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ABSTRACT 

Light detection and ranging (Lidar) is a remote sensing tool 

which operates in the optical region in a method similar to radar. 

Lidar systems utilize scattering and absorption processes of laser 

radiation to provide information on atmospheric parameters. The 

development of a dye laser system for lidar studies will be discussed. 

A pulsed dual dye laser system, pumped by coaxial flashlamps was 

developed for use in aerosol and NOj studies. The optical and electronic 

components of the system are described. Chemical and physical processes 

involved in the lasing action of the Rhodamine and Coumarin dyes used 

are covered. Performance results of the system are given along with 

recommendations for possible future improvements. 

v i i  



CHAPTER 1 

INTRODUCTION 

Laser remote sensing or Light Detection and Ranging (Lidar) is a 

technique whereby a pulsed laser is used to determine the properties of 

the atmosphere at some distant region. Like radar, it is based upon the 

interaction between electromagnetic radiation and the atmospheric con

stituents. It differs from radar though in that optical and near 

optical wavelengths are used, that is, the region from the near ultra

violet to the infrared. 

1.1 A Simple Lidar System 

A laser lidar system as shown in Figure 1.1, utilizes a pulsed 

laser with relatively high power output and short pulse length. The 

output from the laser should be nearly monochromatic and highly 

collimated. This restricts the interaction being studied to one par

ticular constituent and to limit the region being probed to reasonable 

size. The type of laser used is determined by the operating wavelength 

and energy required in a particular investigation. 

The transmitted energy from the laser undergoes both scattering 

and absorption by the gas molecules and aerosols as it propagates 

1 
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through the atmosphere. The small amount of energy which is scattered 

back to the system is collected for study. The fraction of the energy 

that is absorbed and re-emitted back in the direction of the system can 

also be collected and used for Raman scattering, fluorescence, or 

resonance scattering studies. 

The returning energy is collected by a receiver with reflective 

or refractive optics and is then imaged upon a detector, usually a 

ph'otomultiplier. The resulting electrical output from the detector is 

proportioned to the amount of radiation received. Contained in this 

signal is information on the concentration, distribution, and scattering 

properties of the atmosphere. The detector output is then amplified, 

digitized, and then stored in computer memory or on magnetic tape for 

later analysis. If the receiver is at the same relative location as the 

transmitter then the lidar system is termed monostatic. If they are at 

different locations then the system is referred to as bistatic. 

The goal of this project was to develop a monostatic lidar 

system for use in aerosol and Dial studies. The heart of the system 

would be two independent, coaxially pumped dye lasers each capable of 

providing greater than 0.5 Joules of output energy using Rhodamine 6G 

and Coumarin 450 dyes. 

1.2 Lidar Equation 

The interpretation of a lidar signal return requires an under

standing of elastic and inelastic backscattering and attenuation of the 



laser radiation of the particulate aerosols and gas molecules as a 

function of wavelength. An in-depth analysis of these processes can be 

found in Van de Hulst (1957) and Bohren and Huffman (1982). Only the 

fundamental working equations and principal ideas are given here. 

The single scattering lidar equation giving the instantaneous 

received power for range R is 

R R 
P(R) = £^tU(R) exp -2 [/ o (R)dr +/ P(R)KxdrJ] + PB (1.1) 

2R oo 

where 

P(R) - instantaneous received power (W) 

R = range (M) 

J = total energy transmitted in laser pulse (J) 
o 

A = receiver collection area (M ) 

c - speed of light 

ri = efficiency correction factor for receiver optics 
and detector 

Pg = power of background signal at the detector (W) 

3(R) = volume backscatter cross-section (M-1 SR_1) 

a(R) = atmospheric extinction coefficient (M"1) 

p(R) = gas density (kgM~3) 

-2 -1 k^ = mass absorption coefficient (M kg ) 

The P(R) term is actually the sum of the molecular and 

particulate backscatter cross-sections. 

e (R)  m (R)  +B p (R)  (1 .2 )  
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The molecular term ̂  is in the Rayleign scattering regime since the 

size of the scatterer is much smaller than the incident wavelength. The 

particulate scattering term |5p is most frequently included in the Mie 

regime since the size of the scatterers is comparable to the radiation 

wavelength. Generally Bp is the dominate term in the relation. 

The atmospheric extinction coefficient, a(R), is also a sum of a 

molecular and particulate component. 

Each of these terms is also a function of scattering and absorption, 

and thus <*{R) may be rewritten as 

where the subscripts s and a refer to scattering and absorption respec

tively. In the lower regions of the troposphere the terms apS and «pa 

account for the greatest attenuation of the lidar signal. 

Lidar is well suited for the study of atmospheric aerosols. 

