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ABSTRACT 

DEVELOPMENT OF A COMPUTER CONTROLLED CONTINUOUS 

WAVE ULTRAVIOLET-VISIBLE DYE LASER SPECTROMETER 

by 

CLIFFORD RAYMOND POLLOCK 

The goal of this research was to design and develop a 

computer-controlled source of coherent, narrowline radiation, 

tunable in the ultraviolet range from 260 to 400 nm. This 

was accomplished by using a DEC LSI-11 minicomputer with 

CAMAC interface to control a single frequency dye laser, a 

second harmonic generation (SHG) crystal, beam directing op¬ 

tics, and diagnostic equipment. The computer system provided 

control of initialization, fine and coarse resolution scan¬ 

ning, wavelength calibration, and the acquisition and 

processing of data. Because of the number of interrelated 

adjustments necessary to tune a single-frequency ultraviolet 

source, computer control was needed for both convenient 

operation and optimum ultraviolet power. A new dye ring 

laser was designed for high single mode in the visible and 

ultraviolet regions. The motivation for this research came 

from the increasing need for a convenient, high-resolution, 

ultraviolet source of radiation for spectroscopic studies 

of molecules and atoms. This research has achieved 

i) a new level in resolution and power for CW ultraviolet 

radiation sources, and ii) has developed the software to con¬ 

veniently control a CW visible-ultraviolet spectrometer. 
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CHAPTER ONE 

INTRODUCTION 

The wavelength tunability and single frequency capability 

of continuous wave dye lasers are useful in many spectrosco¬ 

pic applications. The spectral range of these lasers covers 

from 400nm to lOOOnm, and can be extended to both the ultra¬ 

violet and infrared ranges using nonlinear optical mixing 

techniques. The goal of this research has been to develop 

both a powerful narrowline source of ultraviolet radiation, 

tunable over a broad range, and the hardware and software 

necessary to control the ultraviolet source with a minicom¬ 

puter. These goals have been achieved by building a contin¬ 

uous wave dye ring laser, capable of producing high power in 

a single mode, and by developing an extensive software pro¬ 

gram for a DEC LSI-11 minicomputer with CAMAC hardware in¬ 

terface to control the laser and optical mixing components. 

This research was motivated by the need for a convenient 

spectroscopic source for high resolution studies of molecu¬ 

lar species in the ultraviolet, in particular, for the study 

of the absorption spectra of uranium hexafluoride. 

Previous work in the field of nonlinear frequency mixing 

with cw dye lasers has been concerned primarily with produc¬ 

ing tunable UV of substantial power over a large wavelength 

range, with minimal effort put into reducing the linewidth. 

Blit, et.al., (1-3), have reported the generation of tunable 

cw ultraviolet radiation from 211nm to 400nm by using vari- 
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ous mixing and doubling schemes with a commercial dye laser 

and a high power gas laser. UV power up to one milliwatt 

was generated with a linewidth of 0.3 angstroms. The au¬ 

thors state that this linewidth could be reduced using con¬ 

ventional bandwidth control techniques on the fundamental 

beams, however this would cause a reduction in the output 

power. 

Considerable improvement of the UV power and linewidth 

was reported by Schroder, et.al., (4), when they developed 

a powerful single mode dye laser using a ring cavity config¬ 

uration. Placing a nonlinear crystal inside the travelling 

wave laser cavity, 55mw of single mode UV power was genera¬ 

ted. However, due to the dispersive losses of the SHG cry¬ 

stal, tuning of such a laser was difficult and required high 

ly selective intracavity elements. 

In the system we have developed, the advantages of a sin¬ 

gle mode ring laser and the simplicity of extracavity dou¬ 

bling have been combined. A figure eight ring resonator, 

similar to that reported by Jarret, (5), was designed and 

built. Single mode powers over one watt have been routinely 

achieved, with conversion efficiencies exceeding twenty per¬ 

cent. The output of the laser was focussed into a nonlinear 

optical crystal to generate tunable narrowline UV. Single 

mode UV powers up to lmw with a linewidth of less than 

0.001A have been generated. 

Because of the numerous adjustments necessary to scan the 

output wavelength of a frequency doubled single mode source, 
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computer control of the entire laser system was desireable. 

Previous work using computers to control lasers has centered 

around active feedback techniques. Sochor and Vesely, (6), 

proposed using a microprocessor to frequency stabilize a nir 

trogen pumped dye laser for use in isotope separation. Typ¬ 

ical stabilization techniques adjust only one active element 

with the error signal derived from the transmittivity of a 

reference cavity. Using a microprocessor, several active 

elements could be locked to a reference cavity, as well as 

enabling the simultaneous detection of data. 

Another isotope separation experiment using a minicompu¬ 

ter has been reported by Stuke and Mariner©, (7). A cw dye 

laser was tuned electro-optically by a signal from a digital 

to-analog converter (DAC), of a PDP-11 minicomputer. The 

computer scanned the dye laser and monitored the transmis¬ 

sion spectra of two samples, one an isotopically pure sample 

and the other containing an isotopic mix. The software 

found the differences in the spectra, and then tuned the la¬ 

ser to the wavelength of highest selective excitation. 

The software developed for this project has been opti¬ 

mized for spectroscopic application. The computer con¬ 

trolled system has scanning capability with several levels 

of resolution, along with extensive data acquisition and 

processing ability. In particular, some of the important 

functions the software controls are: (i) coarse and fine 

wavelength scanning by simultaneous positioning of the biré¬ 

fringent filter and the intracavity étalons; (ii) optimiza- 
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tion for maximum UV power by appropriate orientation of the 

phasematching angle of the nonlinear optical crystal; (iii) 

wavelength and frequency calibration; (iv) data acquisition 

and processing; and (v) data display, listing, and storage. 

The computer controlled laser system has been used to ob¬ 

serve the fluorescence spectrum of I2 in the visible, and the 

absorption spectrum of SO2 in the UV. Examples of the spec¬ 

tra are shown in the final chapter. Single mode scans of up 

to twenty angstroms have been achieved. 
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CHAPTER TWO 

SINGLE MODE OPERATION IN A DYE LASER 

11.1 Introduction 

Analysis of single mode operation of the travelling wave 

and standing wave dye lasers'Clearly illustrates their dif¬ 

ferent characteristics. With a homogeneously broadened med¬ 

ium, such as an organic dye, a laser would be expected to 

oscillate in only one mode, because of gain saturation. In 

most dye lasers, however, many modes oscillate simultaneous¬ 

ly due to mode coupling effects, such as spatial hole-burning 

(8). There are several well developed theories of cw laser 

operation, ranging from fully quantum mechanical, (9), to 

the semiclassical theory of Lamb (10). In this chapter, re¬ 

sults of these theories will be discussed as they pertain to 

single mode operation of a cw dye laser. 

11.2 Standing Wave Lasers 

A typical standing wave cw dye laser, based on the astig- 

matically compensated design of Kogelnik, et.al., (11), is 

shown in Fig. 2-1. The laser consists of a long collimated 

arm, in which tuning elements can be placed, and a short 

focussed arm, to establish a beam waist at the dye jet, which 

forms the active medium. Such a laser operates in multimode 

oscillation unless extremely dispersive elements are added 
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to the cavity to narrow the linewidth. There are many prin¬ 

cipal (longitudinal) modes with frequency spacing c/2L, typ¬ 

ically 400MHz, where c is the speed of light, and L is the 

cavity length. In addition to these longitudinal modes 

there can exist off-axis transverse modes which differ in 

frequency by only a few megahertz. A well designed cw dye 

laser usually will not display transverse mode structure. 

To understand why several modes oscillate at once, one 

must consider the gain characteristics of the laser. As the 

pump level is raised, the mode with the highest net gain 

will begin to oscillate first. If the medium were inhomo- 

geneously broadened, the existence of the mode would not ef¬ 

fect the gain of neighboring modes as the pump power rose 

above threshold. However, organic dyes can be considered to 

be homogeneously broadened because they exhibit fast spectral 

cross relaxation. The gain available to the other modes re¬ 

laxes to the oscillating mode in a time on the order of one 

picosecond (12). We would therefore expect only one mode to 

oscillate. However, due to spatial hole-burning effects, 

multimode outputs are observed. Fig. 2-2a illustrates the 

spatial hole-burning effect. Assuming that just one axial 

mode is excited, the standing wave intensity, In, is described 

by 

In(z) = In sin Knz 2-1 

where Kn = 2ir/X . Nodal planes, where the intensity is zero, 

are located every half-wavelength in the active medium. The 

induced emission produced by this standing wave is zero at 
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the nodal planes, and maximum in between. Because of the 

low turbulence of the transversely flowing dye jet, spatial 

cross relaxation of excited molecules can be assumed to be 

negligible. Thus, the inverted population has a maximum at 

the nodal planes and a minimum inbetween. This distribution 

is most unfavorable for the desired mode since, in such pla¬ 

ces where the electric field is a maximum, the population 

inversion is a minimum. If we consider a second longitud¬ 

inal mode which is 90° out of phase with the prime mode, in 

the region of the dye jet, we see in Fig. 2-lb that the gain 

distribution is most favorable. Such a mode differs in fre¬ 

quency from the prime mode by only one or two gigahertz, de¬ 

pending on the cavity dimensions. As the pump power is 

brought up above threshold, the mode will see a high gain, 

and will begin to lase if adequate dispersive losses are not 

in the cavity. 

