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Preface

The purpose of this thesis is to compare two

different types of control methods that can be used to

frequency stabilize a laser. This study should help solve

some of the problems associated with the passive ring

laser gyro work being done in the Navigation Laboratory

at the Air Force Institute of Technology (AFIT).
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Abstract

The purpose of this research is to compare two types

of control methods that can be used to frequency stabilize

a laser. The first method uses a single piezoelectric

transducer (PZT) to control the cavity length of a helium-

neon ]aser. The second method employs dual PZT controllers

of differcnt lengths so that a fast response time can be

achieved with the benefit of a large dynamic range. Two

variations of the first method are compared to the second

method. The first variation uses an integrator with gain

as a compensator in an electronic feedback control loop

and is designed using steady state analysis. The second

£ variation uses a more sophisticated compensator that is

designed using frequency analysis. Frcquency analysis is

also used in the compensator design for the second method.

Each compensator is tested in a laser control loop and the

results of each method are compared.

I
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I Introduction

Over the last two decades, laser application has

extended into the field of inertial navigation. Advance-

ment in laser gyro technology now puts laser gyros on a

competitive level with their counterpart, the mechanical

gyro. Although the laser gyro does not have errors associ-

ated with moving parts, other error sources exist that

effect its accuracy. A recent study by Olkowski and

Holland concerning errors in a passive ring laser gyroscope,

indicates a need for a frequency stabilized laser in order

to overcomea temperature and mechanically induced changes in

the laser cavity (Ref 1:42). The following section ex-

( plains how a laser resonant frequerncy may vary and intro-

duces a method that can be used to stabilize the laser.

Background

The frequency spectrum associated with a true sinu-

soid is a narrow line while deviations from a true sinu-

soid cause a broadening of that line. The helium-neon -

lasers used in most laser gyros display a spectrum line-

shape that is inhomogeneously broadened. This means that

the collection of atoms in the laser medium can exhibit

several resonant frequencies for the same laser transition.

The laser output intensity versus frequency plot has a

gaussian like shape, so variations in frequency also cause

C,1



( variations in intensity.

The actual output frequency of a laser is determined

by the optical distance between the laser mirrors which

is known as the cavity length. O'Shea, Callen, and

Rhodes show that the length of the laser cavity is equal

to an integral number of laser half wavelengths (Ref 4:91).

Written in terms of frequency,

wheres is the resonant frequency, q is an integer, c is

the speed of light, and L is the optical cavity length.

Since q can be any integer, there are many frequencies or

( axial modes that a laser may resonate at providing that ^)

is within the gaussian shaped intensity vs frequency plot.

The axial mode frequency separationA4,is given by

M (1.2)Z L

Figure 1.1 shows the relationship between the laser tran-

sition intensity, the axial mode spacing, and the laser

output.

From the discussion and equations just presented, it

is evident that any deviation in the cavity length will

cause a deviation in the output frequency and intensity.

In order then to control the frequency, the cavity length

20 .... i mmll ilm
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Laser lasn
Transition hreshold

Curve

I I I i

I

Laser Output

Output Intensity
I Curve

( Figure 1.1 Relationship Between a Laser Transition
Curve, Axial Mode Spacing, and Laser Output Intensity

must be controlled. A common approach used, and followed

in this research, is to sample the laser output and com-

pare it to a reference frequency. Deviations from the

reference frequency are converted into an electrical

signal. The signal is then routed through an electronic

control loop to a piezoelectric transducer (PZT) that

adjusts the length of the cavity to cancel the disturbance

noise. The limitation on the feedback system is primarily

due to the mechanical resonances of the PZT (Ref 3,346).

For this reason, a method of control using two PZTs of

different lengths looks very attractive. A long PZT is

7- !



(needed to accommodate a large dynamic range to control

disturbances such as temperature drifts. A short PZT

with a fast response time is needed to control higher

frequency noises.

Problem Statement

The purpose of this research is to ascertain the

effectiveness of two control methods that can be employed

to frequency stabilize a laser. The first method is a

standard approach and uses a single PZT to control the

length of a laser cavity. The control range of this

method is limited by the length of the PZT. A long PZT

is desirad to provide a large control range, however, the

(added ma.3s and length increases the response time. To

overcome this limitation the second method uses dual PZT

controllers. A long PZT is used to provide the desired

control range and a short PZT is used to provide a fast

response time. To ascertain the effectiveness of each

control method, the magnitude and phase of the closed

loop error signal must be recorded and analyzed.

Method 2f Approach

The method of approach starts with the selection of a

basic control loop scheme. Laser frequency stabilization

has been studied since the early sixties and, over the last

two decades, many favorable schemes have been presented.



The basic scheme used in this research is similar to the

one presented by P.W. Smith (Ref 3:343). An interferometer

cavity is used as a frequency reference to which the laser

output is compared. Frequency deviations are converted

into an electrical signal and routed through an electronic

feedback loop that controls the movement of a PZT to

which one of the laser mirrors is attached. In this

manner, noise disturbances causing frequency instability

are sensed and countered by moving the PZT,thereby correc-

ting the cavity length.

The next step in the approach was to design and build

a laser. This was followed by a noise source study that

included literature research and equipment experimentation.

The laser control system was then modeled and transfer

functions for each component were determined. Variations

of method I included the design of a first compensater

from steady-state analysis and the design of a second

compensator using.frequency analysis. The compensator

for method II was also designed using frequency analysis.

Finally, each compensator was used in the control loop and

a spectrum analysis was made of the error signal. Results

of each test were recorded and a comparison was made of

the two control methods.

Order of Presentation

A description and results of the research are

5
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(presented in the following manner. First, the frequency

stabilization theory is presented in Chapter II and is

followed by a discussion of the laser design in Chapter III.

Next, noise sources are analyzed in Chapter IV and system

model parameters are determined in Chapter V. The compen-

sators are designed in Chapter VI, and performance results

and comparisons are presented in Chapter VII. Finally,

conclusions and recommendations are made in Chapter VIII.

In order to fully comprehend this material the reader

should have a basic knowledge of ihe techniques used to

frequency stabilize a laser.

('l dT
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II Frequency ,1tabi].i ,'a,.-tion

General Description

As pointed out in Chapter I, the output of a laser

can contain many discrete frequencies separated by 4).

It was also pointed out that changes in the cavity length

cause variations in the frequency output of the laser.

Environmental noises such as temperature drift, acoustic

noise, and table vibrations all contribute to fluctuations

in the cavity length. Propcrtios of the laser itself also

contribute to frequency fluctuations, termed as output

noise. The following two control methods are designed to

reduce the effects of these noise disturbances.

(ethod I 4s a standard Tethocd and consists of a single

PZT that controls the cavity length. As mentioned in the

introduction, the limitation on the feedback system is pri-

marily due to the mechanical resonances of the PZT. A long

PZT is desired for its large dynamic range; however, the

added length and mass lower the mechanical resonance and

increases the response time. For this reason a second

method of control is studied.

Method II consists of dual PZTs of different lengths

to control the laser cavity length. A long PZT is used

for its dynamic range and a short one is used to provide

a fast response time.

The theory for each method is described in the
(



4 following sections, but first, the Fabry-Perot inter-

ferometer theory will be explained as it establishes the

frequency reference for the control loop.

Fabry-Perot interrerometer

The Fabry-Perot interferometer shown in Figures 2.1

and 2.3 acts as a frequency reference to w-;hich the laser

output is compared. As described by O'Shea, Callen, and

Rhodes, a Fabry-Perot intcrferomcter is an optical resonant

cavity that consists of a pair of highly reflective mirrors

parallel to each other, and whose ;eparation can be varied

(Ref 4:33). They further show tha-; for most wavelengths

only a small percentage of the light entering the cavity

is transmitted. For certain wavelenrgths, however, nearly

100% of the light is transmitted. This transmission occurs

when the optical distance between the mirrors equals an

integral number of half-wavelengths of the incident light.

