of
the resonator eigenmode. While designing the caatbfiguration, spot size has to be chosen as
small as possible to obtain the highest gain imptin@ped volume. The minimum beam diameter
is limited by laser-induced damage thresholds (DI®F the high-reflective mirrors with
dielectric coatings (HR) and the TISA crystal ag¢ thavelengths of the pump and TISA laser

emissions.

The best commercial HR-mirrors are specified f@usace LIDT of 10 J/cm(532 nm, pulse
length 10 ns (FWHM), pulse repetition rate 10 HZpr the TISA crystal, the value of this
parameter differs from one producer to another afsmior of ten, from 20 to 100 J/érfor the
same measurement conditions. The value of 20°J4@ms taken for the estimation. In the current
system, the pump laser provides pulses of a neassEmn shape with a maximum pulse energy
of = 180 mJ, pulse length of 20 ns at a rate of 25Qsde Table 3.1). Inside a ring resonator, one
pulse at the wavelength of the transmitter contaié® mJ of energy (at the output energy of

20 mJ and an output coupler with reflectivity o&)0
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The pump laser has the repetition rate higher ifeHz. Hence, the expected value of the LIDT
has to be decreased 4ﬁf / f. times [BVG, 1997], or even iy f / f, times [Fix, 2006], wittf —

repetition rate of the experiment laser rate of the reference laser. On the other hatahger
pulse of the current pump laser gives the 2-tinthsmatage. Thus, the values of the surface
LIDT of the optics in the experiment has to be read4 J/crhfor HR-mirrors and 8 J/cfrfor
TISA crystal.

While choosing the optimum pump beam size, somerosisues has to be considered. The HR-
mirrors directing the pump beam are affected onlyhe energy at 532 nm from the pump laser,
and the intra-cavity HR-mirrors are interactingyowiith the near-IR TISA emission. The TISA

rod is irradiated with both pump and resonator anth a high temporal and spatial overlap.

Pumping of the crystal from both sides yields hajvihe incident pump energy per surface.
When the waist of the pump beam locates on the Ti§étal and the energy density on the HR-
mirrors is significantly smaller, the optimizatioof the pump beam and the eigenmode

parameters can be performed only solely with radpethie damage threshold of the laser rod.

The lasing was assumed safe at the energy derighg pump beam at a half of the LIDT of the

TISA crystal, the Brewster-angle cut of the rod wascerned, and the minimum pump beam
size was calculated regarding the peak energy tyefisie beam radius of 0.85 mm (at?level

of energy from maximum) was calculated for the pymose energy of 90 mJ pumping from

both sides, 0.8 mm was used in the experiment.ifitn@-cavity pulse has a smaller energy, is
temporary separated from the pump and, theref@m,be neglected in a first approximation.
Nevertheless, it must be considered for resonatsigd calculation with respect to a LIDT of

the intra-cavity optics.

5.2.4 Thermal lens measurements

The set-up for the thermal lens measurement iMTt8A crystal is similar to one used later for
lasing operation of the transmitter (see Fig.51®) measure the focal length of the thermal lens,
a probe beam from the ECDL was sent through theppdnaser rod and its further propagation
was recorded with a CCD-camera, mounted on aNMailing the camera along the rail, around
20 shots of the beam cross-section were recortlediegion around the beam waist and at least
double Relay range in each direction was mappedthier confident definition of beam
parameters. The location of the beam waist dependise pump power level. To constrain waist
position for a certain area, an additional positees withf = 570 mm was applied. The waist

position of the initial probe beam locates in thd (waist radius 0.4 mm, divergerred mrad).
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Nd:YAG

Fig.5.5 Scheme of the set-up for a measurement of the thermal lens. Here BSsplitear, HR — high-
reflective mirror, DM — dichroic mirror, IS — injection seeder, FI — Bayasolator, CCD — CCD

camera.
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Fig.5.6 Experimental and theoretical values of the thermal lens focal lengtBrewster-cut crystal rod
vs. absorbed pump power. For the pump laser in configuration Pump-1, measureanaakes with
points, theoretically derived values [Wagner, 2009] are drawn with civaésges in tangential plane
marked red, in sagittal — green. With a solid curve the results for siomutd the laser operation at
820 nm are plotted, with a dashed curve — at 935 nm. Beam diameter 2.1 mm.
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The stored profiles were loaded in a “Beam Analyypeogram (TU Berlin) to define the waist
position and the relay range. Comparing these hemameters for each pump power level with
corresponding parameters of the probe beam, prapggée rod without a thermal load, the

strength of the thermal lens was derived.

Figure 5.6 presents experimental values of thenthkdens focal length in the TISA rod
regarding total pump power, absorbed in the cry3taé plot is drawn in a log-log-scale. The
experimental results can be approximated with aerg@l function within a measurement
uncertainty. The measurements were performed tptwer levels of 12, 15, 19 and 23 W in
pump laser configuration Pump-1 with pump beam di@m2.1 mm (at the level fjeand
maximum energy density in the peak of 2.6 Jldto special measurement for the configuration
Pump-2 was performed. For the last one some wealees of the TL for the same pump level
as in Pump-1 were expected due to a worse overidptine eigenmode of the cavity (see Fig.

3.7 for the pump beam cross-sections). Theoretedales from Fig. 5.4 are also depicted here.

The experiment confirmed the theoretically prediadescrepancy between thermal lens values in
tangential and sagittal plane of the TISA rod. Fhape of the dependency is the same as in the
simulation, though a clear shift of the experimedeta toward the shorter focal lengths has to
be mentioned. This can be explained by differenoaperation conditions in the experiment and
assumed for the simulation. In the model a lasipgration is simulated with a 20-40 %
conversion of the absorbed power into laser emmssihereas no lasing was allowed during the
experiment and, obviously, a large fraction of {hw&mp energy was converted into heat.
Limitations of the model due to the applied parabapproximation of the temperature profile
and coefficients uncertainties, may also contriltnéedifference.

From the other side, the energy distribution in tmess-section of the pump beam in the

experiment differed from the ideal Gaussian oneviitpa higher energy density in the center,

the real beam may vyield a higher thermal load énahkial zone. An increased thermal resistance
between the rod and the clamp-shells may cause aflesnneat flow and, hence, a higher

temperature of the crystal. The size of impacheke factors is currently under investigation.

5.3 Resonator design

The certain features must be taken into consideratithile design the laser resonator of the
DIAL transmitter. First, operation at a high peatwer and high energy density has to be
allowed. The principle mode, TEJy should be preferred for operation. Thermal legsimust be
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Fig.5.7 Principle scheme of the TISA ring-resonator, evoluted. Here L1 i tipavhich beam
propagates from TISA to the lens, L2 — the air gap which beam propagatesrfsaim tiee TISA,
closing the loop. L1+L2 gives roughly the resonator length.

considered with respect to the dynamical stabitifythe resonator eigenmode. The beam
propagation has to be corrected for astigmatismgl&ifrequency operation and injection
seeding has to be allowed. Therefore, an unidoeatisingle-rod ring cavity with a cylindrical

lens was selected. Resonator parameters were a@duh a paraxial approximation using a

matrix formalism, which yields sufficient precisifidodgson, 1996, p.76].

The intra-cavity beam propagation is described by tABCD-matrixes, comprised by
corresponding propagation matrixes of the resonabanponents separately for tangential and
sagittal plane. For the ring resonator depictedhenFig.5.7 with a Brewster-cut crystal with an
axial lengthl and a refraction inden, with a thermal lens focal lengtlfis andfts, with air gaps

L1 andL2, with an astigmatic lens with focal lengthandfs, the matrixes are:

1 L2y 1 0y1 L1y 1 Le/r®) (A B
M.=M M. M M = -
t L2V (M Miga (O 1 ]{—1/ f. 1](0 1 j{—l/ ft, 1 j [Ct Dt]

1 L2y 1 0y1 Ly 1  Le/n)_(A B
M;=M_ M; M Mg, o= O 1 \-1/f. 1) 0 1 \-1/ft 1 - C, D

S S
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The resulting propagation matrixes depend on tret iomponent of the round-trip and the
propagation direction. This represents the vamatibthe beam fundamental parametevs £r,

2) along the resonator. In the given matrixes thendstrip starts from left principle plane of the
crystal through the rod toward the air dah thus describing the eigenmode behavior between
the lens and the rod in the air dah

To define the cavity parameters, namely, L2, ft; andfts, the constraints of the eigenmode
propagation and the dynamic stability has to beliegppto the resonator matrix. Regarding
[Hodgson, 1996, p.76], the principal mode of a lexgiGaussian beam in a free space at a

positionz can be extensively described in a paraxial apprakon via theg-parameter:
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1 1 . 1 1 . A

(5.4)

A \my(2* 2 P 1,(2)°

whereR(z)andw(z) are the phase and beam radius at the positi@spectivelyw, is the waist
radius of the eigenmode. An optical system, deedriby an ABCD-matrix, transforms thp

parameter of the beam frogp at the input plane to, = (Aq, + B)/(Cq, + D) at the output plane.
Handling the reproducibility of the beam parameterthe stable resonator after a round-tgp:

=(Q; =(Q, — one gets the eigenmode propagation const@inhé ABCD-resonator:

lzD—A_i1/4—(A+D)2 (5.5)
qg 2B 2B '

with q° — theg-parameter of the eigenmode at the intra-cavitynele, where the round-trip of
an ABCD-matrix calculation was started. From Edgk.%.5 the beam waist radivg;, the
distance from the beam waist position regardingtista point of the round-tripg, and the

eigenmode size on the crystal; are

wanA 2B /,/4-(A +D,)’

A 2 -, (5.6)
m1+(D, - A)*/(4-(A +D)?%)
7 = 2B /(D, ;A) i (5.7)
1+ (4_(A + Di) )/(Di _A)
Wci:\/j 2B , (5.8)
© 7 4-(A+D)

with i = t,s for tangential and sagittal plane, respectivety.obtain the dynamical stability of the
resonator, a configuration has to be found wheredégnce of the eigenmode size on the rod

from the value of the thermal lemg (f)) has its minimum. Then the variation of the purogver

dWci(ft)

does not influence the size of the cavity modesHaundary can be formalized as——— =0.
t

In a ring resonator with a single crystal this atiod fulfils whenA+D; = 0 and, therefore,

A
- |2B. (5.9)
ft = ft,optim T

Wc,i
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5.4 Ti:sapphire transmitter for airborne and spaceborne measurements

5.4.1 Ti:sapphire set-up
The band of lines around 935 nm was found optimamtlie operation of an air-borne water
vapor DIAL, regarding boundaries summarized in 8gben 2.2: here are present the
absorption lines with a large absorption crossisector water-vapor profiling of the upper
troposphere as well as the lines with a small gdigwr cross-section for measurements in a

lower troposphere (see Table 5.1).

Table 5.1 Suitable water-vapor absorption lines in region of 935hynHitran database). Her® —
intensity of the absorption ling;; — air broadened width of the line (HWFM).;— self broadened width
of the line (HWFM);E™ — lower-state energy.

Wavenumber Wavelength S, air self .

vacuum, crit vacuum,?lm cm/cm? an/bar an‘llbar E”,em’|  Notes
10684.8292 935.9064 3.81E-24 0.0878 0.4654 383 weak
10688.7726 935.5611 4.70E-23 0.0844 0.3500 488 medium
10687.3630 935.6845 5.42E-22 0.091p 0.5000 1837 strong
10685.3200 935.8634 7.39E-26 0.091p6 0.0000 2P6 ofﬂine

Using the information on the absorption lines fr¢ESA, 2000] they were checked for
applicability in different atmospheric conditionggarding the procedure formalized in
Subsection 2.2. An absorption cross-section of diaehwas calculated and offline zones were

defined. The cross-section of tHline is o, =S(T)V,(V, p,T), whereV — Voigt function, the

convolution of the area normalized Lorentzian-skiayater-vapor absorption line and the area-
normalized Gaussian-shaped Doppler line [Di Giraaet al., 2004]. Figure 5.8 depicts
spectrum distribution of the water vapor absorpiooss-section in the vicinity of 935 nm for
US Standard atmosphere conditions at the sea(€weR88.2 K,Rh= 45.88% py,0 = 7.8 hPa).

To comply the demand of the narrow-bandwidth lasspgctral properties of all the components
of the laser has to be considered, namely thectefiyy spectrums of the coatings of HR-
mirrors, an output coupler (OC), an intra-cavitydeas well as the gain spectrum of the TISA.
Ideally, the superposition of these spectrums shallbw for a small-signal round-trip intra-

cavity signal amplification o&s > 1 only for a single longitudinal mode.

After [Moulton, 1986] the gain spectrum of the TI&Aapprox. 300 nm broad with its maximum
at 800 nm (see Fig.5.9, black). The reflectivitgsppum of a commercial HR laser mirror with a

65



Chapter 5 Ti:sapphire transmitter

10 3
. absorption lines
il (regarding Table 5.1)
o -strong
o 10 3
S . -weak
c i -offline
e
B o6
$ 10 3
1) ]
(2]
2 ]
5 i
[
o -27-
510 3
o ]
(7]
2 ]
< i
-28-
10 3
—-29 T T | — T | — T T T T T 1 T T T T T T T T
10 10670 10675 10680 10685 10690 10695 10700

wavenumber, 1/cm

Fig.5.8 Spectrum of the water-vapor absorption cross-section for US Statdasphere on the sea level
for the absorption lines around 935 nm.
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Fig.5.9 Calculated spectral efficiency of the intra-cavity elet® of the TISA set-up at 935 nm: TISA
small-signal gain, normalized (black); calculated transmissioctrsjpe of the 3-plate BF, optimized for
935 nm (blue); round-trip reflectivity of the three HR and 70% OC of the Z-shapeavity (green).
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Fig.5.10 Calculated spectrum of the small-signal intra-cavity rounautmification in the TISA laser
at 935 nm. Cavity round-trip amplification without HE-mirror (blue), refigstiof the HE-mirror,
normalized to the peak of round-trip amplification (green).

dielectric coating optimized for a 0° incident angibtainsR=99,5 % at the maximum at
935 nm,R=99% at 885 nm and then drops within next 30 pn546%. Without additional
spectrum-defining intra-cavity components such 8AT laser will operate at 870-880 nm (see
Fig.5.9, green, includes 70% OC).

Further spectral narrowing was performed usingreftimgent filter: a set of flat crystal quartz
plates of different thicknesses, mounted in thdtgat a Brewster-angle to the eigenmode (see
Subsection 4.1.1). For the experiment at 935 nBiphate BF with thicknesses of the plates of
0.85, 1.7 and 3.4 mm was applied. Using Eq. 4.&aasmission spectrum of the BF was
calculated (see Fig.5.9, blue). To obtain the maxmtransmission of the BF at 935 nm, the

angle between the optical axes of the plates is¢hand the polarization plane was set to 55°.

