AD-A08% 70T  AIR FORCE INST OF TECH lIICNT-PA"EISON AFB OH  SCHOO==ETC F/¢ 20/5
WARISON OF CONTROL METHODS IN A FREQUENCY STABILIZED LASER.(t))
N 80 R D LUZITANO
UNCLASSIFIED AFIY/.E/EE/DO-!

..



s p2s8 2.5
i £
— E s u‘
o

A |
o B

s it b

Er
[
1]

1N

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A







L
e R

T g

COMPARISON OF CONTROL METHODS IN A
FREQUENCY STABILIZED LASER

THESIS

AFIT/GE/EE/80-2 Robert D. Luzitanc
Capt USAF

vy o

>

VoL

- i P

X, JUN19 1980

A




e ARG T e ST s
S PRGOS E

AFIT/GE/EL/80-2

COMPARISON OF CONTROL METHODS IN A
FREQUENCY STABILIZED LASER

THESIS

Presented to the Faculty of the School of Engineeringv/
of the Air Force Institute of Technology
Air Univefsity
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

X Accor lealox . o )
by f ,_. o LT
Robert D. Luzitano, B.S. . e
Capt ' USAF - s ! : l. de','—”.—
Graduate Electrical Engineering i Disg viv. ul
January 1980 '\ ‘

Approved for public release; distribution unlimited.




8

qi:,ﬁmpﬁgg‘jy_:ﬂtﬁ A

Preface <

Thé purpose of this thesis is to éompare 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).

My thanks are extended to Major Salvatore Balsamo
for suggesting this area of research to me and for
providing me with the necessary background knowledge

and guidance during my studies. I also thank Dr. Kent

"Stowell of the Avionics Laboratory for sponsoring this

thesis and for providing me with much of the equipment
requiréd dﬁring my research., In addition, special
gratitude is extended to Mr. Carl Shortt and his personne.
of the Model Fabrication Shop, and to Mr. Robert Durham
and his personnel of the AFIT Electrical Engineering
Laboratory for providing me with the fabricated components
and technical expertise required during my research work.
Finally, I thank my wife and family for their help, under-

stahding, and devotion during this period.

e e c

ii




‘ Table of Contents

" . : ' Page
Preface l......'l...l'.'..C.l;'Ol.ll'll.C..O.CCl ii
List of Figures civeivevecrecosnnsscrasossrnsnnsas v
List of Tables ll..l"~".IIl'..l"?..'...‘....... x
List Of SymbOlS ® 8 8 0 0 0 0 8 2 0 0 U P8 C B S8 s et BB R eSO e xi
Abstrac.t' 0...'l..'ll..'II-.I.ll.ll...l.'l'l...l.. xvi
I Introduction .v.ieeievreresccnsnsessanns 1
Background .....cseeseceescsossansnss 1
Problem Statement ..cevveeerensnosns L
Method of Approach ..e.sseeserenvens L
Order of Presentation ....ivevveeess 5
11 Frequency Stabilization ...cieceeecenes 7
; General Description .ieeeseeccenaccs 7
i Fabry-Perot Interferometer ......... 8
% Control Method I .ecevvecercnseneenn 11
'?%_ COl’ltI‘OlMethOd II 0 6 8 8 8 B S A E OB SN SN 1""
¥ “Modulation Technique .seeeessssesesss 16
-3 . Compensators .cisceeevrsessecscenns 20
. . M III LaserDeSign lbl..'..-'...ll“l.'.....l.. 22
General Description «viievecsceceans 22
Laser GainTube B 8 0 % 0 % & 2 0 ¢ 8 008 DNt 0O 22
LaserMirrorS 0 5 5 ¢ 5 6 0T S B G C S 0L OO P e e zl"
Piezoelectric Transducer «veeessesss 25
End Plate ‘Spacer Bars .ccseeeecssases 25
Axial Mode Spacing ...veveeecsnesens 26
Iv Laser Noise Sources ...essesresecsnsoss 28
General Discussion .v.evvecesconsvns 28
Laser Noise Due to Temperature
Change -.o-o-.o-u;-t--o.o.oioo'-ot'.oo 28
Laser Noise Due to Acoustical Noise
and Table Vibrations .e.esvevveencans 31
Laser Noise from the Gain Tube ..... 32
Noise from the Control Loop ..¢ceve 33
v System Model Parameters and Transfer
Functions L B I B B I N BN B R BN BN B I R R BE BN B R BN I I R B u3 |
General Discussion 9 5 0 9 08 0685 00 88 0000 0 u3 |

Interferometer Sensitivity (av¥1) ... [ |
P2T1 Sensitivity (MP2T1) «eeveecens [t ,
PZTZ senSitiVity (A'° PZTZ) feencsssen u? ) 4 ‘
. LIA conatant (KLIA) 90 806850 00006088080 u? ?
\ : LIA Frequency Analysis and !
' : Transfer Function ..ccescesvsccccses 50 *

i1l

BEBINER: -+, i i v 1l v i N oo S ST i R




Vi

‘ VIII

Page

HVA{/PZTq Frequency Analysis and
TranSferrunCtlon ® 9 8 90 0008 00800 e '52
HVA,/PZT, Frequency Analysis and

Pragsfer Function ..ueeesssesnaesess sk
Compensator DeSlgn ® & O 0 0 0 008 08 0 DO e 0 57
General DiscusSSion .cecesssonsoncccs 57

Compensator Gecq for Variation 1

of Control Method I Using Steady

State Analysis 1.6 6060 06 008 0 0000020000 e 57
Compensator Gep for Variation

2 of Control Method I Using

Frequency AnalySiS ...eeesecocencess 65
Compensator Gcj for Control Method
II Using Frequéncy Analysis .v.ece.. 71
Final Design of Each Compensator ... 74
Performance CompariSons .ceeesveceeescs 79
General DisSCUSSiON ¢.cseveecescnsans 79
Control Range Comparisons ..ceoceeees 79
Frequency Spectrum of the LIA Error
Slgnal T 8 908 ¢ 8 2 0 0 &2 05O HE S OBV SR T ORISR 83
Conclusions and Recommendations ....... 91
General DiScUSSiON ..eeecsevccccssse 91
Conclusions * ¢ 20 9O O 08 0P 0O O EPL O OPRE OCL DS 91
Recommendations ...ceeeessecescsnscs 92

Bibliography .eveveecesesoosocanssessosannoseses I

Appendix A: Laser/Interferometer Hardware

Designs 9 8 0 00 0 0 0 000 2P0 000D OO DN POE 95

; Appendix B: Circuit Design and Tests of

% Compensator G01 s ss0evessss s e 100

% Appendix C: Circuit Design and Tests of

4 Compensator Gcz D N I A A A A I Y SR AT 105

f Appendix Ds Circuit Design and Tests of

: Compensator G03 D N N Y R RN 110

] Appendix E:s Experimental Procedure ...ecceesesss 117
f Appendix F: Equipment Listing .coceeevesscercsas 119
.; vita !.l........l........0..;.0.........!.I..O.‘I 120
] 4

‘._....

iv

RN & 2 1.4 2kt ins. 00 o in: Mol TR




Figure

1.1

2.0
2.1

2.2
2'3

2.4
2.5
2L6
2.7
2.8
3.1
3.2
3.3

4.1
§.2

k.3
b.b
b.s
4.6

List of Figures

Page
Relationship Between a Laser Transition
Curve, Axial Mode Spacing, and Laser
Output Intensity ..eeeveevecensesecnvscrnans, 3
Laser Output Scanned with the Reference
Interferometer e ¢ 6 4060 0 0 0 5 s 0 2000 B SO N e e e 11
Control Loop Block Diagram for Control
MethodI 4 9 5 0 08 8 6 0 5 5 2B P OO A S S0P 0 OO N R e e 12
Control Loop Model for Control Method I ... 12

Control Loop Block Diagram for Control
MethOd II L BN B B B BE N BN BN RN RN N RN R BRI R B R B AR Y A R 15

Control Loop Model for Control Method II .. 15

Interferometer Intensity vs Laser

Frequency .ceeeessseesssscscssasasscanssses 17
LIA Phase CoOmMpariSOn A «e.icecsosvososocanss 17
" LIA Phase Comparison B ettt eneentena e 18
LIA Phase Comparison C vtennrrnnnasesesnnns 18
Laser Design .........;............;....... 23
Assembled Laser with Interferometer ....... 23
Laser Output Scanned with the Reference
Interferometer for FSR Calculations ....... 27
Noise from Interferometer Power Supply .... 35
Noise from the Detector with the Laser
Blocked sovivessrnseransonssrsanssnncasenans 35
NOLSE FXom LIA «euvoonnsennnornatennesnnses 36

