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ABSTRACT

DEVELOPMENT OF AN EFFICIENT TI:S APPHIRE LASER 
TRANSMITTER FOR ATMOSPHERIC OZONE LIDAR 

MEASUREMENTS

Khaled A. Elsayed 
Old Dominion University, 2002 
Director: Dr. Hani Elsayed-Ali

The impetus of this work was to develop an all solid-state Ti:sapphire laser 

transmitter to replace the current dye lasers that could provide a potentially compact, 

robust, and highly reliable laser transmitter for differential absorption lidar measurements 

of atmospheric ozone. Two compact, high-energy pulsed, and injection-seeded 

Ti:sapphire lasers operating at a pulse repetition frequency of 30 Hz and wavelengths of 

867 nm and 900 nm, with M2 of 1.3, have been experimentally demonstrated and 

compared to model results. The Ti:sapphire lasers have shown the required output beam 

quality at maximum output pulse energy, 115 mJ at 867 nm and 105 mJ at 900 nm, with a 

slope efficiency of 40% and 32%, respectively, to achieve 30 mJ of ultraviolet laser 

output at 289 nm and 300 nm with two LBO nonlinear crystals.
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1

CHAPTER I 

INTRODUCTION

1.1. Importance of Atmospheric Ozone

Ozone is a  very rare gas in the atmosphere averaging about 30 molecules of ozone 

for every one billion unpolluted near surface air molecules. Most of the ozone is found 

within two regions of the atmosphere; 90% resides in the stratosphere, which is located 

between 10 and 50 km above the Earth’s surface. This layer is known as “the ozone 

layer.” The remaining ozone is in the lower region of the atmosphere, the troposphere, 

which ranges from sea level up to about L0 km. In both the stratosphere and the 

troposphere, ozone molecules have the same chemical formula, O3 , but the effect of 

ozone on human and plant life is vastly different [1 ].

Ozone in the troposphere, near the Earth’s surface, has direct contact with life 

forms where high levels are toxic to living systems and can severely damage the tissue of 

plants and animals [2]. Many studies have shown that ozone has harmful effects on crop 

production [3], forest growth [4], and human health [5]. Ozone is a key component of 

smog, a familiar problem in the atmosphere of many industrialized cities around the 

world. However, increased amounts of surface-level ozone are now being observed in 

rural areas as well, leading to heightened concern about levels of ozone in the 

troposphere. To observe changes of ozone in the troposphere, it is necessary to monitor 

concentrations at different heights and global locations.

The format model of this dissertation is the Optical Engineering Journal.
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Ozone in the stratosphere, in contrast to ozone in the troposphere, has a great 

benefit for human beings. It filters the sun’s ultraviolet-B (UV-B) radiation that would 

reach the Earth’s surface and lead to skin cancer and cataracts. Thus, there is great 

interest in studying the loss of stratospheric ozone. Ground-based, airborne, and satellite 

instruments have measured a decrease in the amount of stratospheric ozone. Over some 

parts of Antarctica, up to 60 percent of the total amount of ozone, known as the “column 

ozone,” is depleted during September and October each year [6 ]. This phenomenon is 

known as the “ozone hole.” A significant stratospheric ozone decrease has been observed 

at other, more populated regions of the Earth [6 ], and increases in surface UV-B radiation 

have been observed in association with decreases in stratospheric ozone.

Much scientific evidence has been collected over the last two decades to show 

that man-made chemicals are responsible for the observed depletion of the ozone layer 

over Antarctica [6 ]. The ozone depleting chemical compounds contain chlorine, fluorine, 

bromine, carbon, and hydrogen, and they are described by the general term 

“halocarbons.” The compounds that contain only carbon, chlorine, and fluorine are called 

“chlorofluorocarbons.” The production of these chemicals is now regulated. The 

measurement of ozone in both the troposphere and stratosphere is critical to 

understanding the production, destruction, and transport o f ozone in the global 

atmosphere.

1.2. Methods o f Ozone Measurement

There are two general approaches to making atmospheric ozone measurements. 

The first approach is in-situ, and the second is remote sensing.
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In-Situ Measurements

In-situ measurements of ozone involve direct sampling of the atmosphere. A 

sample of the atmosphere (air) is brought into the instrument and is analyzed for its 

properties and/or its relative amount of various chemical components including ozone. 

This can involve the use of mass or optical spectroscopy, chemical assays, or observation 

of how intense light interacts with the molecules inside the sample. These techniques can 

be employed either from ground, aircraft, or balloon platforms, but it cannot be done 

from space where there is no air. Balloons measure the change in ozone concentration 

with altitude as high as 40 km and provide several days of continuous coverage, [n-situ 

devices that are used to measure ozone from balloons include electrochemical 

concentration cells (ECCs), which measure a current produced by chemical reactions 

with ozone. Photospectroscopy uses films or electronic sensors sensitive to UV light to 

measure wavelengths affected by ozone. Laser in situ sensors can measure absorption of 

laser light over a fixed optical path; thus, the more ozone, the more optical absorption. 

The advantage of in-situ measurements is that they are usually very specific and accurate 

and do not require a precise understanding of the radiative properties of the atmosphere, 

such as are needed for remote sensing.

Rockets can also measure ozone profiles from the ground to an altitude of 75 km 

by using photospectroscopy. Spectra are recorded instantaneously at various altitudes on 

film, or continuously by a photoelectric sensor, then ozone concentrations are calculated 

from the recorded intensities of UV light. Rockets provide all weather capability but are 

limited by their short life, narrow geographic range, and infrequent launch.
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Remote Sensing Measurements

Remote sensing is defined as the technique of obtaining information about ozone 

through the analysis o f data collected by instruments that are not in physical contact with 

ozone. Remote sensing differs from in-situ sensing, where instruments are immersed in, 

or physically capture, ozone. There are two types of remote sensing, passive and active. 

In the passive case, the observer depends on a natural source of light or other 

electromagnetic radiation, while in the active case the observer provides the light source. 

Passive remote sensing detects the sun’s reflected or radiated energy, while active remote 

sensing sends out its own electromagnetic energy (usually a laser beam) and then records 

this light reflected back to a receiver.

Passive remote sensing

Passive remote sensing is an indirect way of measuring an atmospheric molecule 

or particle that involves observing the changes in electromagnetic radiation coming from 

the sun. These changes in radiation can be observed because each atmospheric 

constituent absorbs radiation at certain wavelengths in different regions of the 

electromagnetic spectrum. This radiation is emitted, reflected, and scattered by the 

atmosphere and the Earth’s surface over a wide range of wavelengths from the infrared, 

visible, ultraviolet, and microwave regions of the spectrum. The radiation is altered by 

the type, size, and amount of constituent molecules in the atmosphere it encounters. It is 

also affected by atmospheric temperature. By knowing how and by what amount different 

molecules absorb radiation at different wavelengths, a "fingerprint" for each atmospheric 

constituent can be identified.
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Physicists can identify a molecule by observing it with an instrument that is sensitive to 

radiation at certain wavelengths. An example of passive remote sensing is the use of a 

satellite platform to measure the light coming from the sun at the wavelength where 

ozone absorbs sunlight.

A. Baclcscattar Ultraviolet B. Occultation

C. Limb Emission D. Limb Scattering

Fig. 1.1 Viewing Geometries of Remote Sensing Techniques for satellite platform 
(a) Backscatter Ultraviolet (b) Occultation (c) Limb emission and (d) Limb scattering [7]

Four passive remote sensing techniques exist for satellite platforms based on 

different viewing geometry concepts. The four techniques shown in Fig. 1.1 for passive 

remote sensing are (1) the backscatter ultraviolet (BUV) technique, (2) the occultation 

technique, (3) the limb emission technique, and (4) the limb scattering technique. Each 

technique involves a different viewing geometry that affects the measurement of 

atmospheric radiation. An example of passive remote sensing using a satellite platform is 

the backscatter ultraviolet (BUV) technique. In this technique, measurements are made of 

solar ultraviolet (UV) light entering the atmosphere (referred to as the irradiance) at a
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particular wavelength and of the solar UV that is either reflected from the surface or 

scattered back from the atmosphere (referred to as the radiance) at the same wavelength.

For determining total ozone, two pairs of measurements are made. One 

measurement of incoming UV light (irradiance) and backscattered UV light (radiance) is 

made at a wavelength that is strongly absorbed by ozone. The other measurement of 

incoming UV irradiance and backscattered UV radiance is made at a wavelength that is 

weakly absorbed by ozone. The difference in the pair of measurements at the two 

wavelengths is used to infer how much ozone is present in the atmosphere.

Information on the vertical atmospheric structure of ozone can be derived using 

the BUV profiling technique. The longer the wavelength of the incoming UV irradiance, 

the less absorption of this radiation by ozone occurs; thus the UV light penetrates far into 

the atmosphere. Conversely, the shorter the incoming UV irradiance wavelength, the 

more absorption of this radiation by ozone occurs; thus this UV light does not penetrate 

as far into the atmosphere. The absorption increases with decreasing wavelength, such 

that radiation at shorter wavelengths is significantly absorbed at higher altitudes. So the 

backscattered radiation at specific UV wavelengths can only be scattered from above a 

particular atmospheric height. Below this level, all the radiation is absorbed, and there is 

no backscattered radiance. This allows scientists to make a vertical profile measurement 

of ozone. Measurements at certain UV wavelengths are sensitive to specific portions of 

the ozone vertical profile, and the full atmospheric profile can be obtained by measuring 

radiation at a  series of wavelengths and using a retrieval algorithm that converts each 

radiance measurement to an ozone number density.
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A big advantage of the BUV technique is that by looking directly down at the 

atmosphere below in a viewing geometry called nadir viewing, the satellite is able to 

achieve a good horizontal resolution. The main disadvantage of the BUV technique is 

that the effects of increased multiple scattering and reduced sensitivity to the shape of the 

profile lead to poor vertical resolution in the region below the ozone peak (about 30 km).

Active remote sensing

An example of active remote sensing is laser remote sensing from aircraft using 

lidar (light detection and ranging), which is one important technique for measuring 

molecules and aerosols in the atmosphere. Lidars are active remote sensing instruments 

that can measure temperature and density profiles from measurements of atmospheric 

backscattered laser light.

Lidar is similar to radar but uses optical wavelengths. A basic lidar system is 

composed of a transmitter and receiver as shown in Fig. 1.2. A laser pulse at a specific 

wavelength is fired into the atmosphere. A portion of the energy in the laser pulse is 

scattered from the atmospheric molecules and aerosols. This reflected radiation is 

captured by the telescope field of view detected by a receiver system that is used to 

determine the relative concentration of atmospheric molecules and aerosols over the 

targeted region of the atmosphere. In addition to the relative concentration, the range of 

the interacting species can be determined from the temporal delay of the backscattered 

radiation. The variation in the received intensity as a function of time is used to determine 

the density profile of atmospheric molecules and aerosols. Lidar by itself cannot
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distinguish between different atmospheric molecular constituents; the more advanced 

differential absorption lidar technique is required.

Laser divergence

Laser Transmitter

Telescope 
Reid o f view

Optical receiver

Fig. 1.2 Schematic diagram of typical lidar system.

1.3. Ozone differential absorption lidar (DIAL) technique

Laser remote sensing from aircraft has become a very important technique for 

observing ozone in the environment. NASA Langley uses a specialized lidar called the 

airborne Ultraviolet (UV) Differential Absorption Lidar (DIAL). Differential absorption 

lidar is a powerful technique to selectively measure the density of specific molecules in 

the atmosphere as a function of altitude. It uses two laser pulses of slightly different 

wavelength. One is chosen to coincide with a strong absorption feature of the specific 

molecule of interest, which is known as the “on-line” wavelength Xon, while the other
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laser beam is tuned to a wavelength where there is less absorption and is known as the 

“off-line” wavelength, Aofr. Both Aon and Aoff experience the same scattering from 

atmospheric molecules, but Aon has slightly more absorption than A0 fr; thus the difference 

in absorption will give a measure of ozone as a function of range. Pulsed laser beams are 

transmitted into the atmosphere, and the time between transmitting and receiving signals 

depends on the distance between the transmitter and the measured point in the 

atmosphere. The receiver system collects the backscattered light with a telescope, usually 

positioned close to the laser system.

Typical differential absorption lidar DIAL system

Figures 1.3 and 1.5 show a schematic diagram of a typical ozone DIAL system [I]. Two 

frequency-doubled Nd:YAG lasers are used to pump two, frequency doubled, tunable dye 

lasers. The four lasers are mounted in an aircraft on a structure that integrates the 

associated laser power supplies, the laser beam transmission optics, and the dual 

telescope and detector packages, which allow for simultaneous nadir and zenith O3 

measurements. One frequency doubled dye laser is operated at 289 nm for the DIAL on­

line wavelength; the other is operated at 300 nm for the off-line wavelength. The DIAL 

wavelengths are produced in sequential laser pulses with a temporal separation of 300 ps 

to ensure that the same atmospheric scattering volume is sampled at both wavelengths 

during the DIAL measurement, as shown in Fig. 1.4. Half of each UV beam is 

transmitted in the zenith and nadir directions. The dye laser output at 600 and 582 nm 

that is left after the frequency doubling process and the residual 1064 nm outputs from 

the NdrYAG lasers are also transmitted for aerosol profile measurements. They are then
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transmitted out o f the aircraft co-linear to the receiver telescopes through 40-cm diameter 

quartz windows. Parameters for the airborne DIAL transmitter system are given in table 

l .l .

The receiver system consists of two back-to-back 36-cm diameter Celestron 

telescopes and two identical detector packages. Each detector package has dichroic optics 

to separate the UV (289 and 300nm), visible (600 or 572 nm), and IR (1064 nm) lidar 

returns onto their respective detectors.

Table 1.1 Parameters of the NASA Langley airborne UV DIAL system [10]
Laser Continuum Model ND 6000 flashlamp-pumped NdrYAG, Model 9030 dye lasers
Pulse repetition frequency/Hz 30
Pulse length (ns) 8 - 1 2

Pulse energy (mJ) 250-350@l064nm
50-70@600nm
30@290/300nm

Wavelength separation for ozone measurements (nm) 1 0

Dimesnion (I x w x h) (m) 5.94 x 1.02 x 1.09
Weight (kg) 1735
Power requirements (kW) 30

Zenith Atmospheric 
Return289 nm on-line

i L 300 nm off-line
Doublers Doublers telescope

Off-line

\ r

289nm on-line 300nm off-line

PMT

PMT

Dye laser

Dye laser

Computer

Nd:YAG-Laser

Nd:YAG-Laser

Fig. 1.3 Schematic diagram o f the aircraft DIAL ozone system. Nadir Atmospheric retum
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UV DIAL can give a much broader understanding of the chemistry, composition, 

and nature of the atmosphere. Since UV DIAL takes measurements from above and 

below the aircraft, it creates a two dimensional atmospheric ozone map of the 

surrounding area as shown in Fig. 1.6 [9] Using this map, other atmospheric events like a 

plume from a fire can be located, allowing other instruments to study it.

10 •
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Fig. 1.6: Example of atmospheric ozone distribution map. Colors represent the level of 
ozone in the atmosphere and are given in units of ppb.The aircraft was flying at about 8.5 
km and transmitting only in the down direction [9].