These studies can be made over ranges of .1 to over 100 km, depending on 

the system used. Scanning systems can provide detailed information on 

changes in aerosol parameters with changes in azimuth and elevation. 

Typical applications are monitoring plume transport and diffusion, and 

the vertical distribution of stratospheric aerosols. 

« ( R )  - «  m  ( R )  + a p  ( R )  (1.3) 

(1.4) 

1.3 Aerosol Studies 
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1.4 Dial 

The absorption coefficients of atmospheric gases are strongly 

wavelength dependent. A technique pioneered by Schotland (1964, 1974) 

called Differential Absorption Lidar or Dial makes use of this property 

to obtain range resolved information about a particular gas. A tunable 

laser makes near-simultaneous measurements of a gas at two wavelengths 

UL. The first wavelength, corresponds to a strong absorp

tion line, the second, to a nearby window region. The difference in 

the two signals allows a determination of the absorption, and thus, the 

concentration and distribution of the gas. It's important that the time 

interval between shots and the wavelength difference be small, otherwise 

the scattering properties of the atmosphere will become too dissimilar. 

This Lidar technique is actively used for both tropospheric and strato

spheric studies of H20, N0X, and S02. 



CHAPTER 2 

DYE CHEMISTRY 

In this chapter I will discuss the dyes which are used in the 

laser systems. Only the fundamentals dealing directly with this system 

are discussed. A more comprehensive coverage of dyes may be found in 

Schafer (1977). 

2.1 Dye Basics 

Dye is the name given to a class of organic compounds containing 

conjugate double bonds. Substances with this type of bonding structure 

usually absorb light in the ultraviolet and short wavelengths of the 

visible spectrum. The wavelengths absorbed by a dye depend strongly 

upon the length of the dye molecular chain. Due to the large number of 

bonds contained in a dye molecule, a dye's absorption handwidth may 

easily exceed 50 nanometers. 

The dyes absorb short wavelength radiation and are excited into 

upper level electronically and vibrationally excited singlet states. 

The electrons in the upper levels will drop down to the first excited 

singlet state Si. The final transition, called fluorescence, from Si to 

the higher vibrance levels of the ground state, G, are those that are 

utilized in stimulated emission, see Figure 2.1a. 

7 
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Dye chemistry can be quite complicated and is still not fully 

understood. Factors which may affect dye efficiency and lifetime are 

dye-solvent reactions, dye-solvent pH equilibria, temperature effects, 

and triplet quenching. The major factor in the loss of dye efficiency 

is due to photodecomposition of the dye molecule. The decomposition 

products absorb both the pump energy and the laser radiation. 

2.2 Triplet Quenching 

One of the more serious loss mechanisms in dye lasers is due to 

triplet quenching. This is caused by the existence of non-radiative 

energy states, triplet states, which are just slightly lower in energy 

than the singlet states as shown in Figure 2.1b. The importance of 

triplet quenching depends on the structure of the dye molecules. 

While the transition Si—k G gives rise to fluorescence, the 

transition from the triplet level Tj to G causes phosphorescence. 

Unlike fluorescence which takes place in approximately one nanosecond, 

phosphorescence time is on the order of a microsecond. The transition 

from the upper level singlet states to Si is one picosecond. The Si 

state can also crossover to the Ti triplet levels with a transition time 

on the order of 10 nanoseconds. The higher level T states can also be 

excited directly by the pump energy. 

Triplet quenching is a very serious problem in flashlamp pumped 

lasers. The typical pulse duration of a flashlamp is on the order of a 

microsecond, which is considerably longer than the crossover time from Si 

to Tl. Therefore there is a tendency for a large population to develop 
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in the triplet states. The molecules in these states are also highly 

efficient absorbers of laser radiation through what is known as triplet-

triplet quenching. 

There are various ways to reduce triplet losses. One of the 

most effective for many dyes is 0z. The inhibiting action of 02 on 

triplet states is not well understood, but it is suspected it is due to 

its low lying singlet states. 02 will also quench fluorescence, 

therefore the amount used must be carefully determined to achieve the 

ideal balance of its quenching properties. For the dyes used in our 

system, the natural atmospheric partial pressure of 20% is ideal 

(Marling et al, 1970). 

2.3 Rhodamine 6G, (R6G) 

R6G is a xanthene dye which has its peak flashlamp pumped lasing 

wavelength at 590 nm in methanol. Xanthene dyes as a group are very 

efficient, and lase in the region from 500 to 700 nanometers. The most 

common solvents for R6G are alcohols, water, or DMSO. The absorption 

spectrum of rhodamine is strongly dependent upon the solvent used, 

while the quantum efficiency and dye lifetime are affected by the 

solution pH (Drexhage 1972). 

Laser 1 of the system operated on R6G tetrafluoroborate in 
_5 

methanol at a concentration of 4.0 x 10 M. 