The condition for resonance then is

(2.1)

where 4 is a resonant frequency of the interferometer, WL

is an integer, c is the speed of light, and d is the op-

tical distance between the mirrors. Notice that Eq (2.1)

is similar to Eq (1.1) as both the interferometer cavity

( and the laser cavity work on the same principle.

A&B
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p (For a confocal cavity (radius of curvature of the

mirrors equals the optical cavity length) with the

reflectance of both mirrors close to unity, the trans-

mittance, IT,' of an interferometer near a resonant

frequency is (Ref 8:5)

'T 
(2.2)A/rj 4 4Yd

where A is the dissipative mirror loss, T is the mirror

transmittance, R is the mirror reflectivity, d is the

optical distance between the cavity mirrors,j I is the

cavity resonant frequency, and 14 is a frequency close to

resonance. For the Jodon SA-1500 interferometer used in

this research A40.2%, T=0.8%, R-99%, d=Scm.

At resonance, the last term in the denominator of

Eq (2.2) is zero and the transmittance becomes

- (2.3)

(iaT=I)Z-T : + AIT ) -

Using the values shown for the Jodon SA-1500 interfer-

ometer,

I T = 64-Ya (2.4)

It is easy to see from the denominator of Eq (2.2)

that a small relative change in the frequency of the

9 _-
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incident light will create a large change in IT . As an

example, if (NN - 'I) - 2 MHz, which is small considering

that 4 for a helium-neon laser is 4.74 1014 Hz, then

I
4 .0o8LAD 3K.10 0 (TOn.) A)]

- (2.5)

This is a 9.6% decrease in IT . Th-s rapid drop in out-

put intensity for a slightly off-r2sonance condition

makes the Fabry-Perot interferomet:r an excellent device

to use as a frequency standard in a control loop.

From Eq (2.1), if the cavity length is swept over a

range of, several wavelengths, the interferometer acts as

a spectrum analyzer and can be used to show the spectral

content of a laser as shown in Figure 2.0. The sharp

peaks in Figure 2.0 represent the output frequencies of

the laser that was built for this research.

In order to sweep the-cavity length over several

wavelengths, a slow. varying ramp voltage is applied to a

PZT mounted inside the interferometer housing. The PZT

has one of the interferometer mirrors mounted to it so

that a change in PZT length, caused by an external voltage,

changes the optical cavity length and thus changes the

condition for resonance.

The range of frequencies- that can be swept through

10
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o.5 v/cm
Vert

150 MHz/cm
Horz

Figure 2.0 Laser Output Scanned With the Reference
Interferometer

without repetition is known as the free spectral range

(FSR), where

FSR (2.6)

The FSR for the laser used in this research is 1500 MHz.

A Fabry-Perot interferometer is used as a frequency

reference in both control methods I and II as seen in the

following sections.

Control Method I

A control loop block diagram for the system used in

method I is shown in Figure 2.1. The control loop model

()

I11
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f Fabry-Perot Neutral
Interferometer Density Mirror Mirror

Filter #2 #1

etector

PGT2 PZT 1

9Liser

Excite)

o-In- Hopnatrj iigh Voltage

mplifier Cone~trIAm])li-,i(-r

Modulation Signal

Figure 2.1 Control Loop Block Diagram for Control
Method I

+ ~GLI A(S) GOX (s)a VA1ZT1)

Figure 2.2 Control Loop Model for Control Method I
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(Table 2.1

Control. Loop Symbol Definitions for Figures 2.2 and 2.4

Symbol Definition

Noise corrupted reference signal

c Control loop correction signal

GLIA Lock-In-Amplifier transfer function

GHVA1/PZT1 High Voltage Amplifier #1/Piezoelec--
tric Transducer #1 transfer function

GHVA2/PZT2 High Voltage Amplifier #2/Piezoelec-
tric Transducer #2 transfer function

Gcx Compensators

for the system is shown in Figure 2.2 with symbols defined

in Table 1.1.

Looking at Figure 2.1, light from the laser is passed

through a neutral density filter and enters the Fabry-

Perot interferometer. The neutral density filter reduces

the intensity of the laser light in order to keep the

detector in its linear region. The interferometer PZT

is used to match the interferometer resonant cavity to

a laser mode that has been positioned at the top of the

laser output intensity curve with PZT 1 . A frequency

deviation in the laser output causes an off-resonant

condition in the interferometer as explained earlier.

The detector senses a sharp decrease in the intensity

( from the interferometer which results in a decrease in

13



voltage to the lock-in-amplifier (LIA). The LIA is the

(heart of the control loop and produces an error signal

that locks the laser to the interferometer resonant

frequency. A modulation technique is used within the

LIA which locks the laser frequency to the interferometer

resonance. This technique will be discussed in full

detail in the following section. With reference to

Figure 2.1, the error signal from the LIA is routed

through a compensator that is designed in Chapter VI.

The signal then goes to high voltage operational amplifier

1 (HVA1 ). Note that the modulation frequency used in the

LIA is also routed directly to HVA1 . The JIVA sends a final

correction signal to PZT1 that has laser mirror m, mounted

to it. Movement of the PZT by the loop counters the noise(
disturbance that caused the original frequency fluctuation

in the laser output. In this manner, the laser is locked

to the interferometer resonant frequency and noise that is

within the bandwidth of the loop is suppressed.

The operation of control method II is similar to

that just presented and is discussed in the following

section.

Control Method II

A control loop block diagram for control method

II is shown in Figure 2.3. The model for the system is

shown in Figure 2.4 with symbol definitions as shown in

Table 2.1.

14



Fabry-Perot Neutral
(Interferomneter Denisity Mirror Mirror

Filter #2 #1

Detector - - -. er

xter PTj

.Ampi le r

Figure 2.3 Control Loop Block Diag-ram for Control
Method II

GC3b (s) GIIVA2/PZT2(s) +

Gc3a (S) GHVAJ/PZT1(s)

~.Figure 2.J4 Control Loop Model for Control Method II
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(The theory used in control method II is the same as

that for method I; however, the signal from the LIA -is

now split and goes to two different compensation networks.

The design of these networks are quite different from

each other and are fully described in Chapter VI.

Correction signals leave each of the compensators and are

amplified by HVA, and HVA 2 that control respective PZTs.

Note that the modulation signal still goes to HVA 1 as in

the previous section. The modulation technique is the

same for both control methods and is described in the

next section.

Modulation Technique

As stated earlier, the LIA is used to lock the laser

frequency to the interferometer resonance. It accom-

plishes this by comparing the phase of a modulation

signal to the phase of the returned signal from the detec-

tor and creates an error voltage proportional to the phase

difference. A 41 KHz modulation signal is selected, as

it is a resonant frequency of PZT1 and is well beyond the

bandwidth of the control loop.

Figures 2.5 through 2.8 are used to illustrate the

reaction of the LIA to a frequency shift in the laser.

When the laser cavity length is such that the laser

frequency corresponds to point A in Figure 2.5, the output

of the interferometer is at a maximum. As the PZT is

16
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Figure 2.6 LIA Phase Comparison A
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LIA
Modulation
Signal

Detector
Output

LTA PSD -

Output

Figure 2.7 MIA Phase Comnpariison B

LI A
Modulation
Signul

Detector
Output

LIA PSD
Output

Figure 2.8 LIA Phase Comparison C
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(dithered by the modulation signal, it causes the laser to

oscillate about point A which produces the detector output

as shov:n in Figure 2.6. The modulation signal and the

output of the detector are mixed in the LIA. The mixer,

called a phase sensitive detector (PSD), produces the

signal shown in Figure 2.6. The PSD signal is sent

through a low pass filter inside the LIA which results in
a zero DC level error signa-l. The laser cavity length

thus remains unchanged.

When the laser cavity length produces a frequency

corresponding to point B in Figure 2.5, the output of the

interferometer is less than maximum. The modulation

signal then causes the detector output to vary as shown

in Figure 2.7. The LIA PSD produces a net positive signal

as shown. This results in a positive DC level error signal.