The image of Fig. 1.6 is a map of the ozone distribution associated with biomass 

burning in the western part of central Africa (below 6  kilometers) and another outflow 

from Brazil (above 6  kilometers). The image was taken as the plane flew up the west
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central coast of Africa. The color scale from blue (low concentration) to black (high 

concentration) indicates the concentration of ozone in the atmosphere. White areas 

indicate regions inaccessible to measurements because of a lack of data due to clouds. 

On the right hand side of the image, the pink color indicates that the ozone concentration 

is high where the biomass-burning plume is coming from Africa. Away from the burning 

plume, the air is clean as indicated by the low concentration of zone, which can be seen 

from the blue color on the left side of the image.

The UV DIAL system is used to study ozone in both the troposphere and 

stratosphere. In one six-week mission every year or two, scientists use the UV DIAL 

system to study the troposphere over remote areas such as the Atlantic and Pacific 

Oceans and parts of Africa, Brazil, and Canada. The UV DIAL system is being used in an 

airborne field experiment to study ozone in the stratosphere every three to five years, 

particularly in the polar regions where the most chemical ozone depletion occurs.

1.4. Limitations of current laser transmitter system.

The current aircraft UV-DIAL system, shown schematically in Fig 1.5, uses a dye 

laser to convert the 532nm pump energy to other visible wavelengths for conversion into 

the UV producing on and off line wavelengths. This configuration yields a nominal UV 

output o f 30 mJ per pulse. As is common to most dye lasers, dyes must be changed on a 

regular basis due to bleaching effects that increase with operating time. Many dyes, 

including the ones currently used (Rh6 G), are toxic and possibly carcinogenic. Given the 

high need for maintenance, there is an increased risk of exposure to the dye. Dyes are
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also often mixed with alcohol, making the mixture flammable and ill suited for use in 

airborne experiments. Considering all the drawbacks of operating dye lasers, 

replacement with a solid state, high-energy laser is highly advantageous.

1.5. Thesis research goals

The goal of this thesis research is the development of an advanced TirSapphire solid state 

laser transmitter to replace the current dye lasers that could provide a potentially 

compact, robust, and highly reliable laser transmitter at the required on-line and off-line 

wavelengths for ozone differential absorption lidar measurements of atmospheric ozone. 

The Tirsapphire laser will be pumped by a 30 Hz high energy NdrYAG laser (532nm). 

The tunable Ti:sapphire laser will provide output pulses at 867nm and 900nm with a 

temporal separation of 300 |is. The laser cavity will be injection seeded using two 

external diode lasers operating at 867 nm and 900 nm respectively. The two different 

wavelength outputs are then frequency tripled using second and third harmonic 

generation schemes. The resulting output from the laser system would be a 30 Hz train 

of pulse pairs separated by 300 us with the first pulse at wavelength 289nm (on-line) and 

the second pulse at a wavelength of 300nm (off-line).

The main goal is to achieve a high conversion efficiency of doubling and tripling 

for both wavelengths 867nm and 900nm resulting in a UV pulse energy of 40 mJ (on and 

off-line) at 30 Hz. This Tirsapphire laser transmitter will be used as a replacement for the 

current tunable dye laser transmitters shown in Fig 1.3.
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C H A P T E R  n  

T H E  L I D A R  T H E O R Y

This chapter covers the theory behind and the derivation of the Lidar and DIAL 

equations for measuring atmospheric ozone.

2.1. The Lidar Equation

Lidar is an active remote sensing technique that can measure the density and range 

of scattering molecules or aerosols in the atmosphere. A laser pulse is transmitted into the 

atmosphere and some of this light is scattered by molecules or aerosols into a receiver 

telescope. For a pulsed lidar, the increment of the signal power AP(X,R) received by the 

detection system in the wavelength range (X,X+AX) from the range element (R,R+AR) is 

given by [2 ]

AP(X, R) = J J(X,R, r) • AX • AR * p(X, R, r)dA(R, r ) , (1)

where J(X,R,r) represent the laser-induced spectral radiance at wavelength X, at 

position r in the range R per unit range interval, p(X,R,r) is the probability that radiation 

of wavelength X scattered from position r at range R will be detected, and dA(R,r) is the 

element of the target area at position r and range R.

The probability p(X,R,r) will be affected by several factors, which is given by

p ( l , R , r )  = ^ - T (X ,R ) - r i {X ) -q (R ,r ) ,  (2)
K

where A o / R 2  is the acceptance solid angle of the receiver optics with A o  being the 

area of the telescope mirror, T ( X , R )  is the atmospheric transmission factor at wavelength
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X over the range R, ri(X) is the spectral transmission factor of the receiver which includes 

the effect of any spectral selecting elements such as filters, and £(R,r) is the overlap 

factor or the geometrical form factor defined as the probability of radiation from position 

r at the range R being detected based on geometrical considerations. Assume that ^(R,r) 

depends only upon the overlap of the laser divergence with the field of view of the 

telescope. Consequently £(R,r) is called overlap the factor.

The target spectral radiance J(X,R,r) depends upon the nature of the interaction 

between the laser radiation and the target medium. For an elastic scattering medium only, 

J(X,R,r) may be written in the form

is the volume backscattering coefficient [2], where N*(R,r) is the number density of 

scatterer species i; {da(X[.)/dQ}is is the differential scattering cross section under 

irradiation with laser radiation at wavelength Xl, and 3i(X) AX is the fraction of the 

scattered radiation that falls into the wavelength interval (X, X+AX).

To evaluate the total power of the return signal collected by the receiver at the 

instance t (where t = 2R/c) corresponding to the time interval between the leading edge of 

the laser pulse to range R and the returned radiation to reach the receiver, equation (1) 

must be integrated with respect to both the received wavelength and the range R.

(3)

where I(R,r) is the laser irradiance at position r and range R, and

(4)

R=ct/2

(5)
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The range integral is required to account for the radiation reaching the receiver 

from any position along the path of the laser pulse from which scattering occurs. The 

range of the wavelength integral extends to cover the lidar receiver spectral window AA0  

centered at A, which is usually defined by the receiver optical filter.

Substituting equations (2) and (3) into equation (5) yields:

P{A,t) = Aa f  \̂r}{AydAjp{Au,R,ryT{A,R)-Z{R,ryi{R,r)-dA{R,r)
(6)

In the case of an elastic scattering medium, the observed radiation is as narrowband as 

that of the laser radiation and both are much smaller than the receiver spectral window 

AX0, thus both 3i(X) and (3 can then be treated as delta functions. Furthermore, assuming 

that the scattering medium is homogenous over the overlap between the telescope field of 

view and the laser beam divergence results in equation (6 ) being written in the form:

P(A,r) = A0 ?/(A) f  P{XL,X , R y T { X , R ) ~ ^ { R , r y i { R , r y d A { R , r ) .  
o R

(7)

As stated above, the probability £(R,r) can be assumed to be unity where the field of view 

of the receiver overlaps with the laser beam divergence and zero elsewhere, and the 

lateral distribution of the laser pulse is uniform over an area Al(R) at the range R, 

resulting in

J Z(R. r)l{R,r)■ dA(R, r) = f  (*)• /(«)• Al(r). (8)
Equation (7) can now be written as

R=VIZ JR
P(A,,)=A„nW  j  0{1l ,A,R) T(A,R)^{R) I(R)-Al( R ) ^ - .  (9)

o ^
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For simplicity, the temporal shape of the laser pulse will be assumed to be a 

rectangle of duration T[_. Hence, the limits of the range integration of equation (9) are c(t- 

Tl)/2 to ct/2. Furthermore, the range of interest is much larger than the pulse duration. 

Thus, the range dependent parameters can be treated as constants over the small interval 

of the range integration. Then, the total received power at a time t = 2R/c can be 

expressed in the form

For a rectangular laser pulse o f duration Tl, the intensity is given by

where E l is the output energy of the laser pulse and T(Xl,R) is the atmospheric 

transmission factor at the laser wavelength to range R. From the Beer-Lambert law, the 

transmission factors in equations ( 1 0 ) and ( 1 1 ) are given by

where k(Xl,R) is the atmospheric attenuation coefficients at the laser wavelength,

Xl.

The increment of radiation energy at wavelength Xl received by the detector during 

the interval (t, t+Xd), where Xd is the integration period for the detector, is given by

P ( ^ t )  = Aor,(X)-P(XL,X , R ) T { \ , R ) ( ( R ) . l ( R ) - A L( R ) ^ ^ .  (10)
K.

( 12)

Tj +-2R/c

(13)
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Combining equations (10), (11), (12) and (13) yields the scattered laser energy received 

within the response time of the detector, ta:

E(A,R)= -T{R)' £()?)-—■ . (14)
A  L

Equation (14) is known as the basic scattering lidar equation.

For more general laser pulse shapes, the average power in the laser pulse is given by

PL = (15)

then equation (14) can be written in the form using equation 12 as

P(A,R)= - [ ^ L,R)dR (16)

where k (Al,R) is the two-way attenuation coefficient. Equation (16) is the a 

special case of scattering lidar equation assuming elastic scattering, (Mie or Rayleigh), 

where the wavelength of the observed radiation is the same as that of the laser 

wavelength. This equation is used in the differential absorption lidar technique.

2.2. The DIAL Equation

Differential absorption lidar (DIAL) is a powerful technique used to selectively 

measure the density of specific molecules in the atmosphere as a function of altitude. 

This technique uses two laser pulses of slightly different wavelengths called the on-line 

wavelength (Aon) and a wavelength that is less absorbed by ozone, which is called the off­

line wavelength (Aoff) as shown in Fig. 2.1. Both wavelengths are assumed to experience 

the same molecular atmospheric scattering, but due to the difference in ozone cross- 

section, the on-line wavelength experiences more ozone absorption than the off-line
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wavelength. Thus, the difference in the on and off-line signal returns as a function of 

range is a measure of the atmospheric ozone present.

The derivation of the DIAL technique starts by considering the scattering lidar 

equation (16) and modifying the total attenuation coefficient K(A,R)to

where k’(X,R) is the attenuation coefficient exclusive of the absorption contribution 

from the molecular of interest or ozone, N(R) is the number density of the molecular 

species or ozone at range R, and ct(X.) is the absorption cross section at wavelength X. 

Therefore, applying the lidar equation (16) at both the on and off-line wavelengths 

respectively, we get

k(X, R) s  k { \ ,  R) + N(R)o(X), (17)

( 18)

p(X,a . R ) ^ P L la,
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On line

Offline

10-*
240 210 300 320 340

Wavelength, nm

Fig. 2.1 Absorption cross section of zone with typical on-line and off-line wavelengths at 
289 and 300 nm, respectively [4].

Then, the ratio of the return signals at the two wavelengths is obtained by dividing 

equation (18) by (19) to obtain

*(■*-«) CJ  '
K

- 2 j  N(R)AcrdR (20)

where the difference between the on and off-line wavelengths is approximately 1 1  

nm. Therefore, one can assume that the receiver spectral transmission factor is 

independent of wavelength over this small interval and similarly for the volume 

backscattering coefficients and atmospheric attenuation coefficients. Also, the output 

laser power is assumed equal for both wavelengths, and Act =  CT0n-CT0ff is the differential 

absorption cross section.
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To evaluate the integration in equation (20), two successive ranges, Ri and R2  are 

used respectively, to obtain

= e x p f-2]  N(R)AodR
P ^ a r .R .)

P ( ^ . R 2)
= exp

R .

-zjNtRjAodR
V

(21)

(22)

Therefore,

R ,

2 Act J  N(R)dR = In
P(Xon,R t)P(Xoff, R j  
P ( ^ o f f  * P - 1 M ^ o i , » P  2 )

(23)

The ozone number density can be assumed constant in the small interval AR=Ri-Ri, 

which defines the range cell as shown in Fig. 2. Hence, we get

I
N(R) = 2AoAR

-In P(^on, R 1 )P(k0ff. R 2 )
.  * P I  )P (^ o n  » P  2 ).

(24)

Equation (24) is known as the differential absorption lidar or DIAL equation, and it is 

used to obtain the number density of ozone molecules as a function of range.

Equation (24) shows that the DIAL equation is not affected by the pulse power P, as long 

as a return signal from both on- and off-line beams is received for every calculated 

altitude. The calculation is based on the slopes of the lidar returns within a range cell (Ri- 

R2) as shown in Fig 2.2. The DIAL calculation of ozone gets more accurate with 

increasing range cell.
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Range Cell

Off-line signal

On-line signal

Tim e

Fig. 2.2 On- and offline signal return within range cell (Ri-Rt) used to determine ozone 
concentration. The DIAL technique assumes a constant slope between R2  and Rt. The on­
line signal is always lower due to the increased absorption by ozone over the off-line 
signal [4].
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CHAPTER HI

HISTORY AND BACKGROUND OF TIjSAPPHIRE LASER SYSTEM

In this chapter we will briefly discuss the history of the Tirsapphire laser, its 

advantages over the other lasers and its suitability for constructing a laser transmitter to 

measure atmospheric ozone. Then we will furnish a background about the laser injection 

seeding and third harmonic generation processes.

3.1. History of Tirsapphire laser

With the development of tunable lasers based on solid-state crystals, an 

opportunity exists for constructing an energetic tunable laser which can meet the 

requirements of aircraft based applications. The Tirsapphire (TUAI2O3) laser is an 

attractive candidate for remote sensing since it has demonstrated a wide tuning range, 

including the wavelength region from 729 to 939nm [I]. The laser was first 

demonstrated in 1982 by Peter Moulton [2] at MIT Lincoln laboratory and many papers 

since then have reported the spectroscopic and laser characteristic of TKAI2O3 as a lasing 

material [3-7].

Since that time much effort has been made to build a Tirsapphire laser system for 

remote sensing measurements as well as other applications. In 1987 Moulton [1] reported 

a design of a narrow-linewidth TKAI2O3 ring oscillator. He used the injected-locked 

technique to obtain a narrow linewidth (single frequency). This laser system did not offer 

the compactness that is needed in the laser transmitter DIAL system and the output 

energy of the laser was only 5 mJ.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

In 1993 NASA Langley deployed the Lidar Atmospheric Sensing Experiment 

(LASE) [8] using a Tirsapphire laser system to measure atmospheric water vapor. Since 

then this airborne DIAL system, with a Tirsapphire laser transmitter at 815 nm [10], has 

been frequently operated to measure H2O distributions throughout both the lower and 

upper atmosphere [9]. To date, there are no Tirsapphire laser systems or designs that can 

meet all the ozone DIAL measurement characteristics.

3.2. Advantage of Ti:Sapphire laser.

The TirSapphire (TKAI2O3 ) laser is an attractive candidate for remote sensing 

since it has demonstrated a  wide tuning range including a wavelength regions from 729- 

939nm [2, 7]. Tirsapphire has a relatively large gain cross section which is half of 

NdrYAG at the peak of its tuning range, and is a rugged all-solid-state system. In a 

Tirsapphire crystal, titanium is doped in sapphire, where the Ti3+ ion is substituted for the 

Al3+ ion in the AI2O3 laser crystals and are typically doped with 0.1 % Ti3+ by weight. 