Figure 5.10 (blue) depicts the estimated spectistrilution of the small-signal round-trip
amplification in the TISA-laser cavity with the BFFhe peak amplification was calculated with
Eq. A.7 for the maximum gain cross-sectionqof 2.7*10%° cn?, the absorbed pump pulse
energy of 95 mJ, the pump beam radius of 0.8 mmtlam®0% overlap efficiency (see App. A).

The spectrum of the laser emission is limited torégion with a round-trip amplificatiocd > 1.

The amplification at 935 nm is > 2, but in the myi870-890 nm it is > 2.5. To suppress the
short-wave spectrum, a resonator mirror with a igflgcdesigned dielectric coating, the so-
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called ‘hard-edge’ mirror (HE), was applied (seg.FH.10, green). The reflectivity spectrum of
this mirror has a ‘step’, so that it acts as an iRror for the wavelengths beyond 930 nm,
providing > 97% losses in the region <920 nm. Gjvam the incident angle, the reflectivity
‘step’ can be shifted as close as possible to B&ndn to obtain the required wavelength

selection. The optimum incident angle was found a5°.

For the fine wavelength selection, the injectioredieg technique was implemented (see
Subsection 4.1). This method is especially effecfr ring lasers, where the seeding emission
can be coupled in a cavity of a slave laser natufin the HR-mirror but through the output
coupler, thus increasing the coupling efficiency. @high seed power and sufficient spatial
overlap of the eigenmode and the IS beam, the diaser will run either single or dual
longitudinal mode, depending on the offset of ti& ftequency from the closest cavity
resonance. In the experiment the ECDL Toptica DL4AB an output power of 20 mW cw was

implemented.

For the measurements at 935 nm, only the first fivadion of the pump laser Pump-1 with
maximum output energy of 100 mJ in a pulse wadahlai (see Chapter 3). Taking into account
energy losses between the pump laser and the Tigsat caused by, e.g., leak through HR-
mirrors, reflection on the lenses of the telescapd on the dichroic mirrors, transmission
through TISA-crystal, only around 90 mJ of the puemergy was absorbed in the rod. This
corresponds to a focal length of the thermal leh§G® mm and 920 mm in tangential and

sagittal plane, respectively (see Fig.5.6). Thg davity with a length of 1350 mm was chosen.

Figure 5.11 depicts the radius of the TggMhode along the resonator, obtained using Egs. 5.6-
5.8. In this configuration, the eigenmode radiuthe TISA crystal is 0.65 mm. It is less than the
pre-selected pump beam radius of 0.8 mm, derived mgspect to the damage threshold of the
resonator components. The smaller radius is camgede selection of the shorter cavity length

to improve the stability of the resonator.

To compensate the astigmatism, induced by the thldens in a crystal with Brewster-cut end-
surfaces, an intra-cavity cylindrical lens is reqdi However, in the current experiment using of
the lens was omitted to reduce the passive logsddarease the conversion efficiency. It does
not affect the overlap with the pump beam, becdhsecigenmode cross-section in the rod is

circular (see Fig. 5.11).

Figure 5.12 depicts the stability zone of the reg¢on the eigenmode size on the rod with respect

to the thermal lens focal length (solid curves) ahdorbed pump energy (dashed curves).
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Fig.5.11 Calculated radius of the eigenmode along the resonator in tah@edti and sagittal (green) plane,
respectively. The O-position corresponds the first principle platieedfISA.
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Fig.5.12 Calculated radius of the TN the crystal rod with respect to the thermal lens focal length (solid
curves) and absorbed pump energy (dashed curves) in tangential (red) aak(geagn) planes. The radii
values corresponding the maximum pump power are marked with disks. Thatamreétween the thermal
lens values and the pump power was established regarding the experimep¢dé@sSubsection 5.2.4.
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The dynamic stability of a resonator is obtainethew the eigenmode size in a crystal — and
therefore the spatial overlap with a pump beamesdwt depend on variation of a pump power
or, in terms of a functional dependence of the ngde from the pump power, in the extremum
of this function. Varying the cavity length, a lasmn be optimized with respect to the given
strength of the thermal lens in both planes. Imgls-crystal cavity without intra-cavity lenses

the shape of stability zone with respect to thentfa¢ lens values is similar in the tangential and

sagittal plane.

Temperature variations as well as mechanical iflgtabf the resonator elements have to be
minimized to obtain the strict stability requirenterior the DIAL transmitter (see Table 2.1).

The passive stabilization was obtained using @ mogitical bread-board and optical mounts with
a low temperature expansion coefficient At the rmmliwavelength a strong water-vapor
absorption induces for a building-up laser pulsditaahal ~10% dissipative losses per round-trip
(see App. A). Hence, for a stable laser operatiencavity volume was sealed and purged with

nitrogen.

Considering all requirements and limitations, tbkofving layout of the TISA laser was built for

the experiment in the wavelength region around r885(Fig. 5.13). Here the beam from the
pump laser propagates to a 50%-beam splitter (B®ugh a lens combination, obtaining the
optimum overlap of this beam and the eigenmoda@efésonator in the crystal rod. Reflected by
two high-reflective (HR) mirrors, the pump emissienters the laser rod from both sides. The
first lens in this beam shaper enlarges the beaite lie second focuses it on the rod. This
configuration forms a convergent beam with the tvaisating in the crystal plane and a large
spot size on the bend mirrors, avoiding their @ptidamage. To obtain the similar energy
distribution on both surfaces of the TISA rod imstlayout, distances from the BS to the crystal

in the both branches must be kept equal, decre#sniiexibility of the set-up.

Using an energy leak through one of the HR-mirrgissition and size of the pump beam is
monitored continuously with a CCD-camera, verifyimg overlap with the intra-cavity

eigenmode.

A z-shape ring cavity comprises two dichroic misrdpM), the HE mirror, glued on a piezo
actuator for the resonator length adjustment, amdoatput coupler (OC). To provide an
unidirectional cavity propagation, a combinationaol5° Faraday rotator (FR) and a halfwave
plate A/2) was implemented. A birefringent filter (BF) faer coarse spectral selection was

applied.
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to WM

' to AC, SA

Fig.5.13 Scheme of the TISA set-up for 935 nm (&) the photo of the experimental layout (b). Heg-B
beam splitter, HR — high-reflective mirror, HE -afild-edge’ mirror, DM — dichroic mirror, L — cylindal

lens, FR — faraday rotator2 — halfwave plate, BF — birefringent filter, O@utput coupler, IS — injection
seeder, FI — faraday isolator, WP — wedge plate) E€CD camera, SA — spectrum analyzer, AC —
absorption cell, WM — wavemeter, SM — spectromddet,— biased photodetector, ECDL — external-cavity
diode laser, FCp — fiber coupler, FCI — fiber cuéitor.
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The DMs provide a high transmission for the pumpssian and a high reflection for the
emission of the TISA. In the first version of th&SA layout using of these mirrors was omitted
to reduce the pump losses (around 4%). The pumpTd84 beams propagated coaxially
through the rod. Due to a significant refractioder dispersion of the TISA, at the 50 cm remote
from the rod the spatial separation of the bearaklyi5 mm, allowing to avoid propagation of
the pump beam through the aperture of a resonatorrm

At the final stage of the experiment, the intraitaenergy density approached the damage
threshold of the most sensitive elements, namedyHE and the halfwave plate. They were
moved as close as possible to the TISA crystaherzone of a larger eigenmode (see Figs. 5.11,
5.13), forcing to use the DMs in the resonator. &ibkieved safe operation and decrease of the
misalignment sensitivity of the cavity, owing teealuced cavity length from 2.5 m to 1.5 m, was

found to be a good trade-off for a smaller pump @ow

The fine spectral tuning is obtained with the itjmt seeder (IS), coupled in the resonator
through the OC. To prevent the optical damage efl® by an occasional contra-propagating
ring-cavity emission, a Faraday isolator (FI) wapleed. Considering the severe atmospheric
absorption at the online wavelengths, the exteoaaity diode laser (ECDL) was mounted

together with the TISA laser, on the breadboarttlenghe sealed volume. For a higher alignment
flexibility of the set-up and to round the IS laseram, the output of the ECDL was coupled in

the resonator with an optical fiber.

For a continuous monitoring of the laser parametargeral devices were implemented apart the
CCD-camera for the overlap control. The beam of TH&A emission was directed through a
wedge plate (WP) to a power-meter (PM, not showst)eZent LM100. The first reflex from the
WP was sent to a CCD-camera for the beam imadiegsécond was coupled in an optical fiber
and connected to a spectrometer (SM, SPEX, Mode2)1fdr a coarse spectrum definition. For
some tests, the PM was removed as on the givearpjcand the beam was sent partly to a
spectrum analyzer (SA, Coherent, Model 240) to nMes&inge pattern with the following CCD-
camera for a fine mode-structure definition. Anotipart was coupled in a 30-m multipass

absorption cell (AC) for the spectral purity spawfion.

5.4.2 Output energy and efficiency
The TISA-laser slope efficiency was measured u#iiegpump laser in the configuration Pump-
1: 250 Hz repetition rate and 100 mJ pulse enefpe eigenmode radius on the crystal was

0.65 mm (see Fig. 5.11), whereas the radius optimep beam was kept 0.8 mm to prevent the
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Fig.5.14 Slope efficiency of the TISA laser at 98b. The results for the free-running mode markeld re
for the seeded — blue. Experimental data marked adts, numerical solution — with solid lines,
numerical solution with intensity-dependant lossegth dashed lines.

optical damage of the TISA. The overlap of the beamas~ 77%, calculated as the energy
fraction of the pump beam inside the eigenmode eiam(at the level 1% and normalized to
86.5%. Nevertheless, the pump beam has a nearigawssss-section profile, obtaining a gain-

guiding effect for the laser pulse evolving in THSA rod (see Fig.5.15 a).

The optimum reflectivity of the OC was calculatedharespect to maximum output energy of
the TISAEmsa using Eg. A.12. For maximum pump energy of 95amd the passive losses in a
range 8-20%, the optimum reflectivity B~ 75%. The couplers with reflectivities of 60%, 72%
and 80% were tested. The output energy of < 12 asl achieved using the 80% OC, whereas
with the 60% OC~ 15 mJ were obtained.

Finally, the 72% OC was preferred. Figure 5.14 shtve measured output pulse energy of the
TISA laser, free running (red points) and injectgeeded (blue points) at an offline wavelength,
as a function of the absorbed pump energy at 532Tira slope efficiency of the laser was

~ 40% with the lasing threshold at 44 mJ seeded52whJ not seeded. The maximum output
pulse energy was 18 mJ with the optical energy emion efficiency of almost 20% from

532 nm to 935 nm. Although the pump energy in thiperiment did not exceed the value of
50 mJ from each side, further reduction of the pumepm size for a better overlap with the

TEMygo of the resonator was not possible. The limitatv@s caused by a low LIDT of the optics,
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namely the HE-mirror. Further reduction of the eig@de size and/or increase of the pulse
energy led to it immediate damage.

The TISA laser showed a more efficient operatiothim seeded mode than in the free-running
mode. This effect can not be explained within usatd-equation model [e.g., Koechner, 1999],
based on an analytical solution of balance equsitim®e App. A). However, a numerical
solution of these equations yields discrepancyhefglope efficiency between the seeded and
free-running modes of the TISA-laser operation. Tinenerical solution of the rate equations
A.7-A.9 for the amount of passive lossesBof 0.08 for the seeded and free-running mode is
depicted on the Fig.5.14.

The TISA has a laser transitionof 3.2us at 300 K [Moulton, 1986], yielding the depopubati

of the upper laser level of 3.5% and corresponding gain drop~o7% within the first 100 ns
after the pump pulse. The seeded operation obsasi®wrter pulse build-up time then the free-
running mode with a difference of > 200 ns at tasirlg threshold (see Fig.5.16). Thus, the
seeded pulse enjoys higher gain, which allows darelr threshold and higher efficiency. With
increase of the pump power, the build-up time desge down to 100 ns at maximum and the

difference of the output powers in the seeded antdeeded modes is significantly smaller.

Although the presented model yields a good coimzdewith the experiment in a sense of the
lasing threshold and revealing the discrepancy éetmthe seeded and the free-running modes,
the real slope efficiency is smaller than the sated one. This difference is particularly strong
for the not seeded mode, presenting even a negsitipe at a high pump power. The lower
slope efficiency in the experiment can be explaibgda decrease of the energy extraction
efficiency from the TISA crystal due to distortioh the cavity mode. The rate of distortion is
proportional to the power density of the intra-ta&M-field.

Figures 5.15 (b) and (c) present the energy digioh in the cross-section of the TISA beam for
a circulating intra-cavity energy (average poweir)46 mJ (10 W) and 54 mJ (13.5W). The
beam on the Fig.5.15 (c) has a lower peak intet&tause of the stronger filter used in front of
the CCD-camera. Regarding these observations thA Beam has a distortion in the horizontal

plane, which becomes stronger at a high power tgensi

The largest part of the distortion is likely indddey the HE-mirror. Comparing Fig.5.15 (c) with
Fig.5.30 (c) for the TISA beam operation at 825 mgnificantly better beam quality of the
latter can be mentioned for the same intra-cawtygr density. The layouts are similar, and the

only principle difference is implementation of tH&-mirror for the experiment at 935 nm.
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Fig.5.15 Cross-sections of the pump beam (a) amdukcoupled cavity mode of the injection-seeded
TISA at 935 nm: 68 mJ pump, 11 mJ output (b) andhdPpump, 15 mJ output (c).

However, the real nature of such a behavior ofHEemirror is unclear. The thick multilayer

dielectric coating of this mirror may bulge at @tnintensity of the EM-field, causing its lower
damage threshold and, probably, deformation of ilawefront. The beam distortion in the
horizontal direction was higher due to the largetius of the eigenmode on the HE-mirror in
this plane, 0.6 mm (considering an incident anglé75) vs. 0.5 mm in the vertical plane. The
elliptical shape of the pump beam on the Brewsteremd-face of the TISA rod (two times
larger in the horizontal direction) contributes tiistortion of the eigenmode as well. Although
there were no special measurements performed dy s operation of the HE-mirror at high
energy densities, the summary of the practical eepee allows to confirm its influence on the

distortion of the eigenmode.

