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Abstract

A gain switched tunable Cr4+:YAG laser was developed using a Q-switched flash-
lamp–pumped Nd:YAG pump laser at 10Hz. A vacuum spatial filter (VSF) was
designed in order to filter the “hot spots” of the pump beam profile. As a result of
applying the VSF, a nearly Gaussian-shaped beam profile was achieved which enabled
safe pumping of the Cr4+:YAG crystal with pulse energies in excess of 100mJ. An
extensive experimental optimization of the efficiency of the wavelength converter was
performed. A maximum output energy of ≈7mJ at 1430–1450 nm, corresponding
to ≈7% conversion efficiency (with regard to absorbed pump energy), and a pulse
duration of 30–35ns were obtained with a 25-cm-long stable resonator. Tunability
in the range 1350–1500 nm and spectral linewidth of ≈200GHz were demonstrated
using a 3-plate birefringent filter. The laser was multimode with a flat-top profile and
sufficiently good M2 ≈ 4.

The performance and size of the laser are acceptable for use in a laboratory-
based non-scanning lidar system if a narrow-band birefringent filter is installed. In
order to employ a scanning mobile lidar, high pulse frequency (≥100Hz) of the pump
laser for the Cr4+:YAG laser is required. The tunability permits the improvement of
the laser transmitter for water-vapor DIAL measurements at on-line wavelengths of
approximately 1459nm or 1484nm if injection-seeding is applied.
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Zusammenfassung

Ein gain-geschalteter, abstimmbarer Cr4+:YAG Wellenlängenkonverter wurde ent-
wickelt. Er wurde mit einem gütegeschalteten blitzlampengepumpten Nd:YAG-Laser
mit einer Repetitionsrate von 10Hz und einer Pulsdauer von 6–8 gepumpt. Dieses
System ist ein erster Schritt zur Entwicklung eines augensicheren Wasserdampf-DIAL-
Systems bei 1459nm und 1484nm. Ein Vakuum-Raumfilter (VRF) wurde aufgebaut,
um die Hot Spots im Pumpstrahlprofil herauszufiltern. Mit dem VRF wurde ein na-
hezu Gaußsches Pumprofil erzielt. Das ermöglichte das Pumpen von Cr4+:YAG mit
Pulsenergien von mehr als 100mJ, ohne den Kristall zu beschädigen. Eine experi-
mentelle Optimierung der Effizienz des Wellenlängenkonverters wurde durchgeführt.
Eine maximale Ausgangsenergie von ≈7mJ bei 1430–1450nm, was ≈7% Konversion-
seffizienz (bezüglich der absorbierten Pumpenergie) entspricht, und eine Pulslänge
von 30–35ns wurden mit einem 25 cm langen Resonator erreicht. Laserabstimm-
barkeit im Wellenlängenbereich von 1350–1500 nnm und eine spektrale Linienbreite
von ≈200GHz wurden mit einem 3-Platten doppelbrechenden Filter demonstriert.
Der Cr4+:YAG Laser besitzt ein Multimoden-Flat top-Strahlprofil und einen guten
M2 Wert von ungefähr 4.

Die Effizienz und die Größe des Lasers sind akzeptabel zur Anwendung in einem
nicht abtastenden Labor-Lidarsystem, falls ein schmalbandiger doppelbrechender Fil-
ter benutzt wird. Um Cr4+:YAG als Laser für ein abtastendes mobiles Lidar zu
verwenden, ist ein kompakter Pumplaser mit hoher Repetitionsrate (≥100Hz) er-
forderlich. In Verbindung mit diesem Pumplaser und der Anwendung der Injection-
Seeding-Technik hat der Laser das Potential als Transmitter für ein augensicheren
Wasserdampf-DIAL-System eingesetzt zu werden.
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Chapter 1

Introduction

1.1 Motivation

LIght Detection And Ranging (LIDAR) is an active optical remote sensing tech-
nology that provides images of atmospheric structure and quantative measurements
of atmospheric variables. Lidars transmit short laser pulses into the atmosphere and
detect the elastically and inelastically backscattered radiation from molecules and
aerosol particles (diameters range from approximately 0.001 to 100µm). Molecules
and fine aerosol particles scatter the light according to Rayleigh scattering theory—
inversely proportional to the fourth power of the transmitted laser wavelength [158].
Spherical aerosol particles with diameters on the order of the transmitted laser wave-
length scatter the light according to the Mie theory [158]. Scattering from non-
spherical particles require different treatment [110]. The lidar sensitivity to different
size particles is dependent on the transmitted wavelength and the concentration of
the particles. Clouds and precipitation, which are composed of very large particles
(>100’sµm) cause strong backscatter and extinction of the lidar signal. Thus, lidars
are ideal for probing the visually clear atmosphere to determine the distribution of
aerosol backscatter and some trace gases. Lidars are also of use in observing optically
thin clouds such as cirrus [41, 125].

Elastic backscatter lidars provide 2 - to 4 - dimensional images of the atmosphere
continuously over periods ranging from hours to days and covering areas of tens of
km2. While lidars have contributed to virtually all aspects of atmospheric science,
are particularly useful in studies of the atmospheric boundary layer (ABL) [88]. In
general, the ABL is the lowest layer of the troposphere, the layer closest to the earth’s
surface. The ABL is defined by Stull [152] as “the part of the troposphere that is
directly influenced by the presence of the earth’s surface, and responds to surface
forcing with a time scale of about an hour or less”. In the ABL, elastic backscatter
lidars are capable of detecting aerosol plumes and atmospheric structure that is far
superior to the ability of the human eye or microwave radars. Moreover, they are
able to map variability of the atmospheric structures with high temporal and spatial

1
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resolution, which can not be obtained otherwise with passive remote sensing and in
situ sensors.

By scanning the atmosphere from a ground site, lidars can monitor the emission
of particle effluents from natural sources (e.g. forest fires [91, 159], volcano erup-
tions, wind blown dust) as well as anthropogenic induced plumes from industrial
and agricultural sites. The aerosol particles have a direct impact on the climate, by
absorbing and scattering the solar and terrestrial radiation, and affecting the cloud
properties [65, 127]. Their indirect impact is by serving as cloud condensation nuclei
[65, 92, 156, 157]. Aerosol particles also influence the chemistry and air quality and
thus have an effect on human health [9, 27, 117, 171].

The appearance, motion and temporal evolution of aerosol plumes can be visual-
ized by animating sequences of lidar images. The observations of the movement of
aerosol structures over time can be used to extract vector wind fields [102, 149] and
project the transport and dispersion of pollutants. This capability is useful in studies
of pollutant dispersion, atmospheric chemistry, and respiratory health.

Simply by pointing the laser beam vertically, the depth of the cloud-free atmo-
spheric boundary layer can be monitored, if the depth is greater than the minimum
range of the lidar being used [49, 118]. ABL depth is a key variable required in
microscale and mesoscale meteorological studies. The ABL depth also has a large
impact on air quality. Low ABL depths trap pollutants and reduce air quality. A
vertically pointing lidar can also locate clouds and determine their base altitude [118].

An example of the atmospheric science gained from simply operating vertically
pointing lidar is the Lidars in Flat Terrain (LIFT) experiment [28, 29, 94]. This ex-
periment studied the structure and evolution of the convective boundary layer over
the very flat terrain of central Illinois. Scientific goals included the measurement of
fluxes of heat, moisture, and momentum; vertical velocity statistics; study of entrain-
ment and boundary layer height; and observation of organized coherent structures.
The data collected was also used to evaluate the performance of these new lidars and
compare measurements of velocity and boundary layer height to those obtained from
nearby radar wind profilers.

Elastic backscatter lidars are also very useful from airborne platforms. By flying
above the atmospheric boundary layer and looking down, one can determine the
boundary layer depth along the flight line. Quite often airborne elastic lidars are
used on board research aircraft to locate tropospheric and stratospheric aerosol layers
above the ABL. This information can be used to redirect the aircraft into the layers
for in situ sampling. The in situ data provides information on the chemical and
microphysical characteristics of the aerosols in atmospheric and air quality studies.

Additional applications of elastic backscatter lidars include extracting spatial and
temporal statistics of the aerosol distribution as a guide and evaluation of numerical
simulations [14, 104, 150, 176]. For instance, in the spring of 2006, a field campaign
designed to study the formation of atmospheric rotors was conducted in the Owens
Valley of California. This experiment (named T-REX for Terrain-induced Rotors
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Experiment) included two coherent Doppler lidars and the eye-safe backscatter lidar
REAL of the National Center for Atmospheric Research (NCAR) operating at a
wavelength of 1543nm. At the time of this writing, the NCAR REAL is being used
in the Canopy Horizontal Array Turbulence Study (CHATS) experiment. Data will be
used to verify the ability of large eddy simulations to reproduce turbulence coherent
structures over homogeneous forest canopies.

An advanced application of elastic backscatter lidar is a technique known as differ-
ential absorption lidar (DIAL) [18, 167]. Here, rather than using just one wavelength,
two wavelengths are transmitted in an alternating sequence to determine the concen-
tration of a gas such as water vapor [16, 19, 37, 58, 95, 174, 178] or ozone [17, 20, 128]
in dependence of range and with high accuracy. One wavelength is centered in the
absorption line and the other is “off-line” where the gas does not absorb. Elas-
tic backscattering of particles is required in order to sense the small differences in
backscatter intensity at those wavelengths due to the presence of the gas of interest.
Elastic backscattering is also the basis for heterodyne Doppler lidars which are capable
of detecting the frequency shift of the backscattered radiation [48, 57, 120, 168, 180].

Three factors influence the success of lidars: performance, required wavelength,
and eye-safety. For some applications such as rapid scanning, a measure of perfor-
mance is long range and high temporal resolution which is best accomplished with
high laser pulse energy. This can pose an ocular hazard which limits the number of
environments where the lidar can be employed. In order to ensure eye-safety with
minimal sacrifice of transmit pulse energy, an operational wavelengths should be cho-
sen that holds a higher maximum permissible exposure.

In addition to eye-safety, it is highly desirable to select a lidars operational wave-
length near water vapor absorption lines in order to conduct water vapor DIAL. Water
vapor is a very important atmospheric constituent—strongly influencing the atmo-
spheric radiation budget, storm formation [12, 47, 68, 164, 165, 166, 175, 177], and
atmospheric chemistry [43]. For these reasons, the development of a laser transmit-
ter that would operate in the challenging eye-safe wavelength region around 1500nm
is desirable. However, to date, we are not aware of the development of a tunable
laser transmitter in this wavelength region. Therefore, the goal of this work was to
investigate a suitable laser material, which has the potential to be operated with
high-average power: Cr4+:YAG.

1.2 Aerosol backscatter lidar

The basis for lidar remote sensing lies in the interaction of laser radiation with
gas molecules and particulate matter (aerosol particles). A schematic of an elastic
backscatter lidar is illustrated in Fig. 1.1. The laser wavelength converter discussed
in this dissertation is shown as part of the transmitter on the left hand side. Ideally,
the transmitter emits short pulses of laser radiation (few ns to few tens of ns) with a
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Figure 1.1: Schematic of a lidar. λP : pump wavelength, λL: (laser) wavelength of the
transmitted light, PL and Pbs: transmitted pulse and received backscattered power,
PM and SM: primary and secondary mirror of the telescope, FOV: field of view of the
receiver, BSU: beam steering unit (or scanner), CL: collimating lens, IF: interference
filter, FL: focusing lens, Det: detector, Amp: amplifier.
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narrow spectral width into the atmosphere. The photons are scattered and absorbed
by molecules and aerosol particles. Light scattered back in the direction to the system
is collected by a telescope and projected onto a detector that converts the photons
into electrons. The electrical signal is amplified and digitized. In the case of elastic
backscatter the wavelength remains unchanged. The backscattered radiation comes
from various distances with respect to the lidar. The time delay between sending the
laser pulse and receiving the backscattered photons is proportional to the distance
(range) between the scatterers and the lidar as r = ct/2 where c is the speed of light.
The factor 1/2 appears because the pulse travels 2 r for time t. In the very small
amount of time (t=1µs for 150m range) that takes for the laser pulse to travel to the
desired maximum range, the atmosphere can be regarded as “frozen” [154]. The laser
beam can be pointed at various elevations and in various directions by rotating one
or both mirrors of a beam-steering unit (scanner). By scanning, a ground-based lidar
system can gather information about the 2 - to 4 - dimensional (spatial coordinates
x, y, z and time t) distribution of aerosol particles in the atmosphere [40].

The range resolved backscattered radiation incident on the receiver is described
by the lidar equation [80, 108, 169]. The power of the return signal is a function
of the transmitted power, system geometry and efficiency, and the backscatter and
transmission of the atmosphere. In case of direct detection, the lidar equation reads:

Pbs(r) = PL
c tL
2

A

r2
O(r) η β(r) exp(−2

∫ r′

0
α(r′) dr′). (1.1)

Here, PL is the transmitted average power and tL is the pulse duration. The factor
c tL/2 is the length of the sampled volume of the atmosphere at a fixed time (see
Fig. 1.1). Thus, the laser pulse length can determine the range resolution. In the
case of short laser pulses on the order of a few ns, the range resolution can be limited
by the bandwidth of the receiver’s amplifier [103]. The temporal resolution, or the
rate at which the lidar gathers information about the atmosphere, is determined by
the pulse repetition frequency (PRF) of the lidar transmitter.

The amount of detected backscattered photons depends on the overlap between
the laser beam and the receiver’s field of view (FOV), the overlap function O(r),
and the area of the telescope A. The divergence of the FOV is restricted mainly by
the size of the active area of the detector. If small area detectors (200µm diameter
or less) are used, a lot of effort is put towards designing a laser with low divergence
(small beam propagation factor M2, also known as “beam quality”) in order to ensure
full overlap O(r) = 1 [100]. In addition, the beam can be expanded to decrease the
beam divergence. Very often the expansion of the beam is necessary in order to meet
the eye-safety requirements (see Section 1.3). Using telescopes with a large primary
mirror will result in more expensive system and it will give a rise of the background
level in the lidar data, especially if the transmitted radiation is at wavelength of the
solar spectrum.
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The factor A/r2 represents the acceptance solid angle in which scattered light
is collected from distance r. Thus, the backscattered signal falls quadratically with
range. This is a pure geometric factor responsible for a large dynamic range (few
orders of magnitude) of the power of the return signal. As a result of the 1/r2 effect
the backscattered radiation coming from a few-km-range is very weak when compared
to backscattered signal at shorter distances. In order to create a detectable signal
from a single or small number of laser pulses, high pulse energy transmitters must be
used.

The efficiency of the system indicated with η in the lidar equation includes the
efficiency of all optics in the path between transmitting and receiving of the laser
pulses (transmission of the beam expander, focusing lenses and interference filter,
reflectivity of the telescope and the BSU mirrors) and the efficiency of the detector.
These are parameters that can be optimized by the instrument designer and developer.

The atmospheric factors that determine the intensity of the detected radiation
are the backscatter coefficient β(r) and the extinction coefficient α(r). β represents
how much of the scattered light by aerosol particles and molecules per meter and
solid angle (m−1 sr−1) is scattered back to the lidar. It is dependent upon the size
distribution, the concentration and scattering efficiency of the particles. α (m−1)
describes the lost energy due to scattering in other directions and absorption by
aerosols and molecules. It accounts for absorption and scattering of the lidar beam.
α and β are the sum of the corresponding coefficients for aerosols and molecules:

β(r) = βa(r) + βm(r) (1.2)

and
α(r) = αa,sc(r) + αa,abs(r) + αm,sc(r) + αm,abs(r). (1.3)

The indices a and m stand for aerosols and molecules, and sc and abs for scattering
and absorption, respectively.

Together with the elastically backscattered radiation the receiver captures back-
ground radiation. During daytime measurements this is the solar radiation and during
nocturnal measurements it is the moon light and artifical light. The background radi-
ation sets the average intensity level of the detected signal before the laser discharges.
Therefore, narrow-band filters are utilized in order to suppress the background ra-
diation. In addition, the receiver electronics are sources of high frequency noise. A
measure of the performance of the lidar is the signal-to-noise ratio (SNR). High SNR
means that the intensity of the backscattered radiation is much larger than the stan-
dard deviation of the background noise. Therefore, low noise detectors with high
gain and amplifiers are desired. The SNR can be increased by averaging the return
signal waveform over several laser pulses or by using a high-pulse energy transmitter.
For real time information, the backscatter intensity can be displayed after performing
background subtraction and range correction (multiplying the power of the backscat-
tered radiation by r2).
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1.3 Eye-safety considerations and choice of oper-

ating wavelength

The lidar technique implies probing of the atmosphere with laser radiation which
poses a potential eye-safety hazard. It is not convenient to use a non eye-safe lidar e.g.
near airports, in field campaigns with other instruments around or in urban areas.
The risk of eye injury arises in the case of scanning lidars and unattended operation,
which are desirable for atmospheric research. Therefore, eye-safety is an important
factor that determines the number of applications and environments in which the
lidar can be used.

Ocular damage can occur at any wavelength if the energy for a given beam size and
exposure time exceeds a certain limit: the maximum permissible exposure (MPE).
The level of MPE depends on the spectral transmission of the eye. Fig. 1.2 presents
the maximum permissible energy (MPE multiplied by the area of the beam) as a
function of wavelength for single pulse and a stare, based on the American National
Standard for Safe Use of Lasers [3].

Figure 1.2: Maximum permissible energy as a function of the wavelength for a scan-
ning and stationary beam. The laser radiation parameters are as indicated in the
legend. Courtesy by S. Spuler and S. Mayor [147].

The least eye-safe spectral region in terms of permissable energy is the visible to
near infrared part of the spectrum (400–1400nm). Radiation at those wavelengths
penetrates the cornea and the lens of the eye and is focused on the retina to a tiny spot
on the order of 10–20µm with high energy density. Therefore, only a small amount
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of energy is enough to damage the retina. A possible solution for lidar operating at
those wavelengths is to expand the beam in order to reduce the energy density below
to the MPE. Another possibility is to emit low-energy pulses (≈ µJ) at high PRF (at
least 1 kHz). This technique, known as micropulse lidar [49, 145], requires photon-
counting and averaging over many laser shots to obtain reasonable SNR. Thus micro
pulse lidars are not optimal for rapid scanning.

Considerably higher energy can be safely transmitted in the UV (<400nm) and
near IR (>1400nm). UV radiation is absorbed by the anterior parts of the eye
and can cause damage to the cornea or the lens. Radiation at wavelengths between
1500nm and 1800nm is absorbed volumetrically in the aqueous and vitreous humor
of the eye. Thus, the energy that reaches the retina is strongly attenuated and
even higher energies, compared to the UV, are acceptable. Radiation at wavelengths
1400–1500 nm and beyond 1800nm are absorbed more strongly in the anterior parts
of the eye compared to wavelengths 1500–1800 nm and thus the MPE is reduced by
1 order of magnitude. For backscatter lidar applications, the near IR region has the
advantage over the UV that it features low sky radiance, meaning low background
radiation, and low molecular scattering, resulting in a good contrast between the
backscattered radiation from aerosols and from molecules. Therefore, wavelengths
greater than 1400nm are considered for a new aerosol lidar transmitter proposed in
this thesis.

In order to choose the operating wavelength one must also take into account the
availability of detectors for direct detection and the transparency of the atmosphere
(see Eq. 1.1). Adequate performance detectors are available in the 1400–1700-nm
region. These are Indium-Gallium-Arsenate Avalanche Photo Detectors (InGaAs
APD) that feature high quantum efficiency, no cooling and low cost [100]. Mayor
and Spuler [103, 147, 148] have successfully demonstrated the use of InGaAs APDs
in a high pulse energy, eye-safe lidar operating at 1543nm. At wavelengths beyond
1800nm the MPE remains modestly high but the detector performance decreases
with increasing wavelength.

The choice of wavelength for an aerosol lidar transmitter is further narrowed by
the transmission of the atmosphere. The absorption spectrum of air molecules and
trace gases (ozone, water vapor, carbon dioxide) can be obtained from spectroscopic
databases such as HITRAN [124]. Fig. 1.3 shows the composite transmission of a
standard atmosphere for 1 km path length.

Strong absorption of water vapor is present at wavelengths in the spectral re-
gions 1400–1530 nm and 1700–1800 nm. The absorption of radiation at around 1570–
1600nm is due to carbon dioxide (CO2). Absorption lines of CO2 are found also
around 1430nm. However, the absorption lines can be avoided by using lasers with
very narrow linewidth (few 100sMHz) tuned precisely to a wavelength that is not ab-
sorbed by these species. Therefore, the spectral region around 1500nm, which offers
the maximum eye-safe energy and good performance detectors, was chosen for the
development of the lidar transmitter.
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Figure 1.3: Transmission of a standard atmosphere: at sea level, air pressure of
101.325 kPa, air temperature of 296K, water vapor partial pressure of 775 Pa. The
path length is 1 km.

1.4 Wavelength converters in the eye-safe spectral

region around 1500nm.

The goal of this project is to develop an eye-safe transmitter operating at a wave-
length near 1500nm for a mobile ground-based scanning backscatter lidar. In order
to enable rapid scanning with good signal-to-noise ratio and maximum range of a
few kilometers the transmit pulse energy should finally be at the order of tens of
mJ and pulse repetition rate of at least 10Hz. Due to small area detectors at this
wavelength region and consequently small receiver’s FOV, the beam should feature
low divergence (small M2). A compact and rigid design is also desirable.

There are few possibilities to generate pulsed laser radiation around 1500nm.
They include solid-state lasers, optical parametric oscillators (OPOs) and stimulated
Raman scattering (SRS).

1.4.1 Raman shifter

Stimulated Raman scattering (SRS) in solid-states (β-BBO, Nd:YVO4) and gas
(methane, deuterium) produces radiation at wavelength around 1540nm with high
conversion efficiency (≥40%) and short pulse duration. Raman shifters do not require
the use of high-quality pump beams to yield an efficient frequency conversion.

Murray et. al [112] have demonstrated frequency conversion of a Nd:YAG laser
operating at wavelengths 1318nm and 1338nm to 1535nm and 1556nm, respectively
by intracavity SRS in Ba(NO3)2 (beta-barium borate, β-BBO). They have achieved
12mJ output pulse energy at 10Hz and 250mJ at 1Hz. The beam had a near
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diffraction limited profile and was better than the pump beam profile. A compact
all-solid-state laser at 1525nm by using a self-SRS in a diode pumped Q-switched
Nd:YVO4 has been reported [24, 25]. This laser delivered 0.7mJ in 6-ns pulses at
rate 20 kHz. There is no information about the beam divergence of the latter two
techniques.

