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INVESTIGATION OF A NOVEL DIMPLED WAVEPLATE OUTPUT COUPLER 

FOR USE IN UNSTABLE RING LASERS 

Elka Bedia Ertur, M.S. 

The University of Arizona, 1993 

Director: Dick Powell 

In this paper a novel, radially varying birefringent 

output coupler is analyzed both theoretically and 

experimentally. This output coupler, a dimpled half 

waveplate, is designed to obtain better beam quality from 

unstable ring resonators. A theoretical model for its 

transmission when followed by a polarizer is developed. Since 

the transmission of the dimpled waveplate is a function of 

various parameters such as the birefringent material, dimple 

diameter, radius of curvature, and wavelength, the effect of 

these parameters on the transmission is studied. Using the 

theoretical equations, the dimpled waveplate design parameters 

are determined to achieve the necessary transmission. 

Two experimental procedures used to characterize the 

dimpled waveplates are described. One is designed to 

investigate its average transmission and the other to plot its 

transmission profile. The experimental results are within 5% 

error of the theoretical calculations for the peak and average 

transmissions. Finally, the unstable ring laser with the 

novel dimpled waveplate output coupler is demonstrated. 
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CHAPTER 1 

INTRODUCTION 

The recent and rapid advances in the solid state laser 

technology have made active remote sensing an effective 

technique for obtaining information about the earth's 

atmosphere. One of the most powerful active remote sensing 

techniques is DIAL (Differential Absorption Lidar) which 

measures the concentration of various atmospheric constituents 

such as oxygen, ozone, and water vapor. This information is 

necessary for weather forecasts, hydrological cycle studies, 

visibility, and temperature-pressure profile determination; 

information essential for a better understanding of the 

earth's atmosphere. Moreover, by accumulating this data over 

a period of time, NASA researchers may be able to predict the 

effects of global changes, such as those seen in levels of 

pollutants. 

DIAL measurements are achieved by probing the atmosphere 

with two laser pulses at slightly different wavelengths. One 

of these wavelengths is tuned to coincide with a strong 

absorption line of a target constituent while the other is 

detuned onto the wing of the line. By comparing the returned 

signal power from both pulses as a function of time, the 

attenuation coefficient due to the molecular absorption can be 

determined as a function of range. Using the attenuation 
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coefficient, the concentration of the atmospheric constituent 

can be calculated, also as a function of range.1 Being able 

to accurately obtain range resolved concentration data makes 

DIAL a very powerful technique. 

Unfortunately, DIAL systems demand lasers with very 

stringent requirements such as high efficiency, good beam 

quality, narrow linewidth, and single longitudinal mode 

output. Since these requirements can seldom be met by a 

commercial laser, current efforts at NASA are focused on 

developing state of the art, solid state lasers for remote 

sensing applications. Solid state lasers are preferred for 

spaceborne remote sensing applications because they offer 

several advantages that gas and dye lasers lack. These 

advantages include efficiency, compact size, light weight, 

long lifetime, and the absence of consumables such as gases 

and liquids. Another desirable quality of solid state lasers 

is that they can essentially store optical energy. The 

development of Q-switching has made high powered, short pulsed 

solid state lasers feasible. This ability to generate very 

short pulses containing an immense amount of power density 

makes solid state lasers well suited for measurements 

involving range. 

Although the current laser transmitter can meet these 

DIAL requirements, the proposed unstable ring laser will 

improve its performance. At present, the narrow linewidth is 
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achieved by injection seeding a standing wave power oscillator 

with a single longitudinal mode diode laser, while the energy 

requirement is met with amplifiers (Figure 1.1). The 

objective of this research was to investigate the possibility 

of upgrading the current standing wave power oscillator with 

an unstable ring resonator. By adopting the unstable ring 

resonator configuration, the new power oscillator will achieve 

higher energy and facilitate single longitudinal mode output. 

Furthermore, the ring configuration will allow more efficient 

injection seeding which is necessary to obtain a narrow 

linewidth. 

N d : Y A G  

Figure 1.1. Remote sensing transmitter model 

DIAL measurements have very stringent spectral output 

requirements because atmospheric molecular absorption varies 

rapidly with wavelength. As seen in figure 1.2, numerous 

molecular absorption lines can be packed very tightly within 

a narrow spectral range. This particular plot shows 330 water 
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vapor absorption lines within a 12 nm spectral range.2 The 

spectral linewidths of the absorption lines are also very 

small; in the order of picometers in the near infrared region. 

In order to be tuned precisely to a specific absorption line, 

the laser should have a linewidth considerably smaller than 

that of the targeted line. 3 Consequently, to obtain accurate 

molecular concentration measurements, a well controlled, 

tunable laser with single mode and narrow linewidth is 

necessary. 

One disadvantage of common standing wave resonators is 

that they usually do not oscillate in a single longitudinal 

mode. In standing wave resonators, the optical waves travel 

in opposite directions forming a standing wave. As a result, 

these periodic spatial variations saturate the gain medium 

nonuniformly. Because of this effect, commonly known as 

spatial hole burning, standing wave resonators tend to 

oscillate on several modes with each mode saturating a 

slightly different volume in the medium (Figure 1.3). After 

the first mode reaches threshold, other modes can oscillate in 

the undepleted areas of the gain medium. This results in a 

multimode output which is undesirable for DIAL applications. 

One advantage of the ring resonator is that it can 

efficiently provide a single longitudinal mode output. Ring 

lasers employ more than two mirrors which form an optical path 

which does not counter propagate, provided that it is forced 
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to oscillate in one direction. Thus, ring resonators do not 

form standing waves in the resonator and lack the nodes 

associated with them (Figure 1.4). In the ring laser a 

traveling wave saturates the gain medium uniformly, with no 

spatial variation of saturation in the axial direction. This 

eliminates spatial hole burning effects, and makes single mode 

oscillation easier. The lack of a dominant standing wave 

allows mode competition in the homogeneous medium to increase, 

resulting in a laser which can be pumped well above threshold 

while maintaining single frequency operation. The combined 

effect is an increase in single mode power output by more than 

an order of magnitude over what can be obtained using a 

standing wave cavity.4 

Another useful attribute of the ring laser is that it 

allows more efficient techniques for injection seeding which 

is necessary for narrowing the laser linewidth and forcing it 

to oscillate in one direction. As seen in figure 1.3, 

conventional standing wave resonators are usually injection 

seeded through their highly reflecting (HR) end mirrors. 

Because these highly reflecting end mirrors allow less than 1% 

of the seed beam power to be transmitted into the laser 

cavity, standing wave resonators require high powered 

injection seeding lasers. However, a much less powerful 

injection seeding laser is required for a ring resonator. 