These dissipative losses can be considered in titee pevolution model as the intensity-

dependent ones. The numerical solution gives a fjodor the seeded mode with 4% of these
losses at the maximum pump power starting from thatlaser threshold (see Fig.5.14, blue
dashed curve). Including the losses in the mod#h@hot-seeded lasing gives a better fit to the
experimental results from the lasing threshold g% mJ of the pump energy, though it does

not explain the negative slope at the higher enkrggls (see Fig.5.14, red dashed curve).

The energy decay in the free-running mode is dutheéoobserved contra-propagating wave in
the cavity. The Faraday rotator used for this expent, rotates polarization plane for only 15°,
yielding in total a 30°-rotation for the “wrong”réiction and, hence, only 19% round-trip losses
more on all intra-cavity Brewster-angle surfaces.afhigh pump power the gain exceeds the
round-trip losses for the contra-propagating walee appearing lasing in the contra-direction

depletes the total gain and decreases of the outptlte main direction. However, when the
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cavity is seeded, the wave in the seeding dirediarts to evolve earlier and extracts all the gain
before the contra-propagating emission can exdeethsing threshold.

The laser operation in the seeded mode on the niaxipump power was possible in the current
set-up for only a few minutes until damage of thatmg of the HE-mirror. The peak energy
density of the eigenmode on this mirror was 15c&3/(at 935 nm, rate 250 Hz, pulse width
40 ns). Taking into account the distortion of theaim, the value of the laser induced damage
threshold for the HE-mirror may be estimatee 40 J/crf.

Measurements of the beam quality were performethioutput pulse energy of 12 mJ to avoid
the optical damage, yieldingl? = 1.75. Due to the additional beam distortion ba higher

intensities, the value &fi* ~ 2 was estimated for the maximum pump power.

5.4.3 Build-up time of pulses
To define the temporal characteristics of the tmatter emission, pulses were monitored with a
high-speed photo diode and their build-up timesasueed peak-to-peak, were recorded. Figure
5.16 shows the build-up time of the TISA laserddferent pump energies in seeded (blue) and

free-running (red) modes. The experiment conditiwase the same as for the Fig.5.14.

The analytical solution of the rate equations A.B-fsee Eq.A.14) and their numerical solution
present the similar results. Further detail of nhedel with the intensity-dependent losses (see

Fig.5.16 dashed curves) leads to a negligible alhang

The fit between simulation results and the expeminfer the free-running mode is within a
measurement uncertainty, whereas in the seeded awdl@ underestimation of the build-up
time is observed. The source of this bias is stittknown and further improvement of the pulse-

evolution mode is required.

There is an obvious build-up time reduction by ssgd\Nevertheless, the measured pulse width
does not depend on the presence of the seedingiemisonfirming the model (see Eq. A.15).
At the maximum pump power the widthe#0 ns (FWHM) was measured.

5.4.4 Spectral properties — single mode lasing emission bandwidth, seeding efficiency
To fulfill the strict parameters of the water-va@AL transmitter, the TISA laser must operate
at one or two longitudinal modes. Applying only thassive spectral-selection components, a
TISA bandwidth of approx. 1 nm can be obtained.ufég5.17 depicts the IS and the TISA
emission spectrums, coupled via a multimode fiberai 2-graiting spectrometer (SPEX
Model 1302) and recorded with a line CCD-camera(lebs LC-1).
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Fig.5.16 Pulse build-up time of the TISA laser & $%im vs. absorbed pump energy, measured for seeded
(blue dots) and not seeded (red dots) operatiosulRef the modeling is drawn with thin, thick atashed
curve for the analytical, numerical, optimized nuiced solution, respectively. Conditions of the
experiment and assumption of the calculations Weresame as for the slope efficiency (see Fig.)5.14
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Fig.5.17 Coarse spectrum of the IS and the TISér|aseeded and not seeded, obtained with the gratin
spectrometer SPEX 1302 (resolutief.2 nm @ 930 nm). The subpeakes are due to migadigt of the
coupled laser beam.
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The free-running laser operated with a bandwidth: 6f8 nm (red curve). Using the IS (blue
thin curve) allowed to decrease the bandwidth eftfSA laser to the value comparable with the
bandwidth of IS itself (blue thick curve). The bandths of the seeder and the seeded laser were
measured to be 0.2 nm, limited by the resolution of the spectrteneThe sub-peaks on the

spectrums of the IS and the seeded TISA laseraaurged by misalignment of the coupled beam.

For the fine specification of the longitudinal-maosteucture and the bandwidth of the TISA the

spectrum analyzer (Coherent Model 240) was appedits specification see Subsection 4.2.

To work with the pulse signal, the SA was set ifriage’ mode, when the photodetector and the
lens are removed, ramp generator is switched afftae SA works as an FPI. The incoming
laser beam from the transmitter is expanded aridnadéd to fill the whole aperture of the FPI.
The generated energy pattern from between the reirsdmaged with a lens to a CCD-camera.
Figure 5.18 (a) shows such a pattern of the pbrisgleded TISA, when the frequency of the IS
does not match the cavity length and two neighbodes are lasing simultaneously (two sets of
rings), while part of the emission stays unseeaed Structured spot in the center of the shot).
When the IS frequency is close to one of the rasonl@ngitudinal modes, lasing of the
transmitter is performed only on this frequencye(5&y. 5.18 b). Some multiple sub-patterns on
the pictures were caused by diffraction on the 5 aparture of the mirrors of the FPI and
aberrations of the imaging lens.

The width of the fringes can be used to defineltdedwidth of the TISA. Regarding [Hercher,
1968], the frequency separation of two points witthie same FSR is correlated with radii of

their fringes as

_ _<v>(pi-pf P5 =P}
Av=sy,-v, = P ( ZM“l +4r5# : (5.10)
where<v> — mean optical frequency of the signak radius of curvature of the interferometer
mirrors, p — radii of the fringesM — magnification of the imaging optics and departure of the
FPI mirrors from the confocal separatiorfor the given values efandr, the magnification can

be derived from the distance between two fringegasated by one FSR.

Figure 5.19 displays the intensity distribution time fringe pattern of the emission of the
injection-locked TISA laser along the horizontal imaxis of the fringes (it corresponds the
horizontal dashed line on the Fig. 5.18, b).

For the confocal FPI with the mirror separatiom f 10 mm and the departuresof 15um, an

78



5.4 Ti:sapphire transmitter for airborne and spdm®@ne measurements

Fig.5.18 Fringe pattern formed in the confocal &®Rd recorded with a CCD-camera for a) partially

seeded TISA and b) injection-locked TISA at 935 nm.
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Fig.5.19 Intensity distribution in the fringe pattef the injection-locked TISA along the horizdnta
main axis of the fringes (left); corresponds thezumtal dashed line on the Fig. 5.18 (b). Scaleds
section of the first-order ring is imaged on thghtj cell width of the CCD-array is 8uén.

observed fringe width ofp ~ 21 um of the first fringe with a radius @f~ 1.62 mm results in a
bandwidth of4v= 173 MHz. Considering the resolution limit of the I[Fd? 35 MHz (for the
finesse of 200), imperfection of the imaging systemefocusing and aberrations of the lens —
and limited resolution of the CCD-array, the reantiwidth of the TISA emission was

< 160 MHz, fulfilling the requirements for the amme operation (see Table 2.1).
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The same SA in the ‘fringe’-mode can be used fooase estimation of the seeding efficiency.
As it is well known, the seeding efficiency depemuasthe ratio R/Prisa [Barnes and Barnes,
1993]: for the same output power of the TISA lasehigher master-laser power yields more
efficient seeding. When the IS power is very wehk,successful seeding can be performed only
when frequency of the seeded beam fits one ofd@kenator longitudinal modes. Increasing the
power of the IS, the seeded operation becomeshpessdso when the IS is slightly away from
the cavity resonance. When intensity of the seedimission exceeds a certain threshold, an
efficient seeding is obtained regardless the calbgth. The seeding is efficient if spectral

purity of the slave laser BP> 99.7%.

To perform a measurement of the seeding efficiethey CCD-camera in the previous set-up was
replaced with an iris aperture, blocking all thedes and, therefore, all seeded part of the laser
emission. The unseeded part in the center of thierpawas focused on a sensor of a bias
detector (Thorlabs 210) behind the aperture. Duitiegexperiment the length of the TISA cavity
was kept constant and IS frequency was scannedma koltage of the ‘triangle’ shape was
applied to the piezo actuator of the grating in ECEvery time when the cavity length
approached the whole number of wavelengths of$hé¢he seeding efficiency increased and the
non-seeded fraction of the output emission becarmagligible. Figure 5.20 depicts the
measurements for the 16 mW seeding power and $& Bser output of 1.8 W (left) and 2.8 W
(right). The TISA was successfully seeded withia tbgion +0.23FSR and £0.17FSR around the

slave cavity resonance, respectively.

The value of the FSR of the resonator was calailfxten the plot as the distance between two
neighbor minimums in the detected signal. The dignthe minimums differed from zero due to

a background noise on the detector. Strong flucnatof the measured values outside the
locking regions were caused by a frequency bedigtwveen the laser repetition rate and the
acquisition rate of the oscilloscope. Nevertheldss,method is applicable to define the width of

the locking regions as long as they are detectable.

For a more accurate estimation of the seedingiefiity a multipass absorption cell (AC) filled
with water vapor at a low pressure can be deploybd. measurement principle is similar; the
FPI is substituted with the AC and the IS is tuteda high-absorption water-vapor line. A
sensitive detector is mounted behind the AC. Wheremission of the TISA cavity is locked to
the frequency of the IS, the transmission of the i8@egligible. Outside the locking zone the

unseeded part of the TISA emission experienceslenatenuation and contributes the detector

80



5.4 Ti:sapphire transmitter for airborne and spds®ne measurements

0.8

; s
3 < 06
2 >
5 g
E E
= = 04
c c
2 o
(%] %]
02
0.0
Frequency, FSR Frequency, FSR

Fig.5.20 Intensity of the unseeded TISA emissioflerdtanning the IS frequency over the range of
several FSRs of the slave cavity. Measurements maldS power of 16 mW and TISA output of 1.8
W (left) and 2.8 W (right). The multiple subpeaks due to a frequency beating of the acquisition
system of the oscilloscope and the pump laseritiepetate.

irradiation. This measurement is less sensitivetferbackground noise and temperature drift of
the FPIl. However, the smallest detectable offsethef unseeded fraction is limited by the
absorption-line widthx 0.5 GHz).

5.4.5 Spectral properties — spectral purity
The spectral purity of the TISA laser can be spedjfusing a multipass absorption cell filled
with water vapor at a low pressure. For this pugptise 30-m multipass absorption-cell Toptica,
filled only with water vapor at the pressure ofiBa and temperature 15°C (saturation pressure
for this temperature is 22 hPa) was implemente@. Simulation shows that for this conditions
the water-vapor absorption at 10687.383'con a 30-m track is > 99.99%. The offline

measurement was performed at 10686.870 with transmission on a 30-m track > 99%.

To estimate the spectral purity value, the intéesitof the online and the offline signals
transmitted through the AC must be compared: SPR, P, (here absorption losses offline
are neglected). For the measurement a fast sildmiodetector Thorlabs 210 was used. To
decrease the optical noise occurred during scadtesf the beam on the input and output
windows and on the mirrors of the AC, the deteetas mounted 1 m away from the escape
window of the AC with a 2-mm aperture in front. T$iee of the aperture was set to obtain the
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Fig.5.21 Temporal shape of the TISA pulses  Fig.5.22 Temporal shape of the TISA pulses before
before and beyond the AC, offline frequency. Thend beyond the AC, online frequency. The TISA
signal intensity ratio is accidental. signal is glidered to increase the SNR.

maximum non-saturated detector response on thae#mission.

Figure 5.21 depicts the signal recorded with tldasser while the laser was operated at the
offline wavelength (red curve). The TISA pulse lmehithe OC was observed with another
detector and is shown for the a reference (blackeju The amplitude ratio of these signals is
accidental. Due to an optical path difference &0>m between the detectors, the signal after the

AC has a 125 ns delay.

Figure 5.22 shows the same signals for the TISArlaperating at the online wavelength. The
signal after AC is at the detectivity threshold. &xtract the pulse profile from the signal, a
glidering average of the data was performed (graawe). Comparing the signal intensities
(4.4 V online and < 0.1 mV offline) and taking irdocount some output power drop online (2.4

W ‘online’ vs. 2.7 W ‘offline”), the spectral puyitis SP> 99.99%.

5.4.6 Summary of the 935 nm experiment
In the following table the measured transmitterapagters are summarized. In this experiment
no active stabilization of the resonator cavity vagplied: the cavity length was tuned manually
using a HR-mirror glued on the piezo actuator. Hertlce frequency stability was not included
into the summary. The PDH feed-back loop was agphehe 820-nm experiment.
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Table 5.2 Summary of the requirements for the esfee water-vapor DIAL and parameters of the

experimental device.

Parameter Specification Experiment
Wavelength, nm 935 935
Average power, W 10 4.5
Pulse energy, mJ > 40-10 18
Repetition rate, Hz 250-1000 250
Pulse duration, ns (FWHM) <200 40
Pulse linewidth, MHz <160 <160
Tunability, GHz +10 >+10
Beam quality, M <2 S

Spectral purity, % >99.7 > 99.99

Although the final goal of 10 W output power wast mehieved, the power of 4.5 W of the
transmitter is the highest average power obtaingld & single-crystal TISA laser at 935 nm,
emitting single-mode with a near-Gaussian beamilprofo increase the output power the
single-rod transmitter can be expanded in a MOP#Afigaration (see Subsection 7.2.2 for a
discussion).

The applicability of the HE-mirror for spectrum rawing was tested in this work. The mirror
performed perfect high-band pass, so that the sprabdf the laser emission was restricted for
the vicinity of 935 nm. However, it was found ttiltness of the multi-layer dielectric coating
of the mirror experience an elastic deformatiom dtigh power density. Although the damage
threshold of this mirror of 10 J/cni is comparable with characteristics of the usuatiRors

with = 14 J/cnd, it was found that the heat-induced deformatiotthef coating may be a reason
for spatial distortions of the reflected beam. Batamage-free operation with a low level of the
heat-induced distortions at a high intra-cavitydiietensity, another spectrum filter, e.g. set of

Brewster prisms, has to be preferred.
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5.5 Ti:sapphire transmitter for ground-based measuements

For optimum operation of the TISA transmitter agaat of a ground-based water-vapor DIAL,

the lasing wavelength has to be tuned to 820 niis Jppectral region was preferred to 935 nm,
because the water-vapor absorption lines in thmitycof 935 nm are too strong for ground-

based measurements (see Subsection 2.2 for theemeuts). Furthermore, the doubled TISA
gain and an order of magnitude weaker water-vapsormtion coefficient at 820 nm allow for

lasing with considerably higher efficiency and be#tability even with non-sealed cavity.