Raman shifting of 1064nm to 1543nm in methane and deuterium has been al-
ready employed in lidar systems [22, 146]. Traditionally, the main problems with
this technique include poor beam quality, limited repetition rates and frequent main-
tenence of the Raman cell. However, these problems have been recently overcome
with the aid of an advanced design by Mayor and Spuler [103, 147, 148]. In the
past 2–3 years they have demonstrated high pulse energy of 350mJ in 4-ns pulses for
pulsed operation at 10Hz to 50Hz. By optimizing the design of the Raman cell, the
pump configuration, and by utilizing injection-seeding of both the pump laser and the
Raman cell, they have achieved acceptable beam divergence (M2 < 6) and narrow
spectral linewidth (210MHz) of the generated radiation at 1543nm. The reliability
of the Raman shifter has been proven and successfully employed as a transmitter
for a ground-based, unattended, scanning, high-power, and eye-safe backscatter lidar
[162].

Despite these recent advances in SRS, Raman cells remain large and heavy and
contain compressed explosive gas. Therefore, they are not well suited for airborne li-
dar systems. Furthermore, Raman shifters are tunable in a very narrow range (∼1nm)
so that water-vapor absorption lines cannot be covered..

1.4.2 OPO

Generation of high-pulse energy radiation near 1500nm can be obtained in op-
tical parametric oscillators (OPOs) employing solid-state media KTiOPO4 (potas-
sium titanyl phosphate, KTP), KTiOAsO4 (potassium titanyl arsenate, KTA) and
RbTiOPO4 (periodically poled rubidium titanyl arsenate, PP RTA). OPOs feature
high-conversion efficiency (≥40%), wide tunability and compact design. An impor-
tant requirement for a high-performance OPO is the use of pump lasers with good
beam quality operating at single frequency.

The biggest disadvantage of OPOs as lidar transmitters at this wavelength is their
large beam divergence (M2 > 10). Webb et. al [163] have demonstrated high average
power of 33W (330mJ in 20-ns pulses at 100Hz repetition rate) at 1570nm with a
KTA OPO. However, the beam had M2 of 30. A few eye-safe lidars employing OPOs
have shown poor performance due to large beam divergence [53, 126, 122].

Recently, several techniques for improving the “beam quality” of OPOs have been
demonstrated in a different spectral region. They include injection-seeding [99], gain
guiding [4], OPO/OPA configuration [5]. For OPOs at 1560–1570nm, improvement
of the M2 has been demonstrated with PP RTA crystal by using confocal unstable
resonator [51] and with KTP in a noncritically phase matching configuration [42].
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Soon after starting this project, a very promising technique for decreasing the
beam divergence at high energy was reported by Smith and Armstrong [6, 7, 142].
They have used an image-rotating cavity (rotated image singly-resonant twisted rect-
angle, RISTRA OPO). By implementing the RISTRA configuration for KTA they
have achievedM2 ∼ 4 for 170mJ pulse energy at 10Hz at wavelength 1550nm. Deep
theoretical and experimental knowledge in OPO design and operation, which is only
available at a few institutes, is essential for developing a suitable high-power OPO
system successfully.

1.4.3 Solid-state lasers

Solid-state lasers with an emission band near 1500nm include Er:glass and
Cr4+:YAG. Both are low gain materials with conversion efficiency in pulsed regime
from a few % to ∼12%. However, a solid-state laser has the advantage over non-
linear wavelength converters, Raman shifters and OPOs, that its beam quality can
be better controlled by a suitable resonator configuration.

Er,Yb:phosphate glass is transversely pumped either by flash-lamps [105, 119, 155]
or laser diodes [52, 183] at wavelength near 1000nm. Thus, it features a rugged
and compact design. Tunability in the wavelength region 1528–1558 nm has been
demonstrated [105]. Multimode Q-switched operation at moderate output energy of
45mJ at 1Hz repetition rate [45] and higher PRF of 50Hz with lower output energy
of 10mJ [172] have been reported. Diode-pumped Q-switched Er,Yb:phosphate glass
laser operating at single transversal and single longitudinal mode has been developed
for use in coherent Doppler lidar [183]. This laser delivered 11mJ output energy,
corresponding to ≈1% conversion efficiency, with 15Hz PRF and relatively long pulse
width of 230ns. The laser was frequency stabilized and had M2 of 1.4. The low
efficiency of Q-switched Er:glass is attributed to their small emission-cross section
and low thermal conductivity.

Cr4+:YAG can be pumped longitudinally by an Nd:YAG laser at the fundamental
wavelength 1064nm [87, 113], InGaAs laser diode at around 970nm [1, 143], and
Yb-doped fiber laser at 1064nm [89]. Cr4+:YAG laser is tunable between 1340nm
and 1550nm [1, 15, 38, 85]. Short laser pulses on the order of a few 10s of ns
can be produced when the crystal is operated in a gain switched regime [38, 101].
A maximum conversion efficiency of 16.4%, resulting in 11mJ output energy, at
1Hz has been demonstrated by Mathieu et. al [101]. Output energy of ≈5mJ [15]
and ≈10mJ [101] have been reported for 12.5Hz and 30Hz PRF, respectively. The
decreased output energy at higher PRF was attributed to the use of non optimal
cooling arrangement [101]. The extraction efficiency of Cr4+:YAG is limited by the
existence of absorption saturation of the pump energy and excited-state absorption of
both pump and emission radiation [38, 39, 101, 113]. The mode structure and beam
divergence have not been discussed in the literature. However, from the employed
resonator configurations one can conclude that the lasers must have operated in a
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multimode regime. Gain-switched Cr4+:YAG laser operation at a kHz PRF (90µJ at
1 kHz and 55µJ and 5kHz in 4-ns pulses) has been reported by [101].

1.5 The goal of this project

Based on the requirements for high-performance scanning aerosol backscatter lidar
(see Section 1.4), and the actual knowledge of the possible transmitters at the time
this project was initiated, the development of Cr4+:YAG laser was chosen. It was
planned to be pumped by a novel diode-pumped Nd:YAG laser, operating at 250Hz.
An all solid-state transmitter features rugged, compact and low maintenance design
which makes it suitable also for an airborne platform. Moreover, Cr4+:YAG is widely
tunable in the range ∼1400–1500 nm and thus posses the potential for measuring
water vapor absorption with the DIAL technique.

The specifications of the pump laser, the desired parameters for the wavelength
converter and their importance for the lidar system are summarized in Tab. 1.1.

Table 1.1: Desired specifications of the new lidar transmitter

parameter Nd:YAG Cr4+:YAG feature
pump laser wavelength converter

wavelength, nm 1064 1400–1500 eye-safe, possible
water vapor DIAL

pulse energy, mJ 200 20–40 sufficient SNR and range,
scanning

pulse length, ns 20 <100 range resolution <15m

pulse repetition 250 250 high temporal resolution,
frequency, Hz rapid scanning

beam propagation <2 <3 full overlap with the
parameter, M2 receiver’s FOV

Tunability of Cr4+:YAG over water vapor absorption lines near 1460nm and
1500nm (see Tab. A.1) should be also demonstrated.
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Laser theory

The word LASER is an acronym for Light Amplification by Stimulated Emission
of Radiation, although today it is commonly used as a noun, laser, rather than as an
acronym. The basic elements of a laser device, are as shown in Fig. 2.1.

HR OC

Pump laser

Active medium

L ' = l  

λL
λP

λL

λ
2r

Figure 2.1: Principle of a laser. This example uses a pump laser as a source of pump
radiation at wavelength λP . The wavelength converter includes the active medium
and the resonator. The resonator mirrors are HR: mirror with high-reflectivity coating
and OC: output coupler with partial transmission for the laser wavelength λL. L′

r is
the optical length of the resonator that determines the resonant frequencies.

(i) laser gain medium with active atoms (or molecules or ions), (ii) appropriate pump-
ing source of optical radiation (i.e laser, laser diodes, or flash-lamps) to excite these
atoms to higher energy levels and (iii) a resonator (often called cavity) to provide
optical feedback. The most commonly used resonator configuration, the linear res-
onator as illustrated in Fig. 2.1, consists of two mirrors: one with high reflectivity at
the laser wavelength (HR) and another with partial reflectivity, through which the
laser beam can exit the resonator, and therefore called output coupler (OC).

As a result of the pumping process inversion population between two excited
levels of the active medium is obtained. Electromagnetic radiation can thus occur
at frequencies within the gain bandwidth. The generated light in the resonator is
reflecting back and forth repeatedly and is amplified during each transit through the
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gain medium. However, the existing radiation also experiences losses from the mirrors
and only some electric fields will survive. They satisfy certain eigen equations. There
solutions are therefore called eigenmodes (or just modes). The cavity modes are field
distributions which reproduce themselves after one cavity round trip. The particular
field configuration is known as a transverse mode. Each transverse mode occur at
certain discrete wavelengths (or frequencies) over the gain bandwidth, at which the
electric field has integral multiple of half-wavelengths with zero magnitude at the
resonator mirror surfaces. This condition establishes standing waves, referred to as
longitudinal modes. In Fig. 2.1 are illustrated two resonant longitudinal modes.

In the first section of this chapter the rate equation approach is introduced in order
to describe the dynamics in the laser material and to obtain expressions for the output
laser parameters, such as output energy and pulse duration. Next, the formulas for
calculating the cavity modes and their propagation are presented. It is followed by
description of the pump induced thermal lensing in the active medium, which affects
the cavity mode propagation and consequently the stability of the resonator. A
method for the design of a stable resonator with large mode size is presented in the
last section.

2.1 Laser dynamics

The dynamic behavior of radiation in a laser can be described by analyzing the
interaction between the photons in the cavity modes and the atoms of the laser
material. In a real laser system a large number N of resonant modes are present and
each one is able to interact with the atoms in the cavity volume. This results in a
complicated system of N coupled nonlinear differential rate equations for the photon
density together with atomic rate equations for the population density of the laser
levels. However, the laser dynamics can be well described even after performing some
major simplifications [134], which are outlined below.

The N cavity rate equations can be represented by just one equation for a single
laser mode, tuned at the central wavelength. In this case the spectral dependency of
the transition cross-sections in the laser material, generally weak, and the losses in
the cavity are neglected. The photon density in the mode is then φL =

∑

N φN . The
atomic rate equations can also take a simple form by assuming that the relaxation
decay times of most laser levels are sufficiently fast so that these levels are essentially
not populated.

The rate equation approach, even with the complete set of (N+) equations, has
some limitations concerning spatial interference between cavity modes which can
cause spatially inhomogeneous effects in the population of the laser levels, such as
saturation or “spatial hole burning” [135, 136]. Nonetheless, they are very useful for
the calculation of several main parameters regarding the laser performance, such as
buildup time, output energy, and pulse duration.
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The form of the rate equations depends on the exact atomic system of particular
interest. Here, a four-level system is considered with laser transition between excited
levels |2〉 and |1〉. In addition, it is accounted for excited state absorption (ESA) of
both pump and laser wavelength from the upper laser level to higher lying excited
levels. Generally, one has to take into account the interplay of populations of all
levels. However, the relaxation transition from all excited energy levels, except the
upper laser level, occur very rapidly (decay time ∼ few 10’s of ps) and thus their
population is negligible (nj ≈ 0, j = 1, 3, 4, 5). As a result, the total number density
of the active ions nT is expressed by the sum of the population of the ground state
n0 and the upper laser level n2 at each moment: nT = n0(t) + n2(t). Since the
terminal laser level remains relatively depopulated the inversion population becomes
∆n(t) = n2(t) − n1(t) ≈ n2(t). Under these assumptions the system describing the
laser dynamics reduces to two coupled rate equations for the time rate of change of
the inversion population (Eq. 2.1) and the laser intensity (Eq. 2.2). Due to ESA of
the pump wavelength, which affects the pumping efficiency, the third equation for the
pump intensity must be added (Eq. 2.3) [15]

dn2

d t
= σGSA

IP

hνP
n0 − σSE

IL

hνL
n2 −

n2

τ2
(2.1)

∂ IL

∂ z
+

1

c

∂ IL

∂ t
=

2 lcr
c τr

(σSE − σESAL
)n2 IL − IL

τc
(2.2)

∂ IP

∂ z
+

1

c

∂ IP

∂ t
= −(σGSA n0 + σESAP

n2) IP . (2.3)

The subscript P stands for the pump wavelength and L for the generated laser wave-
length. The pump photon energy is h νP (h = 6.626 × 10−34 J · s is Planck’s constant
and νP = c/λP is the pump frequency, c = 3× 10−8 m/s is the speed of light, and λP

is the pump wavelength), and analogous for the laser photon energy. The intensity
is I = hν φ c with φ being the number of photons per unit volume. σGSA and σSE

are the ground-state absorption and stimulated emission cross-sections, respectively.
The excited cross-section is denoted by σESA. τ2 is the fluorescence lifetime of the
upper laser level (τ2 ∼ few µs).

The round-trip time τr, which appears in Eq. 2.2, is related to the optical length
of the cavity L′

r in the form τr = 2L′

r/c. Thus, the ratio 2lcr/(cτr) = lcr/L
′

r with
lcr being the length of the crystal, implies that only a fraction of the light is being
amplified. The photon lifetime in the cavity τc is expressed as the fractional power
loss per round-trip:

τc = τr

[

L + ln

(

1

R2

)]

−1

, (2.4)

with

L ≡ 2 lcrκcr + ln

(

1

R1 ·
∏

i

T 2
i

)

. (2.5)
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The first term in L represents the dissipative optical loss in the crystal with linear loss
coefficient κcr . The second term summarizes the miscellaneous losses in the cavity
(absorption, scattering and diffraction) as leakage of the optics in the resonator. R1

is the reflectivity of the rear mirror and Ti is transmission of the i-th element in the
resonator. L is typically 2–10%. ln(1/R2) is the “useful” loss due to the partial
reflectivity of the output coupler.

At this point, the particular pumping regime has to be considered. The laser
material is pumped with a short pulse (tp ∼10ns) so that the inversion population
and the gain quickly reach a value above threshold before the laser oscillation has time
to build up from the initial noise level in the resonator. The laser pulse develops after
the pump pulse is complete. The build-up time is about few 100’s of ns and the pulse
duration is in the order of few 10’s of ns, depending on the resonator configuration.
This regime is known as ”gain switching“ and can be described in a similar way as
Q-switching.

The rate equations are further simplified by the fact that no relaxation of the up-
per laser level occurs due to the long lifetime compared to the pump pulse. Moreover,
during the pumping interval no laser oscillations are present in the cavity. Conse-
quently, the pump pulse is over while the laser pulse is developing. As a result, the
coupled equations can be solved analytically [33].

When the interaction time of the pump light with the crystal is small compared
to the fluorescence lifetime (tp � τ2) it is convienient to work with a pump energy
fluence defined as [8, 114]

UP (z) =

tp
∫

0

IP (t, z) dt. (2.6)

The solution of Eq. 2.1 thus reads

ni(z) = nT

[

1 − exp

(

−σGSA UP (z)

hνP

)]

(2.7)

As it will be shown next, the rate equations are solved for the averaged values of n2

and IL over the length of the laser crystal. The average initial inversion population
is defined as

ni =
1

lcr

lcr
∫

0

ni(z) dz, (2.8)

which is γ times above the threshold nt. γ is called inversion ratio γ = ni/nt. The
threshold inversion population required to achieve oscillations can be estimated from
the emission and ESA cross-sections together with parameters of the laser cavity

nt =
1

2 lcr(σSE − σESAL
)

[

L + ln

(

1

R2

)]

. (2.9)
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At the end of the laser pulse the inversion population is reduced to a value nf below
nt. The relation between the initial and final population densities is given by the
equation

1 − nf

ni
+

1

γ
ln

(

nf

ni

)

= 0 , (2.10)

which must be solved numerically.
With the aid of the above defined parameters, one can determine the laser build-

up time tb, the output energy Eout, and the laser pulse duration tL. The formula for
the build-up time has the form

tb =
τc

γ − 1
· ln
(

Iss

I0

)

. (2.11)

Here, I0 represents the initial spontaneous-emission noise excitation of the cavity
mode and Iss is the final intensity level at the moment when steady-state would be
reached if the laser was cw pumped at a pumping rate γ times above threshold.

The total output energy can be expressed as [15]

Eout = h νL

(

1 − σESAL

σSE

)

(ni − nf )VL · ln(1/R2)

L + ln(1/R2)
, (2.12)

where VL = π ω2
L lcr is the volume of the laser mode with mode radius ωL in the

crystal.
From Eqs. 2.9 and 2.12 it is clear that the ESA of the laser wavelength causes an

increase of the threshold and a decrease in the output energy. Also, the miscellaneous
losses must be minimized by using high quality optics and, if possible, less intracavity
elements. The output energy is proportional to the difference between initial and
final inversion population. Investigation of Eq. 2.10 shows that the final inversion
population decreases rapidly when γ > 1.1. Thus (ni − nf ) increases as γ increases,
which can be accomplished by applying higher pump energy densities. Of course,
the damage threshold of the optical components must be considered. Another factor,
influencing the output energy, is the mode volume in the crystal. It can be adjusted
by using a suitable resonator configuration (see Section 2.5).

The pulse duration can be calculated as the ratio of the output energy to the
maximum peak power Pmax

tL =
Eout

Pmax
= (ni − nf ) ·

τc
nt (γ − 1 − ln γ)

. (2.13)

According to Eq. 2.12 the theoretical limit of the conversion efficiency η can be
estimated as

η =
νL

νP

(

1 − σESAL

σSE

)

. (2.14)
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In addition, the pumping efficiency ηP , defined as the number of ions pumped in the
upper laser level per pump photon, is reduced due to ESA. Therefore, the theoretical
conversion efficiency should be corrected with the factor [101]

ηP =
ni lcr hνP

UP
. (2.15)

In practice, lower conversion efficiency is realized due to passive losses in the
cavity. Some interactions between the active atoms and surrounding atoms in the
lattice can also contribute to reduction of the laser efficiency [113].

2.2 Laser resonator modes

In practice, two types of resonator modes must be distinguished: longitudinal
and transverse. The longitudinal modes differ from one another in their oscillation
frequency, whereas the transverse in both frequency and intensity distribution in the
plane perpendicular to the propagation direction. This means that several longitudi-
nal modes can have the same field distribution, corresponding to a given transverse
mode. The resonator modes are denoted by TEMmnl (“transverse electro-magnetic
wave”) where the first two indeces identify the order of the transverse mode (in x–
and y– direction), and l stands for the number of longitudinal modes.

2.2.1 Transverse modes

The expression for the spatial-dependant mode is obtained by utilizing the Maxwell
equations and deriving the scalar wave equation for laser radiation propagating in free
space in direction z [137]

[∇2 + k2] u(x, y, z) = 0. (2.16)

Here ∇2 is the Laplacian operator, k = 2π/λ is the propagation constant and u is a
component of the electric field. The solution of Eq. 2.16 can be written as

u(x, y, z) = ψ(x, y, z) e−ikz , (2.17)

where the spatial function ψ(x, y, z) describes the transverse intensity distribution,
and e−ikz is the free-space phase factor with spatial period of one wavelength λ in
direction z [78]. For almost all laser amplification and laser propagation problems of
practical interest, the paraxial approximation holds [138]. It basically shows that the
z dependence of ψ(x, y, z) is slow and therefore the second derivative ∂2ψ(x, y, z)/∂z2

can be neglected in the wave equation Eq. 2.16.
The transverse resonator modes of ordermn are obtained after substituting Eq. 2.17

in Eq. 2.16 in paraxial approximation

u(x, y, z) =
ω0

ω
Hm

(√
2
x

ω

)

Hn

(√
2
y

ω

)

exp

{

−i
[

kz − Φmn +
k

2q
r2

]}

. (2.18)
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The real part of Eq. 2.18 represents the electric field E, which in general is a su-
perposition of several cavity modes of different order. Hm and Hn are the Hermite
polynomials of order m and n, respectively, with integers m,n ≥ 0 corresponding to
the order of the transverse mode. The intensity distribution of such a mode has m
nodes in x–direction and n nodes in y–direction. Φmn(z) is the phase shift, which
the laser mode of order mn experiences after distance z. The expression for Φmn(z)
is given later in this section. r =

√
x2 + y2 and q is the complex beam parameter,

defined as
1

q
=

1

R(z)
− i

λ

π ω(z)2
. (2.19)

Here, R(z) is the radius of curvature of the wavefront at distance z. w(z) is the beam
radius (also called beam spot and beam size) at distance z. The physical meaning and
the propagation variation of R and w are defined for the lowest order transverse mode
(m, n = 0) in Section 2.2.3. More general definitions are provided in Section 2.6.

2.2.2 Longitudinal modes

The transverse modes can oscillate at such frequencies for which the electric field
within the resonator experiences constructive interference after one roundtrip. The
number of resonator modes can be calculated by utilizing Eq. 2.18 for optical length
2L′

r of one roundtrip

2k L′

r −Φmn(L′

r) = 2π(l + 1) ,with l ≥ 0 . (2.20)

with the Gouy phase shift for one roundtrip (z = 2L′

r) [139]

Φmn(L′

r) = (m+ n+ 1) arctan

(

2L′

r

zR

)

. (2.21)

zR is called Rayleigh range and is defined as the distance from the waist location
at which the beam waist increases

√
2 times. Eq. 2.21 shows that different order

transverse modes will experience different phase shift and therefore Eq. 2.20 will be
satisfied for different number l of longitudinal modes (frequencies).

The oscillation frequency νl and the frequency spacing ∆νl of the longitudinal
modes can be obtained from Eq. 2.20:

νl = l
c

2L′

r

(2.22)

and

∆νl =
c

2L′

r

. (2.23)



20 Chapter 2. Laser theory

2.2.3 Characteristics of the fundamental mode TEM00

The above equations will now be applied for the fundamental mode TEM00.

After inserting Eq. 2.19 in the Eq. 2.18 for m, n = 0 (H0 = 1) the expression for
TEM00 reads

u(x, y, z) =
ω0

ω
exp

{

− r2

ω2

}

exp

{

−i
[

kz − Φ00 +
k

2R
r2

]}

. (2.24)

One sees, that TEM00 mode has Gaussian energy distribution with maximum ampli-
tude at the axis (Fig. 2.2). The beam radius ω(z) is defined as the radial distance at
which the field amplitude drops to 1/e of its maximum value or speaking in terms of
intensity, I = |E|2, at level 1/e2. The right panel of Fig. 2.2 shows the caustic ω(z)

θ

R
z

ω0

zRz

Beam profile

Wave front

ω
x

z

I0

0

ω

I

e
1 2

X

0=0

ω0
2

R

Figure 2.2: Gaussian beam. Left panel: Radial intensity distribution. Right panel:
beam propagation caustic.

and the variation of the wavefront of the beam, propagating in direction z, according
to the equations below

ω(z) = ω0

[

1 +

(

z

zR

)2]1/2

(2.25)

R(z) = z

[

1 +

(

zR

z

)2]

. (2.26)

The beam profile remains Gaussian as the beam propagates along its axes and only
the beam width changes. The smallest beam radius is ω0 at position z0 = 0 and
therefore called beam waist. From Eq. 2.26 follows that the phase front at the waist
is plane (R(z0) → ∞). The Rayleigh range zR = πω2

0/λ. For large z the beam radius
changes linear with the distance

ω ≈ ω0

zR
z. (2.27)
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Using the latter equation the half angle divergence of the beam can be defined as

θ =
ω

z
=

λ

πω0
. (2.28)

If the waist is known the divergence of the beam can be calculated. From Eq. 2.28
it follows that the product of the divergence and the beam waist size is invariant to
beam propagation. This constant is called beam parameter product K.

