UNCLASSIFIED

AD NUMBER

AD475223

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution: Further dissemination only
as directed by Naval Postgraduate School,
Monterey, CA, 1965, or higher DoD
authority.

AUTHORITY

USNPS 1ltr, 6 Oct 1971

THIS PAGE IS UNCLASSIFIED




UNITED STATES
NAVAL POSTGRADUATE SCHOOL

FFLITN,

T.{ESIS

A SCAWNING FABRY PEROY INTTRFEROMETER
Fo8
IASER MOIE ANALYSI3
by
John Whitaker Newell

v G o A § G T e G oA T ST RIS PEACEERY, YR TR PR

This dooument may be further dig-

tributed by any holder only with Specific

Prior approval of the (- S. Naval

Fostgraduate, School (Code 035)

T —————

1] vy
s R e T O ey S o R S R NI, AN W g, e AN ol
sl WU D W - % .




URTEGLTN TBUR FROIy s F il 1% 6 o

A SCANNING FABRY PEROT INTERFERMMETER
FCR
IASER MODE ANALYSIS

* % % KK

John ¥Whitaker Newell




A SCANNING FABRY PEROT INTERFEROMETER
FOR
IASER MODE ANALYSIS

by
John Whitaker Newell

Lieuvenant, United States Navy

Submitted in partial fulfillment of
the requirements for the degree of

MASTER OF SCIENCE
‘ IN
ENGINEERING ELECTRONICS
United Statez Navel Pogtgradugte Schocl
Konterey, Califernia
1968

- P pa A — . ——— AN




R R L Al P R P

LEEN SN

O i

T L BN

KB TR, 3, v 10

S

-—

s

T
. ) mﬁrr\s‘rga.
- RN

A SCANNING FADRY PEROT INTERFERUMETER
FR
L&SER MODY ANALYSIS
by
John Whitaker Newell

Thisg work is accépied as fulfilling
the thesiy requirementy for the degree of

MASTER OF SCIENCE
IN
ENCIREERING ELECTRONICS
from the

United Stateg Naval Postgraduate School

Ve, oslon — g

Faculty Advisor

Chairman

Department Electrical
Engineering

Approved:

Academic Dean




5 S Yo AR 2

T

D

~
et viats  wuek ben

ABSTRACT

A high regolution scanning Fabry Perot iunterferometer wag con-
structed for the purpoge of gpectral analysis ot gas laser radiation. The
performance of the interferometer is evaluated and o finesgse in excess of
250 is noted. Matching requirements and aligmment procedures for appli-

cation of the gcanning interferometer are gusmarized. The resultsg of

application of the interferometer to engineering problems av. laboratory

meagurements including visual display of lager modeg, determination of
frequency stability and frequency drift, and studies of the FM laser sys-
tem are reported. High resolution photographs of typical FH laser spectra
are pregented showing a 10 te 1 improvement over previous results in the
program, thus emphagizing the value of such an interfercmeter to gtate of

the art developments in optical communicationg.
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coefficients
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1. Introduction
A. General background and purpose
High resolution spectral analysis of laser radiat: - - utilizing the

output of gas lasers of the type suggested by Schalow and Twmes [1]) and
initially realized experimentally with a mixture of He-Ne gasses by Javan
and co-workers [2], has become increzsimgly important as progress is made
toward the development of working optical communicaticans systems. [3)
Detailed knewledge of the relative amplitudes, phases, mumber and digtribu-
tion of the lssur modes [4,5,6] ig both valuable snd necessary in such
specialized studies as optical heterodyning techniques, [7,8] where carrier
and local oscillstor frequency characteristics must be well defined and
controlled. To understand and achieve controllable gingle frequency genera- :
tion vhile waintaining adequate output power, it is important to observe

carefully the gtructure and behavior of the laser mode gpectrum during ex-
perimentation. Thig is best emphasized by recent work cu the developsent
and application of the M lager comcept, [9,10,1)] where the effect of in-
terpal modulation on the lager output must be gtudied closely to determine
accurate parsmeters and deveiop means for relisble mode control [12] for

coiunication requirements.

The value of the application of & scannirg Fabry Perot interfero-
moter [13,14](henceferth abbreviated SFPI) to spectral analysis and study

of lager radiation has recently been emphagised by Fork, Herriot and
Kogelnik {15). The SFPI mathod provides visusl information of high reso-
lution ab;aut the node apsctrum of lsger radiation. Studliee of mode aspec-
tra of laser radiation utilizing the combiration of photomixing and RF
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beat frequency spectrum analysis [16] ars now complemented and in many
instances surpassed by the SFPI method which provides a direct high resc~
lution dispiay of the¢ radiation spectral charactaristics.

B. Outline ¢f the Thesis

Ducing & ten week asscciation with the Optics Regeasch Depertwent,
Electronics Defenge Labratories of the Sylvaniz Electrcnics Systemg in
Mountain View, California, the auther constructed and evaluated a high re-
golution scanning Fabry Perot interferometer. This irterferometer was
then applied to the study of Spectrs Physics models 131 and 115 lagerd omte
puts while free running, and to the study of the spsctral charscteristics
of the PX laser during experimentation in that progra=z.

Sectiorg 2 and 3 present the bagic theory of the interferomster
light transritting characteristics and the aligment and matching require-
menta to obtain experimental results of the high regolution desired. Sec-
tions 4 and 5 describe the interferometer congtructiorn amd the regults of
the experimental e¢mlngtion completed. Section 6 describes a brief appli-
cation of the SFPI to the study of laser freguency stabiiity characterisg-
tics. The FM Lager concept ig discussed in Section 7 and an operating zys-
tem including the appl xtion of the SFPI is desoribed. Fimally, high
resclution photographs ¢« typical ™ Iager output spectra are prezented
and compared with previocus results of Harris and Targ [5] to emphasise the
value of the SFPI to thir and m.uy other possible studies of lager radiz-

tion cherscteristics.