NOise from HVA]. C e EPBEPINIOIOEISEIROIEOEOOIOIOGEORTY 36

NOise from HVAZ 0.Q.l.oo.',c’o'.nnooloootooo 37

Spectral Content of the noise from the
Interferometer Power SUDPPLY «¢oveeesenccses 38




Figure

b.7

4.8

b.g

L.10

5.1

5.2
5.3
5.4
5.5
5.6
5.9

5.8

5.9
5.1
6.1

6.2

6.3

0

List of Figufes

Page
Spectral Content of Detector Noise with
the Laser Blocked i.ieveeseesesseceasscaass 39
Spectral Content of Noise from the
LIA .Il.Ol....'.lll.."'l.."...l.'.‘lI.I.ll uo

Spectral Content of HVA{ Noise .vevieeesees b1
Spectral Content of HVAy NOiSE ..oevevsaans 42

Block Diagram of Interferometer
Sensitivity Test «vvvvvrvrnniannsninninanss Ly

PZT1 SenSitiVity [N AN SRS RS S I N RS N R R I N I N BN B B uS
PZTZ SensitiVity LR RN BN A B BRI A B I B BN B BN B RN A A N BN X B N ) 46

Block Diagram of the Test Scheme to
Determine the LIA Constart .viveeescsoscocs 48

_ Results of Laser Scan for Determination

OfLIA Constant llC.l.ll.lIl‘..ll.IO.l.l!llQ 49

Block Diagram of Equipmert Scheme used to
Determine LIA Frequency Characteristics ... 50

LIA Frequency Response Results ...cveveefes 51
Frequency Analysis of HVA{/P2T4

Combination Using A Condenser

Microphone ® 9 0 2 0 ® 0 B VLB SN P00 NS eSO N YEN 52
HVA1/P2ZT1 Frequency Response Results ...... 53
HVA5/PZT, Frequency Response Results ...... Sk

System Model for Control Method I .
with Transfer FunctionsS .csesveensoncosnncs 58

System Model for Control Method Il
with Transfer Functions ..eceieeccovesssess 58

System Root Locus. Variation I of
Control Method I Using Compensator

G01 ..'..'..'I...l........l'....l.l....l‘...l 62

vi

e e tiiias o,

o M S e+ e s o,



Figure
6.Lp

6.5

6'6

6.7
6.8
6.9
6.10
6.11

6.12
7.1

7.2
7.3
7.4

7.5

7.6

List of Figures

Fage

Open Loop Frequency Response. Variation
1 of Control Method I Using Compensator

Gcz AL B BN IR B B B B B BN BN BN B TR T BN R DAL R B B BEE RN T B BN BT I BRI DR I BRI 63

Closed Loop Frequency Response. Variation
10fMeth0d I USingGCl L S R S S R RN T SR )

System Root Locus. Variation 2
of Control Method I Using
ComPEnsator GCZ R R Y 68

Oper Loop Frequency Respense. Variation
2 of Control Method I USing C 2 ..evvvevo.. 69

Closed Loop Frequency Response. Variation
2 of Control Method I Using G2 veevveven.. 70

System Root Locus. Control Method
I1 Using Compensator GC3 +eseeeseveeereeees 03

Open Loop Frequency Response. Control
Method II Using Compensalor Gc3 ...eeveeee. 76

Closed Loop Frequency Response. Control
Method II Using Compensalor GC3 .seesevssves 07

Final Compensator DeSigne .vveoseeeevseosees 78

Dynamiz Range. Method I, Variation 2,
Using Compensator GC2 .vivevsssescessnsess. 80

Dynamic Range. Method II -Using
compensator Gcz 0 0 008 0 0 0 00 S0 E P 9 PSSP e R SN DN PBED 81

Spectral Content of the Open Loop Error
Signal (0 Hz -~ 250 H2Z) veveevevncnvnceacess 86

Spectral Content of the Open Loop.
Error Signal (O HZ—ZK}IZ) R 86

Spectral Content of the Closed Loop
Error Signal (0 Hz - 250 Hz); Method
I, Variation 1 R R T T, 87

Spectral Content of the Closed Loop
Error Signal (0 Hz - 250 Hz); Method
I' variationz.l..'..'..'.C.l...‘.!t!o.l!. 8?

vii




Figure

7.7
7.8
7.9
7.10
7.11

7.12

A.1
A.2
A.3
Ak
B.1

B.j
B.4

B.5

List of Figures

Page
Spectral Content of the Closed Loop
Error Signal (0 Hz - 250 Hz) Using
the Ge3a Partion of Compensator Ges ..... 88
Spectral Content of the Closed Loop
Error Signal (0 Hz - 250 Hz);
Method II euvervnveersnnensnscenneansss, 88
Spectral Content of the Closed Loop
Error Signal (0 Hz - 2 KHz); Method
I’ Variation]. L I N I I T D Y N BN TNY IR N I N SN BN B RN BN R N N R R 89
Spectral Content of the Closed Loop
Error Signal (0 Hz - 2 KHz); Method
I, Variation 2 ..evecevveressnrossosonnsas 89
Spectral Content of the Closed Loop
Error Signal (0 Hz - 2 Kliz) Using the
Gegg Portion of Compensator GC3 .oeseass. 90
Spectral Content of the Closed Loop
Error Signal (0 Hz - 2 KHz); Method II .. 90
Laser End Plates «iiveesrecasvennoncnceas 96
Laser Gain Tube Spacer Block ...sveeronss 97

PZT Mounting Blocks e irenere s 98
Interferometer Mount .ceeseeescsisoesesee 99

Block Diagram of Equipment Used to
Test Compensator GCy veevnnnnninnivennnn, 101

Measured vs Expected Frequency Response
Plot fOI‘ Compensator G01 S 4 B sV B O CELER TSP 102

NOiSG fI‘OIﬂ Compensator GCl L I I I IR I R B Y ' 103

Spectral Content of Noise from
Compensator G01 ® P s 0 et PR INGEEEIOILOEOTE OO OO 103

Schematic Block Diagram of Compensator
Geqy for Variation 1 of Method I ......... 104

Ampiifier Assignment to Compensator

G02 ll....l.l.........l.‘..l.lt...l.lCQ.lt 106

viii




Figure

C.2

List of Fifures

Measured vs Expected Frequency
Response Plot for Compensator Geco ..een..

Noise from Compensator Gcp ..ivevervsscsans

Spectral Content of Noise from
COHIpQ]‘lS&tOI‘ GCZ CIE R R B R I Y S I N ISR SRCI ST I )

Schematic Diagram of Compensator
Gep for Variation 2 of Method I..eevecnn.

Amplificr Assignment to Compensator

GCZ 9 8 0 & 6 8 9 8 2 9B B S g g OB O N PR SR TS B BT

Measured vs Expected Frecuency Response
of Compensator GC3g ceverviereertsrarannas

Measured vs Expected Frecqucney Response

of the Upper Portion of 003 As Secen In
Figure Dil .iiitvnnernasiansssestossorasos
Noise From Compensator Gt3a ceevavessonns

Spectral Content of the Noise from
Compensa'tor GCBa I R R I N A SRR B R B R}

Noise from Compensator GG3p .vesvesensons

Spectral Content of the Noise from
Compensator GC3h sevsven tertnoressrnens

Schematic Diagram of Compensator
GC3 fOI‘MGthOd II 58 0 0 8 0 & 0 0 0t PN eSO

ix

Page

. 107

108

108

109

111

112

113

114

114
115

115

116




-
‘ List of Tables
Table Page
2.1 Control Loop Symbol Definitions for
Figures 2.1 and 2.2 .iiiierinnenrnnnnnnn, 13
4,1 Temperature Affects on Laser
COmPONENtS tisserierennoaroonsncanoneenes 29
7.1 ' Noise Reduction for Each Control
MethOd (0"250 HZ Range) LR A L I I A B Y Y I Y 84
[

.