The isolated Ti3+ ion has a single d electron in its outer orbit. When the Ti3+ ion is 

introduced into the sapphire host, the energy level of d electron splits into two levels [10], 

as shown in Fig. 3.1. Light in the blue-green region is absorbed by the ground state of the 

titanium ion causing it to excite the ~Eg configuration. Then through a very fast phonon 

emission process, the ion shifts position in the lattice to the metastable position of the 

lowest 2Eg excited electronic state. Stimulated emission occurs between the 2Eg excited 

and ground electronic states, followed by multiple phonon emissions, which transfer 

the ion back to the lowest energy position of the ground electronic state. A relatively 

weak absorption band is observed in the IR region, at the lasing wavelength. It has been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



shown that this absorption is caused by Ti3+- Ti4* ion pairs [11] and this residual IR 

absorption interferes with efficient laser operation* Optimized crystal growth techniques 

and additional annealing processes have drastically reduced this absorption band 

compared to earlier crystals [11]. Loss at the lasing wavelength in Tirsapphire is 

characterized by a figure-of-merit, FOM, which is defined as the absorption coefficient at 

the peak of the pump absorption, about 490 nm to the absorption coefficient at the peak 

of the gain, about 800 nm. A typical value of FOM for the Tirsapphire crystal used in our 

experimental setup is 250. It has been shown that the absorption at the lasing wavelengths 

increased quadratically with the Ti4* concentration [12].

Em ission

A bsorption
E m ission

Configuration coordinate (a.u.|

Fig. 3.1 Energy level diagram for Ti3+ in sapphire, showing the excitation process 
followed by phonon-assisted relaxation of the metastable excited state. The dashed line 
represents emission in the near infrared. Also shown are the corresponding absorption 
and emission curves. [13]
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The absorption and emission curves for the Tirsapphire crystal are shown in Fig.

3.2. The absorption and fluorescence bands are broad and widely separated due to the 

strong coupling between the Ti ion and host lattice, which is key to a broadly tunable 

laser.

Having the absorption peak of the Tirsapphire laser at ~490 nm, makes the 

NdrYAG laser at 532nm the best pumping source. The kinetic efficiency of converting a 

532 nm pump photon into an inverted upper laser level is approximately I [II],

1.0

E 0.8u Pum p Band Emission Band
c.*u£s-u
c
9
a.
5M

0.6

Laiar
Tuning
Rang*

0.4

Raaidual Absorption0.2•a
<

0.0
400 500 600 700 800 900 1000 1100 1200

WavalangUi (nm)

Fig. 3.2 The emission and absorption bands of TKAI2O3 . [7]

The Tirsapphire crystal is transparent from the ultraviolet to the infrared. The 

excellent mechanical, thermal, and optical properties of Tirsapphire allow laser designs to 

be scaled to high average powers, and high efficiency. The laser parameters of the 

Tirsapphire are listed in table 3.1.
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Table 3.1 Laser parameters ofTirsapphire [11]
Index o f  refraction n=l .76
Fluorescent Lifetime x  -  3.2 ps
Fluorescent linewidth (FWHM) AX ~  180 nm
Peak emission wavelength Xp ~ 790 nm
Peak stimulated emission cross section

parallel to c axis crp n ~ 4.1 x  10'19 cm2
perpendicular to c  axis ctp_l ~ 2.0 x  10'19 cm2

Quantum efficiency of 
converting 532 nm pump photon 
into an inverted site tIq = L
Saturation fluence at 795 nm Esal = 0.9 J/cm2
Figure of merit 250
Absorption coefficient 1.67 cm '1
Damage threshold 10 J/cm2
Thermal conductivity__________________ 0.35 W/cm .K______

When compared to the dye laser, the TirSapphire laser has significant advantages in the 

development of high power and high efficiency. Being a solid-state gain medium it 

produces a stable and excellent optical quality laser, which is easy to operate and 

maintain. The upper state lifetime (3.2 us) is longer than that of dye lasers; hence, more 

energy can be stored yielding pulses with higher peak powers. In the near infrared region 

the active medium solvents of many dye lasers are capable of handling significantly less 

power resulting in a lower output. In the case of dye lasers, typically four different dyes 

are needed to cover a spectral region from 660 to 1 0 0 0  nm, each having a tuning range of 

about 120 nm, while the Tirsapphire crystal covers the whole spectral range.

The upper state lifetime of the Tirsapphire laser crystal is sensitive to temperature 

as shown in Fig. 3.3. This lifetime has a constant value up to 200 K, and then there is a 

clear reduction in the lifetime with increasing temperature. At room temperature the 

upper state laser lifetime is 3.2 ps. To have efficient laser performance, it is important to 

keep the temperature of the laser crystal near room temperature.
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1
£2

500 600 

Temperature [K]

200100 400

Fig. 3.3 Lifetime of the upper laser level of Tirsapphire as function the temperature [14].

Tirsapphire lasers have been pumped with a number of sources such as argon and 

copper vapor lasers, frequency doubled NdrYAG and NdrYLF lasers, as well as 

flashlamps. Flashlamp and diode pumping are difficult to use in the Tirsapphire laser 

because a very high pump flux is required. The reason for that is the short fluorescent 

lifetime of 3.2 |is which results in a small product of stimulated emission cross-section 

times fluorescent lifetime (CT.tf). The population inversion in a laser required to achieve 

threshold is inversely proportional to CT.tf [11].

A low laser threshold can be obtained by using laser pumping. For pulsed laser 

operation the most commonly used pump laser is the frequency doubled NdrYAG laser. 

Because the beam quality of the pump can be relatively good, the pump radiation can be 

focused to a small beam radius. Thus in the volume of the pumped region, the inversion 

can be high even at relatively low pump energies. Coupled with a high effective 

stimulated emission cross section, gain in the pumped volume can then be high. By
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matching the mode radius of the Tirsapphire oscillator to the pumped region, the gain of 

the lasing mode can be high and thus the threshold low. However, the use of a small 

pump beam radius will limit the amount of energy available from the Tirsapphire laser, 

and exposing very small crystal areas to high energy pump pulses will result in laser 

induced damage. Although the laser induced damage threshold of this crystal is relatively 

high, the small pump beam radii will limit the amount of pump energy that can be used 

and thus the amount of laser output energy. Consequently, the pump beam radius is 

adjusted to accommodate the desired laser output energy without incurring laser-induced 

damage.

Using a frequency-doubled NdrYAG pump laser has the additional benefit of 

producing a short Tirsapphire output pulse, much like a Q-switched pulse. To achieve 

efficient frequency doubling, the NdrYAG laser is usually Q-switched, where the pump 

pulse is short compared to the Tirsapphire cavity buildup time. A short pump pulse 

produces gain-switched laser operation, though different than Q-switching; however, the 

effect is the same. With gain switching, the cavity gain varies quickly while with Q- 

switching the laser cavity loss varies quickly. In either case, a short pulse laser output is 

produced on the order of nanoseconds. For practical purposes, the dynamics of the pulse 

evolution for gain switching or Q-switched operation can be described using the same 

formulism.

33 . Tirsapphire laser cavity design.

As mentioned above when a NdrYAG laser pumps Tirsapphire, a gain-switched, 

single-pulse output will result from the Tirsapphire system. Historically, experiments
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with gain-switched Tirsapphire oscillators began with a stable resonator [15-17]. 

However, the stable resonator at that time could not provide more than tens of milli-jouls 

of diffraction limited output energy before reaching the optical damage limit. Rines and 

Moulton in 1990 [18] studied the performance of gain-switched Tirsapphire unstable- 

resonator lasers in order to obtain high energy output. They conducted a series of 

experiments with positive branch, confocal unstable resonators in standing and ring 

cavity configurations. They investigated three types of output coupler mirrors for 

unstable resonators using special optics, namely, a high-reflectivity dot mirror (HRDM), 

a partial reflectivity dot mirror (PRDM), and a graded-reflectivity mirror (GRM). Since 

then, many unstable Tirsapphire laser cavities have been reported, some of them using 

special optics like GRMs [19-25].

A flat-flat mirror resonant laser cavity with a high reflector and an output coupler 

mirror has been chosen to configure our laser cavity. This configuration has been chosen 

on the bases of the gain guiding effect which was introduced by Salin and Squier [26]. 

The gain guiding effect, induced in a solid-state medium pumped by another laser, can be 

used to produce high quality, near-diffraction limited, high energy beams of arbitrary 

large diameter from unstable resonators [27]. In turn, this results in better conversion 

efficiency in the nonlinear crystals used to triple the Tirsapphire output. High energy 

from Tirsapphire lasers is limited by the damage problems arising from the very high 

fluences that are often achieved in stable resonators. High energy and good spatial 

characteristics have been obtained in an unstable resonator using a graded reflectivity 

mirrors (GRM) [18-25]. However, this design requires specialized optics whereas with 

the gain guiding method a simpler design for the laser cavity, without a GRM output
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coupler, can be used. Additionally, it has been shown that there are advantages to 

designing a cavity with the gain guiding approach rather than a cavity with a GRM output 

coupler such as standard uniform-reflectivity mirrors can be used, which means the 

output beam preserves the quality of the intercavity beam, the size of the laser beam (i.e., 

the gain profile) can be continuously adjustable by varying the pump-beam size. Since 

the laser beam size scales with the pump size, high-energy laser-pumped solid state lasers 

such as Tirsapphire are feasible [27]. It has been found that the most efficient gain 

guiding resonator is flat-flat resonator [26,27].

3.4. Laser injection seeding for narrow linewidth operation.

Laser injection seeding provides a linewidth-narrowing mechanism for the 

TirSapphire. For many applications, the narrow spectral linewidth and improved beam 

quality that result from seeding are important in themselves. For this application, the 

primary motivation for injection seeding is higher third harmonic conversion efficiency 

up to 30% in the seeded regime.

Injection seeding refers to the process of achieving single mode operation of a 

pulsed laser by injecting radiation from a very narrow linewidth “seed” laser into the 

pulsed laser cavity. For injection seeding to work properly, it is important that the seed 

laser emission be orders of magnitude more intense than any spontaneous noise emission 

also present in the laser cavity.

When the seed laser frequency is within the bandwidth of a pulsed cavity mode 

(i.e., it is resonate with the laser cavity mode) a pulse will develop more rapidly out of 

narrow band “seed” emission than it can out of background spontaneous broad band
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noise emission. Consequently, the pulse developing out of the seed will saturate the gain 

medium and extract the energy (thereby depleting the gain) before the pulse, which is 

simultaneously trying to grow out of noise emission, is able to do so. In this way all of 

the energy stored in a homogeneously broadened gain medium [11] such as Ti:sapphire is 

depleted by the pulse which developed from the seed laser source, resulting in a single 

frequency output from the pulsed laser.

The injection-seeded oscillator has advantages over other methods of producing a 

narrow linewidth high-energy laser pulse. One of the primary advantages is the relative 

ease of control of the seed laser output. In general, it is easier to control the spectral 

properties of a low output power seed laser rather than a high output pulsed laser.

Several researcher have reported on the injection seeding of pulsed Titsapphire 

lasers [28-34]. Most of them used continues wave (cw) diode lasers as an injection 

source.

3.5. Frequency conversion

Nonlinear optical devices, such as harmonic generators, parametric oscillators, 

and stimulated Raman shifting, provide a means of extending the frequency range of 

available laser sources [11, 35-37]. Frequency conversion is a useful technique for 

extending the utility o f high power lasers. It utilizes the nonlinear optical response of an 

optical medium in intense radiation fields to generate new frequencies. It includes both 

elastic process (optical-energy-conserving) processes, such as harmonic generation, and 

inelastic processes (which deposited some energy in the medium), such as stimulated 

Raman.
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There are several commonly used elastic processes. Frequency doubling, tripling, 

and quadrupling generate a single harmonic from a given fundamental high power 

source. The processes of sum-and difference- frequency generation also produce a single 

wavelength, but require two high-power sources. These processes have been used to 

generate high-power radiation in all spectral regions. Optical parametric oscillators and 

amplifiers generate two waves of lower frequency. They are capable of generating a 

range of wavelengths from a single frequency source, in some cases covering the entire 

visible and near-infrared regions.

For inelastic processes, Raman process can be utilized in solid-state lasers for the 

generation of additional spectral output lines. The strongest interaction is for the output 

shifted towards a longer wavelength (first Stokes shift), but at sufficiently high pump 

intensities additional lines at longer as well as shorter wavelength with respect to the 

pump wavelength will appear (Stokes and anti-Stokes line).

NASA Langley research center is exploring many approaches of generating UV 

sources to measure ozone from different platforms, aircrafts, and satellites. These 

approaches use, OPO, mixing, doubling and tripling, and stimulated Raman scattering to 

generate UV sources for ozone measurements.

For the case of Tirsapphire laser, many scenarios are available for the 

development of highly efficient solid-state sources of coherent radiation tunable in the 

UV and the short visible spectral range. That is owing to the availability of nonlinear 

crystals that can be phase matched for second harmonic generation (SHG) and third 

harmonic generation (THG) of the Ti:sapphire laser tuning range. There were two 

candidate crystals that can be phase matched for SHG and THG over the entire
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Ti:sapphire laser tuning range, and in addition have broad transparency, as shown in Fig. 

3.4 and high damage resistance needed for use with the high peak-power, pulsed 

Tirsapphire lasers. These crystals are namely LLB3O5 ( LBO) and BaB^C^ (BBO).
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Fig. 3.4. Broad transparency of LBO crystals [38]

A few measurements have indicated that the LLB3O5  (LBO) crystal has several 

advantages compared with the relatively higher nonlinear coefficient crystal BaB2 0 4  

(BBO), when applied to higher peak power Tirsapphire laser frequency conversion [39]. 

These advantages relate to LBO’s high damage threshold, smaller walk-off angle, larger 

angular bandwidth, larger acceptance angle, and nonhydroscopic nature. These features 

suggest that LBO could also be a better material than BBO for efficient frequency 

conversion of Tirsapphire lasers at high peak powers, thus offering a tunable UV/blue 

coherent source in the range of 350-450 nm [40,41]. LBO is a negative biaxial crystal in 

which the principle axes x, y, and z are parallel to the crystallographic axes a, c, and b, 

respectively, and nz >  ny > n [42,43], see table (3.2,3.3).
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Table 3.2 Main characteristics of SHG used in the present system [38]

Crystal LBO
Temperature 300 K
Type of interaction Type I, ooe
Square aperture, mm 5x5
Length, mm 2 0

Central wavelength, nm 867,900
Cut angle: theta, degree 90
Cut angle: phi, degree 23
dcff, pm/V 0.785,0.798
Acceptance angle, mrad-cm 3.8,4.31
Acceptance bandwidth, cm'l-cm 34.34, 38.65
Temperature range, K°-cm 8.3,7.73
Walkoff, mrad 12.99
Damage threshold (@ 1064 nm, 10ns) 2.5 GW/cm2

Table 3.3 Main characteristics of SFG used in the present system [38]

Crystal LBO
Temperature 300 K
Type of interaction Type I, ooe
Square aperture, mm 5x5
Length, mm 2 0

Central wavelength, nm 867,900
Cut angle: theta, degree 90
Cut angle: phi, degree 55
cLff, pm/V 0.468,0.536
Acceptance angle, mrad-cm (3.14, 1.55), (3.03, 1.50)
Acceptance bandwidth, cm*l-cm (9.10 17.26), (9.99, 18.95)
Temperature range, K°-cm 5.61, 8.39
Walkoff, mrad 17.14, 18.48
Damage threshold (@ 1064 nm, 10ns) 2.5 GW/cm2
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CHAPTER IV

E X P E R I M E N T A L  S E T U P  O F  T I r S A P P H I R E  L A S E R

In this chapter, we will discuss the setup of the two Ti:sapphire, on-line and off­

line laser systems, at wavelengths of 867 and 900 nm respectively, which will be tripled 

to produce 289 and 300 nm laser pulses. Both lasers have the same setup as shown in Fig.