ISpectra Physics Corp. Mountain View, California Data Sheet Nog.
SP10084-5M1064 and SP1007B-SMLUG4
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2. Characteristics of the Scamning Fadbry Perot lnterferometer
4. Transmitted light acplitude for the Febry Perot Interferometer

The forrmla for transmi~ted light amplitude for the Fabry Perot

interferometer is: {17) :
A Te¥
The following notsation is used:
T and R Tresnel light intensity transmigsion and
reflection ceefficients
A and A transmitted and incident light vector scplitudes
é —zid'Cos9phtse shift per single traversal
with:
AL index of refraction

L separstion of the reflectors
A vavelength of incident light
<]

angle formed by the incident light Leam with
the rormel to the reflectsr surface

Inteagity of the transeitted light is given by the kiry!s formula:
L. _ ap" . T
I : A AT (I=R)* +4P. Sad
often written in the form:

_1-;_ - 1
here: I |+ F Sitd

. - . 4R
with T= 1-K, r “"Q\)z

£ modification of the sxpression for tr'an-ssitted light intensity

Thig foremla ig =o

Fan)

is necessary for instances when the reflection ceefficient R is grezter
thsn 0.99. Scattering and absorbtion logses in the multiple dielectric

£i3

(@

{3)

{s)

Al ohacios

L

x oA A . ———
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coatings of the mirrors must then be included.

Equation (3) is then written:

I s
-f = (- T§§)t{‘e'*rsam‘d’)

The reflection coefficient R in this case is sgnl 2 & 3 Luhd, vhere A

denotes the sbgorbtion coefficient. fThus the in:»ss:\\'i%.fmgi Asone re-
duced congiderably, and the reflection coefficient ° iywx in g« % ds al-
tered. In the following parts of this section ' \*‘xqu‘.gs\xm: i:ér gy
nitted lighg intengity, given in Eq. 3, is uged :-;-::. U ] x .\:sgxiessﬁicd nl-
ves for use in the evaluation of thc characteristics of o S2FL conptrmict-

A
o0 >

B.  Jepniation of the Modes
in che cage of non-confocal gpherical mirie rezopators, [5] the

field golutivmg =f Yaxwell's equations, satisZying tke boundary conditions,

Save well deadned spatial Gistributionsg of the electrowaguetic fields,
claayifich se TEign. modes. [4,5,6] For bex. use of the SFPY, primary con-
ctvw 4g with the TEMga, mvle, vhere the trangverse field distribution is

approxiantely Cougsdac. ns skovn in Fig. 1.

#ige 1o Trangverse field digtribution
ot the fundamental TEMooq mode,

(4)

T2 et eyt s
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For sorml incidence, in air, the expression for wavelength ag g function
of mode nurbers m, n, &nd q ig written: (6]

-Z—}‘L— = § + %(!frmw«) CGS-‘(l-%-)

For the case where Ryl, and B =0,nc0, oze ob*ains q = 2L, with q, the

axial mode mumber, usmally of ths order of magmitude g= 10 to 108. With
d ‘z_h_ﬂ_. s Tesomnce or maximux light tranyxigsion ig achieved accerding o

Eq. {3) and {6) vhen L ig an integral number of half-wavelengths.

In terms of frequency it resadily follows from Eq. (6) that:
v - B
[ z L
This iz the center frequency at vhick the maximm light transmission occurs
in the interferometer. Separation ian frequency between adjzcent trans-

=iggicn maxiza, or resomances, occurs in the cavity at:
%% = I

Thig is a well knewn [18] expressgion for the interfersmeter free gpec-
trel razge or mode fregueacy seperation, vhich ig identical <o the ex~
pregsion for the lager free spectral range determined by the Fabry Perot
etalor uged a3 the laser regonetor. From the above it is readily seen
that the separation of the modes in the reyxomant cavity with a typical re-
flector spacing of La 7.5 cz is 2.0 Gc/s. Fig. 2 [17] shows the vari—
I
-

-te L

ation of the relarive tra wmitted light inteasity vs. frequency V
23 a function of the mirror refiectivity R. Alsc shown in Pig. 2 ig an

indication of the Fabry-Perot interferometer free spectral ramge ZCI- .

— - B e —— e 2 < g -~
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interferometsr frae spectrzl range is /2L,




Tty SN A ) KA Hile (A

Craiar )

et

vy
IO AR A AL N, Y,

TR ~,'m‘l‘ﬁ5ww‘!‘mﬁ2 SN, Vol M L TP Yy Y e 1
R AN e b

C. Half-Intengity width and minimuwe light transmission
Ths half-intengity width 2AY which is shown in Fig. 2, is derived
from Eq. (3) vhen A § = {1-8), i.c., for small § . For a particular re-

29K
flector geparation L oxne obtaing:

—R
24Y = "17?7{7‘5: (\29.:) (%)

The ninima in transkitted light intensity occur whenever the distance L

is an odd multiple of quarter wavelengths, i.c., when J’ = (2n+1)-g- H

(n=0,1,2 . . .). The expression for these minima ig written

Tem_ L _ )
T ) 1*‘“-%)1 © O 1eF ()

Calculation with R = 0.99 yields I,/Ij= 1.02 x 10~4. This characteristic
is important for the resolution of modes with weak amplitudes or modula-~

tion sidebands in the presence of unwauted noise or interference.

D. ¥inesge and Resolution

Fig- 3. shows a plot of adjacent resonances given by c/2L for the
scanning Fab:y Perot interferometer for various reflector separations L.
¥inegse ? ig defined [17] as the ratio of the geparation of thege reso-
nancza or peaks in light intensity tranemigsion ¢/2L to the half-iantensgi-
ty width 24Y. The finegse ;35 is thus found to be -?,1_{-,% -Fiz. 4 shows the
interferometer finegse ? as a function of mirror reflectivity R, Hence
a direct relation exists between finesge ? , reflector separation L, and
mircor reflectivity R. Fig. 5. shows this relation in termg eof half-

intensity width ZAY vs. interferometer mirror separation Lj as a

TR AR A xenc
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function of mirror reflectivity Ro
Valueg of half-intensity width 2AY and finesse F are particularly use-
ful in the evalustion of the perfomn(;e of the SFPI.

