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ABSTRACT 

The measurement of a laser ring cavity's decay lifetime can 

provide information about a small particle's total extinction cross 

section. We used a perfect sub-wavelength and a near-wavelength 

diameter, quartz fiber to perturb a passive laser ring cavity. A plot 

of decay lifetime versus relative fiber displacement in the laser ring 

cavity showed the decay lifetime's dependence on the fiber's position 

with respect to the nodes of a standing electromagnetic field wave in 

the cavity and the fiber's size compared to a wavelength. The fiber's 

radius was measured with a polar nephelometer. Then using each radius 

and Mie theory, the forward and backscattered values and the total 

scattering cross section were obtained for the two nonabsorbing quartz 

fibers. Finally, the total extinction for each fiber was calculated 

using the average decay lifetimes and the theoretical scattering 

values at 0° and 180°. 

vii 



CHAPTER 1 

INTRODUCTION 

Mie theory can be used to calculate an ideally shaped 

particle's extinction cross section, such as a sphere or cylinder, with 

known optical and geometrical parameters [1]. The total extinction, 

the sum of scattering and absorption losses, can also be 

experimentally determined, but the actual amounts due to absorption 

and scattering are not normally determinable. We used the decay 

lifetime of a passive laser ring cavity perturbed by a fiber and the 

fiber's differential scattering cross section, as measured with a polar 

nephelometer, to show how the extinction from which the relative 

contributions of absorption and scattering can be obtained. This was 

accomplished for two different diameter cylindrical quartz fibers by 

observing the position dependence of the decay lifetime as a fiber was 

moved with respect to the nodes of the standing electromagnetic wave 

in the laser ring cavity. 

Given the proper equipment, this method can accurately 

determine the extinction, absorption, and scattering cross sections 

which are not normally available for small irregular particles. The 

total extinction cross section can be measured for a particle in terms 

of the laser ring cavity losses. The differential scattering cross 

section can be experimentally measured with a polar nephelometer [2]. 

The total scattering cross section can be measured with an integrating 

1 
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sphere [3]. The particle's absorption cross section can then be 

determined by subtracting the total scattering cross section from the 

extinction cross section. 

The decay lifetime defines a laser ring cavity's energy loss 

rate with respect to the total cavity energy, and small perturbations 

of the cavity can produce notable changes in the decay lifetime. 

Yariv [4] relates the decay lifetime to the loss rate per pass caused 

by several different processes in a laser ring cavity. The decay 

lifetime can be calculated as a function of cavity parameters and 

cavity contents. By making a single known perturbation of the cavity, 

we can observe predictable changes in the decay lifetime from only 

that one process and use this information to calculate the 

perturbation's properties, especially the extinction. 

The amount of observable change, which depends upon the 

interaction strength and the energy intensity at the scattering site, 

limits the accuracy for determining various cavity parameters and 

external quantities placed inside the cavity. The measurement of low 

loss mirror reflectivities and material transmission coefficients has 

been accomplished using the optical cavity phase shift method by 

Herbelin [5] and Kwok [6], and for mirror reflectivities using the decay 

lifetime by Anderson [7]. The decay lifetime has been used by Bickel 

and Anderson [8] to characterize the diameter of several different 

single cylindrical fibers placed in the cavity. Both techniques use 

the time-dependent energy intensity to calculate the decay lifetime 

and other parameters. 
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For a sub-wavelength diameter fiber, we require a system 

where the energy intensity distribution can be written as a separable 

function of time and position. A laser ring cavity generates this 

condition where the position-dependent part can be written as a 

superposition of electromagnetic cavity modes. The cavity modes are 

defined by the electromagnetic solutions of the wave equation giving a 

standing sine wave in the propagation direction, and the transverse 

electromagnetic (TEM) modes will each be given by a Hermite-Gaussian 

polynomial in the transverse direction. Therefore, it is 

experimentally possible to determine the relative intensity 

distribution by measuring the changes in the decay lifetime as the 

small scatterer is moved in the cavity. This experiment observed only 

changes in the propagation direction and characterized the fiber by 

the amount of change between the maximum and minimum decay lifetimes 

about an average value. In this experiment, the transverse field 

amplitude was assumed to be approximated by the dominant TEM00 mode. 



CHAPTER 2 

PROCEDURE 

Introduction to the Procedure 

We will determine the total extinction of a small particle by 

relating it to the laser ring cavity's decay lifetime when the cavity 

is perturbed by the particle. This section will first explain the 

design and method for determining the decay lifetime for a laser ring 

cavity with a fiber. Then the measurement of the fiber's differential 

scattering cross section using a polar nephelometer is explained. 