2.4 Coumarin 450, (C450) 

Coumarin dyes emit in the blue-green region of the spectrum. 

The solvents for these dyes are usually alcohols, hexafluoroisopropanol, 



11 

trifluoroethanol, or N-methyl-2-pyrrolidimone. They are extremely water 

insoluble arid working concentrations are usually achieved when the water 

is in solution as a minor fraction with another solvent. The addition 

of water causes a red shift in the output peak, the shift being propor

tional to the amount of water added. As with the xanthene dyes acid-

base equilibria affects the absorption spectrum and quantum efficiency 

of coumarin. 

Laser 2 operated on coumarin 450, in a 1:1 ethanol/H20 solution 

at a concentration of 1 x 10_1*M. 



CHAPTER 3 

DESCRIPTION OF DUAL DYE LASER SYSTEM 

Throughout the development of the system the goal was for com

pactness while not sacrificing flexibility in allowing for later modi

fications. It was also important that the system be safe and relatively 

simple to operate and repair. In this chapter the major components and 

their function in the system will be discussed. 

3.1 General Description 

A block diagram of the laser system as it will be when fully 

operational is given in Figure 3.1. Descriptions of the major com

ponents are given in subsequent sections of this chapter. 

The transmitter is a dual dye laser pumped by coaxial flash-

lamps. Each laser has its own dye circulation system and optics, and 

can operate at its own independent wavelength. Tuning of the lasers is 

accomplished with diffraction gratings. A series of lenses and mirrors 

adjusts and directs the outputs from the laser system through the roof 

hatch into the atmosphere. 

The receiving optics are located on the roof of the physics-

atmospheric sciences building's north wing, directly above the laser lab 

containing the laser transmitter and electronics. A 2.2 sq. meter seg

mented first surface plane mirror which is angled at 45° reflects the 

12 
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backscattered light into a 1.2 m spherical telescope mirror. The tele

scope mirror focuses the light onto a EMI 9558QB photomultiplier tube. 

The output signal from the photomultiplier is amplified and digitized 

before being inputed into the computer. 

All the data reduction and storage is done with a Dec PDP 11/23 

minicomputer, which also provides the timing control and synchronization 

of the electronics. As can be seen in Figure 3.1, the computer is re

sponsible for firing the lasers, recording laser output energies, 

selecting filters, gating the detector, controlling the GSA, and storing 

the data. 

3.2 Flashlamps 

Each laser is pumped by a Candela CL-1000 xenon coaxial 

flashlamp capable of discharging 900J with a .75 microsecond pulse 

length at a 1 hertz repetition rate. The flashlamps are 30 cm long and 

have an internal bore of 2 cm., Figure 3.2. To reduce the pulse rise-

time the lamps were operated in series with a spark gap. The trigger

ing circuit will be covered later in Section 3.6. Since the lamps were 

operated at half their rated capacity their expected lifetimes are on 

the order of 10^ shots. 

The basic dye pumping arrangement is made by inserting coaxially 

a quartz tube dye cell into the flashlamp bore. The dye flows through 

the center of the tube while the cooling water circulates outside in the 

region between the lamp inner surface and the quartz tube (dye cell). 

The ends of the dye cell are covered with quartz windows. An outer 
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cooling jacket is provided by two nickle-plated copper plates with water 

cooling which have been clamped to the flashlamp exterior. 

For efficient operation and good beam quality it is important 

that temperature gradients within the dye solution be kept to less than 

0.05°C and that the proper dye concentration is used. If the flowrates 

of the cooling water and dye are not high enough to dissipate the heat 

generated by the flashlamp, then beam distortions will occur. The dis

tortions originate from the uneven heating of the dye and the subsequent 

changes in its refractive index. 

If the dye concentration is not correct then inefficient pumping 

will result. A too weak solution will not fully utilize the pump energy 

giving reduced output. A too concentrated solution will only be pumped 

adequately in its outer region, giving the output beam an annular 

profile. The correct concentration is determined by the dye cell cross-

section, pumping configurations and pumping energy. 

The two pumping configurations which were tried are shown in 

cross-section in Figure 3.3. 

The triax is the basic pumping arrangement described earlier. 

Previous work by Schotland (1980) showed that the water-cooled triax 

required rigid temperature control of both water and dye. A later 

modification by Schotland (1981) eliminated the need for water cooling 

with tight temperature control by flowing the dye solution through the 

cooling jackets. Unfortunately this also resulted in a loss in output 

energy and dye lifetime. 
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The quadrax design differs from the triax in that the dye and 

cooling water are thermally decoupled by an evacuated region. The 

quadrax tube is constructed of two 1 mm thick quartz tubes concen

trically fused together at the ends with the evacuated region between 

them. The inner base of the quadrax tube is 1.2 cm in diameter. 