To optimize the cavity configuration, results oétthermal and resonator design models were
implemented (see Subsections 5.2-5.3). The comp®r@Enthe laser transmitter have been
optimized regarding the same procedure as it wasvishin Subsection 5.4. Two series of
experiments were performed for both pump laserigardtions Pump-1 and Pump-2 with a

maximum pump power of 25 W and 45 W, respectively.

5.5.1 Ti:sapphire set-up
In the vicinity of 820 nm there are water-vaporaibpsion lines with large and small absorption
cross-section, useful for vertical and horizontatev-vapor profiling of the atmosphere under all
standard atmospheric conditions (see Table 5.3)tHeosimulation of the absorption spectrum
information from the ESA database [ESA, 2000] wegldyed: here the water-vapor data for the
wavelength region around 820 nm is derived moraurate than in [HITRAN, 2005]. Figure
5.23 depicts spectral distribution of the watererapbsorption cross-section in the vicinity of

820 nm, calculated for US Standard Atmosphere.

Table 5.3 Suitable water-vapor absorption lineth@region of 815-820 nm (after [ESA, 2000]). H8ke
intensity of the absorption ling;;, — air broadened width of the line (HWFM)?” — lower state energy.

Wavenumber| Wavelength S, Yair, E” cnitl Notes
vacuum, cit | vacuum, nm| cm*/cm? cm/bar :

12190.7435 820.294513 1.10E-2B 0.1023 37 G
12193.2465 820.12612% 4.63E-24 0.0997 225 G
12195.1906 819.995384 4.16E-283 0.1012 24
12202.0284 819.535877 3.29E-283 0.1027 42 G
12207.7517 819.151658 4.86E-283 0.0977 79
12212.0701 818.861988 1.77E-28 0.0979 70
12218.8296 818.408988 2.26E-283 0.0936 135
12223.0047 | 818.129441| 1.65E-23 0.0913 142 G2
12223.8401 | 818.073528| 7.54E-24 0.0951 136
12224.6670 | 818.018192| 1.43E-23 0.101 95

12226.1012 | 817.922233| 5.25E-23 0.0933 137 Gl
12228.7400 | 817.745737 Offline
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Fig.5.23 Spectrum of the water-vapor absorptiossection for standard atmosphere conditions droun
820 nm. Locations of the strong absorption lines the offline zones are marked with green and black
lines, respectively.

For the defined spectral region the anti-reflec(®&) and high-reflective (HR) coatings of the
intra-cavity elements were optimized correspondinghe final goal of the optimization is to
provide a value of the small-signal round-trip aifirgdtion in the cavity >>1 at the wavelength
of interest and < 1 at the other wavelengths. Af@oulton, 1986], the gain spectrum of the
TISA is around 300 nm broad with maximum at 800 (s®e Fig.5.24, black). An HR laser
mirror with a dielectric coating centered at 820 and designed for 0° incident angle obtains a
reflectivity > 99% within £50 nm from maximum. UgjrHR-mirrors optimized for 45° incident
angle allows to restrict the laser emission to @ @&, but provides no advantage in the region
800-820 nm. For a better suppression of the shadgelengths, the OC with reflectivity of 52%
at 820 and 40% at 790 was implemented (see Fig.§t2én).

Further spectral narrowing was performed usingreftimgent filter (BF) (see Subsection 4.1.1).

For this experiment a BF with plates thicknesse$pf, 2 and 8 mm was applied (see Fig.4.1).
The plate sequence 2 mm, 1 mm, 0.5 mm, 8 mm waseahthe angle between optical axis of
the plates and the polarization of the intra-cafigid was tuned to 28.8° (see Fig.5.24, blue).
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Fig.5.24 Calculated spectral properties of theakstivity elements of the TISA set-up at 820 nmATIS
small-signal gain, normalized (black); calculatethsmission spectrum of the 4-plate BF, optimized f
820 nm (blue); round-trip reflectivity of the thredR and OC of the z-shape ring cavity (green).
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Fig.5.25 Calculated spectrum of the small-signtthicavity round-trip amplification in the TISA lkas
at 820 nm. TISA small-signal single-pass gain (blacaled 0.5, cavity round-trip amplification (Bju

Considering the spectral properties of the resonammponents, the estimated spectral
distribution of the small-signal round-trip ampt#ition in the laser cavity was calculated (see
Fig.5.25, blue). Its peak value ©f13 @ 800 nm corresponds the maximum pump pulsegne

of 90 mJ and 140 mJ with the pump beam radius®frin and 1.1 mm for the pump laser in the
configuration Pump-1 and Pump-2, respectively(sg@ ). The scaling of the pump beam size
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in the configuration Pump-2 was performed to prneséor a higher pulse energy the same peak
energy density on the end-face of the TISA crystabiding it optical damage.

With the BF and the OC with reflectivity & = 52%, the laser operates at 820 nm with a round-
trip amplification of~ 6. However, there is still too much gain in theghbor peaks. It was

assumed that no additional passive spectral filiersquired. First, for the calculation no losses
on the FR, the halfwave plate, and no depolarinakisses were considered. Hence, the real
amplification is less than modeled, and the emissibundesired wavelengths does not exceed

the lasing threshold.

Furthermore, for the fine selection of the wavetanthe injection seeder was used. For the
initial specification, the ECDL Toptica DL100 tun&ml825 nm with an output power of 15 mW
cw was deployed. Operation at 825 nm instead ofrB2@vas caused by limited tunability of the
laser diode, which had a maximum emission at 830mma free-running mode. For the final
specifications and in-field measurements the deH@®L IS build at the DLR
Oberpfaffenhofen was implemented (see Subsectidn Bue to a high average power of the
TISA laser and the strict spectral purity requiratseor the transmitter, an active cavity length
stabilization was implemented. A feed-back loop arding modified Pound-Drewer-Hall

technique was built (see Subsection 4.1.3).

Taking into account the losses of the pump beanvdsst the pump laser and the TISA crystal,
maximum 140 mJ of the pump emission was absorbdtidrrod in the experiment with the
pump laser in the configuration Pump-2. This cqoesls to the thermal lens focal length of

440/640 mm in tangential/sagittal plane, respebti(@ee Fig.5.6).

The calculated intra-cavity mode shape of the TI&#%r in the experiment with the Pump-1 was
the same as in the 935 nm experiment (see Fig).5lbloptimize the cavity for the higher pump
power of the Pump-2, the resonator length was asaé to 1500 mm and a thin cylindrical lens
with a focal length off =—-980 mm in tangential plane was applied. Thes lelas mounted
70 mm away from the surface of the TISA rod. Uskgs. 5.6-5.8, the TEpM-mode radius
along the resonator can be calculated, separatelthe tangential and sagittal plane (see
Fig.5.26). The intra-cavity beam propagation withthe lens is depicted on the picture as well
(dashed lines). The lens provides round shapeeoéidienmode on the crystal and increases the
beam waist size in the tangential plane, preverdemgage of the resonator optics. Using of the
lens does not affect the beam propagation in thitabplane.
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Fig.5.26 Calculated radius of the eigenmode albrgésonator of the TISA set-up at 820 nm in the

tangential (red) and sagittal (green) plane. Besopagmation along the cavity with the lens is marked
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Thermal lens focal length,

1 0 2000 4000 6000 8000
_ I [ T ‘ ‘
I [
n L
> L
5 09 \ 0.9
2
S5 08F \ 0.8
[7)]
>
= AN /
€ o07; ~ _- 0.7
E . —~ e ——
E 06! \ 0.6
o \
ke]
L
05 [ L L | L L L I L L L L L L L | L L y 1 L L L 1 L L L L 1 L L L L ,05
25 50 75 100 125 150 175 200

Absorbed pump energy, |

Fig.5.27 Calculated radius of the TN the crystal rod with respect to the thermakléacal length
(solid curves) and the absorbed pump energy (dagiveds) in tangential (red) and sagittal (green)
planes. The radii values corresponding the maxippump power are marked with disks.

88



5.5 Ti:sapphire transmitter for ground-based measuent

Figure 5.27 presents the stability zone of thetgatihe eigenmode size on the TISA rod with
respect to the thermal lens focal length (solidves)y and absorbed pump energy (dashed
curves). Using of the cylindrical lens affects omhe tangential plane of the stability range,

whereas in the sagittal plane size of the stalilitye stays unchanged.

Figure 5.28 shows a scheme and an experimentaltiaybthe TISA laser optimized for
operation at 820 nm. A beam from the pump lasepggates to a 50% beam splitter through the
lens combination, fitting the pump energy distribatin the crystal rod to one of the eigenmode
of the resonator. Bending on HR-mirrors, the puneprb excites the TISA crystal from both
sides. Both path lengths from the BS to the cooedimg crystal surface are kept equal to obtain
the symmetrical beam propagation. The dispersiothefrefraction index in TISA between
532 nm and 820 nm is significantly lower than oeéateen 532 nm and 935 nm. This makes the
spatial separation of the pump beam and the eigéenam the resonator mirrors rather
challenging. The dichroic resonator mirrors (DM}twa high reflectivity at 820 nm and a high

transmission (around 96%) at 532 nm were applied.

The ring cavity was assembled of 3 HR-mirrors amauatput coupler. A low-weight HR-mirror
was glued on a high-voltage piezo actuator (HVPA&Jpwing for a fast-respond cavity
stabilization. To provide an unidirectional cavgyopagation, a combination of a 45° Faraday
rotator (FR) and a halfwave plat®/Z) was implemented. The birefringent filter forcaarse
spectral selection was used. The fine spectrahgumias provided by the injection seeder (1S),
coupled with an optical single-mode fiber in theameator through the OC. A beam shaper
comprised by a lens of the fiber collimator andegative lens L2 fits the fiber output to the
eigenmode of the cavity. A Faraday isolator (FIsva@plied for the protection of the fiber from

an occasional counter-propagating pulse from ti&ATaser.

For the compensation of the short thermal lensientangential plane, the cylindrical lens was
mounted as close as possible to the TISA crysta. HR and the halfwave plate were put close
to the lens where the size of the eigenmode i®largl the energy density is low to avoid their

optical damage.

The equipment of the stabilization circuit was m@gnon the breadboard together with other
components, including an electro-optical phase radu (EOM) and fast detectors (D). To
monitor continuously the transmitter parametersrgtwere a CCD-camera (CCD) for the pump

beam control, a wavemeter (WM) and the spectruntyaea(SA) implemented.
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Fig.5.28 Scheme (a) and experimental layout (bhefTISA transmitter at 820 nm, optimised for thep-
2. The cavity length is 1500 mm, the cylindricaddd_1 with the focal length of =980 mm in the tamiip
plane was mounted 70 mm away from the end-surfatted ISA rod. Here BS — beam splitter, HR — high
reflection mirror, DM — dichroic mirror, FR — farag rotator)/2 — halfwave plate, BF — birefringent filter,
OC - output coupler, Piezo — high-voltage piezoatctr, IS — injection seeder, FI — faraday isoldt@r—
second lens of the beam shaper of the 1S, EOMgtreteptical phase modulator, D — biased photodetec
Pol — polarizer, CCD — CCD-camera, Piezo — piezaaor, FCp — fiber coupler, FCI — fiber collimator
WM — wavemeter, SM — spectrometer.
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5.5.2 Output energy and efficiency, pointing siapil
For the measurements at 825 nm the pump laserma@emented in configuration Pump-1 with
maximum output of 100 mJ and Pump-2 with 180 mdresponding maximum energies
absorbed in the crystal of 90 mJ and 140 mJ, résplc The cylindrical lens was deployed in
the layout of the TISA laser only when it was puchpeth the Pump-2.

For a high-gain operation at 825 nm the laser-iedutamage threshold (LIDT) of the polished
surface of the TISA crystal becomes a limiting éador the size of the pump beam on its end-
face, especially for operation with the Pump-2 vitile higher pump power. The value of the
surface-LIDT for the TISA was not specially measijrbut estimated during the experiment.
The threshold was reached during seeded operatitimearansmitter with the pump laser in
configuration Pump-1. The peak energy density~c%.5 J/cri in a 25 ns pump pulse and
~ 2 J/cnf in a 30 ns TISA pulse on the Brewster-cut surfaicthe TISA crystal was recorded.
Figure 5.30 (a) depicts the profile of the pumprbe@he damage of the surface occurred when
the cavity length was set in a resonance with #edisg emission and the build-up time
decreased to < 100 ns. The given values of theggragnsity are significantly lower than the
estimated one of 8 J/énfsee Subsection 5.2.3). Such a behavior of thé Eh be explained
by an effect of a severe reduction of the surfali&fLunder a pulse train with a short delay

between the pulses [Canova et al., 2005].

The measured slope efficiency of the TISA lasethinsame configuration but without injection
seeding is drawn on the Fig.5.29 (a). Here thestratter was running broadband: the axis of the
BF was tilted horizontally, tuning it to a 100% ritsmission for all wavelengths. The slope
efficiency in this experiment was 37%, maximum aemtpulse energy 25 mJ at 95 mJ pump
obtained a 26% conversion efficiency. The optimeffectivity of the OC was found to be 55%.
Having the eigenmode radius on the rod of 0.65 msnoverlap with the pump beam of 77%
was obtained. The pulse evolution model gives @t bt for the experimental data at the level
of the passive losses of 27% (see Fig.5.29, greererand 14% (see Fig.5.29, red curve) for
analytical (see Eg. A.12) and numerical solutiome(sEq. A.7), respectively. The given
discrepancy of the results is due to neglectingetifiect of the depopulation of the upper laser
level in the TISA in the analytical solution. Thd%-losses can be caused by a non-optimized
alignment of the cavity during the first measuretaet 825 nm.

After the value of the LIDT of the TISA crystal wagperimentally defined, the size of the pump

beam on the rod was enlarged. For a long-termagadeation, the pump beam with 1 mm radius
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Fig.5.29 Slope efficiency of the TISA laser at 828, operating near gain maximum with the pump
source in configuration Pump-1, for a broad-banerajion, without BF (a) and for narrow-band
operation, with BF (b). Experimental results arekad with dots, numerical solution of the pulse
evolution model are drawn with curves of red angldolor for free-running and seeded mode,
respectively. With a green curve the analyticalisoh of this model is drawn.

and a maximum pump energy density on the surfatleeoTISA rod of 1.4 J/cfrwas preferred

(see Fig.5.30, b). Figure 5.29 (b) shows the measautput pulse energy of the TISA laser at
825 nm, free-running (red) and injection-seededgpin the same cavity but with the new pump
beam size. The slope efficiency of the laser w&% with a laser threshold of 54 mJ free-
running and 50 mJ seeded. The maximum output gumeegy was 24 mJ with an optical energy

conversion efficiency of > 26% from 532 to 825 nm.
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Fig.5.30 Cross-section of the pump beam and TIS#bat 825 nm with the pump laser in the
cofiguration Pump-1. Pump beam for the experimetitout BF (a) and with BF (b), TISA beam(c).

