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Ronald Charles Kelly 

ABSTRACT 

An active frequency stabilization system for the high 

power argon laser has been developed. This system utilizes a double 

frequency reference consisting of both an optical cavity discriminator 

and a molecular resonance discriminator. Unlike most stabilization 

systems employing a molecular resonance standard, the technique 

presented here does not require any modulation of the laser frequency. 

8 
A frequency stability of one part in 10 (±3 MHz) over periods 

of several minutes has been achieved. 



INTRODUCTION 

The objective of this investigation was to improve the 

frequency stability of a high power argon laser. Theory1 predicts 

that the minimum frequency instability of a laser is on the order 

of one part in lO1^. However, actual lasers have never attained 

this degree of stability, and usually exhibit free running stabil- 

_7 

ities of 10 or worse. The stability of lasers can be utilized 

in constructing both absolute and relative frequency and wave¬ 

length standards. 

Greater stabilities are also often required for a number 

of practical applications of lasers. For example, laser communi¬ 

cation systems employing heterodyne detection must use lasers with 

tightly controlled oscillating frequencies in order to avoid im¬ 

practical bandwidth requirements. In research applications, laser 

frequency stability can have a significant effect on investigations 

of various non-linear optical phenomena, such as parametric 

oscillations. 

Many schemes have been developed for stabilizing the 

-13 
helium-neon laser, some achieving stabilities of 10 over a 

period of several seconds. * However, very few of these tech¬ 

niques have been applied to the argon laser. ' Because of the large 

power levels available with the commercial argon laser, (l to 2 watts 

for a single frequency) the argon laser is very attractive as a 

research tool. Unfortunately, the argon laser has a much broader 

bandwidth than the helium-neon laser and is therefore more difficult 

to control. 
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THEORY OF FREQUENCY INSTABILITIES IN LASERS 

A. Bandwidth of the Lasing Medium 

In gas lasers the range of frequencies over which the 

lasing medium exhibits gain is determined primarily by the velocity 

distribution of the gas ions or molecules. Because of the Doppler 

effect, the frequency of a photon emitted by an ion traveling 

toward one of the laser cavity mirrors will be different from 

that of a photon emitted by an ion traveling in the opposite 

direction. This "Doppler broadening" of the gain curve results in 

a gain versus frequency distribution similar to the Gaussian curve 

shown in Figure 1. The laser may oscillate at any frequency for 

which the gain of the medium exceeds all losses in the laser cavity. 

High power argon lasers will oscillate over a range of several 

GHz; in fact, a linewidth of 5 GHz is not uncommon. 

B. Cavity Modes 

The laser output is not continuous over the broadened 

line, but rather occurs at many different discrete frequencies 

simultaneously within the broadened fluorescent linewidth. Fox 

4 
and Li have shown that a Fabry-Perot resonant cavity (the standard 

resonator used to construct lasers) has many discrete transverse 

modes of oscillation, each with a different frequency and a 

different spatial pattern at the resonator mirrors. Each of 

these transverse modes may, in turn, be composed of a number of 

discrete axial modes which differ in frequency only. Any number 

of these transverse and axial modes of oscillation may exist in a 

laser, the only requirement being that the gain for each mode must 
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exceed all losses for that mode and that a standing wave is estab¬ 

lished between the reflectors. 

C. Mode Restriction 

Eliminating all but one mode of oscillation usually 

results in a large reduction in the laser linewidth. In their 

study of resonant modes, Fox and Id. found that one particular 

transverse mode, the TEM mode, has the smallest spatial extent 

at the cavity mirrors of all the possible transverse modes. 

Consequently, the losses for all the other transverse modes can 

be made larger than the TEM mode losses by reducing the diameters oo 

of the resonator mirrors. Proper selection of mirror diameter is 

the usual method of eliminating the higher order transverse modes. 

Axial modes can be restricted by simply reducing the 

gain of the laser. As the gain is reduced, modes with frequencies 

away from the center of the gain curve no longer have sufficient 

gain to remain in oscillation. At some point slightly above thres¬ 

hold, all axial modes except one will be extinguished. 

Axial modes belonging to a single transverse mode are 

separated in frequency by an amount Af related to the cavity 

length L as follows:'’ 

Af = __c_ 
2L 

where c is the speed of light. If the cavity is short, the axial 

modes will be widely spaced in frequency and are easily controlled 

by reducing the gain. However, axial modes in a long cavity laser, 

say L = 1 meter, being spaced 150 MHz apart are difficult to control 
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with this technique. The laser must be operated very close to 

threshold, a rather unstable and very low power condition. 