The laser system was designed with the intent of using the 

quadrax arrangement because of its high output and simple cooling re

quirements. The tests with the quadrax gave good results and no 

auxiliary cooling of the cooling water was deemed necessary. There was, 

however, a potentially serious problem of grating damage should a hot 

spot in the beam inadvertently form. With this in mind it was decided 

to test the dye cooled triax. The major advantage would be the increase 

in the beam diameter from 1.2 to 1.6 cm with the corresponding decrease 

in the energy density. Unfortunately the dye pumps were unable to.pro

vide sufficient pressure to maintain the needed flowrate. The resultant 

thermal loading of the dye caused a progressive 1% loss in output energy 

with each shot. It was therefore decided to return to the original 

quadrax configuration. 

During the initial tests a problem developed with the flash-

lamps. The lamps used were of a new design and had a tendency to fail 

shortly after they were put into service. The failures were traced to 

flaws in a new seal technique and in the design of the lamp reservoir 

stem. These faults would cause cracks to develop under the stress of 
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the lamp firing. Subsequent modifications were made by Candela which 

successfully corrected these problems. 

Another problem was encountered in the fabrication of the 

quadrax tubes. It was found that the inner cylinder of the quadrax tube 

in lamp 1 was not axially symmetric. A check of the tube in lamp 2 

revealed that it also was not axially symmetric, but to a much lesser 

degree. 

Apparently when the ends of the quartz cylinders were fused 

together, the inner cylinder would slip out of position. This error was 

found in all the spare quadrax tubes also, but the worst tube was the 

one found in lamp 1. This tube was replaced by one with less asymmetry 

with the slight error in the replacement corrected for by adjustments in 

the flash!amp position. 

Each lamp was mounted in a saddle arrangement on top of the 

energy storage capacitor, Figure 3.4. The two metal saddles on the left 

end of the lamp provide the power connections. A large PVC ring between 

them prevents arc over. 

3.3 Dye and Water Circulation Systems 

The design and materials of the dye and water circulation 

systems were determined by the flow rate requirements and chemical 

compatibility with the solvents. The systems were completely self-

contained with the pumps, filters, and reservoirs directly beneath the 

laser housing. Figures 3.5 and 3.6 illustrate the plumbing arrange

ments. 
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In order for the lasers to operate efficiently, it was necessary 

to maintain a flow rate great enough to ensure at least a 2 times total 

replacement of dye in the flash!amp between firings. If this was not 

done then thermal loading of the dye and the remaining triplet state 

population (see Chapter 3) from the previous shot could distort and 

quench the output of the next shot. 

It was determined that for a dye cell volume of 45 cc, a flow 

rate of at least 5.5 liters/min. was required. The flow rate for the 

cooling water needed to be sufficient to maintain a flashlamp tempera

ture less than 40°C. The magnetically coupled wave chemical pumps used 

gave an average flow of 11 liters/min. 

It was very important that the materials used in the dye 

circulation system be chemically inert to the alcohol solvents. 

Standard plastic tubing, pipes, and 0-rings will react with the solvents 

and give off byproducts which would poison the system. Only silicon, 

teflon, stainless steel, PVC, ethylenepropylene, and polypropylene were 

found to be compatible with the ethyl and methyl alcohols used. 

The system's plumbing used PVC pipes and valves with teflon tape 

to seal the threads. Polypropylene tubing was used for the dye connec-

connections to the flashlamps with teflon bellows providing strain re

lief. The pump's vanes and housings were made of polypropylene with 

ethylenepropylene 0-ring seals. The reservoirs for the water and dyes 

were 19-liter polypropylene tanks. 
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Because of the critical need to maintain the optical quality of 

the resonator an in-line .45 um Pall filter assembly was installed. The 

purpose of the filter was to remove any micro air bubbles which were 

formed by cavitation before they could reach the dye cell. Operation of 

the lasers without the filters was impossible because of the optical 

distortions caused by these bubbles. 

Recovery of the solvents from the spent dye was accomplished 

with an organic scavenging "kidney" (Furumoto, 1982). The kidney was an 

50 Pin filter with an activated carbon core. The "kidney" was completely 

separate from the dye circulation system and was only installed when it 

was necessary to remove the dye. It had its own pump and plumbing which 

fitted into the reservoirs, allowing it to operate while the dye system 

was also running. For a standard 10-liter solution of either dye the 

filtering process would take about 4 hours. This process could be re

peated four times for both dyes before unfilterable contaminates would 

reach a concentration sufficient to begin to quench the laser process. 

3.4 Laser Cavity and Transmitting Optics 

The laser cavity optics consist of the flashlamps/dye cell 

assembly, diffraction grating, and reflective output coupler. The 

transmission optics include a collimator and a series of mirrors to 

direct the beams through the roof hatch, Figure 3.7. 