Laser Ring Cavity Experiment 

The basic system for measuring the decay lifetime consists of 

a passive laser ring cavity with a modulated laser input and two 

detectors to measure input and output intensities from the cavity. 

The decay lifetime will be calculated from the output intensity as a 

function of time. A schematic of a basic system needed to measure the 

decay lifetime is shown in Fig. 1. 

The system uses a modulated laser beam as a monochromatic 

light source to provide energy for the laser ring cavity. The input 

beam to be modulated is a Spectra Physics model 120 He-Ne laser at 

0.6328 micrometer (ym) wavelength with a 5 milliwatt (mW) maximum 

output. A Pockel cell (Lasermetric model LM-1) is placed between two 

crossed linear polarizers to modulate the constant intensity beam with 

a square wave signal. This is created by a square wave signal 

4 
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generator and a high voltage switcher, as shown in Pig. 2. It acts as 

a fast chopper to permit or restrict light from entering the cavity 

causing the build up and then decay of light from the system. For 

this passive system, the intensity has the form 

I(t) = 1(0) exp(-t/tc) 

during the off period as the light exponentially decays out of the 

system, where t is the decay lifetime. 

The unperturbed laser ring cavity itself, as shown in Fig. 3» 

consists of four highly reflective mirrors (1, 2, 3> and 4) that are 

arranged to create a cavity and to maximize the path length in the 

available space on the optical table. The diffraction losses are 

minimized by the cavity's high Fresnel number, which is the ratio of 

the mirror radius (a = 0.45 ±0.05 cm) squared to the product of 

wavelength (X = 0.6328 vn>) and cavity path length (L = 2.53±0.01 m). 

This high ratio, equal to 12.6, permits the lowest order TEM modes to 

dominate in the cavity. This is seen in Fig. 4 for a plane circular 

mirror where TEM00 has a diffraction loss of less than one percent 

per pass. This system has an unperturbed cavity decay lifetime of 

about 40 microseconds. Note that this decay lifetime is due to just 

the speed of light, the mirror reflectivities, and the cavity path 

length. 

The laser ring cavity is now perturbed by a scatterer 

consisting of a single, small, cylindrical quartz fiber of known 

radius. It was mounted on an XY-translator stage to control its 
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motion in the cavity, as shown in Fig. 5. Sub-wavelength manipulation 

of the fiber was done with a piezoelectric crystal translator stack 

(Polytronics model P-170, 5 y/1000 volts), as shown in Fig. 6. The 

decay lifetime of the cavity will change when a wavelength or sub-

wavelength-diameter particle is inserted, and it will vary with the 

particle's position with respect to the cavity's standing wave pattern 

of nodes and antinodes. Later another fiber with a different radius 

was inserted on the stage and this experiment was repeated. 

Two different detection systems were used because of the very 

different intensities of the input and output beams. The detector for 

the rather intense input beam was a silicon phototransistor (Fairchild 

model 100) with an amplifying circuit, as shown in Fig. 7. The 

detector for the weaker output intensity from the cavity was an EMI 

6256 photomultiplier tube. Both were connected to a storage 

oscilloscope (Tektronix model 564B) to display the intensity as a 

function of time. A photograph of the cavity output for one cycle was 

taken to record the output intensity at each fiber position as it was 

displaced along the cavity path. A graph of the decay lifetime versus 

the relative position of the fiber inside the cavity shows the decay 

lifetime's dependence on the fiber's position in the standing wave. 

The decay lifetime was measured directly from the slope of 

the logarithm of output intensity versus time. This was done by 

fitting the output intensity to an exponential using a least squares 

curve fitting program which gave both the slope and a measure of the 

correlation to this fit. This procedure reduced the errors in the 

measurement of the cavity's output intensity. This procedure also 
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averaged the input beam intensity fluctuations that occur during the 

off part of the cycle, because of the approximately one percent 

transmission of light that leaks through the crossed polarizers. 

Polar Nephelometer Experiment 

In order to calculate the extinction, we needed to measure 

some additional particle parameters: the total intensity forward and 

backscattering values, the fiber's radius, and the differential 

scattering cross section. A polar nephelometer was used to measure 

the light scattering Mueller matrix elements for the fiber. Comparing 

the four unique elements, S^, S^2, S^, and with Mie theory gives 

the particle diameter to better than one percent [2]. The absolute 

values of the forward and backscattered intensity for the fiber at 

0=0° and 0 = 180° can be used with the perturbed cavity decay 

lifetime to calculate the particle's extinction. Ideally, these can be 

obtained experimentally using an absolute intensity calibrated 

photomultiplier tube in the polar nephelometer where the scanning arm 

goes from 0° to 180°. 