4.1.
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Fig. 4.1 Tirsapphire laser layout for either 289 or 300 nm wavelength for ozone DIAL 
atmospheric measurements.
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The method for injection seeding and how third harmonic conversion is 

accomplished will also be discussed. A description o f each component shown in Fig. 4.1 

is given in the appendix. In the following sections, the laser system is broken into 

subsystems, explaining step by step each subsystem and how the laser was configured to 

fit into a 42x63 cm2  enclosed optical bench.

4 .1  Laser pumping of the Ti:Sapphire laser cavity

Tirsapphire laser material (0.01% Ti by weight) was cut into Brewster angle 

bricks. The crystal c-axis of the laser bricks is perpendicular to the S32 nm pump beam 

propagation, and is parallel to the pump polarization vector. The anti-parallel Brewster 

faces of the two bricks serve to cancel dispersion effects and minimize damage at high 

pump energies. The bricks are 10-mm-diameter x  20-mm-length and were wrapped in a 

thin layer of indium then placed in a water cooled aluminum mount, which was thermally 

in contact with the Tirsapphire crystal bricks. Thermal loading is an issue requiring that 

the two bricks be cooled by 26 °C flowing water. Without the water-cooling system, the 

mount could reach temperatures as high as 60°C when the Tirsapphire lasers operated at a 

repetition rate of 30 Hz and a pump pulse energy of 475 ml. Insufficient cooling results 

in clearly observable gain reduction of the Tirsapphire bricks thus preventing high-energy 

pulse output from being obtained.

The pump for the Tirsapphire oscillator was a commercial Q-switched, frequency- 

doubled NdrYAG laser (Continuum 9030) producing 8  ns (FWHM) pulses and operating 

at a repetition rate of 30 Hz. The near flat top pump beam profile had an output diameter 

of (1/e2) 10 mm. The 532 nm pump beam was split into two beams with a 50/50 beam 

splitter, as shown in Fig. 4.2, each of which was focused by a 6 6  cm focal length lens, to
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a 3.5 nun beam waist slightly beyond the two Ti:Sapphire bricks. More than 98% of the 

total pump beam laser energy was absorbed in the two bricks. The geometrical overlap of 

the pump beams and the power oscillator cavity mode was calculated to be better than

0.98 using a Gaussian beam profile approximation [I].

50%  
Beam Splitter

(M9) High reflectivity 
mirror @532 nm

Pump@S32nm

(M8) High reflectivity 
mirror @532 nm

2-Ti:Sapphire Rods
(M10) High reflectivity 
mirror @532 nm A

Thsapphire cavity mode

Cooling water Cooling water out

Fig. 4.2. Pumping schematic diagram of Tirsapphire laser.

4.2. Laser Oscillator Cavity Design

The Tirsapphire laser resonant cavity consisted of two 25.4 mm diameter flat surface 

mirrors on either side of the gain medium as shown in Fig. 4.3. The selection of the 

cavity configuration for a particular laser depends upon the following three factorsr 

diffraction loss, mode volume, and ease of alignment. The plane parallel cavity 

configuration is very useful in pulsed solid-state lasers because of its large mode volume, 

which is the volume inside the laser cavity actually occupied by the laser beam and 

stimulated emission occurs only within this volume. The plane parallel cavity has high 

diffraction loss, but this loss is easily overcome in pulsed lasers by the high laser medium 

gain. Another advantage is that no focusing of the beam occurs in the laser cavity, which 

can damage solid laser rods and other optical components. The plane parallel cavity is
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makes a compact system. These four Brewster dispersion prisms provided a means of 

coarse wavelength selection in the region of 860 to 900 nm; without coarse wavelength 

selection, the laser would tend to lase at 790 nm, the peak of the Tirsapphire gain curve 

causing the spectral purity to be lower. This makes the laser tunable and limits the 

linewidth of the unseeded Tirsapphire laser. Each prism was set at Brewster angle for the 

resonant wavelength of 867 nm or 900 nm. The prisms have an apex angle of 

approximately 66.25 degree and an incidence angle of 56.5 degree (see Appendix). In this 

configuration, the output beam of the unseeded TirSapphire laser was horizontally 

polarized for minimum loss in the prisms.

High Reflectivity 
mirror.

Beam
Splitter Pump@532nm

2-Ti:Sapphire Rods

Prisms
Cooling water in Cooling water out

Fig. 4.3 Tirsapphire laser cavity with dispersion prisms.

In order to achieve the best laser efficiency, it was important to put all the lossy 

components (eight optical surfaces in our resonator) on one side of the crystal and the
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output coupler on the other side as shown in Fig. 4.3, since a large part of the energy 

extracted occurs during the last pass in the Tirsapphire brick.

4.3. Injection seeding of the Ti:sapphire laser

The seeder laser beam for injection seeding the Tirsapphire laser is shown in Fig. 4.4, 

which consisted of two commercial, CW, single-longitudinal mode, external grating, 

temperature-stabilized, 5.5-mW diode lasers manufactured by Environmental Optical 

Sensors, Inc. (Boulder, CO). One laser is set to operate at 867nm and the other at 900 nm 

with a linewidth of ~3.7 MHz. The diode laser output was circularized using an 

anamorphic prism pair as shown in Fig. 4.4. The prisms are arranged to compress the 

long axis of the diode beam by a factor of 3.5. A half-wave plate orients the polarization 

of the diode beam for optimal transmission through the prisms. The diode laser is isolated 

from the Tirsapphire laser cavity with two Faraday isolators that have a reverse 

attenuation of 60 db each, which is needed because of the sensitivity of the laser diode to 

any feedback from the Tirsapphire laser which could destroy the cw diode laser. After the 

isolators, a thin film polarizer (TFP), Faraday rotator and second half-wave plate were 

used to reorient the polarization of the seed beam for injection into the Tirsapphire cavity. 

The seed beam is injected into the cavity through the output coupler mirror. Owing to the 

loss in the isolators, Faraday rotator, and TFP the power of the seed beam injected inside 

the cavity is 2 mW at both wavelengths of 867 and 900 nm. This incident power is 

adequate to perform the injection seeding as the seeding operation o f the Tirsaaphire laser 

has been demonstrated with incident powers as low as 1 mW.
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The vertically polarized seeder diode laser beam (propagating towards the Tirsapphire 

output coupler) is partially reflected by the TFP. The half wave plate rotates the 

polarization of the diode laser beam by 45 degrees. Then the Faraday rotator rotates the 

polarization of the diode laser beam by another 45 degrees so that this beam is now 

polarized horizontally. The diode laser beam is aligned to match the path of the 

Tirsapphire laser beam at the corresponding wavelength.

The damage threshold of the Faraday rotator crystal was a concern at the high pulse 

energy. For this reason the output of the Tirsapphire laser was reshaped by introducing an 

anamorphic prism pair (4) after the output coupler to compress the beam in one 

dimension and stretch it in the other dimension; thus, the vertical and horizontal fluence 

of the beam were now nearly the same. By introducing the beam shaping optics in the 

output beam of the Tirsaphhire laser, the damage threshold on the Faraday rotator was 

reduced such that the Tirsapphire energy at the fundamental wavelength could be 

increased, which is favorable for increased third harmonic conversion efficiency.

The design of the Tirsapphire laser did not incorporate any means to lock the 

frequency of the diode laser to the longitudinal mode frequency of the Tirsapphire laser 

cavity. The temporal and spectral characteristics of the seeded and unseeded Tirsapphire 

lasers have been studied and determined that without frequency locking the laser will run 

either on a single or two longitudinal modes as the linewidth of the seeder, 3.7 MHz, is 

less than the longitudinal mode spacing of the Tirsapphire laser cavity of 107MHz. Such 

dual mode output is useful, since the dual mode output power is higher than single mode 

operation, thus leading to a higher harmonic generation conversion.
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Fig. 4.4. Tirsapphire laser layout with injection seeding.

The polarization of the TirSapphire laser (propagating away from the output 

coupler) was rotated 45 degrees by the Faraday rotator, thus the half wave plate (2) is 

used to restore the original horizontal polarization orientation. The horizontally polarized 

laser beam is mostly transmitted through the thin film polarizer, TFP2, set at Brewster 

angle. This output is directed to the third harmonic generation setup.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

4.4. Second and third harmonic generation setup

The third harmonic generation setup, shown in Fig. 4.5, employed two Lithium 

Triborate (LBO) nonlinear crystals (5x5x20 mm3) because of LBO’s good non-linearity, 

large acceptance bandwidth, and high optical damage threshold [4-6]. Type I phase 

matching (o-o-e matching) was selected for both LBO crystals. The first LBO crystal, for 

second harmonic generation (SHG), was cut at theta of 90° and phi of 23° (0 = 90° 0 = 

23°) and coated with a double-V antireflection coating (AR) at both wavelengths of 900 

and 450 nm or 867 and 433.5 nm on the input and output surfaces. The horizontally 

polarized fundamental laser beam at 900 or 867 nm from the TirSapphire laser was 

directed into the LBO crystals and the vertically polarized second harmonic was 

generated by the first LBO crystal. To match the Type I setup of the second LBO crystal, 

a dual wavelength waveplate, half-wave for 450 nm and full-wave for 900 nm, with 

double-V AR coatings at 900 and 450 nm was used to rotate the polarization of the 

second harmonic from horizontal to vertical without changing the polarization of the 

fundamental. Behind the dual wavelength waveplate, the second LBO crystal was used 

for sum frequency generation (SFG), and was cut at theta of 90° and phi o f 55° (0 = 90° 0 

= 55°) and coated with a double-V AR coating at wavelengths of 900 and 450 nm or 867 

and 433.5 nm on the input surface and AR coatings at the wavelength 300 or 289 nm on 

the output surface.

Following the first LBO crystal and the dual wavelength waveplate, the horizontally 

polarized second harmonic and the residue of the fundamental wave were directed into 

the second LBO crystal to generate the third harmonic by summing the frequencies. The 

three laser beams, generated third harmonic at either 300 or 289 nm, residuals of the
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fundamental at 900 or 867 nm, and the second harmonic at 450 or 433.5 nm, were 

spatially separated by a fused silica Pellin Broca prism (PB). The two LBO crystals used 

in this configuration were not temperature or pressure regulated.

900or867 nm 
450 o r433.5 nm 
300 o r289 nm

Dual wave plate 
X@900nm: A/2@450nm 

Or
X@867nm; X/2@433.5nm

900 o r867 nm 
450 o r433.5 nm 
300 or 289 nm

Fig. 4.5. Third harmonic generation setup using two LBO crystals resulting in an output 
at either 300 or 289 nm.
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Appendix A:

Figures AIV-1 and AIV-2 are pictures of the Tirsapphire laser system. Arrows show the 

paths of the 532-nm pump beam and the Tirsapphire laser beam.

Fig. AIV-1 Tirsapphire laser system with the 532-nm NdrYAG pump laser
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Fig. AIV-2 Complete Tirsapphire laser system. The pump beam enter from the right and 
the Tirsapphire beam exits to the left. The harmonic generation crystals are not shown.
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Optical Components used in 867 and 900-nm Tirsapphire laser systems:

Name in Fig. 1 of 
ChIV Component & Function Part Number Vendor

MI-M15 rligh reflectivity mirrors @ 860- 
900 nm @ 45 0 P Pol

Mirror 25.4x9.525 MM F/s 
or HR-W1-2509B-900-45

VLOC Laser optics or 
Lambda Research

Seeder laser CW Laser Diode (EOSI)2010 
Laser @ 867 or 900 nm LCU2010 Environmental Optical 

sensors Inc

X J2  plate (1) lA  waveplate at 867 or 900 nm WP-25CQ-M2-867
WP-25CO-M2-900 Lambda Research

Isolator (1) Optical isolator BB9-5I Electro-Optics 
Technology, Inc.

Isolator (2) Opu'cal isolator BB9-5I Electro-Optics 
Technology, Inc.

(2)Anamorphic 
prism (3.5X) Anamorphic prism ANP-15 SF10 Lambda Research

(3)Anamorphic 
prism (2X) Anamorphic prism ANP-15 SF10 Lambda Research

(4)Anamorphic 
prism (2X) Anamorphic prism ANP-15 SF10 Lambda Research

High Reflectivity 
mirror

High Reflectivity mirror @ 867 
or 900 nm, 0 degree

TLM1-867-0-1037 
TLM1-900-0-1037 Lambda Research

lens Plano-convex lens, AR coated at 
532 nm PLCX-25.4-309.1-UV CV1 Laser Inc.

Beam Splitter 50/50 beam splitter, AR @ 532 
nm HPR-2603U-50R-532 Lambda Research

Prisms 1,4 Bk7, Dispersion prisms Triangle prism- 15B Lambda Research

Prisms 2,3 Fused Silica Dispersion prisms Triangle prism- 15B Lambda Research

Output coupler Output Coupler, R=40% 
@900nmor35% @867nm

PRI-900-40-1037
PRI-867-35-1037 Lambda Research

TFPI, TFP2 Thin Film Polarizer, AR @ 867 
or 900 nm

TFP-923PW-1025-UV
TFP-870PW-1025-UV Lambda Research

Tirsapphire Rods Tirsapphire laser rods cut at 
Brewster angle custom Crystal Systems

SHG Nonlinear LBO SHG crystal, 
see text for details custom CASK

SFG Nonlinear LBO, THG crystal, 
see text for details custom CASK

Dual waveplate
Dual Waveplate, k  @867 and 
k / 2  @433.5 or A.@900nm and 

k / 2  @ 450 nm.

WP-25CQ-2/450-1/900 
WP-25CQ-2/433.5-1/867 Lambda Research
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Rear mirror

Prisms

Output coupler

Fig. A2. Tuning of Tirsapphire laser.

The prisms inserted in the cavity are at Brewster angle to minimize reflection losses since 

the laser in the cavity is p-polarized. The prism is designed to have both the incident 

beam and the emerging beam at Brewster angle; thus at the wavelength of design, the 

refracted beam is parallel to the prism base.

Dispersion formula:

The prism is inserted in the cavity at Brewster angle to minimize reflection losses. This 

prism is designed to have both the incident beam and the emerging beam at Brewster 

angles; thus at the wavelength of design, the refracted beam is parallel to the base of the 

prism.

For a dispersive Brewster prim we have,
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B ^ e t = eB
Q =0p  p

n r
tan 9b = —  

n„

°p = § - A

(Bl)

The angular dispersion of a single prism is given by:

dQ. _  SinOp CosQp
dnp Cos0B Cos0Bp

•tan# (B2)

using the relation of (1) we obtain

d9i _  Sin{7t 12—6B) CosQp S in (7 t!2 -6B) CosdB Cos6B
dn. Cos6a Cosda Cosd„ C o s d g  C o s d g

=  2

dd _  dQ dX
drip dA drip

=  2

(B3)

(B4)

d9
dk

dnn o  p-
dk

(B 5)

Fig. A3 Typical Brewster prism.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

For a Brewster prism, the angular dispersion is equal to the abnormal dispersion of the 

prism material.