Besides making it difficult to operate in a single mode, 

the spatial hole-burning reduces the efficiency of the laser. 

Careful analysis of the gain reveals a standing wave laser 

saturates the medium up to 50% more than a travelling wave 

laser (13). The standing wave interacts with only part of 

the active medium, and regions of above average intensity 

(near the peaks), are accompanied by above average saturation. 

This can be explained intuitively by supposing the spatial 

holes form a Bragg grating (14). The standing wave field is, 

in fact, two oppositely running waves. The waves are reflec¬ 

ted, in part, by the grating, producing scattered waves that 
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are precisely out of phase with the original running field. 

This causes destructive interference and reduces final out¬ 

put power. 

To maintain single mode operation, the losses of all 

modes, other than the desired mode, must exceed the gain. 

For large gain bandwidths, such as a dye laser has, highly 

selective losses must be added to the cavity. To determine 

the degree to which additional losses must be incorporated 

into the cavity, the enhanced gain that other modes see, due 

to the hole-burning of the primary mode, must be found. The 

net gain for each mode is proportional to the product of the 

intensity, the stimulated emission cross section, and the 

population inversion, spatially integrated over the active 

medium. Since coarse wavelength selection with a prism or 

biréfringent filter narrows the linewidth to less than an 

angstrom, the stimulated emission cross section for each 

mode can be considered to be the same for this calculation. 

The gain integral has been evaluated by Schroder, et.al., 

(15) , to give each mode's gain relative to that of the pri¬ 

mary mode, as 

g(p,iv) = 1 + (V 1) 
. 2 ,irAv sm (- lAv 2-2 

zo 

where 
g ymax = /1/4 + 2p 1/2 

2-3 

p is the pump power relative to the threshold, Av is the fre¬ 

quency difference between the primary mode and the mode of 
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interest, and 

A v z o 

c 
2z 

o 
2-4 

where zQ is the distance from the end mirror to the dye jet. 

The maximum gain, gmax, due 
to spatial hole-burning, occurs 

for modes which have a phase shift of (2n+l)ir/2 with re¬ 

spect to the prime mode within the active volume, where n is 

an integer. These are called the hole-burning modes, and 

represent the modes which overlap the peaks of the popula¬ 

tion inversion most effectively. For example, at five times 

the threshold pump power, gmax 
= 2.7. This implies the loss¬ 

es for the hole-burning modes must be 2,7 times those for 

the prime mode, if they are not to lase. The frequency sep¬ 

aration of these modes from the prime mode depends on cavity 

dimensions, and is given by 

A v c , nc 
4z 2z 

o o 
2-5 

To counteract the enhanced gain seen by all but the pri¬ 

mary mode, Fabry-Perot étalons can be inserted in the cavity 

to provide a narrow band loss structure. The transmission 

function of an étalon is 

T = [1 + 4R(1-R) ”2 sin2 -]"1 

ÛVFSR 
2-6 
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where A\> is the free spectral range of the étalon, and R 
FSR 

is the reflectivity of the étalon surface. Both the FSR and 

reflectivity are adjustable to suit specific designs. Etal¬ 

ions are not ideal elements, however. Beam walk-off and im- 

perfect reflective coatings reduce the output power of the 

laser. Walk-off losses, L, have been calculated by Leeb,(16) 

and are found to increase as 

L 
ct2e 2 

2-7 

where t is the étalon thickness, 9 is the tilt angle, d is 

the beam size, and c is a constant depending on the reflecti¬ 

vity of the coatings. To keep losses low, the coatings and 

thicknesses should be reduced as far as possible. However, 

in order to get a powerful single mode from a standing wave 

laser, either a high finesse étalon, or a combination of low 

finesse étalons is necessary to overcome the enhanced gain 

for the hole-burning modes. Typically, it has proven diffi¬ 

cult to achieve above 200mW in a stable single mode, using a 

standing wave type dye laser with intracavity étalons. Other 

methods have been used to design cw single mode standing wave 

lasers. One such method uses a Michelson interferometer as 

a resonant end mirror (17,18), Output power on the order of 

250mW has been obtained using this technique. 

11,3 The Travelling Wave Laser 

A typical travelling wave laser is shown in Fig, 3-2 of 
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the next chapter. The laser cavity forms a closed path which 

allows radiation to circulate without reflecting back on it-r 

self, thereby avoiding standing waves. An analysis of the 

travelling wave laser shows that it also exhibits hole-burn¬ 

ing effects in certain instances, A single frequency travel-f¬ 

ling wave will produce a spatially uniform saturation in the 

active medium, but multimode interaction in the medium can 

lead to standing waves which burn holes in the gain profile. 

To determine under what conditions a single mode travelling 

wave will be stable, we must consider the possible interac¬ 

tion of a second mode with the first. 

Using the semiclassical theory, (19) , to describe a trav^ 

elling wave laser, the following rate equation for the mode 

intensity can be derived» 

n 
= I (a - 3 I 

n n n n - 9„mI , ) nm m^n 2T-8 

where a is the net gain coefficient, 3 is the mode satura-*- 
n n 

tion coefficient, and e is the cross coupling term between 
nm 

modes n and m. When we consider only two modes, the equation 

will have three steady state solutions: two solutions in 

“n 
which there is a single mode, I = , and one solution 

n 
in which both waves exist at once, with intensities 

= °ïg2~ a2612 _ CI261~ al621 
1 &i&2~ 6b2921 2 6 Ie 2“ 612e 

If both values of a are negative, lasing does not occur. If 
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only one of the values of a is negative, then a stable single 

mode results. In order to determine stability criteria, we 

must consider the case where both values are positive. 

In order to determine if a mode is stable, the effect of 

a small deviation in the intensity about a stationary state 

should be considered; 

= I1
(s) + e1 2«rl0 

I2 = I2
(S) + s2 2.11 

where the superscript *s* implies a stationary state, and 

is a small displacement in intensity, A state is stable if 

■+ o as t » 2T»12 

A stable single mode travelling wave should have stationary 

solutions; I ^ = o, I0^ = — • Plugging these values 
1 2 $2 

into the intensity rate equation and using these initial 

conditions, we find the equations of motion for and e2 

(s) 

êl el al “ elG 12 i2 
2 2 2 +a(e ) 2^13 

e2 e_ ^2e2_012el^ + <^e ) 2T\L4 

Eq, 2*-13 requires that a = less than zero 

3 2 
for a stable solution. Here, a

J is the effective gain that 



15 

mode one would see at the start of oscillations. This is 

reduced from the initial gain c»1, because I2 partially sat- 

urates the medium, to an extent determined by the cross coup¬ 

ling term, 0 , For a homogeneously broadened medium, such as 

a dye laser, ^5 »2 , and 31 £ 32 , so stability depends on 

the relative magnitude of the cross coupling term, e , com** 

pared to the self-saturation term, g, To have a stable sin¬ 

gle mode, 6 must be greater than 3, 

Cross-saturation terms, ©12 • for a ring laser have been 

evaluated by several authors, (20-22), for a homogeneously 

broadened media. When considering two modes in a ring reso^ 

nator, we must consider three cases: two travelling waves, 

each with the same frequency and going in opposite directions; 

two waves of different frequencies going in opposite direc¬ 

tions; and two waves of different frequencies going in the 

same direction. 

Consider first the case of the single frequency wave trav¬ 

elling in two directions. The two travelling waves form a 

standing wave in the medium, and burn spatial holes in the 

population inversion, increasing saturation. For homogen¬ 

eously broadened media, the cross coupling term,0 , is twice 

as large as the self-saturation term, g, (20), making this 

an unstable situation. The laser will be forced to run in 

only one direction, leading to bistable operation. Since 

neither direction is preferred, random perturbations can 

cause the direction to change. 

For the case of two waves of different frequencies trav- 
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elling in opposite directions, the coupling is not so strong. 