Symbol

List of Symbols

Definition
2 Angstrom, equal to 10'10 meters
A Wavelength of helium-neon laser. Equal to
6328 A
M Micro, equal to 10“6
(s) Indicates Laplace domain
9 Laser resonant frequency
VR Noise corrupted reference frequency
Ve Correction frequency
avy Axial mode spacing
JOT Change in laser frequency per change in O
KOPZT Change in laser frequency due to a change in
PZT length
501 Interferometer sensitivity in MHz/volt
AQA Calculated ‘'value of the laser axial mode spacing
AUM Measured value of the laser axial mode spacing
ALyp Change in laser cavity length per Op
Alsp Change in length of the laser spacer bar per Op
ALgp Change in length of the laser end plates per Op ;
AI@zTM Change in length of the PZT mounts per Op j
ALpyp Change in length of the PZT per °F : é
ALpy gz:ngg in length of the fiberglass.washer
'
Algy Change in length of the steel washer per °F i
ALy Change in length of a laser mirror per °F :

xi

e e e e - . ~e—__

et Sl
ok PUS STV S I I




Symbol

List of Symbols

Definition

AT

GClN
GeqD

Change in temperature in Op ‘
Maximum temperature that can be compensated for
Operational Amplifier

Capacitor

Speed of light, 3x1010cm/sec

Decibel '

Denominator of My

Desired closed loop denominator for variation 2
of method I

Desired denominator of the closed loop transfer
function using only the PZT¢ portion of method ITI

Desired closed loop denominator using method II
Error signal

Steady stale error signal

Laser free spectral range

Compensator used for variation 1 of method I
Compensator used fbr variation 2 of method I
Compensator used for method II

Long PZT loop portion of Gc3

Short PZT loop portion of Ges

Dummy compensator

Numerator of Geq

Denominator of-Gc1

xii




Symbol

List of Symbols

Definition

GeapN Numerator of Gegy

GeapD Denominator of Gcsy

Gx1 Open loop transfer function for the single
PZT controller without a compensator

G'X1 Open loop transfer function using Gey for
variation 1 of method [

G”x1 Open loop transfer fun:tion using Gc2 for
variation 2 of method I

Gxo Open loop transfer function using the dual
PZT controller Gec3 for method II

.GLIA LIA transfer function

GHys/pyp Combined transfer function of ﬁVA and PLT

g Resénator parameter

HVA High voltage amplifier

Hz Hertz

K Killo, 103

K114 Unique.LIA constant

K'y1a General LIA constant

Ky Numerator constant for Gxi

Keq Numerator constant for Gej

Km, Numerator constant for Mj;

Km3a Numerator constant for Msg

Kmay, Numerator constant for Maiy,

KHVA

HVA gain setting

x1ii




List of Symbols

Symbol Definition
x’ Variable gaiﬁ of Gey
” Variable gain of Gcj
“a Variable gain of Gegy
" Variable gain of Gc3p
Optical distance between laser mirrors
LIA Lock-In-Amplifier
LIAg LIA sensitivity setting
my, 2 Laser mirrors
'M Meg, 106
n Mili, 1073
Mo Control ratio for method I, variation 2
M3g Control ratio for method II using only Gc3
M3 Control ratio for méthod II using G03
N2 Desired closed loop numerator for variation 2
of method I
N Desired closed loop numerator of method II
N3 Desired closed loop numerator using only the
PZT4q portion of method II
PZT Piezoelectric transducer
PSD Phase sensitive detector
qa Laser frequency integer mode number
ry,2 Laser mirror radius of curvature

xiv




Symbol

sec

vd

List of Symbols

Definition

Resistor

Seconds

Volts

Detector output voltage

Infinity




Abstract

The purpose of this research is fo comparce two'types .
of control methods that can be used to frequency stabilize
a laser. The first mcthod uses a single piezoelectric
transducer (PZT) to control the cavity length of a helium-
neon laser. The second method employs dual PZT controllers
of different 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 znalysis. 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 Introcduction

Over the last two decades, laser application has
extended into the field of inertial navigation. Advénce—
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 overcom: temperature and mechanically induced changes in
the laser cavity (Ref 1:42). The following section ex-
t plains huw a laser resonant frequency 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
1aéers 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 i

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




( ~variations in intensity.
The actual output frequericy of a laser is determined
by the optical disfance between the laser mirrors which
is known as the cavity length. 0°'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,
=q [ € (1.1)
) 7’(?_1_ )

where ¥ 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 separation,ad,is given by

AV = -ZiL- (1.2)

SV

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 fregquency, the cavity length

-
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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 1o 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

ad justs 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 PIT is

e s st e =
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.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 desired to provide a large control range, however, the
added mass 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 of 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. 1In 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 11 was also designed using frequency analysis.
Finally, each compensator was used in the control ioop 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




prcsented 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 cémparisons are presented in Chapter VII. Finally,
conclusions and recommendations are made in Chapter VIIT.

In order to fully comprehend this material the reader
should have a basic knowledge of 1he techniques used to

frequency stabilize a laser.
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II Frequency Stabilirzation

General Description

As pointed out in Chapter I, the output of a léser
can contain many discrete frequencies separated by a4
It was also pointed out that changes in the cavity length
cause variations in the frequency output of the laser.
Environmental noises such os temperature drift, acoustic
noise, and table vibrations all contribute to fluctuations
in the cavity length. Propertics of the laser itself also
contribute to frequency fluctuations, termed as output
noise. Tne following two control methods are designed to
réduce the effects of thesc noise disturbances.

Method I s a standard metho¢ 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 meéhé%ical resonance and
increases the response time. For this reason a second
method of control is studied.

Method II consists of dual PZTs of diffcrent lengths
to control the laser cavity length. A long PZT is vsed
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

o — Y S T, 5



——ewr GO o L

following sections, but first, the Fabry-Ferot inter-
Terometer theory will be explained as it establishes the

frequency reference for the control loop.

Fabry-Perot Interferometer

The Fabry-Perot interferometer shown in Figures 2.1
and 2.3 acts as a frequency reference to which the lascr
output is compared. As described by 0'Shea, Callen, and
Rhodes, a @abry-Perot interferometer is an optical resonant
cavity thét consists of a pair of highly'reflective mirrors
parallel to each other, and whose separation 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 wavelengths, howaever, nearly
100% of the light is trancmitted. This transmicsion 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

Ay = m(ﬁ—-—) (2.1)
where ¥z is a rcsonant frequency of the interferometer, m
is an intcger, c¢ is the speed of light, and 4@ is the op-
tical distance between the mirrors. Notice that Eq (2.1)
is similar to Fq (1.1) as both the interferometer cavity

and the laser cavity work on the same principle.
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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, Ip, of an interferomcter near a resonant

frequency is (Ref 8:5)
1

e (1+ aaf{+ (474 )2( Yy - VI)L]

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

(2.2)

transmittance, R is the ﬁirror reflectivity, d is the
optical distance between the cavity mirrors,4 1 is the
cavity resonant frequency, ananN is a frequency close to
resonance. For the Jodon SA-1500 interferometer used in
this rescarch £<0.2%, T=0.8%, R*99%, d=5cm.

At resonance, the last term in the denominator of

Eq (2.2) is zero and the transmittance becomes

- i

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

ometer, .. 3

IT = 64'% ’ (2'4)

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

that a small relative change in the frequency of the

TRty
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incident light will create a large change in Ip. As an
example, if (Vy - V1) = 2 MHz, which is small considering

that4 for a hellum neon laser is 4.74 1014 Hz, then

Ie =

33276) [: <3"‘°‘°6c°:“) (2 %10 Hx):]
54.47% (2.5)

This is a 9.6% decrease in Ip. Th.s rapid drop in out-
put intensity for a slightly off-r2sonance condition
makes the Fabry-Perot interferometzr 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 interferoﬁeter acts as
a spectrum analyzer and can be used to show the spectral
content of a laser as shown in Figure 2.0. The sherp
peaks in Figure 2.0 represent the output frequencies of
the laser that was built for this research.

In order to sweep the'cavify 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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Figure 2.0 Laser Output Scanned With the Reference
Interferometer

without repetition is known as the free spectral range
(FSR), where

FSR= 55— (2.6)

The FSR for the laser used in this research is 1500 MHz.
A Fabry-Perot interferometer iz used as a frequency
reference in both control methods I and Il 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

11
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Table 2.1

- Control. Lcop Symbol Definitions for Figures 2.2 and 2.4

Symbol Definition

OR Noise corrupted reference signal
Oc 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

Gey Compensators

for the system is shown inyFigure 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.PZT1. 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




voltage to the lock-in-amplifier (LIA). The LIA is the
heart of the control loop and produces an error signal

that loéks 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 (HVA{). Note that the modulation frequency used in the
LIA is also routed directly to HVAy. The HIVA sends a final
correction signal to PZTy 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 intérferometer 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
I1 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
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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, that control respective PiTs.
Note that the modulation signal still goes to HVA4 as in
the previous section. The modulation technique is the
same for both control methods and is described in the

next section.