With ring lasers the incident seed beam and the laser output 



7 

occur at two different angles. This allows injection seeding 

through the partially reflecting (PR) output coupler without 

interfering with the actual laser beam output (Figure 1.4). 

Because output couplers have lower reflectivities than end 

mirrors at the laser wavelength, a higher percentage of the 

seed beam power is transmitted into the laser resonator. The 

resonator is thereby injection seeded with a much higher 

efficiency. 

n  j  e c t  
s e e d  O u t p u t  

H R  
m i r  r  o f  

P R  
m i f r o r  

H R  
mirror 

.1"\  ̂/v 
» t  ™  

P R  
m i r r o r  

I n j e c t i o n  

s e e d  
O u t p u t  

Figure 1.3. Standing wave resonator Figure 1.4. Ring 
with multimode oscillation resonator 

Unfortunately, one disadvantage of ring resonators is the 

astigmatism produced by off axis reflection from curved cavity 

mirrors. However, careful optical design which minimizes the 

incident beam angles or eliminates the use of curved mirrors 

at oblique angles can drastically reduce this aberration. 

In addition to the spectral requirements, lasers used in 

spaceborne remote sensing applications must also provide high 

efficiency and good beam quality. High efficiency is an 

obvious requirement since both the prime power sources and the 

capability to reject waste heat are limited on a satellite. 

Good beam quality is required for several reasons, most 
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importantly for detection efficiency and frequency control. 

Good beam quality can improve detection efficiency by 

allowing minimization of the area illuminated by the laser and 

observed by the detection system. Since sunlight reflected by 

the earth is the largest source of noise in many systems, 

restricting the illuminated area allows the field of view of 

the detection system to be decreased. Thus, the noise is 

reduced without attenuating the signal. Consequently, signal 

to noise ratio improves with concomitant improvement in the 

remote sensor performance.5 

In order to achieve good beam quality, most lasers employ 

a stable resonator configuration which allows the fundamental 

mode to oscillate and discriminates against higher order 

modes. This fundamental mode oscillation results in stable, 

controlled frequency output. However, a basic problem in 

obtaining both high efficiency and good beam quality with 

conventional stable resonators is the restricted volume of the 

fundamental modes. Stable resonators achieve good beam 

quality at the expense of energy extraction. For common 

systems, the fundamental mode radius «0 is usually on the 

order of 1 mm. 

where A is the laser wavelength and L is the resonator 

length.6 Since the energy output of the laser is eventually 

(1) 
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limited by the damage threshold of the mode volume, the 

constraint imposed by the fundamental mode radius limits the 

energy available from a laser oscillator to about 0.1 J. 

Because 1.0 J or more is needed for spaceborne remote sensors, 

many stages of amplification are required. Worse still is the 

inefficiency caused by the limitation of the fundamental mode 

radius which is usually significantly less than the diameter 

of the laser rod. For example, a fundamental mode radius 

which is smaller than the diameter of the laser rod by a 

factor of three will extract energy from only about 4/9 of the 

rod's cross section. This restriction limits the efficiency 

to less than half of the potential of the laser. 5 

The low extraction efficiency problem of stable 

resonators has been mitigated by the use of unstable 

resonators. Because the beam is magnified in unstable 

resonators, a mode radius larger than that of stable 

resonators is obtained. As a result they offer the advantage 

of a large mode volume which allows higher energy extraction 

from the laser rod. One problem associated with unstable 

resonators, however, is the lack of output couplers that can 

provide good beam quality. 

In most early unstable resonator designs, the output beam 

is taken around the edges of the mirror rather than through 

the output mirror (Figure 1.5). Unfortunately, unstable 

resonators with hard edged mirror output couplers are 
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A n n u l a r  o u t p u t  
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Figure 1.5. Unstable resonator output coupler 

generally not appropriate for lidar applications. This 

configuration leads both to an annular beam output and 

degraded beam quality, mostly due to diffraction at the edge 

of the output mirror. This results in a near field profile 

with Fresnel diffraction fringes and a far field intensity 

distribution with a significant fraction of the energy 

contained in secondary lobes.7 Such poor far field beam 

quality degrades the detection efficiency of a remote sensing 

system. In addition to degrading the beam quality, 

diffraction from the mirror edges also results in nonuniform 

intensity distribution which can damage the optical 

components. Furthermore, the high order transverse mode 

oscillation prevents the necessary single frequency operation, 

since higher order modes operate at different frequencies. It 
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leads to beating between the different transverse modes and 

makes frequency control difficult.8 

A number of output couplers have been investigated to 

improve the performance of unstable resonators. Among these 

is the graded reflectivity mirror (GRM) whose reflectivity 

decreases radially from a suitable value at its center to zero 

around the edges (Figure 1.6). The GRM can be used to 

increase the fundamental mode radius by a factor of two or 

more, allowing the medium to be filled efficiently with a 

Gaussian beam. The smoothly graded reflectivity prevents 

diffraction problems, and the partial transmission at its 

center avoids an annular output beam profile. When used in a 

ring resonator, however, the GRM would have to be aligned at 

an oblique angle. This will result in an elliptical mode 

Figure 1.6. Graded reflectivity mirror 
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volume, and an output with astigmatism and no azimuthal 

symmetry. Moreover, the GRM will have to be specially coated 

for the oblique angles of incidence necessary in the ring 

resonator configuration. 

In order to take advantage of the characteristics of 

unstable and ring resonators, a laser resonator combining both 

configurations was proposed. However, output couplers which 

can provide the required good beam quality from unstable ring 

resonators have yet to be developed. The ideal output coupler 

for an unstable ring resonator should provide the following 

features: partial output coupling through the center of the 

coupling element, total output coupling around the edge of the 

element, a gradual transition between the center and the edge, 

polarized output, and azimuthal symmetry. A smooth intensity 

distribution prevents nonlinear effects, diffraction, and 

optical damage. Output couplers currently available for 

unstable ring resonators do not meet all of these 

requirements. As described previously, conventional hard 

edged mirror output couplers do not provide partial output 

coupling at their center. They deliver an annular output beam 

profile with diffraction rings. The alternative option, the 

graded reflectivity mirror, is also undesirable because it 

introduces astigmatism caused by the off axis reflections in 

a ring resonator configuration. 

In response to this need for an output coupler which can 
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provide the necessary beam quality, a new output coupler has 

been conceived. The proposed device, composed of a radially 

varying birefringent element (a dimpled waveplate) and a 

polarizing beamsplitter, meets all of the above requirements. 