There will be cross~saturation due to the beat frequency of 

the two modes, which will cause population pulsations. For 

a homogeneously broadened medium, the crossr-saturation term 

is equal to the selfr-saturation term (21), Assuming the 

gain and saturation coefficients are the same for both modes, 

we get neutral coupling. The intensities depend upon the 

preceeding history of the modes, and it is entirely possible 

that one mode may be extinguished entirely. Using an étalon, 

or other dispersive element, it is possible to make one mode 

strongly favored. If the two frequencies get too close to-r- 

gether, the problem degenerates into the case of a single 

frequency beam going both directions. The minimum frequency 

difference depends upon the level decay constants. 

The final case to be considered is two unidirectional 

waves of different frequencies. This is similar to the case 

just analyzed, and the cross~coupling term is found, (21,22), 

to be approximately the same as above, so the waves will be 

neutrally coupled and the intensities will also depend upon 

the past history of the modes. 

Thus, theory tells us if the linewidth of a ring laser is 

sufficiently narrowed to achieve a single mode, the laser 

will operate unidirectionally, although the direction is arr 

bitrary and depends upon initial conditions. If the liner- 

width is not reduced sufficiently, two modes may run stably 

in the same or opposite directions. 
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CHAPTER THREE 

APPARATUS 

III.l Introduction 

The computer controlled visible-UV laser spectrometer 

is shown schematically in Fig. 3-1. The spectrometer con¬ 

sists of several components: (i) a high power pump laser; 

(ii) a cw dye laser; (iii) nonlinear frequency doubling op¬ 

tics; (iv) diagnostic instrumentation to measure wavelength 

power, and frequency; and (v) a minicomputer system. The 

cw dye laser provides the tunable fundamental narrowline 

radiation which can be used directly, or converted to higher 

frequencies using frequency doubling and sum frequency tech¬ 

niques. The non-linear optics consist of a focussing lens 

and recollimating lens, a non-linear crystal mounted in a 

special cell for convenient angle tuning, and a prism to sep 

arate the second harmonic radiation from the fundamental 

beam. To determine the wavelength, power, and frequency 

characteristics of the spectrometer, a monochromator, photo¬ 

diode, and reference cavity monitor a portion of the dye la¬ 

ser's output. All of these items are controlled or moni¬ 

tored by a DEC LSI-11 minicomputer using CAMAC interface. 

This chapter will describe the design considerations 

for each element of this system. Details of the system op¬ 

eration will be discussed in Chapter Four, and specific in¬ 

formation on alignment and construction of the cw dye laser 

are given in Appendix A. 
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III.2 Design Goals of the Laser Spectrometer 

The spectrometer was to be used for high resolution ab¬ 

sorption studies in the ultraviolet region from 260nm to 

400nm. Since this region of the spectrum is not directly 

accessible by presently available laser dyes and cw pump 

sources, non-linear frequency doubling and sum frequency mix¬ 

ing techniques had to be used to generate the narrowline UV 

from a tunable dye laser. 

The requirements of the high resolution spectrometer 

set limitations on the dye laser. To completely resolve an 

absorption peak, the linewidth of the spectrometer had to be 

considerably narrower than the Doppler width of an absorption 

line, which is on the order of 1GHz for most gases. This 

narrow a linewidth required the dye laser used in the spec¬ 

trometer to operate in a single mode. 

Besides a narrow linewidth, the spectrometer had to be 

able to produce sufficient power for spectroscopic measure¬ 

ments, both in the visible and UV. A high power level was 

desireable in order to have a good signal-to-noise ratio. A 

minimum design goal of 25 microwatts in the UV was set for 

the spectrometer. Since, at the present time, there are no 

dyes which lase cw in the ultraviolet below 390nm, non-lin¬ 

ear frequency mixing and doubling techniques had to be em¬ 

ployed to extend the wavelength range of currently available 

dyes. While it is possible to achieve doubling efficiencies, 

n. = pout/p2. , above 10“^ for 90 degrees phase matching in 
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some non-linear optical crystals, a more typical efficiency 

over a broad range would be 10”^. Using this value, we de¬ 

termined that 500mW of single mode power in the visible 

would be necessary to produce a minimum of 25 microwatts UV 

power. This power level placed a severe requirement on the 

dye laser, so we began a careful search for techniques to 

produce high power, single mode radiation. 

III.3 Design of the Laser 

Tunable single mode power of over 500mW from a dye la¬ 

ser had never been reported at the time this research pro¬ 

gram was initiated. Since then, two high power, single fre¬ 

quency cw laser, similar to the laser we have developed, 

have been reported (4,5). Single mode dye lasers were a- 

vailable commercially with an output power over lOOmW, but 

none exceeded 200mW. It was well known that ring lasers 

operate more efficiently in a single mode than do linear la¬ 

sers, however the simplicity of the linear laser, as com¬ 

pared to the ring laser, led us to consider the linear cw 

dye laser first. 

III.3.1 The Linear Laser 

The linear laser we used was a model 375 Spectra-Phy- 

sics dye laser. It had a folded linear cavity, as shown in 

Fig. 2-1. With the standard tuning wedge, it had a line- 

width of 80GHz. The laser was commercially available with 
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a single mode option using two étalons; a 0.15mm, 33% coat¬ 

ed étalon for coarse tuning, and a 2mm, high-finesse air- 

spaced étalon for fine tuning. The maximum output power 

was listed as 200mW for Rhodamine 6G. We studied the possi¬ 

bility that a combination of lower finesse étalons, along 

with a biréfringent filter would improve the output power. 

From the theory of single mode operation in a standing 

wave laser, we calculated the frequency separation of the 

hole-burning modes from the primary mode. Using Eq. 2-5 

A v c , nc 
4z^ 2z o o 

2-5 

we found the hole-burning modes were at Av = 1.5, 4.5, 7.5, 

... GHz. When a 1mm, 33% coated étalon was inserted into 

the cavity, only two modes were observed to oscillate, 1.56 

GHz apart, corresponding to a separation of four cavity 

modes of 390MHz. Because the modes do not use the same re¬ 

gions of the gain medium, they were not strongly coupled and 

small perturbations on the cavity had little effect on their 

relative powers. The étalon transmission peak was narrow 

enough to allow only the hole-burning mode nearest the pri¬ 

mary mode to oscillate. The two modes effectively saturat¬ 

ed the gain medium, keeping all other modes below threshold. 

To achieve a single mode, a second étalon had to be put 

in the cavity. Since the two modes obtained with the 1mm 

étalon were close together, the second étalon had to either 

have a small free spectral range (FSR), or have a high fi¬ 

nesse. High-finesse étalons tend to be lossy, so we tried 
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using different low-finesse uncoated étalons. A 10mm un¬ 

coated étalon with a 10GHz FSR gave the best results. At 

the peak of Rhodamine 6G, the linear laser could be made to 

produce over 300mW in a single mode with three watts of pump 

power. 

The use of the solid étalon in the laser cavity created 

some new problems. In order to scan the laser, the étalon 

had to be tilted, but from Eq. 2-7, we know walk-off losses 

increase proportional to the square of the tilting angle. 

In the linear laser, the single mode power fell off very 

rapidly as the lOijtun étalon was tilted, and after 6GHz, las¬ 

ing ceased altogether, indicating the walk-off losses had 

exceeded the gain. 

To overcome the walk-off problem, we used a low-finesse 

air-spaced étalon, in place of the 10mm solid étalon. The 

15GHz FSR of the air-spaced étalon was slightly larger than 

that of the solid étalon, so the flats were coated to 15% 

reflectivity to increase the finesse. Single mode power 

was reduced to 150mW, but tuning was linear and power re¬ 

mained constant. The power loss was attributed to the sur¬ 

face losses from the two additional anti-reflective coated 

surfaces of the étalon. The linear laser was capable of 

producing a stable single mode, tunable over a large range 

with the two étalons and a biréfringent filter. However, 

the output power was insufficient to produce enough UV light 

over a suitable range for spectroscopic measurements. 
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III.3.2 The Travelling Wave Laser 

We decided next to develop a travelling wave laser which 

would have enough single mode power to meet the requirements 

of the spectrometer, but would also be simple to tune and 

operate. One way to form a travelling wave laser is to make 

a ring laser oscillate in one direction only. If a mode os¬ 

cillates in both directions about the ring cavity, a stand¬ 

ing wave will result, with all the saturation and coupling 

problems associated with the linear laser. There are several 

ways to make a ring laser unidirectional. One way is to use 

the Faraday effect to create more losses for one direction 

of rotation than the other. Another technique is to use a 

mirror to reflect one of the beams back on itself, forcing 

output in one direction only. 