Dispersion of multiple prisms is given by 

dO dd,
i t -  i t  (B5)

dd,
where is the dispersion of one prism, and r is the number of prisms. 

dk

To increase the angular dispersion in the laser cavity we introduced four prisms instead of 

one prism and turn the laser beam by 180° which makes the laser cavity more compact. 

Two of these four prisms made of fused silica and the other two prisms made of BK7 to 

ensure ~ 180° between the input and emerging beam. Then the equation B5 becomes 

dd. d0FS ddBK 7
—r* = 2.— S .+ 2.— f 2-  (B6)
dk  dk dk
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CHAPTER V 

TI:SAPPHIRE LASER EXPERIMENTAL RESULTS

In this chapter, we discuss the characteristics of the Tirsapphire laser such as 

output energy, slope efficiency, linewidth, pulse width, and beam quality. The laser 

output wavelength is either 867 or 900 nm. This output will be harmonically converted to 

UV wavelengths as discussed in chapter VI.

1. Laser energy and slope efficiency

Two separate laser systems were built and configured, as shown in Fig. 4.1. The 

outputs of the two systems, though both horizontally polarized, differ in wavelength, one 

being at 867nm, the other at 900nm. Alignment of the Tirsapphire laser cavity was 

achieved using the seeder beam to assure spatial mode matching between the Tirsapphire 

and the 532-nm pump laser beams. This was achieved by spatially overlapping the seeder 

beam with the 532-nm pump beam. Fine adjustment of the alignment was accomplished 

using stepper-motor controlled mirrors. This was a one-time alignment procedure and 

need not be repeated upon every laser operation unless optical component changes take 

place in the laser cavity.

The average power output of both the Tirsapphire and 532-nm pump laser were 

measured using a broadband power meter (Ophir, Model number 30A-HE-106). The 

pump laser energy was measured by setting up the power meter just before the thin lens 

shown in Fig. 4.1, while the power of the Tirsapphire laser was measured after the thin
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film polarizer (TFP). The Tirsapphire output energy was controlled by adjusting the 

pump laser energy.

The typical pulse energy output of the injection-seeded Tirsapphire laser was in 

the range of 100-120 mJ. Figures 5.1 and 5.2 show the measured output pulse energy of 

the 30 Hz, injection-seeded, Tirsapphire lasers either at 867 nm or 900 nm, as a function 

of the pump energy at 532 nm. The injection seeded slope efficiency of the laser at 867 

nm was 40% with a threshold of 126 mJ while the slope efficiency at 900 nm was 32% 

with a threshold of 156 mJ. The maximum output pulse energy was 115 mJ with an 

optical energy conversion of about 30% from 532 to 867 nm. At 900 nm, the maximum 

output pulse energy was 105 mJ, with optical energy conversion of about 22% from 532-

120 -

a
X  WO­
OD
to
■a
H  80-o«
■30<l>
1  60-
§•m
P
i  40“

»o00
2 0 -

o

100 150 200 250 300 350 400 450 50050

Airrp Energy @532 nm(mJ)

Fig. 5.1 Output pulse energy and efficiency of the 867 nm Tirsapphire laser as a function 
of the 532-nm input pulse energy pump laser at 30 Hz.
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Fig. 5.2 Output pulse energy and efficiency of the 900 nm Tirsapphire laser as a function 
of the 532-nm input pulse energy pump laser at 30 Hz.

nm to 900 nm. The output pulse energy of Tirsapphire laser was limited by the 532-nm 

pump energy where the maximum energy available was 475 mJ.

2. Heating effect in Thsapphire laser brick

It was noted that the repetition rate of the pump beam had an effect on the output laser 

energy. As the repetition rate of the pump beam was increased from 20 Hz (no cooling) 

to 30 Hz (cooling), as shown in Fig. 5.3, the output of the Tirsapphire laser decreased by 

-  10 % due to thermal effects resulting from energy deposition inside the laser brick. 

These effects include thermal lensing and a decrease in the upper laser level lifetime. The
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upper laser level lifetime decreases with increasing brick temperature due to phonon 

absorption to a higher level, which in turn decreases the stored energy in the upper laser 

state and hence decreases the output energy of the Tirsapphire laser, as shown in Fig. 5.4. 

The represented temperature in Fig. 5.4 is measured on the Tirsapphire brick mount and 

does not present the actual centerline temperature of the bricks, the actual temperature 

will be higher at the center of the bricks. This effect will be discussed in detail in Chapter

120

SO
100 -

I
&t  80 -

Ui

%
§  « -  
«•a

20 Hz

a.a>
Cl

•p4H

4 0 -

2 0 -

100 150 200 350250 300 450

Punp Energy @ 532 ran (mJ)

Fig. 5.3 Output pulse energy of the 900 nm Tirsapphire laser as a function of the input 
pulse energy of the 532 nm pump laser at 20 and 30 Hz.

VH. To minimize these effects when operating at 30 Hz, the Tirsapphire bricks were 

cooled by 20 °C flowing water. Without the water-cooling system, the brick mount could 

reach temperatures as high as 60°C when the Tirsapphire lasers operated at a repetition
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rate of 30 Hz and pump pulse energy of 475 mJ. Insufficient cooling results in clearly 

observable gain reduction of the Tirsapphire crystal and prevents high-energy pulse 

output from being obtained.
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Temperature ofTisapplorebrick; inountf Q

Fig. 5.4 900-nm Tirsapphire laser energy at 30 Hz as a function of laser crystal 
temperature.
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3. Pulsewidth and temporal measurements

As will be discussed later in Chapter Vm, the pulsewidth and temporal profile of the 

Tirsapphire laser are important for harmonic generation processes so we recorded the 

temporal profile of the output pulses at both 867 and 900 nm wavelengths. The resulting 

laser fluorescence was detected by a high-speed photodiode detector, which has a spectral 

range of 200-1100 nm for broadband emission measurements (Thorlabs DET200, rise 

time < 1 ns); then, the photodiode signal was processed by a fast oscilloscope.

The measured pulsewidth of the 532-nm pump beam was ~ 8 ns (FWHM) while 

the measured output pulse widths of the Tirsapphire lasers at 867 nm or 900 nm (30 Hz) 

were about 25 ns (FWHM) for both the seeded and unseeded case. Temporal profiles of 

the laser system while seeded and unseeded are shown in Fig. 5.5. For the injection- 

seeded case, there were usually at least two longitudinal modes oscillating and the mode- 

beating features of the two closely spaced cavity modes was obvious, as shown in Fig.

5.5, and the measured beat period was -  9.3 ns corresponding to ~ 107 MHz spacing of 

the pulsed cavity modes (c/2/, where c is the speed of light and I is the cavity length). The 

laser cavity temperature and vibration cause these cavity modes to vary; thus when the 

frequency of the seed beam lies between two oscillator cavity modes, the laser oscillator 

can operate on both cavity modes as the varying oscillator modes sweep through the seed 

laser frequency. Such dual mode output is useful, since the dual mode output power is 

higher than single mode operation thus leading to higher harmonic conversion [1], which 

allows higher UV output energy.

Noteworthy, in Fig. 5.5, is that the seeded cavity lases up to 7 ns before the 

unseeded cavity due to the presence of seed photons, rather than allowing laser action to
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start from intra-cavity noise. The buildup time (defined as the delay between the peak of 

the pump pulse and the peak of the Tirsapphire pulse) for a 100 mJ unseeded Tirsapphire 

laser pulse was -  95 ns while the buildup time for the 100 mJ seeded Tirsapphire laser 

pulse was 89 ns.

9.3 n s -  107 MHz
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■§ ao- 
S

f
< a«-

!
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532 nm 
Pump

Unseeded

I
Seeded
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o so 100 190

Tine (ik)

Fig. 5.5 Temporal profile of 532 nm pump pulse, seeded, and unseeded Tirsapphire laser 
cavity at 900 nm at 400 mJ pump energy.

Since the pulsewidth of the NdrYAG pump pulse was much shorter than the 

buildup time of the Tirsapphire laser pulse, the Tirsapphire laser pulse takes the form of a 

single gain-switched pulse. The pulse buildup time and the pulse width of the Tirsapphire
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oscillator at 30 Hz were measured and plotted as a function of the pulse energy of the 

laser at the fundamental wavelength of 900 nm as shown in Fig. 5.6. The buildup time 

was defined as the delay between the peak of the pump pulse and the peak of the 

Tirsapphire pulse. As is shown in the figure, the pulse width of the Tirsapphire oscillator 

decreases as the pulse energy increases. The buildup time follows the same behavior as 

the pulse width. Both pulse width and buildup time approach asymptotic values as the

300 -

250 -

200 -

% 150-

100 -

50 -

8060 10020 40 120

Ti: sapphire Output Energy (ml)

Fig. 5.6 30 Hz unseeded Tirsapphire laser output pulse duration (FWHM) and build up 
time at 900 nm as a function of Tirsapphire energy.

pump power is increased. The buildup time depends on the ratio of the pump pulse 

energy to the threshold pulse energy. Injection seeding reduces the buildup time of the 

oscillator significantly as shown earlier in Fig. 5.5.
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4. Temporal and amplitude stability of the output pulses

A significant property of the injection-seeded laser is the temporal stability of the 

output pulses [2]. The temporal stability of the pulses is most apparent in the low 

temporal jitter relative to the pump pulse as shown in Fig. 5.7, where the jitter is simply 

the variation in the buildup time. Jitter refers to time variation that cannot be corrected 

with alignment or tuning of the laser cavity.
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Fig. 5.7 Temporal and amplitude stability of the output pulses. The oscilloscope trace is a 
collection of 600 unseeded laser shots. The time scale is 20 ns/division.

Likewise, the variation in the pulse amplitude was ~ 2 %, which was due to the 

532 nm pump laser. This can be seen from the amplitude jitter seen in Fig. 5.7. Jitter was 

less in seeded laser.
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5. Linewidth and bandwidth of the Ti:Sapphire laser

As was mentioned earlier in Chapter III, injection seeding is essential to achieving 

high third harmonic conversion efficiency. A computer controlled pulsed wavemeter 

(Burleigh WA 4500) was used to measure the linewidth of the seeder and Tirsapphire 

laser for seeded and unseeded cases. An optical wedge was used to direct a small portion 

of the beam into the wavemeter then the linewidth was measured. Without injection 

seeding the linewidth of the Tirsapphire laser system was about 400 pm. This linewidth 

was not narrow enough to achieve efficient third harmonic generation. After using the 

injection seeding technique the linewidth was reduced to less than 3.5 pm (limited by the 

resolution of the wavemeter which was 3.5 pm), which is more than adequate to perform 

the ozone DIAL measurements and allow good third harmonic generation. To obtain an 

estimate of how well seeded the oscillator was, the spectral profiles of the laser diode 

seeder, the unseeded and the seeded Tirsapphire cavity have been recorded and are shown 

in Fig 5.8. The beam is detected by a spectrometer followed by an optical multichannel 

analyzer (OMA) providing background correction. Without any seeding, the spectrum of 

the oscillator had a broadband character centered at 900 nm. In the presence of 900 nm 

seeding, it exhibited a much narrower lineshape, similar to the diode laser itself (0.01 

pm).

The efficiency of the seeding depends on the power of the seeder diode coupled 

into the Tirsapphire oscillator cavity. About 1.75 mW was coupled into the laser cavity, 

which was adequate for good seeding while a minimum of 0.75 mW of injection power 

was necessary to achieve injection seeding.
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Fig. 5.8 Wavelength spectra of the Tirsapphire laser cavity with and without injection 
seeding. Also shown is the seeder diode laser spectrum alone.

6. Laser beam quality and divergence

The spatial beam protiles of the pump, seeder, and Tirsapphire laser beams were 

monitored and the beam diameters were measured using a two-dimensional array CCD 

(charged-coupled devices) detector and Beamview Analyzer. An optical wedge was used 

to direct 3% of the beam to a variable optical attenuator to bring the incident power 

below the damage and saturation level of the detector. The beam then was directed to a 

CCD camera (Cohu 4800), where the output was digitized and displayed on a computer 

using a Coherent BeamView Analyzer (Coherent, version 2.2.1). The near field profiles
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of the 532-nm pump, the 900-nm seeder laser, and the 900-nm unseeded and seeded 

Tirsapphier laser beams are shown in Figs. 5.9, 5.10, 5.11, and 5.12 respectively. The 

pump beam was 9.5 mm (1/e2) in diameter. The pump beam spatial profile was nearly a 

flat top with a hot spot in the geometrical center of the beam as shown in Fig. 5.9. In 

order to not produce laser damage, the pump laser was not focused on the Tirsapphire 

brick surface, but about 3.5 mm on the brick’s surface. Fig. 5.10 shows the near field 

spatial profile of the diode seeder laser at 900-nm wavelength. The beam profile was 

elliptic with diameters (1/e2) of 1.8 and 2.2-mm in x and y-axis respectively. The spatial 

beam profile of the unseeded and seeded Tirsapphire laser in the near field was Gaussian 

with a diameter of 1.8 mm (1/e2 ) as shown in Figs. 5.11 and 5.12 respectively. The 

profile was taken at 100 mJ output energy. The output beam shape was always near 

Gaussian and did not follow the spatial gain shape of the 532-pump beam, shown in Fig. 

5.9. This was due to diffraction in the laser cavity, which smoothes the gain profile. This 

is explained by the fact that high order transverse modes in the laser beam diffract more 

quickly than lower transverse modes and thus after a few passes in the cavity they do not 

enter the gain medium in the pumped region [3]. The gain profile acts as a mode filter, 

which leads to higher gain for low order transverse modes and thus smoothes the beam 

profile. Also, the long laser cavity lets the high order transverse modes diffract out of the 

pumped region leading, also, to a smooth laser beam profile. This Gaussian profile beam 

was well suited to provide efficient second and third harmonic generation processes 

which favor Gaussian profile beams. The spatial profile of the 867 nm laser beam (not 

shown) was similar to the 900 nm laser beam.
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Fig. 5.11 Near field spatial profile of 900-nm unseeded Tirsapphire laser. This picture is 
taken at 110 mJ output energy (30 Hz). The 1/e2 diameter is 1.8 mm.

Fig. 5.12 Near field spatial profile of the 900-nm seeded Tirsapphire laser. This picture 
is taken at 100 mJ output energy (30 Hz). The I/e2 diameter is 1.8 mm.
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A convex Lens of 100 cm focal length was used to determine the beam divergence 

and beam quality of a 100 mJ output laser beam using a Coherent Beamview Analyzer 

(version 2.2.1) and CCD camera (Cohu 4800). The 1/e2 beam diameter was measured at 

different locations as shown in Fig. 5.13, then the minimum beam waist was located from 

Fig. 5.14. Knowing the far Held beam diameter, at the minimum waist and the beam 

diameter of the near field beam (a beam diameter measured ~ 50 cm away from the 

output coupler), the beam quality can be calculated using Eq. 1 [4].

710)0).,
M- (I)

where Q) and 0)o are the beam diameters with and without the lens respectively, X is the 

laser wavelength (900 nm), and / i s  the focal length of the lens (100 cm). It was found 

that the laser beam was near diffraction limited with an M2 = 1.3 (the ideal diffraction 

limited beam has M2 = 1).