An important chnncte;‘iotic of the SFPI in it's high resolving

power. Thig resolving power is:

YV, _ 2FL
AY T TR ()

The nlt.e of the resolving power -}% is found to be equal to 7.34 x
107for a reflector separation of 7.5 cm and a mirror reflectivity of 99%.
This value is based on congideration of visual seneitivity [17] whereas
actual resclucion, when viewing an oscilliscope presentation of spectral
informtien, is considerably higher. A relation exists between this re-
golving power, derived by classical optical theory, and ita‘ counterpart
derived in quantue theory, as pointed out by Boyd aad Gorden {5]. Cone
sidering the quality factor Q of an opiical rescoater with light waves
retlected tack and forth between the mirrors, one obtains:

GQ - &Ik (2)

® A

bhere 4 is the fractiomel power loss per reflection. The two ex-
pressions of Egs. (11) and {12), for resolving power ¢ and quality fac-
tor Q respectively show the correspondence between classical and quantum
mechanical formulas vhen & is approximated as 1-R, and it is recalled

&‘zhko (n)a 3. %o
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E. Sumry

In this section the basic theory of the scanning Fabry Perot
interferometer light transmission characteristics is reviewed.
Half-intensity width ZAVJ, finesse ? , and interferometer
resolution are related to the physical parametersg of the instrument,
vis., mirror reflectivity R and mirror separation L. These charac-
teristics will be used in Section 5 for evaluation of the output

characteristics of the constructed SFPI.
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3. Matching of the Modes

A. GCeneral matching requirements
Excitation of the fundamental muooq mode in the SFPI
cavity preseats three major requirements:

(1) precise axial alizament of the SFPI with the

(2) proper matching of the treveling-wave field
of the laser xj.aﬁfiiation to the traveling
waves cstablished within the SFPI; and

(3) isolation of the laser resomator from the
reflected energy frowx the SFPI .

These requiramints are now digcussed in some detail.

(1) It -as been noted [19] that a misalignment of the SFPI
with regpect (« the laser beam, caused by a tilt or an axial
displacement »f “'e interferometer mirrors, results in the
excitation of n\ i.or order transverse modes within the SFPI cavity.
This off-axis '‘gnment causes a reduction in the interferomever
finesse ? o . addition, the presence

13
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of unwanted off-axis modes causes distortion and interference in the S¥PX
fundamental modes or mcdulation sidebands, when present.

(2) The second cedition for successful utilisation of the SFPI
is proper mode metching or coupling to the laser radistion. [20].
Efficient coupling of the coherent lager ligkt modes into the SFPI ca-
vity requires the matching of the diameter and phase front curvature of
the incoming lager beam to the corresponding characteristics of the funds-
mental interferometer mode. Consideration of the pertinent mstching para-
meters, vis., beam radius w, minimum heam radius wy and minism besn
radiug position Fo;is described in Section 3 B. Section 3 C smmmarises
the general matching procedures for typical laboratory comfigurations.
Section 3 D presents ugeful matching graphs for the SFPI congtructed. It
is suggested that for other SFPI configurations a similar set of graphs be
prepared as they greatly simplify the application and satching of the SFPI
to the laser output.

(3) 1In addition to the above requirements for proper coupling of
the lsser radiation into thg fieldy existing in the SFPI, there remains
the need for isolation of the laser from the ene-rgy reflected from the
SFPI which can couple with oscillating laser modes. Isolation is a-
chieved through the use of a linear polariser and a quarter-wave plate
positioned in the laser beam as near the lager as practicable. ftThis
arrangement is ghown in Fig. 6 with the polaricer being clogest to the
lager. The polarizer is aligned with the laser polarization and the
quarter-wave plate optic exis is oriented 45° with respect to the axis of
laser light polarization. Upon passing through the isclation combination

14
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the light becomes circularly polarised. When reflected from the SFPI

recéiving srror, the direction of rotation is reversed for the circularly

polarized light, and upen passing back through the guarter-qave plate,

this reflected light polarisation is mow orthczomal to the polariser axis

and it is thus attemmted. {18]

B. The Matching Parapeters
The required paremeters [6,21] for proper mode matchirng betwesa
the laser and the SFPI are

1)

(2)
3)

beam radiug v, algo called the spot gize of
half-width for the fundamental TEMooq mode.
This paramcter is showm in Fig. 1 as the
radius of the circle of the trangverse
amplitude distribution wiere the amplitude Eo
has decreased to the value Eg/e . )
minizum beam redivs v,

location of the minimm beam radius g

This is the axial distance from the mirror

to the internal pogition of the minimum

beam radius wp.

For a resonator with a peir of sphericel reflectors with radius

of curvature Rc and separation L, the beam radius at a reflector is

written: [6]

oy (1) -t
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The mirizum beam radius is: [6,15]

*“(g, )

2 1 ‘;‘l‘ - ‘

= Wi L

B ; ( L ) ~ eyt J (")

The apparantZlocation of the beaw minimm is: [6,15]

w R

In eqs. (13}, (34), and (15) thc subacripts L and I denote lager and inter-
ferom2ter respectively as do the subscripta 1 and 2.

The minimm beam radii w] and wy and their locations Zj arnd 2%
are of particular importance in the prepér matching of the SFPI to the
trangmitted lase: light. Kogelnik [20] has amalysed the catching problem
from which two basic formmlas, Eqs (16) and (17), ensued. Kogelmik de-
termined that the laser beam is properly transformed or coupled into the
natural mode of the SFPI by the focussing effect of a leng or lens system
ingerted in the beam at distances dj and d; from the respective locations

of v and wp . The digtances dj and dy are:

do= 41t W] (l6a)
O -

Where f is the focal length of the watching lens and fy is a

characteristic length given by

&g = _;Z_ W W, (f7)

-

2the appearance of AL index of refraction, in Eqs. 14 and 15, accounts
for a diffraction effect caused by the gecmetry of the reflector, where
the external surface of the spherical mirror ig flat. Further digcussion
of this effect is given in Ref. (15).