K = θ ω0 =
λ

π
. (2.29)

It is worth to point out some important properties of the fundamental mode
TEM00. As it can be seen from Eq. 2.18, TEM00 is the only mode with symmetric
energy distribution without nodes in the radial cross section. This provides optimal
amplification of the beam by passing through the gain medium. Also, TEM00 occupies
the smallest mode area and smallest divergence (see Section 2.6) and thus experiences
minimal losses within the cavity. Furthermore, according to Eq. 2.20, the number
of resonant frequencies for TEM00 is minimal, compared to other modes. These
properties are desirable preconditions for stable laser operation with narrow linewidth.

For some applications, such as water vapor DIAL, Doppler, and high spectral res-
olution lidar, laser operation at single longitudinal mode (SLM) is required. Usually
additional techniques are employed to achieve this regime. Mode selection can be
accomplished by insertion of an aperture in the cavity. Its size matches the TEM00

mode size and introduces high diffraction losses for all other modes [72]. In addition,
TEM00 can be forced to oscillate at single frequency by using a ring-resonator design
with intracavity etalon and injection-seeding [73].

For other applications, such as aerosol backscatter lidar, the demand of TEM00

operation is not so strong as long as the divergence of the beam allows full overlap with
the field of view of the detector for a reasonable size expanded beam (see Section 1.2).
Multiple-transverse-mode operation may be chosen, in order to extract more energy
(due to larger mode size in the active medium Eq. 2.12), especially when low gain
material is employed.

2.3 Beam propagation of laser modes

The damage threshold of the optical components within the cavity should be taken
in consideration when designing the resonator. This is done by calculating the energy
density at each optical surface by propagating the eigenmodes.

The laws governing the propagation of laser beams can be formulated in terms
of the complex parameter q by utilizing the matrix formalism [76, 77]. If the beam
parameter at the input of an optical system is known,the exit beam is transformed
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according to

q2 =
Aq1 +B

Cq1 +D
. (2.30)

Here A,B,C and D are the elements of the ray transfer matrix M , representing
the entire optical system. M is a product of the matrices representing each optical
component of the system. The matrices of some fundamental components are given in
Appendix B. The ray matrix determinant of any basic element satisfies the following
relation

AD− BC = 1. (2.31)

The transformation law can now be applied to the resonator modes. A mode,
starting at a given reference plane is self-consistent after one roundtrip, in other
words q1 = q2 = q and M is the matrix for the roundtrip. From Eq. 2.30 follows
a quadratic equation for the beam parameter q. The solution of this equation after
applying Eq. 2.31 is

1

q
=
D − A

2B
± i

√

4 − (A +D)2

2B
, (2.32)

which yields (according to Eq. 2.19) the corresponding beam size ω and radius of the
phase-front curvature R at the reference plane. The sign in front of the square root
is chosen so that it provides real solutions for ω, namely ω2 ≥ 0. If only imaginary
solutions exist, the resonator is unstable.

In order to determine the resonator modes, the beam waist in the resonator and
the Gouy phase shift must be found (Eq. 2.18). From Eq. 2.25 and Eq. 2.26 ω0 and
its location z0 can be expressed in terms of ω and R

ω0 = ω

[

1 +

(

πω2

λR

)2]−1/2

, (2.33)

z0 = R

[

1 +

(

λR

πω2

)2]−1

. (2.34)

The Gouy phase shift can be also expressed in terms of the ray matrix elements.

Φmn(L′

r) = ±(m+ n+ 1) arccos

(

A +D

2

)

. (2.35)

The calculations of a stable linear resonator in this thesis are based on the formulas,
presented in this section.
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2.4 Thermal lensing of the laser crystal

Due to absorption of the optical pump radiation, heat is generated in the laser
crystal [74]. The main reasons are as follows: (i) The energy difference of the photons
between the pump and the upper laser level, as well as between the lower laser level
and the ground state, is lost as heat in the host lattice. In the presence of ESA,
additional non radiative transitions of the active ions from higher lying energy levels
take place. (ii) The quantum efficiency of the fluorescence, defined as the ratio of the
radiative rate to the total (radiative plus non radiative) fluorescence rate, is less than
one.

The heat in the cylindrical rod is removed mainly through the wall which is
in contact with a highly conductive metal heat sink. In addition, active cooling
techniques of the heat sink are employed. The amount of heat, transfered from the
end surfaces to the surrounding air due to conduction is negligible and only the
generation of radial temperature gradient is considered. The temperature radial field
established in the rod can be obtained by solving the heat-conduction equation [151]

ρcrcp
dT

dt
= kcr(T )

[

d2T

dr2
+
dT

rdr

]

+Q(r, t). (2.36)

Here, ρcr is the rod density, cp is the specific heat, kcr is the rod thermal conductivity
and Q is the heat source describing the absorbed pump energy density converted
to heat. The distance from the center of the rod is r. Studies have shown that in
repetitively pulsed-pumped systems a quasi-thermal steady-state will be reached for
repetition rates in the order of 10 Hz [61, 151]. Therefore, dT/dt = 0. Furthermore,
homogeneous pumping of the crystal is assumed (Q=const) and the temperature
dependence of the thermal conductivity is neglected (kcr=const) [30]. Under these
conditions, Eq. 2.36 yields a parabolic temperature profile with the highest temper-
ature at the center of the crystal [71].

The thermal gradient and the resulting stresses in the crystal cause spatial vari-
ation of the crystal’s refractive index. According to [70, 71], the refractive index is a
parabolic function with the radius of the rod, represented with the formula 2.37

n(r) = ncr,0 − c1ηhPp = ncr,0

(

1 − 2

b2
r2

)

, (2.37)

where ncr,0 is the refractive index of the laser material in the center. c1 represents the
combined temperature and stress dependent radial changes of the refractive index. ηh

is the fraction of the average pump power Pp which is dissipated as heat in the crystal.
b is a constant, turning positive once thermal equilibrium is reached [61]. b contains
both the thermal expansion coefficient and the average photoelastic coefficient. The
amount of change in the index of refraction is proportional to the average incident
power on the crystal. In addition, the temperature variation across the rod causes



24 Chapter 2. Laser theory

thermal deformation of the end faces of the crystal. Thermal expansion of the material
leads to bulging of the end faces [71].

Under optical pumping the laser material acts like a thick lens. The focal length
of a lens-like medium fT has been determined by [71, 76] as

fT ' 1

c2ηhPp
' b2

4ncr lcr
, (2.38)

where c2 represents the contribution of the temperature and stress dependent changes
of the refractive index and the distortion caused by end face curvature of the rod.
Equation 2.38 shows that for ηh=const the induced thermal focusing power 1/fT is
proportional to the average pump power. The principal planes are inside the rod at
distance hsag (“sag” stands for sagittal plane) from the ends of the crystal

hsag ' lcr
2ncr

. (2.39)

For Brewster geometry a correction factor must be added and the expression for the
tangential plane becomes [60, 123]

htan ' lcr
2n3

cr

. (2.40)

The ratio of the sagittal and tangential focal lengths can be obtained, in first ap-
proximation, from the ray transfer matrices for tilted thin lens in Brewster angle θB

[60]
fsag

ftan
=

1

cos2θB
. (2.41)

These approximations are valid only if the focal length is very long compared to
the rod length, which is fulfilled for the pump power levels used in this study. For
the design of a stable optical resonator operating at the fundamental TEM00 mode,
measurement of the thermal focal length is required.

More comprehensive treatment of the conduction equation has been done recently
by [160]. In this study, temperature and spatial dependencies of the thermal conduc-
tivity are taken into account. The pump beam profile is considered and the fraction
of the absorbed pump energy converted to heat is estimated. These extended analysis
yield different shape of the temperature field compared to [71]. As a consequence,
the value of the thermal lens focal length differs from the solutions in [64].

However, the common approximation described above is sufficient for the calcu-
lation of a stable resonator [173].

2.5 Design of a dynamically stable linear resonator

For this project, the resonator design goal is based on the desirability for high out-
put pulse energy, operation in the fundamental mode with high energy and pointing
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stability, and a mechanically rigid setup.
These requirements can be fulfilled with a well engineered stable resonator. In the

case of a low gain solid-state laser material, a linear configuration must be chosen,
to ensure multiple transits of the generated light through the laser medium before
exiting the cavity. By doing so, multiple amplifications are achieved (see Fig. 2.1).

In stable resonators, operation of the fundamental mode is achieved by inserting
a mode-selective aperture in the cavity. The mode cross-sectional area is kept small
and therefore energy is extracted only from a small volume of the active medium.
The efficiency of the laser can be increased by adapting the mode diameter to the
diameter of the rod, which becomes the limiting aperture itself. In this case, the
resonator becomes more sensitive to misalignment of the cavity mirrors. In addition,
the fundamental mode is perturbed by variations of the pump-induced thermal lensing
in the laser rod, especially during pump pulsed operation. A design procedure for a
stable resonator with large fundamental mode size, which is stationary with respect
to thermal-focal length fluctuations, has been described in [93, 96, 97, 98, 116]. Such
a configuration is known as a dynamically stable resonator and is experimentally
verified for pulsed Nd:YAG laser in [93, 116]. Moreover, the mechanical stability of
the system to cavity mirror misalignment is treated in details in number of papers
[32, 54, 96, 97, 98].

Here, the formulation for the general case of dynamically stable resonator, incor-
porating an arbitrary number of intracavity elements, with considered misalignment
sensitivity is summarized according to [97, 98]. This method can be applied directly
to calculate resonator configurations with several laser rods. Multirod resonators are
used in order to achieve higher output energy without distorting the beam profile and
propagation factor [36, 116].

2.5.1 Dynamical stability

This method is based on the matrix formalism presented in Section 2.3. The
resonator modes are treated as Gaussian beams and the optical elements are repre-
sented by their ray-transfer matrices. The laser material is viewed as a thin lens with
thermal focal length fT and the distances are measured with respect to the principal
planes of the laser rod.

The mode size and the condition for dynamical stability can be expressed after
defining some ray-transfer matrices, as illustrated on Fig. 2.3, and variables.
The reference planes 1 and 2 are set on the reflective surface of the resonator mirrors
and 3 is at the thermal lens. The transfer matrix from the lens to each mirror is
M1 and M2, for mirror 1 and mirror 2 , respectively. For the opposite propagation
direction the matrix elements (1,1) and (2,2) are exchanged.

New variables are defined as

ξ =
1

fT

− 1

2

[

2A1D1 − 1

B1D1

+
2A2D2 − 1

B2D2

]

, (2.42)
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Figure 2.3: Linear resonator with variable thermal lens with focal length fT and other
intracavity elements. The dashed lines denote the reference planes. The matrices are
defined for the direction of propagation indicated by the arrows.

u =
1

2

[

1

B1D1

− 1

B2D2

]

, (2.43)

and

v = −1

2

[

1

B1D1
+

1

B2D2

]

. (2.44)

The matrix for one trip from reference plane 1 to 2 can be expressed with the newly
defined parameters

M =
(

A B
C D

)

=

(

A2 B2

C2 D2

) (

1 0
−1/fT 1

) (

D1 B1

C1 A1

)

=

−
(

D1B2 (ξ + u) B1B2 (ξ + v)
D1D2 (ξ − v) B1D2 (ξ − u)

)

(2.45)

The resonator is stable if 0 < AD < 1 [10]. Since M is a unitary matrix the condition
for optical stability can be written also in the form [97]

ABCD < 0. (2.46)

From Eq. 2.45 and Eq. 2.46 it follows that, as a function of the thermal lens dioptric
power 1/fT , there are always two stability zones with the same width, given by

∆ξ = ∆
1

fT
= min(|u+ v|, |u− v|) =

min

(∣

∣

∣

∣

∣

1

B1D1

∣

∣

∣

∣

∣

,

∣

∣

∣

∣

∣

1

B2D2

∣

∣

∣

∣

∣

)

(2.47)

and stability limits ξ = ±u and ξ = ±v.
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The beam radius at the lens can be found using the matrix formalism and applying
the criteria for self consistency of the fundamental laser mode after one roundtrip as
described in Section 2.3 (see Eq. 2.32 and Eq. 2.19).

ω4
3 = −

(

2λ

π

)2
ξ2

(ξ2 − u2)(ξ2 − v2)
. (2.48)

It is apparent that the beam radius approaches infinity in the stability limits and has
a minimum in each stability zone. At this minimum the beam size is, in first approx-
imation, insensitive to fluctuations of the thermal focal length and the resonator is
dynamically stable. The condition for dynamical stability is a boundary condition
for minimum of ω3

dω4
3

d ξ2
= 0 , (2.49)

which is fulfilled for
ξ = ±

√

|u v|. (2.50)

The minimum beam radius at the laser rod then becomes

ω2
3,0 =

2λ

π

1

∆ 1
fT

. (2.51)

ω3,0 is inversely proportional to the range of thermal lens dioptric power independently
of the resonator configuration and has the same value in both stability zones.

Another important design consideration is the beam size on each component in
the cavity in order to avoid optical damage. The beam radius can be calculated in
the same way as for ω3, starting at the particular element. Here, the expressions for
the beam radii on the resonator mirrors are obtained by using Eq. 2.45

ω4
1 = −

(

λ

π

)2
BD

AC
= −

(

λB1

πD1

)2
(ξ − u)(ξ + v)

(ξ + u)(ξ − v)
, (2.52)

and

ω4
2 = −

(

λ

π

)2
AB

CD
= −

(

λB2

πD2

)2
(ξ + u)(ξ + v)

(ξ − u)(ξ − v)
. (2.53)

for mirror 1 and 2, respectively.

2.5.2 Misalignment sensitivity

A dynamically stable resonator might be still very sensitive to misalignment of the
cavity mirrors and other optical components which affects its efficiency and reliability
[32, 96].The mechanical stability of the laser becomes a crucial parameter for lidar
applications where the laser is operated on a mobile platform e.g. truck, airplane,
ship.
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A misaligned element causes displacement of the mode axis and as a consequence
introduces additional energy losses at the limiting (mode-selecting) aperture, which
for solid-state lasers with large mode volume is constituted by the rod cross-section.
In one dimension a misaligned system can be described with a 2 × 2 matrix for the
aligned system and a 2 × 1 misalignment vector, which accounts for additional shift
and slope to the initial position of the beam. The position and the slope of the beam
at each plane are measured with respect to the optical axis of the aligned system.
After passing the misaligned optical system, the beam is transformed according to:

(

xout

θout

)

=
(

a b
c d

)

.

(

xin

θin

)

+

(

δ

α

)

(2.54)

where the vectors
(

xin

θin

)

and
(

xout

θout

)

represent the position and the slope of the beam at

the incident and exit planes of the system, respectively and
(

δ
α

)

is the misalignment
vector. For the opposite propagation direction the misalignment vector is

(

d a
c d

)

.

(

−δ
α

)

. (2.55)

The overall misalignment vector for a cascade of optical components can be obtained
by utilizing Eq. 2.54 and considering the output of each element as the input to the
next one. As a result, the vector elements are a linear combination of tilting angles
and displacements of the misaligned components.

This method can be implemented to calculate the position x3 and the slope θ3 of
the laser mode at the rod (reference plane 3 on Fig: 2.3). The overall misalignment

vector from the lens to mirror 1 is denoted by
(

δ1

α1

)

and from the lens to the second

mirror by
(

δ2

α2

)

. Starting at reference plane 3, and solving the equation for self-
consistency after one roundtrip, the following expression is obtained

(

x3

θ3

)

= − 1

C

(

D2α1 +D1α2

−C2α1 + (C1 −D1/fT )α2

)

, (2.56)

where C = −D1D2(η − v) is the 3,1 element of matrix M in Eq. 2.45. If we consider
the case where only the cavity mirrors are misaligned, than the effect on the mode
position is given by Eq. 2.56 with α1 and α2 being the angles, at which the mirrors
are tilted. The energy loss introduced by the tilted mirrors depends on the mode area
and the displacement of the mode axis at the plane of the rod, which is a function of
the tilted angle the mirrors. Therefore, the misalignment sensitivity to each mirror
can be defined according to [32, 54, 96] as

Si =
x3,i(αi)

ω3,0αi
with i = 1, 2. (2.57)
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and summed up for the sensitivity to the overall misalignment

S =
√

S2
1 + S2

2 . (2.58)

The value of 1/Si is the tilt angle of the i-mirror, which gives rise to diffraction losses
with approximately 10% [54]. This is a considerably high additional energy loss for
the case of low-gain laser medium and has big effect on the laser efficiency. The
detailed expression for the misalignment sensitivity can be obtained from Eq. 2.56
with α1 = 0 and α2 = 0. This results in overall factor

S =
1

ω3,0|C|
√

D2
1 +D2

2 . (2.59)

This formula indicates that the mechanical stability and thus the efficiency of the laser
can be improved for given thermal lens by a suitable choice of cavity components and
their position in respect to each other.

2.6 Properties of real laser beams

In Section 2.2 the parameters associated with the dimensions and propagation
of an ideal Gaussian beam were described. The Gaussian beam is referred to as
diffraction-limited, since it can be focused to the smallest (diffraction-limited) spot.
Laser beams, in practice, are mostly multi-mode (except some low power lasers) with
non Gaussian beam profile (Eq. 2.18) and these formulas are not applicable. In order
to characterize non-Gaussian beams, a parameter has been developed that is based
on a universally rigorous mathematical formulation of the beam width, namely the
variance definition of beam size [66], discussed below.

2.6.1 Beam width

The beam radius W of an arbitrary beam is defined via the variance σ .

W = 2σ, (2.60)

where σ =
√
σ2 with σ2 being the second moment of the beam intensity profile I(x, y).

For the x–direction
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, (2.61)

and analogous for the y–direction

σ2
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∫

−∞

(y − y0)
2 I(x, y) dx dy
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∫
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I(x, y)dx dy
. (2.62)
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Here, x0 and y0 are the center of gravity (centroid) of the beam, calculated as the
first moment of the intensity profile. The second moment, and also the beam width,
obeys quadratic free-space propagation dependence of z, which holds for any real laser
beam [141]. This definition is consistent with definition of Gaussian beam radius given
earlier in Section 2.2.

2.6.2 Beam propagation factor M
2

If an ideal Gaussian and a real non-Gaussian beam are focused with the same
lens, their waist will appear at the same position after the lens and both beams will
have the same Rayleigh range. The differences are that the real laser beam has larger
beam waist and diverges more rapidly. Therefore, these parameters can be defined
as a multiple of the equivalent parameters for an ideal Gaussian beam (see Fig: 2.2)

W0 = M ω0 , (2.63)

Θ = M θ , (2.64)

where M ≥ 1. Thus substituting the above equations in Eq. 2.28 gives the beam
parameter product of a real beam

ΘW0 = M2 θ ω0 = M2 λ

π
, (2.65)

which is M2 times the beam parameter product of a Gaussian beam. Furthermore,
the beam size varies with the distance in free space in the same way as an ideal
Gaussian beam except the factor M4

W 2(z) = W 2
0 +M4

(

λ

πW0

)2

(z − z0)
2 . (2.66)

Written in this form, the relation W (z) = W0 for z = z0 is preserved when the
distance z is measured in respect to an arbitrary plane, so that z0 6= 0. The beam
propagation through an arbitrary optical system can be calculated with the ABCD
law (Eq. 2.30).

“M-squared” is an indicator of how many times diffraction limited is a real laser
beam. It is also a measure of how the beam propagates through free space or an
arbitrary optical system and thus must be referred to as the propagation factor or
propagation constant. Often M2 is called “beam quality factor”, which is inap-
propriate since it does not fully describe what is considered as beam quality [141].
Depending upon the application, different laser beam properties are required (beam
profile etc.) and thus no universal definition of the term “beam quality” exists.



2.6. Properties of real laser beams 31

2.6.3 Measurement of M
2

In order to design an optical system with specified output parameters (i.e. focusing
of the pump beam into the active laser material), one must know the characteristics
of the input beam: M2

x ,M
2
y values and the associated parameters waist and waist

location in both x- and y-directions. Determination of M2 can be accomplished by
measuring the laser beam in a number of locations in the vicinity of the beam waist,
one Rayleigh range and beyond two Rayleigh ranges on either side of the beam waist
[66]. From the obtained caustic (see Fig. 2.2), the waist size and its location can be
found and applied to calculate the beam propagation factor (see Eq. 2.29). To gain
access to the beam on both sides of the waist, a focusing lens with known focal length
must be used to produce an auxiliary waist. The measured constants are transformed
back through the lens to obtain the input-beam’s waist and waist location, most likely
in respect to the laser output plane.

For an accurate M2 measurement it is essential to consider the following factors
[35]:
(i) Calibration of the beam profiler: If the intensity profile is measured with a CCD
camera, the background noise and baseline settings must be adjusted properly. Back-
ground subtraction must be applied. The second moment definition for the beam
width (also referred to as “4 Sigma method”, since 2W = 4σ [66]) is very sensitive to
the outer wings of the beam profile, where the intensity is very low. This can cause
overestimating of the beam diameter. Therefore, it is recommended to maintain max-
imum intensity just below the saturation level of the camera.
(ii) Choice of focusing lens: The lens should be aberration free and aligned prop-
erly so that it does not change the M2 value of the transmitted beam. The focal
length should be chosen so that the produced beam waist is sufficiently large and
illuminates enough number of pixels on the CCD array. Also, the beam should not
overfill the active area for the region of interest. Longer focal length lenses afford
more precise Rayleigh range determination, which, in turn, enhance the quality of
M2 measurement.

There are commercially available instruments for automatedM2 measurement (i.e.
Spiricon, beam propagation analyzer M2-200). The measurements within this thesis,
however, were performed manually. The beam profiles after a lens were sampled with
a CCD camera. They were imported into a beam analyzing software (Beam Analyzer
v.1.5 developed by Dr. B. Eppich, Technical University Berlin, Germany), which
plots the caustic and calculates the beam parameters after the lens. The input beam
characteristics were obtained and applied to the design of various optical systems
with a program, written by the author in Mathematica.
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Pump configuration

3.1 Pump laser

Two different Nd:YAG pump lasers were used within this project: IBL laser DiNY
pq 400/SHG and Continuum Surelite III. DiNY pq 400/SHG was developed by the
University of Potsdam together with the Institute of Physics and Meteorology (IPM)
at the University of Hohenheim (UHOH) [115] and manufactured by the company
IB Laser GmbH, Berlin, Germany. The Surelite III is a commercially available laser
from Continuum. An overview comparison of both lasers is given in Table 3.1.