Modulation Techniqgue

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
differencé. A b1 XHz modulation signal is selected, as
it is a resonant frequency of PZT; 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 ca§ity 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
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dithercd by the modulation signai, it causes the laser to
oscillate about -point A which produces the detector output
as shown in Figure 2.6. The modulation signal and the
output of the detcctor 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 pasc filter inside the LIA which results in
a zero DC level crror signal. 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 modulntion
signal then causes the detector output to vary as shown

in Figufe 2.7. The LIA P3SD produces a net positive signal

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

The error signal is routed to the PZT anrd causes it to
lengthen thus increasing the laser freguency until it
corresponds to point B in Figure 2ﬁ5.

When the laser cavity length produces a frequency
corresponding to point C, the action is the same 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 descfibed,the laser frequency is
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locked to the Fary-Perot interferometer resonant frequency.

. As noise 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 con the
Teedback system is primarily due to the PZT. The type
of control compensation can also afTect 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
Qf 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 prescnce
of the integrator in the loop creates a type T system
and, as pointed out by A.D. White, the system steady state
error is expected to be wero for a sicp 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 éecond compensator is used in the second var-
iétioﬁ of control method I. It is designed using the

Guilleman-Truxal design procedure presented by D'Azzo and

20
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Houpis (Ref 7:408). The compcnsator 1s basically an

. extension of the first design with additional circuitry

to provide a closed loop bandwidth of 2 Khz. The seéond
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 P2Ts are now used to control the cavity
length. Different size PZTs are used in the laser design
to accommodate both quick response and a large dynanmic
range. The compensator for the long PZT loop is designcd
first for a closed loop bandwidth of 100 Hz and ignores
the short PZT loop. The compensator for the short PIT
ioop is then designed for a total system closed loop
bandwidth of 2 KHz.

The overall stcp-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.

21
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III Laser Design

General Description

A diagram of the laser is shown in Figure 3.1.
The lascr cavity is made up of two carbon steel cnd plmtes
and utilizes four super-invar rods as spacer bars.
Stainlecss steel mounting blocks are hecld to the end plates
with four corner screws and alignment is accomblished with
shims. FiTy is 1.5 inches long, and P2T, is 0.5 inches
long. They are secured in their respective mounting
blocks using set screws and cepoxy gluc. The lascr mirror:
are each glued to steel washers that arc in turn glucd to
fiberglass insulators. Each of these combinations arc
gluved te a PZT with the output mirror attached to PUT:.
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 cach 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

22




{‘\
Steel Steel
Washer ot ¥asher
PZT> Tabo PiTy
Mounting ‘ End ' nd Mounting
Block \\\ Plate \ Flnte Plock
\ \ |
ST
PZT cvﬂ: ’ /12 o
e~ KUD NETRERNS NI IV u n[@
i'
Fiberglass Spacer Fiberrlass
Insulator Rar Inénlntox
1 i1
ylrror Gain Tube éxrror
e Support
Blocks

Figure 3.1 Laser Design

Figure 3.2 Assembled Laser With Interferometer




e

L N

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 designcd for a 5 mw output.

Laser Mirrors

The Laser mirrors werc selected from parts on-hand
in accordance with the following stability criteria. For

stability.
0<919,<1 (3.1)
where g and gy are dimensionless quantities and are

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

parameters are

=4 L -a_ L
3 =1 i and 2" 1 2 (3.2)

where ry and r, represent the radii of curvature of mirrors
mq and my and equal.CO and 85 cm respectively. Solving Eq

(3.2), g1=1, and g2=0.541. Eq (3.1) then becomes
0< 0.541 £ 4 (3.3)

and the stability criteria is met.
The transmittance of m; and m, are 0.01% and 2.0%

respectively where My is the output mirror.
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Picvoclectric Transducers (P2ZTs)

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 ceﬁter mounted, as shown in Figure 3.1,
to eliminate reaction movement by $he 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 Egs that follow Table 4.1, and the following
example.

If mild steel was used instead of super-invar, Algp
from Table II would be 94.75 x 10_6 inches instead of
3.00 x 10"6 inches. This would result in Alp equal +to
257.1 x 10"6 em/°F instead of the value 2k .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 0.03°F instead of

0.32°F as shown. 'With a controllable range this small,

25
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it would be very difficult to keep the laser frequency

stabilized.

Axial Mode Spacing

The calculated axial mode spacing.A¥,; is determined
from Eq (1.2) and the measurcd value of L which is 39 cm.

Then

- 3x10%m/sec,
MV =5 35em)

385w (3.5)

It must be noted here that the determination of L was

crude ard will only be used to verify the mﬁch more

accurate measured value of the axial mode spacing, Me
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 that each cm eguals

150 MHz. Since axial modes are shown to be 2.5 cm apart,

the mode spacing is

AQM" (1500 MH2)(2.5em )

[ LA N

"

375 MH2 (3.6)
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Figure 3.3 Laser Output Scanned #ith the Reference
Interferometer for FSR Calculations.

Since it is difficult to perform this measurement due to
laser drift, AQM was determined several times and equation
3.6 is the average of those measurements. 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 causé 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: environmeri-
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 causad by such thingé 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 noiscs can be calculated and will be
analyzed in the following sections. From the results, it
is expected that the sﬁectral content of appreciable laser

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

Laser Noisgc due to Temperature Changes

Tgmperature drift or fluctuation is low frequency in
nature and is by far the largest contributo? 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.AALT.

due to temperature change, AT, in degrees Fahrenheit is
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Table 4.1
Tempcrature Affects on the Laser Components

Component Component Tem‘..Cogf. L due to T

Length 10~% in/in F 107° in Symbol
Super Invar
Spacer Bars 15.040 - 0.2 3.008 Algp
Mild Steel
End Plates 11.000 6.3 6.3 ALgp
Stainless
Steel
PZT Mounts 0.375 9.6 3.6 ALpzry
P7ZTs 1.000 1.18 1.18 AITZT
Fiverglass
Washer 0.026 5.5 0.143 ALFW
Mild Steel
Washer 0.097 6.3 0.611 Algy
Mirror 0.250 6.0 1.5 ALy

calculated using Eq (4.1), as follows:

ALT = ALSB +ALEP+AL PZTM-ALPZT -ALFW -ALSW ‘ALM (Ll . 1)

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

Using the values from Table 4.1 and converting them to

cm yields

Alr= 24.06 x10¢ cwm/°F (4.2) "

The change in frequency,AVp, due to Ap can be calculated
from Eq (1.1). '
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The effect on9¥ caused by a small change in L is

k= Sl (h.3)

W=z

If A and A@T are assumed to be small then they can be

substituted into Eq (4.3) so that

-q.¢
AQT:h—E%I_“ALT (4.4)

Substituting gqA for 2L, Eq (4.4) vecomes

- L

AV = —— ALr (4.5)

Then

. ~(3x10® m/sec.) b o
Ay (6528 x15m) (396 (24.06)“0 em / F)

= =292.5 MHz/°F (4.6)

' The sensitivity of PZTy from Chapter V is used to
calculate the controllability of the laser due to temper-
ature changes. From Eq (5.1), the PZT; sensitivity in
terms of 4 is 0.1875 MHz/volt. With 500 volts available
from the HVA, the change in laser frequency, AVpzrq, due

to a maximum change in length of PZT4, is

o AQPZTl(W\aﬁ): 93-75 MHz | (4.7)
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Using Egqs (4.6) and (#.7) to solve for thc maximum tem-

- peraturc change that can be compensatced for using PLTy

yields:
Ay P2T1
DT

93.75 MW
292.5 Mu/°F

Z&Th =

0.32 °F (4.8)

It must be noted that a change in temperature also
changes the cavity length of the intcrferometer. For
fhis reason, the interferometer was thermally wrapped with
styrofoan and tape to reduce the effect of temperature

changes during an experiment.