It is designed to symmetrically split the linearly polarized 

beam in the resonator into two polarization components, one of 

which is reflected at the polarizing beamsplitter as the 

output while the other is transmitted back into the resonator 

(Figure 1.7).9 The dimpled waveplate makes the higher energy 

extraction from an unstable resonator and the single mode 

frequency from a ring resonator feasible while still providing 

the necessary beam quality. This novel output coupler 

eliminates the poor beam quality characteristic of 

Polarizing 
beam splitter 

A 
Resonator beam 

spatial profile 
Dimpled 
waveplate 

A 

Output beam 
spatial profile 

Figure 1.7. Novel output coupler for unstable resonators 
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conventional annular mirror output couplers and the 

astigmatism caused by off axis GRMs used in ring resonators. 

In chapter two, a theoretical model for the transmission 

profile and the average transmission for the dimpled waveplate 

and polarizer is developed. In chapter three, the design 

parameters of the dimpled waveplate and the unstable ring 

resonator are determined. In chapter four, two experiments 

which investigate the transmission properties of the dimpled 

waveplate are described, and the data from these experiments 

are presented. In addition, results from the demonstration of 

the unstable ring resonator with the dimpled waveplate output 

coupler are presented. To conclude, in chapter five these 

results are analyzed and compared to the theoretical 

calculations. 
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CHAPTER 2 

DIMPLED WAVEPLATE THEORY 

2.1 Birefringence 

Because the dimpled waveplate output coupler is made out 

of a birefringent material, a brief discussion of 

birefringence and retardation will help to develop the theory 

for the dimpled waveplate and polarizer transmission. 

Birefringent materials are anisotropic crystals whose atoms or 

molecules are arranged in a regular periodic array. Such 

crystals possess optical properties that vary with the 

direction of propagation of electromagnetic waves traveling 

through the crystal. One effect of the anisotropy is that the 

effective refractive index of the crystal depends on the 

polarization and direction of propagation of the 

electromagnetic waves with respect to the optic axis of the 

crystal. An optic axis of a birefringent crystal is a 

direction in the crystal along which the index of refraction 

for the propagating light is independent of polarization. In 

an uniaxial crystal there is only one such axis. 

Optical fields that are perpendicular to the optic axis 

propagate with an index nD, also known as the ordinary index. 

On the other hand the refractive index ne, also known as the 

extraordinary index, for fields parallel to the optic axis of 
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a uniaxial crystal differs from the refractive index n„. 

Therefore, the ordinary wave whose electric field is 

perpendicular to the optic plane travels through the crystal 

with a velocity of c/n0. If the electric field of a 

propagating wave is parallel to a crystal's optic axis, this 

extraordinary ray travels through the crystal with a velocity 

of c/ne. However, if the electric field of the propagating 

wave is in the plane of the optic axis but not parallel to it, 

the extraordinary index has a value between ne and n„. When the 

optic axis of the crystal is not perpendicular to the 

direction of propagation of the field, the index of refraction 

is a function of the angle between the direction of 

propagation and the optic axis. It varies from ne(0) = n0 for 

0=0, to ne(0) = ne for 0= 90 degrees, and is given by 10 

1 COS2© , Sin20 
-5—=—r~—T (2.1) 
«,(8) «. n, 

2.2 Half w&veplate 

Waveplates are birefringent plates which change the 

polarization of the incident electrical field by shifting the 

phase of two orthogonal polarization components with respect 

to each other. As seen in figure 2.1, as the beam propagates 

perpendicular to the optic axis of a birefringent crystal with 

a certain thickness 1, the relative phase difference r between 
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the extraordinary and ordinary rays changes due to their 

distinct refractive indices. This phase difference is given 

by " 

(nt-n0)2*l ( 2 . 2 )  

X 

where A is the wavelength of the propogating field. If a 

birefringent plate is rotated such that the optic axis is at 

an angle to the polarization plane of the propagating field, 

the propogating wave can be analyzed by considering the 

propagation of its orthogonal polarization components. 

Assuming the optic axis is cut parallel to the front and back 

surfaces, two separate waves, one parallel and the other 

perpendicular to the optic axis, will travel through the 

crystal with velocities of c/ne and c/n„ respectively. Since 

the exiting resultant wave is a superposition of these 

ordinary and extraordinary waves, it can have polarization 

properties that are different than that of the incident wave. 

A half waveplate is a birefringent plate with a thickness 

which causes a relative phase difference of n between the 

ordinary and extraordinary rays. The waveplate, whose optic 

axis is usually cut parallel to its front and back surfaces, 

should be rotated so that the plane of polarization makes an 

angle with the optic axis of the crystal. If, for example, 

the plane of polarization of the applied field is parallel to 
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the optic axis of the crystal, the beam will only have an 

extraordinary component. The entire wave will therefore travel 

at a velocity of c/ne. Since no phase difference will be 

introduced, the waveplate will have no effect on the incident 

beam polarization. However, when the optical plane of the 

crystal is set at an angle to the polarization plane of the 

incident light, the exiting beam will have a polarization 

changed by twice that angle. Thus for a 45 degree angle 

between the incident beam polarization and the optic axis of 

the crystal, the polarization of the exiting beam will be 

changed by 90 degrees (Figure 2.1). 

Optic 

Figure 2.1. A half wave plate 11 
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The effect of a retarder on the polarization of an 

incident beam can be analyzed using Jones's matrix method. 

With this method, the state of polarization of the light is 

represented by a two component vector while each optical 

element is represented by a 2 x 2 matrix. For example, 

horizontally polarized light is represented by 11 

whereas a polarizer aligned to transmit along the horizontal 

axis is represented by 12 

The matrix, M, for a retarder whose optic axis is set at an 

angle of ¥ from the polarization plane of the propogating wave 

is represented by 12 

(2.3) 

(2.4) 

M=R(-y)GR(y) (2.5) 

where R is the rotation matrix 

( 2 . 6 )  

and G is the waveplate matrix 
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,-'2n*A 
©XP(—r-H 

exp(-
-i2nnj 

The absolute change in phase is given by 

4>= 
n (ne+njl 

(2.7) 

(2.8) 

which can be neglected unless there are interference effects.12 

The retarder matrix, G, can be written as a function of the 

phase retardation r of equation 2.2, which is also a function 

of the birefringence of the material. 12 

<7=exp( 
exp(-ir/2) (2.9) 

0 exp(jr/2); 

At ¥ = 45 degrees, a rotated waveplate can then be described 

by the following matrix 

If-J-
VS 

-lYexp(-iT/2) 0 ]j]l l)Jcos(r/2) -isin(TI2j\ '1 -iV< 

,1 1A exp(«r/2)^l-l 1 \-isin(ri2) C0S(T/2)) 