Table 3.1: Specifications of the Nd:YAG lasers used to pump the Cr4+:YAG crystal

Parameter IBL laser Continuum laser

Pulse energy, mJ 200 800
Pulse repetition rate, Hz 250 10
Pulse duration, ns 20–24 6–8
Configuration MOPA unstable resonator
Q-switching yes yes
Injection seeding yes no
Excitation pulsed laser diodes flash-lamps

Transversal mode structure TEM00 multimode
Beam profile near Gaussian top-hat
Beam propagation factor, M2 2.5–2.8 2.1
Half angle divergence, mrad 0.2–0.3 0.2–0.3
Polarization 97% p-polarized 70% p-polarized

32
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3.1.1 IBL pump laser

A photograph of the IBL Nd:YAG laser with the cover removed is shown in
Fig. 3.1.1. It is diode-pumped laser, based on a MOPA (Master Oscillator Power

Figure 3.1: IBL Nd:YAG pump laser. The lines represent the laser beams at the
fundamental wavelength 1064nm (red) and at the doubled frequency 532nm (green).

Amplifier) configuration that allows generation of high pulse energy. The fundamen-
tal wavelength is doubled by a second harmonic generation (SHG) crystal. The green
wavelength at 532nm was used for pumping a Ti:Sapphire laser, which has been de-
veloped in parallel with the Cr4+:YAG development. The pump laser is capable of
delivering up to 200mJ at 1064nm in 20-ns pulses at 250Hz repetition rate and is
injection-seeded. The beam is 97% horizontally polarized.

The intensity distribution is nearly Gaussian and the beam propagation factor
M2 < 2.5−2.8 with a full angle divergence of 0.5–0.6mrad. When the beam is focused
with a single lens or combination of two lenses the beam profile remains Gaussian
until the waist. Some distortions after the waist were observed indicating remaining
phase distortions in the laser beam. The smooth beam profile is an important feature
of this pump laser. It allows pumping laser crystals with high energy without the
necessity of additional beam shaping devices. Therefore, a compact design of the
frequency converter is possible.

Some important measurements were conducted with this pump laser. The absorp-
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tion behavior of the available Cr4+:YAG crystal was investigated and new crystals
with optimized parameters were purchased. Also, the thermal lensing of the new
crystals was measured for repetition rates 125Hz and 250Hz, which to the authors
knowledge, is a new result about this crystal, and can be considered by the design of
such high repetition rate Cr4+:YAG lasers.

Due to the failure of one of the key components at the end of the third year of this
project, the development of the Cr4+:YAG laser was carried out and completed in the
lidar laboratory of the Earth Observing Laboratory (EOL) at the National Center for
Atmospheric Research (NCAR) in Boulder, Colorado as part of a collaboration with
the IPM. The experiments were performed using one of EOL’s Continuum Nd:YAG
pump lasers.

3.1.2 Continuum pump laser

The Continuum pump laser (Fig. 3.2) is a flash-lamp-pumped Q-switched Nd:YAG
laser, producing 800mJ pulse energy at 10Hz at 1064nm wavelength. The whole en-
ergy is extracted from a single laser rod in unstable resonator with Gaussian output
coupler. The pulse duration at FWHM is 6–8ns. The pointing stability is suffi-
ciently good and the pulse-to-pulse energy variation is about 10%. The beam is 70%
horizontally polarized.

Figure 3.2: Continuum Surelite III Nd:YAG pump laser.

The Cr4+:YAG crystal must be pumped with a linearly polarized beam in order
to achieve maximum conversion efficiency [85] (see Section 4.1.2). Therefore a thin
film polarizer (TFP1) at the Brewster angle was used to transmit the horizontal
polarization and reflect the vertical to a beam dump (Fig. 3.3).

The output power of the Nd:YAG laser can be changed by varying the flash-lamp
voltage, which corresponds to lower pump energy. As it was shown in Section 2.4,
different pump energy levels will introduce different thermal lensing in the laser rod,
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Figure 3.3: Set up for achieving horizontal polarization (with a thin film polarizer
TFP1) and external energy attenuation (with a half waveplate λ/2 P1 and TFP2).

which leads to changes in the beam propagation. To be able to investigate Cr4+:YAG
laser characteristics for different pump pulse energies and to keep the pump beam
propagation parameters constant, an external energy attenuator was built. It is com-
posed of a half waveplate in a rotary mount λ/2 P1 and a thin-film polarizer TFP2

(Fig. 3.3). The pulse energy was adjusted by changing the transmission of the polar-
izer when the polarization of the beam is rotated with the half waveplate. The second
TFP was placed at minus the Brewster angle, so that no additional astigmatism was
introduced.

After cleaning up the polarization and building the external energy attenuator
the beam profile was observed at full power with a CCD camera (DataRay, model
TaperCamD20/15). The beam was flat-topped and multimode (Fig 3.4).

The beam propagation parameter was measured using a plano-convex lens (PLCX)
with nominal focal length of 500mm (see Section 2.6.3 for the description of the
measurement). The lens was placed 673mm from the laser output. The caustic of
the beam propagation and beam profiles at different distances from the focusing lens
are presented in Fig. 3.5. The beam is slightly astigmatic with a waist separation
of 15.2mm. The astigmatism is caused most likely by tilted elements in the laser
resonator (tilted dielectric polarizer of the Q-switch).

Localized high energies, known as hot spots, are present in the beam (see Figs. 3.4
and 3.5). Their position and intensity changes randomly when the beam propagates
away from the lens (see the beam profiles on Fig. 3.5). The energy density in the hot
spots can exceed the damage threshold of the optical components even at low pulse
energy, due to their small size. The beam has smooth profile only at the waist. This
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Figure 3.4: Beam profile at distances 1.12m (left) and 2.12m (right) after the laser
output. The beam profile on the right hand side was taken after a 45o folding mirror
and is therefore a mirror image of the profile at this distance.

would be a good place for the laser rod, if the beam size is larger. However, all other
components along the beam path would be at positions with bad beam profile.

In order to insure maximum safety for the optical components and the laser rod
at high pulse energies, a vacuum spatial filter was built, which transformed the pump
beam profile to a clean near Gaussian shaped beam.
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Figure 3.5: M2 measurement of the Surelite Nd:YAG laser beam using a PLCX lens with a focal length of 572.7mm
at 1064nm. In the center is shown the beam propagation caustic measured after the lens. The beam profiles are taken
after the lens at a distance as indicated in the low right corner of each image.
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3.2 Vacuum spatial filter

Vacuum spatial filters (VSF) are an important component in high-peak power
lasers [11, 26, 63]. They are used to remove abberations from laser beams and produce
an improved beam containing only a single transverse mode of the laser’s optical
resonator.

3.2.1 Theory of operation

The spatial filter is comprised of two positive lenses and a pinhole placed in their
common focus as illustrated in Fig. 3.6 [55, 69].

f1 f2

Focusing lens Recollimating lens

Pinhole

Object plane Image plane

Figure 3.6: Principal of spatial filtering.

The first focusing lens produces a diffraction pattern at the focal plane, which rep-
resents the spatial Fourier-mode spectrum of the intensity distribution of the beam
at the object plane. Higher spatial frequencies, corresponding to fine structures in
the initial intensity distribution, appear farther from the optical axes of the system
and are blocked by the surface surrounding the pinhole. Only the low-frequency
components of the Fourier spectrum, constituting the smooth transverse intensity
profile, are passed through the pinhole. The second lens performs the inverse Fourier
transform and projects the filtered beam onto the image plane. The selection of the
pinhole diameter is based on maximizing the amount of energy passed while blocking
the undesired noise and minimizing the diffraction effects on the edge of the aperture.

3.2.2 Design

When used for high peak power lasers, high energy density in the focal spot is
reached which can cause optical air breakdown. Therefore the spatial filter must be
in a vacuum. Also, the design of the pinhole must be considered. The intensity of
the clipped unwanted light is sufficient to ablate plasma at the edge of the aperture.
The plasma causes distortion of the wave-front of the transmitted light and eventu-
ally closure of the pinhole. The operation of a conventional washer-type pinhole for
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spatial filtering has been investigated and new pinholes with conical profile proposed
in [23, 111]. The conical profile provides larger surface area for the blocked energy to
dissipate thus reducing the local fluence on the structure. Consequently the plasma
formation is minimized. Furthermore, part of the rejected light is reflected rather
than absorbed.

In order to find a compact and reliable design, different spatial filters were tested
first with low pump pulse energy and no vacuum. Short spatial filters were set up
with an input focusing lens with a nominal focal length of 300mm. The lens produced
very small focal spots in the x- and y-plane with too high energy density in the wings
which would destroy the pinhole in a short time period. Therefore, an additional
beam reducer 2:1 was placed before the input lens. As a result, the focal spots were
increased by almost a factor of two and thus the energy density reduced by factor of
four. The pinholes were diamond wire dies from Woodburn Diamond Die, Inc. with
diameters 157.5µm, 215.9µm and 285.7µm. The pinhole was mounted on an XYZ
translation stage for fine alignment.

The beam was successfully filtered when the pinhole was placed in either focal
plane (x and y). But the beam spots in the foci were elliptic and therefore causing
strong burning at the surface of the pinhole along the long axis of the ellipse. Also, the
exit beam after the pinhole remained elliptical. Best results, in terms of beam shape,
were obtained with the 285µm pinhole when placed in the medial focus, where the
beam was circular. However, high energy density caused burning of the pinhole for
pump pulse energy as low as 30–35mJ. Further experiments showed that the burning
and also deformation of the pinhole can be avoided, or sufficiently decreased, if the
focus has a diameter bigger than 2mm. This automatically excluded the possibility
of building a short spatial filter.

The final pumping configuration with the vacuum spatial filter is depicted in
Fig. 3.7. The desired large beam diameter at the waist was produced by a 2:1 beam
reducer L2 − L3 (L2: plan convex lens with f=150mm, L3: plan concave lens with
f=–75mm, separation: 85mm) and a weak focusing lens L4 with 2-m focal length.
The separation between the foci in the x- and y- plane was reduced by a cylindrical
lens L1 (fx=10m).

Before building the vacuum system, beam profiles were taken after the focusing
lens L4 and the maximum energy density was calculated, in order to determine the
safe positions for the Brewster windows and folding mirrors. The results are plotted
in Fig. 3.8 for pulse energy of 100mJ. The final location of the optical components is
indicated on the plot.

A target with different bore diameters was used to optimize experimentally the
performance of the spatial filter. Best results for the filtered beam were achieved
with a 1.9mm in diameter pinhole, placed in the medial focus where the spot was
approximately circular. The medial focus was 2.65m after the focusing lens and had
diameters of 2.68mm and 2.60mm in x- and y- plane, respectively. The transmission
of the filter was 80%.
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Figure 3.7: Pump configuration. TFP1,TFP2: Thin film polarizers at Brewster angle,
λ/2P1, λ/2P2-half-waveplates, D: beam dump, L1: cylindrical lens, L2: plano-convex
lens, L3: plano-concave lens, HR1 − HR3: high reflectivity mirrors for 1064nm,L4:
focusing lens for the spatial filter, BW1,BW2: fused silica windows at Brewster angle,
PH: pinhole, L5: recollimating lens, G: Gauge, PI: pressure indicator, VP: vacuum
pump.
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Figure 3.8: Variation of the maximum energy density of the beam propagating after
the VSF’s input focusing lens for 100mJ pulse energy. The position of the optical
elements and the pinhole are marked on the plot.
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The transmitted beam was further shaped with the recollimating lens L5 with a
focal length 1m placed at 1.1m after the pinhole.

The actual vacuum spatial filter is shown on the photograph below.

Figure 3.9: Photograph of the vacuum spatial filter in the lab. Left: the entire system.
Right: the vacuum chamber with the pinhole.

The pinhole was manufactured by the Design and Fabrication Services (DFS) at
NCAR. It was made of stainless steel and had a fine polished reflective conical profile.
It was placed in a small vacuum chamber and the chamber was mounted on a XYZ
translation stage. Flexible bellow sections allowed movements of the vacuum chamber
during alignment. The rigid tubes were standard 1” KF straight sections from HPS
Products. The spatial filter was sealed with a 2” uncoated plane windows from CVI
Laser, LLC. Its overall length was 2.6m. The filter was evacuated down to 133Pa
with a vacuum pump from Welch Scientific, model 1402. The pressure in the vacuum
system was monitored with an HPS Pirani gauge. A leak detector was used to check
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the seals. The pressure of the vacuum spatial filter was maintained once every couple
weeks.

3.2.3 Improvement of the pump beam characteristics

The vacuum spatial filter improved the pump beam profile and made it possible
to investigate the Cr4+:YAG laser properties at high pump energies.

The improved beam profiles after the VSF are shown on Fig. 3.10 (compare with
Fig. 3.5). The beam was rather converging than collimated. The aim with using
1-m recollimating lens was to provide a large and circular beam at the position of
the crystal. Later the rod was placed at the medial focus (about 1.6m after the
recollimating lens), where the beam was fitted to 94% Gaussian shaped.

1.20 m0.65 m 1.60 m 2.05 m

1 mm 1 mm 1 mm 1 mm

Figure 3.10: Beam profiles after the vacuum spatial filter. The distance from the
recollimating lens is marked on each image.

The use of this filter is only required as long as the pump laser has a poor beam
profile. The experiments presented hereafter can be used as a baseline of the expected
performance of Cr4+:YAG pumped with laser exhibiting better beam characteristics.

3.3 Cooling of the laser crystal

In any solid-state laser material operating at high average power, a significant
part of the absorbed pump energy is converted to heat in the crystal. The increase
of temperature causes shortening of the fluorescence lifetime and induces thermal
lensing in the laser rod. As a result, the overall laser efficiency is usually reduced. In
order to minimize these effects, the laser material was actively cooled.

The laser rod was clamped between two aluminum shells (C in Fig. 3.11). In
order to determine the optimum bore diameter of the shell two factors were taken into
account: first, the accuracy of the measurement of the crystal’s diameter, provided by
the polisher. Second, the variations induces by thermal expansion and contraction of
the rod by a temperature change of ±20Co. In addition, the bore surface was coated
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TEC C W

G

Figure 3.11: Solid model of the crystal cooler. C: clamp shells, G: gold coating, TEC:
Peltier thermoelectric cooler, W: block with circulating water.

with 9µm thick gold layer. It ensures good mechanical contact, needed for effective
heat transfer. Gold was chosen due to its high thermal conductivity.

The temperature of the crystal was measured by an RTD element (Omega, part.
nr. 1PT100GX0518) and stabilized with a Peltier module controller (AMS Tech-
nologies, AMS 2410) to the set value with an accuracy of ±2Co. According to the
difference between the actual and set temperature of the crystal the controller pro-
vides current to Peltier thermoelectric coolers TEC (Melcor), mounted on the clamp
shells. The hot side of the Peltier elements was cooled by circulating water in another
aluminum block W and a recirculating chiller (Melcor, part. nr. MCR300). Thermal
transfer compound was applied to the RTD and Peltiers elements.

The crystal cooler was designed by J. Fox from DFS at NCAR and fabricated at
the machine shop at IPM. The clamp shells were coated at the IPM using Technics-
Hummer sputtering coater.



Chapter 4

Chromium YAG laser

4.1 Laser crystal

Cr4+:YAG is widely used as a passive Q-switch for Nd:YAG laser [67, 109, 133,
144]. In 1988 Angert et al. [2] reported the capability of the crystal as a wavelength
converter of wavelengths around 1000nm to wavelengths in the mid-IR spectral range
of ≈ 1300 − 1500 nm. Since then a lot of research has been conducted with different
pump lasers and in a variety of mode operation [130]. Possible pump sources include
InGaAs laser diodes at around 970nm [1, 143], Yb-fiber lasers at 1064 nm [90] and
most commonly used Nd:YAG laser at the fundamental wavelength [87, 113]. Quasi-
CW and pulsed regime operation has been investigated in [38, 85, 101, 106, 184]. CW
operation has been achieved by [1, 81, 131, 170]. Mode-locked Cr4+:YAG laser have
been demonstrated in [44, 90]. Best conversion efficiency of 22% in quasi-CW [85]
and 12% for pulsed regime [15] have been reported.

4.1.1 Physical properties

Cr4+:YAG crystal consists of the well known and widely used yttrium aluminum
garnet (YAG, Y3Al5O12) in which some of the trivalent aluminum ions are substi-
tuted by the laser active tetravalent chromium ions (Cr4+). The difference in charge
site is compensated by additional co-doping with Ca2+ or Mg2+ ions [83, 86]. The
crystal can be grown in good optical quality by the Czochralski method [31, 82]. The
concentration of active ions can be increased by a post growth annealing [84, 143].

Cr4+:YAG exhibits characteristics of its host crystal (the YAG) such as high ther-
mal conductivity, hardness and good optical quality [85]. Some of the important
physical parameters are listed in Tab. 4.1 according to [75, 129].

44
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Table 4.1: Physical parameters of Cr4+:YAG crystal

Parameter Value Unit

Refractive index 1.81 1
Density 4.56 g/cm3

Mohr’s hardness 8.5 1
Heat conductivity 0.13 W/(cm.oC)
Thermo-optic coefficient 9.8 × 10−6 /oC
Melting point 1970 oC

4.1.2 Laser properties

Active research has yielded an understanding of the configuration of the active
Cr4+ ions in the host crystal [84, 113]. The fluorescence in the 1400 nm region, caused
by pumping with light at 1000-nm wavelength, is attributed to tetrahedrally coor-
dinated Cr4+ ions. According to [38, 85, 184] part of the chromium ions may also
occupy octahedral sites but do not contribute to the near-infrared fluorescence. In
addition, a large number of trivalent chromium ions exist in octahedral sites in the
crystal [39, 85]. This makes it difficult to estimate the concentration of the tetra-
hedrally coordinated ions in order to determine parameters such as the absorption
cross-section.

Researchers have inferred the presence of octahedrally coordinated Cr4+ ions from
the absorption spectrum. Three broad absorption bands around 480 nm, 640nm,
and 1000nm have been observed [38, 83]. Only the absorption around 640nm, and
1000nm is attributed to the tetrahedrally coordinated chromium ions.

Energy-level diagram

The optical transitions of the tetrahedrally coordinated Cr4+ ions in YAG can be
described by a four-level system [83, 86]. The energy diagram is depicted in Fig. 4.1.
Cr4+ ions on the ground state |g〉 absorb the pump photons at wavelength λP and
are excited to the first excited state |3〉. The probability of this transition is the
ground-state absorption cross-section σGSA. Fast (few ps) non-radiative decay occurs
to the upper laser level |2〉. The laser transition takes place between the energy levels
|2〉 and |1〉 (with probability the stimulated emission cross-section σSE) and results
in emission of photons at the laser wavelength λL. The lifetime of the upper laser
level |2〉 at 300K is τ2= 3.4 − 4.7µs (3.4µs in [184], 4.1µs in [86], 4.7µs in [101]). A
fast (few ps) non-radiative decay to the ground-state level follows. The ions from the
upper laser level can be further excited to higher lying energy levels |4〉 and |5〉 due
to absorption of the lasing and pump wavelengths, respectively. These transitions are
known as excited-state absorption (ESA). They are additional losses which give a rise
of the laser threshold pump power and reduce the slope efficiency (see Section 2.1).
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Figure 4.1: Energy level diagram of Cr4+ ions. |g〉: ground state, λP and λL: pump
and laser wavelength, respectively, σGSA: ground-state absorption cross-section, σSE:
stimulated emission cross-section, σESAP

and σESAL
: excited-state absorption cross-

section of the pump and laser wavelengths, respectively, τ2: lifetime of the upper laser
level |2〉.

Suda et al. [153] suggested a 5-level diagram where the excited ions from levels |4〉
and |5〉 decay to an additional level with relaxation time about 120ns. However, in
the case of gain switching, one can assume that the ions from this level return to the
upper laser level during laser pulse build-up and thus the initial inversion population
is not affected (see Section 2.1). Therefore, the 4-level approach is considered here.

A summary of the published values of the pump absorption, stimulated emission,
and the ESA cross-sections are given in Tab. 4.2. It has to be noted that some of
these parameters vary by an order of magnitude which makes it difficult to model the
performance of this laser (see Section 2.1). In the first column of Tab. 4.2 are listed
the values of the small-signal (or initial) absorption coefficient α. α with unit of cm−1

is the linear attenuation of the incident pump intensity I0 by propagating through
the crystal, described by the Lambert-Beer law

I = I0 e
−α lcr . (4.1)

From α and σGSA the total number density of the active ions can be estimated

nT = α/σGSA. (4.2)
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Table 4.2: Published values of the initial absorption coefficient and the cross-section
of the transitions in Cr4+:YAG crystal

α σGSA σSE σESAP
σESAL

Reference

cm−1 ×10−18, cm2 ×10−19, cm2 ×10−19, cm2 ×10−19, cm2

1.6 7 3 5 [184]
2.6 5.7±2 8±2 [39]
1 5±1 7–8 5±2 4–5 [15]

3.9 3.3 5.3 1.8 [107]
3.3 [86]

2.7 3±0.5 2±0.5 [144]
2.5 2.9 2.3 [101]

2.5 3 [21]
2.1 1.4 0.91 1.2–1.7 0.6 [153]
1.5 1.2 0.75 0.29 [131]

0.87±0.08 2.2±0.2 [133]
0.36 [109]

2.2 5 8 this work
3.2 5 2.65 4.8 1.75 this work

Tunability

Eilers et al. [38] have demonstrated a broad emission spectrum between 1100nm
and 1700nm that of Cr4+:YAG at room temperature. Tunability of this laser in the
range of 1340–1570 nm [15] and 1350–1550nm has been obtained using a birefringent
filter [1, 38, 85]. The peak wavelength is at 1420–1430 nm.

Polarization effects

It has been found that the absorption and the laser efficiency depend strongly on
the pump polarization [38, 39, 83, 85]. This behavior is explained by the fact that
the Cr4+ ions occupy distorted tetrahedral sites. The tetrahedrons are trigonally
distorted along one of the three orthogonal crystallographic axes 〈100〉, 〈010〉 and
〈001〉 of YAG [83, 86]. As a result there are three equivalent groups of Cr4+ ions
oriented along those axes and the crystal is optically anisotropic [39, 83] (in contrast
to YAG). Each of these groups can be selectively excited by linear polarized light at
1064nm. Best results in terms of conversion efficiency are obtained when the pump
beam propagates along the 〈100〉 crystallographic axis and is linear polarized parallel
to 〈010〉 [38, 85].
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4.2 Measurement of the pump absorption

The absorption of the pump wavelength at 1064 nm saturates at low (0.033 J/cm2)
[39] to moderate (0.155 J/cm2) [131] pump energy density. The saturation energy
fluence is calculated as Usat = hνP /σGSA [153]. As a result of the ground-state
bleaching, part of the pump energy is transmitted through the crystal and can not
be used for the wavelength conversion. In addition, some of the pump photons are
lost due to the absorption to higher excited state |5〉 (see Fig. 4.1). The decay time
of level |5〉 is estimated at 50(±5) ps in [184] and 100ps in [153] so the population of
the upper laser level remains almost constant.