Laser Noice Due to Acoustical Noise a2nd Table Vihration

Since actual measurments of acoustical and vibrational
affectis were not made, an experiment by Haruhiko Nagal was
used to estimate their aflfe¢cts and is presenled here
(RefAé). 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 onc 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 Nagai's expceriment, he determines the
lowest natural frequeney of each mechuanical elcment in
the cavity by the use of sound precscures generated by a
loud speaker. He compares the results with those obtuined
analytically to show that the mirror holder system's
natural requency has compcnents of 40 Hz and 100 Hz,
while the frequcncy of the spacer syctem ic 3 KHz (Ref
6:863), Since the mirror holders on the laser uscd hero
are hard mounted, it 1is a;sumed 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 srstem resonant frequency is expected to be smuller
than 3 Klz.

Nagai shows that his laser frequency fluctuations
due to acoustical noise was about 9.6 KHz and that due to
vibraticns was about 1{0 KHe (Ref 6:863). Care was taken
during this rescarch to isolatlc the laser work-plate by
placing itAon 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
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the refractive index of active gus is about 1 MHz/m: for

.a laser tube very similar to the one uzed in this ros: wrceh

(Ref 6:858)., Since the lascr power cupply has leas ih.n
a 0.3 ma variation, a lascr noisc of less thon 300 K. is
expected. Othor noises previoucly wenticned are trouble-
some only when stability roequircements are greater than

1 part in 1010 (Ref 5.11).

Noiges 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. Thic is
due to a very high signal-to-noisc ratio in the circuitry
and also to the fact that almost all of the cain in the
loop is put into the prcamplifier of the Ll4.

An example of a typical open loop signal-to-ncice
ratio achieved in the loop can be given by looking at the
noise from the LIA shown in Figure #.3. The maximum peak-
to-peak amplitude is about 0.1 volts. The cxpected crror
signal produced from a 1 MHz shift in the laser frequency
is 12 volts, as shown by Eq (5.4). This equates to a
signal-to-noise ratio of about 120 to 1. Wilh a large
gain at the front end of a closed loop, noise creaﬁed 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, chow the frequency cpectrum of the noice from

- each of  the control loop compor.nts. HNost of the noice

from the components is less than 500 l7/sec. The LIA has
the largest speetral spresd and decays exponcntially to
about 20 db between zero a#nd two KHry zs seen in Figurc 4.8,

HVAé‘has a noise compoenent of 1.2 IH:n, as seen in
Figure 4.5, which is outéidc the bandwidth of the control
loops. This noise, however, has little affect on the
laser frequency because of its small amplitude and because
it is far beyond the mechanical response limit of the FZTs.

A noise source that is critical is the interferomcter
power supply as it causes fluctuations in the reference
frequency. The noisc level is shown to be about 0.006
volts as seén in Figure 4.1 and has a 60 Hz/scc specetral
content. Using Eq (5.1), the reference frequency
fluctuations are about 41 KHz and will occur at a 60 Hz/
sec rate. This is only significant for a stability require-
ment greater than 1 part in 1010.

In summary, a control loop with a 2.0 Kllz bandwidth
should be able to reduce all of the critical noliges shown
in this scction.

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

acbomplished in the following chapter.
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Figure 4.1

Noise from the Interferometer Fower Supply
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Figure 4.2

Noise from the Detector With the lLaser Rlocked
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V System  NModel Peramelers and Transfer Functions

General Discussion

This chapter deals with solving the system model
parameters. First the interferometer sensitivity is
determined and is followed by the detcrmination of P2Tq
and PZT, sensitivities. Next, the LIA constant is deter-
mined and the frequency characteristics are found for the

LIA and HVA/PZT combinations.

Interferometer Sensitivity (AﬂI)

The interferometer sensitivity,b&l, in MHz/volt,
was determined using the equipment set-up shown in Figure
5.1. The interferometer resonance was matched to a laser
mode by adjusting the interferometer's internal PZT with
HVA>. VWhen resonance was achieved, as indicated by a
maximuin voltage on the oscilloscope, the voltage setting
of HVA2 was recorded. HVAz was thcn slowly adjusted until
a new interferomectcr resonance matchcd the next mode.
The new voltage setting of HVAo was recorded 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,
AQM, from Eq (3.6) equals 375 MHz, the interferometer

sensitivity becomes
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Fabry-Fcrot Neutral Density
Interferometer Filter
\ [ PZT» PZTq
!

I
Detector f=- - - -—D--E‘D-_II:

31 0scilloscope

Figure 5.: Block Diagram of the Interferometer Sensitivity
Test
. D75 MHz
&Yy = 55 v
= 682 MHz /vt (5.1)

PZT, Sensitivity (Adpzy[)

The sensitivity of PZT¢, in MHz,/volt, was determined
by scanning the laser output with the interfcrometer and

observing the mode chift for a particular change in PLTy

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

1.1 em for a change in HVA{ 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 MHz which

yields
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Figure 5.2

PZTl Sensitivity
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oS _MHz

A\)PZTl - 880 v

1]

"

0.1875 M Hz Aolt (5.2)

PZT2 Sensitivity (A&PZTR)

The sensitivity of PZ92 was found in the same mianncr
as it was for PZTq. VFigurc 5.3 shows a 2 c¢m shift to the
right for a 622 volt decreace in NVA, voltasc., Thus, the
mode gshift is -300 MHz., Then

_ =300 MH»
A'\)PZTZ" 622 v

~-0.482 MHz /volt (5.3)

The negative sign in Eq (5.3) was verified Ly several

other experiments.

LIA Constant (Kj14)

The IIA constant converts frequency to voltage across
the LIA. A block diagram of the test 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 LIA that is routed to channel B
of the chart recofder. The HVA4 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
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Interferometer Filter
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output HVA4
Error Signal SS{%‘?SPO”

Figure 5.4 Block Diagram of the Tc¢st Scheme to Determine
the LIA Constant

to the voltage ramp from channel A. As gcen in Fipgurc
5.5, a 4.0 volt sweep from HVA{ causcs a 9.0 volt change
in the error signal. Using Egq (5.2) to convert the HLVA4

voltage to frequency, and solving for Kppp,

9 volte

) (4 vol{s)(.ﬁ\‘? PZT 1)

Kiia

Dvelts
(4 st)(O- 1875 HHL/V“"\)

K

12 volts/MHz o (5.4)

During this measurment the LIA Sensitivity was set

to 500 mv, the REF ATTN was cet to 0.1v calibrated, and
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Figure 5.5 Results of the Laser Scan for Detlermination
of the LIA Constant

the detector signal penked at 0.2 volis. The RIF ATTH
setiing is always kept at 0.1v, howcver, the other para-

meters are subject to change so a gencral cquation for

Kipp 18

vd 500x 10570
KU[\ (lZv/ﬁ.Ne)E&;_: ' -mm]

L NV volls /rng” -
-<O'°”)[ LiAg ] (5.5)

where Vd is the detector voltage and LIAg is the LIA

sencitivity setting.
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scillosce
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Figure 5.6 Block Diagram of Equipmeni Schoeme uccod to

Determine LIA Freguency Receponse

LIA Proguencey Analysic and Trannsfer Function

Figure 5.6 is a block diagram of the equipment schome
used Lo determine the Trequency characteristics of the LIA,
The LIA oscillator signal was set to 41 KHz and modulatzd
by the phaselock generator with a variable modulation
frequency. The LIA output was then compared in phase and
amplitude to the phaselock gencrator output using the
oscilloscope shown in Figure 5.6. The frequency response
of the LIA is shown in Figure 5.7.

The transfer function in radiins/sec, which includes

K'p1a from Eq (5.5), is
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Figure 5.& Frequency Analysis of HVAl/PZTl Combination
Using a Ccndenscr Microphone

[
Krin

e ]

GLia = (545654

[ LG B
(O-O'S){VA/LI.':‘V/QHZ) (5.6)
(S4Sb54y

HVA /7271 Frequency Analysis and Transfer Function
1 1 g 3

In order to determinc the frequency response for
pPZT4, HVA4 had to be used, therefore, the‘ffequency
response for the HVA4/PZTq combination was determined
using the test scheme shown in Figure 5.8.