A more common technique is to optically couple a second 

resonator to the laser resonant cavity. Only those modes which 

will resonate in both cavities can exist. The Q of the second cavity 

is generally much lower than the Q of the laser cavity. Therefore, 

the bandpass of the second resonator is large compared to the laser 

resonator bandpass. This situation is illustrated in Figure 2. 

The transmission of a typical laser cavity displays a series of 

narrow spikes, while the second cavity transmission is a more 

slowly varying function of frequency. The axial modes whose fre¬ 

quencies fall near the peak transmissions of both cavities are 

favored. The bandwidth of the second cavity is adjusted such that 

the cavity has only one peak under the laser gain curve. Under 

these conditions, a single axial mode is favored. Provided the 

gain of the laser is not too high, competition for the excited 

states allows the favored mode to extinguish all other axial modes. 

The most commonly used type of axial mode selector is a 

single quartz etalon placed inside the laser cavity.^ The successful 

operation of the etalon depends on its spectral free range, its 

finesse, and on its absorption loss, as well as the gain character¬ 

istic of the laser. The free spectral range should be chosen to be 

greater than the effective gain bandwidth of the particular laser 

transistion. (For the argon laser the spectral free range should 

be at least 10 GHz.) The etalon behaves as a frequency selective 
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transmission filter, passing with minimum loss frequencies close 

to its transmission peak and rejecting hy reflection all other 

frequencies. 

D. Frequency Drift 

The "instantaneous11 linewidth of a single mode laser is 

extremely small, although a number of factors can cause the line 

to wander in frequency over a considerable range. According to 

Fox and la the linewidth of a Fabry-Ferot cavity resonator is 

AX 
X2 

2irL 
(5r+Sd) 

where AX is the width of the resonance line at the half-power 

points, X is the oscillating wavelength, L is the cavity length, 

and 6d and 6r are the reflection and diffraction losses, respec¬ 

tively. For a typical argon laser in which X is 4880 Angstroms, 

L is one meter, 5r is .05, and 6d is insignificant, the line- 

width is 1.9 x 10"^ Angstroms (2.4 MHz). 

The center frequency of this very narrow line is related 

to the optical length of the laser cavity. A requirement that 

modes of oscillation must satisfy is that an optical wave must 

repeat the same phase pattern after each round trip through the 

cavity. This means that the frequency of oscillation must satisfy 

the condition 

, me 
f «   

2L 

where m is a large integer in the optical range, c is the speed of 
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light and L is the effective, or optical, length of the cavity. 

Differentiation of this equation shows that 

A:f 
-me 

AL. 

2L 

Substituting for m gives 

Af = "f AL. 

L 

Clearly the oscillating frequency is a sensitive function of 

cavity length variations. 

Even if all environmentally induced length variations 

(such as thermal changes and acoustic vibrations) could be elim¬ 

inated, Brownian motion of the mirrors would cause some line 

broadening. If the mirror spacers were at a temperature T and had 

a volume V, the laser frequency drift due to Brownian motion would 

Af = f/2kT7W 

where f is the oscillating frequency, k is Boltzmann’s constant, 

and Y is Young’s modulus. For a typical laser, this frequency 

drift is on the order of 10 to 15 Hz. 

The laser frequency is related to the optical length 

of the laser cavity, not the actual length. Therefore, changes 

in the index of refraction within the cavity can cause frequency 

changes in a manner very similar to actual mechanical variations. 

For example, acoustic disturbances and temperature changes will 
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affect the refractive index of the air within the cavity of a 

laser with external mirrors, and can, therefore, affect the fre¬ 

quency. Likewise, changes in the electron density of the laser 

plasma can have a significant effect on laser frequency. A change 

in the electron density as small as one percent can cause a vari¬ 

ation in the refractive index of the plasma large enough to produce 

a one kilohertz frequency drift.’*' 

Except for Brownian motion of the cavity mirrors, nil 

of the frequency disturbing effects just mentioned can he eliminated 

by careful isolation of the laser from the environment. In fact, 

extreme frequency stability (a frequency drift as slow as a few 

Hertz per second) has been achieved in experiments at MIT, in 

which the laser was almost totally isolated from all environmental 

7 
disturbances. However, total isolation is not practical in most 

laboratory environments and active frequency control systems are 

usually employed. 