The attenuation of the pump energy fluence UP (z) with distance z through the
crystal can be calculated as [8, 15]

dUP

dz
= −α hνP

σGSA

{[

1 − σESAP

σGSA

]

.

[

1 − exp

(

−σGSA
UP

hνP

)]

+ σESAP

UP

hνP

}

. (4.3)

In the saturation regime, the transmission remains constant by further increase
of the pump energy. This effect is attributed to the unsaturated ESA at the pump
wavelength. The maximum transmission is therefore a function of the σESAP

, the
total number density of the active ions nT and the length of the crystal lcr and it can
be estimated according to [39] as

Tmax =
UP

UP,0
= exp [−σESAP

nT lcr]. (4.4)

The laser crystal, used at the beginning of this study has been grown at the Univer-
sity of Hamburg [82]. This crystal had an initial absorption coefficient α= 2.2 cm−1.
It was cut into two 20mm long and 5mm diameter crystals (Fig. 4.2(a)). The end sur-
faces were polished by the company FEE GmbH, Germany and antireflection (AR)
coated for both pump and laser wavelengths by DS-Technik Tafelmaier, Germany.
The AR coating had a damage threshold of 10 J/cm2.

The absorption of the pump wavelength was measured with the IBL pump laser.
The pump beam diameter at the rod was 2mm and the temperature of the crystal
was stabilized to 15 oC. At 100mJ pump energy the transmission of the crystal was
almost 50% (see Fig. 4.3). This result in terms of pump energy density was confirmed
again with 3mm and 4mm pump beam diameters. The energy density was calculated
for a spot with the measured diameters using 4-Sigma method (see Section 2.6.1) and
homogeneously distributed energy.

For more effective pumping and wavelength conversion, the absorption of the
crystal should be increased. According to Eq. 4.3 this is possible for longer crystals
with higher concentration of the active ions. The maximum doping level for a good
optical quality Cr4+:YAG corresponds to maximum small-signal absorption coefficient
α= (3.5 − 4.0) cm−1 (according to Dr. A. Shestakov from IRE Polys, Moscow). In
order to calculate the optimal length of the crystal, the experimental transmission
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(a) (b)

Figure 4.2: Cr4+:YAG laser crystal. (a) 20 × 5mm rod with AR coated end surfaces,
(b) 40 × 7mm rod with Brewster-cut end faces
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Figure 4.3: Theoretical fit of the experimental data obtained with a 20mm long laser
rod with a small-signal absorption coefficient α= 2.2 cm−1. The crystal temperature
was stabilized to 15 oC. The pump beam diameter was 2mm.
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curve was fitted with the aid of Eq. 4.3, which yielded σGSA= 5 × 10−18 cm2 and
σESAP

= 8 × 10−19 cm2 (see Fig. 4.3). These values are in a good agreement with
those reported in [39].

Using these parameters, a set of transmission curves was calculated for different
crystal lengths (Fig. 4.4). The calculations showed that sufficiently low transmission
can be expected in a rod at least 40-mm long. Due to mechanical difficulties of
producing very long clamp shells with accurate bore diameter, which is critical for
good thermal contact, the 40mm length of the crystal was chosen.
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Figure 4.4: Theoretical transmission of the pump energy at 1064nm as a func-
tion of the pump energy density for Cr4+:YAG crystal with various lengths. The
parameters used for this calculations are α= 3.5 cm−1, σGSA= 5 × 10−18 cm2 and
σESAP

= 8 × 10−19 cm2.

New crystals were purchased from IRE Polys. They were 40 × 7mm highly
doped Cr4+:YAG cylindrical rods with a specified initial absorption coefficient of 3.5–
4.0 cm−1. A photograph of the new crystal is shown in Fig. 4.2(b). The new rod had
Brewster-cut end faces with specified damage threshold of more than 700MW/cm2

(Dr. A. Shestakov).
The absorption behavior of the new crystal was measured with the IBL and Con-

tinuum Surelite pump lasers and compared to the theoretical predictions. The exper-
imental transmission was a lot higher than calculated. Please note, that the energy
fluence in the crystal was corrected for the Brewster angle geometry. Due to the
Brewster incident angle, the pump beam diameter is elliptical in the crystal (larger
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in the tangential plane) and thus the energy density is lower compared to normal
incidence. Also, the overall length of the rod was 40mm, but along the propagation
axis in the middle of the crystal was 36.2mm. The transmission curve of this crystal
is presented in Fig. 4.5. It can be well fit with α= 3.2 cm−1, σGSA= 5 × 10−18 cm2 and
σESAP

= 4.8 × 10−19 cm2. The initial absorption coefficient was lower than specified.
Consequently, a different fitting value of the ESA cross-section was used, which agrees
well with [15].
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Figure 4.5: Theoretical fit to the experimentally measured transmission of the 40-mm
long Cr4+:YAG crystal. The crystal temperature was stabilized to 15 oC. The pump
beam diameter was 2mm. The best fit parameters are as indicated in the legend.

This study emphasized on the experimental optimization of the performance of
Cr4+:YAG in terms of conversion efficiency at high pump energy. The laser perfor-
mance was investigated using 2-mm and 3-mm pump beams. The maximum pump
energy in both cases was 130mJ and the transmission changed corresponding to the
pump energy density. The transmission as a function of the pump energy for different
pump beam size is shown in Fig. 4.6 for future reference.
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Figure 4.6: Experimental transmission of the new crystal vs. pump pulse energy for
two pump beam sizes as indicated in the legend.

4.3 Measurement of thermal lensing

The thermal lensing focal length was measured using the pump-probe technique
[71]. Figure 4.7 schematically shows the experimental arrangement. A linear polarized
CW beam at 1310nm was used as the probe beam. It was produced by a fiber coupled
laser diode (LD) ( NTT Electronics, model NLL1B5G1AA) and collimated with a
fiber collimator package from Thorlabs (F220FC-C). It is worth pointing out, that
the commonly used He:Ne laser as a source for the probe beam at 532nm or 632.8 nm
can not be applied for Cr4+:YAG due to the strong absorption of chromium ions in
the visible wavelength region. Indeed, the crystal is dark in color and not transparent
to the eye.

The probe beam was coupled into the crystal through the high-reflectivity fold-
ing mirror HR. In order to ensure good overlap in the rod between the probe and
pump beam, alignment apertures with bore diameter of 1mm were used. They were
mounted directly on the clamp shells 3mm from the crystal end surfaces. The probe
beam diameter was slightly smaller than the pump beam spot. In the presence of ther-
mally induced lens in the laser rod, the probe beam focuses after the rod. Its diameter
was measured after the crystal as a function of the distance from the second princi-
pal plane P2 with an infrared pyroelectric camera from Spiricon, model PyroCamIII.
Due to the Brewster-cut geometry two focal points were observed. The thermal focal
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Figure 4.7: Experimental setup for measuring the thermal focal length with the pump-
probe technique. The crystal is illustrated in the sagittal plane. The lens in the rod
center represents the thermally induced lens. The optical components are as follows:
DFB LD: distributed feedback laser diode, C: collimating optics, GM: gold coated
mirror, HR: high reflectivity mirror at 1064nm, h: distance between the principal
plane and the end face of the crystal, P1, P2: principal planes, L: focusing lens, s:
separation between the rod and the focusing lens, L2: beam waist location, NDF:
neutral density filters, Cam: IR camera.

length was determined independently in the tangential and sagittal plane by back
propagation of the obtained values for waist location and Rayleigh length considering
the location of the principal planes from the end of the crystal. For incident angle
of 61.4o the principal planes were located at htan= 3mm and hsag= 10mm from the
end surface.

The thermal lensing of Cr4+:YAG was investigated for different pump pulse en-
ergies and pulse repetition frequencies (PRF): 10Hz with Surelite and 125Hz and
250Hz with the IBL pump laser. In all experiments the crystal temperature was set
to 15 oC. The results obtained with the IBL pump laser have not been applied in the
resonator calculations. However, these measurements are valuable for future design of
chromium lasers, operating at high PRFs and are therefore presented in Appendix C.

Matrix methods were applied in order to calculate the thermal focal length. When
the crystal was pumped with the Continuum laser at 10Hz, weak thermal lensing was
expected due to the low average pump power of 1.3W. In order to bring the thermal
focal points closer to the crystal, an additional focusing lens was placed immediately
after the rod (lens L with focal length 700mm in Fig. 4.7). The beam propagation
after the system of rod–focusing lens was measured when the crystal was not pumped
and again when it was pumped. If the crystal was not pumped, it was described by
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a ray transfer matrix of medium with thickness lcr and index of refraction n0. In the
presence of thermal lensing, the rod was viewed as a thick lens with focal length fT

and principle planes hsag (or htan).
This method is illustrated in Fig. 4.8.
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Figure 4.8: Matrix method for calculation of the thermal focal length. Mk: ray
transfer matrix of the system lens-crystal, f and fT : focal length of the lens and the
thermal lens, respectively, s: separation, Lk and L0: waist position of the incident
and output beam, respectively, qk and q0: complex beam parameter of the incident
and output beam, respectively.

For simplicity, the propagation direction is reversed and the incident beam becomes
the output beam with parameter q0 = −L0 + i z0. The measured beam after propa-
gation through the crystal and the lens will be viewed as the incident beam with the
parameter qk = Lk + i zk, k = 1, 2 (index 1 indicates “cold” crystal and 2 the pumped
crystal). The ray transfer matrix of the system is

M1 =
(

1 − s+ lcr/(n0 f) s+ lcr/n0

1/f 1

)

(4.5)

for the unpumped case and

M2 =
(

1 − s/f s
−1/f − (1 − s/f)(1/fT ) 1 − s/f

)

(4.6)

in the presence of thermal lensing. The complex beam parameters qk are transformed
as

q0k =
Akqk + Bk

Ckqk +Dk
, k = 1, 2. (4.7)

The beam at the exit of the system M1 and M2 is the same also, q01 = q02 = q0. The
equations for the real and imaginary part of the complex parameter q0 are solved for
the thermal focal length.
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The calculated thermal focal length was fsag= 15m and ftan= 4.5m. The relative
error was estimated to 20%. The ratio fsag/ftan=3.33 is less than the value 4.36
obtained with the tilted slab approximation (Eq. 2.41). Nonetheless, the experimental
value is consistent with the approach used by Wagner et al. [160]. They have shown
that fsag/ftan is smaller than the value predicted by the tilted slab approximation
due to the non symmetrical temperature profile around the axis.

4.4 Resonator design

In order to design a dynamically stable resonator, the following parameters must
be determined: radii of curvature R1 , R2 of the rear mirror and the output coupler,
respectively, and their position L1, L2 with respect to the laser rod.

The calculations of a dynamically stable linear resonator are based on the formulae
presented in Section 2.5. The mirror 1 on Fig. 2.3 is set to be the rear mirror and
mirror 2 the output coupler. Here, only one laser rod is considered (for two-rod-
resonator see Appendix D). Therefore, the matrix elements of M1 and M2 contain
the set of parameters R1 , L1 and R2 , L2, respectively. By setting up the experiment
one should remember that L1 and L2 are measured from the principal planes of the
thermal lens (the rod) to the mirrors (see Section 2.5). Hereafter the values assigned
to L1 and L2 are the distances from the principal planes in the tangential plane to
the resonator mirrors. For all experiments, the laser rod was placed close to the rear
mirror in order to better exploit the low-gain active medium [93] and reduce the effect
of spatial hole burning [136]. Thus the fixed parameters were the laser wavelength in
the center of the gain spectrum at 1450nm, the measured thermal lens focal length
fT , and the desired mode radius at the rod w3,0. Also, the back mirror was chosen to
be flat (R1 → ∞). The possible resonator configurations can than be determined by
varying the distance L1 between the crystal and the rear mirror and calculating R2

and L2 of the output coupler so that the condition for dynamic stability is fulfilled.
From this geometry, and from Eqs. 2.47 and 2.51 follows for the beam radius at the
rod

ω2
3,0 =

2λ

π
|B2D2|. (4.8)

This result is inserted into Eqs. 2.42 and 2.50 and an expression for the product
A2D2 is obtained. A2D2 is a function of the unknowns R2 and L2 just like the
product |B2D2| from Eq. 4.8. Thus, they can be solved as coupled equations for R2

and L2. There are four cases that must be investigated: two for B2D2 > 0 together

with ξ = ±
√

|uv| and another two for B2D2 < 0 together with ξ = ±
√

|uv|. The
same calculations were performed independently for the thermal focal length in the
other orthogonal plane.

The next step was to select the appropriate of all possible resonator configurations.
This evaluation was based on the following requirements:
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(i) The overall length of the resonator should not exceed 1.5m.
(ii) The beam radii at the mirrors should be large enough to prevent optical damage
at high pump energy.
(iii) The stability zones for both sagittal and tangential planes should have a common
region where they overlap.
(iiii) The resonator should have low misalignment sensitivity.

If the result of the calculated configuration requires, for example, radius of curva-
ture of the output coupler, which is in practice not acceptable, it can be substituted
with the nearest commercially available standard curved mirror and the other res-
onator parameters adjusted in order to maintain dynamic stability of the resonator
with sufficiently low misalignment sensitivity.

The laser rod used in these experiments had a radius of 3.5mm. The laser beam,
incident at the Brewster angle can thus have maximum radius of 2mm. In order to
keep the diffraction losses at the crystal’s end surface low, the pump beam and the
laser mode radii were limited to 1.6mm (80% of the maximum pump beam size)
[54, 79].

By examining the possible resonators for a given mode size and thermal lensing
the following relations were determined:
(i) Mode radius larger than 0.8mm can be achieved with a very long dynamically
stable resonator (longer than 2m). Therefore, the experiments were performed with
mode radius ranging from 0.5mm to 0.8mm and a maximum resonator length of
1.5m.
(ii) Due to the long thermal lens focal length, the stability zones in the tangential and
sagittal plane fully overlap. The mode radius in the sagittal plane was 0.01–0.05mm
larger than in the tangential plane and consequently the misalignment sensitivity was
about 10–30% higher.
(iii) A given mode size can be achieved in a short stable resonator with an output
coupler of long focal length. Often these configurations are stable (see Eq. 2.46) but
not dynamically stable in terms of Eq. 2.49 and have high misalignment sensitivity.

Suitable resonators, however, employing output couplers with standard radius of
curvature (1m, 2m and 3m) and sufficiently low misalignment sensitivity were found.
The rear mirror was placed 0.1m from the tangential reference plane of the crystal
and the position of the output coupler was varied in order to obtain different mode
sizes in the crystal.

The theoretical calculations for the mode radii at the crystal and the overall mis-
alignment sensitivity in the tangential plane are plotted as a function of the distance
L2 in Fig. 4.9. Examples of stable but not dynamically stable resonators are the
configurations represented with circled points in Fig. 4.9(a). It is apparent that, for
a given output coupler, the mode size is proportional to the resonator length and the
opposite is true for the misalignment sensitivity.

The stability zones and the misalignment sensitivity as a function of the thermal
lens are shown in the next Fig. 4.10. The mode radius remains almost constant for
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Figure 4.9: Mode radius and overall misalignment sensitivity in the tangential plane
vs. the distance between the crystal and the output coupler, for output couplers with
different radius of curvature R2. The back mirror is flat and is placed at L1=0.1m
from the crystal. The thermal lens has a focal length ftan= 4.5m.
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Figure 4.10: Mode radius and overall misalignment sensitivity as a function of the
thermal focal length for different resonator configurations. For all cavities the rear
mirror is flat and is placed at L1= 0.1m from the crystal. The radius of curvature R2

and the position of the output coupler L2 with respect to the crystal are indicated in
the legend.
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a large range of thermal focal lengths. For certain configurations, i.e R2= 3m, and
L2= 0.57m, it is more sensitive to focal length fluctuations in the tangential plane.
The perturbation of the mode size is relatively small and it is not expected to have
significant impact on the laser performance.

For comparison, the stability zone and the misalignment sensitivity of the dynam-
ically unstable resonators with output coupler R2= 3m, placed at 0.08m and 0.3m
after the crystal, are also shown on these figures. Despite the fact that the mode ra-
dius is not at its minimum (see Eq. 2.49) it remains relatively insensitive to thermal
length fluctuations in both tangential and sagittal planes. The sensitivity to mirror
misalignment, on the other hand, is considerably higher and increases rapidly with
increasing thermal focal length (Fig. 4.10(b)). These configurations deliver mode
sizes at the rod, comparable to the dynamically stable resonator with R2 = 1m,
L2= 0.57m and R2 = 2m, L2= 0.57m, respectively (see Fig. 4.9(a)). Therefore,
their performances were compared experimentally (see Section 4.5).

The beam propagation of the fundamental mode in the resonator was calculated
with the aid of ray transfer matrices as described in Section 2.3. The results are
illustrated on Figs. 4.11–4.13. The origin of the x-axis is set at the rear mirror.
The crystal is at position 0.1m. It is assumed that the beam does not change by
propagating through the crystal. For all resonators the beam waist in the sagittal
plane is located at the rear mirror. In the tangential plane the waist is after the
laser rod (except in the resonator L2= 0.08m, R2= 2m and 3m). The half angle
divergence for all configurations is under 1mrad.
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Figure 4.11: Propagation of the fundamental laser mode in a resonator with R1 → ∞,
L1= 0.1m, L2= 0.08m. Dashed line: R2= 2m, solid line: R2= 3m. The position of
the crystal and the resonator mirrors is indicated in the plot.
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Figure 4.12: Propagation of the fundamental laser mode in a resonator with R1 → ∞,
L1= 0.1m, L2= 0.57m. Dashed line: R2= 2m, solid line: R2= 3m. The position of
the crystal and the resonator mirrors is indicated in the plot.
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Figure 4.13: Propagation of the fundamental laser mode in a resonator with R1 → ∞,
L1= 0.1m, L2= 0.8m. Dashed line: R2= 2m, solid line: R2= 3m. The position of
the crystal and the resonator mirrors is indicated in the plot.



4.5. Experimental optimization of the laser performance 61

4.5 Experimental optimization of the laser perfor-

mance

This section presents the experimental data obtained with a one-rod resonator.
The influence of the pump beam diameter, laser mode size and temperature of the
crystal on the output pulse energy was investigated. These parameters were optimized
experimentally for maximum output energy at the maximum pump level of 130mJ.
A discussion of the experimental results is provided at the end of the section.

The experimental set up is illustrated in Fig. 4.14. The crystal was pumped
through the rear resonator mirrorDC with high transmission at the pump wavelength
and high reflectivity (>99.8%) for the emission wavelength region 1400–1500nm. The
transmitted pump radiation exited the resonator at a slightly different angle than the
generated laser beam (due to dispersion) and it was blocked with a beam dump. The
output energy was measured with an Ophir energy meter (PE50BB-DIF). The pulse
width and the build up time were measured with a high-speed Silicon (Si) photo
detector (Thorlabs, DET410). An interference filter with transmission maximum
at 1450nm was placed in front of one detector in order to separate the laser from
the pump pulse. The pulse duration is defined as the full width at half maximum
(FWHM). The build up time is determined as the time from the leading edge of the
pump pulse at level 50% of the maximum to the leading edge at 50% level of the
laser pulse.

As it was shown in Section 4.2, the pump efficiency is reduced due to the saturation
of the absorption, which is pump power dependent (Fig. 4.6). In order to avoid the
nonlinear behavior of absorbed versus pump energy, all power curves are plotted as
a function of the absorbed energy and not the incident energy. Also, the conversion
efficiency is defined as the ratio of output energy to the absorbed pump energy.

4.5.1 Optimization of the mode size

All measurements presented in this subsection were performed with a pump beam
radius 1.05 × 1.1mm at the surface of the crystal. This radius was obtained with
the recollimating lens L5 with focal length of 1m (Fig. 4.14). The temperature of
the crystal was stabilized to 15 oC. The resonators were aligned to provide maximum
output energy for the highest pump energy of 130mJ. The experimental results are
summarized in Figs. 4.15– 4.16(b) for increasing radius of the fundamental laser mode
from 0.45mm up to 0.8mm.

In Fig. 4.15 are shown the output curves of two resonator configurations with
mode radii 0.48 × 0.5mm and 0.51 × 0.56mm (tangential × sagittal plane) for out-
put couplers with radii of curvature 1m and 3m, respectively. Both performed very
similarly: the output energy increased linearly with the pump energy (up to 60–65mJ
absorbed energy) and then saturated. As it was pointed out earlier, the shorter res-
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onator does not satisfy the condition for dynamical stability (Eq. 2.49). Nevertheless,
the resonator was easy to align and had stable operation. This behavior is attributed
to the fact that the thermal focal length was sufficiently stable and consequently the
mode size.
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Figure 4.15: Output energy vs. absorbed pump energy obtained with resonators with
radius of the fundamental mode in the range 0.45mm to 0.56mm. The resonators
were comprised of a flat rear mirror placed at L1 = 0.1m from the crystal and an
output coupler as indicated in the legend. The temperature of the crystal was 15 oC.
The pump beam diameter was 2.0 × 2.1mm.

The output energy was increased by using resonators with larger mode radii from
0.63×0.65mm (R2= 2m and L2= 0.57m) to 0.7×0.74mm (R2= 3m and L2= 0.57m)
(see Fig 4.16(a)). For output coupling of 10%, two maxima in the output energy were
observed followed by saturation. This behavior can be explained with the mode struc-
ture of the laser beam. The beam profile was not observed during these experiments
but later investigations with larger pump beam size showed that higher order modes
start to oscillate from absorbed pump energy around 60–70mJ depending on the
resonator configuration (see Subsection 4.6.3). This is 0.8 − 0.9 J/cm2 which corre-
sponds to 30–40mJ absorbed energy in the case of 2-mm-pump beam. It is possible
to align the resonator for operation at the fundamental mode only at the expense of
output energy (see Figs. 4.41 and 4.42). Again, the dynamically unstable resonator
(R2= 3m, L2= 0.3m) performed just as well as the stable configuration with equiv-
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Figure 4.16: Output energy vs. absorbed pump energy obtained with resonators with
radius of the fundamental mode in the range 0.6mm to 0.82mm. The resonators were
comprised of a flat rear mirror placed at L1= 0.1m from the crystal and an output
coupler as indicated in the legend. The temperature of the crystal was 15 oC. The
pump beam diameter was 2.0 × 2.1mm.
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alent mode size (R2= 2m, L2= 0.57m). Fig. 4.16(a) also indicates that 20% output
coupling was too high and as a consequence the efficiency of the laser decreased.

In Fig. 4.16(b) are plotted the power curves for two configurations with mode
radius 0.75 × 0.78mm and 0.80 × 0.82mm. Despite the larger mode size, the laser
performance was not improved.