The laser's resonant cavity is formed between the output coupler 

and the diffraction grating. The output couplers are quartz flats with 
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a 40% reflective dielectric coating on the front side and an antireflec-

tiorr coating on the back. Their wavelength centers are at 580 nm for 

Rhodamine 6G and 460 nm for Coumarin 450. The bandwidth for both is 

350 Angstroms. The diffraction gratings used are litrow mounted having 

a blaze angle set for 580 nm with a line spacing of 1200 lines/mm. The 

gratings are adjusted manually with micrometer barrels that read out 

directly in nanometers. The overall cavity length defined by the dis

tance between the output coupler and grating is 1.27 m. The dye cell 

contained inside the flashlamp assembly is covered at each end with a 

quartz flat which has been broadband anti-reflection coated on the outer 

surface. 

The collimators are two element systems in a Galilean configura

tion, see Figure 3.8 for details. Both elements are broadband anti-

reflection coated on both sides to keep losses below 1%. The collima

tors serve two purposes. They reduce the beam divergence by a factor of 

4, to 1 milliradian, and provide the pick-off point for the energy 

monitor. 

The outputs from the collimators are brought into parallel and 

directed by a pair of steering mirrors onto a 45° kick mirror. This 

mirror then directs the parallel beams through the roof. The kick-

mirror has micrometer fine altitude and azimuth adjustments to 

allow precise alignment of the transmitted beams with the receivers 

field of view. 
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The energy monitor is used to record the shot to shot varia

tions in the transmitted power from both lasers. This information is 

then used in the lidar equation to provide more accurate results during 

the data analysis. The light from the energy monitor pick-offs is 

transmitted by fiber optics to the energy monitor unit, located in an 

adjacent room with the other signal acquisition electronics, where it is 

detected by a pin diode. Because the pulses from the lasers are of 

short duration the signal from the diode is placed in a sample and hold 

circuit. This allows the slower recording electronics to respond to the 

diode output. 

3.5 Cavity Alignment System 

The alignment system was designed to provide a simple and quick 

method by which both lasers could be aligned. A general diagram of the 

system is given in Figure 3.9. 

A HeNe laser is used to define the dye laser's optical axis. The 

HeNe output is split into two separate beams, each of which is then 

directed to one of the two dye laser cavities. The alignment beams are 

injected into the laser cavities through the use of beam splitter cubes. 

The cubes are actually two prisms cemented together with one of the 

joined faces partially silvered to form a 50% reflective surface. This 

surface is oriented so that the incident laser beam is reflected to the 

front of the dye laser along the cavity axis. 

The cubes are mounted on a removable plate to allow their 

removal during the operation of the laser system. The plate locks into 
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a platform assembly which has 4 degrees of freedom. The first platform 

allows rotational adjustment and is mounted on a two-plate system which 

permits x and y adjustments. This in turn is mounted upon a 3-point 

spring-loaded plate which allows for precise leveling of the entire 

assembly. 

The true cavity axis is defined by the center-]ine through the 

irises located at the front end and middle sections of the laser cavity. 

These are set to their smallest apertures and adjustments are made, with 

the dye flowing, in the cube position so that the alignment beam passes 

through them. With the optical axis of the cavity now visually defined, 

all the other optics may now be adjusted to bring them into alignment. 

The 40% reflection from the output coupler is adjusted to return 

through the cube where half is transmitted to the diffraction grating. 

With the wavelength set at 632.8 nm the grating orientation can be 

adjusted, if necessary, so that it reflects the ray back through the 

system. If this is done properly interferences can be observed between 

the first and second pass beams at the front end. 

The HeNe laser and cubes are only used for a static alignment. 

The final dynamic alignment is achieved by observing the shape of burn 

patterns while the laser is operating. If the laser is out of alignment 

the burn pattern will not be circular and of uniform density. Adjust

ments are then made to the orientation of the dye cell windows and/or 

output coupler and a new burn pattern is taken. This is repeated until 

satisfactory beam quality is achieved. 
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3.6 Laser Control Electronics 

The laser control electronics are divided into the power control 

deck and the laser fire control unit. The fire control unit consists of 

the high voltage power supply trigger unit, and laser shot counter. 

Both units are pictured in Figure 3.10. 

The power control deck distributes the power to all the other 

electronics of the laser system through independently breakered stages. 

This allows one section of the system to be turned on and still be fully 

protected. Because of the high current loads, mercury filled switches 

or circuit breakers are used for all switching. 

The deck also contains the emergency cutoff circuit which kills 

the power to the entire system in the event of an emergency. The shut

down is activated by pressing any one of four "panic" buttons located in 

the lab. Once shut down the system must be manually re-energized stage 

by stage. 