However, the nephelometer we used could not experimentally 

measure the forward and backscattered values or the total scattering 

cross section. There were two reasons why this occurred. First, the 

nephelometer used a He-Cd laser at X0.4416 y, while the laser ring 

cavity decay lifetime was measured using an He-Ne laser at A0.6328 JJ. 

Second, the nephelometer detector optics are mounted on an arm that 

can detect the scattering only from 0 = 5° to 160°. The values at 0° 

and 180° can be obtained only by extrapolation. Also, the total 
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scattering cross section can only be approximated from the data by 

extrapolating the curve to 0° and 180°. So this system was used 

to measure only the fiber's radius, while Mie theory was applied to 

obtain the other parameters. 

The polar nephelometer system can measure the differential 

scattering cross section of a particle or group of particles as a 

function of scattering angle and light polarization state. The 

measurements were made in the plane perpendicular to the fiber. This 

system uses the polarization modulation technique developed by Hunt 

and Huffman [9] in which the incident beam's polarization state is 

periodically modulated at 50 kHz via a variable phase retarder [10]. 

The observed signals are carried by the fundamental and second 

harmonic of the scattered light which are demodulated by a lock-in 

amplifier. This procedure provides a sensitive measurement scheme to 

measure polarization without having to subtract backround noise. 

Also, it provides a convenient intensity normalization that reduces the 

effect of system instabilities and source fluctuations. 

The polar nephelometer system, arranged as shown in Fig. 8, 

measures the input and scattered output components of the Stokes 

vector (total intensity, horizontal linear, linear at 45°, and circular 

polarization). The input beam, provided by an RCA model LD2186A, He-Cd 

16-mW laser at X0.4416 p, is modified by linear polarizers and a 

quarter wave plate, which can be adjusted to give the different 

components of the Stokes vector. The desired component is chosen by 

orienting the input modulator-linear polarizer combination and 

choosing the particular harmonic to which the lock-in amplifier is 
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tuned (do, 50 or 100 kHz). The light then scatters from the fiber into 

a photomultiplier tube (RCA 1P21) mounted on an arm that can be 

scanned through an arc (5° to 160°) to measure intensity as a function 

of scattering angle. By choosing various combinations of input and 

exit optics, and the modulation frequency, all 16 Mueller light 

scattering matrix elements can be measured [2]. All combinations are 

shown in Fig. 9. The starred element Sy*(0) is defined by the 

combination shown in the appropriate position in the matrix. The 

combinations appear as a quotient where the division or normalization 

is done electronically as the nephelometer's analyzing optics are 

scanned through the scattering angle 0, defined as increasing from the 

forward scattering to the backscattering direction. 

This mixing of matrix elements in various combinations is a 

result of the measuring procedure. The signal from the lock-in 

amplifier (PAR model HR-8), proportional to the Sjj*(g)f Mas digitized 

by a Tracor Northern 560A multichannel analyzer as a scan was made. 

Later the readings were transferred to a Motorola 68000 

microprocessor based VME/10 minicomputer for storage and analysis. 

The nephelometer was calibrated by creating full-scale 

readings for +100) polarization signals with the scatterer removed. 

This was done by adjusting the lock-in amplifier and constant-current 

servo to give a signal of +1 when all of a particular incident 

polarization is passed to the detector by the properly oriented 

analyzing optics. After calibration, the signals from the scatterer 

will vary between +1 and -1 to indicate the "efficiency" for 
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converting the input Stokes vector component to the output component. 

We normalize all first column matrix elements to +1 at the position 

of the first maxima (0> 0) in the curve. They correspond to the 

total intensity component of the resulting Stokes vector and cannot be 

normalized in the same manner as the polarization elements. The most 

important consideration in measuring S^ is to make sure that the 

total intensity variation between 0° and 180° stays within the allowed 

operation range of the photornultiplier tube. For our tube, the lower 

limit of 10~9 amps was set by the dark current, and the upper limit of 

10~5 amps was set by the maximum allowable current we could use and 

still keep the output current linear with intensity. 

We obtained the fiber's radius by comparing the four unique 

matrix element curves to the theoretical curves obtained from Mie 

theory. The best fit then gave the forward and backscattering values 

and the total scattering cross section for the nonabsorbing quartz 

fiber (n = 1.543 and k = 0) at X0.6328 y. This also gave the 

theoretical extinction, which is equal to the scattering cross section 

when there is no absorption. 

Proposed Method for Measuring Total Scattering Cross Section 

The total scattering cross section could also be measured 

with an integrating sphere which measures the total scattering from a 

particle placed at its center [3]. This method does not obtain the 

forward and backscattered values for a particle. A highly diffuse 

scattering coating on the interior of the sphere makes the scattered 

intensity measured at any interior point the same. The choice of 
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diffuse coating material and the integrating sphere detector geometry 

will determine the minimum error in measuring the scattering cross 

section. The ratio between the intensity with the scattering particle 

and from a calibrated scatterer can determine the scattering cross 

section. 