16
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In Eqs. (16a) and (16D) £ must be grester tham fo and the same sign

mgt be m.“o

C. %mmary of the matching procodures

Three matching procedures are svamarized below in terms of the
parameters pregented in Sectiorn 3 B. Case I is the general case and
Cages JT and III are gpecial cages derived from Case I. Thege pro-
ctdures were guccessfully applied for exch of the cases described. The
procedires iavolve egsentially a set of calculations which determine the
geoper location of the SYPI and the matching lens with respect to the
lcser position.

Cass.7. Opherical regomator. In this case the laser reflectors
are both spherical with radius of curvature %, and
separation Iy.

(1) Detcrmine w; using a variable round iris and a power
meter is fohov :
Inger: the iris in the lager beam at the trangmitting
mirror. 0Oocrease the irig diameter (2v) until the mster
paver realing is reduced by 13.5 per cent from the full
anertire yexding. The irig diameter at thig point is
ANT 4

Por titls cuat ti, Wy 2l-5 be calculated from Eq. (13).
{2) Hom By GW waladans wie
(3) E-om Ege. 13§ saa {ud) calculate wp and
:ﬁ nelng tio sprapriet? Re wnd Iy for
e:

fnter Fovaeisr.

(4) F¥rom Ego 33+ aclovinve &y, and 27, again using the

sppropriace by asd L foc the raspective laser and inter- .

ferometer caleus)tlious

(8) From Eq. (17) erloulase iy.

MY e R




(6) Select & lens of focal length £> £g, and calculats
the distances djand d; according te Eqs. (16a and b).

(7) ¥rom dj and dp, ZI, and Zj de¢ermine the location of
the SFPI aund the position of the matching lens
&ccording o Fig. 6a. The SPPI will thus be a
distsnce dy+d;~Z1-Z1 from the laser.

Caze J1 Hemispherical reaonator, collimmted. In this caae one of the
spherical mirrors is replaced by a flat mirror and the laser
beam is transmitted from the spherical mirror throuwgk built-
in collimsting optics.

{1) Determine w, using the wariable round iris as in
Case 1.3

(2) For the collimated beam wi=w; &nd 2y = O.
(3) Determine w2, fy, and Z] as in Cage 7.

(4) Select a lens with £ = fg or use a pair of thin
lenses to achieve a combined f = fj according £2:{%3

g
f A (18)

wherc f; and fy are the thin lems focal lengths,
and R s the requived separation.

(5) The matching lens {or pair of lenses) is positioned

at the laser and the location of the SFPI is deter-
mined at a distance fo~Z3; according to Fig. 6b.

3For the hemigpiicrical resonator wL may be calculated from the following

Eqs.: o 2 1,',
vy, (spherical mirror) = (_%r,_)" Re EL (1)
wi (flat mirror) = [ (-#-)‘ L(RZ‘L) -J s (20)

The iris method above is recommended, however, since the accuracy
attained is quite satisfactory for requirewments.

4ihen using the double lens system to achieve the desired focal length
fafo, adjustment of lens separaticn A tor best focus of wy is facili-
tated by holding a card inside the SFPI and slightly adjusting the
lens closest to the lzser until best focus of the beam on the card is
obtained, 2s indicated by minimum spot size.

18
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Cage JII Hemigpherical resonator, uncollimated. In this case the laser
mirrors are the sane asg in Cage II but the laser beam emerges
from the flat mirror and is uncollimated.

(1) Select an appropriate lens with a facal length
fc and collimgte the laser output by placing -
thig lens at 2 distance f from the transmitting
mirror. Then the procedurs is the same as in Case
II for the collimated hzam.
D. Specific matching graphs for the interferometer
Once & particular coafiguration is chogen for a SFPI construc-
tion, the matching procedures outlined above are coansiderably simpli-
fied by graphical methods. Graphs of the required parameters vy, Zy and
fo MY be propared iu advance for repeaged ust in all matching situs-
tions. The graphs presented in this section in Figs. 7, 8 and 9 are
prepared for the SFPI evalusted, where the reflectors were spherical v ch
radii of curvature Rc=3m, and their sepiratior was variable over a range
from 5 to 12 cm which was considered appropriate for preventicn of am- -
biguity in the “r ‘gmitted spectrum®,
Fig. 7 shows values of the characteristic length parameter £,
for various SFPI mirror separations Ly as a function of laser
minimm beam radii w;.
Fig. 8 shows variation of the parameter Z; as a function of
the intecferometer mirror separation ij.
Fig. 9 shows variation of the parameters wp and wy as a
function of interfercmeter mirror separation lj.
SPurther discuasion of ambiguity problemg is given in Section 4 E.
For 113 10cm che interferometer free gpectral range c/2Lis less

than the Doppler broxdened line and spectral displays show over-
lapping mode patterns.
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E. Matching graph? for the Spectra Physics )hdgl 116 lager

Additional graphs of the lzser parameters Zj, wp and wy (defined )
on p. 13414 ) may also be prepared for matching requirements for con-
ditions where the lager reflector s¢paration Lj mey vary, as in the case
of the Spectra Physics model 116 laser® used in the MM lager experiments
described in Section 7. Craphs of the pameters 2L, vy, and w; are

shown in Figg. 10, 11, and 12 respectively, for variation of laser mirror

oW P S Y R TR ST MK T T T (R R

separation Ly from 100 to 200 cm. The laser mirrors were both spherical

with radii of curvature R, = 3 m. .