-8- 



A SURVEY OF EXISTING STABILIZATION SYSTEMS 

Most of the stabilization systems reported to date maintain 

frequency stability through active control of the cavity length. 

These systems generally compare the laser oscillating frequency to 

some type of reference. An error signal proportional to the 

difference Between the laser frequency and the reference is used 

to adjust the position of one of the resonator mirrors. Usually 

the mirror is mounted on a piezoelectric ceramic which expands or 

contracts in relation to the error voltage applied across the ceramic. 

While most stabilization systems are quite similar in 

the manner in which the laser frequency is adjusted, a wide variety 

of frequency references are used. For purposes of discussion, we 

will divide the various stabilization systems into four categories: 

l) systems using gas absorption cells as references; 2) systems 

using some property of the gain medium as a reference; 3) systems 

referenced to a resonant cavity; and 4) passive stabilization 

systems. 

A. Gas Cell References 

8 
Recently Bagaev, et al, reported a stabilization system 

for a helium-neon laser which used a cell of low pressure, excited 

neon placed within the laser cavity. Because of strong field 

effects associated with the standing wave in the cavity, there is 

a very narrow dip in the center of the absorption curve of neon. 

Dithering the laser frequency across this narrow power peak produces 

fluctuations in the output power. As shown in Figure 3; a sine 

wave modulation of the laser frequency results in a slightly 
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distorted sine wave modulation of the output power. The amplitude 

of the power modulation is roughly proportional to the difference 

between the laser center frequency and the peak of the absorption 

curve dip. The phase of the power modulation depends on which 

side of the absorption dip the laser frequency is located. The 

required dither of the laser frequency is accomplished by modulating 

the length of the laser cavity. 

Gas cells external to the laser cavity can also be used 

as references, as demonstrated by the stabilization technique devised 

q 
by Siegman. Siegman used a cell containing carbon dioxide excited 

to the point that the cell had gain at the oscillating frequency of 

a carbon dioxide laser. A small portion of the output of a CO^ 

laser was passed through an electro-optic phase modulator and then 

through the amplifying gas cell. The phase modulator produced a 

very small frequency modulation of the sampled beam. As this beam 

passed through the amplifier cell, the FM sidebands received un¬ 

equal amplification except when the center frequency of the beam 

corresponded exactly to the center of the amplifier gain curve. 

The resulting amplitude modulation was used as an error signal. 

B. Gain Medium References 

Spectra-fhysics Corporation has been able to develop and 

market a frequency stabilized helium-neon laser which uses a 

characteristic of the laser plasma as a discriminant. The cavity 

length of their Model 119 laser is modulated to cause the oscil¬ 

lating frequency to sweep across a narrow dip in the gain curve 

called the "Lamb dip". The Lamb dip is the result of competition 
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for excited ions between oppositely traveling components of the 

laser cavity standing wave. The fluctuation in the output power 

resulting from the frequency dither is monitored and used to 

control the average length of the cavity. 

10 
Maischberger has succeeded in using the Spectra-fhysics 

Model 119 frequency stabilized helium-neon laser as a standard 

for an argon laser control system. In his arrangement, Maischberger 

passes the helium-neon laser beam through the mode selector cavity 

of the argon laser. A detector monitors the relative transmission 

of this cavity. Since the Model 119 laser is frequency modulated, 

the amount of helium-neon laser radiation passing through the mode 

selector cavity will vary as the laser frequency moves closer to 

and further from the cavity resonance. This varying transmission 

is detected and is used as an error signal to control the length 

of the mode selector cavity. Since this system only maintains 

a constant mode selector cavity length and does not control the 

length of the laser cavity, the frequency stability achieved is 

questionable (and unreported.) 

Shimoda and Javan‘S have developed a complex stabili¬ 

zation scheme which relies on the dependance of the exact shape 

of the gain versus frequency curve of a helium-neon laser on 

various atomic collision parameters. They reduced the laser exci¬ 

tation power to the point that the Lamb dip just disappeared. 

Modulation of the cavity length was then used to sweep the oscil¬ 

lating frequency across the gain curve. Various harmonics of the 

resulting intensity modulation were used as error signals to control 
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the parallelism of the cavity mirrors, the excitation power, and 

the cavity length. 

12 
Rowley and Wilson simplified this scheme by reducing 

the gain of a helium-neon laser still further to just above the 

oscillation threshold. This caused the gain curve to have a very 

small frequency extent. Modulation of the cavity length was then 

used to dither the laser frequency, producing an intensity modu¬ 

lation which was used as an error signal to control the cavity 

length. 