The trigger unit is a Candela model DT-20. It controls the 

charging of the flashlamp capacitors by energizing the high voltage 

power supply and then fires the flashlamps by triggering the spark gaps. 

The charging/firing sequence can be controlled by an internal clock, 

computer, or manual switch. During normal operations the trigger unit 

is under computer control. The unit also has the capability of provid

ing delayed sequential firing of the laser. The delay between the 

firing of lasers 1 and 2 is adjustable from 2 to 4 ys before the 
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reference trigger to 10 ys after the reference trigger. For Dial 

studies the delay circuit will have to be modified to allow delays up to 

50 |JS . 

The Candela HVD-1000A fast charging high voltage power supply 

was designed specifically for use with flashlamp laser systems. It is 

controlled by the trigger unit and can provide up to 25 kilovolts with 

a capacity of 1000 J/sec. The supply has incorporated into it a safety 

interlock circuit which, if opened, will prevent it from charging the 

capacitor. 

The interlock circuit is closed when the cooling water pump is 

on, the spark gaps are pressurized, the laser cavity covers are secured, 

and the capacitor grounding clips are disconnected. This feature pro

tects both the flashlamps and the operator. If a lamp is operated 

without the cooling water it will over-heat and crack, or if the spark 

gap is not pressurized the lamp will fire uncontrollably, damaging its 

electrodes. The cover and grounding clip interlock connections protect 

the operator from electrocuting himself or herself on energized circuits 

while the system is activated. 

The circuit diagrams for the laser capacitor charging and flash-

lamp firing, energy monitor, and shot counter can be found in Appendix 

A. 

3.7 Signal Acquisition System 

The system can be separated into two parts: optical and elec

tronic. The optical section is composed of the collection mirrors and 



34 

filter. The electronics part consists of the PMT, detector gate, 

preamp, GSA, and signal digitizer. 

Two mirrors are used in the collection of the lidar return 

signal. The first mirror is a flat array of 24, .093 square meter 

mirrors. The total area of the array is 2.23 square meters. All the 

mirror elements were aligned to within 2 mR to make a close match to the 

transmitter field of view. The array is oriented at a 45° angle to re

flect the collected light upon the second mirror, a 1.21 meter f5 

sperical telescope mirror, focuses it onto the PMT. To ensure the 

stability of this large array the mirror elements are mounted on a 1" 

thick aluminum plate. The adhesive used to attach the mirrors to the 

plate was a silicon RTV compound. It was felt that the RTV was flexible 

enough to allow for the differences in expansion coefficients between 

the glass and aluminum. A push-pull arrangement on the back side of the 

plate allowed for adjustments in the plate's figure should any warpage 

occur. The same aluminum alloy was used for the entire support frame

work to prevent distortions from thermal expansion and contraction. The 

mirror elements were overcoated with MgF for enhanced reflectivity. 

The current static collecting system with the detector housing 

and a newly completed vertically scanning transmitting/receiving system 

are pictured in Figure 3.11. Future plans call for the dye laser system 

to be able to also use the scanning system. 

The detector used is an EMI 9558QB PMT. It was chosen for its 

wide spectral response from the ultraviolet to the red, allowing it to 
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be used with both dye lasers and an ultraviolet laser of another lidar 

project. To keep the weak lidar return signal from being lost in the 

much higher background levels, a filter which only passes the trans

mitted wavelength of the laser is placed in front of the PMT. To pre

vent its being saturated by near field backscatter, the PMT is elec

trically gated. This allows the tube to be turned on by the control 

logic, and receive the return signal from the desired range. 

The PMT is contained within a protective housing placed at the 

focal region of the spherical mirror. The housing is pressurized at all 

times to prevent the entry of dust and moisture which could damage the 

PMT. Because of the extreme summer temperatures it was necessary to 

make provisions for cooling of the detector to prevent high levels of 

thermally induced noise. The cooling is accomplished by circulating 

chilled ethylene glycol through copper coils surrounding the PMT. 

Insulated copper lines from a chiller unit located on the roof 

supply the coolant to the housing. 

The output current from the PMT is boosted by a preamp and then 

is fed to the GSA where the final amplification of the signal is accom

plished. The output of the GSA is then digitized by a Biomation 1010 

waveform recorder. The digitized data is then stored in the Biomation 

until it is requested by the computer for final storage and analysis. 



CHAPTER 4 

SYSTEM PERFORMANCE 

After the complete laser system had been built in the develop

ment lab it was moved upstairs to the operational lab where it will be 

used in the actual experiments. Tests were then made to characterize 

the system and uncover any potential problems in routine operation. 

Since the system's performance strongly depends upon the dye chemistry, 

and a careful dynamic alignment of the optics, the reproducibility of 

its performance will basically depend on the operator's attention to 

these details. 