The error signq.l is routed to the PZT and causes it to

lengthen thus increasing the laser frequc'ncy until it

corresponds to point B in Figure 2.5.

When the laser cavity length produces a frequency

corresponding to point C, the action is the sarie as that

shown for point B, with signals as shown in Figure 2.8.

For this case, the LIA produces a negative DC level error

signal which results in an increase in cavity length and

a lowering of the laser frequency to that corresponding

to point B in Figure 2.5.

In the manner just described the laser frequency is
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locked to the Fary-Perot interferometer resonant frequency.,

As nois.e causes the laser frequency to shift, the LTA and

feedback loop always drives the frequency back to point

B in Figure 2.5.

As stated in the introduction the limitation cn the

feedback system is primarily due to the PZT. The type

of control compensation can also affect the control loop

and is discussed in the following section.

Compensators

By adding compensators to the feedback loop, para-

meters of the loop can be altered. Three different types

of compensators are designed, built, and tested with

comparisons of the results made in Chapter VII.

The first compensator is used in the first variation

of method I. It is designed using steady state analysis

and consists of an integrator with gain. The presence

of the integrator in the loop creates a type I system

and, as pointed out by A.D. White, the system steady state

error is expected to be zero for a step input and finite

for a ramp input (Ref 2:350). White also points out that

this may not be the most desirable compensator as it does

nothing for the bandwidth of the loop.

The second c.ompensator is used in the second var-

iation of control method I. It is designed using the

Guilleman-Truxal design procedure presented by D'Azzo and

20
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1Houpis (Rof 7:408). The compensator is basically an

.extension of the first design with additional circuitry

to provide a closed loop bandwidth of 2 KH7. The second

compensator is expected to increase the bandwidth of the

control loop as compared to the first.

The third compensator is quite different from the

first two as two PZTs are now used to control the cavity

length. Different size PZTs are used in the laser dcsign

to accommodate both quick response and a large dynamic

range. The compensator for the long PZT loop is designed

first for a closed loop bandwidth of 100 Hz and ignores

the short PZT loop. The compensator for the short PZT

loop is then designed for a total system closed loop

bandwidth of 2 KHz.

The overall step-by-step design of the compensators

is presented in Chapter VI, but before that is done, the

laser designed and built for this research will be des-

cribed in the next chapter.
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IIl. Laser DUeaip<n

General Descri ption

A di.agram of the laser is shown in Figure 3.1.

The laser cavity is made up of two carbon steel end pli te!

and utilizes four super-invar rods as spacer bars.

Stainless steel mounting blocks are held to the end plates

with four corner screws and alignment is accomplished with

shims. FZT1 is 1.5 inches long, and PZT 2 is 0.5 inches

long. They are secured in their respective mounting,

blocks using set screws and epoxy glue. The laser mirrors

are each glued to steel washers that arc in turn glued to

fiberglass insulators. Each of these combinations arc

glued to a PZT with the output mirror attached to PZT 2 .

The laser gain tube is held in place by two carbon stecl

support blocks that are suspended from the four spacer

bars. The total cavity length, L (optical distance be-

tween mirrors), is equal to 39 cm. Scale drawings of the

laser hardware are included in Appendix A. Figure 3.2

is a picture of the assembled laser and includes the ref-

erence interferometer.

A discussion concerning each critical component In

the laser design is presented in the following sections.

Laser Gain Tube

A Spectra-Physics model 120 helium-neon gain tube is
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Figure .3.1 Laser Desig-.n

Nb Figure 3.2 Assembled Laser With Interf'erometer
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used as the heart of the laser and is pumped by a Spectra-

Physics model 249 power supply. The gain tube draws

approximately 6.0 ma and is designed for a 5 mw output.

Laser Mirrors

The laser mirrors were selected from parts on-hand

in accordance with the following stability criteria. For

stability.

0 4 I (3.1)

where g! and g2 are dimensionless quantities and are

the g-parameters of the resonator. The resonator g-

parameters are

I-L and (3.2)

where r1 and r2 represent the radii of curvature of mirrors

mI and P12 and equa].O and 85 cm respectively. Solving Eq

(3.2), g1 =1, and g2 =0.541. Eq (3.1) then becomes

O0 0.-5 4 *1- (3.3)

and the stability criteria is met.

The transmittance of m I and m2 are 0.01% and 2.0%

respectively where m 2 is the output mirror.

(
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{ Piezoelectric Transducers (PZTs)

The PZTs selected to adjust the cavity length are

tubular transducers with wall thicknesses of 1/4 inches.

One PZT is 1/2 inch long and the other is 1-1/2 inches

long. The PZTs are center mounted, as shown in Figure 3.1,

to eliminate reaction movement by the mount. Although

data specifications such as bandwidth and sensitivity for

the PZTs are given by the manufacturer, mounting methods

make it necessary to experimentally obtain all required

data. This is accomplished in Chapter V.

End Plate Spacer Bars

Super-invar is used as the spacer bar material be-

cause of its very low temperature expansion coefficient

The importance of this can be seen by looking at Eq 4.1,

Table 4..1, the Eqs that follow Table 4.1, and the following

example.

If mild steel was used instead of super-invar, ALSB

from Table II would be 94.75 x 10-6 inches instead of

3.00 x 10-6 inches. This would result in ALT equal to

257.1 x 10-6 cm/°F instead of the value 24.06 x 10-6 cm/°F

found in Eq (4.2). The output frequency drift would then

be -3125 MHz/°F rather than the value -292.5 MHz/°F shown

in Eq (4.6). Using Eq (4.8), the range of temperature

controllable by the laser would only be 0.03OF instead of

0.32 F as shown. 'With a controllable range this small,
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it would be very difficult to keep the laser frequcncy

(stabilized.

Axial M,ode Spacing

The calculated axial mode spacing-,&% A is determined

from Eq (1.2) and the measured value of L which is 39 cm.

Then

3x 10! 0 cwm /ec

(3.5)

It must be noted here that the determination of L was

crude ayzd will only be used to verify the much more

accurate measured value of the axial mode spacing, M,

Figure 3.3 is a picture of the laser output when

scanned with the reference interferometer. The FSR of

1500 MHz is spread over 10 cm so tnat each cm equals

150 MHz. Since axial modes are sho'wn to be 2.5 cm apart,

the mode spacing is

-(1-500 mH)(2.5.-N~)

: 375 MHz (3.6)
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0. I v/CIr
Vert

150 MHz/cm
Horz

Figure 3.3 Laser Output Scanned With the Reference
Interferometer for FSR Calculations.

Since it is difficult to perform this measurement due to

laser drift, b M was determined several times and equation

3.6 is the average of those mensurements. This is within

3% of the calculated value. The result of Eq (3.6) will

be used in later calculations.

Although the laser is designed with noise suppres-

sion in mind, it is still subject to many disturbances

that cause output noise. Some of these sources are studied

in the following chapter.
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IV Laser Noise Sources

General Discussion

Noise sources that cause frequency fluctuations in

a laser can be grouped into three catagories: environmen-

tal noises, noises from the gain tube, and noises from

the control loop. Environmental noises are the predomin-

ant ones and consist of temperature drifts, acoustical

noise, and table vibrations. Noises from the gain tube

are caused by such things as variations in the index of

refraction of the active gas, variations in the gas pres-

sure and temperature, and variations in the discharge con-

ditions. Noise from the control loop is emitted from the

electronic components and is very small.

Most of the noises can be calculated and will be

analyzed in the following sections. From the results, it

is expected that the spectral content of appreciable laser

noise will be well below 3 KHz and will be controllable.