The frequency response of the HVAl/PZTl combination

was estimated by comparing the magnitude and phase of the
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microphone output signul to thce oscillator signal on the

. oscilioscope ac the signul generator {requency wao in-

creaned,
From the results the frequency responce of the HVAl/
PZT1 combination was determined and is shown in Figure 5.9.
The transfer function for the HVA1/P2ZT{ combinution
vas approximated as

G - (KuvasYavdpova)
HVAl/PzTa ~ <S+ 5655 (‘5*5895(9)1

(Kuvar Y(01875 Mux/vort) (
(545655) (54 389 56)*

L
~3
N’

where Kyy,, is the varlable gain setting of HVA4 and A¢P2T1

is the PZ2Tq sensitivity taken from Eq (5.2).

HVAZ/PZTZ Frequency Analysis and Transfer Funciion

C e et T e, W T IS 2

The combined freqguency response of HVA,/P7To was
determined in the same manner as it was for HVA1/FZ7j.
The estimated {requency response Tor HVA,/PLTo is shown in
Figure 5.10.

The transfer function for the HVAZ/PZTz combhination,
is

e T T raw))
HVAL/PZT2 ™ (se3182)( s+ 115380)

- (Kuw‘\zv" 0.-487 ™M Hv_/\'ol{)

. (5.8)
(s+2142)(s+ 192E0)E
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{ : where Kyyao is the variable gain setting of HVA; and PiT,

is the PZT, sensitivity from Eq (5.3).




VI Compensator Desirn

General Diccusaion

Two compensators were designed for use with control
method I and a third was designed for use with method I11.
The first compencator was designed using only steady-—
state analysis. The second compensatcr is more sophis-
ticated and was designed using freguency analysis for a
closed loop bandwidth of 2.0 KHz. The third compensator
was also designed using frequency analysis for a cloced
loop bandwidth of 2.0 KHz. In the design of the third
compensator, the compénsator in the PZT4 loop was
designed first for a closed loop bandwidth of 100 Hz
neglecting the presence of the loop to PZT2. This low
bandwidth is well within the limits that a longer PZT
would have put on the system. The compensator in the loop
to PZT, was then designed taking into account the design
of the other loop. The syétem 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 Geq for variation 1 of control

method II is shown in the next sthion.

Compensator Gecq(s) for Variation 1 of Control Method I
Using Steady State Analysis

The open loop transfer function, dc1(s) , for the
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system shown in Figure 6.1, without the compensator i

Kxi
(s+ 5655)3(5+38956)

Gxs(s)= (6.1)

vhere

_ (000564 ) K.nuvan) 6
Ky = LiAg (6:2)

For most measurments Vd = 0.23v, Kyyp1=100, and LTAg=500

x10—6, then

Key= 257 (6.3)

To design for a steady-state error equal to zero
for a siep input, the theory shown by D'Azzo and Houpis

is used where (Ref 7:177)

e(ss=lin [sEm| = © (6.5)

The control ratio for the loop shown in Figure 6.1 is

Ve () - _6x10) Geats) (6.6)
VREY L+ Grsle) Geqls)
where
Vels)z Es) Gx(s) (6.7)
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Substituting '\)c(s) from Eq (¢.7) into Eg (6.6) and colving

for Ec¢s) yields:

1+ Gyy(s) Gc.i(S)

E¢(sy =

where for a <tep input of magnitude 1

1
1’ S) = e (6.9)

Thus Eq (6.8) can be written as

i
Q) = —e 6.10
Fe) SR+ 6x213) Geqis)] ( )
substitoting EBq (6.10) inte Bq (6.5) yields
( = ‘s\’v\
B( Yss 0 g[ +C, x” oc.l(S)]
v btm i (6- 11)

TR0 14 G g(s) Gci(s)

Replacing Gxq{s' wiih By (6.1) and setting el(t)ss cqual
to zero results in the following :

£ £Y (64 38950 )" Gea D)
5) (s+3895! *’“éclo(sw Kxs.Geq NEs)

(6.12)

(5%
07“..‘“ ———
AN CE

where GcqyN(s)} and Gch(s) are the numerstor and denomin-

ator of Geq(s). For this equation to hold true, Ge{D(s)
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muct contnin a zero at the origsin of the ¢ planc, thus a

first choice for the compensator is

< : -
Geq(s) = ‘;‘ (6.13)

where Keq ic the compensator constant. The open loop
1

transfer function including Gecq(s} becomes

Kyxs Keg _ (6.14)
(5)(s456655)> (5438956)"

7
Gxs(S)=

Using Kxq= 257 from Egq (6.3), thus yiclds the result

. 257 Keg (6.15)
Gxi6)= (S)(S*B(ob-s)y(s +56‘)5é>)2' ’

To get an idea of the amount of gain achievable, a
computer essisted root locus wes generated as chown in
Figure 6.3. An expansion of the branch starting at s=0

indicates that for a damping ratio of 0.7,
Keg = d.46x 108 (6.16)

Tﬁis value was used to gencrate the system open loop
and closed loop frequency respcense plots shown in Tigures
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. The closed loop frequency
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respense shown in Figure 6.5 chows a 20 db/decade drop
for low frequencies with a brezk frequency at about 2.0
KHZ as would be cxpected.

The compensator circuit design was implemented using
operational amplifiers as chown in Appendix B. The decign
of compensator Gep for use with variation 2 of control

"method I is covered in the following section.

Compensa’or Gcp (<) for Variation 2 of Control Hethod I

Using Frocquency Analysis

The desired bandwidth of the closed loop system is
2.0 Kz, The Guilemuan-Truxal procedure as explained by
D'Azzo and Ho&pis is followed during the design of this
compensator (Ref 7:408),

The control ratio, Mp(s), for the system shown in

Figure 6.1 is

_ 'QC(s) - ‘\‘1(5)‘. 6(’.7.(5) G’Kl(s) (6.1?)
T Vel D26 LGz Grals)

where Ny (¢) and Dp (s) are the desifed control ratio numer-
ator and denominator respectively. For a bandwidth of 2.0
KHz and a 20 db/decade roll-off with four nondeminant

poles, the control ratio can be rewritten as

Na(s) Kwmaz
Dals) ™ (s+12560)(s#75000) 5+ 80000s15000) ¥10000)

Ma(s) = (6.18) °
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The constant Kms required for a contro 1 ratio ¢f unity for
zero steady-otate crror is found by tuking the limit of
Mp(s) ac o approaches zero and setting it cqual to unity.

So,

%—70 (s+12560] sevsao) (s g‘_\(‘co S&C,:,w)o)(‘skﬁc)n‘”)

1= lm. ML(, }=

‘(\‘.’.2_
* B w ot o1
thus,
Kmy= 5. x10%3 (6.20)

Solving Eg (6.17) for Gco(s) yilelds (Ref 7:408):

o X (6.21)
Gep () [Dz(S) - Mz(sﬂ GM‘

Using Egs (6.1) and (6.18) tu solve for Gep(s) resuvlts in

the following:

3 - L
GeY(ci3005L
Kyay (545 658Y (8 3025¢) (6.22)

c’ <. ot
Gez6) [Swzsum’urfw“)lswc:o ’94...,0'\0\:%:*“:) !hz_] hw

Expaniing the denominator, using Eq (6.20) and factoring

the vresulls, Eq (6.22) becoies

575103 (54 56557 (543895 6)* (6.23)
Kxg (£3(5+ 52410 * Atct00){s4 18800 % 331080 )

Gey(s)=
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LR

The compensutor i further eimplificd by setting the damp-

ing ratio cqual to 1.0 which moves the peles to the real

axis for ecarce of implementation.

5,70t (s 5oy ($438900)

Gealo) = ~0om L (G.24)
e Ky ) (sv7002) {($+ 11 pool™
Using Eq (6.3) to substitute for Kyxi1 yiclds
Goois) = 22X (s+5000{5438900) (6.25)
J¢ = s - ot L
! 2 (S)(s+100212{ s+ 2B 00) 2
The open loop transfer function then becomes
23 (4 5e00) (5 38900)°
G”);i(s): ______ 5716 ( ) ; M UL 6.26)

(S)(e 70023)" (s122.800)* (545 506)3 (51 569 56)2

A root locus plot is shown in Figure 6.6. Figures
6.7 and 6.8 show the system open and closed loop frcequency

response plots. The frequency plots were generated using

the numerator constant shown in Eq (6.25). iote that the
gain margin in Figure 6.7 is aboul 17 db indicating a
stable system. The closcd loop frequency response shown
in Figure 6.8 is flat with a breakpoint at about 2.0 Kiz
as designed.