(2. 10) 

Assuming horizontally polarized light is incident on a 

waveplate followed by a polarizer, the transmitted field is 

given by 

E=PME, (2.11) 

where the matrices for horizontally polarized light and a 



polarizer aligned to transmit along the horizontal axis are 

given in equations 2.3 and 2.4. Therefore, 

EA 
r1 OYcos(T/2) -isinmYl) (cosm) (2.12) 

10 0\-isin(TI2) cos(T/2)A0; 

Since transmission is defined as 12 

1 0 

t_eX+EX 
(2.13) 

the transmission of the retarder and polarizer combination is 

given by 

7=C0S2(r/2) (2.14) 

2.3 Dimpled half waveplate 

A half waveplate fabricated with a spherical dimple at 

its center, as seen in figure 3.5, will have a transmission 

which is a function of the radial coordinate p. Specifically, 

this translates to 

r=cos2ir(p)/2j (2.15) 

where 

KEL'MP) (2# 16) 
2 A 

and An = n,, - n0. The thickness of the plate outside the 
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dimple is 10 whereas across the diameter of the dimple it is 

a variable given by 

a is the diameter and R is the radius of curvature of the 

dimple. Thus, the plate thickness for p < a is 5 

Because of this radial variation of the birefringent plate 

thickness, the phase retardation across the diameter of the 

dimple also changes radially. When polarized light passes 

through the dimple, this variation in retardation results in 

a variation in the polarization of the output beam across the 

dimple diameter. If a polarizer is placed after the dimpled 

waveplate, this variation of polarization can be converted to 

a variation in intensity." 

In the area outside the dimple ( p > a), the waveplate 

performs like a half wave retarder (Figure 2.2). When its 

optical axis is set at 45 degrees to the linearly polarized 

incident light, the half waveplate changes the polarization of 

the incident beam by 90 degrees. Therefore, if linearly p-

polarized light is incident on the dimpled waveplate, the 

where h(p) is the sag as a function of the radius 

(2.17) 

(2.18) 

(2.19) 
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section of the beam passing through the flat area of the plate 

will be changed by 90 degrees, exiting the plate as s 

polarized light due to the half wave retardation. The 

polarizing beamsplitter following the waveplate can then be 

aligned to reflect the s polarized light, yielding zero 

transmission around the periphery of the dimple. 

r=C0Si q (2.20) 

For the above equation to hold true, its argument must be 

equal to an odd integer of jt/2. The plate thickness necessary 

to achieve half wave retardation can thus be determined from 

/*=£(2«+1)-7- (2.21) 
2 7i An 

On the other hand, the section of the beam traveling 

through the dimple will be converted from linear to elliptical 

polarized light as shown in figure 2.2a and b. Consequently, 

due to the nature of elliptical polarization, both "p" and Ms" 

components will be present in the beam contained within the 

diameter of the dimple. When this part of the beam strikes 

the polarizing beamsplitter which is aligned to transmit "p" 

and reflect MsM polarization, only the "p" component of the 

elliptical polarized light will be transmitted while the "s" 

component will be reflected (Figure 2.2c and d). This results 

in transmission of only a fraction of the incident beam 
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intensity within the radius of the dimple. The transmission 

of the dimple can be written as 

For a given dimple diameter and birefringent material, the 

radius of curvature of the dimple determines the depth of the 

dimple and, consequently, the amount of "s" and "p" 

polarizations present within the dimple's diameter. As a 

result, the surface curvature of the birefringent plate 

determines the transmission through the polarizer. The 

transmission will reach its peak at the center of the dimple 

(p=0), which can be calculated using 

To determine the beam profile transmitted back into the 

resonator, a Gaussian beam is assumed to be incident on the 

dimpled waveplate. The intensity profile of the Gaussian beam 

before it propagates through the dimpled waveplate is 14 

( 2 . 2 2 )  

which can be simplified to s 

^sin2f7lA"(a2~P2) 
2RX 

Ana (2.24) 
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/= 2exp(-2p2/w2) (2.25) 

1tWZ 

where w is the incident Gaussian beam radius. After it is 

transmitted through the dimpled waveplate and the polarizer, 

the beam profile is the product of the incident Gaussian beam 

profile and the radially varying transmission function of the 

waveplate. Thus, the average transmission through the dimpled 

waveplate can be obtained by integrating this resultant 

transmission profile across the diameter of the dimple. 3 

( 2 - 2 6 )  

The average transmission is a function of the diameter of the 

incident Gaussian beam. As the diameter of the incident beam 

increases, the average transmission decreases. 

The dimpled waveplate output coupler can be tailored to 

almost any laser resonator. Since the transmitted beam is 

retained in the resonator, a dimpled waveplate can be designed 

to achieve almost any required transmission. The design 

parameters for such a system are the birefringent crystal 

material which determines An, the dimple radius a, and the 

radius of curvature, R, of the dimple. Given a particular 

birefringent material, a dimple radius, and a peak 

transmissions necessary for a certain application, the above 

equations can be solved for the radius of curvature of the 
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dimple to obtain 5 

f> iiAna2 K= ( 2 97 \ 
2Xarcsin(v/7^J 
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CHAPTER 3 

DESIGN 

3.1 Resonator design 

For the reasons stated in chapter one, a novel unstable 

ring laser emitting in the vicinity of 820 nm was designed. 

Ti:Al203 was selected as the active medium because its emission 

spectrum overlaps with several isolated atmospheric water 

absorption lines, including the one targeted at 820 nm. It 

also has a reasonably high emission cross section which makes 

it very suitable for unstable resonator applications. 

Furthermore, since its absorption spectrum peaks at the 

vicinity of 532 nm, Ti:Al203 can easily be pumped with a 

frequency doubled Nd:YAG laser (Figure 3.1).15 In the 

1.0 

Emission Band 

Laser 
T untng 
Range 

Residual Absorption 

E 0.8 

< 

0.0 
400 500 600 700 800 900 1000 1100 1200 

Wavelength (nm) 

Figure 3.1. The absorption and emission spectra of Ti:Al203 
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resonator design shown in figure 3.2, two 9 mm long Ti:Al203 

rods were cut at Brewster's angle to reduce Fresnel losses. 

This eliminates the need for antireflection coatings which 

tend to damage the rods at high power densities. Cutting the 

rods at Brewster's angle also increases the area over which 

the pump energy density is spread, increasing the damage 

threshold of the rod. 