Laser Noise due to Temperature Changes

Temperature drift or fluctuation is low frequency in

nature and is by far the largest contributor to laser

frequency noise. The biggest affect is on the cavity

length, and this is the reason invar material was chosen

for the spacer bars. The change in cavity length, ALT)

due to temperature change, AT, in degrees Fahrenheit is

28
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Table 4.1

Temperature Affects on the Laser Components

Component Component Temp. Coef. L due to T
Length 10- in/in F - in Symbol

Super Invar
Spacer Bars 15.040 0.2 3.008 ALSB

Mild Steel
End Plates 11.000 6.3 6.3 ALEp

Stainless
Steel
PZT Mounts 0.375 9.6 3.6 ALpZTM

PZTs 1.000 1.18 1.18 ALpZT

Fiberglass
Washer 0.026 5.5 0.143 ALpw

Mild Steel
Washer 0.097 6.3 0.611 ALSW

Mirror o.250 6.0 1.5 ALM

calculated using Eq (4.1), as follows:

ALT = AL.s +LEp+ALpZTM-ALpZT -6LPw-ALsw -,LM (4. 1 )

The terms in Eq (4.1) are defined in Table 4.1.

Using the va.ues from Table 4.1 and converting them to

cm yields

ALT 2 4.06 Xt /F (4.2):

The change in frequency,A")T, due to AT can be calculated

( from Eq (1.1).
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The effect on4 caused by a small change in L is

C= 2L(

If &-T and A T are assu'med to be small then they can be

substituted into Eq (4.3) so that

- - AL (4.4)

Substituting q for 2L, Eq (4.4) becomes

AV$T = XL ",. (4.5)

Then

-292.5 MHz/OF (4.6)

The sensitivity of PZT1 from Chapter V is used to

calculate the controllability of the laser due to temper-

ature changes. From Eq (5.1), -the PZT 1 sensitivity in

terms of-) is 0.1875 MHz/volt. With 500 volts available

from the HVA, the change in laser frequency, 4PZT1, due

to a maximum change in length of PZT 1 , is

* NMPZTiCvmaw 9 3.7S MI-. (4.7)
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Using Eqs (4.6) and (4.7) to solve for the maximum tern-

•perature change that can be compensated for using PZT1

yields:

A pzrl

Z9 7.5 M it- /F

O, 5. 'F (4.8)

It must be noted that a change in temperature also

changes the cavity length of the intcrferometer. For

this reason, the interfarometer was thermally wrapped with

styrofoama and tape to reduce the effect of temperature

changes during an experiment.

Laser Noise Due to Acoustical Noise and Table Vibration

Since actual measurments of acoustical and vibrational

affects were not made, an experiment by Haruhiko Nagai was

used to estimate their affects and is presented here

(Ref 6). The construction of Nagai's laser and the one

used in this research are very similar. The major differ-

ences are that his cavity length is about one third the

size of the one used here, and his mirror holders use

spring loaded adjustment screws where the holders used

here are hard mounted with shims.
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In part of NaFai's expcrimcnt, he determrnes the

lowest natural frequency of each mechanical elcment in

the cavity by the use of sound prcss''reo; gcncr"Atcd by a

loud speaker. He compares the results with those obtaincd

analytically to show that the mirror holder systcm's

natural "requency has compcnents of L0 Hz and 100 Hz,

while the frequency of the spacer system is 3 KHz (],ef

6:863). Since the mirror holders on the laser used hcv

are hard mounted, it is assumed that the noise content

will not be any greater then found by Nagai. Also, since

the spac~r system used here is three times longer, the

spacer s-rstem resonant frequency is expected to be smaller

than 3 K){z.

Nagai shows that his laser frequency fluctuation3

due to acoustical noise was about 9.6 KHz and that due to

vibrations was about 110 K-Iz (Ref 6:863). Care was taken

during this research to isolate the laser work-plate by

placing it on foam rubber. Also, a plastic shield was

used to cover the laser in order to isolate the laser from

acoustical noise. With the precautions taken, it is

assumed that the affects of vibration and acoustical noise

would not be very much greater than that found by Nagai.

Laser Noise from the Gain Tube Noises

Gain tube noises are very small compared to the

others presented. Nagai points out that variations in
Cl
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the refractive index of active gis is about 1 ,,f/:;, Ur

* a laser. tube very similar to the one used in this rtk' reh

(Ref 6:835) . Since the ]ascr power .--upply h1.u le:-,:; th n

a 0.3 ma variation, a laser noise of less thin 3o0 l ll is

expected. Other noises previously mentioned -re truublc-

some only when stability rcquircments arc er'ater than

1 part in 1010 (Ref 5.11).

Noises from the Control Loop

Noises from the control loop arc very small, as secn

in Figures 4.1 to 4.5 found at the end of this section,

and have little affect on the lacer frequency. This, is

due to a very high signal-to-noisc ratio in the circuitry

and also to the fact that almos-t all of the gain in -the

loop is put into the preamplifier of the LA.

An example of a typical open loop signul-to-noise

ratio achieved in the loop can be given by looking at the

noise from the LIA shown in Figure 4.3. The maximum peak-

to-peak amplitude is about 0.1 volts. The expected errr

signal produced from a I rHz shift in the laser frequency

is 12 volts, as shown by Eq (5.4). This equctes to a

signal-to-noise ratio of about 120 to 1. With a large

gain at the front end of a closed loop, noise created in

the loop is effectively reduced providing it is within

the bandwidth of the loop.

Figures 4.6 to 4.10, located at the end of this
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section, show the frcqucncy. spIectrum of the noise from

each of. the control loop cempor.,nts. 1.ost of the noise

from thc components is lEss than 500 1Pr/sec. The LIA has

the largest spectr'al spread and dccays exporicntially to

about 20 db between zero ind two KJh as seen in Figure 4.8.

HVA 2 has a noise component of 1.2 as seen in

Figure 4.5, which is outs dc the bandwidth of the control

loops. This noise, however, has little affect on the

laser frequency because of its small nmplitude and bccause

it is far beyond tho mechtnical response limit of the FZTs.

A noise source that is critical is the interferomcter

power supply as it causes fluctualions in the reference

frequency. The noise level is shown to be about 0.006

volts as seen in Figure 4.1 and has a 60 Hz/sec spectral

content. Using Eq (5.1), the reference frequency

fluctuations are about 41 KIz and will occur at a 60 Hz/

sec rate. This is only significant for a stability require-

merit greater than 1 part in 1010

In sumnmary, a control loop with a 2.0 KIlz bandwidth

should be able to reduce all of the critical noises showvn

in this section.

Identification of noise sources is a major step in

the design of a good control network. Determination of

control loop parameters is also a major step and is

accomplished in the following chapter.

(
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Figure 4.1 Noise from thle Interferomneter Fower Supply

0. 02 v/'cm,
Vert

0. 1 S/C!fl
Horz

Figure 4.2 NoisFe from the Detector With the Laser Blocked
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Figure 4f.6 Spectral Content of' Noise from the
Interferometer Power Supply
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Laser Blocked
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Figure 4.10 Specrtral Content of' HVA2 Noise
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V S,r;t(m lod-l Pvramotern and Ti"n,;fcr Funti ons

General Di ___cusCo

This chapter deals with solving the system model

parameters. First the interferometer sensitivity is

determined and is followed by the detcryminatioi of PZT 1

and PZT2 sensitivities. Next, the LIA constant is deter-

mined and the frequency characteristics are found for the

LIA and I-A/PZT combinqtions.

Interferometer Sensitivity (AIJI)

The interferometer sensitivity,,&*, in llz/volt,

was determined using the equipment set-up shown in Figure

5.1. The interferometcr resonance was matched to a laser

mode by adjusting the interferometer's internal PZT with

HVA 2 . When resonance was achieved, as indicated by a

maximum voltage on the oscilloscope, the voltage setting

of HVA 2 was recorded. HVA2 was thcn slowly adjusted until

a new interferometer resonance matchcd the next mode.