4.1 Laser Control Electronics 

The power control deck and interlock circuits performed flaw

lessly throughout the development and testing of the lasers. An 

accidental shorting of the cooling water pump circuit resulted in the 

tripping of its breaker switch on the power control deck without in

volving any other circuits. But since the cooling water was no longer 

circulating the interlock circuit was activated which resulted in the 

shutdown of the high voltage power supply, preventing damage to the 

flashlamps through overheating. Repeated tests of the other elements of 

the interlock circuit and the panic buttons were successful. However, a 

problem was encountered with the operation of the trigger unit. The 
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unit's internal timing circuit was improperly designed, resulting in the 

repeated burning out of a number of its timing chips. For now, this has 

been solved by replacement with higher capacity components. The high 

voltage power supply and its interlock functioned normally. 

It was found that the spark gaps are very sensitive to the shape 

of the tungsten electrode's end, and to any moisture being present in 

the pressurizing gas. Intermittent and untriggered firings were linked, 

upon inspection, to asymmetrical electrode ends. The problem was 

corrected simply by grinding off the electrode's end to a flat face. 

But periodically the gaps would allow the flashlamps to self-fire in 

consecutive bursts. Moisture was the suspected cause and an in-line 

dessicator was installed. The problem did not recur once this was done. 

4.2 Optical System 

The alignment system worked very well. It was not necessary to 

achieve interference between the first and second pass beams. A simple 

visual overlap of the two beams was all that was needed to get the 

lasers in static alignment. The alignment cube mounts are very stable 

and although the cubes are constantly being inserted and removed, re

adjustments were rarely needed. 

No serious problems were encountered with the cavity optics. 

Once aligned and calibrated the gratings required no further adjust

ments. It was found, however, that the cell windows on the flashlamps , 

after removed, were rather difficult to get back into proper alignment. 
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A very slight misalignment of one or both windows would result in "hot 

spot" cusps forming in the central portion of the beam. It was deter

mined that these were formed by reflections off the inner surface of the 

windows which, instead of propagating coaxially down the dye cell, would 

reflect off the curved walls. An experiment to remove these wall 

reflections was tried by inserting a stainless steel coil of wire which 

fit snugly against the inner walls. The idea being that the coils would 

eliminate the smooth reflecting surface needed for the hot spot 

formation. But for unknown reasons the coils caused a significant drop 

in output energy and gave very poor beam quality. So the only solution 

appears to be painstaking alignment of the windows when needed. 

The collimators reduced the beam divergence of the lasers from 

4 m rad to 1 m rad. Adjustments to the collimator's optics to correct 

for a large change in lasing wavelength can be made in a few minutes 

without the removal of the entire assemblies from the mounting rods. 

The fiber optic pickoffs for the energy monitor provided sufficient 

energy to the detector. 

The large collecting mirror array was found to have warped out 

of shape. It is believed that the warpage was caused by contraction and 

expansion effects despite the precautions taken. Unfortunately the 

warpage was so severe that the adjustments provided to correct the plate 

figure were useless. Only about 30% of the mirror elements were found 

to be still aligned well enough to be usable. Plans are being made to 

replace the entire collecting system with an 80 am sperical mirror. 
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4.3 Dye 

The rhodamine and coumarin dyes performed within their expected 

limits. It was found, however, that the beam profile and divergence are 

strongly dependent upon dye concentration. It is, therefore, important 

the mixing of the dye solutions be done very carefully. Also, old dye 

must be completely removed by the kidneys before the solvent is reused. 

A very slight amount of old dye remaining in the solvent can cause a 25% 

reduction in output energy with an annular shaped beam. 

The typical useful lifetime of rhodamine 6G in this system was 

78.5 kilo Joules/liter, with the useful life being up to 50% of the 

initial output energy. The peak output was centered at 580 nm. A 

typical tuning curve for rhodamine 6G with this system is given in 

Figure 4.1. 

The average lifetime achieved with coumarin 450 was 48 kilo 

Joules/liter. With the water red shift, our peak output was centered at 

463 nm. A typical turning curve with coumarin 450 is shown in Figure 

4.2. 

4.4 Laser Output Characteristics 

The beam quality exhibited by both lasers was very good. Figure 

4.3a shows a typical beam pattern made by the lasers when properly 

aligned. If the dye concentration is too high or the dye is old the 

beam will have the cross section shown in Figure 4.3b. A misaligned 

flashlamp window will produce central hot spots like those in Figure 



0.6 
Pump energy = 300 J/pulse 

0.5 

0.4 

a> 

LU 
0.2 

555 565 575 585 595 605 615 625 
X (nm) 

Figure 4.1 Tuning Curve for Rhodamine 6G Measurement Uncertainty = 



42 

0.6 
Pump energy = 432 J/pulse 

0.5 

04 

a> 
£ 

0.2 

44 450 460 470 480 490 500 
X (nm) 

Figure 4.2 Tuning Curve for Coumarin 450 Measurement Uncertainty = 10% 



43 

(a) (b) 

(c) 

(d) 
Figure 4.3 Sample Laser Burn Patterns 
a) Optics well aligned 
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c) Pattern showing central caustics 
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4.3c. Finally, Figure 4.3d shows the progressive improvement in beam 

energy and appearance while being dynamically aligned. 