The ring laser was designed with three main objectives; 

1) to produce over one-half watt of output power; 2) to op¬ 

erate in a single, longitudinal mode; and 3) be simple to 

scan. High power in a single mode is an intrinsic property 

of ring lasers, so the major design effort was put into de¬ 

veloping a simple, efficient ring resonator. 

The design was centered around the focussing optics of 

the cavity. The laser threshold for a dye is fairly high, 

typically 50kW/cm . Power density of this magnitude can be 

achieved by focussing the output of a high power laser down 

to a spot approximately 10 microns in diameter. The cavity 

mode is focussed on the same area to produce the maximum 
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overlap between it and the pumped region. A low loss method 

of doing this is to use totally reflecting optics, such as 

curved mirrors to focus the beam. We chose to use this 

technique in a method similar to the astigmatically compen¬ 

sated folded linear laser of Kogelnik, et.al., (11), except 

that it was adapted to ring resonator geometry. 

It is well known that a curved mirror in an off-axis 

configuration will create an astigmatism, caused by a differ¬ 

ence of focal lengths for the sagittal and tangential planes. 

For rays in the tangential plane, the effective focal length 

is given by (23) 

fT = f cos 0 3-1 

where f is equal to one-half the radius of curvature of the 

mirror, and 0 is the angle of incidence. For the sagittal 

plane, the effective focus is given by 

fs = f/cos 6 3-2 

Combining the two results, the total difference in focal 

length is 

f = f (1/cos 0 - cos 0) 3-3 

= f sin0 tan0 

The astigmatism is directly proportional to the focal length 
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of the mirror, and to a first approximation, proportional to 

the square of the angle of incidence. 

A dye jet of the proper thickness, typically 0.3mm, set 

at Brewster's angle to the beam, and placed at the focus of 

the mirror, can totally compensate the astigmatism (24). 

The optical thickness of the Brewster jet for the sagittal 

and transverse planes differs in a focussed beam, opposite 

the difference in path length caused by an off-axis mirror. 

The optical thickness of the sagittal plane is given by 

where t is the thickness of the jet, and n is the index of 

refraction. The tangential plane sees an optical thickness 

of 

The total difference in optical path length is given by 

Equating the differences of optical path length due to the 

mirrors and dye jet, we get 

3-4 
n 

3-5 

3-6 
n 

E f. sin 9. tan 9. 
ill 

n 
3-7 
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where the subscript 'i' refers to each mirror. Since the 

astigmatism and coma increase rapidly with angle, the angle 

of incidence of each curved mirror was kept to a minimum. 

The best configuration to minimize the angles is the 

figure eight cavity, as shown in Fig. 3-2. The figure eight 

uses only four mirrors, so reflection losses due to imper¬ 

fect coatings are no larger than in the folded linear laser. 

Since curved mirrors require translational as well as angu¬ 

lar adjustment, only two curved mirrors were used in order 

to simplify the alignment. The curved mirrors caused two 

beamwaists to form in the cavity; one at the dye jet, and 

one in the lower arm, directly below the dye jet. The two 

folding mirrors were mounted symmetrically about the dye 

jet. Both were on small translation stages to allow optimum 

adjustment of the distance between the pump spot and the 

mirror. The jet was pumped with an argon ion laser, whose 

beam was focussed using a 7.5cm radius of curvature mirror, 

also mounted on a translation stage, and approximately 3.75 

cm from the dye jet. The pump mirror was mounted close to 

the axis of the two folding mirrors, in order for the pump 

beam and cavity mode to be as nearly collinear as possible. 

This improved the pumping efficiency by producing greater 

overlap between the pump region and the cavity mode. For 

the figure eight cavity, the polarization was determined by 

the Brewster surface of the dye jet, and was thus in the 

plane of the cavity. Since the argon pump laser was verti¬ 

cally polarized and our optical system was set up for verti- 
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cal polarization, the ring laser was built in the vertical 

plane. 

The size of the cavity had to be large enough so that 

the biréfringent filter, Faraday isolator, and scanning éta¬ 

lon could be placed inside the cavity without obstructing 

the side arms. This could have been easily accomplished by 

making the cavity arbitrarily long, or the angle quite 

large. The problems associated with large angles of inci¬ 

dence have already been discussed. A large cavity would 

create relatively small cavity mode spacings, c/L, where L 

is the cavity circumference. A small mode spacing would 

make single mode selection of the laser more difficult and 

require a higher finesse étalon. A compromise between the 

length and angle was chosen, which gave a mode spacing of 

200MHz, an angle of incidence of three degrees, and suffi¬ 

cient intracavity space. The shortest practical focal length 

that could be used for the folding mirrors was 2.5cm, which 

implied mirrors of 5cm radius of curvature. With both mirr* 

rors set at three degrees incidence to the beam, a dye jet 

of 0,3mm thickness compensated for the astigmatism, 

Kogelnik and Li, (25) , have described the analytical 

methods whereby the mode characteristics of laser cavities 

of arbitrary design may be determined. The ABCD matrix for 

the ring cavity was calculated, and from it, expressions 

for the beam waists and stability criteria were obtained. 

The equations were written in terms of the mirror radius of 

curvatures, R, the distance of the short arm of the cavity, 
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2d^, and the remainder of the figure eight circumference, 2d2. 

The stability limits of the cavity are determined from the 

expression |A + D| . <_2. For the ring resonator 

8d9 4d, 16d.d9 

A ■ D “ ! -TT - -T + 3
‘8 

The expression for the beamwaist is given by 

— / ^ \ % 0) = (—) 
O 7T 

|1 
,D+A> 2 
1 2 ' 

35 

3-9 

where 

B 2d1 + 4d2 
16d2

2 163^2 4aid2
2 

R - R r2 
3-10 

The lengths of the various elements of the ring resona¬ 

tor we developed were d^ % 2.5cm, d2 & 77cm, and R = 5cm. 

The stability limits on d^ were found to be 5 l_2d^ ±5.08cm. 

At the center of the stability range, determined from the 

condition A + D = 0, the distance 2d^ equalled 5.04cm. The 

lower beamwaist was calculated with this value of d]_, to.be 

ù)Q = 0.56mm. This large of a value for the beamwaist was 

desireable, because the lower beam was to be used for plac¬ 

ing the étalons. A large beam suffers less from walk-off 

losses and thermally induced distortion in étalons than does 

a small beam. 

The reflectivity of the output coupler was determined 
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experimentally by using a 2%, 6%, 8%, and 10% transmission 

mirror in the laser cavity. The output power and threshold 

for the laser with each mirror is shown in Fig. 3-3. The 8% 

coupler gave the highest power, but it was found that the 

tuning range and single mode stability were not as great as 

with the higher reflectivity mirrors. The 6% coupler was 

found to be the best compromise, giving nearly the same out¬ 

put power as the 8% coupler, but with a tuning range cover¬ 

ing the whole dye spectrum. 

III.4 Tuning of the Dye Ring Laser 

A dye laser can operate over a larger spectral range, 

typically several hundred angstroms in the visible spectrum. 

It thus requires a highly dispersive tuning system to obtain 

single mode operation. The dye ring laser required three 

tuning elements, a biréfringent filter, and two étalons. 

Coarse selection of the wavelength was done with a bi¬ 

réfringent filter, reducing the laser linewidth to 40GHz, or 

about 0.5A. The biréfringent filter consisted of a quartz 

plate placed at Brewster's angle to the beam. Tuning was 

accomplished through a suitably geared-down stepping motor, 

(Superior Electric Model M061-FC02 with a PIC Design Corpo¬ 

ration reduction gear Model ES-2), to give a final resolu¬ 

tion of 6GHz per step. 

To narrow the linewidth to a single mode, two intraca¬ 

vity étalons were necessary. A 0.6mm uncoated étalon reduced 

the output to about 8GHz with negligible loss of power. The 
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étalon was tuned by tilting it with a galvanometric scanner 

(General Scanning GS-208) driven by a power amplifier (GS 

AX-200) , which was controlled by a voltage from the digital- 

to-analog converter (DAC). An air-spaced étalon (Burleigh 

TL-15) was used to select a single mode from the passband of 

the thin étalon. The étalon had a free spectral range of 

30GHz, and was coated for 33% reflectivity, which gave it a 

fairly low insertion loss. Tuning was accomplished by chang¬ 

ing the thickness of the airgap using a piezoelectric spacer 

between the mirrors. The spacer was driven by a high volt¬ 

age amplifier (Burleigh RC-42) which was also controlled by 

a voltage from the DAC. 