The difference between conversion efficienciehimdeeded and free-running modes was due to
an additional decay of the upper laser level duthweglonger build-up time of the TISA pulse
without seeding, as it was shown in Subsectior25Bhe maximum absorbed power was less
than in the previous experiment due to a fluctuatd the pump laser output and because of
using the TISA crystal with a smaller absorptio6%®in the second experiment vs. 98% in the
first).

Having a radius of 1 mm, the pump beam excitedalger cross-section of the active medium
then it was required for the eigenmode operatio®5@m) but not large enough to obtain lasing
at the first transversal mode with a radius of Iri8. The simulation using the pulse evolution
model gives the best fit for the radius of theantavity field on the rod of 0.78 mm, fitting to

the M-specification and corresponding the overlap wite pump beam of 74%, and level of

passive losses of 5%.

Figure 5.30 (c) depicts the cross-section of thBATbeam at the maximum output energy of
24 mJ, corresponding the intra-cavity pulse enafy$3 mJ. The profile has a near-Gaussian
shape and, unlike the output at 935 nm (see Fig®),lits distortion is negligible. Measurement
of the MP-parameter obtained values of 1.6 and 1.5 in taimjeand sagittal plane, respectively.
It was performed using a lens with a focal lendtti ©341 mm. More than 20 beam shots were
made with a CCD-camera at certain positions, theesaay as for measurements of the thermal
lens. Processing the data with a program “Beam yxeal (TU Berlin), the main beam
parameters were estimated. The trend of the cexggn size of the beam is shown on the Fig.
5.31, separately for the tangential and sagit&hel
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Fig.5.31 M-measurement of the TISA beam at 825 nm with themplaser in configuration Pump-1, red
points correspond to the beam cross-section iretatiad plane, blue — in sagittal.

The output of the “Beam Analyzer” strongly depemaspresets of the program. From several
calculated sets of the beam parameteks %, z, M), the one was preferred obtaining by the
back propagation through the lens the best fihtowaist position of the eigenmode. The back
calculation of the preferred solution gave the wawdius of the intra-cavity mode of
0.50/0.60 mm. Comparison with the eigenmode yielddoeam quality oM* = 1.56/1.44 in
tangential/sagittal plane, respectively. This shawngood fit to theM? = 1.6/1.5, derived in the
program. The values of the corresponding mode sizghe TISA rod of 0.81/0.78 mm in
tangential/sagittal plane, respectively, were immated in the simulation of the laser operation
(see Fig.5.29, b).

The second set of measurements was made usinguthe faser in the configuration Pump-2
with the higher pump energy and the lower beam ityudsee Fig.5.33, a). Figure 5.32
demonstrates the output pulse energy of the TIS&rlat 825 nm, free running (red) and
injection-seeded (blue), as a function of the pwenprgy at 532 nm, absorbed in the rod. The
slope efficiency of the laser was > 60% with a fakeeshold of 98 mJ free running and 95 mJ
seeded. The maximum output pulse energy was 27 it am optical energy conversion
efficiency ofx 20% from 532 to 825 nm. The simulation using thés@ evolution model gives
the best fit to the measured slope efficiency, @ésg the radius of the intra-cavity mode on the
rod of 0.8 mm and the level of passive losses 6f5%. This mode size corresponds overlap

with the pump beam of 50% at 140 mJ pump energy
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Fig.5.32 Slope efficiency of the TISA laser at 825 with the pump laser in configuration Pump-2 in

seeded (blue) and free-running (red) modes. Exgertiah results marked with circles, results of
simulation with solid curves of the correspondiotpcs.

Fig.5.33 Cross-section of the pump beam a) and T&#n at 825 nm b) with the pump laser in the
configuration Pump-2.

Comparing this result with the slope efficiencytioé TISA pumped with the Pump-1, a severe
increase of the lasing threshold was observed. iBhisainly caused by using of the negative
intra-cavity lens in the last TISA layout; theresmao lasing possible until the growing thermal
lens in the crystal compensates the lens Wwi#h980 mm. To include this effect in the pulse
evolution model, the overlap between the eigenmaut® the pump beam was parameterized

with respect to the strength of the thermal lenthérod using the results of the thermal lens
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Fig.5.34 Trend of the beam position of the TISAelaat 825 nm in horizontal (green) and verticalllre
planes; the beam was monitored at the distancéahXrom the OC.

measurement, described in Subsection 5.2.4. Theestribution in the pump beam profile
was assumed constant for various pump power. Anodason of the higher threshold and the
lower overall conversion efficiency was the worsergy distribution in the pump beam (see
Fig.5.33, a). Keeping the peak energy density emdld surface under 1.8 J/grthe pump beam

radius was increased to 1.35 mm with corresponovaglap reduction to 50%.

The TISA-laser beam (see Fig.5.33, b) has a naassgan smooth profile with a secondary ring,
which makes further beam shaping more difficultisTieam distortion is caused by thermally-
induced aberrations in the TISA rod. Pumping wite Pump-1 with absorbed power~o23 W,
only 4% of the total pulse energy was disposedéring, whereas pumping with Pump-2 and
~ 35 W pump power absorbed yields already 10% ofetinergy leaked in the ring. The beam
quality in the experiment with the Pump-2 was netsured; estimation givé4’< 2.

The pointing stability of the TISA laser was dedyenonitoring the beam position using a CCD-
camera. Figure 5.34 plots the coordinates of tH@ATbeam center in horizontal and vertical
planes, recorded within the time range of 2 hoditse standard deviation of this series is

14.4/12.4um in horizontal/vertical plane, respectively.

Taking into account Fig.3.11, fluctuations of themp beam position on the end-faces of the
TISA crystal were considered the major source Far $patial instability of the TISA beam.

Hence, inside the resonator the maximum eigenmasj#adement corresponds to the crystal
plane and the minimum — from the propagation symynetto the point a half-resonator length
apart from the rod. Thus, the radial standard diewiaof the series of, = 19um at 1.5 m from

mid-resonator point corresponds the angular standiaviation of < 13urad.
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Fig.5.35 Temporal profile of the pump pulse at 5&8(the first of three) and TISA pulse at 825 nm,
seeded (blue) and free-running (red) in configaraBump-1. A small mode beating in the seeding
mode is notable.

5.5.3 Temporal profile of the pulse
In the experiment with the Pump-1 the temporal ifgadf the TISA laser pulse was recorded

with a high-speed photo diode (see Fig.5.35). Tils¢ it the pump pulse at 532 nm with a width
of = 23 ns (FWHM). The two following pulses with thedth of 48 ns and 49 ns present the
emission of the TISA laser in the seeded and inftBe-running modes, respectively. This
measurement showed a build-up time reduction frd® ris for the free-running operation to
140 ns for the seeded mode (full pump power, medspeak-to-peak). TISA laser in the seeded
mode was operating almost single mode — a smalkrbedting is still notable. With the Pump-2

the laser yields similar temporal shapes and dedattse pulses.

Figure 5.36 illustrates the dependence of the puidth and the pulse build-up time of the TISA
laser from the energy in the pump pulse in the igor&tion Pump-2. At a high pump power the
pulse duration is the same in the seeded and adedanodes, corresponding the classical pulse
evolution model (see Eg.A.15). But at a low pumpveothe pulse width in the free-running
mode is longer due to severe gain drop near tlimglalsreshold, not considered in this equation.
The build-up time difference of > 300 ns at 110podnp power corresponds > 10% additional
depopulation of the upper laser level, yielding aekable grow of the pulse width.
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Fig.5.36 Pulse width (left) and pulse build-up ti(right) of the TISA laser at 825 nm vs. absorbed
pump energy. Results of the TISA with seeded ennissiarked blue, free-running — red.

5.5.4 Spectral properties — bandwidth and frequestabpility
To fulfill the requirements for the ground-basedtevavapor DIAL (see Table 2.1), the
frequency deviation of the TISA must be kept lesant 200 MHz rms with correspondent
bandwidth < 400 MHz. But this is valid only for theundary layer. To perform measurements
up to the top of the troposphere with an overatrumental error < 5%, system specifications
must correspond ones for the airborne DIAL, nameli/60 MHz bandwidth and < 60 MHz
frequency stability.

Applying the injection-seeding technique, theomticthe bandwidth of the transmitter can be
narrowed down to a Fourier-transform limit, giviadinewidth of 11 MHz for the pulse of 40 ns
long (FWHM). In practice the bandwidth of the sldaser is always broader due to instabilities
of resonator parameters and the pump power. Fdinbespecification of the spectral properties
of the TISA, the spectrum analyzer with a FSR 6f@Hz was implemented as it was described
in Subsection 5.4.4. Figure 5.37 depicts the fripgderns of the emission of the TISA laser,
locked to the frequency of the IS (left) and thassmon of the single-mode cw IS. The multiple
secondary pattern on the plots is caused, obvipustyby the spectral properties of the lasers

but diffraction effects on the 5-mm mirrors of tBA and aberrations of the imaging lens.
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Fig.5.37 Fringe patterns of the laser emissionddnila confocal FPI and recorded with a CCD-camera.
Here are the measurements of the seeded TISA(Es&nd the single-mode cw IS (b) at 820 nm. Tutssh
were shifted rerding the center of the fringesaptare simulteneously at least three rings forcuiate
definition of the departure of the mirrors and mifigation of the optics.
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Fig.5.38 Intensity distribution in the fringe pattef the injection-locked TISA laser at 820 nmrajdhe

horizontal main axis of the fringes (left); corresgs the horizontal dashed line on the Fig. 5.385ealed
cross-section of the first-order ring is imagedimaright, cell width of the CCD-array is 8.6n.
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Fig.5.39.Measured frequency deviation of the injecseeder (red) and injection-locked TISA laser
(black) within a 2-hour trend (left) and its sthtis (right).

This measurement as well as further specificatairthe TISA transmitter were performed in a
trailer of a ground-based DIAL (see Subsection &ith the pump laser in the configuration
Pump-2 and the IS from DLR Oberpfaffenhofen the elewgth of 820 nm.

Figure 5.38 presents the intensity distributionthia fringe pattern of the injection-locked TISA
emission along the horizontal main axis of theges (left), corresponding the horizontal dashed
line on the Fig. 5.37 (a). The scaled cross-sedaiidhe first-order ring is depicted right, thelcel
width of the CCD-array is 8.6m. Regarding Eq.5.10 the bandwidth of the preseii&i
signal is <157 MHz (departure of the mirrors inl 11 um, magnification of the imaging

optics is 3.9).

Frequency stability of the injection-locked TISAséa was measured with a pulse wavemeter
(HighFinesse, WSU-423) (see Fig. 5.39). The ovenadtability of the IS emission was
<8 MHz Is and of the TISA emission <10 MHz1The frequency fluctuation of IS output
with a period of ~10 minutes was influenced by tlevironmental instability, namely
temperature drift in the trailer. The short-timigeji was caused, likely, by mechanical vibrations.
The spectrum of the TISA emission was conductethbylS. The larger frequency drift of the
transmitter was due to a drift of the pulse wavemdself, whereas the separate wavemeter of

the IS was continuously calibrated with a stabdireNe laser (see Subsection 4.4.2).
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Fig.5.40 Spectral impurity measurement of the Tt@#Asmitter with a DIAL-system in coaxial
configuration. Here is presented shot-to-shot 466rgl of the spectral impurity ratig/l (left) and the
correspondent statistics (right). Assuming allriegative data having a noise nature, they werevedo
from the final statistics.

5.5.5 Spectral properties — spectral purity.
The last spectral feature of the TISA transmitt@partant for the DIAL measurement is a
spectral purity (SP), practically defined for tiaeér emission tuned at the center of an absorption
line as a fraction of spectrum emitted within thige. The 30-m multipass absorption cell used
for specification of the SP at 935 nm cannot belemgnted in the current experiment: the
strongest line in the band at 817.922233 nm (sd#deTa.3) has an absorption intensity of
S=5.25-10°cm. In the cell filled only with water vapor atpessure of 20 mbar a peak
absorption cross-section of this line is 9%36n?, yielding a transmittance on the 30 m and 60 m
track (double pass) of 25% and 8%, respectivelygiialify the laser with the required SP of
99.7%, an absorption cell with the optical lengtk» 50 m has to be deployed.

The spectral purity specification of the transmittan be performed using the DIAL system. For
this measurement a steering unit of the DIAL (see 6.1) was orientated horizontally to hit a
hard target (top of a mountain) at a distancexdb km away from the device. Comparing
intensities of the back-reflected signal at tharanhnd the offline wavelengths, the value of the
spectral impurity was derived. For a temperatur2d® K, a relative humidity of 60% and an air
pressure of 90 kPa, the atmospheric transmissidhisrirack for the laser emission centered at
the absorption line G5 (820.294513 nm) is €%0Dand residual absorption can be neglected.
Thus spectral purity can be calculateds&s= 1 —1 /1o
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Figure 5.40 (left) presents a shot-to-shot trendthaf spectral impurity ratidoy/los for the
duration of 10 minutes. Numerous of online shotsewrot spectrally clean, for 68% of
measured values the spectral purit$iz> 99% (see Fig.5.41 right). The reason is a baudk wb
the stabilization circuit when an optical choppeifriont of the receiving detector was operated
(see Subsection 6.2). The produced mechanical aeadstcal vibrations affected the cavity
length and destroyed the correction signal of #exlfback loop. Thus, the DIAL system in the

present configuration can not be qualified for stag measurements.

To derive the spectral purity of the transmitterrenaccurately, a DIAL data from a vertical
profiling of atmospheric water vapor was implementEor this measurement, the DIAL was
switched in a bi-axial configuration with the optichopper disabled (see Subsection 6.1). The
SP value was estimated, comparing water-vapor Ipsofierived with the DIAL within-situ

measurements of a radiosonde, taken for a reference

Figure 5.41 depicts profiles of the water-vapor bemdensity derived during a 1.25-hour DIAL
measurements or’'JAugust 2007. To reduce the noise, DIAL data waspierally averaged
over 15 minutes and split in five profiles, coveritime range from 1022 UTC to 1135 UTC.
Averaging within a 15 minutes frame allows for aese improve of the SNR, and this time
range is short enough to neglect variations ofth@spheric parameters. The 1.25-hour average
was also calculated (marked red on the plot). Thta drom the radiosonde launched at
1057 UTC is drawn with a black curve. The inforraatbon the water vapor number density was
extracted from the DIAL signal implementing a 600average for derivative calculation. To
achieve a comparable smoothing, a 150-m glidingameswas applied to the water-vapor profile
of the radiosonde.