Calculation of Absorption Cross Section 

Finally, since we have the extinction and an approximation of 

the scattering cross section, we can calculate the absorption cross 

section. This is calculated by subtracting the total scattering cross 

section from the extinction cross section. The accuracy in determining 

the total scattering cross section experimentally will determine the 

accuracy in determining the absorption cross section, especially for 

low absorption materials. 

This set of experiments was conducted for two different 

diameter fibers in order to observe changes in the decay lifetime as a 

function of relative fiber position. The difference between the 

lowest and highest values will decrease as the fiber radius increases. 



CHAPTER 3 

EXPERIMENTAL DATA 

Introduction to Data from the Experiments 

Each experiment with the two different fibers resulted in data 

about the fiber and its interactions with the experimental systems. 

The first group of results shows the change in decay lifetime as a 

function of relative fiber displacement within the laser ring cavity. 

The second group of results shows the four unique Mueller light 

scattering matrix element curves for each fiber used to determine its 

radius. 

Laser Ring Cavity Experiment 

The numerical results of the decay lifetime measurements as a 

function of relative fiber position with respect to the standing wave 

nodes (see Fig. 5) are displayed in Tables 1, 2, and 3. These results 

are graphed in Figs. 10, 11, and 12 with the best theoretical fits to 

the experimental data. The experimental data showed a strong 

dependence on the light intensity distribution at the interaction point 

I(x) |E(x)|2 a sin2 [2 i r (x-x )/X] 
o 

These figures show the experimental data and a theoretical fit to a 

sine-squared wave for the decay lifetime as a function of fiber 

position in order to determine the fiber's average decay lifetime. 

21 
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Table 1. Decay Lifetime Data for Fiber A001, Taken 10/15/85. 

Position 

(micrometers) 

0.00 ± 0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 

Decay Lifetime 
Experimental 

(microseconds) 

26 
24 
29 
27 
24 
25 
26 

Decay Lifetime 
Theoretical 

(microseconds) 

25.9 
24.5 
28.7 
26.7 
24.1 
28.2 
27.5 

± 0.1 

Table 2. Decay Lifetime Data for Fiber A001, Taken 2/14/86. 

Position Decay Lifetime Decay Lifetime 
Experimental Theoretical 

(micometers) (microseconds) (microseconds) 

0.00 ± 0.02 34 ± 1.5 31.5 ± 0.1 
0.05 31.1 ± 0.6 30.7 
0.10 22 ± 2 28.4 
0.15 30 ± 1.6 26.6 
0.20 26 ± 1 27.0 
0.25 31 ± 1 29.2 
0.30 28 ± 2 31.2 
0.35 36 ± 1.3 31.2 
0.40 28.0 ± 0.6 29.2 
0.45 28 ± 1.2 27.0 
0.50 28 ± 2 26.7 
0.55 28.1 ± 0.7 28.4 
0.60 30.3 ± 0.8 30.7 
0.65 31.1 ± 0.8 31.5 
0.70 27.2 ± 0.8 30.0 
0.75 27 ± 1.3 27.6 
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Table 3. Decay Lifetime Data for Fiber A062, Taken 3/1/86. 

Position Decay Lifetime Decay Lifetime 
Experimental Theoretical 

(micometers) (microseconds) (microseconds) 

0.00 ± 0.02 29 ± 1.5 27.7 ± 0.1 
0.10 23.5 ± 0.7 24.7 
0.15 34 ± 1.5 28.0 
0.20 33 ± 1 31.4 
0.25 30 ± 1 31.9 
0.30 28 ± 2 29.0 
0.35 24 ± 1.6 25.3 
0.40 24 ± 1.3 24.2 
0.50 29.5 ± 0.9 30.5 
0.55 31.5 ± 0.9 32.2 
0.60 28 ± 2 30.2 
0.65 27 ± 1.3 26.4 
0.70 27 ± 1.1 24.2 
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To get each data point in Table 1 we averaged five or six 

decay lifetime measurements made at a given position in the laser ring 

cavity. After each set of measurements, the fiber was then moved 

0.1 ym (20 volts) by a piezoelectric crystal translator. 