Another stabilization technique which is applicable to 

IQ 
helium-neon lasers has "been developed hy LeFloch, Frere, and Brun. 

In their experiment, the plasma tube of a helium-neon laser was 

operated in an oscillating magnetic field. As the field sweeps 

through zero amplitude, competition between oppositely circularly 

polarized components of the laser cavity standing wave produces a 

"magnetic Iamb dip" in the intensity of the laser output. Again, 

the intensity modulation is used as an error signal to control 

cavity length. 

This same basic technique was improved upon by Tomlinson 

14 
and Fork. Their scheme requires a laser which oscillates on 

transitions of the types J-*-J for J 1 and J = l-** J = 0. In the 

case of the helium-neon laser, the 1.52 micron line satisfies this 

requirement. Lasers which oscillate on transitions of this type 

experience a strong coupling between oppositely circularly polarized 

components of the standing wave. When the laser is operated in a 
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constant magnetic field, one of the circularly polarized components 

will grow rapidly at the expense of the other as the oscillating 

frequency shifts away from the center of the gain curve. The 

intensities of both polarization components are monitored and the 

difference is used as an error signal to control the cavity length. 

Skolnick^ stabilized a carbon dioxide laser to the 

center of the gain versus frequency curve by monitoring the imped¬ 

ance of the plasma tube. The impedance is lowest at the peak of the 

gain curve. Skolnick used a constant current power supply to 

excite the plasma tube. As the laser cavity length was modulated, 

the resulting laser frequency modulation caused the voltage applied 

to the plasma tube to vary. This voltage variation was used as 

the cavity length controlling error signal. 

Bennett has suggested that the dependancy of the laser 

cavity resonant frequency on population inversion could be used 

as a discriminant. This "frequency pulling effect" has been used 

successfully in a helium-neon laser stabilization system. The 

gain of the laser was modulated, and the resulting frequency devi¬ 

ation was detected by heterodyning the laser output with that of 

another laser local oscillator. 

C. Resonant Cavity References 

2 
Several investigators have been able to obtain very good 

short term frequency stability using small resonating cavities as 

frequency references. Since these cavities can be made smaller 

and less complex than the laser resonant cavity, it is possible to 
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obtain better dimensional stability and consequently improved 
Yj 

frequency stability. Ballick ' and Kaminow have separately 

proposed stabilization schemes based on two path interferometers 

in which shifts in the fringe patterns are used as discriminants. 

Single path interferometers constructed with a piezoelectric tuning 

element have also been used as frequency discriminants. Generally, 

the resonant frequency of the cavity is swept across the laser 

frequency with a voltage sine wave applied to the piezoelectric 

ceramic. The intensity of a sampled beam passing through the 

interferometer is detected and used to control the length of the 

laser cavity. 

D. Passive Frequency Stabilization 

As mentioned earlier, extremely low frequency drift 

rates have been achieved by isolating the laser from all envi¬ 

ronmental disturbances. If the isolation is sufficiently complete, 

an active control system may not be required. 

The three most predominant sources of frequency instability 

are acoustic vibration of the cavity, and thermal expansion of the 

cavity and of the mode-selecting etalon. Acoustic vibration can 

be attenuated by mounting the laser on a massive slab isolated 

from normal ground and building vibrations. Spring and cable 

arrangements as well as ordinary automobile inner tubes have been 

used to support a laser and slab while providing the desired 

isolation. Commercial vibration-free tables have become available. 
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These tables provide a very stable surface through the use of 

pneumatic pistons to support a massive work surface. 

Thermally induced changes in the laser cavity length can 

be practically eliminated by using a material with a very low ther¬ 

mal expansion coefficient to maintain separation of the mirrors. 

Invar and zero expansion glass are commonly used for this purpose. 

Thermal expansion of the mode-selecting etalon can be 

eliminated in the same manner; i.e., by mounting two etalon re¬ 

flectors on the ends of an Invar or zero expansion glass spacer. 

If a single qjuartz disk is used as an etalon, mounting the latter 

in a temperature stabilized oven will greatly reduce thermal effects. 

-15- 



NEW STABILIZATION SCHEME 

The objective of this investigation was to develop a 

method of reducing both the short and long term frequency instabil¬ 

ities of a high power argon laser. A goal of controlling the laser 

frequency to within ± 5 megahertz over periods of one hour was 

arbitrarily set early in the development program. This goal has 

been achieved by the system shown schematically in Figure 4. 