The new voltage setting of I'A 2 was recoirded and the dif-

ference between the two settings was determined. This

experiment was performed several times for an average dif-

ferance voltage of 55 volts. Since the laser mode spacing,

&M, from Eq (3.6.) equals 375 MHz, the interferometer

sensitivity becomes
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Figure 5.1 Block Diagram of thce Interferometer Sensitivity
Test

"VS M Rz

-68Z MIZ/voA (5.1)

PZT 1 Sensitivity (&Apz:j! i)

The sensitivity of PZTj, in Ml}z/volt, was deter l-nrd

by scanning, the laser output with the interferomcter and

observin, the modc shift for a particular change in PZT 1

voltage. Figure 5.2 shows a pattern shift to the left of

1.1 cm for a chanpe in HVA 1 voltage of 880 volts. The

oscilloscope is calibrated to 150 MHz/cm by'spreading

the FSR over 10 cm. The mode shift then is 165 M11z which

yields
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14?5 MiAV

0,1875 M fhz/voIt (5.2)

PZT 2 Sensitivity (AMPZT,-)

The sensitivity Of FPZTj2 was found in the name mwinncr

as it was for PZTj. Firure 5.3 shovsz a 2 cm shift to the

right for a 622 volt decvcarse in EVA,) \olt.-: gc. Thus, the

macic shift is -300 IVHz. The n

-B00 M H?

-0,48Z. Milz/v0Vt (5.3)

The neg ative sign iri Eq (5.3) was verified by several

other experiments.

MIA Constant (K-.T,TA)

The MIA constant convertsj frequency to volts-gc across

the MIA. A block dia,-ram of the -est set up to accomplish

this is shown in Figure 5.4. The horizontal sweep voltage

from the oscilloscope causes the laser output to sweep

across the interferometer resonance. This produces' an

error signal out of the MIA that is routed to channel 13

of the chart recorder. The JIVA, output is recorded on

channel A with results shown in Figure 5.5. A linear

section of the error signal from Figure 5.5 is matched

47

- .-.- - - - ------ -- ~ -~-,--- ~ ~- - - -'All



Fabry-Purot Ncutrl Dun.ity
Interfe rometcr 1"i 1 tur

Detector -- 1 /.J
PZT 2  PT

E~- Lvc AI

LIA

Osciloscope Recorder

CL_ B A

out- put HVA1

Error Si-n- l C rit ti, o

Figure 5.1 Block Diagram of the Test Scheme to Determine
the ,IA Constant

to the voltage ramp from channel A. As seen in Figure

5.5, a 4.0 volt sweep from HVA 1 caucs a 9.0 volt chainrge

in the error signal. Using Eq (5.2) to convert the IVA 1

voltage to frequency, and solving for KLIA ,

kLI~,-~ 9 VW,-{

S 2 v01 '/t' -1 z (5.4)

During this measurment the LIA Sensitivity was set

to 500v, the REF ATTN was set to O.1v calibrated, and
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Figure 5.5 Results of the Laser Sean for De-erriination
of the LIA Constant

the dotector signal pe-iked at 0.2 volts. The REP ATTN

setting is always kept at O..Iv, however, -the other para-
meters are subject to chnange so a genral equation for

KLIA i's

co /- --5 j A 7( 55)

where Vd is the detector voltage and LIA S is the LIA

sensitivity setting.
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LIA Output J
A 1B

Oscillos cope Prequc- ncy
Coulitcl>

Figure 5.6 Block Diaram of Equipment Scheme uscd to

Determine LIA Frequency Responsea

LIA Fr.ucncy ALn j. and Trcnn: fer 1Luncton

Figure 5.6 is a block diagraam of the equipment sche'me,

used to determine the frequency characteristics of the IIA.

The LIA oscillator signal was set to 41 KHz and modu3 ated

by tbe pha;elock g'mnerator with a variable modulation

frequency. The LIA output was then compared in phase and

amplitude to the phaselock generator output using the

oscilloscope shovwn in Figure 5.6. The frequency response

of the LIA is shown in Figure 5.7.

The transfer function in radiuns/sec, which includes

K'LIA from Eq (5.5), is
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Mi crophone

Generator HVA1 T I

A B

OscilloFcope Amplifier

FiEue 5.&, Frequency Analysis of HVI 1/PZT 1 Combinatioll
Using a Ccndcnscr Microphone

GLIA K'L

- (o. o3)(v4/L, ,., ,,/.M ,,z ).

(2.VA; V.IA) (5.6)

HVAI/PZT 1 Frequency Analysis and Transfer Function

In order to determine -the frequency re.sponse for

PZT 1 , HVA 1 had to be used, therefore, the-frequency

response for the ]IVA,/PZT 1 combination was determined

using the test scheme shown in Figure 5.8.

The frequency response of the HVAj/PZT1 combination

was estimated by comparing the magnitude and phase of the
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microphone output signl to the oscillator sig nal on the

oscilloscope as the signal generator frequency wn- in-

creas :e d.

From the results the frequency response of the ]{VA/

PZT 1 combination was determined and is shown in Fivrurc 5.9.

The transfer function for the JIVAj/PZT 1 combintion

was appi'oximatcd as

- (KIAvAI)(O.I-7- Mr/vo) (5.7)
(~4S657>65 56)-

where KEVAI is the variable gain setting of HVA, and AXPZTI

is the PZT, sensitivity taken from Eq (5.2).

HVA 2/PZT 2 Frequency Analy!sis and Transfer Function

The combined frequency response of HVA 2 /P T2 was

determined in the same manner as it was for HVAj/FZT i .

The estimated frequency response for HVA 2 /P2T 2 is shown in

Figure 5.10.

The transfer function for the HVA 2 /PZT 2 combn.t-io.,

is

G'IV,./pzT2 I V

_ ( C VAIW'O- M7- ,v,) (5.8)
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where KJ.1yA2 is the variable gain setting of' HVA2 and PZT2

is the PZT2 sensitivity from Eq (5.3).
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VI Comqen *:itoi De ;i_,,n

Genera. Di cus o n

Two compens.ators were designed for use with control

method I and a third was designed for use with method II.

The first compensator was designed using only steady-

state analysis. The second compensator is more sophis-

ticatcd and was designed using frequency analysis for a

closed loop bandwidth of 2.0 KHz. The third compcnsator

was also designed using frequency analysis for a clos:ed

loop bandwidth of 2.0 KHz. In the design of the third

compensator, the compensator in the PZT, loop was

designed first for a closed loop bandwidth of 100 Hz

neglectin the presence of the loop to PZT 2 . This low

bandwidth is well within the limits that a longer PZT

would have put on the system. The compensator in the loop

to PZT2 was then designed taking into account the design

of -the other loop. The system models from Figures 2.2 and

2.4 are redrawn in Figures 6.1 and 6.2 to include the

transfer function of each component as found in Chapter V.

Design of compensator Gci for variation I of control

method II is shown in the next section.

Compensator Gc1 (s) for Variation 1 of Control Method I

Using Steady State Analysis

The open loop transfer function, Gel(s) , for the

57

i -.. ...