CCD camera position
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Fig. 5.13 Laser beam quality (M2) experimental setup.
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Fig. 5.14 The 900-nm laser (30 Hz) beam diameter ( 1/e-) as a function of the position 
from the convex lens at 450 mJ pump energy.

The beam diameter at the focus was measured as shown in Fig. 5.15, then the 

900-nm laser beam divergence was calculated using Eq. 2 [4].

(Of

f
(2)

where tty-is the beam diameter at the focus and /is the focal length o f the lens (100 cm). 

It was found that the divergence of the Tirsapphire laser beam was 0.8 mrad (full angle).
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the lens center

Thsapphire 
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Fig. 5.15 Laser beam divergence experimental setup.

These measured quantities of beam quality and beam divergence are adequate to 

produce good harmonic conversion efficiency. As will be discussed in Chapter VIII, the 

second and third harmonic generation favor a diffraction limited laser beam (M2 = 1) with 

a small divergence (< 0.8 mrad).

7. Thermal lensing measurements

There was concern about thermal lensing when operating the Tirsapphire laser at 

30-Hz repetition rate due to high heat loading in the Tirsapphire bricks from the 532 nm 

pump laser. Those concerns motived interest in an experiment to measure the thermal 

lensing and the degree to which the energy deposited in laser bricks affects the 

performance of the Tirsapphire laser due to thermal lensing.

A 1-m focal length lens was inserted inside the laser cavity after the intracavity 

prisms, and then the seeder beam (900-nm) was directed out of the cavity to the CCD 

camera by a periscope after it went through the bricks as shown in Fig. 5.16. The beam 

diameter was measured with the 532 nm pump beam off, by moving the camera back and
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forth to locate the smallest spot size. Then these measurements were repeated at different 

532-nm pump energies. The idea was to monitor the change of the seeder beam diameter 

due to thermal loading in the bricks and then calculate the focal length of the resulting 

thermal lens. The focal length o f the thermal lens was calculated at each pump energy 

using the general law of lenses.

where fa, fa and fa  are the focal length of the thermal lens, 100-cm lens, and group 

(thermal lens and 100-cm lens) respectively. As expected, the focal length of the thermal 

lens decreased with increasing pump energy, as shown in Fig. 5.17.

High Reflectivity 
mirror.

100-cm lens

Lens

£ Pump@532nm
Beam Splitter

Sapphire Rods

Output
Couoler

Cooling water outCooling water in

Fig. 5.16 Thermal lens measurement experimental setup. The CCD camera is moved to 
find the focal point due to thermal lens in Tirsapphire bricks.
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Fig. 5.17. Focal length of thermal lens as a function of the 532-nm pump energy.

The measurements of the thermal lens focal length as function of the pump energy 

presented in Fig. 5.17 was taken when the Tirsapphire laser bricks were constantly cooled 

with 20 °C flowing water. This measurement can help design the Tirsapphire laser to 

avoid any optical damage that might be caused by thermal lensing. Without cooling, the 

focal length o f the thermal lens was short, within the range of the cavity length, causing 

frequent damage to the high reflectivity mirror of the laser cavity, but with cooling it 

became longer (as shown in Fig 5.17) than the laser cavity length, thus avoiding optical 

damage.
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8. Long-term laser stability measurements

An experiment was run for the purpose of determining the long term stability of 

the Ti:sapphire laser output energy. This test, eight hours in duration, is the average 

length of an ozone data flight. Figure 5.18 shows the fluctuations in the 900 nm output 

energy over an 8-hour period for 30 Hz operation. These fluctuations are due to changes 

in the power of the 532-nm pump pulse. At the beginning of the test, the pump laser 

doubler crystal needed to be optimized and tuned every few minutes. After the second 

hour it was adjusted every 20 minutes and after the fourth hour the output of the pump 

laser became stable, resulting in a fairly stable Tirsapphire laser output. In order to obtain 

a more stable Tirsapphire output energy, it is recommended that the pump laser be run for 

several hours before using the 532-nm beam to pump the Tirsapphire laser. The same test 

was run for one-hour period to the UV output and it was noted that the UV output was 

stable.

120
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Fig. 5.18 Long-term laser stability of the 900 nm Tirsapphire output laser energy at 30Hz.
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9. Ti:sapphire system stability

There are many factors which can influence the stability of the Tirsapphire laser 

output. One factor is sensitivity to alignment of the plano-plano laser cavity mirrors. 

However, for this particular application, cavity mirror realignment and optimization was 

not frequently necessary. One issue that did pose a problem was a result of the mounts 

used for the cavity mirror adjustment. Motorized mounts were utilized to aid in the 

optimization process; however, the spring loaded slide used to activate the motors did not 

always return to its center (no motion) position. Thus, over the course of a few hours the 

motors would slowly drift in one direction or another. It became necessary to disconnect 

the power to the motors after each realignment to ensure that the motors were not 

energized unintentionally.

Another factor effecting stability is related to how well matched were the 

Tirsapphire laser mode and 532 nm pump volume. To increase stability, it was necessary 

to maximize this overlap as much as possible. The Tirsapphire laser cavity was aligned 

using the seeder laser beam, then the Tirsapphire laser was aligned to follow the same 

path as the seeder beam. An IR viewing card was used to assure the same spatial overlap 

between the seeder beam and the 532-nm laser beam, after the 532-nm laser beam 

intensity was reduced by optical filters. This is a one-time setup procedure and need not 

be repeated often unless optical component changes take place in the cavity.

Additionally, laser stability is dependent on how well the seed diode laser beam is 

aligned to the Tirsapphire laser cavity. Therefore, it is also crucial that good mode 

matching be present between the seed laser and the laser mode volume of the Tirsapphire 

brick. To ensure good mode matching between the seeder and the Tirsapphire laser, a
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spectrometer along with OMA were used to monitor the seeding process. When the 

seeder and the Tirsapphire laser were not matched, the spectra linewidth was broad with 

wings, but when they were well matched, a very shape line without any wings was 

noticed. This is, again, a one-time procedure and need not be repeated during every laser 

operation unless changes take place in the system.
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CHAPTER VI

ULTRAVIOLET HARMONIC GENERATION EXPERIMENTAL RESULTS

In this chapter, we will discuss the experimental results of second and third 

harmonic generation from the Tirsapphire fundamental wavelength of 867 or 900 nm. 

These experimental results will then be compared later to the harmonic generation model 

of chapter VII.

1. Second harmonic generation results

As was mentioned in Chapter V, both Tirsapphire laser outputs are frequency 

doubled and tripled by two LBO nonlinear type I crystals to obtain ultraviolet laser 

outputs at 289 or 300 nm. Though BBO crystals were originally used, better output was 

achieved with LBO crystals, resulting in 31 and 30 mJ/pulse at 289 nm and 300 nm 

respectively, with a resulting total conversion efficiency from IR to UV of 27% and 31% 

for the on-line and off-line 30 Hz lasers respectively.

The energy of the fundamental Tirsapphire laser beam and second harmonic laser 

beam were measured using a broadband power meter (Ophire, Model number 30A-HE- 

106). The energy of the fundamental Tirsapphire laser was measured just before the 

second harmonic crystal. In this experiment, using a Pellin Broca prism, we separated the 

unconverted fundamental beam from the second harmonic, after the beams exit the 

second harmonic crystal. At enough distance from the Pellin Broca prism, the power 

meter was set to measure the second harmonic beam after blocking the unconverted 

fundamental beam.
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The results of the second harmonic generation are shown in Figs. 6.1 and 6.2 

together with the energy conversion efficiency from the fundamental to the blue. The 

maximum energy of the laser output pulse at 433.5 and 450 nm were 56 and 50 mJ with 

conversion efficiencies from IR to blue of 49 and 52 % respectively. The 49% and 52% 

are an external conversion efficiency value, that is, second harmonic energy exiting the 

crystal divided by the total fundamental output from the oscillator.
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Fig. 6.1 Doubled Tirsapphire laser energy at 433.5 nm and energy-conversion efficiency 
versus the fundamental 867 nm laser energy. Solid curve is the output energy at 433.5 nm 
and doted curve is the conversion efficiency from the fundamental to 433.5 nm.
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Fig. 6.2 Doubled Tirsapphire laser energy at 450 nm and energy-conversion efficiency 
versus the fundamental 900 nm laser energy. Solid curve is the output energy at 450 nm 
and doted curve is the conversion efficiency from the fundamental to 450 nm.
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2. Third harmonic generation

The fundamental and second harmonic beams are orthogonaly polarized. The 

output from the SHG crystal can be prepared for the THG crystal by passing the beams 

through a dual waveplate (full waveplate for the fundamental beam and half waveplate 

for the second harmonic) such that the fundamental and second harmonic polarizations 

are made parallel before they enter the third harmonic crystal. Then, the THG crystal was 

oriented so that the fundamental and SHG polarizations were correctly aligned for phase 

matching within the sum frequency generation (SFG) LBO crystal.

The power of the fundamental Ti:sapphire laser beam and third harmonic laser 

beam were measured using the same broadband power meter (Ophire, Model number 

30A-HE-106). The power of the fundamental Tirsapphire laser was measured just before 

the second harmonic crystal. In this experiment, a Pellin-Broca prism was used to 

spatially separate the unconverted fundamental beam, the second harmonic, and the third 

harmonic beam after the beams exit the LBO crystal. At some distance from the Pellin 

Broca prism, the power meter was set to measure the third harmonic beam after blocking 

the unconverted fundamental and second harmonic beams.

The results of the third harmonic generation are shown in Figs. 6.3 and 6.4 

together with the energy conversion efficiency from the fundamental to the ultraviolet. 

The maximum energy of the laser output pulse at 289 and 300 nm were 31 and 30 mJ 

with conversion efficiencies from IR to ultraviolet of 27 and 30% respectively.

In order for THG to take place efficiently a photon-mixing ratio of 1:1 between 

red photons and blue photons is needed. This can only happen with plane waves and an 

ideal SHG conversion efficiency of 66.6%. The blue photons at 433.5 or 450 nm are
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twice as energetic as the red photons at 867 or 900 nm, therefore two-thirds of the energy 

must be at 433.5 or 450 nm and one-third of the energy must be at 867 or 900 nm for 

there to be a 1:1 photon number ratio. Under this condition, all the photons will most 

efficiently be utilized.

However, this condition could only occur ideally with a top hat profile beam with 

a square wave temporal profile, but in practice we have a Gaussian beam profile in time 

and space. The central part will have high conversion efficiency while the wings will 

have low conversion efficiency. With the Gaussian beam, the total average SHG 

conversion efficiency will be less than 66.6%. In order to improve the THG, the SHG 

efficiency has been intentionally reduced by de-tuning the SHG crystal or by tilting it off 

perfect phase matching so that the ratio between the photons at the fundamental and the 

second harmonic can be close to the 1:1 ratio needed for maximum mixing efficiency 

resulting in optimum UV generation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

30

25

20 §
<c*
«

15 |
Bn

1 0  3

5

. | i | . i • | • 0
20 40 60 80 100 120

Pulse Energy at 867 nm (mJ)
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No noticeable effect of either room temperature or crystal heating by the laser input 

was observed for the LBO crystals since all the experimental results have been run at 

room temperature where the change in the ambient temperature is very small. No external 

cooling or heating was incorporated with the LBO crystals during this experiment. It is 

probable that when the system is deployed in the field where there will be a change in the 

ambient temperature, the LBO crystals may need to be installed in a temperature- 

controlled oven to keep the temperature constant. The main feature of the oven is to 

provide precise temperature control as well as long-term stability, which is suitable for 

non-critical phase match applications when LBO crystals are used.

The maximum output energy of the UV laser was measured during many different 

days and when it showed consistency, the data presented in this chapter was taken. Each 

point on these figures was an average of two readings.

Since the Ti:sapphire laser cavity was aligned using the seeder laser beam then the 

Tirsapphire laser followed the same path that the seeder took. Knowing that, the seeder 

beam was used to roughly align the LBO crystals and to trace the fundamental beam 

through the system. The alignment can be accomplished by tweaking the LBO crystal in 

the XY plane. When the LBO crystals were aligned, the output energy of the second and 

third harmonic beams was stable for almost one hour except a slight change in the UV 

output due to mode beating discussed earlier. The crystals did not need further alignment 

after the first alignment was made.
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CHAPTER VII 

TI:S APPHIRE LASER CAVITY MODELING

I. Model development

To understand the physics of the laser, a computer model was developed to 

simulate the operation of the Ti:sapphire laser. The Ti:sapphire oscillator was pumped by 

S32 nm laser pulses, which have a short pulsewidth compared to the buildup time of the 

oscillation within the Ti:sapphire laser cavity (see Fig. 5.5); thus, the initial conditions for 

the oscillating mode are equivalent to Q-switched resonators [1]. Therefore, past analysis 

of Q-switched lasers can be extended to this oscillator [2,3]. Since the Q value of the 

cavity is constant, this operation is referred to as gain switching, and results in a single 

gain-switched (Q-switched) pulse. The Tirsapphire laser system is an ideal four-level 

laser system, and a schematic diagram of this system is shown in Fig. 7.1. The transitions 

from the pumped level to the upper laser level are fast compared to the purely radiative 

spontaneous decay of the upper laser state. Also the transition from the lower laser level 

to the ground state is fast. Since the pump pulsewidth is short, the spontaneous decay 

occurring during the pulsewidth can be neglected, but there is another non-radiative 

mechanism due to the increase of the brick’s temperature was included.

A laser model that describes the dynamics of laser action was based on the laser 

rate equations, which describe the time dependent change in the population inversion, n, 

and the photon density, 0 [2-4] as,
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where n is the difference between the population in the upper and lower laser 

levels, ni, ni as shown in Fig. 7.L, osc is the stimulated emission cross section, c is the 

speed of light, wl is the loss rate, and y is the inversion reduction factor. The inversion 

reduction factor is a constant, which can take a value between zero and two [3].

Non radiative loss

,AElk„T

Fast decayEff.
- 100%

Fast decay

n*

Fig. 7.1 Energy level diagram for the four-level laser that can describe the operation of 
the Tirsapphire laser.

Eqs (1) and (2) are implemented in the model to simulate the evolution of the Ti:sapphire 

laser pulse by an iterative process. Each variable of these two equations depends on the 

initial conditions such as pump efficiency, inversion density, gain, losses, thermal 

lensing, and cavity parameters. All these are calculated before solving these two coupled
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equations. A diagram of the Ti:sapphire cavity model is shown in Fig. 7.2, which shows 

the different steps used to calculate the Ti:sapphire energy and pulsewidth.

Nd:YAG @ 532 nm.
Ray tracing (spot 
size, active volume)

TkSapphire 
energy absorption 
calculations

u r
Thermal lensing 
Calculations

Laser inversion 
density (Rate 
Equations)

HE
ULL Loss due to 
brick heating

Stimulated 
emission from 
Seed photons

Laser cavity gain

I
Photon build up 
time

Predicted 289/300 nm 
laser pulse output

Third harmonic
generation
calculations

Second harmonic
generation
calculations

Predicted laser 
output pulse 
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Fig. 7.2 Diagram of laser cavity model.