Thus all the required matching parameters may be determined graph-
ically, for rapid use in the matching procedures described in Section 3 C.
A quick check of the laser minimum beam radius, wy, (based on wy) is

YA A w1 i S
. .
4

recommended as a precauticn, in the event there may be some additiomal

effects such an intermal modulator or aperture in the laser beam which

may cause & variation o}khis parameter.

s LA

6gpectra Physics Corp. Mountain View, California Preliminary Informa-
tion Sheet Jan 1965,

24
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4. Construction and operation of the interferometer

H A. Description of the apparatus
%
3
The main structure of the SFPI is showr in Fig. 13. The SFPI con-
sists of two vertical plates of aluminum ground stock vhich are fixed to

a horizontal plate about one meter in length. The two vertical plates

}ﬂ support four invar spacer rods. One end of the horizontal plate is
hinged with spring steel to a main bage plate and the other end can be

iy moved with vertical and lateral freedom for the purpvses of alignment of
. the SFPI. This motion is provided for by the two vernier controls (B)
which are shown in Fig. 13. Fig. 14 shows the mounting of the SFPI front
receiving mirror.(A) This mirror is cemented to & hollow ceramic piezo-
electric transducer (B) vhich is in turn mounted in an aperture in the
front face plate. The piezoelentric transducer provides axial motion of
the receiving mirror and thereby scans the SFPI resonance across the por-
tion of the spectrum which contains the laser modes. This transducer and
mirror scan ig described in detail in Part C of this section.

The rear nirror mounting assembly is shown in Fig. 14. A third

vertical plate which carries the rear mirror mounting assembly, is sup~-

ported and axially guided by the four invar spacer rods. The location

of thie vertical plate and thus the rear mirror, determines the basic

SFPI reflector spacing Ly, and thus the interferometer free spectral range.
The rear mirror (C) is located in a retaining holder which is in turn

placed in an aperture in a circular mounting disc (D), as shown in Fig. 14.

These controls provide a tilt of the circular moun*ing disc about axes

that are oriented 60 degrees from the vertical to avoid confusion with

28
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Fig. i4 Detailed view of the interfercmeter cavity showing

the mirror mountings.
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the vertical and horizountal contrel of the frong sdrror aligment. The
circular wouting disc is attachcd to the vertical plate by beryllium
springs which provide for positive control and avoid backlash effects.

Th: nain base plate is supported at three points with provision
for limited overall height variation during initial location of the SFP1
with respect to the incoming laser beam. A suggested basic aligoment
procedure is described in part B of this section. The entire asgenbly was
covered by a large plexigiass cnclosure to prevent environmental disturbe
ances guch as drafts and airborne accoustic effects

The degign of the SFP1 constructed follows a pattern of one con-
structed at Bell Labratories [15] with variations in mirror mounting,
alignment control and the use piezoelectric scan drive vice the moving

coil gystem for improvement and experimental requirements.

B. A preliminary aligmaent procedure

The initial physical alignment of the SFP1 with the laser beam is
achieved through adjustment of the position and aligmment contirols Ae-
scribed iu the previous part of this section as follows:

After determining the pogition of the SFP1 witl:i resgpect to the
laser, according to the matching procedures described in Section 3 C, the
structure is placed so that the incoming laser beam passes through the
front face plate aperture and the front mirror mouuting assembly. %he
front mirror aligmnent is then adjusted (by means of vernier contrcls B,
Fig. 13) until coaxial alignment of the laser beam and the SFP1 cavity is

achieved. Thig may be determined by placing 2 suitable snall aperture in

3
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the lager bess and adjusting the aligzment, :mtil the reflection of the
laser beam from the receivieg mirror (&, Fig. 14.) pasees back upon it~
self, i.e., through the sxell sperture from which it originally came.
Finally, the rear, transmitting mirror aligoment is adjusted (by means of
controls E, Fig. 14.) until the far field pattern of the SFP1 output beam
becomes a single, well defined bright spot with the qu mode emplitude
distribution. Slight readjustment of the receiving mirror controls (&)
Fig. 13 wmy be required. Magnification ef the far field pattern may be
obtained as necesgsary by placing a diverging lens at a practicable posi-
tion in the output beam of the SFPI.

This completes the initial aliguwent procedure. After a digcus-
sion of the piexoelectric scamning technique and the method of detection
and prescatation of the SFPI omtput, the finmal method for precise align-
ment of the SFPI will be discussed.

C. Piegoelectric scan and digplay of the interferometer output.

Thig section describeg the scanning technigue, by which the pas~
sive SFPI resonance is swept over the laser output frequency spectrum,
and a highly resolved presentation of the lagers spectral characteris-
tics is obtained for visual study and amrlysis.

A piegoelectric ceramic trangducer of lead titanmate zircomate
(henceforth abbreviated PZT-4) [22] was used (B, Fig. 14) to provide
axial motiom of the SFPI fromt mirror (A, Fig. 14), over a range great-
er than four half-wavelengths for A,= 6328 A®. Manufacturer's speci-
fication for atrainz per applied woltzge is apprcximately 8.8 A" per wolt,
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using a cylindrical PZ%-4 tube with dimengions and strair constants as
ghown in Fig. 15a. Controlled transducer driving voltages up to the break-
down limit for the tube (1290 volts) were obtained from the combination

of a variac and a 60 cycle line voltage transformer.

When using the PZT-4 trangducer, with the variac control, driving
voltage is simultaneously applied tv the transducer and to the external
sweep circuitry of a Tektronix $31 oscilliscope. This voltage caused the
trangducer to move the front mirror and thus sweeps the resonance of the
SFPI across a limited portion of the optical spectrum which containg the
oscillations or uwodes of the laser radiation. The light trangmitted by
the SFPI is received by an RCA 7102 photomultiplier, whose¢ output is then
appiied for vertical deflection of the oscilliscope. Because of the
sinugoidal nature of the driving voltage and thus the mirror motier pro-
per blanking of the return sweep is required to eliminate a double trace
presentation on the oscilliscope.

When the horizontal deflection of the oscilliscope is syﬂchro-
nised with the trausducer driving voltage and thus the mirror scan, a
linearly calibrated display of the optical power spectral density of the
laser radiation including the number, intensity and relative position of
the modes is presented on the oscilliscope.

For sgtudies of the FM laser it was necessary to replace the P2T-4
transducer by a PZT-5 variety which is more gsensitive. The configuration
of the FZT-5 trangducer and its strain constants are ghown in Fig. 1Sb.