S__ 5654tj (Siu8 t1nz(, 5W __

Figure 6.1 System Model for Control I'Aethod I With Transfcr
Functions
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Figure 6.2 System Model for Control Method II With
( Transfer Functions
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system shown in Figure 6.1, without the comrpCn-,2.tor i;

Gr i (G)= K___-____________ (6.1)

where

~Oo~)~ AVAI) (6.2)Kxl - LI AS

For most measurments Vd = 0.23v, KHVA,-loo, and LTAs=500

x10 -6 , then

Kx - 7 (6.3)

To design for a steady-state error equal to zero

for a step input, the theory shown by D'Azzo and Houpis

is used where (Ref 7:177)

e W)ssl' ES~)' ZS> . (6.5)

The control ratio for the loop shown in Figure 6.1 is

C (S__) G s) G ics) (6.6)

\)R(S) I G xi(s) Gc 2(s)

where

"t(s)z EZs) Gx(s) (6.7)
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Substituti ii c(s) from Eq (.7) into Eq (6.6) and -olving

for ECs) yields:

E( ) (6.8)

where for a stop input of magnitude 1

= (6.9)

Thus Eq (6.8) can be written as

-- (6.10)
SLI 4 C&x:y( ) G C i(S)]

Sub:tithting Fq (6.10) into Eq (6.5) yields

e SI C

I _ 1I,,, _1 --.-. (6.11)
S-4O I+ -)Gq)

Repacing Ox1 s' witih Eq (6.1) and setting e(t)ss cqual

to zcro result,: in the following

O: (:, (sS..( !(,)2 " (oC..) (6.12)

where GcN(-) and GcD(-.) are the numerotor and denomin-

ator of Gc(s). For this equation to hold true, GcD(s)
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must contain a zero at the orijin of the s plan(, thus a

first choice for the compensFator is

Gcjt )(6. 13)

where Kc, is the compensator constant. The open loop

transfer function including Cc1 G s) becomes

G Y.1(S)r 
(6.14)

Using Kz1 : 257 from Eq (6.3), thus yields the result

?57 K<,'- (6. 15)

To get an idea of the amount of gain achievable, a

computer assisted root locus was generated as shown in

Figure 6.3. An expansion of the branch starting at s-O

indicates that for. a damping ratio of 0.7,

14c1:" zX 10' 6  (6.16)

This value was u s e d t o generate the system open loop

and closed loop frequency respense pl.ot- shown in Figures

6.4 and 6.5.

From the open loop frequency plot of Figure 6.4, the

system is seen to have about a 60db gain margin which

shows it is very stable. Thc closed loop frequency
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response shown in Figure 6.5 shows a 20 db/dccadc drop

for low frequencies with a brea k frequency at about 2.0

Kllz as would be expected.

The compensator circuit design was implemented using

operational amplifiers as shown in Appendix B. The des-ir.-n

of comperator Gc2 for use with variation 2 of control

method I is covered in the following section.

Compensator Gc2 (s) for Variation 2 of Control Llethod I

Using lreopiency .

The des;ired bandwidth of the closed loop system is

2.0 Kliz. The Guilemun-Truxal procedure as explained by

D'Azzo and Houpis is followed during the design of this

compensator- (Ref 7:408).

The control ratio, F,12 (s), for- the system shown in

Figure 6.1 is

M~ ~ US____ I(S (6.17)
Ms(S)) I A. GcZ(s) (T) (s)

where N2 (c) and D (s) are the desired control ratio numer-

ator and denominator respectively. For a bandwidth of 2.0

KJIz and a 20 db/decade roll-off with four nondomirant

poles, the control ratio can be rewritten as

M2.(<,)(6.18)
D___) (S 6
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The consta.nt KTP.'- rc'qIuired for a conti-ol ratio ofunityfr

zero steady- s-taite crro: is found by tirgthe limit of

M12 (s_) ac s, appro-achcs vcro) and setting it equail to unity.

So,

(6.19)

thus,

X. 1023 (6.20)

Solving Eq (6. 17) 'COr Cc2 (s,) yields Re 7:408):

Li . i_ (6.21

Using Eqs (6.1) and (6.18) tou solve- for Gc 2 (s) reoul-ts in

-the foloig

G cz& .7 ~(6 .22)

Expar-lini- the d e omInn.to, using Eq (6. 20) and factoring

the results, Eq (6.22) bccomces,

5.7K lei(6.23)
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Tlie compenrs2tor is further sim]' .Jficd Iy settlng trh2 d; ip-

ing, ratio equal to 1.0which ncres the poles to t.!, rkeul

axis for c.c, of imjlementation.

Using Eq (6.3) to substitute for KX1 yields

GcIOS) : = - " (6.25)

The open loop transfer function then becomes

A root locus plot is shown in Figu'e 6.6. Figures

6.? and 6.8 show the system open and closed loop frequcncy

response plots. The frequency plots were generated using

the numerator constant shown j5 Eq (6.25), Note that the

gain margin in Figure 6.7 is ahout 17 db indicat,.Ing a

stable system, The closed loop frequency response shown

in Figure 6.8 is flat with a breakpoint at about 2.0 ]JUiz

as designed.

This compensator circuit design was also implemented

using operational amplifiers and is shown in Appendix C.

The design of compensc-tor Gc3 for use with control method

II is covered in the following section.

6
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Compensatior (Cc3 (s) for Control Lethod II Usingc Frequcry

Anlysis

The componsator 0c3 (s) is dcsi-ned in two steps.

First, the loop to PZT2 is ignored and a compensator,

Gc3a(s) , is designed for a closed loop bandwicth of 100

Hz with a 110 db roll-off and a 0.6 damping cocfficient.

Using Figure 6.1, and the same procedure as used in the

last section, the closed loop control ratio is

(6-27)

where M3a (s) is the control ratio of Figure 6.1 using

Gc3 a(sl in place of Gcts)• N3a (s) and D3a(s) arc the

desired numerator and denominator of 1 3a sj . The con-

stant uin3 a required for a control ratio of one to achieve

zero steady-state error is found using the same method as

in the previous section. Then,

(13 ,SxIo'9  (6.28)

Using Eq (6.21), the Qquation for compeniator GC3 a(s) i,

W .JS) --- (6.29)

ED Wbjs~j G4j(-)

Using Eqs (6.27) and (6.1) to substitute for N3 aLS), D3a(S),

arid Gxl(s), the compensator equation becomes

(

S-- t0m m ni ;'i-'-___



Expanding Eq (6. 30) and factoring the results, the

compensator becomens

(6.31)

GC3 a(s) ."-s simplified by cancelling norndonmirnnt poles

and zero., which leaves

63cc'SKz (6.32)

The second part of compensator Cc 3 (s) is designed

using Gc,,a(s) of Eq (6.32) and. the system diagram from

Figure 6.2. The desired closed loop bandwidth is 2 KHz

with a 20 db/decade roll-off, The desired closed loop

transfer function with four nondominarnt poles is

N -b ,) . = .. .(6.33)

For zero steady state error, the numerator constant must

be

K 0. 2.tO4 (6.34)
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If GX2(s) . the open loop transfer function of the cysltcm,

thun the system control ratio, p3(s), is

M (6.35)

where CX20S) includes both compensators GC3a(S) and CC3b(S).

Solving for GX2(s) using Figure 2.4,

Gx LS) &HvAP/pz.) -- Gc,() APTt( (6 3 )

where Gc3 brN(S) and Gc3bD(s) are the numerator and dcnonin-

ator of Gc~b( s) , Gc3 b(s) can be found by substituting Eq

(6.36) into Eq (6.35) and setting the results equal to

Eq (6.33). We then got

(6.37)

The compensator is simplified so that GC3b(s) bec e,2s

Again, a damping factor of unity is used to move the poles

to the real axis for ease of implementation so the final

design of GC3bs).is

- _____* ¢,1(* 50() ( 6.39 )
(
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The system open loop tr~lnsfer function Gx-2(S. becomes

(6.40)

This derivation assumes 11VA gain settings of 100, LIAs:

500 mv, and Vd - 0.23v

A root locus plot is shown in Figure 6.9. Figure

6.10 and 6.11 show the systcm opcn-loop and closed-loop

frequency response plots. As seen in Figure 6.9 the root

locus plot shows an improvement over both of the plots

previously seen. The open loop frequency response, as

shown in Figure 6.10, shows a phase margin of about 10.0

db which indicates that the systeirm is stable. The degree

of stability is less however than for method I as seen by

comparing Figures 6.11, 6.5, and 6.8. The closed loop

frequency response from Figure 6.11 is flat to about 2.0

Kllz as was designed. The circuit design of the compenstor,

Go), is shown in Appendix D.

Final Design of Each Compjnsator

Figure 6.12 shows all three compensators taken from

equations 6.13, 6.25, 6.32, and 6.39 respectively.
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VII Performance Comparisons

General. Discussion

System performance data is contained in this chapter

for control methods I and II that can be used to frequency

stabilize a laser. A comparison is made between each

method's controllable range of the laser cavity. A second

comparison is then made between each control method's

frequency spectrum of the system error signal. The con-

trol range comparisons are made in the next section.