To obtain the initial conditions the pump energy is entered into the model as,

Epump — P  T p , (3)

where P is the pump power, and Tp is its pulsewidth. The stored energy, Est is 

then determined from
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Est =  T|l T|2 T|3 ^4 EpUmp (4-)

where rj v is the 532 nm absorption efficiency, is the optical coupling 

efficiency, t}3 is the color efficiency, and t] 4  is the fluorescence storage efficiency. These 

efficiencies are calculated from

rj. = E“bs where 
Epump

E  =  F  — F  and F  — Fabs pump C 'ait < u lu  C m  c  pump Ve  /

thus T]l = I —e~a>3Z‘Ww"x =1 (5)

where, CT5 3 2  is the absorption cross section of the 532 nm beam inside the 

Tirsapphire crystal, (CT532 = 5.13 xlO ' 2 0  cm2), Nron is the number of Ti active ions in the 

laser crystal, (Ni0n = 4.85 xlO 19 ion/cm3), and x  is the total length of the active medium, (x 

= 4 cm).

Based on measurements we assumed there was one percent loss of the pump 

energy at each surface of the two Tirsapphire bricks; thus,

t]2 = 98% (6)

The color efficiency is given by

rj =£L = i  = I22=o59 (7)
3 Ep Xp 900

and the fluorescence storage efficiency is t | 4  =  I for gain switched lasers. (8 )

The population inversion is obtained from the stored energy, the energy of the 

pump photon, Ep, and the laser pump volume, V, from

AT =
CE 'E'st IV  (9)
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The pump volume, V, can be estimated using a ray tracing program to calculate the laser 

beam radius inside the cavity, which has a beam waist of wp and brick length of x

V= 7C(Wp)ZX (10)

The inversion density is then stretched across the length of the laser cavity to 

account for the ratio of the crystal length to the cavity length that is x/L. This stretching 

fills the cavity with a uniform inversion density. Thus the stretched inversion density has 

the form

X \ e » / e p ] X
Jl _ V T_

The small signal gain coefficient go is then calculated from the stretched inversion 

density and the stimulated emission cross-section, crs, as,

( 12)

The loss rate is computed from the loss coefficients. The loss due to the leakage of 

photons from the cavity mirrors is computed as

a r = ~ - l n ( / W ,  (13)

where Ri, Ra are the reflectivities of the output coupler and the end mirror 

respectively. The loss due to intercavity elements is computed as
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where lc is the cavity loss from all optical elements except the cavity mirrors. 

Then the total loss can be obtained from

a  = Os + (xr (15)

As temperature is increased in the Tirsapphire brick, the inversion density of the 

Tirsapphire changes significantly. The fluorescence lifetime decreases with increasing 

temperature above 300 K as we discussed before in chapter m . The temperature 

dependence of the upper laser level lifetime can be interpreted using the expression [7]

T' ' = T ? + - p d r z i  (16)

where xr"1 represent the radiative decay rate of the upper laser level (xr*1 =3 ps). 

The second term describes radiationless quenching due to phonon absorption to a higher 

level. P is the rate constant for the radiationless transition (P = 2.62 x 106 ps*1) and AE is 

the potential barrier for the process (AE = 0.496 eV). This can be assumed as a 

temperature dependent loss mechanism and can be added to the cavity loss mechanisms. 

The loss rate Wl is then calculated from

WL = a c +  T fl (17)

where c is the speed of light.

Starting with initial values as shown in table 7.1 for loss, gain, and cavity 

parameters, the simulation of the Tirsapphire laser pulse can be started after assuming the 

initial value energy, Eo and photon flux, fa. Assuming the initial seed emission into a 

solid angle, d£2 of 1 mrad from the optical axis of the laser cavity, the initial energy 

available for Iasing is calculated from

L dQEa = EPNAx— ^  (18)
CTf  \ l t
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where A= 1io? is the area of the beam in the laser crystal, and Tf is the 

fluorescence lifetime. The initial photon flux is calculated using (18) as

(19)

Table 7.1: Model parameters.

Number of active ions 4.8 x 1019 ion/cm3
Cavity length 130cm
Wavelength 900 nm or 867 nm
Pump diameter 2 mm
Laser diameter 2 mm
Loss per pass 6%
High reflectivity mirror 99%
Output coupler mirror reflectivity 40% @ 900 nmor35% @867nm

These values along with the initial loss rate, wc, are used in solving the rate equations (1) 

and (2) numerically for nj and <j>i using the Euler method [4]. In the Euler form, the 

equations for the population inversion can be written as

nM = ni -  )Af (20)

Pm  = Pi + )]Ar, (21)

The variables in equation (20) and (21) represent the same components as those in 

equation (1) and (2) and i is used as the incremental time-step counter. The two equations 

are coupled so they must be solved in an iterative manner that allows successive values of 

population inversion density and photon density to be used to calculate the next value of 

each. The initial values of the population density and photon density must be calculated 

from Eqs. (11) and (19) before solving these two-coupled equations.
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The output laser pulse energy is calculated by summing the power at the output 

coupler over time as

E0Ut = <j>i(l-Ri)ELAc At (22)

where El is the energy of the laser photon and A is the area of the output beam 

spot, (Ac At) is the volume of the laser beam in a unit of time At, 0i El is the energy 

density of the photons inside the cavity and (1-Ri) is the percentage of the energy that 

leaks out of the cavity through the output coupler mirror.

The comparison of this model with experimental results will be given in section 3.

2. Thermal lensing effect in Ti:sapphire bricks

In any laser material, there are optical distortions, which are a result of both 

temperature and stress gradients due to the energy absorbed in the laser material from the 

pump laser beam. The energy deposition in the Ti:Sapphire laser bricks is high enough at 

repetition rates of 30 Hz that the production of a thermal lens is possible. The laser brick 

will act as a lens within the laser cavity, which might cause optical damage as well as 

affect the doubling and tripling conversion processes. For this reason we included in our 

model a computation accounting for the effect of thermal lensing.

The change of the refractive index N(r) in any cylindrical media can be separated 

into a temperature and stress-dependent variation, given by [7]

N(r)~ no + r)T + An(r)e (23)
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where n(r) is the radial variation of the refractive index, no the refractive index at 

the center of the brick, and An(r)r, An(r)e are the temperature and stress-dependent 

changes of the refractive index, respectively. The temperature dependent change of the 

refractive index can be expressed as

An(r)r = [ r ( r ) - T ( 0 ) ^ j

-  Q _(dn VA»(r), =•
4 K ^d T

(24)

(25)

where K, is the thermal conductivity and Q is the heat generated in a unit volume. 

In equation (25), the refractive index in a laser brick shows a quadratic variation with 

radius r. This perturbation is equivalent to the effect of a spherical lens. Innocenzi et al. 

[5] published a thermal model for continues-wave (CW), end-pumped solid state laser 

crystals. The effective focal length of the laser crystal is given by [5]

ftff ~
7lKca))

Pph{dnfdT)
[l-exp(-Q /]-1 (26)

where Kc is the thermal conductivity (0.35 W/cm. K) of Tirsapphire, dn/dT is the 

change in the index of refraction due to temperature for Tirsapphire ( 1.28 x  10'5 K'1), (Op 

is the pump radius, a  the absorption coefficient of the Tirsapphire crystal at 532-nm, I is 

the length of laser crystal and Ppk is the fraction of pump power that results in heating. 

This thermally induced focal length f eg  produced in Tirsapphire is then added to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

curvature of the end laser cavity mirror. A comparison of the calculated thermal lens 

focal length from this model with experiment will be given in the section 3.

3. T i:sapphire M odeling Results

With this model, a simulation of the Tirsapphire laser pulse evolution has been 

made. The input parameters used in this model are listed in Table 7.1. Figure 7.3 shows 

the simulated 900-nm output of the Tirsapphire laser pumped with a 450 mJ NdrYAG 

laser pulse along with the measured experimental results.
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Fig. 7.3. Simulated output pulse of the Tirsapphire laser at 900 nm, with a pump energy 
o f450 mJ measured ( dashed) and simulated (solid). The measured output energy and 
pulse width are 137 mJ and 16 ns respectively, while the calculated output energy and 
pulse width are 141 mJ and 15.9 ns respectively.
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The results from this model are in good agreement with the corresponding 

experimentally measured pulse shape and energy. The calculated pulse energy and width 

were 141 mJ and 16 ns while the measured pulse energy and width were 137 mJ and 15.9 

ns.

Figure 7.4 shows the measured and calculated pulse energy output of the 

Tirsapphire laser at 900 nm and 30 Hz repetition rate as a function of the 532 nm pump 

energy at different temperatures. From Fig. 7.4 we can see that the theoretical results are 

in agreement with the experiment at high pump energy but they differ at laser threshold. 

The model gives lower values for the lasing threshold that might indicate that at high 

pump energies the thermal lens acts to make the laser cavity stable, but at low pump 

energies there is no thermal lens and thus the cavity experience higher loss due to the 

unstable flat-flat mirror cavity configuration.

The calculated slope efficiency at low pump energies was 33.3% at 300 K and is 

close to the 33.6% slope efficiency of the experiment. Noteworthy, as the temperature of 

Ti:sapphire crystal increases the non-radiative loss increases leading to a decrease in 

output energy and slope efficiency. The slope efficiency of the experiment was close to 

the calculated slope efficiency at 500 K.

The instantaneous increase in the bricks temperature can be calculated using

Eq.27

Q = mcAT (27)

where Q is amount of heat deposited in one second, m  is the mass of the brick, 

and AT is the change in the bricks temperature. The change in temperature at 500 mJ 

pump energy is 557 K.
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Fig. 7.4 Measured and calculated pulse energy output of the Tirsapphire laser at 900nm 
and 30 Hz repetition rate as a function of the 532 nm pump energy at different 
temperatures. Solid line is modeled results and squares are the experimental results.

Since the pulsewidth of the Tirsapphire laser is an important factor that 

characterizes the laser output pulse profile, the model was used to calculate the 

pulsewidth of the 900-nm laser pulse at different output energies and compared to 

experiment results at 30 Hz as shown in Fig. 7.5. As expected as the laser energy 

increases, the higher gain in the cavity causes the pulsewidth to decrease. The model 

adequately represents this phenomenon.
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Fig. 7.5 Pulsewidth of the Tirsapphire laser as a function of the Tirsapphire output energy 
at 900 nm. Solid line is the model results and squares are the experimental results.

As was mentioned in the earlier section, the Innocenzi model [5] of thermal 

lensing was used to calculate the focal length of the induced thermal lens. Figure 7.6 

shows the calculated focal length due to thermal lensing using Innocenzi compared with 

the experiment. There is poor agreement at low pump power because this model was 

designed for a continuous NdrYAG laser and we assumed that steady state heat transfer 

exist after a short time of laser operation [5]. But at higher pump average power, the 

model is in good agreement with the experiment. The model assumes water cooling of 

the bricks, and when no cooling was present, the thermal lens was much shorter than 

shown in Fig. 7.6, resulting in optical damage to the high reflectivity mirror of the laser
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cavity due to thermal lensing so it was necessary to cool the laser brick to reduce the 

thermal lensing.

8 -

Cakulated

4 -

12 1311 14 15

Ftanp Average Fbvwr (W)

Fig. 7.6. Thermal focal length as a function of the 532-nm pump average power.

4. Model sensitivity.

Model outputs such as pulse energy and pulsewidth are sensitive to a few 

parameters namely the reduction factor, internal cavity loss and the pump beam diameter. 

Thus these parameters were varied in the model to determine their sensitivity.

It is clear from Fig. 7.7 that the inversion reduction factor y afreets the output 

energy while it has little effect on the laser pulsewidth. For each stimulated photon 

created, the population inversion changes by a value of y. The inversion reduction factor 

y has been chosen in the model to have a value of 1. With this value we could obtain
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results that are in good agreement with the experiment. The model results, presented in 

Fig. 7.7, were taken at pump energy of 500 mJ.

!

yredncticn factor

Fig. 7.7. Reduction factor versus output energy and pulsewidth of the Tirsapphire laser.

There are four dispersive elements and two Tirsapphire bricks in the laser cavity 

which combine to have more than 6% loss per cavity round trip. To see how the 

intercavity loss will affect the pulse output energy and its pulsewidth, the laser pulse 

energy and its pulsewidth have been calculated at different values o f intercavity loss, as 

shown in Fig. 7.8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

150

145-

r  135-

130 -

125-

120
2 4 d 8 10

Litacavityloss (Vo)

Fig. 7.8. Output pulse energy of Tirsapphire laser (900 nm) as a function of the 
intercavity loss percentage at 500 mJ pump energy.

As shown in Fig. 7.8 the intercavity loss has a small effect on the output pulse energy.

It was found experimentally that the overlap between the pump beam and the 

Tirsapphire laser cavity mode in the laser brick has a large effect on the output pulse 

energy. To understand how much the overlap affects the output energy, the output energy 

of the laser model has been studied as a function of the ratio of the diameter o f the laser 

beam to the diameter of the pump beam. The results are shown in Fig. 7.9 at a pump 

energy o f500 mJ.
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Fig. 7.9 Output pulse energy as a function of the overlap ratio.

It was found that the overlap ratio has a very large effect on the output pulse energy. To 

maximize the output pulse energy, great care must be given to the overlap between the 

pump and the laser mode volume.

5. Model limitations

A laser model has been developed to understand the physics of the Tirsapphire 

laser operation and guide the experimental work to improve the laser performance. It has 

been shown that the model results agree with the experimental results and can reasonably
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predict the output energy and the pulsewidth of the Tirsapphire laser pulse. However, this 

model cannot be used to study the spatial or spectral properties of the laser. It is limited to 

the temporal characteristics of the output laser pulse. The model is based on the 

assumption that we have only one mode oscillating inside the laser cavity; thus, it cannot 

be used to predict the linewidth or cavity modes of the output laser beam. Additionally, 

this model cannot account for the pump repetition rate, which has an obvious effect on 

the output of the laser pulse because no detailed account of the brick: thermal loading is 

calculated.
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CHAPTER V in  

HARMONIC GENERATION MODEL

Since the 532 nm pump laser energy is limited and the relation between the input 

energy and third harmonic conversion efficiency is not a linear relation at high values of 

the input fundamental energy, we need to maximize the THG efficiency. In order to do 

this we need to have a good understanding of harmonic generation in nonlinear crystals 

and what laser parameters drive the THG efficiency. This chapter will discuss briefly the 

physics of the second and third harmonic generation and the different laser parameters 

that affect them. Then results of the harmonic generation model will be presented and 

compared to experiment.

1. Basic Equations of Second-Harmonic Generation

In the process of harmonic generation a wave of frequency 0)/ is incident on a 

SHG crystal producing a polarization wave at the second harmonic of 2coi inside the 

crystal, which has a phase velocity and wavelength determined by the index of refraction 

of the fundamental wave, coi. A transfer of energy from this polarization wave to an 

electromagnetic wave at a frequency 2(Oi takes place and the index of refraction for the 

doubled frequency determines the phase velocity and the wavelength of this 

electromagnetic wave [1]. For efficient second harmonic generation, it is important that 

the phase velocities of the two waves be identical so that the second harmonic generated 

at different points along the path of the nonlinear crystal add in phase [2]. If the created 

electromagnetic wave has the same phase as the original wave, the created waves will
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principle plane) waves in an anisotropic medium. One of the waves, called the ordinary 

wave, sees a constant index of refraction n° independent of its direction of propagation. 