The spectral impurity applies a positive bias te theasured water-vapor number density, and

the induced error at a distancctrom the DIAL can be calculated as [Bésenberg, 5200

An (r)= 1-SP
n (1- SP) + SPexp(- 21(r))’

(5.11)

wheren is the number density of the water vapdgr) is optical thickness of the track Figure
5.42 represents the height-dependent value of alative error, induced in the water-vapor
number density derivation by different values oéapal impurity of the transmitter signal (the

necessary atmospheric parameters were taken f@nmadnosonde measurements).
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Fig.5.41 Water-vapor number density profiles, aidiwith the DIAL (color curves) and radiosonde
(black curve) from 1 August 2007 1020-1135 UTC, hisgrinde. DIAL profiles are averaged over
15 minutes and have a 600-m window gliding. Radidsadata was smoothed with a 150-m gliding
window.
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Fig.5.42 Relative value of the spectral-impuritgiuned error for derivation of the water-vapor
information from a DIAL-measured profile on varidasights. Atmospheric conditions are simulated
regarding the radiosonde measurement on 01 Aug, 2037 UTC, Hornisgrinde.
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Fig.5.43 Relative deviation between DIAL and radimde signals for measurement 6hALig 2007,

1100 UTC. A spectral-impurity correction was apglie the DIAL profile, averaged around the launch
time of the RS. Different curves on the plot copawds different levels of the estimated spectraltyof

the DIAL emission, from 90% to 100%. The one wtik smallest bias indicates the expected valueeof th
spectral purity.

Every water-vapor profile of the DIAL was correctéor a specific value of the spectral

impurity. To eliminate the bias induced by uncemiof the absorption cross-section data, the

corrected DIAL profiles were scaled to fit the pifof the radiosonde at heights 2000-2700 m.

Afterwards, the profiles were compared with theiogadnde in the region 4600-5500 m (see

Fig.5.43), the best fitting one represents the nmumstable value of the spectral purity.

Calculating the mean value of the ra&ﬁ& for different time series, the profile coveringth
RS

launch time of the radiosonde (1051-1106 UTC) shib&eSP of > 99.9% (standard deviation
10%).

Although the result varies a lot regarding the ricwenparison range chosen, and the severe data
jitter makes this qualification rather uncertatrgan be verified that the atmospheric water-vapor
profiles derived in the bi-axial mode were freenirdrequency jumps of the ‘online’ emission
and the overall signal quality is better. Theref@P of the transmitter at 820 nm was defined as
> 99.6%. Taking into account the achieved frequestalility of < 10 MHz, the specification for

the spectral purity can be moderated down ta3B.3% with respect to the requirement of the
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overall instrument error of < 5% (see Subsectid).ZThus, the DIAL can be allowed for the

accurate water-vapor measurements up to the ttpedfoposphere.

The back-scattered signal of the DIAL can be usmdektimation of a shot-to-shot energy
stability of the transmitter. The standard deviagi@f the measured series were 3.7% and 3.4%

for ‘online’ and ‘offline’ signals, respectively.

5.5.6 Summary of the 820 nm experiment
In the following table the requirements for theelasransmitter for the ground-based DIAL

reference system together with the experimentalyewved values are summarized.

Although the final goal of 10 W output power wast rachieved, the power of 7 W of the
transmitter is the highest average power obtainigid avTISA laser at 820 nm, emitting single-
mode with a near-Gaussian beam profile. To increiéige output power, the single-rod
transmitter can be expanded in a MOPA configurafsa® Subsection 7.2.2 for a more extensive

discussion).

Table 5.4 Summary of the requirements for the gilenased water-vapor DIAL system and results of the

experiment at 820 nm.

Parameter Required Reached
Wavelength, nm 820 820-825
Average power, W 10 7
Pulse energy, mJ 40-10 27
Repetition rate, Hz 250 — 1000 250
Pulse duration, ns < 200 40
Pulse linewidth, MHz <160 157
Frequency instability, MHzd <60 10
Energy instability, & <4% <3.7%
Tunability, GHz +10 >+10
Beam quality, M <2 <2
Depolarization ratio <1% <1%
Spectral purity > 99.7% > 99.6%
Pointing instabilityurad o 15 <13
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The other specifications do fit the requirementsthe transmitter for the ground-based water-
vapor DIAL system, except the spectral purity ia #tanning mode. Possible ways to solve the

problem are presented in the Subsection 7.2.

5.6 Summary

The high-power high-energy TISA transmitters foe t@iround-based and airborne water-vapor
DIAL were created and specified to fulfill the reepments for the accurate water-vapor
measurements in the troposphere, summarized inable 2.1.

The developed thermal model considered the astigmatf the thermal lens in the laser rod

with the end surfaces cut at the Brewster-angle.

The resonator design model considers the thermairlg and allows for optimization of the
cavity parameters with respect to dynamical stighdf the eigenmode and its minimum size
along the resonator. The matrix-based model offersmple scalability for any reasonable

number of the cavity elements. The experimentallteyield a good fit to the theory.

The pulse evolution model expands the traditionafigd analytical solution of rate equations,
referring to a fast decay time of the upper laseell of the TISA crystal. Using the new model, a
discrepancy of the output energies in the seedetl fese-running modes was explained.
However, the model has to be completed in the @lathe free-running lasing and the seeded

lasing without master-slave frequency matching.

Designing a high-energy high average power tratemitather the Brewster-cut prisms have to
be preferred for a coarse spectrum definition thanmirrors with thick multilayer coatings. The
latter have a lower damage threshold and, liketyyse a wavefront distortion at high energy

densities.

The experiment with the TISA laser revealed lind@as on applicability of a single-resonator
configuration with the high-energy high repetitiate pump source. In the current layout with
the rod length of 2 cm and cavity the lengths fro80 to 160 cm to achieve an overlap between
the eigenmode and the pump beam > 90%, the maxipwmp pulse energy has to be confined
to 88 mJ at a repetition rate of 250 Hz. This landn is caused by the decreased at this rate
surface-LIDT of the TISA, which defines the maximaaife energy density of the pump beam
and of the cavity mode. Possible solutions to awaie this boundary are given discussed in
Subsection 7.2.2.
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Water-vapor differential

absorption lidar and

measurements during COPS

6.1 Ground-based mobile platform for the differental absorption lidar
The TISA transmitter was build as a part of theugibbased water-vapor DIAL, designed and

manufactured within the framework of DFG packageppsals “Lidar Reference System based

on a High-Power-Laser”. The proposal consists efftilowing parts:

Project 1 (P1) is dealing with a high-power roddshgpump laser system and is
performed by the Chair of Photonics of Potsdam ®Ersiy, Germany. The title of P1
reads “Diode-Pumped High-Brightness Solid-State Reder with ns-Pulses in the
Joule-Range”. The pump laser used for the expetiisem prototype system, where new

techniques were tested to implement in the advamede powerful model.

Project 2 (P2) has the title “High-Power, Injecti®aeded Ti:Sapphire Laser Designed
for Frequency Conversion of a 200-W Diode-Laser peainLaser System”. This project
includes the TISA laser described in the theses, e injection-seeding module,
designed at the Institute for Atmospheric PhysiBé\J of the German Aerospace Center
(DLR) in Oberpfaffenhofen (see Subsection 4.4.2he Tcombination of the lasers
developed in P1 and P2 is a high-power laser tratesmfor water-vapor DIAL

measurements.

Project 3 (P3) is the “Development of a Mobile Rlah with Scanner for Determining

the Atmospheric Absolute Humidity”. The Instituter fTropospheric Research (IfT) in
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Leipzig performed this work. The laser transmittlmveloped within P1 and P2 was
incorporated in a mobile platform with a scannimgability and was equipped with an

efficient, low-noise receiver system as well astadcquisition system.

Figure 6.1 (a) reveals the principle layout of antmitter-receiver part of the DIAL. The
Nd:YAG laser pumps the TISA laser with an averagesqr of 45 W at 532 nm. The outgoing
beam of the TISA at 820 nm is enlarged with*abBam expander and passes an axicon. The
s-polarized beam reflects on two large-aperture-fiim polarizers, passes second, 3bkam
expander and a quarter-wave plate (QP). The mduhedelescope has steering capability with
two degrees of freedom: it can be rotated 380° attially and+90° by elevation. The outgoing
laser pulse is delivered to the telescope’ secgnaidnror through series of bending mirrors. The
axicon obtains doughnut-shape of the energy didtab in the outgoing beam, avoiding its
obscuration on the aperture of the secondary mofdhe telescope, assembled regarding the

Cassergian scheme with two parabolic mirrors.

The laser energy backscattered in the atmosphemorisentrated with the telescope and
propagates back to the QP and then to the beanmaepaAfter the double pass through the QP,
the originallys-polarized laser energy yieldspapolarization regarding the TP. With minimal
losses on the TP it propagates through the firatrbeeducer (BR) of the detector unit. A beam
splitter chips off around 10% of the signal in tiear-field channel with the rest 90% used for a
far-channel. While in the first branch the energydcused with a second BR on an avalanche
photo diode (APD), in the far-field channel a faptical chopper is mounted in a focal plane of
another BR. The chopper is triggered to the pumifseptio block the strong atmospheric
backscatter emission from the first kilometershad atmospheric track and the stray light from
the enlarging and steering optics of the transceiVris the high-gain APD is prevented from
saturation and optical damage, yielding better 3diRhe far-field detection. This design of the
detector unit allows to cover a signal intensitpga of several orders of magnitude without
saturation of the detectors. The analog signal fA#PDs is converted with a broad-bandwidth

analog-digital converter (ADC) and the values d@oeesl by a data acquisition system.

After first DIAL measurements was found that mecdbahnvibrations of the optical chopper
destroy operation of the stabilization circuit bEtTISA laser. Therefore, water-vapor profiling

of the atmosphere was realized in a bi-axial mséde fig. 6.1, b).
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Fig.6.1 Principle scheme of the water-vapor DIAlcoaxial (a) and bi-axial (b) configurations (cesst

of Dr. Riede, IPM). Here: BE — beam expander, TRir-film polarizer, QP — quarter-wave plate, HR —
high-reflection mirror, PM and SM — primary and @edary mirrors of the telescope, BR — beam reducer,
Ch — fast chopper, L — lens, PD — silicon photottere APD — avalanche photodetector.
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Fig.6.2 Photo of the mobile platform for the watapor DIAL. A — energy module, B — laboratory
module and C — telescope compartment.

In this mode the telescope is aimed vertically, dbgut of the transmitter after the first beam
expander is sent into atmosphere. For the co-akgnmof the beam and telescope axes, an
additional 2” bending mirror was applied. Thus, tbaturation of the detector with the
transmitter pulse backscattered on the optics eftthnsceiver is avoided and the chopper is
removed from the layout. For the near-field chanael additional 20-cm telescope is

implemented.

The mobile platform was designed at Institute ofoplospheric Research, Leipzig and
manufactured in Fahrzeugbau und Entwicklungsweild Pe&ckwerth Company, Wurzen (see
Fig.6.2). The trailer is separated into three mesluCompartment A — the energy module — is
intended for the devices that could cause mechlaviimations and influence the stability of the
optical systems of the transmitter and the receiwamely air condition, cooling system of the
laser, Diesel generator and air compressor. Fontbasurements, the module is mechanically
separated from the rest of the trailer. SectionoBtains laboratory module, equipped with the
mechanical frame that carries the optical benckest C is the transceiver module, where
transceiver, made specially for this system, ig keptransportation. For measurements the roof
of the compartment is rolled aside and the scantglagcope is lifted up as it is shown on the

photo.

110



6.1 Ground-based mobile platform for the differehéibsorption lidar

In the compartment B three optical tables are nenitdgether, forming an optical bench with
size of 6x1.2 m. The pump laser, TISA laser andtthesmitter-receiver part until the quarter-
wave plate are mounted on it. The scanning teles@pl the optical bench are fixed on a
specially designed base plate 6.4 m long, 1.2 newidd 30 cm thick. Having the maximum
static deformation of < 0.3 mm over the whole tnghis plate preserves the alignment and
obtains a very good mechanical stability for theiagh path from the TISA laser though the

transceiver optics to the telescope and back tectists.

For transportation the optical bench is lifted @gmng eight high-pressure air-balloons to decrease
the probability of mechanical damage of the equipm8pecially designed guides obtain the
default position of the bench after sinking. Nekieless, the alignment of the optical set-up has

to be verified after each transportation.

This mobile platform was delivered in HohenheinNiavember 2006 with mounted transceiver
and data acquisition system. Works on assembliegptimp laser, TISA, IS and collateral

electronics and alignment of the optics were dfamemediately. In the May 2007 system was
ready for operation and participated COPS measuregsnpaign in June-August 2007. The
system was located on the top of Hornisgrinde hilgaest mountain of the north Black Forest,
Germany. During this field experiment more than 800rs of water-vapor measurements with a

high spatial and time resolution were collected.

6.2 Measurement campaign COPS 2007
6.2.1 About COPS

Significant deficiencies of quantitative precipitai forecast, which are existing for many years,
led to the initiation of the Priority Program (PE)67 “Quantitative Precipitation Forecast PQP”
by the DFG in 2003 (PQP stands for “Praecipitaid@Quantitativae Praedictio”). This research
program addresses the challenges identified by mesey groups with respect to QPF. The
program gathers atmospheric scientists at GermdnSaviss universities as well as research
institutes to combine their knowledge for improvi@®F. In close cooperation with the German
Meteorological Service (DWD), its operational faast systems are used and refined as a basic
backbone for model development, testing, and védida For more details see [Hense, 2004;

Wulfmeyer et al, 2008a; www.uni-hohenheim.de/sgpg-io
The priority program focuses on reaching the foltayscientific objectives:

» identification of processes responsible for deficies in QPF;
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» determination and use of the potentials of existind new data as well as new process

descriptions to improve QPF;

+ determination of the predictability of weather foast models by combined statistical and
dynamical analyses with respect to QPF.

The PQP consist of the three phases. The firsepdPation — started April 2004 and lasted for
three years and was dedicated to coordination rtfidu measurement and modeling activity of
the participants. During this time five specializadbrkshops, several conferences and
symposiums were performed. The second, experimpheae, comprise a large-area observation
phase of one year (General Observations Period,) @O January to December 2007, and a
dedicated experiment regarding the precipitatiacgss over several months, COPS, providing

high-resolution, four-dimensional measurementsmiogpheric variables.