Control Range Comparison

In order to estimate the difference in the long term

control :ange between control methods I and II, a recording

was made over a three minute time span of the correction

voltages from INA1 and HVA2 . The experiment was performed

while the room tempera'Lure was increasing so that a correc-

tion voltage drift could be observed. The entire experi-

ment, using both control methods, only took ten minutes

to perform and the room temperature drift was assumed to

be constant over that short a period. For both control

methods, a laser mode was positioned at the top of the

laser output intensity curve using HVA 1. The interfer-

ometer resonance was then adjusted to match the laser mode

frequency and the loop was closed.

Figure 7.1 shows the results obtained using the
C,
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second variation of control method I. The LIA error

signal and ten second time markers are also shown in the

figure. For the period shown, the HVA 1 correction voltage

slowly drops. The maxImum voltage shown occurs around

27 seconds with a minimum occurring just before 3 minutes.

The difference between the maximum and minimum voltage is

150 volts.

Figure 7.2 shows the results of the same experiment

using control method II. Figure 7.2 again shows a slow

decrease in the correction voltage from HVA 1 , however,

the drift is not as great. This is because the control

is split between each PZT as seen by the slowly increasing

voltage from HVA 2 . The voltages are of opposite sign

because of the negative sensitivity of.PZT 2 as shown in

Chapter V. The maximum correction voltage from HVA 1

occurs at about ten seconds with the minimum occurring just

before three minutes. The difference between maximum and

minimum voltage is 90 volts. The difference in HVA 2

maximum and minimum voltage is about 50 volts.

From the results, it is evident that for a large tem-

perature drift saturation will occur a lot sooner for

control method I than it will for control method II.

From this it is evident that the dynamic range of the con-

trol system has been increased by using dual PZT control-

lers.

The reason for making PZT2 short is to provide a
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fast response time to control high frequency noises.

Theoretically, this will allow PZT1 to be lengthened to

further increase the dynamic range of the control loop.

The next section compares the frequency spectrum of the

errcz signal, e(t), between control methods I and II.

Frequency Spectrum of the LIA Error Signal

Performance results were obtained for each control

method by recording the noise spectrum of the error

signal, e(t), from the LIA. Figures 7.3 - 7.12 show the

results of the performance tests and are grouped at the

back of this section for ease of comparison.

Figures 7.3 through 7.4 show the frequency spectrum

of the open loop error signal and are used for comparisons

of the noise reduction when the loop is closed. What

appears to be noise on the left side of Figures 7.3 through

7.4 is actually trace blur. This was due to the high

sweep rate required because the laser frequency would not

stay matched very long to the interferometer resonance in

the open loop configuration.

Figures 7.5 through 7.8 when compared to Figure 7.3

show the amount of noise reduction achieved when the loop

is closed. Noise reduction for each control method is tab-

ulated in Table 7.1. Fourteen db has been added to the

noise reduction figures of Table 7.1 because for Figures

7.5 through 7.12 the LIA sensitivity setting was increased
(C
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Table 7.1

Noise Reduction for Each Control Method
(0-250 Hz Range

Noise
Method Compensator Noise Level Reduction in db

open loop greater than

7v

Ge greater than less than
0.8v -32.8 db

I Gc2  o.4y -38.9 db

II Gc3  0.2v -44.9 db

from 500 Pv to 100 Pv. This results in a 14 db increase in

the magnitude of the error signal.

From Table 7.1 it is evident that for the low fre-

quency range (OHz - 250 Hz) control method II provides

a greater noise reduction than does control method I.

Also note that variation 2, using compensator Gc2, is

much better than variation 1 using compensator Gc.

In order to make an objective comparison of the two

control methods, the frequency range of the spectrum

analyzer was increased from 50 Hz/cm to 2.00 Hz/cm as

seen in Figures 7.9 to 7.12. By comparing this set of

figures, showing the expanded frequency spectrum, method

II is seen to provide the best overall noise reduction.

To compare the high frequency noise reduction achieved
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by each control method, Figure 7.4 must first be perused.

From Figure 7.4, the noise content of .the error signal

is seen to be below 1000 Hz. Figure 7.9 shows that vari-

ation 1 of control method I is effective to about 400 Hz.

Figure 7.10 indicates that variation 2 reduces the higher

frequency noise as designed. As seen in Figure 7.12,

method II also reduces the noise for the higher frequencies

and is even more effective.

Figure 7.11 is a picture of the results obtained

when only the PZT1 portion of the control loop is closed

using control method II. This simulates the use of a ver3

long PZT for variation 2 of control method I. As seen in

Figure 7.12, when the PZT 2 portion of the loop is closed

( reduction of the higher frequency noises is significant.

Conclusions formed from these test results are discussed

in the following chapter.
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VIII Conclusionti nnd Recommendations

General. Di :eussion

The purpose of this research was to compare two

methods that can be used to frequency stablize a laser.

Control method I consisted of a feedback loop that used a

single PZT controller to correct the laser cavity lc-ngth.

Two variations of method I were used in the research.

Variation 1 used a control loop compcnsator dcsignczd from

steady state analysis. The compensator used in variation

2 was more sophisticated and was designed froin frequency

analysis. Control. method II deviales from the standard

approach used in method I. Two PZ~s of different lengths

were used to control the laser cavity. A long PZT was used

to provide a large dynamic range while a short PZT was used

to provide a fast response time.

The results from use of the two control methods were

obtained by first recor-ding the difference in the controll-

able range and second, by recording and comparing the fre--

quency spectrum of the error signal produced by each method.

Conclusions

From the comparisons made in Chapter VII, control

method II is superior to control method I. From the Control

Range section of Chapter VII it is clearly evident that the

control system limits will be reached much sooner when

(
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control method I is used. This is very important when the

-system is used in a temperature varying environment. From

the Frequency Spectrum section of Chapter VII, it is also

evident that the noise reduction for control method II is

greater than for control method I. Also, control method II

is more effective at high frequencies than control method I.

In conclusion, the use of dual PZT controllers looks

very promising and should be adopted where both a large

dynamic range and fast response time are desired. Recommen-

dations regarding this research are discussed in the follow-

ing section.

Recommendations

One of the major problems encountered during this

research was due to large temperature drifts in the labora-

tory. As shown earlier, the single PZT controller was

only expected to compensate for 0.30F temperature change

before reaching the limit of the high voltage amplifier.

Due to -the temperature variations in the laboratory, this

limit was reached after about 30 minutes using control

method II, and even less using control method I. To help

solve this problem, a piezoelectric transducer with a much

greater sensitivity should be used. It is also recommended

that a longer PZT be used that will further increase the

dynamic range of the control system. TO further reduce

the temperature drift problem, the use of super-invar is
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recommen1c'd for all of the laser hardware along with a

much shorter laser.

Large temperature drifts not only cause the laser

cavity to change length, but also causes the interfer-

ometer cavity length to change. Thus, while the laser

frequency may indeed be locked to the interferometer

resonance,the actual frequency could be varying with tem-

perature. A solution to this problem is to use a laser

gain tube that disploys a Lamb dip at the peak of the

output intensity curve. The laser frequency could then

be locked to the Lamb dip and the interferometer would

not be needed in the control loop (Ref 2:351).

(
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Appendix A

Laser/Interferometer Hardware Designs

The material in Appendix A consists of drawings for

the laser and interferometer hardware as referenced in

Chapter Ill. Figures D.1 D.4 include drawings for the

laser end plates, the laser gain tube support blocks,

the PZT mounting blocks, and the interferometer mount

respectively.
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c Apendix 13

Circuit Design and Tests for Compensator Gcl

The material in Appendix B consists of the circuit

design.procedure, a schematic aiagr'am, and test results

for compensator Gcl as referenced in Chapter VI.