This new transducer provides a scan of greater than onghalf wavelength at
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Rt =7 gt oty ¢ A e il

Fig. 16 A typical arrangement of required apparatus for laser
spectral analysis with the interferometer enclosed
in the plexiglass cover.
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6328 A® when driven by a 150 volt sawtcoth voltag? from the oscilliscope
deflection sircuit. This sawtooth voltage was triggered extermally o

[ T IR AT

that gynchronoua presentation of the lager output was available when
pulse modulation was applied.7 Fig. 16 shows a typical arrangement of the
; SFPI and the required ingtruments for spectral amalysis, including the

* driving voltage source {(A), the pliotomultiplier (B), the oscilliscepe (C)
and a DC bias for the driving voltage (D).

De Final aligmment and congiderations for application of the interferometer.
i The preliminary alignment procedurzs suggested iz Saction 4 B

¥ usually are not precige eno~gh to obtain an oscilliscope pregentation of

| the quality required for accurate spectral analysis of tue laser output.

g

Once the oscilliscope presentation ig obtained, however, additional adjust-
ment of the aligmwent controlsg while observing the effects on the ogcilli-

sccpe, provides the necessary means for achieving final perfection in the
SFFI aligmment.

oy . [T

After a brief description of the general nature of the gpectral

output of lagers, two particular application congiderations are described

-

which are required for optimum gpectral aralysis results.

B L T

The spectral output of lasers [23] congista of an engemble of axial

o~

modes or ogcillations the number, spacing, and amplitude of which is de-

(o TTta MM Lager Systea is discussed in further detail in Section 7. The
! KDP (potaggium dihydrogen phospbace) electroptic modulator requires u
3 pulsed form of modulation in order to achieve peak power requirements
Ef ) vhile conforming to the aversge power limitations of the crystal.
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terimined primarily by the lager cavity resonances that independantiy
saturate thz Doppler-broadened flour2scent line. A typical spectrum is
ghown diagramatically in Fige. 17. The Doppler width of the line is ap~-
proxinately 1500 Mc/s. The free spectral raﬁép for the laser resgonator
is given by ¢/2L. Two particular consideratio;Q on which we ghall corment
are (1) the requirement for selective mode excitat?pn in the lager and

)

(2) the requirement that the SFPI free spectral ranﬁglbe properly chosen

q
to avoid ambiguity in the ovtput information presented’on the ogcilliscope.
2

S1 0 PPN AR s i b
1

{1) For optimum gpectral analyeis of the laser‘hgtput, the lacer
should be operating in the fundamental TMgng mode. This uéil inqure that.
higher order nodes which zay be present in the laser radiation and sul-
sequently in the SFPI output, are not mistaken as a misalignment indica-

tion and cause undue effort and delay while atterpting to improve the

oscilliscope pregentation. A Caugsian intensity dietribution in the far
field usually [24] indicates that the Felgog sode of laser operation has
been achieved. If any doubt exists; a direct check of the laser iF beat
frequency spectrum with a photomultiplier and XF spectrum analyser ghoald
reveal any significant higher order modes, if present.

(2) To conduct an accurate examination of the laser mode spec-
trum & suitable choice of SFPI free spectral range nmst be wale. Suf-
ficient clcarance must be provided between the oscilliscope presentations,
vhich are periodic, in order to resolve the axjal modes present in the
laser output. Additional clearance is requirsd in the event the lager
output apectrum contains modulation sidebands. Whenever the SFPI free

spectral range is less than the Doppler bvroadened florescnce line, as

37

e o p———— R




e Wt e - .
- co R = s onaw e ol

.

£
|
E 4 .
3
&
i
:
T , DOPPLER ___,|

WIDTH
/
]

i IR

c/ZLH LASER FABRY PEROT
ETALON RESONANCES

Fig..17 A typical laser mode spectrum showing
the Doppler broadened line width and
the Fabry Perot etalon rescnances
spaced by c/2L.

38




shown in Fig. 18a the reaultant oscilligcope display cuntaing overlapping
axial modes as showm in Fig. 18b. A choice of SFPI reflector separation
greater than 10 cm can caus? this ambiguity problem in the oscilliscope
display, since ¢/2L is 1.5 Gc/s for L=*10 cm, which is the agsumed value
for the laser Doppler broadened line. In certain instances greater reso-
lution ney be required and the display ambiguity must be congidered care-
fully for accurate anxlysis of the desired information. When the laser. .
output spectrum containg modulation sidebands, the SFPI reflsctor separa~
tion should be chosen to provide clesrance oa both sides vi the Doppler
broadened linde Fige 19 shows a diegram of a typical display resulting
from a proper choice of SFPI mirror separation for stadying a 1.25 Gc/s
amplitude modulateu lager with five axial modes present. Ly chosen in
this cage vas 4 cm, which gives a SFPI free gpectral range c/2L of 3.75 Ge/s
which is sufficient to preveat display overlap for this modulation fre-
quency. Laser mode frequency spacing is shown as ¢/2L; = 250 Mc/s.
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} ' Fig,. 18 &a. A diaegram showing the scanning interferometer
S resonances separated by c/2L;, less than the
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5. Exporimental Evaluation of the S:anning Fabry Perot Interferometer
A. Method of evaluation and arrangement of the gystem.
Experimental evaluwation of the SFPI included:

(1) A check of the alignment procedures and controls;

(2) Application of the matching procedures; and |

(3) A comparison of the output characteristics of the SFPI with
the theoreticel resultz of Section 2. The resultg of these evaluations
are contained in parts B. C. and D. of this section, respectively.

The initial experimental arrangement is ghown in Fig 290. A
Spectra Physics model 131 gas laser, operating with & hemigpherical reso-
nator, provided approximately .5 mw of optical power in the TEMooq mode.
This output beam was passed through an igolatirg polarizer and quarter-
wave plate combination and was matched to the SFPI by & double lens sys-
tem pogitioned according to the matching conditions of Cas¢ II. The SFPI
receiving mirror was scanned by the PZT-4 transducer which was driven by
the variac and line transformer combination voltage source. The output
radiation from the SFPI was detected by an RCa 7102 model photomsltiplier
and displayed on a Tektronix 531 oscilliscope. Horizontal deflection of

the oscilliscope was synchrerous with the pisgzoelectric mirror scan.