Unfortunately, the cavity mirrors slowly shift in their mountings 

during the two to three hours while the data was being taken. The 

shifting detuned the cavity and caused the data at the end of the 

experiment to be less accurate than at the beginning. The data points 

in Tables 2 and 3 are from a single measurement at each position for 

two different fibers. In these groups, the fibers were moved 0.05 pn 

(10 volts) and the data was accumulated at a faster rate. Another 

difficulty was that the first fiber, used for Tables 1 and 2, loosened 

in its mount causing macroscopic motion in the air currents. A third 

difficulty was that the small leakage of light through the crossed 

polarizers resulted in non-exponential decays, as shown in Fig. 13, for 

the ideal and actual results. 

The data points were then matched to a theoretical sine 

squared curve predicted from the standing wave intensity distribution. 

A X2 test gave the confidence level for each data set at 97$. These 

theoretical curves were constrained by the average value for the 

particle's decay lifetime, the amplitude of the change in decay 

lifetime, the offset from a standing wave node, and the wavelength of 

the standing wave. These x2 calculations only used the experimental 

and theoretical curve fitted values and did not consider the error 

bars on the experimental data. 
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There were several difficulties in this experiment that 

resulted in discrepancies from the expected results. First, it 

appeared that a dust particle lodged on the smaller fiber (A001), 

resulting in a larger extinction than expected, and a smaller change 

in decay times compared to the other fiber. Second, the small amount 

of transmitted light during data collection resulted in some 

measurements that were not exponential decays. This resulted in the 

removal of some data points. Third, the theoretical curve matching to 

the data was mostly done by hand and tended to favor only a section 

of a data set. 

Polar Nephelometer Experiment 

After obtaining the decay lifetime using the laser ring cavity, 

the fibers were placed in a polar nephelometer to determine their 

radii. The differential scattering cross section were measured for 

the four unique Mueller light scattering matrix element curves in the 

plane perpendicular to the fiber. The theoretical light-scattering 

curves obtained from Mie theory are shown in Figs. 11 and 15. The 

experimental curves were matched with Mie theory by Gorden Videen in 

order to determine the fibers' radii and obtain their forward and 

backscattered values. 
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CHAPTER 4 

THEORY 

Theory of Laser Ring Cavity Losses 

The decay lifetime is an overall measurement of a ring laser 

cavity's energy loss rate. Yariv [4] gives three categories of 

processes that produce energy losses: distributed, discrete, and 

diffraction losses. The first two types are considered in the 

derivation of an expression for the decay lifetime, and the third type 

determines the cavity mode energy losses away from the system axis. 

The first type of processes are the distributed losses per 

unit length in the cavity; these are usually grouped into passive and 

active loss mechanisms. The passive losses of interest are the 

absorption and scattering of energy by the various media inside the 

cavity. For this passive resonance cavity, the energy losses result 

from the slight absorption by the air and the scattering by the dust. 

The active losses occur when there are atomic and/or molecular 

absorption and reradiation of light at other wavelengths. The active 

losses can be neglected for this system because there is no active 

medium. 

The second type of processes are the discrete losses that 

occur at distinct interaction points; these are transmission, 

absorption, and scattering losses at an interface. These result from 

imperfections in the materials used for the laser ring cavity and its 

32 
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contents. They include the mirror reflectivity necessarily being less 

than 100$ in order to transmit power, and any point-like scatterers 

and/or absorbers. In the discussion of the decay lifetime these 

quantities will be defined by the macroscopic intensity reflectance, 

transmittance, absorption, and scattering coefficients. 

The third type of processes are the diffraction losses at the 

edges of the cavity mirrors. These primarily occur in the higher 

order transverse electromagnetic (TEM) modes where the energy is 

shifted away from the system axis. As mentioned in the procedure, 

these losses are neglible for the lowest modes. 

Decay Lifetime of a Laser Ring Cavity 

These three processes determine the decay lifetime for a given 

system that will change with the introduction of any perturbation. 

The addition of a single circular cross section cylindrical fiber 

produces a discrete loss by scattering and absorbing energy out of the 

cavity. For a scatterer smaller than a wavelength, the interaction 

strength and the amount of loss will also depend on the scattering 

site's position in the standing wave intensity distribution. 

There are two ways to derive the decay lifetime for a laser 

ring cavity. The first method follows the derivation found in Yariv 

[4] which considers the summation of an infinite series of intensity 

amplitudes in the cavity in order to maintain a constant intensity 

from the cavity. The second method follows Muller [11] who calculates 

the decay lifetime directly from the total cavity energy and its power 

losses. Both methods will be used to calculate the decay lifetime for 
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the case of an unperturbed laser ring cavity and for the case of the 

cavity perturbed by the addition of a single fiber. 