To tune the laser, all three elements had to be adjust¬ 

ed simultaneously. Fig. 3-4 shows the transmission function 

for the biréfringent filter, the thin étalon? and the air- 

spaced étalon, superimposed together. The coarse wavelength 

is selected by the biréfringent filter, while the two éta¬ 

lons select one mode from under its peak. The point where 

the product of the three transmission curves is a maximum is 

where lasing will occur. By tracking the peaks of the trans¬ 

mission curves, the laser may be tuned in a single mode over 

a large region. Final wavelength selection is done by the 

ring cavity modes. There are approximately 150 of them be¬ 

tween two peaks of the air-spaced étalon, separated by 200MHz, 

and are hence too fine to graphically show in Fig. 3-4. The 

ring laser has operated at efficiencies over 30% in multi- 

mode, with only the biréfringent filter in the cavity, giving 

1.5W output for the 5W pump. Record powers of 2 watts out 
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for 7 watts in have been achieved. Single mode operation 

requires both étalons be added, and this reduces the effi¬ 

ciency to around 22%. However, an efficiency of 25% has 

been achieved by producing 1.5 watts of single mode power 

with 6 watts pump from the 514nm line of an argon ion laser. 

Typical laser specifications are shown in Table 3.1. 

A single mode ring laser will operate unidirectionally, 

as discussed in Chapter Two. However, the direction of tra¬ 

vel is not determined, and can reverse due to random pertur¬ 

bations. Mirror feedback or a Faraday isolator must be used 

to force operation in one direction. 

Mirror feedback allows higher output powers than a Far¬ 

aday isolator, since it does not require extra elements in 

the cavity. However, mirror feedback tends to produce a 

noisier and less stable laser output than a Faraday isolator 

when the laser is not operating in a single mode, and it re¬ 

quires the use of higher finesse étalons to achieve narrow 

linewidths. 

Initially, mirror feedback was studied. A totally re¬ 

flecting mirror was placed in the lower output beam, 40cm 

from the output coupler, and oriented to direct the beam 

back onto itself. The distance from the output coupler is 

similar to the intracavity distance from the output coupler 

to the lower beamwaist. The mirror was thus at a beamwaist, 

insuring proper mode-matching of the cavity mode and the re¬ 

turn beam. For multimode operation, the output tended to be 

quite noisy, due to the strong feedback of the retroflector. 
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TABLE 3.1 

TYPICAL LASER SPECIFICATIONS (USING RHODAMINE 6G) 

Multimode Power 
Linewidth 40GHz 

Single Mode Power 
Linewidth 40MHz 

Ultraviolet Power, using ADA 

Multimode 

Single Mode 

Ultraviolet Power, using ADP 

Multimode 

Single Mode 

Scan Speeds 

Multimode 

Single Mode 

1.1W @ 4W Pump Power 

900mW @4W Pump Power 

1.4mW @1,1W Input at 587nm 

0.9mW @1.1W Single Mode 
Input and 587nm 

*07mW @1.1W Input 

.04mW 01.1W Input 

12A/sec 

0.2A/sec 



35 

With both étalons in the cavity, the laser operated in a uni¬ 

directional single mode. Occasionally, a small secondary 

mode would appear, caused by the feedback, but it was found 

that putting a low value neutral density filter between the 

laser and the feedback mirror would effectively decouple the 

two directions and eliminate the secondary mode. In this 

fashion, stable single mode scanning was accomplished. 

A more effective method is to use a Faraday isolator 

to insure unidirectional dye laser output. A Faraday isola¬ 

tor uses a reciprocal polarization rotator, followed by a 

non-reciprocal Faraday rotator. The Faraday effect is the 

property of certain materials in the presence of a strong 

magnetic field to rotate the plane of light polarization the 

same direction for oppositely directed beams. The amountof 

rotation, 9 , is determined by the strength of the field, H, 

the length of the rod, 1, and its Verdet constant, V, in the 

manner 

9 = HV1 3-11 

Following a Faraday rotator, a reciprocal rotator, such as 

a half-wave plate, or c-axis quartz plate, is used to exact¬ 

ly compensate for the rotation of a beam in one direction, 

and bring the polarization back to its original state. A 

beam travelling the opposite direction will be rotated by 

both the reciprocal plate and the Faraday rod, leaving the 

beam in a new state of polarization, which will undergo loss- 
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e£ at each polarization-dependent surface, in particular, at 

the Brewster surfaces (i.e., dye jet and biréfringent fil¬ 

ter) . It has been found experimentally that a small rota¬ 

tion, on the order of a few degrees, is enough to cause uni¬ 

directional operation. 

A serious problem with using a Faraday isolator inside 

a laser cavity is that most materials with a high Verdet 

constant also have high absorption losses (26). To avoid 

this problem, we attempted to use fused quartz in sufficient 

length and in a powerful magnetic field to get enough rota¬ 

tion to bias the ring resonator to unidirectional operation. 

Quartz has a Verdet constant of 0.016 minutes of arc per 

cm*oerstead (27). A 32mm quartz rod placed in a 3200 gauss 

field produced by a stack of five samarium magnets, gave a 

net rotation of approximately two degrees, compared to the 

calculated value of 2.5 degrees. Both ends of the rod were 

AR coated to reduce insertion loss in the cavity. To com¬ 

pensate for the polarization of the quartz rod, an AR coated 

half-wave plate was used. Orienting the optic axis one de¬ 

gree from the cavity polarization produced a two degree ro¬ 

tation. It was found that two degrees of rotation was not 

sufficient to force the multimode laser into unidirectional 

operation. When both étalons were inserted in the cavity, 

the laser operated in a stable, unidirectional, single mode. 

However, as the laser was tuned over a few angstroms by ad¬ 

justing the biréfringent filter, the wavelength and direc¬ 

tion of oscillation would suddenly change. For such a small 

total polarization rotation, the losses at the Brewster sur- 
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faces were not sufficient to prevent the biréfringent filter 

from effectively interacting with the rotated polarization 

and allowing lasing at some wavelengths. Another problem 

arose when the laser was fine-tuned with the intracavity 

étalons. The half-wave plate, although AR coated, was act¬ 

ing as an additional étalon. Attempts to use it in place of 

the thin étalon failed, because the half-wave plate was too 

thick (1mm) , with insufficient FSR for the 30GHz air-spaced 

étalon to scan within its peak. 

In order to determine the degrees of rotation necessary 

to produce stable, unidirectional laser oscillations, a ter¬ 

bium-doped crystal, TAG, was used in the cavity in place of 

the quartz rod. TAG has a very high Verdet constant, how¬ 

ever, when placed in the cavity, the output power fell by 

40%, because of the high absorption losses in the crystal. 

Using the half-wave plate, and varying the magnetic field by 

pulling the tod partially out of the magnetic stack, stable 

unidirectional lasing, with only the biréfringent filter, 

was achieved with eight degrees of rotation of the polariza¬ 

tion. Tuning was accomplished by adjusting the biréfringent 

filter, and by tilting the half-wave plate, which acted as 

an étalon. The birefringence of the half-wave plate re¬ 

stricted laser operation to a 20nm wavelength band. The 

half-wave plate was sharply centered at 595nm, being about 

a 20 order plate. As the dye laser wavelength became lOnm 

or more away from 595nm, the plate acted more like a quarter' 

wave plate than a half-wave plate, and would fail to effec- 
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tively compensate the rotation caused by the Faraday rotator. 

A more suitable reciprocal rotator was proposed. C-axis 

quartz displays a polarization rotation which is proportion¬ 

al to the thickness of the plate, and nearly constant with 

wavelength. A 0.5mm thick plate would give about 10 degrees 

of rotation, and is just about the thickness of the thin ét¬ 

alon presently used. It is expected that such a plate will 

act as both a reciprocal rotator, and an étalon. This de¬ 

sign will be tested upon availability of the required opti¬ 

cal components. 

III.5 Second Harmonic Generation 

The most direct method of producing tunable, coherent, 

UV radiation is to use second harmonic generation techniques 

to convert output radiation of a cw dye laser to UV radia¬ 

tion. The frequency doubling efficiency is intensity depen¬ 

dent, so the dye laser beam must be focussed into the non¬ 

linear crystal. A second lens is used behind the crystal to 

recollimate the UV output. The primary beam emerges with 

almost the same power as it started with, therefore, a prism 

or UV filter must be used to separate the two output beams. 

As the wavelength of the dye laser is changed, the an¬ 

gle of incidence of the SHG crystal must be adjusted to main¬ 

tain optimum phasematching conditions. Fig. 3-5 shows a 

plot of the phasematching angles of several non-linear cry¬ 

stals as a function of wavelength (28). The conversion ef- 
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several nonlinear crystals 
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ficiencies are also shown. The efficiency improves as the 

phasematching angle approaches 90 degrees, and because of 

this, the crystal with a phasematching angle closest to 90 

degrees for a given wavelength, is generally used. 