The new output coupler, a dimpled waveplate followed by 

a polarizer, was designed to transmit a "p" polarized, 2 mm 

diameter beam into the resonator while reflecting the "s" 

polarized beam as the output. A thin film polarizer coated 

for high p polarization transmittance at 820 nm was placed 

after the dimpled waveplate (Figure 3.3). Its function was to 

split the two polarization components introduced by the 

dimpled waveplate into two different directions. It was 

aligned to retain the transmitted "p" polarized light in the 

resonator while reflecting the "s" polarized light as the 

output. Instead of a polarizing beamsplitter cube, a thin 

film polarizer was selected because of its wavelength 

discrimination. Since the thin film polarizer transmits the 

«pH polarized light only in the vicinity of 820 nm, it 

suppresses the strong Ti:Al203 emission at 790 nm where the 

laser prefers to lase. The thin film polarizer functions as 

a tuning element in the resonator, forcing the laser to 

oscillate in the vicinity of 820 nm. 



Dichroic flat Ti: Sapphire rods Dichroic flat 

Dimpled 
waveplate 

Polarizing 
beamsplitter 

CC, R = 800 mm 

4 
Pump 
Nd: YAG 
SHG @ 532 nm 

CX, R s 500 mm 

Output 
820 nm 
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Figure 3.3. Transmission profile of the thin film polarizer 

A "figure eight" configuration was chosen for the ring 

resonator to minimize astigmatism in the system (Figure 3.2). 

Non-normal incident angles on the curved mirror surfaces due 

to the nature of ring lasers introduce astigmatism in the 

system, resulting in a non-symmetrical beam output. The 

"figure eight" design decreases the incident angles on the 

mirrors to 15 degrees, and therefore minimizes the 

astigmatism. Reducing the incident angles to 15 degrees also 

eliminates the need to specially coat the mirrors for oblique 

angles of incidence. 
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Four resonator mirrors which highly reflect (HR) 820 nm 

radiation were used to attain the "figure eight" ring 

configuration. One pair of these mirrors was specially coated 

to transmit the 532 nm radiation while still highly reflecting 

the 820 nm radiation. Placing these two dichroic mirrors at 

either side of the Titanium Sapphire rods, allowed the 532 nm 

pump beam to be focused onto the rods through the resonator 

mirrors with a negligible loss. The other pair of HR 

resonator mirrors formed a beam expander with a magnification 

of 1.6 following the dimpled waveplate and polarizer. This 

telescope consisted of a convex 500 mm and a concave 800 mm 

radii of curvature mirrors, spaced 150 mm apart. The 

telescope magnifies the 2 mm diameter beam transmitted by the 

polarizer by a factor of 1.6, expanding the beam to 3.2 mm 

before it impinges on the Ti:Al203 rod. Thus, the rod can be 

efficiently pumped with a beam whose spot size is 

approximately 3.2 mm, resulting in a higher energy extraction 

from the laser medium. Eventually, the 3.2 mm beam propagates 

through the dimpled waveplate and polarizer which transmits 

only 2 mm of the beam into the resonator, while reflecting the 

remainder as the output. 

The frequency doubled Nd:YAG laser used to pump the 

unstable ring laser consisted of a Q-switched oscillator, two 

amplifiers, and a frequency doubling KTP crystal. A nonlinear 

KTP crystal converted the 1.06 micron output from the Nd:YAG 



33 

to 532 nm radiation, resulting in 350 mJ of green output 

energy at 10 Hz. The 532 nm output from the frequency 

doubling crystal was split into two beams, each focused to a 

3.2 mm spot at the Ti:Al203 rods. Using the conventional laser 

equations,16 the threshold for the unstable ring laser was 

calculated to be 290 mj for a 3.2 mm pump beam spot size. 

Thus, for a total of 350 mj of pump energy from both beams, 35 

mj of output energy was expected from the unstable Ti:Al203 

ring resonator. 

When the entire resonator was ray traced with the help of 

CODE V Optical Design Software, significant lensing due to the 

radius of curvature of the dimple was discovered (Figure 3.4). 

Furthermore, diffraction at the edges of the dimple was 

expected to degrade the output beam quality. These unwanted 

effects were eliminated by filling the dimple with index 

matching fluid which compensates for the optical path 

difference, and eliminates the sharp discontinuity around the 

edges of the dimple. Filling of the dimple was accomplished 

by placing the fluid, whose index matches that of quartz, 

between the dimpled waveplate and a fused silica cover plate. 

To reduce Fresnel losses on the exterior surfaces of the 

plates, the back surfaces of the dimpled waveplate and the 

fused silica cover plate were anti-reflection coated. The 

waveplate's dimpled surface was not anti-reflection coated so 

that the dimple could be filled with index matching fluid. 



Figure 3.4. Resonator ray trace without index matching fluid 
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3.2 Dimpled waveplate design 

After the unstable ring resonator design incorporating 

the novel dimpled waveplate output coupler was completed, the 

dimensions of the dimpled waveplate were determined using the 

theoretical model developed in chapter two. To begin with, 

several tenth-order half waveplates were fabricated out of 

quartz, whose ordinary and extraordinary refractive indices 

are 1.53796 and 1.54684 respectively.3 Since the optical 

thickness of a waveplate is highly dependent on the wavelength 

of the incident field, the waveplate thickness was specified 

for 820 nm radiation. This thickness introduces a phase 

retardation equal to an odd multiple of n at 820 nm. Thus, 

using equation 2.2 from chapter two, the phase retardation 

can be equated to an odd multiple of n as follows 

where n is the order of the waveplate. To fabricate the 

tenth-order half waveplates, a thickness, 1„, of 0.9787 mm is 

needed since the above equation becomes 

(3.2) 

The next step was to design and fabricate a dimple with 

a spherical radius of curvature, as shown in figure 3.5, on 
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the waveplates to achieve the required transmission. The two 

major design parameters of the dimpled waveplate that needed 

to be determined were the diameter and the radius of curvature 

of the dimple. Since the resonator was designed to retain a 

2 mm diameter beam and only that part of the beam confined 

within the diameter of the dimple is retained in the 

resonator, the dimple diameter was restricted to 2 mm. As a 

result, since the radius of curvature for a given dimple 

diameter and birefringent material ultimately determines the 

transmission into the resonator, the theoretical equations 

were solved to find the necessary radius of curvature. 

When the intracavity energy of the laser is partly 

absorbed by an optical element in the cavity, the absorbed 

energy raises the temperature of the element at that 

particular spot. If the temperature becomes high enough due 

to high energy densities in the cavity, that area through 

which the beam propagates can burn and, consequently, damage 

the optical component. Therefore, in order to avoid optical 

damage in the cavity, two radii of curvature which yield a 

peak transmission below 0.60 were selected. To determine the 

radii of curvature which meet this requirement, the peak 

transmission and the phase retardation were plotted as a 

function of the radius of curvature (Figure 3.6). 