First, following Yariv [4] for a Fabry-Perot laser etalon, one 

gets the decay lifetime of a system with distinct scatterers. The 

calculation considers the loss per pass from absorbtion, scattering, 

and reflection inside the cavity. The calculation is made along the 

system axis and neglects diffraction losses. It assumes that TEM^ 

dominates, and that the light beam can be approximated by a plane 

wave instead of a Gaussian to neglect beam shape effects for the 

intensity along the axis. In order to get the average loss per pass in 

the system one must consider all possible cavity paths. The total 

intensity being transmitted through the system depends on the sum of 

these paths. The transmitted intensity therefore can be obtained by 

summing the contributions in the cavity as one normally does in a 

Fabry-Perot etalon system. This gives for a ring laser cavity 

I . = I TR'exp(-aL') [1+R exp(-otL) +R2 exp(-2aL) + ... ] 
out in 

Placing a scatterer Inside the laser ring cavity creates a second 

series of paths that must be included. In this case we get 

IlnTR^exp(-aL>) 

1 - R exp(-aL) 
(1) 

I^nTR'exp(-aL') SpR exp(-aL) 
,(2) 
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where T is the total transmittance through the input and output 

mirrors of the system, R' is the total reflectance of all mirrors 

between the input and output mirror but not including them, R is the 

total reflectance of all the laser ring cavity mirrors, a is the 

absorption coefficient per unit cavity length, L' is the distance 

between the input and output mirrors, L is the total cavity path 

length, ST is the forward scattering value that can be found using Mie 

theory, and SD is the back scattering value. Note that this reduces to 
n 

the unperturbed ring laser cavity result when S is one and S is 
T Ft 

zero. 

The decay lifetime is the ratio of the loss per pass to the 

time for one pass through the cavity. This gives the decay lifetime 

as 

1/tc = (1 - SR exp(-aL))c/Ln , (3) 

where S is a dimensionless scattering parameter defined by 

[1-S.pR exp(-aL)] {[1-StR exp(-aL)]2-SpR2exp(-2aL)} 

1 SR exp( aL) - st{[1-stR exp(-aL)]z-s|Rzexp(-2aL)} + SpR exp(-aL) ̂  

Note that when there is no scatterer, S = 1. The scattering parameter 

will change when the scatterer is a wavelength or subwavelength in 

size to account for the position dependence of the scatterer with 

respect to the nodes at x . This dependence then has the form 
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S(x) = S 
average 

Oir 
+ (amplitude) x {1 — cos[ . (X-Xq)]} . (5) 

The forward and backscattering values which "weight" the 

various paths, can be measured experimentally [2] or calculated 

theoretically from Mie theory for cylinders [1] when the radius is 

known. 

An alternative derivation for the decay lifetime follows is 

given by Muller [11]. It is based on the idea that the decay lifetime 

is the ratio of laser ring cavity photons to the change in the photon 

number per unit time. This method relates the decay lifetime to the 

energy stored in the standing wave divided by the sum of the energy 

loss mechanisms. This sum results from losses at each mirror, losses 

from medium absorption in the cavity, and any other losses produced by 

3ay a discrete scatterer. This view is more physically realistic 

because it relates the decay lifetime to losses. 

The general formula for a laser ring cavity with two 

traveling waves is then given by 

fL [J*(x?+J~(x)] 
* c(x) 

(6 )  
Zi(1-Ri)[J+(xi)+J"(xi)] + ̂ "cKx) [J+(x)+J"(x)]dx + other losses 

where J+(x) and J"(x) are the amplitudes of the two traveling waves, 

c(x) is the phase velocity, a(x) is the medium losses, and L is the 
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cavity path length. 

This formula clearly shows that the particle's extinction 

cross section is one of the losses. It can be extracted from the 

decay lifetime if the fiber's forward and backscattering values are 

known. This formula also lends itself to numerical methods in the 

event of a complicated analytical solution. 

This method works for inhomogeneous systems in a steady 

state. When the particle is inserted, the losses force the system into 

a new steady state, different from the initial unperturbed case. 

These new losses are due to extinction, the total scattering and 

absorption losses, minus the scattered light that remains in the 

cavity. 

First we consider the unperturbed laser ring cavity where the 

four mirrors (1, 2, 3, and 4) are positioned at distances x^, x^, x^, and 

Xjj along the cavity path, so mirror 1 is at x = 0 and x = L. There 

will be one travelling wave, J(x), producing a standing wave by tuning 

the cavity so the nodes are at the mirrors. This gives for this four 

mirror laser ring cavity a travelling wave 

J(x) = (J0T-|/N) exp(-ax) 

J(x) = (J0T-|/N)R2 exp(-ax) 

J(x) = (JQTi/N)R2R3 exp(-otx) 

J(x) = (J^/NjRgRgRj, exp(-ax) 

for 0 < x < X2 

for xg < x < xg 

for XG < X < X|J 

for xjj < x < L , (7) 

where is the amplitude of the incident wave, V is the distributed 

losses given by exp[-a(x)L], and N is the resonance term from cavity 
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tuning 

N = (1 - /R V)2 + 4 /R V sin2(2irL/X) . 