This system utilizes a double frequency reference con¬ 

sisting of both an optical cavity discriminator and a molecular 

resonance standard. The technique presented here does not require 

any modulation of the laser frequency. 

The external reference cavity is a piezoelectrically- 

driven scanning interferometer. The molecular resonance discrim¬ 

inator consists of a photodetector and an absorption cell con- 

19 20 
taining molecular iodine vapor. ** A portion of the laser output 

is deflected by a beam splitter and passes through the interfer¬ 

ometer. Another portion of the beam passes through the absorption 

cell. The resonance of the reference cavity is scanned across the 

laser line. This results in an amplitude modulation of the light 

transmitted by the reference cavity. The magnitude and phase of 

this modulation is detected and used to control the length of the 

argon laser cavity, thereby controlling the frequency of the output 

radiation. 

Since the reference cavity length is much smaller than 

that of the laser cavity, it can be constructed much more rigidly. 

This greatly attenuates acoustical effects. Thermal drift of the 

-16- 



interferometer cavity is stiH a problem, but this effect is 

partially overcome by placing the interferometer in a temperature 

stabilized oven. The residual temperature fluctuations of this 

well stabilized oven (± 0.05°C/hour under normal laboratory 

conditions) are still significant, however, since they can cause 

the resonant frequency of the interferometer to slowly vary over 

a range of 20 megahertz. Thus, the optical cavity discriminator 

is useful for controlling the short term frequency drift of the 

laser. Thermal effects cause both the laser cavity and reference 

cavity to have long term frequency drifts. 

The iodine absorption cell used in this stabilization 

system provides a means of correcting for relatively slow frequency 

changes. The portion of the laser beam passing through the iodine 

cell is detected and used to drive a differential amplifier con¬ 

nected to the reference cavity. The output voltage of the amplifier 

controls the average or midpoint value of the cavity resonant 

frequency. Since the laser frequency is locked to the reference 

cavity, this voltage indirectly controls the laser frequency. 

By frequency tuning the intracavity etalon the laser frequency is 

initially set at a point on the edge of the iodine absorption line, 

where the attenuation through the cell is approximately 50$ of the 

peak value. The bias voltage into the differential amplifier is 

adjusted to give a zero voltage output when the laser frequency 

is at this point. Any change in laser frequency will cause the 

transmission through the cell to vary, resulting in an increase 
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or decrease in the output voltage of the photodetector as the laser 

frequency drifts away from or toward the center of the absorption 

line. The resulting voltage out of the differential amplifier 

drives the interferometer back toward its original setting, there¬ 

by compensating for any thermal drift and the resulting frequency 

drift. 

Notice that the photodetector behind the iodine cell 

measures the intensity of the light passing through the cell and 

not the transmission of the cell. Thus, any change in the laser 

output power will produce a change in the differential amplifier’s 

output voltage, causing a shift in laser frequency. This problem 

can be minimized by monitoring the laser power on each side of the 

iodine cell and obtaining the ratio of the two power levels with 

an electronic divider. This ratio would be proportional to the 

cell’s transmissivity. Fortunately, the laser used in this experi¬ 

ment was intensity stabilized to within 0.5$. The extra photo¬ 

detector and divider circuit were not needed. 

The absorption cell is an evacuated quartz bottle 

containing a small amount of crystalline iodine. Sublimation of the 

iodine results in the desired molecular iodine vapor. The vapor 

pressure within the cell increases with rising temperature. Since 

the transmission through the cell is a function of the vapor 

pressure, the laser frequency is affected by changes in the 

absorption cell's temperature. Therefore, the iodine absorption 

cell was also temperature stabilized to ± 0.05°C. 
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RESULTS 

Because of the very high oscillating frequency of lasers, 

it is practically impossible to check their frequency stability by 

comparison to a standard frequency reference. Most highly stabilized 

oscillators, such as crystal oscillators or cesium frequency stand¬ 

ards, operate in the microwave region, 6 or 7 orders of magnitude 

below common laser frequencies. Quite often the only practical 

way to check the frequency stability of a laser is to construct two 

identical lasers, mix their outputs on a square law detector, and 

monitor the beat frequency. The results from this type of measure¬ 

ment are not definite and can be quite misleading unless extreme 

precautions are taken to eliminate any disturbances which might 

have a common, simulatneous effect on the frequencies of both lasers. 

19 20 
A second molecular resonance discriminator provided 

a simple method of measuring the frequency stability of this system. 