This compensator circult design was also implemented
using operational amplifiers and is shown in Appendix C.
The design of compensalor G03 for use with control method

II is covercd in the following section.
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Compensator Gez(s) for Control lethod I1 Using Frequerncy

Analysis

The comiensator Gey(s) is designed in two stepsf
First, the loop to PZT, is ignorcd and a compcnsutor,
GCBa(S), is designed for a closed loop bandwidth of 100
Hz with a 40 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

A -
Mygle)e S2als) . Kmaa . (6.27)
D3, 6) (%4614 354384)(s44c200) 54 as000)c4 S0002)

where MBa(S) is the control ratio of Figure 6.1 using
CcBa(s) in place of Getsy . NBa(S) and D3g(s) arc the
desired numerator and denominator of MBa(S). The con-
stant Kmgy required for a control ratio of one to achieve
zero gteady-state error is found using the same method as

in the previous section. fThen,
Kmz, = 3.6 x10"? (6.28)
Using Eq (6.21), the cquation for compencsator cha‘37 ig,

N3a(S)
[‘_D_vm(s) - N},&(S-ﬂ Gx4G)

Ges,  (5) = (6.29)

Using Eqs (6.27) and (6.1) to substitute for N3a(s), D3q(s),

and Gyi(s), the compensator ecquation becomes
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3‘1 2449 C\L
Gea (o) = _ 3.5xta” (10818 e (6.730)

E( +(.'n<.n9q 3"’ L4o~\) \)",0 m) 3. leo"] Kxq

Expanding Eq (6.30) and factoring the results, the

compensator becones

Gen ()= 2,5%10° (54 5655) (5+3f’95’7 (6.31)
©3,(5)" Ky (5)(54 19)(9.4q1u,o) £439550)($+45650)

GCBa(S) s simplified by cancelling nondominznt poles

and zeros. which leaves

3,5¢10' (¢ &s&oo)
Ky G} 709) (54 49714 0)

ez, (5)= (6.32)
The second part of compensator Geg(s) is designed
using Gc-,(s) of Eq (6.32) and the system diagram from
Figurc 6.2. The desired closed loop bandwidth is 2 KHg
with a 20 db/decade roll-off. The desired closed loop

transfer function with four nondominant poles is

Nat) Kw 3 ,
= - . (6.33)
D3 (s) (s11.560)(s+120000) (51125008 (31 T n0os) 5412 San0)

For zero steady state error, the numerator constant must

be
Kwy = 3.3 xl0* (6.51)
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If Gyp{s) is the open loop transfer function of the syctem,

- then the system control ratio, M3 () , is

Gxz (sh
- 6' I
N3(S’ = <) ( 3))

where Gxgls) includes both compensators Gegy (8) and Ge3p(s) .

Solving for Gyo(s) using Figure 2.4,

Ge b Nea R .
Gxw(s) :@u,«lsﬂ [m:zt;(b; G Hvazrzre 8+ Geaal®) Guvarfezny (S] (6.35)

where Gc3bN(s) and GcipD(s) are the numerator and denomin-
ator of Gegy(s) . 6035(3) can be found by substituting Eq

(6.36) into Eq (6.35) and setting the results egqual to
Eq (6.33). We then get

Ges i (6) = Briot () s o844 21 02 )e0s0 )i 1 308 e een [saligpoo £ 40.027).
[oR B2 R - . » . e
D077 (0) K64 115) e 3960Y (s us1er) {5+ 637602 J63030) 5416 434 3630)

(6.37)
The compensator is simplified so that Ceqy (s) becemes
5x1e? ($12162) (546606)
Gezy (915 =t -
SO (5) (54 837¢0 % 4 6303 0) (6.38)

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 GcBb(s)-is

qu(;) _  Sxto?! (swmz)(seseo{s)t

(6.
(SY(s+i0d4p33)* 39)
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The system open loop transfer function Gpo(s) becomes

Grals) 310 254740 e (543%110) feragpio) £ 45710)
(S)(s+719)(es 5655) (54289602 §0.02839) (544 3ivaY 5 r3v00 o226 54103700 ijo.‘y.dp

(6.40)
This derivation assumes HVA gain scttings of 100, LIAg=
500 v, and V4 = 0.23v
A root locus plot is shown in Fisurce 6.9. Figure
6.10 and 6.11 show the systcm opcen-loop and closed-looep
frequency response plots. As sceen in Figure 6.9 the root

locus plot shows an improvement over both of the plots

reviously seen. The open loop freguency response, as
b -

shown in Figure 6.10, shows & phase margin of about 1C.0

db which indicates that the system is stable. The degree
of stability is less however than for method I as seen by
comparing Figurcs 6.11, 6.5, and 6.8, Tﬁe closed loon
frequency response from Figure 6.11 is flat to about 2.0
KHz as was designed. The circuilt design of ‘the compens:ator,

Ges, is shown in Appendix D.

Final Design of Each Compensator

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

Gencral Discucsion

System performance data is contained in this chapter
for control methods I and II that can be used to frcquency
stabilize a laser. A comparison is made betwcen 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 ranze comparisons are made in the next section.

Control Range Comparison

In order to estimate the difference in the long term
control range between control methods I and II, a recording
was made over a three minute time span of the éorrection
voltages from HVA4 and HVAp. The experiment was performed
while the room temperaiure 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 temperéture drift was assumed to
be constant over that short a period. For both control
methodé, a laser mode was positioned at the top of the
laser output intensity curve using HVAl.' Tﬁe interfer-
ometer resonance was then adjusted to match the laser mode
frequency and the loop was closed.

Figure 7.1 shows the fesults obtained using the
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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{ correction voltage
slowly drops. The maximum voltage shown occurs around

27 seconds with a minimum occurring jusi 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 correctioh voltage from HVA1, 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'HVAz. The voltages are of opposite sign
because of the negative sensitivity of PZT, as shown in
Chapter V. The maximum correction voltage from HVA4

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,
maximum and minimum voltage is about 50 volts.

From the results, it is eﬁident that for é 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 raﬁge of the con-
trol system has been increased by using dual PZT control-
lers.

The reason for making P2T2 short is to provide a
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fast response time to control high frequency noises.

Theoretically, this will allow PZT4 to be lengthened to
further increase the dynamic range of the control loop.
The next section compares the frequency spectrum of.the

errcr 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 spectrpﬁ 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 frequgncy 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
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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
I Geq gfeater than less than
008V "3208 db
- I Geo 0.4v - =38.9 db

. | from 500 pv to 100 pv. This results in a 1& db increase in
(”\ the magnhitude 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 Gesp, is
much better than variation 1 using compensator Geq.
In order tb make an objective comparison of the two
' cSntrol methods, the frequency range of the spectrum
analyzer was increased from 50 Hz/cm to 200 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

4
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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 variaticn 2 reduces the higher
frequency noise as designed. As seen in Figure 7.12,
method II also reduces fhe noise for the higher frequencies
and is even more effective.

Figure 7.11 is a picture of the results obtained
when only the PZT4 portion of the control loop is closed

using control method II. This simulates the use of a ver)

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

Figure 7.12, when the PZT, 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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Figure 7.3 Spectral Content of the Open Loop Error Signal
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Figure 7.4 Spectral Content of the Open Loop Error Signal
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Figure 7.5 Spectral Content of the Closed Loop Error
Signal. (0 Hz - 250 Hz) Method I, Variation 1
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. Figure 7.6 Spectral Content of the Closed Loop Error
(o~ Signal (0 Hz - 250 Hz). Method I, Variation 2, Using
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Figure 7.10 Spectral Content of the "losed Loop Error
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Figure 7.11

Spectral Content of the Closed Loop Error

Signal (0 Hz - 2 KHz), Using the Gcgy FPortion of Compen-

sator G03
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Figure 7.12

Spectral Content of the (Closed Loop Error

Signal (0 Hz - 2 KHz). Method II
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i. VIII Conclusions and Recommendations

General Dizcuscion

The purposc of this rescarch 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 length.
Two variations of method I were used in the research.
Variation 1 used a control loop compcnsator designed from
steady state analysis. The compensator used in variation
2 was more sophisticated and was designed from frequency
analysis. Control method II déviaies from the standard
apﬁroach used in method I. Two PZTs of different lengths

\ were used to control the laser cavity. A long PZT was used
to provide a large dynamlic range wkile a short PZT was used
to provide a fast response time.