The best conversion efficiency of 7.5% was obtained for low pump energy with
the resonator L2= 0.57m, and R2= 3m (Fig. 4.17). For the maximum pump energy,
the conversion efficiency decreased by more than a factor of two.
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Figure 4.17: Conversion efficiency for various resonator configurations using flat rear
mirror placed at L1= 0.1m from the crystal and an output coupler as indicated in
the legend. The temperature of the crystal was 15 oC. The pump beam diameter was
2.0 × 2.1mm.

The laser pulse duration and the build up time were measured simultaneously
with the output power. As expected (see Eq. 2.13), shorter laser pulses were obtained
with the shorter cavities (see Fig. 4.18). Also, resonators with the same length, only
different radius of curvature of the output coupler, had approximately the same build
up time and pulse duration (see Fig. 4.19). Both parameters increased when the
transmission of the output coupler was changed to 20% (Fig. 4.20).
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Figure 4.18: Build up time and pulse width obtained with resonators with radius
of the fundamental mode in the range 0.45mm to 0.56mm. The resonators were
comprised of a flat rear mirror placed at L1= 0.1m from the crystal and an output
coupler as indicated in the legend. The temperature of the crystal was 15 oC. The
pump beam diameter was 2.0 × 2.1mm.
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Figure 4.19: Build up time and pulse width obtained with resonators with radius
of the fundamental mode in the range 0.6mm to 0.82mm. The resonators were
comprised of a flat rear mirror placed at L1= 0.1m from the crystal and an output
coupler as indicated in the legend. The temperature of the crystal was 15 oC. The
pump beam diameter was 2.0 × 2.1mm.
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Figure 4.20: Build up time and pulse width obtained with resonators with radius
of the fundamental mode in the range 0.75mm to 0.82mm. The resonators were
comprised of a flat rear mirror placed at L1= 0.1m from the crystal and an output
coupler as indicated in the legend. The temperature of the crystal was 15 oC. The
pump beam diameter was 2.0 × 2.1mm.
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4.5.2 Optimization of the pump beam diameter

Further optimization of the laser performance was achieved by enlarging the pump
beam radius at the crystal to 1.5 × 1.6mm in x- and y-plane, respectively. This size
was obtained with a new recollimating lens of the vacuum spatial filter L5 with focal
length 0.7m and an additional plano-concave lens L6 with f=–1m placed at 0.33m
after L5 (see Fig. 4.14). The beam in the crystal was almost collimated. Due to the
lower pump energy density the transmission of the pump wavelength was reduced to
12% at 130 mJ pump energy (see Fig. 4.6).

Resonators from each group with similar mode size and performance presented in
the previous subsection (Figs. 4.15 and 4.16) were tested again with the new pump
beam size. The experimental results are presented in Fig. 4.21. The output coupling
in all resonator configurations was 10%.
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Figure 4.21: Power curves obtained with resonators with radius of the fundamental
mode in the range 0.45mm to 0.8mm. The resonators were comprised of a flat rear
mirror placed at L1= 0.1m from the crystal and an output coupler as indicated in
the legend and R= 90%. The temperature of the crystal was 15 oC. The pump beam
diameter was 3.0 × 3.2mm.

Compared to the case with smaller pump beam radius, the laser threshold slightly
increased approaching 25mJ. Again, full saturation of the output energy was observed
but for higher pump energy. Maximum output energy of 4.2mJ was achieved with
a resonator with output coupler R2= 2m and L2= 0.57m. The configurations with
output coupler R2= 3m and lengths L2= 0.57m and L2= 0.8m performed the same
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and unlike when pumped with a 2mm diameter beam (see. Fig. 4.16). The reason
for the difference is most likely due to the generation of different order modes with
the resonator with L2= 0.57m.

The conversion efficiency was improved for the entire range of pump energies
for the shortest resonator (L2= 0.08m) (Fig. 4.22). In the longer resonators, better
conversion efficiency was obtained only for high pump energies.
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Figure 4.22: Conversion efficiency obtained with resonators with radius of the funda-
mental mode in the range 0.45mm to 0.8mm. The resonators were comprised of a flat
rear mirror placed at L1= 0.1m from the crystal and an output coupler as indicated
in the legend and R= 90%. The temperature of the crystal was 15 oC. The pump
beam diameter was 3.0 × 3.2mm.

The pulse width and the build up time were also measured (Fig. 4.23). Compared
to the case with 2-mm pump beam, the build up time and the pulse duration decreased
by about 18% and 12% in average, respectively. This pulse duration and the absence
of after pulses make this laser suitable as a laser transmitter for a lidar.

The laser performance was improved with the 3-mm pump beam. Therefore, all
experiments that follow were performed with this pump beam size.
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Figure 4.23: Build up time and pulse width obtained with resonators with radius
of the fundamental mode in the range 0.45mm to 0.8mm. The resonators were
comprised of a flat rear mirror placed at L1= 0.1m from the crystal and an output
coupler as indicated in the legend and R= 90%. The temperature of the crystal was
15 oC. The pump beam diameter was 3.0 × 3.2mm.
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4.5.3 Optimization of the temperature of the crystal

In the next set of experiments the impact of the temperature of the crystal T on
the laser efficiency was investigated.

First, the transmission of the pump radiation was measured for the temperature
interval of 5 oC to 40 oC (see Fig. 4.24). The pump energy was kept constant while
the temperature of the crystal was changed. The transmission variation was ≤ 2%
for the entire range of pump pulse energy. Okhrimchuk and Shestakov [113] have also
demonstrated that the integrated absorption over the spectral region of 770–1250nm
is constant for temperatures of the crystal between 0 oC and 27 oC.
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Figure 4.24: Transmission of the pump radiation as a function of the pump energy
for different temperature of the crystal. The pump beam size was 3.0 × 3.2mm.

The influence of T on the laser output energy was investigated for different pump
levels in the resonator configuration L2= 0.57m, R2= 3m, R=90% . The resonator
was aligned for maximum output energy at T= 15 oC. The alignment was not adjusted
during the measurement. The output energy was measured for a given pump energy
and a set of controlled temperatures of the crystal. When a new T was set on the
temperature controller, a sudden change of the output energy was observed due to
transient variations of the temperature profile in the crystal. In a few seconds the
temperature of the crystal stabilized and the output energy reached a stationary
value. The experimental results were reproducible in both directions of temperature
change– increase and decrease. In order to evaluate if the alignment was temperature
sensitive, the same measurement was repeated for the maximum pump energy and
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this time the resonator mirrors were adjusted for every setting of T . The resonator
mirror mounts had micrometer screws for fine-tuning and positioning readout (see
Fig. 4.37) which permitted returning the mirrors to the original position. It was
found that the same alignment of the resonator was optimal for all temperatures.

Fig. 4.25 shows the output energy as a function of the temperature of the crystal T
for absorbed energy 54, 72, 89, and 115mJ. It is evident that the optimal temperature
is a function of the incident energy. For low pump energies, the laser efficiency can be
improved by cooling the crystal. For high pump energy, on the other hand, keeping
the crystal at or above room temperature results in a higher output energy.
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Figure 4.25: Output energy vs. temperature of the crystal for different absorbed
pump energies. The resonator had a flat rear mirror placed at distance L1= 0.1m
and an output coupler R2= 3m, R=90% at L2= 0.57m from the crystal. The pump
beam diameter was 3.0 × 3.2mm.

The laser pulse duration and the build-up time for this arrangement are presented
in Figs. 4.26 and 4.27. The pulse length variation was 2–6ns for absorbed energies of
72–115mJ and 30ns for 54mJ. For the maximum absorbed energy the pulse length
decreased with the temperature. The build up time for absorbed energy 72–115mJ
decreased about 25ns by increasing the temperature of the crystal from 5 oC to 40 oC.
For the lowest absorbed energy, the build up time had a different behavior: it de-
creased when the temperature changed from 5 oC to 20 oC and increased again for
T= 30 − 40 oC.
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Figure 4.26: Laser pulse duration vs. temperature of the crystal for different absorbed
pump energies. The resonator had a flat rear mirror placed at distance L1= 0.1m
and an output coupler R2= 3m, R=90% at L2= 0.57m from the crystal. The pump
beam diameter was 3.0 × 3.2mm. The symbols represent the measured values and
the solid line the polynomial fit to the experimental data.
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Figure 4.27: Build up time vs. temperature of the crystal for different absorbed pump
energies. The resonator had a flat rear mirror placed at distance L1= 0.1m and an
output coupler R2= 3m, R=90% at L2= 0.57m from the crystal. The pump beam
diameter was 3.0 × 3.2mm. The symbols represent the measured values and the solid
line the polynomial fit to the experimental data.
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In order to obtain more laser output energy, the temperature of the crystal was
optimized for the maximum pump energy of 130mJ. The optimal T was different for
the different resonator configurations (Fig. 4.28).
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Figure 4.28: Output energy vs. temperature of the crystal for absorbed pump energy
of 115mJ and different resonator configurations. The resonators were comprised of a
flat rear mirror placed at L1= 0.1m from the crystal and output coupler as indicated
in the legend. The pump beam diameter was 3.0 × 3.2mm.

In Fig. 4.29(a) are shown the power curves obtained from the selected resonators
each with optimal temperature of the crystal. The highest output energy of 5.9mJ
was extracted from a resonator with L2= 0.08m, R2= 2m, R=80% and T= 34 oC .
The conversion efficiency at the maximum pump energy was inversely proportional
to the length of the resonator (Fig. 4.29(b)).

For the optimal temperature of the crystal a decrease of the build up time and the
pulse width with about 5% from the case with T= 15 oC was measured (Fig. 4.30).
Using an output coupler with higher transmission did not result in a much longer
pulse and delay.
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Figure 4.29: Output energy and conversion efficiency as a function of the absorbed en-
ergy for different resonator configurations using a flat rear mirror placed at L1= 0.1m
from the crystal and output couplers as indicated in the legend. The crystal temper-
ature was optimal temperature for the maximum pump energy of 130mJ. The pump
beam diameter was 3.0 × 3.2mm.
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Figure 4.30: Build up time and pulse width vs. absorbed pump energy for various
resonators with a flat rear mirror placed at L1= 0.1m from the crystal and output cou-
plers as indicated in the legend. The crystal temperature was optimal temperature for
the maximum pump energy of 130mJ. The pump beam diameter was 3.0 × 3.2mm.



4.5. Experimental optimization of the laser performance 79

4.5.4 Discussion of the experimental results

The experimental results presented in this section are summarized on Fig. 4.31.
In order to compare the laser performance for different pump beam sizes, the output
energy is plotted versus the incident pump fluence. It is assumed a homogeneous en-
ergy distribution in the beam cross-sectional area with beam size as defined earlier in
Section 2.6.1. For all resonator configurations low laser threshold at about 0.15 J/cm2

was obtained. An increase of the output energy was observed for the larger pump
beam size. Optimal temperature of the crystal Topt was found for every resonator
configuration at the maximum pump energy of 130mJ. Full saturation of the output
energy appeared at a pump energy density around 1 J/cm2.
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Figure 4.31: Optimization of the laser performance for various resonator configura-
tions with a flat rear mirror placed at L1= 0.1m and output coupler as indicated
under each image. The pump diameter and the temperature of the crystal T are
as follows: Dashed line: 2.0 × 2.1mm, T= 15 oC. Dot line: 3.0 × 3.2mm, T= 15 oC.
Solid line: 3.0 × 3.2mm and optimal temperature T = Topt for 130mJ pump energy.
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The experimental results can be explained with the rate equation model presented
in Section 2.1. The calculations are performed for the values of σGSA, σESAP

, and the
total active ion concentration obtained from the fit of the pump power transmission
curve (see Fig. 4.5).

Saturation of the output energy

Fig. 4.32 shows the inversion population (ni − nf )/nT averaged over the crystal
length as a function of the pump fluence (see Eq. 2.7). The inversion population
increases rapidly to 95% for incident pump fluence of 0.75 J/cm2. After that it
increases slowly to 100% at 1.1 J/cm2. At this pump level full saturation of the
output energy is reached and further increase of the pump energy does not result
in an increase of the output energy. Moreover, a decrease of the output energy was
observed in the full saturation region (see Figs. 4.31(b) and 4.31(c)). This effect is
attributed to the existence of ESA of the laser photons [38, 82].

The behavior of the inversion population also explains the saturation of the ab-
sorption of the pump photons. The transmission of the pump energy through the
crystal is half of its maximum when (ni − nf)/nT =1.
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Figure 4.32: Theoretical inversion population ratio (ni−nf )/nT , experimental trans-
mission Texp and its fit Tfit vs. pump energy fluence. Shown are also the absorbed
energy for 2mm (Eabs,2) and 3mm pump beam (Eabs,3).
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Laser threshold and power curves

In order to calculate the laser threshold, a knowledge of the dissipative losses in
the resonator, the stimulated emission cross-section, and the ESA cross-section of the
laser photons are needed (see Eq. 2.9). However, measurement of these parameters is
outside of the scope of this project. The published values of the cross-sections differ
by an order of magnitude (see Tab. 4.2). Therefore, the experimental threshold will
be used as a fixed parameter in the equation for the output energy (Eq. 2.12) to fit
the experimental power curves. From Fig. 4.32 it follows that the experimental laser
threshold at 0.15 J/cm2 corresponds to 30% inversion population.

The influence of the losses of the resonator L and the ratio rs = σESAL
/σSE

are investigated for mode radius of 0.51 × 0.55mm. This is the exact mode size of
TEM00 for the resonator with L2= 0.08m and R2= 3m (Fig. 4.31(a)). It is worth
reminding the reader that due to the Brewster cut of the laser crystal, the beam
in the crystal is elliptical. The beam radius in the tangential plane is enlarged by
factor of tan θB=1.834. The output coupling is set to 90%. Fig. 4.33 shows the
dependence of the output energy of the ratio σESAL

/σSE for L=2%. The maximum
possible extracted energy in the fundamental mode for this arrangement is 4mJ in
the absence of ESA. For σESAL

6= 0 the output energy decreases linearly with (1−rs).
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Figure 4.33: Theoretical laser output energy as a function of the pump energy fluence
for different values of the ratio σESAL

/σSE . The laser threshold is nt= 0.3 nT, the
mode radius is 0.51 × 0.55mm, the dissipative losses in the resonator are L=2% and
the output coupling is 10%.
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The output energy as a function of the resonator losses for an arbitrary rs=0.5 is
plotted on Fig. 4.34.
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Figure 4.34: Theoretical output energy as a function of the pump energy fluence
for different values of the dissipative losses in the resonator. The laser threshold is
nt=0.3nT , the mode radius is 0.51 × 0.55mm, the ratio σESAL

/σSE=0.5, and the
output coupling is 90%.

An increase of the resonator losses from 2% to 10% causes a decrease of the
maximum output energy of 40%. In the case of low gain laser medium, the losses
are more critical for the laser performance. Therefore, high quality optics were used
for the resonator. The rear mirror had a high reflectivity coating R >99.8% and the
rod was Brewster cut, for theoretically no reflection loss at the surface.

Dependence of the output energy on the pump beam size

According to Fig. 4.32, the inversion population and thus the output energy of the
fundamental mode depend on the incident pump fluence. However, the experiments
showed that for the same pump fluence more output energy can be achieved by
enlarging the pump beam size in the crystal. This effect can be explained with the
mode structure of the laser beam. If a larger volume of the active medium is excited,
higher order modes are more likely to start oscillating which results in a rise of the
extracted laser energy. In order to show that, the experimental power curves were
fitted with Eq. 2.12. Later observations of the laser beam profile also confirmed this
statement (see Section 4.6.3).



4.5. Experimental optimization of the laser performance 83

Here, the performance of the shortest resonator for a given temperature of the crys-
tal 15 oC is modeled (Fig. 4.31(a)). The fitting parameters are the ratio σESAL

/σSE

and the losses in the resonator L. It is assumed a constant loss factor regardless of
the size and the order of the modes. The best fit to the power curves was obtained
with σESAL

/σSE=0.66 and L=2%. Fig. 4.35 shows the output energy for different
mode sizes. The experimental data, obtained with 2mm pump beam are fitted with
different mode sizes at different pump energy densities. First only the TEM00 mode
oscillates with the mode size of 0.51 × 0.55mm as predicted by the resonator design
calculations. With increasing the pump energy, higher order modes are generated
which occupy larger areas of the laser rod. The experimental data points obtained
with a 3mm pump beam depart on the theoretical curve for mode size 0.84 × 0.84mm.
As a result, higher output energy is achieved.
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Figure 4.35: Theoretical fit of the experimental results obtained with resonator with
a flat rear mirror placed at L1= 0.1m and an output coupler R2= 3m, R=90 %,
and L2= 0.08m. The temperature of the crystal was T= 15 oC. The losses in the
resonator are set to L=2% and the ratio σESAL

/σSE=0.66.

The fitting parameter rs=0.66 is as reported in [153] and is within the range of
the published values 0.39 in [107] to 0.71 in [15] (see Tab. 4.2). Utilizing the best-
fit parameters and the experimental threshold in Eq. 2.9, the σSE and σESAL

were
estimated to 2.65 × 10−19 cm2 and 1.75 × 10−19 cm2, respectively. These values are in
good agreement with the values obtained in [107]. The difference in σSE is 20% and
in σESAL

only 3%. However, after precise measurements of the laser threshold and
the resonator losses these values can deviate (see Eq. 2.9).
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The single pass gain of the crystal can be estimated according to

G = exp(σSE−σESAL
) n2lcr, (4.9)

where g = (σSE − σESAL
)n2 is the linear gain coefficient in cm−1. For n2 = nT =

6.4 × 1017 cm−3 and the fit values of the cross-sections follows that g= 0.06 cm−1 and
the single pass gain coefficient G=1.22. Mathieu et al. [101] have reported a gain
coefficient of 0.05 cm−1 for higher inversion population of ≈ 8 × 1017 cm−3.

The rest of the measurements (see Fig. 4.31(b)–4.31(d)) show more rapid increase
of the emitted energy for low pump fluence, which is a sign for generation of higher
order modes close to the laser threshold.

Dependence of the output energy on the temperature of the crystal

In Section 4.5.3 was demonstrated the impact of the crystal temperature on
the laser performance. Approximately the same output energy was obtained for
incident energy fluence < 0.5 J/cm2 for operation at 15 oC and optimal crystal tem-
perature Topt for 130mJ pump energy (see Figs. 4.31(b), 4.31(c), and 4.31(d)). As
illustrated in Fig. 4.25, the output energy was almost a constant for those tempera-
tures and absorbed energy less than 115mJ (1 J/cm2). In the shortest resonator, on
the other hand, the output energy was higher for the entire range of pump fluence
(see Fig. 4.31(a)). The rise in output energy at the maximum pump fluence was be-
tween 13% and 33% for the resonators with L2= 0.57m, R2= 2m and L2= 0.0.08m,
R2= 3m, respectively. It is worth to point out that the optimal temperature was not
constant for all resonator configurations (see Fig. 4.28).

Parameters which may be responsible for the dependence of the output energy on
the crystal temperature are: (i) absorption of the pump energy, (ii) fluorescence life
time, (iii) thermal lensing, and (iv) losses due to ESA of the photons at the emission
wavelength.

(i) Measurement of the absorption of the pump photons for temperature of the
crystal ranging from 5 oC to 40 oC indicated that the absorption is not temperature
dependent (see Fig. 4.24).

(ii) The fluorescence lifetime decreases by increasing the temperature [86]. For
the temperature interval of interest, the lifetime is a few µs which, as described
in Section 2.1, is very long compared to the pump pulse duration and is therefore
neglected in the rate equations.

(iii) The thermal lensing was measured only for crystal temperature of 15 oC and
2-mm pump beam diameter. The pump energy was 130 mJ. For larger pump beam
size the intensity is reduced and as a result the thermal focusing power is expected to
decrease. In order to estimate the thermal focusing power for crystal temperatures
other than 15 oC one has to know the temperature dependence of the refractive index
(see Eqs. 2.37 and 2.38). In general, stronger thermal lens is expected for higher
temperatures.
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All tested resonators have very broad stability zone (see Fig. 4.10(a)). Possible
shortening of the thermal focal length (even down to ftan=3 m) for higher crystal
temperatures or increase due to larger pump beam sizes leads to a slight change of
the mode size and the laser remains stable. However, the beam propagation in the
cavity and the divergence change as a function of the thermal focal length (compare
the beam propagation in the tangential and sagittal planes in Figs. 4.11–4.13). This
will affect the higher order modes stronger than the fundamental mode. The beam
divergence of the mode of orderm is proportional to the divergence of the fundamental
mode as θm =

√
mθ0 [140]. Therefore for certain temperature of the crystal the

thermal focal lens is optimal in terms of beam divergence in the cavity and thus low
diffraction losses. In this case higher order modes are generated and higher output
energy is achieved (see Fig. 4.31). This temperature may not be optimal for other
pump energies due to different induced thermal lensing (see Fig. 4.25). As it was
shown in Fig. 4.28, for the same pump level the optimal temperature varies with the
resonator configuration. This effect can be attributed to the optimal mode matching
which occurs for different thermal lensing or respectively temperature of the crystal.

(iv) The remaining and very important parameter for the laser performance is
the ratio of the stimulated emission and ESA cross-sections rs = σESAL

/σSE (see
Fig. 4.33). Since the mode size and the cavity losses are not constant with crystal
temperature variations, it is hard to make any conclusions about the temperature
dependence of rs based only on the laser output characteristics from Figs. 4.25–
4.27. Spectroscopic measurements of both cross-sections as a function of the crystal
temperature are required. However, it is possible that rs has a minimum at certain
crystal temperature Topt as a result of thermally induced transitions in the crystal. For
instance, for alexandrite laser crystal σSE and σESAL

are temperature dependent due
to interaction between the upper laser level and the storage level. Shand and Jenssen
[132] have reported an increase of both cross-sections with temperature ( 28 − 290 oC)
at approximately the same rate. However, the ratio σESAL

/σSE increased at 250 oC,
which is consistent with the experimental results obtained by Guch and Jones [50].
From the investigations of the performance of alexandrite laser for the temperature
interval 34 − 310 oC they have found that the optimal temperature of the crystal is
225 oC.

Dependence of the output energy on the resonator configuration for the
optimal temperature of the crystal

In the regime of multiple transverse mode operation and optimal temperature of
the crystal for 130mJ pump energy the conversion efficiency at this pump level in-
creased for shorter cavities (see Fig. 4.25). High order modes have large divergence
and experience large diffraction losses. Short resonators are, geometrically, less sen-
sitive to divergence. This makes it possible for higher (compared to the modes in a
longer cavity) order modes to oscillate and extract more laser energy (see Fig. 4.46).
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The regime of single transverse modes operation was investigated later and the
reader is referred to Section 4.6.1.