Rewriting Eq. (6) for this case gives 

(n/cJpMtxJdx 

t = , (8) 
c Zj=1(1-Ri)J(xi)+aJLj(x)dx 

which gives 

t = (nL/c) x [Jin Vx(l-RV)]"1 x [R^^ltyV-l + (1-R2)exp(-ax2) 

+(1-R3)R2exp(-ax3) + O-Rj^R^expC-axii)] . (9) 

Adding the scatterer at x creates a second and weaker 
s 

traveling wave in the opposite direction. We therefore get two 

traveling waves J+(x) and J~(x) that form a standing wave and are 

given by 
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J+(x) = (JqTi/N) exp(-oix) for 0 < x < X2 

J+(x) = (JQTI/N)R2 exp(-ax) for x2 < x < x3 

J+(x) = (J0T1/N)R2R3 exp(-ax) for x3 < x < xjj 

J+(x) = (JoTi/N)R2R3Ri| exp(-ax) for X4 < x < xs 

J+(x) = (jQT1/N)R2R3RitST exp(-ax) for X5 < x < L 

J-(x) = (JoT-i/NjR^RjR^Sp exp[-a(2xs-x)] for 0 < x < x2 

2 2 
J-(x) = (J0T1/H)R2R R^Sj, exp[-a(2xs-x)] for x2 < x < x^ 

2 
J-(x) = (J0Ti/N)R2R3R1|Sp expt-a(2xg-x)] for X3 < x < xjj 

J"(x) = (J0T1/N)R2R3R1|SR exp[-a(2xs-x)] for x^ < x < x (  

J"(x) = (J0T1/N)R1R2R2R5sRexp[-a(2xs+L-x)] for x5 < x < L . (10) 

The two traveling waves are inserted into Eq. (6) to give 

(n/c)^j+(x)+J-(x)]dx 

t = — , (11) 
Ei=1(1"Ri)Cj+(xi)+J"(xi)]+a-^tJ+(x)+J"(x)]dx+J+(xs) t1"(sT+sR^ 
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where the other losses are one minus the light that is retained in the 

laser ring cavity. 

This results in the final expression 

t = (nL/c) x numerator/(Jin V x denominator) , (12) 
c 

where the numerator is given by 

numerator = I^RgRnSipV-l + (1-R2)exp(-ax2) + (1-R3)R2exp(-axg) 

+ (1-Rl|)R2R3exp(-otxij) + O-S-jOR^gRijexpt-aXg) 

+ [R2R3R4STexp(-2axs)] x [(1 —R^ )R2R3Ri| + (1-R2)R3Rijexp(ax2) 

+ ("l-R^Rijexptoxg) + (1-Rj|)exp(ax!j) - (1-RV)exp(axg)] 

and the denominator is given by 

denominator = 1-RVSj - RVSpR^gRjjexpC-aXg) 

Although this result lacks the simplicity of Yariv's derivation, it 

shows more insight into the cavity Interactions. This formula used 

with the experimental results gives the particle's extinction. 

The forward and backscattered values are obtained from the 

Mie theory forward and backscattering cross sections. The forward 
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scattering value, S^., is one when there is no scatterer. The presence 

of a scatterer decreases it by the difference of the extinction and 

the forward scattering cross section multiplied by its solid angle and 

the difference divided by the detector area. Since the solid angle is 

very small at the detector this can usually be neglected for small 

particles giving the forward scattering value as one minus the 

extinction over the detector area. The backscatter value is the 

backscattered cross section over the detector area. This cross 

section normalization gives the proper dimensionless parameters. 

The extinction is obtained by re writ ting Eq. (12). As follows 

where the dimensionless extinction is 

C' = numerator/denominator . (13) 
ext 

with the numerator given by 

numerator = (nL/c) x {R2R3R4V-I + (1-R2)exp(-otx2) + (1-Rg)R exp(-axg) 

+ (1-Rn)R2R3exp(-axi|) + [R2R3R2jSRexp(-2axs)] 

x [(1—R1)R2^3R4 + (1-R2)R3"4exp(ax2) 

+ (1-R3)Rnexp(ax3) + (1-R^)exp(axi() - (1-RV)exp(axg)] 

- (tcx in V) x {1-RV [1-SpR2R3Rijexp(-oixg) ] } 
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and the denominator qiven by 

denominator = (nL/c) x {(R2R3R4) [V-exp(-axs)] + (tcx In V)x RV . 