A measurement was made of the C450 linewidth to determine its 

suitability for use in Dial studies of NOg. This was done by taking 

polaroid photographs of interference rings through a FX60 telescope. 

The rings were formed by illuminating with diffused laser light a Fabry 

Perot interferometer which had a free spectral range of 2 Angstroms. 

The resolution was first checked by illuminating the interferometer with 

a HeNe laser, which has a linewidth of approximately 0.001 Angstroms. 

The obtained linewidth value was 0.3 Angstroms, giving a delta function 

of 0.3 Angstroms. Repeating the procedure but using the coumarin dye 

laser to illuminate the interferometers, gave a result of .45 Angstroms 

for the coumarin linewidth at 463 nm. Correcting for the added delta 

function the dye laser linewidth became .15 Angstroms, which is on the 

high side, but still narrow enough for Dial studies. A previous test 

with a different Fabry Perot interferometer with a resolution of .1 

Angstroms showed no interference rings, and thus supports the results of 

the linewidth being greater than 0.1 Angstroms. It should be noted that 

these measurements are only preliminary. For a definitive study of the 

linewidth, the exposure density characteristics of the film used would 

have to be known. Then a proper exposure could be made so as to avoid 

inadvertent spreading or narrowing of the interference rings from over-

or underexposure. 
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Because of circuit design problems, measurement of the laser's 

shot to shot relative energy output stability could not be made with the 

energy monitor. Instead, measurements were made with a Scientech 362 

energy meter which has a slower response time. The stability of the 

laser's output at a 0.1 Hz repetition rate was within 5%. This was at a 

slower repetition rate than the normal 0.5 Hz rate at which the system 

will normally operate. It therefore should be expected that a slight 

decrease in stability may occur at the 0.5 Hz rate. 



CHAPTER 5 

RECOMMENDATIONS AND SUMMARY 

The design and construction of the dual dye laser system was 

completed, and preliminary testing showed it to operate satisfactorily. 

5.1 Recommendations 

The energy monitor would not operate properly off the dye laser 

pulses. While the monitor would work with synmetric pulses such as 

found with a LED or the excimer laser, it would not work with the 

asymmetric dye laser pulse. The problem appears to be in the way the 

sample and hold circuit was designed. The exact nature of the problem 

will have to be determined and eliminated. 

It may be possible to extend the lifetime of the dye by properly 

filtering the pump source. A significant portion of the pump energy is 

in the region below 200 nanometers. The energy in this region primarily 

goes into permanently photodisassociating dye molecules. By flowing a 

CuSO^ solution of the proper concentration through the inner cooling 

jacket most of this very shortwave radiation would be filtered out with

out significantly attenuating the wavelengths above 200 nanometers. 

The kidney filtering process for dye removal from the solvent 

could only be used four times on any one batch. After having dye re

moved four times a buildup in concentration of an unknown unfilterable 
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compound becomes high enough to severely quench lasing action. It is 

strongly suspected that the compound may be a product of leaching of the 

PVC pipes by the solvent. The interiors of pipe sections removed showed 

slight discoloration and hardening. Dye systems of Candela Corp. which 

are plumbed with teflon and polypropylene can have their solvents fil

tered over 20 times (Herron, 1982) without showing signs of contamina

tion. It might therefore be advisable to replace the PVC pipes of the 

system with polypropylene. 

5.2 Summary 

The laser system has been installed and tested in the 

operational lab, see Figure 5.1. The system's maximum output capability 

exceeds the goal of 0.5 J and approaches the damage threshold of the 

diffraction gratings. The linewidth of the system is fairly narrow, but 

improvements can be made. It is not clear at this time if such improve

ments are necessary. Alignment and operation procedures required by the 

system are simple enough that someone not specifically trained in lasers 

could easily operate it. Redesigning of the energy monitor's sample and 

hold circuit will probably have to be made in order for it to operate 

the dye laser pulses. 

All of the major goals of this project were achieved without 

making compromises in overall system performance or operational simpli

city. With the completion of the development on the signal acquisition 

electronics and new optical receiver, the laser system should prove a 

valuable research tool in lidar studies. 
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APPENDIX A 

CIRCUITS DIAGRAMS 
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