B. Alignment procedure and evaluation of control performance
Accurate and precige fabrication of the sFp1® ingured excelleat
aligoment of the bagic structure with minimum adjustment necesgsary for

operation.

8By Mr Lyle Wighi:* of Sylvania Electronics System
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Verpicr controls of the rear mirror sligrment were cemtered by changing

the basic support angle of the rear mirror mounting disc-g Improvad re-

' gponge of the roar mirrer vernier controls was obtaimed by freeing the

control plungers and tightening the mounting digc retaining spring ten-
giong. The P2T-4 trangducer was initially shimmed glightly at the base to
correct an axisl migalignment conged by an errer in the flattness of the
transducer at the mirror interface. No discerasble improvement resulted
from this procedure, however, and the ghim was subsequently removed. The
piezoelectric scan was measure and found to be within one per cent of the
mamfacturerts specification, vig., approximately 880 A® per 200 volts
applied voltage throughout a scanning rauge in excese of thrae half-wave-
lengths. Oscilliscope displays of greater than three half-wavzlengths
scan without off-axis distortion, gave visual wverification of the coaxial
motion of the scanning mirror.

Aligument procedures outlined in Section 4 B were a succeasfully
followed for all applications of the SFPI in this paper. Regporse to
controls was excellent with no dizcernable backlash, and 2 high degree of
gengitivity. Aiigment stability is greutly dependent on the application
environment. Of particular importsuce ig the requirement for isolation of
the SFPI and matching lens cozponents from physical digturbance whick
necesgitates realignwent. After initial, precise aligament, only very
minor adjustment of posgition controls was reguired for typical applications
% small ball bearing provides a replaceabie pivioting seat at the bage

of the rear mirror msunting digc, held fagt by the dise retaining spring
teuzion. In the rear mirror ig seated glightly askew with regpect to the

axin, this bearing may bo replaced &g sn alternatave to regeating the
airror in its mount at 2 better angle.
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¢f the SFPI such &g in the FM Laser Program study.

Brift of the entire ogcilliscope display was greatly effected by
air currents between the SFPI mirrors, and by asbient tenperature vari-
ations which changed the SFPI mirror scparaticn. These effects were
mitigated by s plexiglass cnclosure, which also reduced short tzrm {re-
quency fiuctuations in the S¥PI output caused by local noise. Temporary
drift of the oscilliscope display is eagily compensated for by application
of & guitable DC woitage to the trausducer as & bias to center che mirror
gscane A gypical result of SFPI output digtortioa causad by mechanic&l
vibraticns and microphonics is shown in Fig. 26, (p.54 ). High speed -
photo eachuiques with exposure times 0.02s or detter climinate mogt of the -
uniegirable fluctuationg caused by envirommental disturbances. For optimma
performance and results the SFPI and matching conyeriuncs migt be located |

on a stadble platform.

C. Evaluation of the matching proszdures

The matching procedures dessridbed in Section 3 @ for Tage IX were
successfully applied to the coliimated heas rediated feom .~ hemispharical
resonator of the 131 rodel imger. 2 pracilesl wothod of application of
thege matching procedures is- suggested as Jollowz: & double lens gystem
iz used to achieve the required focel length f = £, Alter setting the
double l2ns system and the SFPX gccording to the calcwleted velugs of the :
characteriatic length f,, the long cicsest to the laser iz woved to vary o
the pogition of the beam focus 6 & polut ingide the XWX & distance &3
from the receiving mirrors Accomplighment of this focus ig cbserved
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by holding a ca:! ingide the SFPI cavity at the required focal point, and
varying the lens popition until the minimum spot is achieved. Some diffi-
culty is encountered if the double lens system is not stably placed »n &
quitable smll optical bench. Tt traversal of the umatching lens must
remain coaxial with the laser Leam as the lens is adjusted. Observation
of the oscilliscope display is of assistance in subsequent adjustment of
the optimal positior: and focussing of the double lens system. The oscilli-
scope display also gives an indication cf the extreme criticallity of this
particular phase of the alignment and matching procedure. Appendix I, Ta-
ble I contains a summary of the results of the applied procedures for
matching the SFPI to the 131 model lager output for SFPI spacings L1=5, 7,
11, and 14 cm.

D. Obgerved characteristics of the interferometer

It was found thst the 131 model laser output consisted of three
axial sodes separated by S00 Mc/s. The frecuency spacing of the modes is
determined by the length of the laser cavity, which is Lyx 30 cm for this
=sdel laser. This frequency spacing was verified by an RF beat frequency
spectrum amlysis of the output of a photomultiplier with direct detec-
tion of the laser beam. This axial mode freguency separation was subse-
quently used as a convenient calibration fer the oscilliscope display by
aligning the axial modes vith the desired oscilliscope scale markings.
The limited number of axial modes escillating in the 131 model laser makes
it an ideal seurce for initial experimenting and for the purposes of
fuilhrizing. oneself with the metching and alignments of the SFPI.
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The first observations made of the laser mode spectrum revea.. -
that the half intensity width 2 Y and consequently the finesse Fand
resolution of the SF¥I were considerably below anticipated racuirements.
Conclusion was immediately made that mirror reflectivity was nct the 99
per cent desired. According to a half-intensity width 2 AYof &pproxi-
mately 40 Mc/s, (Ly=7 cm) and to values plotted in Fig. 5, the true re-
flectivity was determined to be only 95%%0 A new pair of reflectors was
subsequently installed. The measured light intensity transmission loss
for these mirrors was approximately one per cent, which when combined
with absorbtion and scattering losses, yiclds a mirror reflectivity of
approximately 98.5 to 98.7%. Figs. 22a and b give a clear indication of
the improvement in resolution achieved, and the critical dependance of
this resolution on the requirement for high values in mirror reflectivity.