The extinction cross section is obtained by multiplying the 

dimensionless cross section by the detector area. This result can 

relate the experimental measurements to the theoretical results. 
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CHAPTER 5 

COMPARISON BETWEEN THEORY AND EXPERIMENT 

The results from both experiments and theory can now be 

compared. We now collect the experimental laser ring cavity 

parameters, the experimental fiber parameters obtained with the polar 

nephelometer, and those calculated by matching the results with Mie 

theory. These were then used to obtain the theoretical extinction for 

a nonabsorbing quartz fiber and to obtain the theoretical decay 

lifetime from Eq. (12). 

The various laser ring cavity parameters were either measured 

with the given uncertainties or obtained from standard references and 

manufactures specifications. The mirror reflectivities were quoted 

by the manufacturer were 99.999$. All the mirror reflectivities were 

supposed to be equal, however, mirrors 1 and 3 have lower 

reflectivities than mirrors 2 and 4. More realistic values would be 

that mirrors 2 and 4 have reflectivities of 99.999 and that mirrors 

1 and 3 of 99-995 %. The cavity path length was divided into five 

sections of different lengths where the mirrors and the scattering 

site positions are given by 
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X1 = L = 2.53 ± 0.01 meters 

x2 = 0.646 ± 0.002 

x3 = 1.231 ± 0.004 

x4 = 1.904 ± 0.006 

xs 
= 2.326 ± 0.008 , 

as measured from the first mirror. The air temperature inside the 

cavity was 24°C giving a refractive index of 1.00026774 and an 

absorption coefficient of 4.943 x 10~s m at X0.6328 ym. These 

parameters define the unperturbed laser ring cavity giving a decay 

lifetime of 34.4 microseconds (usee) by both Eqs 3 and 9 with a slight 

difference in the third decimal place. 

From the decay lifetime experiment we obtained the average 

decay lifetime and the amplitude of change between the maximum and 

minimum decay lifetimes. For the first fiber, A001, there were two 

data sets giving decay lifetimes of 27.8 and 30.8 ysec and both having 

an amplitude of 2.5 ysec. The second fiber, A062, had a decay lifetime 

of 30.2 ysec and an amplitude of 4 ysec. These results imply that the 

first fiber was larger than the second in the region that was 

illuminated. There are no uncertainties associated with these values 

since there were obtained by approximate curve fittitng. There 

appears to have been a large dust particle resting on fiber A001 in 

the illuminated region that may account for this result. 

The fiber parameters obtained from the best fit of the four 

experimental scattering matrix elements to Mie theory give a radius of 
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0.17 ± 0.01 ym for fiber A001 and 0.33 ± 0.01 ym for fiber A062. The 

best fit using Mie theory then gives the following absolute values at 

a wavelength of 0.6328 ym. 

Fiber A001 A062 

(x 10-9 m2) (x 10"9 m2) 

Total scattering cross section 2.07900 7.99t00 

Forward scattering cross section 0.00079 0.00567 

Back scattering cross section 0.00006 0.00007 

The theoretical extinction for the nonabsorbing quartz fiber with a 

refractive index n = 1-5^3 at wavelength 0.6328 ym is equal to the 

total scattering cross section. 

These values when inserted into Eq. (12) give a theoretical 

decay lifetime of 6.6 ysec for fiber A001 and 2.0 usee for fiber A062. 

These values are significantly below the experimentally measured 

values and shows that this method has great sensitivity in the 

graphical analysis, but loses this sensitivity in the numerical 

analysis. This is partially due to the equipment used which limits the 

accuracy of the decay lifetime values and partially due to centering 

the fiber in the laser beam. 



CHAPTER 6 

CONCLUSIONS 

The experimental results clearly show the sensitivity and 

potential usefulness of this method in determining properties of a 

single particle using the decay lifetime. Only the most basic 

elements are needed to study a small particle and its interaction with 

a passive laser ring cavity in order to obtain its extinction. The use 

of better commercially available equipment will only serve to 

increase the accuracy of this experiment. 

This method can be applied to any other type of low extinction 

system that can be placed inside a laser ring cavity and a polar 

nephelometer or integrating sphere. It would also allow the 

measurement of low scattering and/or absorption materials. 

The chief fault of this method for extinction measurements is 

the need for conducting two separate experiments to obtain the 

necessary values. This probably could be avoided with further 

experimentation to create a calibration curve and a more detailed 

theory. The amount of time necessary to obtain and analyze the data 

with this set of equipment lowered the reproducibilty of this 

experiment and needs to be lowered from hours to minutes. This can 

bo avoided with a better detection system to compare simultaneously 

the laser ring cavity input and output signals that this would 

eliminate false data and allow for instant analysis of the data. 

46 
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This procedure should provide another useful tool in the 

examination of small particles. 
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