The third phase — Data Analyses — started in Jgr2@08 and will run until April 2010. Within
this time the acquired data is to be processedused for improving existing weather and

climate models.

6.2.2 In-field operation of the Ti:sapphire transiex
During COPS, the TISA laser was working for morantt800 hours, some days > 20 hours
continuously, showing good long-term stability amedlability. For that operation the set-up of

the transmitter was modified as it is shown on Bi§.

Comparing to the laboratory set-up (see Fig. 5.88), ring resonator was folded into more
compact design for a better mechanical rigidity emdbtain a ~0° incident angle of the cavity
mode at the light resonator mirror glued on the KMVFhis reduces the misalignment of the
cavity, deploying the feed-back loop. A real-timenttoring of the features of the output beam
was applied: a leak of the pulse energy throughadribe HR-mirrors was split 50% to a CCD-
camera to check the shape and position of the l@ahranother 50% were directed to a plane
Fabry-Perot interferometer (FPI) followed with adiCCD-array to observe a Fizeau pattern of

the emission and verify the single longitudinal-reagheration of the TISA laser.

To confirm stable and durable operation of the dmaitter in the environment with increased
dust concentration and significant temperature laachidity variations, the maximum pump

power was reduced to 32 W with corresponding rednaif the transmitter output down to 4 W.

During the last IOPs in the end of August, the poafe¢he TISA laser was increased up to 5 W.
For examples of the water-vapor measurements dese&tion 6.2.3.
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Injection

Seeder

Transceiver

Fig.6.3 Scheme of the set-up of the TISA lase28ti@m and photo of the TISA cavity during
COPS. Here beam splitter (BS), high-reflective arsr(HR), dichroic mirrors (DM), output
coupler (OC), Faraday rotator (FR), birefringehiefi(BF), Fabry-Perot interferometer (FPI),
halfwave plateX/2), HR mirror, glued on a piezo actuator (HR+HVPA)
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Fig.6.4 Trend of the beam pointing of the TISA faszorded in the DIAL trailer for horizontal (red)
and vertical (green) components. Recorded with B-C&mnera 2.5 m away from the OC of the TISA.

Another peculiarity of the in-field operation washmgher spatial and power instability of the
transmitter properties. On the Fig. 6.4, a 2.5 hoemd of the TISA beam position is depicted,
separately in horizontal (red) and vertical (greglanes. The slow drift of 0.1 mm in horizontal
direction was expected from laboratory experimetits, reasons for this effect were already
discussed in Subsection 3.3.2. But the faster witft a period of approx. 15 minutes was never
observed before. It was found, that most likelysthdluctuations are caused by temperature
variation in the trailer. The feed-back of the dbm system with power 20 kW is by far too
slow for an accurate temperature control. Thisltesn temperature cycles with an amplitude of
up to 5°C. The drift of the pump beam in the TIS#4stal led both to corresponding drift of the

lasing direction and the resonator misalignmenih wif0% output power fluctuation.

The standard deviation of the given seriegis= /o> +a§ = 54 um, which gives on a distance

of 2.5 m the angular standard deviation ofuf2d. After enlargement in the first beam expander
with magnification 5, the angular deviation of tteam is reduced to 4tad Io, matching the

requirement of the maximum allowed jitter of (fad 1o (see Table 2.1).

Operating the DLR IS, several problems were revealhe ultra-fast switch was detuned,
yielding a cross-talk of -20 dB instead of the spet —65 dB. The high leak of the ‘offline’
seeding emission in the ‘online’ channel was dgstgthe spectral purity of the transmitter. It
was decided to operate only the ‘online’ IS andtttbe non-seeded output of the transmitter for
the ‘offline’ signal. For the operation in this mecelectronic circuit of the PDH feed-back loop
was accomplished with the input gate, as it wasrde=d in the Subsection 4.2.2.
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6.2 Measurement campaign COPS 2007

The emission of the diode lasers in the IS suffemcere frequency jitter and narrow mode-hop-
free zone, caused by instable environment in #nketr Furthermore, absence of optical isolators
in ECDL layouts between the laser chip and therfdoeipler induced additional negative impact
on the spectral stability of the IS. A long-ternertimal drift of the diode lasers caused regular

mode-hops in its emission.

This spectral instability influenced the emissidrihe slave laser, disturbing its single-frequency
operation. To improve the spectral properties oé ftiiode lasers the IS was running
continuously, minimizing temperature drift in thesér chips. The spectrum of the TISA laser
was monitored in a real time for immediate definiagdeviation from a single-frequency

operation.

6.2.3 Measurement results

Within 31 days of intensive observation more th&@® Jhours of data were stored. As an
example, a 1.5 hour plot of vertical atmospherdilprg on the f' of August 2007 (IOP 13a) is
presented. Figures 6.5 (left and middle) show rasugere corrected backscattered signal
intensity from the far-field channel for ‘offlineand ‘online’ wavelength respectively. Spatial
resolution — 15 m, time average — 1s. Figure @6ight) depicts water-vapor mixing ratio
distribution in the atmosphere calculated from fieen data; the temporal resolution was
decreased to 10 s for a better SNR. Using a 10-pleirvation method, the result is affected by
additional 150 m gliding-window averaging. The pltmerged from two of the far- and near-
field channel, temperature information to calcult&ie mixing ratio from the number density data
was obtained with a radiosonde launched that tnora the Hornisgrinde.

Careful study of the plot emphasizes the detaitsvizible on the initially measured atmosphere
backscatter fields for ‘online’ and ‘offline’. First is a dry layer with a water-vapor mixing iati
(MR) of 0.1-0.2 g/kg from 800 to 1100 m AGL, covegia humid convective boundary layer
with MR of ~7 g/kg and followed by a relatively nsbizone with MR of 3-4 g/kg. Aerosol
backscatter shows a contrast between the layamslpfl to 5. Also, a thin cloud around 3000 m
AGL, obviously seen on the backscatter plot, islijkto consist of a dry dust due to
corresponding dark zone on the MR plot. Validaidrihe DIAL measurements was performed
using information of the water-vapor mixing ratioorh the aforementioned radiosonde
(see Fig. 6.6).
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Figure 6.7 presents a 17-hour trend of the devedoprof a warm moist air mass with embedded
Saharan dust in the boundary layer and its follgvimnteraction with forced convection, recorded
on 1-2 August 2007 (IOP 13 a/b). The presented rmiaipor mixing ratio field has the same

resolution as on the Fig. 6.6 (right).

During the observation period the troposphere skayable preserving a stratified structure (see
Fig.6.7): a humid convective boundary layer with #alues of MR up to 10 g/kg is covered with
a dry layer of constant temperature and thicknessna 400 to 500 m. Above the latter, a
relatively moist zone with a mixing ratio of 3-4&g/is located. Between 0845 and 1800 UTC the
top border of the convection zone raises from 80800 m AGL, lifting also a cold ‘cap’. After
1800 UTC, a warm moist-dry layered air mass is atbee from west in the lower free
troposphere above the lidar site. Wind speed wa®asing and reachedl12 m/s near 500 m
AGL at 2300 UTC. An appearance of a strong outflooundary, produced by the mesoscale
convective system around 0120 UTC, is shown bydalan rise of the moist layer at this time.
The end of the measurement period at 0240 UTC wased by oncoming precipitations. A
larger vertical covering from 2130 till 0145 UTCdsie to a better alignment of the near-field

telescope.

This and other measurement examples, also in symétly a scanning temperature Raman lidar
[Radlach et al., 2008] and wind Doppler lidar [Wie2005], can be found in [Pal et al., 2008].
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Chapter 7
Summary and outlook

7.1 Summary

The laser developed within the scope of this thels@vs to my knowledge the highest average
output power demonstrated yet by a single-rod sHfiiglquency TISA laser at 820 nm as well as
at 935 nm. The transmitter fulfills the requirensefdr accurate, high temporally- and spatially-
resolved measurements of atmospheric water vapptoyleg the DIAL technique. The

following main achievements have to be mentionganding this work.

7.1.1 Pump laser
Designing and assembling of the pump laser in Bhedser (Berlin) was participated. Appling
the pre-measured strength of the thermal lensgsiimp chambers of the master-oscillator and
the amplifiers, the complete optical layout of femp laser was simulated in ZEMAX. The
construction was optimized with respect to a symicetpropagation of the eigenmode through
the amplifiers. Together with Artur Napiwotzky (IBaser), the optical components were
assembled into the laser set-up piece-by-piece waithintermediate control of the beam
parameters. When the measurement showed a prindiff@eience from the simulation, the
model have been adopted accordingly, optimizatibthe layout have been repeated, and the

modification have been introduced in the set-up.

After the system was assembled, it was thorougbhirolled for matching the requirements of

the pump laser in the water-vapor DIAL transmitter.

Later a routine maintenance of the laser was padr including alignment control after each
transportation of the trailer, incorporation detestand CCD cameras to monitor the pulse shape
and beam position. For repayment procedures sommeparents were replaced, namely

quaterwave plate in the master oscillator, wholmpwhambers as well as Nd:YAG rods only,
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Chapter 7 Summary and outlook

SHG crystals etc., with the following realignmerittbe system and new specification of its
characteristics.

7.1.2 Injection seeder
For the laboratory experiments, the IS on the ledigbe Toptica DL100 ECDL was designed,
specified and deployed. The ECDL was several tirmaBgned due to replacements of the laser

diode after its optical damage or when the IS weasned from 935 nm to 820 nm region.

To optimize the operation of the IS made at the ODerpfaffenhofen, some minor changes in
the LabView driving program were introduced. Theraifast optical switch was replaced
because of its damage.

7.1.3 Ti:sapphire transmitter
Design of the TISA transmitter was the most timed &fforts-consuming part of the work.
Construction of the clamp-shells from NCAR was nfiedi for another rod size and the TISA-
crystal was clamped in the heat sink. The focaytles of the optically-induced thermal lens in
the Brewster-cut TISA crystal were measured fofed#nt levels of the pump power. The ring
resonator was calculated with respect to dynansitzdlility of the eigenmode and its minimum
size along the resonator.

Transmission and reflection spectrums of the iotreity elements, namely resonator mirrors,
lenses and birefringent filters, were optimizedarelgng operation of the transmitter either at
935 nm or 820 nm. Spectrums of the small-signahdetip amplification in the resonator were
estimated for both designs.

The laser layouts for operation at 935 nm and 880were assembled and specified for
matching the requirements of the transmitter of dimborne and ground-based water-vapor
DIAL system, respectively. Both systems demonstraiagle-frequency operation with a near-
Gaussian beam profile and the highest average psovier.

7.1.4 Differential absorption lidar
The TISA laser optimized for 820-nm operation wasorporated into the mobile platform of the
water-vapor DIAL system and participated the measant campaign COPS in summer 2007.
The system was working for 3 months, including 3¥slof intensive observations. More than
300 hours of high spatially- and temporally resdhday- and nighttime measurements were
acquired. Comparison of the preliminary processatemwvapor data with information from the

In-situ sensors (radiosonde) confirmed a low bias of teagured values.
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7.2 Outlook

7.2.1 Modernization of the current system
Although the TISA laser transmitter fulfills the quirements for an accurate water-vapor
profiling of the atmosphere, its in-field operatioevealed several weaknesses of the system.

There are certain activities planned to solve iseavered engineering problems.

In a first hand, the warm-up time of the pump las®s to be reduced and the spatial drift of its
beam during operation has to be minimized. Thi$ wiprove pointing- and energy stability of

the TISA laser, preserving high conversion efficign

The pump laser has to be modified regarding thewogtdiscussed in Subsection 3.4: either
modernization of the MO to the 2-chamber layoutapplying of an active beam-direction

control has to be performed. An active temperatorgrol of components of the MO, e.g. the Q-
switch, will improve the stability of the laser ession in the environment with remarkable

temperature fluctuations.

For a better spatial overlap between the pump beraanthe eigenmode of the TISA laser, the
pump beam cross-section of the optimum size whietter energy distribution has to be imaged
in the rod plane. The beam shaper has to be mddifoen a Galileo- to a Kepler-scheme (with
two positive lenses). Deployment of a vacuum célhwBrewster-windows between the lenses is
required to prevent ionization of air and severergy scattering in the focus of the first lens.

The operation of the DLR IS in the trailer is atft by the low response time of the computer-
based feedback loop and thermal drift of the ladiedes. When mechanical noise and
temperature fluctuations of the environment cafeo¢liminated, another stabilization technique
has to be applied. The external-cavity diode lasease to be replaced with lasers with
distributed feedback.

Using of the optical chopper in the detector urstatts functionality of the stabilization scheme
of the TISA laser and blocks the backscatteredasifjom the first 3 km of the atmospheric
profile. To avoid deployment of the chopper for theanning, the DIAL system has to be

modified to a bi-axial configuration.

A new set-up of transmission optics is currentlgemthe test. The TISA laser output is coupled
in a high-power multi-mode fiber and delivered todadlimator, fixed on the scanning telescope.
A 20-cm off-axis parabolic mirror was implementedcbllimate the fiber output with a residual

divergence of < 0.6 mrad. To fold a 75-cm focatatise, a flat bending mirror with aperture of
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10 cm was applied. The collimator was designed vagpect to 50 K temperature variation and
a high mechanical stiffness of the construction.ofmother advantages, this layout allows for
increasing the transmission of the laser pulseutiitahe transceiver optics in the atmosphere
from the current 30% to~ 60%.

The last major modification of the DIAL concern®tblimate system in the trailer. When the
trailer environment will be free from the temperatdluctuations and mechanical vibrations,
passive stability of the transmitter and IS chamastics will be significantly improved. The

possible solutions are currently under discussion.

7.2.2 Upgrade of the transmitter
It is planned to upgrade the pump laser to the\RG#verage power output at 532 nm. The TISA
laser has to be upgraded correspondingly to hatmilepower level and obtain its effective

conversion into a single-frequency IR emission witlow M parameter.

The maximum pump and output energies of the traitsmitilizing a TISA laser with a single-
crystal stable resonator are limited due to the éptical damage threshold of the TISA at the
pulse repetition rate of 250 Hz. For a TISA rodgignof 2 cm, cavity lengths from 130 to
160 cm and an overlap of > 90%, the maximum punigepenergy has to be confined to 88 mJ,
yielding a maximum energy extraction efficiency-®0% (see Fig.A.2).