As expected, without the dimple, whose radius of 

curvature can be approximated to be infinity, the n phase 
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retardation of the half waveplate yields zero transmission. 

However, for a given dimple diameter, as the radius of 

curvature of the dimple decreases, the sag at the center of 

the dimple increases. The change in the waveplate thickness 

introduced by this increasing sag causes the phase retardation 

to approach zero at the center of the dimple. In this 

particular design, the phase retardation falls to zero and the 

transmission peaks at the center of the dimple for a radius of 

curvature of 10.8 mm. Thus, radii of curvature ranging from 

infinity to 10.8 mm provide a peak transmission which varies 

between zero and one. As long as the phase retardation 

introduced by the sag remains between it and zero, reducing the 

radius of curvature of the dimple increases the peak 

transmiss ion. 

However, once the radius of curvature reaches a value for 

which the phase retardation equals zero, the transmission at 

the center of the dimple begins to decline. After this point, 

as the radius of curvature continues to decrease, the phase 

retardation approaches n causing the peak transmission to drop 

to zero (Figure 3.6). Because of this drop in the 

transmission at the center of the dimple for radii of 

curvature less than 10.8 mm, multiple peaks are observed on 

its transmission profile. Figure 3.7 illustrates the phase 

retardation and the transmission profiles across the diameter 

of the dimple for various radii of curvature ranging from 20 
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mm to 5.4 mm. For radii of curvature less than 10.8 mm, the 

transmission profile exhibits several peaks. Eventually, for 

a 5.4 mm radius of curvature the phase retardation reaches it 

again, at which point the peak transmission drops to zero. 

The peak transmission drops to zero periodically every time 

the phase retardation is an odd multiple of tr, or the radius 

of curvature causes a sag equal to an integer multiple of the 

wavelength. A radius of curvature smaller than the value at 

which phase retardation equals zero is undesirable simply 

because it will no longer have a Gaussian-like transmission 

profile. Therefore, for a Gaussian-like transmission profile 

a radius of curvature larger than 10.8 mm is necessary. 

Using figure 3.6, 20 mm and 25 mm radii of curvature, 

which yield a peak transmission of 56% and 39% respectively, 

were selected for the dimple. The sag, transmission profile, 

and the phase retardation across the diameter of the dimpled 

waveplates for these radii of curvature were plotted as a 

function of the radial coordinate (Figure 3.8). Both radii of 

curvature were expected to provide a Gaussian-like 

transmission profile. The sag at the center of the dimple for 

the 20 mm radius of curvature was calculated to be in the 

order of 25 microns, whereas for the 25 mm radius the sag 

decreased to approximately 20 microns. For the 20 mm radius, 

this reduction in the waveplate thickness at its center 

results in a phase retardation of ir/2.1. On the other hand, 
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for the 25 mm radius the phase retardation at the center of 

the dimple is tt/1.76. This is a significant deviation from 

the phase retardation of n occurring outside the dimple. 

Thus, at the center of the dimple the linearly polarized light 

is converted to elliptically polarized light, whereas outside 

the dimple the linearly polarized light remains linear, 

rotated by 90 degrees. 

The average transmission of the dimpled waveplate and 

polarizer was also calculated using the previously derived 

equations. Since the average transmission is a function of 

the incident Gaussian beam diameter, the calculations were 

made for a 3.2 mm diameter to match the expected beam size in 

the resonator. As the diameter of the incident beam 

increases, the transmission of the dimpled waveplate decreases 

due to the total loss of the light outside the dimple. Using 

the theoretical model developed previously in section two, the 

transmission of the dimpled waveplate for a 20 mm radius of 

curvature was calculated to be approximately 14.8%, whereas, 

for a 25 mm radius of curvature it was calculated to be 10.0%. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE AND RESULTS 

Before demonstrating the proof of concept for the dimpled 

waveplate output coupler in an unstable ring resonator, its 

transmission was characterized experimentally to verify the 

theoretical calculations. In the first section of this 

chapter, the performance of the dimpled waveplates is 

thoroughly investigated when exposed to a linearly polarized, 

Gaussian beam emitting at 820 nm. In the second section, the 

results from an experiment demonstrating its application in 

unstable ring resonators are reported. 

4.1 Dimpled waveplate characterization 

In this section two experiments which examine the 

intensity profiles of the transmitted and reflected beams 

after the polarizing beam splitter following the dimpled 

waveplate are presented. In the first experiment, a 

collimated beam is transmitted through the dimpled waveplate 

to measure the average transmission and observe the 

transmitted and reflected beam profiles on a TV monitor. In 

the second experiment, a focused beam is scanned accross the 

dimpled waveplate to plot an accurate transmission profile 

experimenta1ly. 
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4.1.1 Average transmission 

A cw Titanium:sapphire laser emitting in the vicinity of 

820 nm was used to observe the effect of the dimpled 

waveplates on a 3.2 mm collimated, linearly "p" polarized 

Gaussian beam. When inserted in the collimated beam, the 

dimpled waveplate without index matching fluid performed just 

as predicted. Since the surface curvature of the dimple 

caused the beam to diverge, and the edges of the dimple 

introduced diffraction rings, a very distorted beam as seen in 

figure 4.1a was observed. However, these undesirable effects 

were succesfully eliminated by inserting index matching fluid 

between the dimpled waveplate and a parallel plate (Figure 

4.lb). 

The average transmission data was obtained by taking a 

ratio of the laser power before the waveplate with the power 

after the polarizing beam splitter. Two partial reflectors, 

one placed right before the dimpled waveplate and the other 

right after the polarizing beam splitter, directed a fraction 

of the incident and transmitted laser beams into two 

photovoltaic silicon detectors (Figure 4.2). Due to intensity 

fluctuations in the laser source, both the incident and 

transmitted beams were measured simultaneously for accurate 

transmission measurements. This was achieved by inserting a 

chopper at the output of the laser and observing 



Figure 4.1. Dimpled waveplate transmission profile a)with index matching fluid 
b)without index matching fluid 
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simultaneously the relative intensities of a single pulse 

before and after the dimpled waveplate on an oscilloscope. 

Thus, the average transmission was calculated by taking a 

ratio of these two readings. However, in order to cancel the 

effect of any variations in the responsivities of the two 

detectors, this data was normalized with a constant which was 

obtained by taking a ratio of the incident and transmitted 

beams without the dimpled waveplate. 

Since the average transmission of the dimpled waveplate 

depends on the diameter of the incident Gaussian beam, the 

diameter of the laser source was expanded to approximately 3.2 

mm with a telescope to simulate the beam in the laser 

resonator. A Cohu 4800 series camera connected to a Spiricon 

Laser Beam Analyzer was placed after the second partial 

reflector to observe the transmitted beam intensity profile. 