The second wave, or the extraordinary wave, sees a refractive index ne (0) that is 

dependent on its direction of propagation. The angle 0 describes the direction of 

propagation relative to one of the principal axes of the crystal. In a crystal where ne is 

greater than n°, phase matching may be achieved by finding the angle of propagation 0pm 

to satisfy the equation

<  =rim(0pm) (2)

where n° and ne are the ordinary and extraordinary indices respectively and 8pm is 

the phase matching angle.

There are two types of angle phase matching in birefringent crystals [4]. In 

second harmonic generation, type I phase matching refers to the case where either the 

ordinary or the extraordinary wave has the same polarization. In type II phase matching, 

the pump wave is polarized so that one of its orthogonal components is ordinary and the 

other is extraordinary. The phase matching used in the present experiment was of type I.

The control of the refractive indices at each wavelength is important in order to 

establish the phase matching condition AAr = 0 shown in Eq.l. In practice, angle tuning 

and temperature tuning are two methods used to achieve this phase matching. Angle 

tuning involves the precise angular orientation of the crystal with respect to the 

propagation direction of the incident beam and was used in the present experiment.

It is very important that the laser source in second harmonic generation have a 

high power density, small beam divergence, and a narrow linewidth in order to achieve 

maximum second harmonic power conversion [1]. Coaversion efficiency, the ratio of the
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power generated at the second harmonic wavelength to that incident at the fundamental is 

given by [1]:

P2m - f K P°> 8»n*(A*f/2) 
pm A m u  2)

where Pu and Paw are the powers of the fundamental and second harmonic beams 

respectively, I is the length of the nonlinear crystal, A is the area of the fundamental 

beam, and K  is a constant for a given wavelength and a given nonlinear material given by 

[3].

co[d2
K = ~ (4) 

nc eQ

where deff is the nonlinear coefficient of the crystal used, c is speed of light, ea is 

permitivity, and n is the refractive index. From Eq. 3, it is clear that the second harmonic 

power generation is strongly dependent on the phase mismatch expressed by the sine2 

function which is unity at M/=0.

The conversion efficiency depends on the laser parameters such as power density, 

beam divergence, and spectral linewidth, and parameters associated with the nonlinear 

crystal such as the nonlinear coefficient value, the angular and thermal deviation from the 

optimum operating point, crystal length, and absorption. To improve the conversion 

efficiency the laser beam must exhibit a high power density, small finite divergence and a 

narrow linewidth. The nonlinear crystal should have a high value of nonlinear coefficient 

and low absorption. Also the temperature of the nonlinear crystal should be controlled 

and kept at the optimum operating point.
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2. Harm onic G eneration Model

Theoretical calculations of conversion efficiency to the second and third harmonic 

of the Ti:Sapphire laser were made for an LBO nonlinear crystal, to provide a baseline 

for this research. This model was developed originally at NASA Langley Research 

Center [5]. Nonlinear three wave mixing processes can be described by three Maxwell’s 

equations with slowly varying amplitudes es, eh and ep, shown as equations 5a-c [6]. 

These amplitudes represent the signal, idler, and pump wave amplitudes, respectively, 

and ct) (S,i.P) are the corresponding angular frequencies. Equation 7 is the phase matching 

condition, where the Ak term for the phase matching condition can be calculated from 

several different input parameters. The input parameters used were: the energy of the 

incident Ti:sapphire fundamental laser beam, the spectral linewidth of the laser, the 

diffraction limited divergence, the diameter of the laser beam, the spontaneous emission 

lifetime of the laser, and the length of the LBO crystal used in this experiment.

d£s = . deff (Qs
ep£i exp(z'Mz)- a s£s Signal beam (5-a)

dz c ns 

d £ j  = i d <f f  Q>i £p£] exp(iMz) — a i£i Idler beam (5-b)
dz c nt

—£s£; exp(rMz) —a p£p Pump beam (5-c)

The electric field Em at frequency Q) is given by

Em =  exp[-i(tuf -kz ft+ E l  exp[i(ft* -fe)]} (6)

and the phase velocity mismatch is defined by
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Ak=ki+k2-k3 and cop =o)s +ct)i (7)

The subscripts p, s, and i refer to the pump, signal, and idler waves, respectively, 

as is customary. The coefficients d^and  or are the effective nonlinear mixing coefficient 

and the linear absorption coefficient, respectively. Equation (4) can be broken into six 

differential, coupled equations, which are the real parts and the imaginary parts of the 

original three differential equations (1).

Given that most nonlinear interactions are preformed with pulsed laser beams, one 

must make a conversion from intensity to absolute energy before final efficiencies are 

calculated. To perform such a calculation we need to know how much energy a beam has 

for a given intensity distribution. However, since these equations can only describe a 

plane wave and not a Gaussian beam, the experimental Gaussian laser beam has been 

broken into different intensity steps. Each step can be treated as a plane wave and the six 

differential equations can be applied to describe it. Therefore, in this case, the intensity 

distribution, or laser pulse envelope, was approximated as a collection of twenty intensity 

stair steps, where the field amplitude of each step-wise function is considered constant.

Solving each of the six-coupled differential equations for each of the twenty 

intensity steps allows for calculation o f the conversion efficiency for each step. After 

obtaining the conversion efficiency for each step, each value must be multiplied by the 

corresponding weighting factor. Then the final conversion efficiency can be obtained by 

summing the twenty weighted efficiencies over the entire Gaussian beam in time and 

space. Constant temperature and optimum tuning were assumed. This process first was
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used to calculate the SHG conversion efficiency and then repeated for the case of THG 

after using the outputs of the SHG as an input for the THG.

3. Model results

The model has been used to simulate the total conversion efficiency for second 

and third harmonic conversion which is then compared to experimental results. To test 

the model’s reliability, its output was compared to the experimental results and to another 

independent model called the SNLO model [3]. The parameters used in the thesis model 

are presented in Table 1. These results for second and third harmonic generation are 

shown in Figs. 8.1, 8.2, 8.3, and 8.4, for 867 and 900 nm laser beams, respectively. The 

Experimental results represented in these graphs are the same results mentioned in 

Chapter V. We replaced the pulse energy of the fundamental beams at 867 and 900 nm 

with irradiance, which were calculated using the measured values of beam diameter and 

pulsewidth reported in Chapter V.

Table 1 Harmonic generation model parameters.

Wavelength 900-nm 867-nm
Linewidth 3.5 pm 3.5 pm
Divergence 800 urad 800 urad
Ak\sHG 43.9 m*1 49.8 in 1
Ak THG 84.9 m*1 81.37 m'1
Crystal length (SHG&THG) 20 mm 20 mm
defhsHG 0.798 pm/v 0.785 pm/v
def̂ THG 0.536 pm/v 0.468 pm/v

The thesis and SNLO model results for the SHG conversion efficiency results 

along with the experimental results are shown in Fig. 8.1 and 8.2 for both wavelength 867
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and 900-nm laser beams as a function of the laser irradiance. Figures 8.3 and 8.4 show 

the calculated and experimental results of the THG as a function of the laser irradiance at 

867 and 900-nm, respectively.
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Fig. 8.1 Second harmonic generation of the 867 nm laser beam as a function of the laser 
irradiance.
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Fig. 8.2 Second harmonic generation of the 900 nm laser beam as a function of the laser 
irradiance.
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Fig. 8.3 Third harmonic generation of the 867 nm laser beam as a function of the laser 
irradiance.
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Fig. 8.4 Third harmonic generation of the 900 nm laser beam as a function of the laser 
irradiance.

It is shown in Figs 8.1, 8.2, 8.3, and 8.4 that the model can adequately simulate 

the SHG and THG processes. Our model yields results in fair agreement with the 

experimental results while the SNLO program results are much higher than the 

experimental values. This is clearly noticeable in the case of the third harmonic 

generation. One possible explanation for this is that the SNLO model does not account 

for the correct phase matching of Ak. Instead, the SNLO model assumes a perfect laser 

beam with M=0 and thus represent the SHG and THG for the ideal case.
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Noteworthy, though, is that the thesis model can describe the SHG and THG conversion 

efficiencies of the 900 nm laser beam more adequately that the 867 nm laser beam.

To study the effect of linewidth on the harmonic generation process (especially on 

the process of the THG) by using our model, the conversion efficiencies of the SHG and 

THG have been calculated as a function of the fundamental beam linewidth and 

compared to the available experimental data as shown in Fig. 8.5. It was clearly observed

SHG

50-

'  '  867 nmExp. at900-nm

'  '  900 nm
•ata

30-

THG2 0 -

10 -

900 nm 
867 nm

4000 100 200 300 500 600

Linewidth of fundamental laser beam (pn$

Fig. 8.5 Conversion efficiency of SHG and THG of 867 and 900 nm laser beams as a 
function of the fundamental laser linewidth. Shown also are the seeded Tirsapphire SHG 
and THG results.

that the conversion efficiency decreases as the linewidth of the fundamental laser beam 

increases. The linewidth has a very strong effect on the THG while having a less
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significant effect on SHG. In the worst case, when the laser is unseeded and the 

linewidth is 400 pm, the SHG generation efficiency reduces from approximately 60% to 

48%, while the THG reduces more drastically from approximately 37% to 5 %. To 

achieve high conversion efficiency it is crucial that the laser be well seeded at the 

fundamental wavelength.

Another important factor to consider is the effect of the laser pulsewidth on the 

process of harmonic generation. Therefore, the SHG and THG conversion efficiencies of 

both 867 and 900nm have been calculated as a function of the fundamental laser 

pulsewidth at different crystal lengths and compared to the available experimental data as 

shown in Figs. 8.6 and 8.7. This data was recorded while maintaining a constant pulse 

energy of 120 mJ. As is shown in Figs 8.6 and 8.7, the SHG and THG conversion 

efficiencies of both wavelengths, 867 and 900 nm, have a peak around 20 ns at L = 20 

mm (experimentally used crystal length). When the laser pulsewidth increases, irradiance 

decreases leading to lower conversion efficiency for both SHG and THG. For short pulse 

lasers, a back conversion could occur leading to a low conversion efficiency. For each 

crystal length, there is an optimum value for the laser pulsewidth to maximize the 

conversion efficiency. To achieve maximum conversion efficiency it is important to 

adjust the laser cavity to have a pulsewidth of around 20 ns.
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Fig. 8.6 Conversion efficiency for SHG of 867 and 900 nm laser beams as a function of 
the fundamental laser pulsewidth for different LBO crystal lengths. The experimental 
points are shown for crystal length of 20 mm.
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Both SHG and THG conversion efficiencies decrease when the laser beam divergence 

exceeds 800 mrad. A laser beam with large divergence will lead to poor conversion 

efficiency due to the phase mismatch of phase fronts, which causes back conversion. This 

effect is so pronounced that efforts must be directed to obtain and maintain a high laser 

beam quality.
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Fig. 8.8 Conversion efficiency for SHG and THG of 867 and 900 nm laser beams as a 
function of the fundamental laser divergence. Also shown are experimental points at 867 
and 900-nm for an experimental divergence of 800 prad.
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4. Model limitations

In this model, it has been assumed that the laser beam is Gaussian; thus, the 

model cannot be applied to non-Gaussian laser beams. In addition, the model does not 

account for the walk-off angle of the doubling crystal, though the model prediction is 

accurate if the walk-off ratio (walk-off distance to beam diameter) is not larger than 20- 

30%, we concede that this is a  limitation of the model for higher walk-off ratios or 

extremely small beam diameters, which is not the case for our beam. This thesis model is 

more realistic than SNLO model and is thus useful to guide the experiment in optimizing 

SHG and THG.
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CHAPTER IX 

CONCLUSIONS

The impetus of this research was to develop an all solid-state Tirsapphire laser 

transmitter to replace the current dye lasers that could provide a potentially compact, 

robust, and highly reliable laser transmitter at the required on-line and off-line 

wavelengths for ozone differential absorption lidar aircraft measurements of atmospheric 

ozone.

Two compact, high-energy pulsed, and injection-seeded Ti:sapphire laser 

systems, operating at a pulse repetition frequency of 30 Hz and wavelengths of either 289 

nm or 300 nm, were designed, constructed, and evaluated. The two laser systems consist 

of three main parts: the Tirsapphire laser resonator, seeder laser, and harmonic 

generators. The whole system is mounted on a 42 x  63 cm2 enclosed optical bench. A 

flat-flat mirror laser cavity configuration was chosen on the bases of the gain guiding 

effect. The gain guiding effect, induced in a solid-state medium pumped by another 

pump laser, can be used to produce a high quality, near-diffraction limited, high energy 

beam of arbitrary large diameter. The Tirsapphire oscillator was pumped with a 

commercial Q-switched, frequency-doubled Nd:YAG laser operating at a repetition rate 

of 30 Hz. Laser injection seeding was used to provide a linewidth-narrowing mechanism 

for the TirSapphire resulting in a < 3.5 pm linewidth. One Tirsapphire laser cavity was set 

to 867nm and the other to 900 nm.

The Tirsapphire lasers were doubled and tripled to generate UV output at 

wavelengths of 289 and 300 nm by means of two Lithium Triborate (LBO) nonlinear
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crystals because of LBO’s good non-linearity, large acceptance bandwidth, and high 

optical damage threshold.

The Tirsapphire lasers have shown the required output beam quality at 30 Hz, (M2) of 

1.3 times diffraction limited, at a maximum output pulse energy, of 115 mJ at 867 nm 

and 105 mJ at 900 nm, with a slope efficiency of 40% and 32% respectively, to achieve 

more than 30 mJ of ultraviolet laser output at wavelength of 289 or 300 nm.

A model that describes the physics of the laser cavity and pulse evolution was derived 

and presented in this thesis. This model agreed well with the experiment. A reduction of 

the upper laser level lifetime due to phonon absorption to a higher level was included. 

Another model describing the second and third harmonic conversion efficiency and the 

parameters affecting conversion were presented and compared with experimental results. 

The thesis model was useful to guide the experiment in optimizing SHG and THG.

It has been shown that the output pulse energy should increase as the input pulse 

energy increases, our reported output energies are limited by the concern for optical 

damage to the Tirsapphire rod, the LBO crystals, and the coatings on the crystal surfaces, 

due to the small beam size and high energy fluence.

The focal length of the thermal lens was measured while the Tirsapphire laser bricks 

were constantly cooled. This measurement can help design the Tirsapphire laser to avoid 

any damage that might be caused by thermal lensing. Without cooling the focal length of 

thermal lens was short, within the range of cavity length, causing a frequent damage to 

the high reflectivity mirror of the laser cavity but with cooling the thermal focal length 

became longer than the laser cavity length thus avoiding optical damage.
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For practical use in an airborne ozone DIAL system, future work should possibly 

incorporate cavity mode locking, temperature-controlled housings for the LBO crystals, 

and a pressure-stabilized environment for the dispersion components to improve long­

term stability and reliability. Also, the brick diameter can be reduced to allow for better 

heat transfer from the Tirsapphire brick to the cooled mount.

Lastly, a Tirsapphire laser system that meets the requirements for ozone differential 

absorption lidar aircraft measurements of atmospheric ozone was demonstrated and ready 

to incorporate into the aircraft ozone system.
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