Circuit Design

From Figure 6.12, the compensator Gc is broken into

two parts, a gain stage, and an integrator. A summing

stage is also included to combine the modulation signal

from the LIA, with the compensator signal for input to

the HVA. Figure B.5 is a schematic diagram of the com-

pensator and summer. The transfer function for the com-

pensator is

where K'will remain as a variable gain adjustable by

RIO and the first stage shown in Figure B.5.

Operational Tests

Figure B.2 shows the expected frequency response

plot for the compensator. The compensator was tested

using the equipment configuration shown in Figure B.I.
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SignalGenerator Oscilloscope

Frequency 1 e1
Counter jc

Figure B.! Block Diagram of Equipment Used to Test
Compensator Gc1

The frequency from the signal generator was adjusted

while the output of Gcl was viewed on the oscilloscope.

The phase and amplitude of Gc1 was compared to the input

signal with results as plotted in Figure B.2. The solid

lines in Figure B.2 indicate the expected phase and mag-

nitude of the results while X indicates the measured

magnitude and 0 represents the measured phase.

As shown by the results, the compensator works as

designed. Figures B.3 and B.4 show the amplitude and

spectral content of the noise from Gc with the input

shorted. As seen in Figure B.3, the noise amplitude is

very small and has little affect on the laser for the

same reasons as stated in Chapter IV.
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JIppfldix C

Circuit ]Desi-n and rYests for Compensator GC2

The material in Appendix C consists of the circuit

design procedure, a schematic di a-ram, and operational

test results for compensator Gc2 as refercnced in Chapter

VI.

Circuit Desin

The transfer function for Gc2 from Eq (6.25) is shown

again here with a variable gain KI:

k (/I 6W) (,, 3 9c)O( '

Eq (C.1) was broken into six parts and amplifier trans-

fer functions GA4 to GA9 were assigned to each part as

shown in Figure C. 1 The schematic diagra shown in Figure

C. 5 was determined from Figure C. 1 Component values were
found by finding the ratio ofO each stage's output im pedance

to input impedance and equating the ratio to the respec-

tive transfer function.

Operoational Tests

The same tests that were performed on Gcj were also

performed on Gc2 with results plotted in Figure C.2. The

105
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GA4 s GAS s GA65

1' 710021 4 L12 g2- C,0o

GA7 s GA8 s GA 9 S

Figure C.1 Amplifier Assignment to Compensator Gc 2

solid lines in Figure C.2 are the expected phase and

magnitude of the test results while X indicates the

measured magnitude and 0 indicates the measured phase.

As shown by the re.sults, the compensator works as

designed. Figures C.3 and C.4 show the amplitude and

spectral content of the noise from Gc I with the input

shorted. The maximum peak-to-peak amplitude shown in

Figure C.3 is 0.07 volts and results in a very high signal-

to-noise ratio as explained in Chapter IV. Therefore, the

noise has very little affect on the laser frequency.
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Figure C.3 Noise from Compensator Gc 2
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Appendix D

Circuit Design and Tests for Coripen...ator Gc3

The material in Appendix D consists of the circuit

design, a schematic diagram, and operational test re-

sults for compensator Gc3 as referenced in Chapter VI.

The transfer function for Gc3 is divided into two

parts, GC3a and Cc3 b as shown in Chapter VI. The circuit

design for both parts will be covered in the next section.

Circuit Design of Gc3a and Gc3b

The transfer functions for Gc3a and Gc3b, from Figure

6.12, are shown again here with variable gains K /V and K ba b

WCZ (D.1)

CS + 10 a -'s )

Eqs O.i) and (D.2) are broken into seven parts and

amplifier transfer functions GAIO through GA15 are assigned

to each part as shown in Figure D.1. The schematic diagram

shown in Figure D.8 was determined from Figure D.1. Com-

ponent values were found by finding the ratio of each

stage's output impedance to input impedance and equating

the results to the respective transfer function.
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GA13 s GAI14 s GAI15 s

GA1 0 s GA11 s GA12 s

Figure D.1 Amplifier Assignment to Compensator Gc 3

Operational Tests

The same tests that were performed on Gc in Appendix

B, were also performed on both compensator Gc 3a, and the

upper portion of Gc 3 shown in Figure D.1. The measured

frequency responses of the compensators are plotted in

Figures D.2 and D.'3. The solid lines represent the

expected phase and magnitude while the Xs and Os show

the measured magnitude and phase respectively. As shown

by the results, the compensator works as designed.

Figures D.4 through D.7 show the amplitude and spec-

tral content of the noise from GC 3a and GC 3b with the

input shorted. In both cases, the noise is relatively

small and results in a very high signal-to-noise ratio
as explained in Chapter IV, therefore, the noise has very

little affect on the laser frequency.
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Appendix EI
Expermerital Procedure

Test Set-up

The laboratory and test site used in this experiment

are located in the Air Force Institute of Technology

Building 640, room 238, at Wright Patterson AFB, Ohio.

Within the laboratory, the laser a id interferometer were

mounted on a one inch thick aluminim plate and placed on

a layer of foam rubber to isolate them from table vibra-

tions. The laser was also covered with a plastic shield

to reduce the affects of acoustical noise and air currents.

The interferometer was wrapped wit. styrofoam and tape to

isolate it from temperature variations.

Test Procedure

The following .is the test procedurc to use in order

to lock the laser to the interferometer resonance.

Step 1. With the system in a closed loop configur-

ation, turn all of the compensator switches to off. This

opens the loop and discharges the integrator capacitors.

Step 2. Connect the oscillosc')pe horizontal output

to the summing amplifier side of the compensator output

switch.

Step 3. Adjust HVA 1 bias and gain control so that
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a laser mode is detected on the oscillo;7cope from the

detector output. With the LTA output also connected to

the oscilloscope, the error signal will appear as a

derivative of the detcctor signal.

Step 4. Maximize the error signail by adjusting the

modulation frequency around 41 ]iz.

Step 5. Potato the LIA phase control to 900 ani

adjust the phase for a rnirmaum error signal.

Step 6. Rotate the phase control to 00 and discon-

nect the oscilloscope horizontal output from the summing

amplifier input.

Vote: Steps 2 through 5 are accomplished to ascu'c

that the maximum derivative signal is achieved. It only

nceds to be performed about once a day.

Step 7. Manually adjust the interferometer power

supply until the interferometer resonance matches a laser

mode as seen by watching the detector output on the

oscilloscope. If more than one mode is present, select

the largest.

Step 8. Turn on all of the compensator switchcs.

With the above procedure completed, the laser will

be locked to the interferometer resonance.
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q u pm(:nt Li t i n

Equipment Number Required

Laser Gain Tube, Spcctra-Physics Model 120 ............. 1

Mirrors, Diolectric
Laser - 35 cm Radius of Curvature, 98% Reflective . .1

- Flat, 99.9% Reflective ..................... 1

Piezoelectric Lenrgth Transduccr, Channel Devices
Navy Type 54, 1-1/2 inch ........................... I
Navy Type 54, 1/2 inch ............................. I

Laser Exeiter, Spectra-Physics Model 249 ............ 1

Interferimeter, Jodon Model SA 1500 ........ ...

Compensa;or Circuits (See Figures B.5, C.5, and D.8) ...1

Chart Recorder, Gould Brush 200 Eight Channel .......... 1

Lock-In-Amplifier, Princeton App'A ?d Research
Model HR-8 ............ .. ... .................... I

High Voltage DC OP Amp, Burliegh Model PZ-70 ........... 2

Electronic Counter, H1ewlett Packard Model 5212 A ....... 1

Oscilloscope, Tecktronix Model 565 ..................... 1

Oscilloscope, Lavoi Model 265 A ...................... 1

Spectrum Analyzer, Nelson-Ross PSA-016 Oscilloscope
Plug-In Unit ....... $. ........... . . . . . . . . .

Signal Generator, Wavetek Model 186 ................. 1

Neutral Density Filter, Oriel Corp.
Density Factor 1.2 ..................... ........ I

Power Supply, John Fluke Model 405D .................... 1
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