As expected, when the optic axis of the crystal was aligned 

parallel to the polarization plane of the incident "p" 

polarized light, the waveplate had no effect on the incident 

beam. Almost all of the light passed through the waveplate 

and polarizer, which was aligned to transmit only "pM 

polarized light. In this configuration, neither the diameter 

nor the intensity of the transmitted beam was affected. 

Furthermore, no reflected light was observed at the polarizer. 

However, when the dimpled waveplate was rotated so that 

the incident "p" polarized field made a 45 degree angle with 
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the optic axis of the crystal, both the reflected and 

transmitted beams from the polarizer were observed. As 

designed, the dimple introduced both Mp" and "s" polarizations 

into the beam confined within the diameter of the dimple. 

This allowed the polarizing beamsplitter, which was aligned to 

reflect all of the "s" component, to transmit only a fraction 

of this beam confined within the 2 mm diameter of the dimple. 

As expected, the diameter of the transmitted beam was limited 

to the diameter of the dimple regardless of the diameter of 

the incident beam. The average transmission of the incident 

beam dropped to a minimum, with a diameter approximately equal 

the size of the dimple. As the waveplate was rotated, the 

transmitted beam intensity fluctuated from a maximum to a 

minimum at 45 degree intervals, with its diameter size 

fluctuating from the incident beam size to the size of the 

dimple. 

As seen in table 4.1, the experimental average 

transmissions for both radii of curvature agreed very well 

with the theoretical values obtained using equation 2.26. At 

best, an average transmission of 14.5% and 9.59% was measured 

for the 20 mm and 25 mm radii of curvature respectively. When 

compared to the theoretical transmission of 14.81% and 10.03%, 

these results yielded a percent error of 2.09% and 4.39%. 

Meanwhile, for a 45 degree angle between the optic axis 

and the incident field, the reflected beam reached its maximum 



RADIUS OF 

CURVATURE 

20 nun 

20 mm 

25 mm 

25 mm 

TRANSMITTED 

VOLTAGE 

0.452 

0.528 

0.347 

0 .282  

INCIDENT 

VOLTAGE 

3.475 

3.917 

3.304 

2.749 

NORMALIZING 

CONSTANT 

1.093 

1.076 

1.093 

1.139 

EXPERIMENTAL 

TRANSMISSION 

14.23% 

14.50% 

9.59% 

9.02% 

THEORETICAL 

TRANSMISSION 

14.81% 

14.81% 

10.03% 

10.03% 

PERCENT 

ERROR 

3.92% 

2.09% 

4.39% 

10.07% 

Table 4.1. Average transmission data for 20 and 25 mm radii of curvature 
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intensity, with its size equal to the incident beam diameter. 

The part of the beam outside the dimple was completely 

reflected by the polarizing beamsplitter, along with a 

fraction of the beam enclosed within the diameter of the 

dimple. Consequently, as seen in Figure 4.3 which was 

obtained with the laser beam analyzer, the spatial profile of 

the reflected beam exhibited a slight dip at its center where 

it propogated through the dimple. This observation confirmed 

the hypothesis of partial output coupling at the center and 

total output coupling at the edges of the reflected beam. As 

the waveplate was rotated, the reflected beam intensity 

fluctuated from a maximum to zero at 45 degree intervals, with 

its diameter remaining constant. 

4.1.2 Transmission profile 

The previous experiment was slightly modified by adding 

a focusing lens to plot the transmission profile of the 

dimpled waveplate accurately (Figure 4.4). The laser beam was 

focused onto the dimpled waveplate, and then scanned accross 

the diameter of the dimple to plot the transmission profile as 

a function of the radial coordinate. A half waveplate 

followed by a Glan Taylor polarizer was inserted into the 

laser beam before the dimpled waveplate to ensure linearly "p" 

polarized light was incident on the dimpled waveplate. A lens 



Figure 4.3. Experimental beam profiles a)incident b)reflected c)transmitted 



Polarizing 
beam 

splitter 

Dimpled 
XI2 plate 

A/2 
Chopper p|ate 

ND 
filters 

Uncoated 

1 = f = 
mm 50 mm 

Camera 

TI:Sapphlre 
laser 

820 nm 

Uncoated 
plate -25 

Trig Detector Detector 

Splrlcon 
laser beam 
analyzer Oscilloscope 

Trig In 

Figure 4.2 Experimental set-up for average transmission analysis 

Ul 
u> 



54 

with a focal length of 30 cm focused the polarized beam onto 

the dimpled waveplate which was displaced laterally at regular 

intervals with a horizontal translation stage. Two partial 

reflectors, one placed right before the dimpled waveplate and 

the other right after the polarizing beam splitter, directed 

a fraction of the incident and transmitted laser beams into 

two photovoltaic silicon detectors. As the focused beam was 

scanned accross the diameter of the dimple at regular 

intervals of approximately 150 microns, the relative 

intensities of the incident and transmitted beams were 

measured simultaneously on an oscilloscope for each radial 

position. Thus, the transmission profile of the dimple was 

plotted as a function of the dimple radius. 

As seen in figures 4.5 and 4.6, the experimental data 

confirmed the theoretical calculations. The experimental peak 

transmission of 56.1% agreed very well with the theoretical 

calculation of 56.2% for the 20 mm radius, and the 

experimental peak transmission of 36.4% agreed reasonably well 

with the theoretical 39.4% peak transmission for the 25 mm 

radius. Furthermore, the experimental transmission data for 

both radii of curvature also fit the theoretical Gaussian-like 

transmission profile very well. 
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4.2 Use in unstable resonator 

Since the dimpled waveplate was designed for use in 

unstable resonators, an unstable ring laser was built as 

designed, and demonstrated with the new output coupler (Figure 

4.7). Unfortunately, when inserted in the resonator, the 

dimpled waveplate did not perform as designed because of 

damage problems encountered in the index matching fluid used 

to eliminate undesirable lensing and diffraction effects from 

the dimple. In efforts to obtain output data, the laser was 

operated only slightly above its threshold to increase the 

lifetime of the index matching fluid. Operating at a low 

energy level provided sufficent time to gather spectral and 

spatial output data before any damage occured. However, this 

restriction limited further research on the energy efficiency 

of the unstable ring laser. 