Pulse length

The laser pulse duration for various resonator configurations was calculated with
the aid of Eq. 2.13 using the experimental threshold (see Fig. 4.36). The theoretical
values are in good agreement with the experimental results (see Figs.4.18–4.20, 4.23,
4.30).
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Figure 4.36: Theoretical pulse duration for the tested resonators with a flat rear
mirror placed at distance L1= 0.1m and an output coupler R2= 3m, R=90%. The
position of the output coupler with respect to the crystal is as indicated in the legend.

In order to understand the discrepancies in pulse duration and the build-up time
for different pump size and temperature of the crystal, precise measurements of the
laser threshold and more comprehensive analysis are required, which is beyond the
scope of this work.
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4.6 Tunable Cr4+:YAG laser

The tunability of Cr4+:YAG was investigated with two main configurations: L1=
0.065m for both and L2=0.135m and L2= 0.57m. The output coupler had a radius
of curvature R2=2 m and its transmission was varied. The temperature of the crystal
was optimized for maximum output energy at the peak wavelength of the tuning curve.
The tuning and power curves were compared to the case with crystal’s temperature
set to 20 oC. The experimental set up of the shorter resonator with the wavelength
selective element, the birefringent filter (BF), is shown in Fig. 4.37.

BF

OC
DC

Cr:Y
A G

Figure 4.37: Laser resonator with a 3-stage birefringent filter at the Brewster angle.
DC: dichroic rear mirror, BF: birefringent filter, OC: output coupler.

4.6.1 Tuning element

The tuning of the laser wavelength was performed with a birefringent filter (see
Fig.4.37). The filter was composed of three parallel plates of the uniaxial crystal
crystalline quartz. They were cut so that the optical axes lies in the plane of the
plate. The assembly was placed in the cavity at the Brewster angle with respect to
the incident beam for a minimum losses at the surfaces of the plates.

In a birefringent plate the incoming beam splits into two beams called ordinary
(o -beam) and extraordinary (e -beam) whose polarizations are 90 o to each other.
The o - and e - beams propagate at different speeds due to different indices of refrac-
tion no and ne, respectively, and overlap when they emerge from the crystal. The
transmission of the filter depends on the resulting polarization which is a function
of the path difference of the emerging o- and e-beams. Maximum transmission of
the filter is obtained for a wavelength λ, which corresponds to a path difference mλ
(m–integer) and unchanged polarization state. At any other wavelength, the output
beam has elliptical polarization and suffer losses at the Brewster surfaces. By rotat-
ing the birefringent plate around an axis perpendicular to the surface of the plate
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the condition for maximum transmission is fulfilled for different wavelengths and the
laser wavelength is changed.

A birefringent plate is described with the Jones matrix [13, 46, 59, 62, 121].

J =
(

a (cos2γ + sin2γ eiδ) a sinγ cosγ (1 − eiδ)
a sinγ cosγ (1 − eiδ) sin2γ + cos2γ eiδ

)

(4.10)

Here, a = 2no/(1 + n2
o) and γ is the angle between the incident plane and the plane

which contains the optic axis and the refracted rays. δ is the phase difference between
the o- and e-beams after passing the plate with thickness dBF [62]

δ =
2π

λ
ζ dBF , with ζ = ne cosβe − no cosβo, (4.11)

where βo and βe are the angles of refraction of the ordinary and extraordinary beams,
respectively.

The incident beam can be represented by the Jones vector (Eσ, Eπ), where Eσ

and Eπ are the scalar components of the electric field corresponding to perpendicular
(σ-polarization or transverse-electric wave) and parallel polarization (π-polarization
or transverse-magnetic wave). As the polarization of the incident beam is π and it
remains unaffected after passing the filter, the transmitted field vector is [121]

(

0
E ′

π

)

= J.
(

0
Eπ

)

. (4.12)

This equation is satisfied if the (1, 2) element of the Jones matrix is 0 (hence J12 =
J21 = 0). Then E ′

π = J22Eπ and |J22|2 is the intensity fraction transmitted through
the plate (I = EE∗). The transmission maxima are at wavelengths [62]

λ = k/ζ dBF , k > 0. (4.13)

The factor (1/ζ dBF ) is the free spectral range (FSR). It has been shown that the
transmission of unwanted wavelengths is suppressed most efficiently if the plate is
oriented at angle γ= 45o [62]. The linewidth of the selected wavelength reduces at
every transit through the filter and the side peaks are suppressed more.

For a multiple-stage filter the overall transmission is a product of the transmissions
of all components. The thickness of each element is a multiple integral of the thickness
of the thinnest plate, which determines the FSR. The thickest plate determines the
linewidth of the transmitted maxima.

In order to demonstrate tunability of Cr:YAG laser a 3-stage “off the shelf” BF
was used (Bernard Halle Nachfl. GmbH, Germany). The thickness of the plates was in
a ratio of 1:2:4 with thinnest plate of 0.85mm which corresponds to a FSR of 290nm.
The filter had 100% transmission at 1450nm with FWHM after one passage of 32 nm
(4566GHz) for an angle γ= 29.5 o. The side band transmission for this particular
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setting was between 20% and 30% for wavelengths in the region 1355–1420nm and
1475–1530 nm, respectively. The birefringent filter was mounted in a rotational stage
(Newport, RSP-2T) with scale graduated in 2 o increments for angular positioning.
This mount was placed on top of a rotation platform (Thorlabs RP01) for setting
the Brewster angle of incidence (see Fig.4.37). Rotation of the BF by 2 o resulted in
tuning the laser by 15.5 nm [161]. More optimal design in terms of narrow linewidth is
proposed in Appendix E. Fine tuning can be performed with a motorized rotational
mount which ensures rotating by a fraction of a degree.

4.6.2 Experimental set up for measurement of the spectral

characteristics of the laser

The tuning range of the laser was measured with a spectrometer (SPEX Industries,
Inc., model 340E) using a blazed reflection grating in a Czerny-Turner configuration.
For a detailed theoretical description of the principles of a grating spectrometer, please
see Appendix F.

PDL
3

S2

M

NDF

L1 L2

S1

GS

Figure 4.38: Experimental set up for measuring the tuning range of Cr4+:YAG with
a grating spectrometer. L1, L2: lens combination to match the f-number of the spec-
trometer, GS: grating spectrometer, S1, S2: entrance and exit slits, M: aluminum
coated folding mirrors, L3: focusing lens, NDF: neutral density filter, PD: photo
detector.

The SPEX spectrometer had a wavelength readout corresponding only to the
original grating. The grating used for these experiments was different: it had a groove
density of 150 gr/mm and a blaze wavelength of 4µm for the first diffraction order.
Therefore, the instrument was first calibrated using a He:Ne laser at 632.8 nm up to
the 13-th diffraction order in a similar arrangement as shown in Fig. 4.38. The correct
wavelength was nonlinear with the wavelength readout due to some problems of the
driver rotating the grating mount. The spectral measurements of the laser output of
Cr4+:YAG were performed with the set-up presented in Fig. 4.38. The laser beam
was first expanded with a PLCC lens L1 and than focused onto the entrance slit
(slit opening ≈100µm) with a PLCX lens L2. The throughput was focused on a
photodetector and observed with an oscilloscope. Initially, the f-number of the lens
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L2 exactly matched the f-number of the collimating mirror of the spectrometer (M1 in
Fig. F.1). Unfortunately, this produced a beam spot so large on the mirror and grating
surfaces that it was not sufficiently observable with a sensitive IR viewing card. As
a result the alignment of the beam through the spectrometer was not possible. In
order to ensure a brighter and observable spot, i.e. proper alignment, another lens
combination was used with a larger f-number (L1 with f=1m and L2 with f=–0.1m).
This projected a visible spot on the viewing card but it did not illuminate the entire
grating. Consequently, the accuracy of the measurements of the IR beam was reduced
to ±2nm and the spectral resolution was estimated to 0.5 nm.

4.6.3 Experimental results

Tuning range and output energy as a function of the resonator length, the
output coupling and the temperature of the crystal

The tunability of both resonator configurations for absorbed energy of 105mJ is
presented in Fig. 4.39. A maximum tuning range of 198nm (from 1325nm to 1523nm)
was obtained in the shorter resonator (Fig. 4.39(a)) with the OC’s transmission of
10% and Topt= 34 oC. The peak wavelength was 1447nm which seems to be an
experimental error. When the transmission of the OC was increased to 20%, the
tuning range decreased from both ends approximately the same amount (30 nm) down
to 136nm and the peak wavelength shifted to 1432nm. This is the gain maximum
of Cr4+–ions [38]. However, with this OC, higher output energy was obtained for the
spectral range 1364–1485 nm. For temperature of the crystal 20 oC and OC R=80%
the output energy decreased at all wavelengths.

Approximately the same tuning range as with the shorter resonator with R=90%
was obtained with the longer resonator with R=90% and Topt= 30 oC only less output
energy (see Fig. 4.39). For R=80% and Topt= 34 oC the output energy and the tuning
range decreased. The output energy around the peak wavelength of 1430nm was
approximately the same as for 10% output coupling. Interestingly, with the OC
R=80%, a slightly broader tuning range and higher output energy at the wavelength
regions 1371–1375 nm and 1470–1477nm was obtained for T= 20 oC. This effect was
not observed using the shorter resonator. When the laser was aligned to oscillate at
the fundamental mode, the tuning range and the peak wavelength remained the same
as in multimode operation.

The spectral dependence of the pulse width and the build up time was also mea-
sured and is presented in Fig. 4.40. The pulse duration was 29–33ns and 100–120ns
around the peak wavelength for the resonators with L2= 0.135m and L2= 0.57m, re-
spectively. The pulse length and the delay variation with the crystal temperature was
≤1% for the entire spectral range for both configurations. Both temporal parameters
were shorter for 10% output coupling.
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(a) Resonator configuration L1=0.065 m, L2=0.135 m, R2=2 m
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(b) Resonator configuration L1=0.065 m, L2=0.57 m, R2=2 m

Figure 4.39: Tuning curves of two resonator configurations for 105mJ absorbed pump
energy. The reflectivity of the output coupler and the crystal’s temeperature were
varied as indicated in the legends. Topt was the optimal temperature of the crystal
for 105mJ absorbed pump energy. The laser was operating in a multimode regime
except for the case indicated with TEM00 in (b).
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Figure 4.40: Pulse width and build up time as a function of the laser wavelength for
105mJ absorbed pump energy. The data were obtained from two resonator configu-
rations using output couplers with different reflectivity and keeping the laser crystal
at different temperatures as indicated in the legend. L1= 0.065m and the radius of
curvature of the output coupler was R2= 2m.
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The laser was tuned at the peak wavelength of 1432nm and the power curves
were recorded. In the shorter resonator (see Fig. 4.41), the optimal conditions in
terms of low laser threshold and high output energy were R=80% and Topt= 34 oC.
The laser threshold increased for 30% output coupling and lower temperature of the
crystal. The saturation of the ouput energy occured at 90mJ absorbed energy for
R=70% and >115mJ for R=80%. In the fundamental mode regime with R=80%
and Topt= 34 oC, the laser threshold was substantially higher and the maximum out-
put energy lower by a factor of 4.5 compared to the operation in multimode regime.

The output energy as a function of the absorbed energy was measured for the
20% output coupling and optimal temperature of the crystal without the BF. About
6–7% more energy was extracted compared to the case of the same cavity with the
BF tuned at the peak wavelength.
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Figure 4.41: Output energy at 1432nm vs. absorbed energy of the resonator config-
uration L1= 0.065m, L2= 0.135m, R2= 2m. The reflectivity of the output coupler
and the crystal’s temperature were varied as indicated in the legend. Topt was the
optimal temperature of the crystal for 115mJ absorbed pump energy. The laser was
operating in multimode regime except the case indicated with TEM00.

In the case of the resonator with L2= 0.57m (see Fig. 4.42) the optimal conditions
for multimode operation were 10% output coupling and Topt = 30 oC. It delivered less
output energy compared to the shorter resonator. This is a result of the generation of
lower order modes TEMmn (see Section 4.5.4). However, this resonator showed better
performance in the fundamental mode regime due to larger mode size (see Fig. 4.9(a)).
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By utilizing the values of the thermal lens for T= 15 oC the calculated ratio of the
fundamental mode area in the longer to the shorter resonators is 1.66. The maximum
output energy, obtained with the longer resonator was 1.6 times higher than with the
shorter resonator which is in good agreement with the theoretical calculation.
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Figure 4.42: Output energy at 1432nm vs. absorbed energy of the resonator con-
figuration L1= 0.065m, L2= 0.57m, R2= 2m. The reflectivity of the output coupler
and the crystal’s temperature were varied as indicated in the legend. Topt was the
optimal temperature of the crystal for 115mJ absorbed pump energy. The laser was
operating in multimode regime except for the case indicated with TEM00.

Tuning range as a function of the pump level for two different resonator
configurations

Next, the dependence of the spectral output of both resonator configurations with
OC R=80% and Topt= 34 oC was investigated for different pump levels. The data are
illustrated in Fig. 4.43. In the short resonator, the output energy was proportional
to the absorbed energy for all wavelengths except 1493nm. In the long resonator and
in both ends of the tuning curve, higher output was obtained for lower pump energy.
During these measurements it was observed that the longer wavelengths saturate at
lower pump level, which explains this behavior.

Eilers et al. [38] have reported that the tuning range can be expanded towards
shorter wavelengths for high pump energies and towards longer wavelengths by re-
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Figure 4.43: Tuning curves for different absorbed pump energies, obtained from two
resonator configurations in multimode regime.
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ducing the pump energy. The exact limits of the tuning range were not determined
in the experiments presented here due to the coarse rotation of the birefringent filter.

Linewidth

The linewidth at 1455nm was determined for the short resonator with output
couplers with R=90% and R=80%. The temperature of the crystal was optimal at
34 oC. The measurement was performed with the grating spectrometer and the set up
illustrated on Fig. 4.38. The experimental data were fitted with a Gaussian function
(see Fig. 4.44) and the FWHM was determined. The linewidth was approximately
1.4 nm (198GHz). This result was confirmed by an additional measurement using
a Fabry-Perot interferometer-based spectrum analyzer (EXFO Burleigh, TL-1500-
NIR). The Fabry-Perot interferometer was in a plano-mirror configuration with mirror
separation of 0.1mm. The corresponding free spectral range was 1500GHz and the
minimum resolvable bandwidth was 10GHz.

1453 1454 1455 1456 1457 1458

0,0

0,2

0,4

0,6

0,8

1,0

1,2

R=90%

 experimental

 Gaussian fit

R=80%

 experimental

 Gaussian fit

In
te

n
si

ty
, 

a
.u

.

Wavelength, nm

Figure 4.44: Linewidth at 1455nm, obtained with the resonator L2= 0.135m and
R2= 2m with reflectivity R =90% and R =80%. The experimental data are fitted
with a Gaussian function.

The linewidth of the longer resonator is expected to be narrower due to the higher
number of transits through the BF.
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Beam profiles and M
2 measurement

It was shown earlier (see Eq. 2.12) that the extracted output energy is a function
of the laser mode size which depends upon the order of the mode. This subsection
presents observations of the beam profile, how the modes develop, and their impact
on the beam propagation factor.

Here, the generation of higher order modes with increasing pump energy was ob-
served using an IR camera placed at 1.78m after the OC. The cavity was L2= 0.135m,
R2= 2m, R=80%, and without a birefringent filter. The temperature of the crystal
was kept optimal at 34 oC. Fig. 4.45 shows that higher order modes started oscillating
from absorbed energy of ≈ 65mJ. At this pump level the gain of higher order modes
overcomes the diffraction losses in the cavity. The laser beam diameter increased and
consequently so did the output energy.

1 mm

(a) Eabs=38 mJ,
Eout=1.5 mJ

(b) Eabs=64 mJ,
Eout=3.7 mJ

(c) Eabs=78 mJ,
Eout=5.0 mJ

(d) Eabs=90 mJ,
Eout=5.9 mJ

(e) Eabs=105 mJ,
Eout=6.9 mJ

Figure 4.45: Generation of high order modes by increasing the pump energy. The
resonator configuration was L2= 0.135m and R2= 2m, R=80%, Topt= 34 oC and
without the birefringent filter. The beam profiles were observed 1.78m after the
output coupler. The absorbed pump energy and the extracted output energy are
indicated below each image.

In Fig. 4.46, the pump beam profiles obtained with different resonator config-
urations are compared for maximum pump energy of 130 mJ. In the case of the
short resonator (Fig. 4.46(a)–4.46(c)) the beam cross-sections appeared very similar
in terms of size, shape, and mode structure despite the output coupling and the pres-
ence or not of a BF. The beams were superposition of high order modes resulting in
a top-hat profile with small variations of the energy distribution. However, the beam
profile for T= 20 oC (Fig. 4.46(d)) was elliptical and, in general, smaller than that
of the optimal temperature of the crystal. Also, the beam was comprised of lower
order modes compared to the same cavity with Topt= 34 oC, which explains the lower
extracted energy (see Fig. 4.41). Apparently, Topt= 34 oC was a favorable condition
for generating higher order modes (see Section 4.5.4).

The beam profile of the longer resonator (Fig. 4.46(e)) does not contain modes of
such high order as the shorter resonator. The energy in the center was only 1/3 of
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the maximum energy and the beam profile resembled the mode refered to as “donut”
which has a low intensity core. The temperature of the crystal was optimal and thus
the laser operated in the highest possible order modes. The generation of even higher
modes was restricted by the geometry of the cavity (see Section 4.5.4).

1 mm

(a) L2= 0.135 m,
R=90 %

(b) L2= 0.135 m,
R=80 %, without
BF

(c) L2= 0.135 m,
R=80 %

(d) L2= 0.135 m,
R=80 %,
T= 20oC

(e) L2= 0.57 m,
R=80 %

Figure 4.46: Laser beam profile at a distance 1.78m (1.88m in (d)) after the out-
put coupler for various resonator configurations with output coupler R2= 2m. The
temperature of the crystal was Topt= 34 oC if not indicated otherwise. The absorbed
pump energy was 115mJ. The lasers with the BF were tuned at 1432nm.

The beam propagation factor M2 of both resonators was measured as described
in Section 2.6.3. The focusing lens was a PLCX lens with nominal focal length
of 500mm which corresponds to f=620mm at 1400nm placed at 1.477m after the
output coupler. The transformation of the beam profile after the lens is presented in
Figs. 4.47–4.50.

M2 of the resonator with L2= 0.135m was measured for operation in the funda-
mental mode and multimode. The beam propagation factor was 1×1 for TEM00 and
3.6 × 3.7 for the multimode regime in the x- and y- planes, respectively. The beam
was slightly astigmatic and the waist separation was about 10–20mm. The beam di-
vergence for TEM00 (Fig. 4.47) was estimated to 0.83×0.86 mrad in the sagittal and
tangential plane, respectively, which agrees well with the predictions by the resonator
design program (again using the thermal lens measured at 15 oC). The experimen-
tally obtained divergence of the multimode beam was 1.6×1.7mrad (Fig. 4.48). This
is also consistent with the theoretical values predicted by Eq. 2.64 utilizing the mea-
sured M2: 1.7×1.8mrad. It is important to point out, that the beam was changing
only size by focusing with the lens. The energy distribution remained unchanged in
all planes.

As expected due to oscillation of lower order modes, the M2 of the resonator with
L2=0.57 m was smaller: 1.8×1.76 (Fig. 4.49). The half angle beam divergence was
1–1.2 mrad. The beam was slightly astigmatic with 10-mm beam waist separation.
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(a) d=0.18 m (b) d=0.5 m (c) d=0.75 m (d) d=1.2 m (e) d=1.53 m

Figure 4.47: Beam propagation after PLCX lens with focal length f=620mm. The
resonator configuration was L1= 0.065m, L2= 0.135m, R2= 2m, R=80%, with BF
and Topt= 34 oC. The laser was operating in the fundamental mode regime at 1432nm
wavelength. The distance from the lens d is indicated below each figure.
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(a) d=0.18 m (b) d=0.48 m (c) d=0.75 m (d) d=1.23 m (e) d=1.48 m

Figure 4.48: Beam propagation after PLCX lens with focal length f=620mm. The
resonator configuration was L1= 0.065m, L2= 0.135m, R2= 2m, R=80%, with BF
and Topt= 34 oC. The laser was operating in multimode regime at 1432nm. The
distance from the lens d is indicated below each image.
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(a) d=0.18 m (b) d=0.49 m (c) d=0.75 m (d) d=1.23 m (e) d=1.48 m

Figure 4.49: Beam propagation after PLCX lens with focal length f=620mm. The
resonator configuration was L1= 0.065m, L2= 0.57m, R2= 2m, R=80%, with BF
and Topt= 34 oC. The laser was operating in multimode regime at 1454nm. The
distance from the lens d is indicated below each image.
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The beam propagation factor of the shorter resonator without the BF was ap-
proximately the same as when the laser was tuned at 1432nm: 3.3×3.4. The energy
distribution was also similar (Fig. 4.50).

1 mm

(a) d=0.18 m (b) d=0.48 m (c) d=0.75 m (d) d=1.18 m (e) d=1.58 m

Figure 4.50: Beam propagation after PLCX lens with focal length f=620mm. The
resonator configuration was L1= 0.065m, L2= 0.135m, R=80%, without BF and
Topt= 34 oC. The laser was operating in multimode regime. The distance from the
lens d is indicated below each image.



Chapter 5

Summary

The goal of this project was to develop a Cr4+:YAG wavelength converter for
an eye-safe all-solid-state lidar transmitter. The transmitter was to be used for a
ground-based mobile scanning backscatter lidar. Thus the main requirements for
the wavelength converter included high average power, low beam divergence and a
compact design. However, due to failure of one the components of the high-power
diode laser pumped Nd:YAG laser of IBL followed by a delay in the delivery of
the pump laser, this project was completed at NCAR, Boulder, using one of the
EOL’s Nd:YAG pump lasers. The pump laser was a flash-lamp pumped Q-switched
Continuum Surelite III capable of delivering up to 850mJ at 10Hz.

The development of the Cr4+:YAG wavelength converter included the following
procedures and results:

– Characterization of the pump laser
Both pump lasers used in this study were first characterized in terms of output power,
pointing stability, polarization and beam quality. The beam propagation factor was
measured in order to calculate a suitable focusing configuration to pump the laser
crystal (see Chapter 3).

– Design of a vacuum spatial filter
The IBL laser had a near Gaussian profile and allowed to pump the Cr4+:YAG di-
rectly (without additional beam shaping) with energy up to 200mJ. The Surelite
pump laser had hot spots in the beam profile that can damage optical components,
including the crystal, even for low pump energy. Therefore, a vacuum spatial filter
was designed, built and applied to the Surelite pump laser to filter the hot spots of its
beam. The VSF was ≈3m long which is in contradiction to the design goal of a com-
pact configuration. Furthermore, the VSF required periodic adjustment to maintain
constant pressure which makes it unsuitable for unattended operation. However, with
the VSF, a nearly Gaussian-shaped beam was obtained that enabled safe pumping
of the Cr4+:YAG crystal with pulse energies in excess of 100mJ (see Section 3.2).