The results from use of the two control methods were
obtained by first recording 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 comparicons 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 11
is more effective at high frequencies than control method I.
In conclusion, the usc 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 rescarch are discussed in the follov-

ing section.

Recommendations

o= ) -

One ofvthe major problems encountered during this
research was due to large temperature drifts in the labora-
tory. As shown earlier, the single PIT céntroller was
only expected to compensate fof O.3°F 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
dyhamic range of the control system. To further reduce

the temperature drift problem, the use of super-invar is
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reccommended 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 muy indeed be locked 1o the interferometer
resonénce,the actual frequency could be varying with tem-
perature. A colution to this problem is to uce a laser
gain tube that displays 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 nerded in the control loop (Ref 2:351).
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Appendix_ A

Laser/Interferometer Hardwarc Designs

The material in Appendix A consists of drawings for
the laser and interferometer hardware as referenced in
Chapter I1L. 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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Appendix B

Circuit Design and Tests for Compensator Geg

The material in Appendix B consists of the circuit
design procedure, a schematic diagram, and test rcsults

for compensator Gcqy as referenced in Chapter VI.

Circuit Design

From Figure 6.12, the compensator Geq 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

ke, - K, 1
S ” (cwe-v‘\o#)( S ) (3.1)

where K will remain as a variable gain adjustable by

R100 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.1.
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Freguency
Counter Gc1

Figure B.2 Block Diagram of Equipment Used to Test
Compensator Gey

The frequency from the signal generator wasvadjusted
while the output of Gcy; was viewed on the oscilloscope.
The phase and amplitude of Gecq was compared to the input
signal with results as plotted in Figure B.2. The solid
lines in Figure B.2 indicéte the expected phase and mag-
nitude of‘the results while X indicates the meacured
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 Gcy 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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Spectral Content of Noise from Compensator Gey
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Appendix C

Circuit Design and Tests for Compensuter Geo

The material in Appendix C consists of the circuit
design proccdure, a schematic diagram, and operationnl
test results for compensator Gep as refercnced in Charter

VI.

Circuit Design

The transfer function for Gep from Eq (6.25) is shown
again here with a variable gain K

k! fs+ B6oo)” (51 38900)°

() sx10021)* (54112.800) 2 (c:1)

Gcz=

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

fer functions Gpy to Gpg were assigned to each part as

shown in IMigure C.1. The schematic diagram shown in Tigure

C.5 was determined from Figure C.1. Component values were

found by finding the ratio of cach stage's output impedance
to input impedance and equating the ratio to the recpece-

tive transfer function.

Operational Tests

The same tests that were performed on Gcq were also

performed on Gep with results plotted in Figure C.2. The
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s / S+ 560D 1S tse00
K S S+ 7000}
Gpy s Gpg s Gpa6 ©
S4 5600 S458500 $4 36900 N
S+ 70021 S4122800 S+122¢00
GA? S GA8 S GA9 S

Figure C.1 Amplifier Assignment to Compensator Gecp

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 results, the compensator works as
designed. Figures C.3 and C.4 show the amplitude and
spectral content of the noise from Geq 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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Appendix D

Circuit Design and Tests for Compensator Gejy

The material in Apﬁendix D consicsts of the circuit
design, a schematic diagram, and operational test re-
sults for compensator Gc3 as referenced in Chapter VI.

The transfer function for Gecj is divided into two
parts, Gc3a and GCBb as shown in Chapter VI. The ecircult

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

Circuit Design of G°3a and qub

The transfer functions for G03a and GC35, from Figure

6.12, are shown again here with variable gains K”; and K“%

Kt {9+ 5600)°
(5)(54719)( s+ 49140)

Geayp (D.1)

T Kb ©+3142)(54 5600)
(5+108833 )%

Ge3y (D.2)
Egs {D.1) and (D.2) are broken into seven parts and

amplifier transfer functions Gj10 through Gpy5 arc 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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n 1 sex152 ] 5+ 5600 ;
k: S+lo4 833 S+ 104833
GA13 s Ga14 s Ga1s s

N S+ 5600 JJ (545600)( 54 5600) s
| Ka S (s+719) (5+49740)
Gat0 s Gpy1 8 Gpiz S

Figure D.1 Amplifier Assighment tc Compensator Geq

Operational Tests

( The same tests that were performed on Gcq in Appendix
B, were alsc performed on both compensator GCBa' and the
upper portion of Gey shown in Figure D.1. The measured
frequency responses of the compensators are plotted in
Figures D.2 and D.3. The so0lid lines represent the
expected phase and magnitude while the Xs and Os show
the measured magnitude and phase fespectively. As shown
by the results, the compensator works as designed.

Figures D.4 through D.7 show the amplifude and spec-
tral content of the noise from Geyy and Gesp with the

e s oA ot -

input shorted. In both cases, the noise is relatively
small and results in a very high signal-to-noise ratio
] as explained in Chapter 1V, fherefore. the noise has very

(F\ little affect on the laser frequency.
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Figure D.5 Spectral Content of Neise from Compencator Geciy
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Appendix E-

Experimental Procecdure

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 aid interlerometer were
mounted on a one inch thick aluminam plate and placed on

a layer of foam rubber to isolate them from table vibra-
tions. Thre laser was also covered with a plastic shield
to reduce the affects of acoustical noise and air currcnts.
The interferometer was wrapped wita styrofoam and tape to

isolate it from temperature variations.

Test Procedure

The following is the test procedure to use in order
to lock the laser to the interferometer resonance.

Step 1. With the systém in a closed loop configur-
afion, turn all of the compensator switches to off. This
opens the loop and discharges the integrator capacitors.

Step 2. Connect the oscilloscope horizontal output
to the summing amplifier side of the compensator output

switch.

Step 3. Adjust HVA4 bias and gain control so that
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a laser mode is detccted on ihe oscilloccope from the

. detector output. With the LIA output also connccted to
the oscilloscope, the error sipgnal will appear as a .
derivative of the detcctor signal.

Step 4. Maximize the crror signal by adjusting the
modulation frequency around 41 Kiiz.

Step 5. PRotate the LIA phaze control to 90° and
adjust the phase for a minimum crror signal.

Step 6. Rotate the phase control to 0° and discon-
nect the oscilloscope horizontal output from the summing
amplifier input.

Note: Steps 2 through 5 are accomplished to assurc
fhat the maximum derivative signal is achieved. It only
nceds to be perfeormed about once a day.

Step 7. Manually adjust the interferometer power
supply until the interferometer resonance matches a laser
modec as seen by watching the detector output on the
oscilloscope. If more than onc mode is prescent, 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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Appendix ¥
Equipment TLinting

Equipmernt Number Required
Laser Gain Tube, Spcetra-FPhysics Bodel 120 ivveevnenaenl
Mirrors, Dielectric
Laser - 35 cm Radius of Curvature, 98% Reflective ..1
- Flatg 99-9% Reflectivc o-ao-o.oc--nn-oonn---l
Piezoelectric Length Transduccr, Channel Devices
NaVyT)rpe 514’, 1—1/2 iﬂCh '00..'0.000!'000.'0ol..otn.l
NaVyType 5"&’ 1/2 inch ll.ll..ll'l..'lllll."".'.lll
Laser Exciter, Spectra-Physics Model 249 .iveevinivinen.l
Intel'f'el"ume‘tel", JOdOI’l Model SA 1500 ooct-u'co--ococ-ucool
Compensasor Circuits (Sce Figures B.5, C.5, and D.8) ...1

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

Lock-In-implifier, Princeton Appl®:2d Rescarch
Model HR~8 l.'ll.llll.ll!l.‘ll'l‘lbll“..l'bl.ll.'.ll

High Voltage DC OP Ampt Burliegh Model PZ-70 (ieuiveneeea?
Elecctronic Counter, Hewlett Packard Model 5212 A .......1
Oscilloscope, Tecktronix Model 565 vievreveseoronsnesasal
Oscilloscope, Lavol Model 265 A tuieeerascsssonsssnernansl
Spectrum Analyzer, Nelson-Ross PSA-016 Oscilloscope

Plug—In Unit Ol'.!llll!lu.l.i.cttotlnuullot'lloalontl

Signal Generator, Wavetek Model 186 .vvevevosevoosnesssal

Neutral Density Filter, Oriel Corp.
DensityFactor 1!2 l'lll..ll.".l..'..ll'.ll.l..l!l.l

Power Supply, John Fluke Model U4O05B .veevesvsesnnsvsessal
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