As seen in figure 4.8a, the reflected output beam did not 

exhibit partial output coupling at its center, most likely due 

to the losses introduced by the scatter and absorption prior 

to the damage in the index matching fluid. Furthermore, due 

to the poor beam quality of the pump beam, the top half of the 

output beam did not lase either. Figure 4.8b clearly shows 

that the pump beam has a spatial profile with higher intensity 

at the bottom half of the beam. Since the laser was operated 

slightly above the threshold, that section of the beam with a 





Figure 4.8. Beam profile of the a)unstable ring laser output b)pump laser w 
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lower intensity did not reach the threshold. As a result, the 

upper half of the beam failed to lase. 

At the beginning, due to the lack of tuning elements 

which supress the strong emission of TiAl203 at 790 nm, the 

laser preferred to emit in the 780 to 800 nm region. Because 

the dimpled waveplate was specifically designed for 820 nm 

oscillation, tuning elements which force the laser to 

oscillate in the vicinity of 820 nm were required. This was 

achieved by replacing the polarizing beamsplitter cube, which 

has no wavelength discrimination, with a thin film polarizer 

coated for maximum transmission at 820 nm. However, in this 

configuration, the laser had the tendency to lase in the 

region of 850 to 860 nm. This could be attributed to the 

relatively high transmission of the thin film polarizer at the 

vicinity of 850 nm combined with the high transmission of the 

dimpled waveplate at 855 nm (Figure 4.9). Regardless of the 

spectral output, the ring laser still failed to lase 

throughout the dimple because of the high losses in the index 

matching fluid. 

In order to eliminate the need for the index matching 

fluid, alternate solutions were investigated to compensate for 

the dimple. These options included other chemical solutions, 

other birefringent materials, thin film coatings, optical 

adhesives, replicated optics, micro optics, and powdered 

glasses. Several chemical solutions with the appropriate index 
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were tested for their damage threshold. However, none of 

these fluids survived the damage test at fluences comparable 

to the expected exposure. Some chemicals such as Siloxane 

carbonized, whereas other chemicals including Dibromoethane, 

Creosol, and Acetophenone, evaporated under high energy 

densities. Since other chemical solutions with different 

indices are known to have higher damage thresholds, the 

possibility of replacing the quartz with another birefringent 

material whose index matches the index of one of these fluids 

was also investigated. For example, since Chlorofluorocarbon 

solutions, whose indices can vary up to 1.4, have reasonably 

high damage thresholds, fabricating the dimpled waveplate from 

M9F2# whose index is in the vicinity of 1.38, was considered. 

However, due to the difficulty in working with the MgF2 

material, fabricating a dimple on waveplate was found to be 

nearly impossible. 

Meanwhile, the thin film coating option was abandoned due 

to the fact that the coating necessary to fill the dimple 

would have been too thick to adhere to the quartz substrate. 

Optical adhesives were found to have low damage thresholds. 

In an attempt to replace the liquid with a solid, the 

possibility of fabricating a lens with the dimensions of the 

dimple was also investigated. However, a piano convex lens 

with a thickness in the order of 20 microns could not be 

found. Fabricating a plate with a profile of the inverse of 
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the dimple (i.e. a plate with a bump) using replication 

techniques was also investigated. Considering the replicated 

plate could not be polished because of its odd shape, the 

optimum surface quality that could be achieved by the 

replication process itself was limited to five wavelenghts. 

This poor surface quality was found to be sufficient to cause 

undesirable diffraction effects. Finally, the option of 

filling the dimple with a powdered glass and then melting it 

was also eliminated due to the possibility of damaging the 

waveplate. The dimpled waveplate surface quality could 

degrade when exposed to the extremely high temperatures 

necessary to melt the powdered glass. 

Consequently, no permanent solution has been found to 

the damage problem, and further progress on the development of 

the dimpled waveplate output coupler has been interrupted. 

The data presented on the spectral and spatial output was 

obtained using an index matching fluid to compensate for the 

dimple. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

In efforts to obtain high powered, single longitudinal 

mode laser with good beam quality, an unstable ring resonator 

with a dimpled waveplate output coupler was designed. After 

a theoretical model for the dimpled waveplate transmission was 

developed, its design parameters were specified for the 

necessary transmission into the resonator. In order to avoid 

optical damage in the cavity, the peak transmission of the 

dimpled waveplate at 820 nm was limited to a maximum of 60%. 

Because quartz is a relatively easy material to work with, the 

dimpled waveplate was fabricated out of quartz with a 2 mm 

dimple diameter. Accordingly, given the birefringent material 

and dimple diameter, the radius of curvature which provides 

the necessary transmission was calculated. It was found that 

for radii of curvature less than 10.8 mm, multiple 

transmission peaks would be observed. Because such 

transmission profile is undesirable for this application, a 20 

and 25 mm radii of curvature which yield a Gaussian-like 

transmission profile with peak transmissions of 56.2% and 

39.4% respectively were selected. 

To verify the theoretical calculations, the transmission 

profiles of the dimpled waveplates were plotted experimentally 

by scanning a focused beam across their diameter. Peak 
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transmissions of 56.1% and 36.4% were measured experimentally 

for the 20 and 25 mm radii of curvature respectively. These 

measurements correspond to 0.2% and 7% error when compared to 

the theoretical calculations. The experimental data matched 

the theoretical Gaussian-like transmission profile very well. 

The deviation of the experimental data from the theoretical 

calculations for the 25 mm radius of curvature can be 

attributed to fabrication errors. It is strongly suspected 

that the accuracy in fabricating the waveplates to the 

specifications improved in time with more experience. Since 

the dimpled waveplate with a 25 mm radius of curvature was the 

first waveplate to be fabricated, it is suspected to have a 

radius of curvature slightly different from the specified 

value. 

Using the theoretical model developed for the dimpled 

waveplate, average transmissions of 14.8% and 10.03% were 

calculated for the 20 and 25 mm radii of curvature 

respectively. These theoretical values were within 5% of the 

experimental results of 14.5% and 9.59%, which were obtained 

by propagating a col lima ted beam through the dimpled waveplate 

and polarizer. Again, the higher percent of error for the 25 

mm radius of curvature is strongly suspected to be a result of 

fabrication errors. 

The unstable ring laser was demonstrated with the dimpled 

waveplate output coupler. However, due to the damage problems 



66 

encountered in the index matching fluid the research was 

interrupted, and sufficient data could not be obtained. 

Alternate solutions to the index matching fluid were 

investigated, but no replacement was found. 

Near term plans for the continuation of this research 

include the investigation of several other chemicals, 

including salt solutions, to replace the index matching fluid. 

Meanwhile, the spatial profile of the pump beam will be 

corrected to improve the output beam quality of the unstable 

ring laser. Ultimately, when a damage resistant solution is 

found to replace the index matching fluid, the unstable ring 

resonator will be injection seeded to achieve the desired 

spectral and spatial output. 
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