101
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Therefore, the VSF was used to simulate pumping the laser crystal with a future
high-power laser.

– Investigation of the saturation behaviour of the pump radiation
The conversion efficiency is proportional to the pumping efficiency. Therefore, the
absorption of the pump radiation was considered.

The ground-state bleaching in Cr4+:YAG was measured in a 20-mm long crystal
with an initial absorption coefficient of 2.2 cm−1 and pump energy fluence of up to
4 J/cm2. The absorption of the crystal was 55–60% for energy density >1 J/cm2.
Based on this measurement and the aid of a theoretical model, the ground-state ab-
sorption cross-section and the ESA at the pump wavelength were determined. The
obtained values of σGSA = 5×10−18cm2 and σESAP

= 8×10−19cm2 are in good agree-
ment with [39]. These parameters were used to calculate the length and the doping
level of a new crystal required to increase the absorption to >95%. The absorption
of the new rod was higher compared to the shorter rod but not as high as predicted
by the model. The new experimental data were fitted for a different value of the
ESA (σESAP

= 4.8 × 10−19cm2) which agrees with [15] (see Section 4.2). This kind
of a discrepancy in the ESA cross-section and consequently the saturation behavior
of the crystal has also been reported by other groups. In fact, the published values
of all cross-sections (GSA, SE and ESA at the pump and emission wavelengths) of
Cr4+:YAG differ from each other, some by an order of magnitude (see Tab. 4.2).
Possible reasons for these discrepancies are: (i) the laser crystals were grown under
different conditions, which affected the crystal’s properties and (ii) the cross-sections
were determined using different methods (spectroscopic measurement or theoretical
fit with a model). The latter comes into consideration because the cross-sections can
not be determined independently.

– Investigation of the pump induced thermal lensing in the crystal
The thermal lens was measured for average pump power ranging from 1.3W to 32W
at PRFs of 10Hz, 125Hz, and 250Hz (see Section 4.3 and Appendix C). In all these
measurements the temperature of the crystal was stabilized to 15 oC. Strong thermal
lensing was observed for pump power ≥ 13.5W. The obtained values at 1.3W were
applied in the design of a dynamically stable resonator. The values of the thermal
lens at higher pump powers can be implemented in the design of future Cr4+:YAG
lasers.

– Extensive design of a dynamically stable resonator
A program for calculating dynamically stable resonators utilizing one and two rods
was written in Mathematica. It can be used to determine the resonator geometry for
a given thermal lens and desired mode size at the crystal. The stability zone and the
mode propagation in the cavity can be also plotted. Only a few resonator configu-
rations with one rod were tested experimentally. An example of a two-rod cavity is
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also presented in the Appendix D.

– Experimental optimization of the output energy
The laser performance in terms of output energy was investigated for a number of
resonator configurations (see Section 4.5). As expected, low laser threshold of 15–
20mJ (∼0.15 J/cm2) was obtained. An increase of the output energy of 15% to 40%
(depending on the resonator configuration) for pump energy density of 1 J/cm2 was
achieved by enlarging the pump beam diameter at the crystal from 2mm to 3mm.
This effect is attributed to the fact that a larger volume of the active medium was
excited and consequently higher order transverse modes were generated. Further in-
crease of the output energy by 12% to 25% was acquired by optimizing the crystal’s
temperature. The optimal temperature differed for each resonator configuration. In
general, the optimal temperature for the maximum pump energy of 130mJ (1 J/cm2

for pump beam size of 3mm) was ∼32–35 oC. A possible reason for this effect is
that better mode matching was achieved for the optimal crystal temperature due to
the corresponding thermal lensing. The temperature dependence of the ESA cross-
section at the emission wavelength and the stimulated cross-section may have also
contributed to the increase of output energy at higher temperatures.

– Fit of the experimental data with the rate equation model
Some of the power curves were fitted utilizing the rate equation model applied through-
out this thesis. The ESA and SE cross-sections were determined from the fits (see
Subsection 4.5.4). The obtained values σSE = 2.65 × 10−19cm2 and σESAL

= 1.75 ×
10−19cm2 are in a good agreement with [107].

– Tunability and linewidth
Tuning experiments of Cr4+:YAG laser were performed using a 3-stage birefringent
filter (see Section 4.6). The tunability range of 1360–1500nm was demonstrated with
peak output energy at 1430–1450 nm. A maximum of 7mJ at 1432nm and pulse
duration of 35 ns was achieved. The spectral linewidth was ≈200GHz.

– Beam propagation factor
The beam propagation factor for operation at the fundamental mode was 1. By gen-
erating higher order modes in order to extract more output energy the M2 increased
to ≈4 which corresponds to a half-ange divergence of ≈2mrad. The beam profile was
top-hat with some small scale inhomogeneities (see Subsection 4.6.3).

– Suitability of Cr4+:YAG laser as lidar trasmitter
The Cr4+:YAG laser developed in this work fulfills the requirements for short pulses
and low beam divergence stated in Tab. 1.1. The laser is tunable in the 1400–1500nm
spectral range, which covers suitable water-vapor absorption lines for DIAL. The
average power requirement was not met yet due to the use of a low PRF (10Hz)
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pump laser. However, the Cr4+:YAG has a potential for higher pulse energy which is
discussed in Chapter 6.

In the current configuration, the Cr4+:YAG laser can be employed as an eye-
safe transmitter for a non-scanning backscatter lidar after a narrow-band birefringent
filter is installed. The low laser pulse energy poses a limit of the lidar performance.
Therefore, integration over many laser shots would be essential in order to achieve
a good SNR. Given that the laser operates at a PRF of 10Hz, this will result in
a temporal resolution on the order of a few minutes. However, a vertical pointing
Cr4+:YAG laser-based aerosol lidar will be very useful for monitoring boundary layer
height. In addition, the lidar can be used to locate elevated aerosol layers from
pollution, dust storms (Asian and African dust), distant forest fires, and volcanic
activity.



Chapter 6

Conclusions and outlook

The Cr4+:YAG laser developed in this project delivers comparable output en-
ergy to what was already demonstrated by Mathieu et. al [101]. However, previous
research reports lack information about the design considerations, the laser mode
operation, and the beam quality. This study provides important details regarding
the design and optimization of the laser performance. The crystal properties and
optimization of parameters such as active ion concentration and geometry of the rod
are discussed. For first time, to the author’s knowledge, the thermal focal length of
Cr4+:YAG was measured in pulsed mode. Moreover, the laser performance including
linewidth, beam profile, and beam propagation factor were characterized. This is a
sufficient set of data obtained with a single crystal that can be used together with
additional spectroscopic measurements to model the performance of the laser.

The Cr4+:YAG laser with maximum output energy of 7mJ at 1430nm at 10Hz ful-
fills the requirements for short pulses (∼35ns) and sufficiently low divergence (M2 ≈4,
which is acceptable for use in a lidar system utilizing InGaAs APDs in the receiver
[147]). However, the size of the laser (including the pump laser, the vacuum spatial
filter and the Cr4+:YAG wavelength converter) restricts its use to the laboratory. In
order to employ the laser in the field on a mobile platform, the pump laser must be
exchanged with another pump laser with good beam profile that does not require the
use of a VSF. In addition, the spectral linewidth of Cr4+:YAG laser should be reduced
to a few GHz, by using a different birefringent filter with narrow-band transmission
(see Appendix 4.6.1) in order to avoid water vapor absorption.

The biggest limitation of Cr4+:YAG is the low conversion efficiency at high pump
pulse energy. In order to obtain a sufficient lidar signal-to-noise ratio for practical
use, averaging backscatter for a few minutes will be required. Therefore, it is recom-
menced to increase the PRF to ∼100Hz. Otherwise, such a laser can be employed in
a vertically pointing lidar that provides altitude vs. time images of slowly changing
atmospheric structures. For further improved performance of a vertically pointing
lidar, or for applications of Cr4+:YAG as a transmitter for a scanning lidar, more
research is necessary towards increasing its output pulse energy. Based on the exper-
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imental results obtained within this study, here are some recommendations of how to
achieve higher output energy:

– Long (6–8 cm) or multiple highly doped (≥ 1018 cm−3 if possible) crystals with
diameters ∼5–7mm should be used in order to improve the pumping efficiency (by
maximizing the absorption of the pump energy) and consequently the conversion
efficiency at high pump pulse energy. For high PRF, a slab geometry of the crystal
can be considered for more efficient cooling.

– The pump beam should have a large diameter approaching the diameter of the
rod in order to generate high order modes and extract energy of the larger volume of
the low gain active medium. The pump energy fluence can be close to full saturation
of the pump radiation (∼ 1 J/cm2). Thus, it is recommended to use a smooth top-hat
profile rather than a Gaussian. Due to the low pump fluence, the rod can have plane
anti-reflection coated end surfaces instead of Brewster-cut. This will allow one to
exploit the crystal cross-section more efficiently. Also, by using an AR coated rod,
the proper orientation of the crystal can be easily determined whereas for a Brewster
angled crystal if the plane of incidence of these cuts is not properly oriented with the
crystallographic axis, the laser performance decreases.

– The temperature of the crystal should be optimized experimentally. Most likely
the optimal temperature is near or above room temperature.

– The shortest possible stable resonator should be chosen in order to generate
high order modes.

– The crystals should be pumped from both ends, each with maximum energy
fluence ∼ 1 J/cm2, in order to create more homogeneous gain.

– It is desirable to use an injection-seeded single longitudinal mode pump laser
and injection-seed the Cr4+:YAG laser. This will result in narrower spectral linewidth
and lower M2 factor [173].
After performing these improvements the output energy may be increased by a factor
of 2–3. The main limitations for high output energy are the ESA of the pump and
the emission wavelengths.

An alternative is a RISTRA OPO [7], which provides very high single shot pulse
energy. The RISTRA OPO has not yet been applied as a lidar transmitter. However,
given the achieved beam parameters it has potential for good lidar performance.
Moreover, as a solid-state tunable transmitter, that also features a compact design,
it can potentially be employed in an airborne DIAL.

Another option is stimulated Raman scattering in methane [148], that offers out-
put pulse energy >100mJ. The performance of a scanning lidar using a Raman shifter
has been successfully demonstrated with the Raman-shifted Eye-safe Aerosol Lidar
(REAL) [148]. REAL operates in the field unattended with 150–200mJ pulse energy
at 10Hz. Recently, Spuler and Mayor [147] produced up to 390mJ pulse energy at
50Hz in the laboratory by pumping the Raman cell with ∼900mJ. This corresponds
to ≈40% conversion efficiency. They achieved good beam quality and a narrow spec-
tral line. Therefore, REAL is currently the only eye-safe high pulse energy scanning
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lidar that can gather aerosol backscatter at distances on the order of 5–10 km without
averaging backscatter from multiple pulses. This capability enables capturing rapidly
evolving atmospheric structures and dispersion of aerosol plumes. It is unlikely that so
much energy at 1500nm can be produced by using a solid-state wavelength converter,
such as KTP and Cr4+:YAG, due to much lower damage threshold. Unfortunately,
the REAL transmitter is tunable only over 1 nm [147], which with the current pump
wavelength and gas, does not span across a water-vapor absorption line.

Cr4+:YAG has the unique capability of generating tunable radiation in the 1400–
1500nm wavelength region. This unique feature makes it more suitable for water
vapor DIAL. Lidar operation around 1450nm has not been demonstrated with an
OPO. This application of Cr4+:YAG requires, in addition to the effort for increasing
the output energy, frequency stabilization and narrowing the spectral linewidth to a
few 100’s of MHz. The knowledge achieved within this thesis is a unique basis for the
design and performance of future high-power, pulsed, high-repetition rate Cr4+:YAG
lasers.



Appendix A

Suitable water vapor absorption
lines for DIAL

Based on simulations of the performance of a water-vapor differential lidar (DIAL)
in the troposphere, Wulfmeyer and Walther [181, 182] have determined the optimal
parameters for water vapor absorption lines. Suitable absorption lines must have line
strength on the order of 10−24 − 10−22 cm and ground-state energy < 300 cm−1. Also,
for a sufficient resolution and range, the differential optical thickness (optical depth)
must be between 0.03 and 0.1 [179].

Water vapor absorption lines in the spectral range of 1400–1550nm and meeting
the above requirements were selected from the spectroscopic database HITRAN [124]
and presented in Fig. A.1. There are approximately 200 potential absorption lines
for water vapor DIAL in this wavelength region. The optical depth for these lines
was calculated using a standard atmosphere and 100-m path length. Many of the
lines have optical depth outside the determined interval and/or overlap with other
water-vapor absorption lines. Only a few suitable absorption lines were chosen. They
are listed in Tab. A.1 and are indicated in the plots of the optical depth (Figs. A.2
and A.3). Some of the potential lines (with the right strength, ground-state energy
and optical depth, but overlapping) are also marked for a comparison.

The standard atmosphere conditions correspond to a mixing ratio mr= 4.8 g/kg
(the mass of the water vapor to the mass of dry air in unit volume). For a constant
temperature the optical depth is proportional to the mixing ratio. For example, an
increase of the water vapor content by a factor of two (mr= 9.6 g/kg) results in an
increase of the optical depth also by a factor of two. Thus, the absorption line e.g. at
1458.68 nm will be still a good choice for the measurement. The line at 1502.75 nm,
on the other hand, will have very large optical depth of 0.22. In order to ensure the
same resolution and range, the laser wavelength must be tuned off the center of the
line to a place with optical depth 0.03–0.1. In the opposite case of a drier air, the
absorption line at 1458.68 nm will not have sufficient optical depth but the line at
1502.75 nm will be still within the required range.
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Figure A.1: Water-vapor absorption lines in the spectral region 1400–1550 nm with
line strength of 10−24 − 10−22 cm and ground-state energy < 320 cm−1.
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Figure A.3: Optical depth of water vapor absorption lines in different spectral regions for standard atmosphere (altitude:
sea level, air temperature: 296K, partial pressure: 775 Pa) and 100m path length.
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Table A.1: Suitable water vapor absorption lines for ground-based DIAL. The opti-
cal depth corresponds to standard atmosphere (altitude: sea level, air temperature:
296K, partial pressure: 775 Pa) and 100-m path length.

Wavelength, nm Line strength, cm Lower state energy, cm−1 Optical depth

1458.680728 1.26×10−23 79.496 0.037
1459.364597 9.38×10−24 142.279 0.076
1483.548218 5.92×10−24 136.164 0.036
1484.129635 8.49×10−24 37.137 0.052
1492.51751 1.13×10−23 300.362 0.076
1502.754902 1.98×10−23 300.362 0.12



Appendix B

Ray transfer matrix

Ray transfer matrix describing beam propagation through a medium with length
l and index of refraction n

(

A B
C D

)

=
(

1 l
n

0 1

)

. (B.1)

Ray transfer matrix for a thin lens with focal length f

(

A B
C D

)

=

(

1 0
− 1

f
1

)

. (B.2)

Ray transfer matrix for a curved mirror with radius of curvature R

(

A B
C D

)

=
(

1 0
− 2

R
1

)

. (B.3)

Ray transfer matrix for a tilted slab with length l and index of refraction n in the
tangential plane. θi and θr are the angles of incidence and refraction, respectively.

(

A B
C D

)

=

(

1 L
n
.
(

cosθi

cosθr

)2

− 2
R

1

)

. (B.4)

In the sagittal plane the ray transfer matrix is for an aligned slab given by Eq. B.1.
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Appendix C

Thermal lensing of Cr4+:YAG for
PRF 125 Hz and 250 Hz

The thermal lens of the 40-mm crystal was measured with the IBL laser for average
pump power ranging from 13.5W (at 125Hz) to 32W (at 250Hz). The experimental
set up was as illustrated in Fig. 4.7. Due to strong thermal lensing no additional lens
was used after the crystal. The pump beam size at the crystal was slightly different
when the laser operated at different PRFs and consequently the absorption of the
pump radiation was different. Therefore, the thermal focal length is presented as a
function of the absorbed pump power in Fig. C.1. The relative error was less than
10%.
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Figure C.1: Thermal lens focal length as a function of the absorbed pump power. The
pump laser was operated at 125Hz and 250Hz. The pump beam radius at the crystal
was 1.1mm for 125Hz and 1.25mm for 250Hz. The temperature of the crystal was
stabilized to 15 oC. The error bars represent the absolute error.
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Appendix D

Two-rod resonator

In order to generate higher output energy, two Cr4+:YAG rods should be tested,
pumped from opposing ends (Fig. D.1).

d
rod I

HR

BF

1
2

1450 nm

1064 nm

BS, 50 %

HR
DC

OC

Cr    : YAG4+

DC rod II

Figure D.1: Experimental arrangement for a two-rod cavity pumped from opposing
ends with the equivalent pump energy. BS: 50% beam splitter, HR: high reflectivity
mirror, DC: dichroic mirror with high transmission of the pump wavelength and high
reflectivity for the emission wavelength, BF: birefringent filter, OC: output coupler.

Based on the method presented in Section 2.5, and the measured thermal lensing
for a 130mJ pump pulse energy, dynamically stable configurations are calculated for
a two-rod resonator. It is assumed 130mJ of incident energy on each crystal that
induces thermal focal length ftan=4.5m and fsag=15m. The rear mirror is flat and
the beam radius at the first rod is ω3=0.5mm. The resonator configurations are
calculated by varying the distance L1 between the rear mirror and the first rod and
the distance d between the rods. The results for the tangential and the sagittal plane
are presented in Figs. D.2–D.5. An example for the stability zones and the mode
propagation of one of the dynamically stable configurations is presented in Figs: D.6
and D.7, respectively.
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Figure D.2: Resonator parameters as a function of the distance between the rear
mirror and the first rod L1 and the distance between the rods d in the tangential
plane. The rear mirror is flat, the beam radius at the first rod is 0.5mm, ftan=4.5m
for both rods.
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Figure D.3: Resonator parameters as a function of the distance between the rear
mirror and the first rod L1 and the distance between the rods d in the sagittal plane.
The rear mirror is flat, the beam radius at the first rod is 0.5mm, fsag=15m for both
rods.
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Figure D.4: Sensitivity of the laser rods to misalignment of the cavity mirrors as a
function of the distance between the rear mirror and the first rod L1 and the distance
between the rods d in the tangential plane. The rear mirror is flat, the beam radius
at the first rod is 0.5mm, ftan=4.5m for both rods.
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Figure D.5: Sensitivity of the laser rods to misalignment of the cavity mirrors as a
function of the distance between the rear mirror and the first rod L1 and the distance
between the rods d in the sagittal plane. The rear mirror is flat, the beam radius at
the first rod is 0.5mm, fsag=15m for both rods.
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Figure D.6: Stability zones for the resonator with R1=∞m, L1=0.05m, R2=1m,
L2=0.45m, and d=0.02m.
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Birefringent filter

In order to use Cr4+:YAG laser as a transmitter for backscatter lidar, it should
be tuned to a wavelength that is not absorbed by water vapor. For a standard
atmosphere and 100-m path length suitable lines close to the gain peak of Cr4+:YAG
laser are 1416.2 nm, 1430.5 nm, 1453.8 nm and 1464.6 nm. In addition, the spectral
linewidth should be on the order of a few GHz. Here, a 5-stage birefringent filter is
suggested that has optimal performance (γ≈ 45o, Section 4.6.1) for those wavelengths
and features narrow-band-transmission. The transmission of the BF as a function of
the wavelength for one pass is presented in Fig. E.1. A transmission maximum, e.g.
at 1430.5 nm is obtained for rotational angle γ= 51o, and at 1464.6 nm for γ= 44.6 o.
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Figure E.1: Transmission of a 5-stage birefringent filter for single pass. The thickness
of the birefringent plates is in a ratio 1:2:3:5:7 with the thinnest plate being 1.7mm.
The FWHM is 7.4 nm. The angle of rotation for transmission maximum at 1453.8 nm
is 46.7 o.
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Appendix F

Grating spectrometer

A spectrometer using a blazed reflection grating in a Czerny-Turner configuration
is shown schematically in Fig. F.1.

α

β

ngnf

ϕ

ϕ

d
G

r
i

S1

M2

M1

M3

G

PDL
3

S2

M

NDF

L1 L2

S1 , f1

, f2

Figure F.1: Grating spectrometer in Czerny-Turner configuration. The box indicates
the spectrometer. L1, L2: lens combination to match the f-number of the spectrom-
eter, S1, S2: entrance and exit slits, M1, M2: aluminum coated curved mirrors with
focal length f1 and f2, respectively, G: reflective diffraction grating, M3, M: alu-
minum coated folding mirrors, L3: focusing lens, NDF: neutral density filter, PD:
photo detector. On the left hand side is shown diffraction of the blazed reflecting
grating. , α and β: angles of incidence and diffraction, respectively, measured from
the normal ng to the surface of the grating, i and r: angles of incidence and reflection
of the facet surface, respectively, measured from the normal nf of the facet surface,
ϕ: blaze angle, d: groove spacing

The fundamental grating equation is [34, 56]

d(sinα+ sinβ) = mλ, m = 0, ±1, ±2, ..... (F.1)
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Here, α and β are the angles of incidence and diffraction, respectively,m is the diffrac-
tion order, λ is the wavelength, and d is the groove spacing which is the reciprocal
value of the groove density of the grating (in grooves/mm). In the spectrometer,
the location of the entrance and exit slits are fixed and the grating rotates around a
plane through the center of its face (see Fig. 4.38). The angle, (β−α) is, therefore, a
constant. By rotating the grating and thus changing the incident angle, constructive
interference in direction β is obtained for wavelengths which satisfy Eq. F.1.

The efficiency of the grating can be enhanced for a desired wavelength and diffrac-
tion order (usually m=1) by fabricating the reflecting facets so that the direction of
the exit rays coincides with specular reflection of the entrance rays off the facet faces
(r = i), as illustrated in Fig. F.1. For a fixed angle of incidence α, the facet angle ϕ
can be chosen so that the corresponding exit angle β satisfies the specular reflection
condition β = 2ϕ−α for a specific set of wavelengths for the various orders of inter-
ference. These wavelengths are called blazed wavelengths for the various orders and
ϕ is the blazed angle.

The theoretical resolving power of the spectrometer is proportional to the total
number of illuminated grooves and the diffraction order.

RP =
λ

∆λ
= mN. (F.2)

The maximum resolution is achieved when the beam illuminates the full width of the
grating i.e. the f-number of the incident beam matches the f-number of the collimating
mirror M1. The f-number is defined as the ratio of the focal length to the diameter
of the entrance pupil. Another factor influencing the resolution of the instrument is
the width of the entrance and exit slits. The opening s of the slits determines the
spectral bandpass. When the slits are so wide that diffraction can be neglected, the
wavelength interval ∆λ is defined by geometrical factors only: the angular dispersion
Aν and the angular width of the wider slit:

∆λ = (sj/fj)Aν , with j = 1, 2. (F.3)
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