For operations with the same pulse rate at highksepenergy, the size of the cavity mode has to
be increased to preserve the maximum energy deositthe optical elements. This can be
achieved switching the layout from the stable tousstable resonator [Wagner, 2009]. The
corresponding theoretical study was performed &edldyout was built to specify the energy,

spatial and spectral parameters of the laser.

However, a shorter cavity length of the unstabkonator may cause a reduction of the pulse
build-up time and corresponding decrease of theag@nthreshold. The maximum pump power
of the single laser crystal has to be consideredads A TISA crystal with a length of 20 mm
and diameter of 7 mm mounted in the clamp-shele Gubsection 5.2.1) can effectively handle
pump powers up to 50 W. For a higher power levélscaystal resonator has to be preferred. To
work with the pump power of > 100 W, it is requiraa rebuild the TISA laser in a MOPA
(master oscillator — power amplifier) configuratidror the amplifiers two TISA crystals with
undoped end-caps with diameters of 7 mm and tetajths of 40 mm are available.
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Appendix A

Laser pulse evolution model

A model of the laser operation based on the prie@pbalance of the particle number on energy
levels of the activator and completed with the gpdralance of the photon flow is useful to
describe energy and temporal properties of the rlasmission. Different to e.qg.,
[Koechner, 1999] description approach is presenpeetending to be more self-understanding
[[TaxomoB, 1986]. For the set of differential equations gppraximated analytical and a
numerical solution is given. The effect of spontause depopulation of the upper laser level in
the TISA was found essential for a better undedstenof the operation principles of the TISA

laser.

A.1 Balance equations
In general, the variation speed of the populatiortrei™ energy level of the laser material can

be characterized as:

d
d—?=ZWﬁnj 2 AN+ din - > Win - An->din

j#i j>i j>i j#i j<i j<i (Al)
> n =N =const

where n; — number density of atoms on tii® energy leveljzi; A, A; — probability of
spontaneous transitions to/from tH2 level; W;, W, — probability of stimulated transitions
to/from thei™ level, proportional to the intensity of propagatiradiation with a single photon

energyhv = [E-Ej|; d;, dj — probability of non-radiative transitions to/fraimei™ level.

The TISA can be treated as a four-level active omad(see Fig. 5.1); the laser operates in a
quasi Q-switch mode (so called ‘gain switching’heTpopulations of the upper level and the

lower laser leveh; can be neglected due to its fast decay to the ulaser level and to the

123



Appendix A Laser pulse evolution model

ground state, respectively, hentce=n3z=0 andN = ny+n,. In the present system the pump
pulse length isc 20 ns, so that the pump laser activity during TH&A pulse build-up time can
be neglected and the pump pulse temporal shapdeapproximated with a delta-function
o(t = 0). Thus, the model of the active medium with ldeer emission propagating along the
axes with the pump pulse absorbed, is describeld thi¢ following equation for inversion

population of laser level, completed with the pimoiow relation:

d(An(t, 2)) - dnz(t,z) n (t z)

-t z,v)o(v)n,(t,z) -

dt dt (A.2)
opt,z,v) 1@t z,v) _ -
5 + ST = @t, z)[a(v)An(t, 2)- B, Z)]’

where ¢t, z,v) — photon flow densityg(v) — gain cross-sectioni(v,z) — losses in the active
medium, z —relaxation time of the upper laser level=c/n.—speed of the EM-wave

propagation in the medium with. here — refraction index of the crystal. Introdggithe

gain coefficient g(t,z,v) =o(v)An(t,z) and the saturation energy dens'@(v):%, the
o\

Eq. A.2 can be written finally as

dg(t, z,v) —_1tz) a(t,zv) d(t,zv) (A.3)
dt Q) ro |
at,zv) 1df(,zv) _ _
Rk | (t,zV)[g(t,zv) - BV, 2)], (A.4)

with I(t,z,v) =hv ¢t,z,v) — radiation intensity. For the unidirectional ringsonator with cavity

lengthL equal to the active medium size¢he following start and boundary conditions arkdva

1t=0)=1,,
0(t=0) = g;(z) =o) =\ (A5

[(z=0)=R0O(z=1),

whereR — reflectivity of the output coupleEs;— energy stored on the upper laser level within a
volume of the intra-cavity mod&/,m = SI— volume of the intra-cavity moday, — energy of a
photon of the pump emission. The Egs. A.3-A.5 asemsitive for the profiles of the pump beam
and the cavity mode. The flat-top profile of thenpubeam is assumed. The overlap of the
beams is treated optimal when the pump beam raglrgual to one of the eigenmode, measured

at the level 1/efrom the peak energy.
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A.2 Coordinate-independent approximation

A.2 Coordinate-independent approximation

The general solution of the equation set Eq. A.3-&an be derived only numerically. To derive
an analytical solution for estimation of the outpoergy, the pulse length and the pulse build-up
time, a “point-resonator” model was deployed whie following assumptions [e.g., Koechner,
1999

« | andg do not depend on the coordinate and may be raplagdheir spatial-averaged

| |
values| (t) :%jl (t,2)dz and g(t) :%jg(t,z)dz. The real distribution of the intensity
0

0
and the gain over the active medium is far from bgemeous, and this assumption may

cause some uncertainties;

» the intra-cavity losses, passive and for out-cagplare all concentrated in the crystal.
The amount of uncertainty induced by this approxioma depends on the cavity

configuration;

* the spectrum of the laser emission is narrow-banodirel frequencyy, and the gain
cross-section can be approximated &sp) = const =o. For the TISA with a gain
bandwidth of ~300 nm the value of the cross-sectidgthin several nanometers, pre-
selected with the coarse spectral narrowing obihefringent filter (see Subsection 4.1),
may be accepted constant with a negligible errbe hodeling shows a good fit to the
experiment (comparable with a measurement uncéyjaimhen for a gain peak the value
o= 2.7*10" cn? @ 800 nm is applied [Moulton, 1986].

These assumptions lead to a resonator of neglightgh equal to the length of the laser crystal.

To complete the model, resonator losses shall dladed. The spatially averaged intensity after
a single pass through the laser crystal growsl @s>0) = I_Oexd(g(t)—,é’ae)l], which is a

Lambert’ law. Hence, an amplification of the intavity field intensity after a round-trip in a

ring cavity is

_ TLexd@® - BIIR[] € 1)
G(t) = _ i

=exp[@(t) - BIR[] @~ 1), (A.6)

lo

where 1o —intensity at the starting point of the roungbtriy — intra-cavity losses:k—

absorption in optical elements and leak throughriiRors, y4i; — diffraction losses),is — losses
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on misalignment. Introducing coefficieni :%In[li} and 8., :%In[%}, Eq. A.6 can be
g

written as

G(t) = expl@() ~ (B + Zﬁ? + B =exp[@(t) = (Boss + Lo =
=exp[@(t) - £:)I]

: (A.7)

where[oss— dissipative losses in the resonafgy; — coupling losses of the resonat@s— total

losses. From this formula, lasing is possible wBen1 and g>p5;.

The pulse evolution model with the given approxiora is intended to simulate the seeded
operation of the laser. It can be implemented faramlel of the free-running mode of the TISA

laser as well, when a BF obtains coarse spectradwing and constrains the emission spectrum
to a few nanometers. However, such a simulatiors e@®@ concern the multimode nature of the

not-seeded lasing and may cause a high result tanugr

The laser pulse in the free-running mode develops fthe noise emission with a power
_~_ 0,JSQ . o
Popon(t =0) —OT. The energy scatters in all directions homogengarsd only the photons

reaching the crystal after a round-trip in the gawill contribute the pulse evolution. Thus the

intensity of the ‘natural seed’ is attenuated veitbpatial factor ofy; = IR

The noise photons are emitted over the whole spactf the TISA with random polarization
and only those enjoying the round-trip amplificatié > 1 will impact the build-up of the laser
pulse (see Eq. A.7Bpectraly, and polarization dependam, components of the efficiency of
the spontaneous emission can be distinguished.tri@petficiency is a ratio of a spectrum
fraction of the TISA small-signal gain witg(t =0,v) > £, (V) to the total emission spectrum.
Here ps(v) =p(v)+p — intra-cavity losses, consisting of the spectratlependant part
(transmission of the BF, reflectivity of the HR-mars and OC), — and spectrally independent
part (losses for resonator misalignment, energitestiag on optics etc.). Polarization efficiency

depends on the intra-cavity gain: whereas nearldbing threshold only photons witp

polarization haveG > lata higher pump energies fraction of $h@larized photons increases.

Hence, concerning cavity losses and the differencengths of the resonator and the active

medium, Eq. A.3, A.4 and A.5 can be rewritten as
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A.2 Coordinate-independent approximation

90 - -y 90 - 80

dt

I A7)
di (t) U (
- 7 = R t —

e CORE
@(tZO):Jh Vo, Ny

I_noise: g()lSQ _1 717 pol» withoutlS (A8)
i(t=0\=1 = T 47t
(t=0=l,=1_ 7 4%
5 = ——————/]jq, with IS
S 1-R(-B)

with y = L : |n°| specifies the filling ratio of the cavity with thengthL and the crystal of the

optical lengthngl, E, — single-pulse pump energy approaching the lasestad, 77, = 1q/jo/7a —
pump efficiency. Hergy, quantum efficiency of the transition from the gndestate to the upper

laser level. For the pump wavelength of 532 mw: 1. 77, is an overlap between the pump beam

w, and the cavity modev. in the crystal. For Gaussian beams=4 ; for non-

p C

Gaussian beams with energy distributions in theamb cross-sections described with normalized

2
functions I1(x,y) and Ix(x,y), the overlap can be derived &g :(”«/lﬂdedyJ . Na Is the
S

absorption of the pump energy in the crystal.

The intensityl;s of the seeding emission is calculated for thedstestate condition, when the
gain is absent and the energy losses, dissipatiddaa the out-coupling, are compensated with
the seeded beam, yielding a unit round-trip angatfon G=1 Pis — power of the cw-IS before

coupling in the cavityss — coupling efficiency of the injected photons e resonator mode.

Averaging of the intensity and the gain over thgst@al may cause a severe uncertainty of the
result. To estimate the reliability of the modék trelative difference of energy intensities on the
exit of the crystal and an average one was cakxdlaVhen intra-cavity field intensity is on its

maximum and the gain coefficient is depleted tottiieshold levedj = 5; , the relative error is

_I(z=1)-T _1-R+In(R)
" 1(z=l)  In(R)

(A.9)
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Relative error

0 0.2 04 0.6 0.8 1
Reflectivity

Fig.A.1 Estimated relative error of the point-restmm model vs. reflectivity of the OC.

The plot fordR) is depicted on the Fig.A.1. For tRe> 50% relative error does not exceed 30%,
which is acceptable for engineer calculations.sltnecessary to mention that for a linear

resonator such an error fBr> 50% is less than 6%lhxomog, 1982].

A.3 Output energy and temporal properties of the plse
Solving analytically Eq. A.7 together with boundanyd initial conditions EQ.A.8, it is usually

assumed that the spontaneous depopulation of tper ugser level may be neglected for the

times of evolution of the laser pulse:

Hence, the following analytical solutions in thgpaoximation were derivedlaxomos, 1982]

for the output energy

= QUi (X +02-50), (A1)

for the peak power

peak Q Xﬂoutﬁz(x _1_ ln X) (A12)
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X

Fig.A.2 Extraction efficiency of the stored energgarding ratioX = &, representing an exceeding of
z

the small-signal gain over the total losses (see [@iegman, 1986, p.1015]).

for the pulse build-up time

L= X )ln{QU(Go-ﬁle}

“ (g, -8 100, x (A.13)

for the pulse length

e 1 (X+O.2—1X'2j
tx—— =—4 (A.14)

Peac Bd X-1-InX

where X =2 _ ratio of the small-signal gain coefficient teettotal losses in the cavitlfor
z

further calculations of the pulse build-up timetloé TISA, it is assumed all injected photons fit

one of the longitudinal modes of the resonator.

Deriving the Eqg.A.11 for the output energy, a rielatbetween an extraction efficiency of the
stored energy in a pulse and the gain-to-lossés Xamnay be depicted (see Fig. A.2). BOe 5,
more than 99% is extracted, though the acceptdbtéeacy of > 93% is achieved already for

theX = 3. The extracted energy is coupled out as veetlomtributes the passive losses.
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Fig.A.3 Estimated slope efficiency (a) and pulsédsup time (b) of the TISA laser, derived using
analytical and numerical solutions of the rate-¢éignamodel. Here wavelength 935 nm and the
corresponding gain cross-sections(835) = 1.35*10° cnf, eigenmode radius on the crystal

w, = 0.65 mm, pump coupling efficiency 77%, refleittivof the OC R = 72%, injection seeder power
15 mW. The level of passive losses is 13% and 8%h&simplified and for the numerical calculation,
respectively.

Equation A.11 shows that the energy extracted ftloenlaser crystal in a single pulse does not
depend on the strength of the initial field andhe same for the seeded as well as for the not
seeded modes. However, this equation does notsemreéhe behavior of the TISA laser

adequately: the experiment showed a remarkablerdifte of the output energy (5-10%)
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between seeded and not seeded modes (see Fig6.2945.32). The explanation of this effect
lies in a longer evolution time of the non-seedal$e@.

The minimum measured build-up time difference betwthe free-running mode and the seeded
mode is 100 ns. For the relaxation time of the TISAz = 3.2us [Moulton, 1986], this
corresponds 3.5% depopulation of the upper lasegl.ldntroducing this correction in the
Eq.A.11, the estimated defect of the output enes@o.

Solving Egs. A.7, A.8 numerically, more realistmwgion was obtained. Figure A.3 (a) depicts
the result of the simulation of the TISA performangsing Eq. A.11 (green) and numerical
solution for the seeded (blue) and free-runningl)(rmodes. The initial conditions for the
calculations were: wavelength 935nm and the cpomding gain cross-section of
5(935) = 1.35*10° cn?, eigenmode radius on the crystal. = 0.7 mm, pump coupling
efficiency 87%, reflectivity of the O®R = 72%, power of the injection seeded 15 mW. The
amount of passive losses was assumed of 13 % &adf@ the analytical and numerical
calculation, respectively. Comparing the pulse dup times derived with analytical and
numerical approaches, the same model outputs wbireved assuming the level of the passive

losses oB = 13% for analytical anB = 8% for numerical solution (see Fig.A.3. b).

The discussed rate-equation model assumes a spadral simplification of the lasing processes

in the resonator. However, comparison of simulaiwaith experimental results showed a good

coincidence with an uncertainty, comparable witheasurement error (see Fig. 5.14, 5.16, 5.29,
5.32).
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