The experimental configuration is shown in Fig, 3-1. 

Ll is an anti-reflection coated, 7.5cm focal length lens, 

used to focus the dye laser beam into the non-linear crystal 

The collimation lens has a 10cm focal length, and was made 

of quartz, to insure good transmission in the ultraviolet 

range. The prism is a highly dispersive Brewster-cut prism 

(Inrad, Model #810-120). The angle of incidence was initial 

ly set at Brewster's angle to minimize losses of the UV rad¬ 

iation. A micrometer was built into the prism mount to al¬ 

low small angular adjustments in order to keep the beam dir¬ 

ection constant as the wavelength changed, due to the dis¬ 

persion of the prism. A stepping motor was used to adjust 

the micrometer during computer controlled scans. 

The non-linear crystal was held in a special mount de¬ 

signed to minimize beam displacement as the crystal is ro¬ 

tated. The mount was a modified version of the cell report¬ 

ed by Blit, et.al.(29). The index-matching fluid of.ref. 

29; decalin, was found to absorb 5% per centimeter of visi¬ 

ble light. The focussed beam produced a strong thermal len- 

sing effect in the index-matching fluid, greatly reducing 

the efficiency of the cell. Replacing the fluid with FC-104 

index-matching fluid, the thermal lensing effect was sub¬ 

stantially reduced. The cell was also made as short as pos- 
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sible to reduce the amount of fluid the beam had to traverse. 

A graph comparing the SHG output of a commercially mounted 

ADA 90 degree crystal, with AR coatings, index-matched cell 

is shown in Fig. 3-6. The commercial cell produced about 

30% less SHG power, and it did not have the tuning range of 

the index-matched cell. The range was limited because the 

beam could not get through the crystal at the large orien¬ 

tation angles required above 610nm. 

III.6 Diagnostic Measurements 

Accurate scanning requires that each element of the 

spectrometer be calibrated in frequency and position. Cal¬ 

ibration is done using a monochromator, a reference cavity, 

and several reference photodiodes, as shown in Fig. 3-1* 

The monochromator used in this research was a Jobin- 

Yvon model H-20, with 1mm slits and a resolution of 2nm. 

The transmission wavelength of the monochromator was con¬ 

trolled by a stepping motor, through a low backlash 15-1 re¬ 

duction gear. The combination of gear and stepping motor 

had a resolution of 0.33A per step, well within the resolu¬ 

tion of the monochromator. Two limit switches were mounted 

after the gear box to find the initial position and to serve 

as hardware limits. A photodiode-operational amplifier com¬ 

bination, a UDT-500 Photop, was mounted after the exit slit 

of the monochromator. The output of the detector was fed to 

the CAMAC ADC. 



42 

5
7

0
 

5
8
0
 

5
9
0
 

6
0
0
 

61
0 

6
2

0
 

W
A

V
E

L
E

N
G

T
H

, 
nm

 
F
i
g
.
 
3
-
6
.
 

C
o
m
p
a
r
i
s
o
n
 
o
f
 
a
 
c
o
m
m
e
r
c
i
a
l
 
c
e
l
l
 
a
n
d
 
t
h
e
 
s
p
e
c
i
a
l
 
c
e
l
l
 



43 

The monochromator was used to determine the wavelength 

of the laser, and to calibrate the position of the biré¬ 

fringent filter. Using the stepping motor, the computer 

could maximize the signal from the photodiode by scanning 

the monochromator. Wavelength was determined accurately to 

within one or two steps, which corresponds to one angstrom 

resolution. 

To calibrate the air-spaced étalon, we used an 8GHz 

marker cavity. The marker was a Tropel Model 470, with a 

confocal cavity. A photodiode was mounted directly to the 

cavity, and the output was sent to a high gain, current am¬ 

plifier before being fed to the ADC. Because this cavity 

was the fundamental reference of the system, was placed it 

in a temperature-stabilized optical enclosure to minimize 

thermal drifting. To calibrate the 30GHz étalon, it is 

scanned over three or four free spectral ranges, while the 

PZT mirror, thin étalon, and biréfringent filter remain sta¬ 

tionary. The output of the marker cavity shows a repeating 

pattern as the frequency scans over the same 30GHz region. 

The FSR and tuning characteristics of the scanning étalon 

can be determined from this pattern. 

An 8GHz marker cavity was selected for several reasons. 

First, the 8GHz cavity gave three to four data points per 

FSR of the scanning étalon, which was enough to accurately 

determine the tuning characteristics of the linear étalon. 

Secondly, because the output frequency of the laser changes 

in discrete,jumps of 200MHz, when only the air-spaced étalon 



44 

is scanned, the band width of the reference cavity had to be 

large enough to transmit a signal when it was as much as 

100MHz away from the transmission peak. We found the 8GHz 

reference cavity had an adequate bandwidth, yet a high 

enough Q for accurate calibration. 

Two reference diodes were used in the system, one to 

monitor the dye laser power, and the other to monitor the UV 

output power. The laser reference diode was a UDT Photop, 

similar to the one used on the monochromator. It was used 

to measure the power tuning curves of the dye laser. The 

UV reference diode was a UDT-500UV Photop, similar to the 

other photodiodes, except it was sensitive in the ultravio¬ 

let region. It was used to detect the signal during cross 

referencing of the SHG crystal position and prism position 

to the position of the biréfringent filter. 

Two additional spectrum analyzers were used to monitor 

the performance of the spectrometer. A Tropel model 451 

with a FSR of 240GHz was used to monitor scanning character¬ 

istics, and to measure the frequency changes of extraneous 

mode hops to determine their cause and origin. A 2GHz spec¬ 

trum analyzer, Spectra-Physics Model 421, was used to con¬ 

firm the single frequency scanning and to monitor short and 

longterm frequency fluctuations of the laser system. 

III.7 Minicomputer System 

The various operations and elements of the laser spec- 
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trometer were controlled by a DEC PDP-11 V03 minicomputer 

with a 28 K word memory interfaced via a CAMAC system as 

shown in Fig. 3-7. CAMAC interfacing provided a standard¬ 

ized and flexible method for transmitting digital control 

and data information between computer and various instrumen¬ 

tation modules. 

A crate controller (Kinetic Systems Model 3912) was 

used as the interface between the PDP-11 V03 and the various 

CAMAC modules. All stepping motors were operated by a step¬ 

ping motor controller (BiRa Systems Model 3101A) followed 

by stepping motor driver modules. The photodiode detectors 

were connected to a 16 channel, differential 12-bit ADC 

(BiRa Systems Model 5301). The voltage controlled scanning 

and cavity length elements of the dye laser were controlled 

by an 8 channel 12-bit DAC (Kinetic Systems Model 3112). A 

real time clock (SEC Model RTC-018) was used to monitor the 

scan speed of the various stepping motors to avoid resonan¬ 

ces. A 24-bit input/output module (NEC Model 9017U) was 

used to read the position of all limit switches associated 

with the various stepping motors. Various data display op¬ 

tions were provided. A X-Y-Z graphics display driver (BiRa 

Systems Model 4301) allowed convenient real time monitoring 

of photodetector data on a Tektronix Model 604 oscilloscope. 

The input/output module was also used to control two alpha¬ 

numeric displays for read-out of current data from the ADC 

channels and the systems program (e.g. motor position, wave¬ 

length, power). Hardcopies of data could be made on an X-Y 
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recorder driven by the output of two DAC channels. Data in 

the memory core could be plotted directly on the Tektronix 

4010-1 terminal. 