Any change in the amount of the laser light transmitted by,this 

second absorption cell will be approximately proportional to fre¬ 

quency drift, provided changes in the temperature of the absorption 

cell are insignificant, and provided the frequency shift is small 

in relation to the width of the iodine absorption line. 

The sensitivity of the molecular resonance discriminator 

to changes in temperature was measured by introducing known changes 

in the discriminator’s temperature while the laser frequency was 

monitored with the second temperature stabilized discriminator. 

It was found that a one degree centigrade change produced a laser 

frequency shift of approximately 20 MHz. Since the laser-controlling 
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discriminator and the frequency-monitoring discriminator are 

both temperature stabilized to 0.05°C, temperature changes are 

insignificant. 

The width of the iodine absorption line was measured by 

monitoring the transmission of the absorption cell as the laser 

frequency was driven across the absorption line. This frequency 

drift was produced by varying the temperature of the axial mode 

selecting intracavity etalon. Thermal expansion of this etalon 

caused its resonant point to shift in frequency, forcing the laser 

to oscillate in a succession of different-frequency axial modes. 

Data from this measurement is shown in Figure 5* The staircase 

effect is the result of the laser jumping from one oscillating 

axial mode to the next. With a linewidth of approximately 1.2 GHz, 

the transmission of the iodine cell will be closely proportional 

to frequency for frequency changes less than ^>100 MHz. 

Figure 6 illustrates the behavior of the uncontrolled 

laser before thermal equilibrium is reached. The control system 

proved capable of eliminating this drift for short periods of time 

(a few minutes at most.) The maximum amount of frequency correc¬ 

tion the control system is capable of producing is limited by the 
9 

voltage range of the amplifier-driver (100 volts) to ^200 MHz. 

Because of this limited control range, a warm-up period of several 

hours is required. 

Figure 7 is a plot of laser frequency measured shortly 

after successful operation of the short-term stability control 
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loop was first achieved. The long-term molecular resonance dis¬ 

criminator control loop was not operational at this time. This 

data was obtained after an extended warm-up period of over 3 hours. 

It was not possible to maintain frequency control for much more 

than the two minutes of stable operation shown in Figure 7* 

Thermal expansion of the laser cavity, drift of the resonant cavity 

discriminator, and a number of acoustical effects limited the period 

of stable operation. 

The large vertical jump at the end of the two minutes 

in Figure 7 coincided with turn-off of the stabilization system. 

The other two discontinuities were spontaneous and represent "mode 

hops," where the laser changed to a different frequency axial mode 

of oscillation. The first spontaneous jump quite probably repre¬ 

sents a change of two axial modes, while the second represents 

a jump between adjacent modes. Wo smaller jumps were observed 

during a 20 minute period. 

These "mode hops" provide a convenient method of calibrat¬ 

ing the frequency scale of Figure 7* With the particular laser 

used in this experiment, the axial modes are spaced at intervals 

of ^128 MHz. Therefore, the smaller discontinuities of Figure 7 

are 128 MHz in length. All of the frequency data presented herein 

was calibrated in this manner. The time constant of the recording 

system used to obtain the frequency data was 'VilO ^ seconds. 

Figure 8 shows the performance of the system with both 

the short and long term control loops operating. This data was 

taken before the*laser reached thermal equilibrium and demonstrates 
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the system’s ability to maintain frequency control during the 

laser’s warm-up period. 

The spikes in the data of Figure 9 were identified as 

related to surges in the flow of cooling water to the laser. A 

simple water regulator eliminated this problem. 

Figure 10 is a comparison of the laser frequency stability 

with both control loops operating as opposed to the free running 

behavior of the laser. This data was taken after the laser 

reached thermal equilibrium. 
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FIGURE CAPTIONS 

Figure 1 Gain Curve of a Typical Argon laser 

Figure 2 laser Gain Curve, Resonator Bandpass, and Mode- 
Restricting Etalon Bandpass 

Figure 3 The Neon Absorption line 

Figure 4 Schematic of the Stabilization System 

Figure 5 The Iodine Absorption Line 

Figure 6 Frequency Drift of the Uncontrolled Laser Before 
Thermal Equilibrium is Reached 

Figure 7 Frequency Stability of the Laser with the Short 
Term Control Loop Operating 

Figure 8 Frequency Stability of the Laser with both Control 
Loops Operating before Thermal Equilibrium is 
Reached 

Figure 9 Effect of Fluctuations in the Flow of laser 
Cooling Water 

Figure 10 Frequency Stability of the Argon Laser 
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