A summary of the design parameters of the laser system 

is shown in table 3.2. 
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TABLE 3.2 

SYSTEM PARAMETERS (USING RHODAMINE 6G) 

Dye Laser Output Power 

Multimode 1 to 2W 

Single Mode 0.7 to 1.5W 

Dye Laser Efficiency 22 to 30% 

Single Mode Linewidth 

UV Output Power 

40MHz 

Multimode 0.2 to 1.4mW 

Single Mode 0.1 to lmW 

Coarse Tuning Resolution 0.lA/step 

Coarse Tuning Range 570 to 630nm 

Crystal Orientation 0.5'/step 

Nonlinear Conversion 
Efficiency 10"3 to 10-5 

Monochromator Scanning 0.3A/step 

Monochromator Resolution 2nm 

Marker Cavity FSR 8GHz 

Dye Laser Cavity FSR 200MHz 

Air-Spaced Etalon FSR 30GHz 

Coarse Etalon FSR 166GHz 
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CHAPTER FOUR 

COMPUTER OPERATION OF THE CW VISIBLE-UV 

LASER SPECTROMETER 

IV.1 Introduction 

Continuous scanning of the output wavelength of the 

spectrometer requires the simultaneous adjustment of each 

tuning element, and the proper orientation of the SHG cry¬ 

stal and prism. These various operations and elements are 

controlled by a DEC PDP-11 V03 minicomputer, interfaced via 

a CAMAC system, as was shown in Fig. 3-7. An extensive soft¬ 

ware program has been written which controls initialization 

and calibration of the system, wavelength and frequency 

scanning, and data acquisition and storage. The laser spec¬ 

trometer is controlled with up to seven 'motors1, consisting 

of four stepping motors to adjust the biréfringent filter, 

the monochromator, the orientation of the SHG crystal, and 

the UV separation prism, and three voltage-controlled scan¬ 

ners to adjust the two intracavity étalons and the cavity 

length. The software allows any motor to be positioned or 

scanned within the software limits. Data may be taken, fil¬ 

tered with a suitable time constant, and stored from up to 

four ADC channels as the motor is scanned. As an example of 

the scanning ability of the laser spectrometer, various re¬ 

solution spectra of I2 and SO3 are presented at the end of 

this chapter. 
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IV.2 Initialization and Calibration 

The initial position and range of each stepping motor 

must be determined before the system is calibrated. To do 

this the motor is driven toward its upper and lower limits 

until it strikes a corresponding microswitch which defines 

the hardware range of the motor and is then returned to its 

original position. The hardware limits are set a little 

beyond the working range of the element to allow for chan¬ 

ges in the useful position caused by variations due to align¬ 

ment or temperature. It is desireable to set narrower li¬ 

mits by software in order to restrict operation over a use¬ 

ful region. These software limits are determined by the 

operator for the biréfringent filter, and are set automati¬ 

cally for the other elements. The biréfringent filter is 

automatically scanned between the two microswitches and data 

from the reference photodiode is stored and displayed on the 

terminal as a function of motor position. The operator se¬ 

lects the desired working region of the biréfringent filter 

by setting upper and lower software limits around a strong 

portion of the tuning curve using the video terminal cross¬ 

hairs. Fig. 4-1 shows a typical scan of the biréfringent 

filter in the ring laser using Rh6G. The continuous central 

peak is clearly the tuning curve of the dye, while the small 

peaks to the side are caused by the secondary transmission 

peaks of the biréfringent filter. A useful working range 

would be between the half-power points of the peak. 
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The software assumes the stepping motors move each time 

a pulse is sent out; there is no confirmation sent back by 

the motor. Motor positions are determined by counting the 

number of steps from the lower limit switch. This has pro¬ 

ven to be perfectly reliable as long as the motor does not 

operate at a resonant speed; a problem the software has 

been designed to avoid. The microswitches are connected to 

an input register (IR) of the CAMAC crate, and are connected 

normally closed. This is done for two reasons; (1) to a- 

void contact bouncing when the switch is struck by a motor, 

and (2) for safety in case a switch is disconnected, the 

motor will not move in that direction. Each time a motor is 

stepped, its corresponding limit switch is monitored at the 

IR. If the switch opens, the IR bit goes low, and the motor 

is assumed to be at the limit switch. 

After the tuning range of the dye laser is established, 

the software calibrates the biréfringent filter in terms of 

wavelength using a 1/4 meter monochromator. The biréfrin¬ 

gent filter is set to its lower software limit, and the mon¬ 

ochromator is adjusted by a stepping motor to maximize the 

signal of a photodiode mounted on the exit slit. The maxi¬ 

mization is done in two steps. First, the monochromator is 

quickly scanned over its entire range to find the general 

area of the peak. Then it goes back and does a slow scan 

between the half power points of the peak. The data from 

the slow scan is fit to a cubic polynomial and the maximum 

point is found from this fitted curve. The biréfringent 
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filter is set to a number of points across the tuning range 

of the dye and the monochromator is maximized at each spot. 

The data relating the biréfringent filter position to the 

monochromator position is fit to a quartic polynomial and 

from this curve 100 points are taken to form a cross-refer¬ 

ence table. A similar technique is used to cross-reference 

the SHG crystal and the prism. For the crystal, a UV detec¬ 

tor is placed directly behind the focussing optics. The 

biréfringent filter is set to a number of positions across 

its range and the UV signal is maximized by rotating the 

SHG crystal until the optimum phase-matching angle is a- 

chieved. To cross-reference the prism, the detector is 

placed where the spectroscopic sample cell will be placed 

and the biréfringent filter and the SHG crystal are posi¬ 

tioned at several points across their range to provide a UV 

beam for the prism to direct onto the detector. 

There are two problems which can occur with stepping 

motors. First, they have resonances at certain speeds which 

can cause a loss of steps. Secondly, the combination of 

the gear box and micrometer can have backlash which causes 

the position to be inaccurate when a scanning direction is 

reversed. Both of these problems have been dealt with in 

the software. 

The stepping motor resonances occur for a certain band 

of stepping rates which can be measured with a special rou¬ 

tine developed for this purpose. It has been found that 

each motor displays resonance at approximately the same 
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speeds. A real time clock (RTC) monitors the stepping rate 

of each motor and adds delay when the rate approaches a re¬ 

sonance. 

To avoid the backlash problem, all motors are scanned 

only toward their high limits. If a motor must be moved to 

a lower position, the software moves it well beyond the de¬ 

sired point and then positions the motor from below. 

After the stepping motors have been cross-referenced, 

the system can produce tunable, UV radiation with a line- 

width of approximately 0.3A. Fig. 4-2 shows the simultan¬ 

eous dye laser power and UV power generated by tracking an 

ADP crystal and the prism with the biréfringent filter. The 

entire scan was done in about 30 seconds. The narrow peak 

was also generated by leaving the ADP crystal stationary as 

the wavelength was scanned. UV radiation is generated only 

over a small region of the spectrum when the crystal is not 

tracked. 

Tbcreduce the linewidth to a single mode, two intraca¬ 

vity étalons must be added. The étalons are cross-referenced 

in terns of relative frequency instead of biréfringent filter 

position as is done with the stepping motor controlled ele¬ 

ments. A fictitious motor, motor 8, is created as the ref¬ 

erence motor. It steps in units of 50MHz, and the étalons 

are cross-referenced to its position. 

The thin étalon (FSR of 170GHz) is tuned by tilting, 

while the scanning étalon (FSR of 30GHz) is tuned electron¬ 

ically by a piezoelectric spacer which adjusts the mirror 
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separation. To scan through one FSR, the optical thickness 

of a plane-parallel Fabry-Perot étalon must change by one- 

half wavelength. Thus, the actual change in angle or mirror 

separation to scan a given frequency span depends directly 

on the wavelength. For this reason, the étalons are cali- 

brated at the wavelength of interest. 

The scanning air-spaced étalon is calibrated against a 

temperature-stabilized reference cavity, with a high-finesse 

and a free spectral range of 8GHz. With everything else in 

the cavity fixed, the étalon is scanned over several FSR by 

driving the high voltage amplifier with a 0-5 volt ramp from 

the DAC. Because the thin étalon is fixed, the laser output 

frequency scans forward only until the next lower trans¬ 

mission order of the scanning étalon comes close enough to 

the peak of the thin étalon to start lasing. The original 

mode dies out rapidly and the new mode begins, scanning over 

the same region. A portion of the output is sampled by the 

8GHz reference cavity and the transmitted signal is recorded 

as the étalon is scanned, and results in a recurring pattern 

of transmission peaks. Fig. 4-3 shows a typical output of 

the marker cavity. A 30GHz scan will have four transmission 

peaks, each separated by 8GHz, which span 24GHz. Before the 

frequency can scan to the next transmission peak at 32GHz, 

it hops back by 30GHz and repeats the whole scan. Therefore, 

the separation between the repeating pattern of four peaks 

should by 6GHz, as can be easily seen in Fig. 4-3. The soft¬ 

ware can determine both the FSR and the tuning characteris- 



57 

d 
•H 
U 
fd 
CD 
a* 
CD 

A 

O 
K 
CO 
o 
CL 

3 
< 
H- 
LU 

•d 
<D 
d 
d 
fd 
u 
co 

CO 
•H 

d 
0 
rH 
fd 
u 
0 

*d 
CD 
u 
fd 
Û4 
co 

u 
•H 

fd 

CD 
u 
u 

CO 
fd 

fd 
d 

-H 
CO 

>i 
U 
■H 
> 
fd 
ü 

u 
<D 

fd 
S 

ro 
I 

tn 
•H 

PM 

p
a
t
t
e
r
n
 
i
s
 
u
s
e
d
 
t
o
 
d
e
t
e
r
m
i
n
e
 
F
S
R
 
a
n
d
 
t
u
n
i
n
g
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
t
h
e
 



58 

tics from this pattern, and a cross-reference table between 

position and frequency is developed. 

The thin étalon is calibrated next. The tuning angle 

is driven by a galvanometric scanner which is controlled by 

a 0-5 volt signal from the DAC. In a manner similar to the 

calibration of the air-spaced étalon, the thin étalon is 

scanned over several FSR by a slow ramp from the DAC. With 

everything else in the cavity fixed, the frequency changes 

in steps of 30GHz due to the air-spaced étalon. As the fre¬ 

quency begins to change, the power falls about 30%. The 

signal from the reference photodiode is recorded during the 

scan. As with the air-spaced étalon, the frequency shifts 

back by one FSR periodically because the biréfringent fil¬ 

ter limits lasing to only one peak of the thin étalon. Fig. 

4-4 shows the typical output power as the thin étalon is 

tilted. The frequency of a tilted étalon bèhaves '.as 

v = 'L/cos 9 4-1 o 

which for small angles can be closely approximated by 

v = v + \> 0 2 4-2 
o o 

2 
The 0 dependence of the tuning characteristics is clearly 

visible in Fig. 4-4. 

The operator must set a discriminator level with the 

vertical crosshair on the video terminal in such a manner 
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that there are only 4 power peaks per FSR, and then interact 

with the terminal to locate the lower extremes of each peak. 

After each peak has been delimited, the software fits the 

peak to a cubic polynomial and determines the maximum value 

from the fitted curve. The position of these maxima are fit 

2 
to a quadratic curve because of the 0 dependence of the 

tuning, and a cross-reference table is generated from the 

curve. 

The last step before single mode scanning can begin is 

to generate a table relating the change in frequency during 

a scan to the change in wavelength over a 20A region. This 

is done in order to track the biréfringent filter over long 

scans, and have the SHG crystal and prism optimally aligned 

at all times. This last table simply moves the biréfringent 

filter as the frequency is scanned. Each time the biréfrin¬ 

gent filter is stepped, the cross-reference tables for the 

other motors are monitored and the motors are adjusted as 

necessary. 

IV.3 Scanning and Data Acquisition 

The spectrometer can be operated in three degrees of 

resolutions coarse, with a multimode visible linewidth of 

40GHz; fine, with single mode resolution limited by cavity 

mode hops of 200MHz; and superfine, with continuous single 

mode scanning over 40GHz in the visible, with a linewidth 

of 40MHz. 
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Coarse resolution scans are done with only the biréfrin¬ 

gent filter in the laser cavity. The biréfringent filter is 

stepped at a rate determined by the scan speed. After each 

step, the cross-reference tables of the other stepping motors 

are monitored, and their positions are updated as required. 

Since there are only 100 data points to each cross-reference 

table, the software linearly interpolates between points. 

During a scan, up to 1000 data points may be stored 

from each of four ADC channels. The data can be filtered 

with a suitable software time constant as it is taken, and 

can be displayed on the two alphanumeric displays. Hardcop¬ 

ies of data can be made on a x-y recorder after scans, or 

the data may be permanently stored on a magnetic disc for 

future use. 

Intermediate resolution requires both étalons be placed 

in the cavity and calibrated at the desired wavelength. Once 

this is done, the single mode frequency may be scanned in 

segments of an angstrom or more for up to twenty angstroms. 

The tuning elements all track each other as they are scanned, 

in order to maintain a single mode. After the air-spaced 

étalon has travelled three or four FSR, which is 90 or 120GHz, 

it is automatically stepped back to its original position. 

Since it hops an integral number of FSR, the absolute wave¬ 

length does not change. We have found the étalon displays a 

certain amount of hysterisis due to "PZT creep". The net 

result of this is that the étalon hops back by a little less 

than an integral number of FSR's, shifting the output wave- 
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length of the laser by a few GHz. Every time the software 

is about to move the air-spaced étalon back, it pauses while 

the operator notes the frequency on a spectrum analyzer. The 

étalon is hopped back, and the software again waits to allow 

the operator time to adjust the étalon bias to bring the 

frequency back to where it started from. Since the air- 

spaced étalon is linear in frequency, this small adjustment 

does not effect the cross-reference tables. After the éta¬ 

lon has been adjusted, scanning proceeds. The thin étalon 

hops back automatically, and requires no adjustment. The 

biréfringent filter position is updated as necessary, typi¬ 

cally one step every 6 or 7GHz, and the other stepping motor 

controlled elements follow it as in the coarse resolution 

mode. 

High resolution scans can be achieved by tilting a 3mm 

thick plate set in the cavity, at Brewster's angle, as the 

frequency is scanned. The tilt angle is adjusted with a 

scanner similar to that used by the thin étalon. A ramp vol¬ 

tage from the DAC can be attenuated until the plate tracks 

the frequency change of the air-spaced étalon. Scans up to 

40GHz are possible in this mode. 

IV.4 Application of the Spectrometer to I2 and S02 

The fluorescence spectrum of I2, in the visible, and the 

absorption spectrum of S02, in the UV, have been recorded 

with this system. Fig. 4-5 shows the coarse resolution flu- 
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orescence of I2. The vibrational bands are clearly visible. 

A Doppler limited high resolution scan of I2 near 600nm is 

shown in Fig. 4-6. As an application of the UV radiation, 

the absorption spectrum of S02 was recorded in coarse and 

intermediate resolution. Fig. 4-7 shows the coarse resolu¬ 

tion spectrum of SO2. Fig. 4-8 shows a single mode scan 

over one angstrom, clearly depicting fine rotation structure. 
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APPENDIX 

OPERATION OF THE DYE RING LASER 

The ring laser has been designed for ease in alignment 

and maintainence. The total alignment procedure and a parts 

list are given below. 

A,1 Alignment 

1) Adjust the jet to approximately Brewster's angle 

(35°). This will be optimized later. 

2) Align the pump laser beam to strike the lower cen¬ 

ter of the pump mirror. 

3) Adjust the two collimating mirrors to reflect the 

pump spot onto the two flat mirrors. A white card in 

front of the mirrors aids seeing the spots. The center 

of the spot should be about 2h inches above the base 

plate. 

4) Adjust each flat mirror to reflect the incident 

light onto the opposite flat mirror, slightly above the 

spot caused by the light from the collimating mirror. 

5) Place a white card inside the cavity against the 

output coupler. Two spots should be visible: a lower 

one from the collimating mirror, and an upper one from 

the opposite flat mirror. Focus the upper spot as tight 

ly as possible by adjusting the translation stage of the 

collimating mirror below the pump mirror. The spot 
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should be circular. 

6) Place a cross on the white card where the spot is 

focussed. Adjust the pump mirror translation stage to 

make the spot as small as possible. Use the pump mir¬ 

ror mount adjustments to keep the spot on the cross. 

7) Repeat step 5 for the flat high reflector, adjusting 

the translation stage of the collimating mirror opposite 

the pump mirror. 

8) Lower the upper spot onto the lower spot on each 

mirror, by adjusting the opposite flat mirror mount. 

9) Increase the pump power to two watts. The laser 

should lase. If not, slightly adjust the flat mirror 

alignments. 

10) Optimize power by adjusting the flat mirrors, and 

by adjusting the translation stages of the folding mir¬ 

rors . 

11) Optimize the focus of the pump mirror by slightly 

moving its translation stage, readjusting the vertical 

angle of the mirror mount as required to optimize power, 

12) Adjust the dye jet angle for maximum power by 

slightly rotating the Swagelok nut which holds the jet. 

13) Install the air-spaced étalon and adjust the mount 

to maximize power. 

14) Install the thin étalon and adjust it to near-nor¬ 

mal incidence to the beam. Clamp it down. 
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A.2 Part List for the CW Dye Laser 

6 Mirror Mounts, Custom Microwave #S2P 

3 Translation Stages, Klinger #338-061 

1 Biréfringent Filter, Coherent Radiation 

1 R = 7.5cm, 1cm dia. Total Reflector for Argon Ion Laser 
Coherent Radiation 

2 Flat 1" dia. Total Reflectors, CVI Laser Corporation 

1 Flat 1" dia. 6% Output Coupler, CVI 

2 R = 5cm, 7.75mm dia. Total Reflectors for Rh6G, 
Spectra-Physics 

1 Scanner, General Scanning Corporation, #G208 

1 Amplifier, General Scanning, #AX200 

1 Air-Spaced Etalon, Burleigh Instruments, TL-15 

1 Ramp Driver, Burleigh, RC-42 

1 0.6mm Uncoated Etalon, CVI 

1 Base Plate, 10" x 36" x 1" Aluminum Plate 

1 Dye Jet, Spectra-Physics 

1 Dye Circulator, Spectra-Physics. 
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