Fig. 21a shows a typical output spectrum of the Spectra Physics
model 131 laser, when proper mtching and alignment is achisved, while
fig. 21b shows the effect of misaligmment or improper matching. Fig. 23
shows the variation in individual mode amplitude causcd by .hermal effects
on laser cavity dimensions. The lager modey are seen to drift across the
Doppler broadened flourescent line as the central cavity resonance fre~

quency changes with resonator dimensions .11

lo'mis figure was verified by a direct reading on a power meter. Re-
flector light intengity transmitted was greater than 4% of the input.
Thig value combined with absorbtion aid scattering losses yields a
mirror reflectivity approximately the 957 value letermined above.

115 brief study »f this long term frequency drift is preseated in Section
6, using the grester number of more closely spaced modes in the output
of a 115 model lcsers
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Pig. 21 Spectra Physices model 131 laser modes

o/2L = 500 Mo/s
&a; 8§91 properly aligned end matohed to laser

b) SFPI missaligned and not matched to lexal
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R 955
Scales 100 Mo/s per
division hsrizontal

24r~40 Mo/s

R 985
Scales 50 Mo/s per
division horizontal

20~10 ¥o/s

Fig, 22 Improvement in resolution with increase
in mirror reflectivity K
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Mg, 23 Speotra Physics 171 model laser mode
amplitude varietion caused by thermal
effects on laser cavity length

50

[P P

[ NP PP VN NUE VI UV S VUSROS S




- e ue

25 -
24V
(Mc/s)

20 |

15
R=98%

10 |

]
5 7 9 11

1 15

B
I.I (c.m)

Fig. 24 Experimental observations of the interferometer
half-intensity width 28¢¥ vs. mirror separation L.
Theoretical values for R = 98% and 99% are
shown for comparison.
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Photographic da'a was taken to determine the half-intengity width
for SFPFI mirror spacings of 5, 7, 11 and 14 cm. The values ob-

tained for 2AY at these points is shown in Fig. 24, with excellent agree-
ment with ths theoretical values of Fig. 5 Section 2. The tendency for
half-intengity width meto be siightly greater than theoretical values,
egpecially as SFPI mirror spacing is increased, is attributed to devi-
ations of matching and alignment from optimum requirements. For each par-
ticular SFPY mirrvr separation, new positions for the lens and the SFPI
were required, according to proper matching procedures, in order to achieve
the maximum resolution capability ox the ingtrvment. In normel applica-
tion situations only cne setting of the SFPI mivrror spacing is used during
experimentation, and the matching arrangement once established does not
change. Improvement in half intengity wadth 2AY by as mich as 10 per
cent was realized when the lens system gnd SF7TI were properly relocated
for each new setting of the SFPI mirror spacing Iy, during this particular
phase of evaluation.

Variation of the SEPI mirror spacing Ly resulted in a change in
the free spectial range which was observed to be in exact agreement with
expected values of 0/211 shown in Fig. 3 for all sracings used. As shown
in Section 2 D, the ratio of the SFPI free spectral range %izto the
half intensity width 24" determines the SFPI finesse F . The finesse
# achieved was found to be between F = 230 to 264 which is also in a~
greement with the values shown in Fig. 4 based on a mirror reflectivity
estimate of approximately 58.5 to 98.7%. Typical photographs used in de-
termining the half-intensity width ZAY are ghown in Figs. 25 a,b and c.,
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Fige 25 Varietion of half-intensity bendwidth 2gv
with SFPI mirror spacing I‘I
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Fige 26 SFPI output distortion caused by
8) mechanical vibrations and microphonics
2b SFPI free spectral range being approx
imptely the same as the Boppler 1linewidth

54

R




with SFPI mirror separations Ly of 7, 11, and 14 cm and half-intensgity
widtliz 24Y observed ag 9.5, 7.5, and 5 Mc/s respectively.
In the process of taking data for evaluation of the half-inten~
sity width Zlnﬂthe SFPI mirror spacings of 10 cp and 15 cm were avoided
since the free spectral range of the SFPI would then have been a nultiple
of the lager mode separation and an amﬂigaous ogcillise .p» digplay re-
sultg. This ambiguity was previously discussed in Section 4 D. Figs. 261
and ¢ ghow a situation where two modes .n the diaplay are almogt super- ;
impoged and it becomes difficult to obtain an accurate calibration because

the proper selection of laser modes is not readily apparant.

E. Summary

We now have a clear indication of the performance of the SFPI from
experimental observations which are in excellent agreoment with theoret-
ical values. The same type of optical rosonator which provides for the
successful operation of lagers also affords us with a means for studying
the laserts output. A piczoelectric scan of the passive SFPI resonance
across the laser output band of frequencies provides a highly regolved

display of the lager spectral characteristics for visual study and analysis.
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6. Frequency Stability Study of the Spectra Physics Model 115 laser.
A. Introduction and background

The SFPI was applied to the study of long and short term frequency
stability characteristics of & 115 modzl gas laser under envirommental con-
ditions as described below. Additional experience with the matching and
aligment procedures wag algo acquired during experimentation with this
laser. '

Although no final standard has been et for frequency stability of
lasers, measurements have been made by Javan and others [26] using two
CW, He~Ne gas lasers with improved mechanical atability and adjusted to
opcillate in only one mode. These measurements were made by RF beat fre-
quency spectrum analysis obtained "under typical Bell Telephone Labratory
conditiong"s It was fowid that a long term frequency drift of 0.5 Mc/s
per 100 & oncurred which corresponds to two parts in 109 for the 1.153
micron transition. %his long werm frequency atability is effected by ther-
mal and mechanical variations of the laser Fabry Perot etalon spacing, and
is therefore dependent on the environment in which the measurement is made.
The sensitivity of this dependence is well illustrated by the fact that,
for the Spectra Physics 115 model iaser, a minute change ijn reflector spac-
ing of 12.5 A® caused by ambient temperature or other variations, cauges

a change of approximately one Mc/s in the freguencies of the output modes.

B. Purpose and methods of experimental observations
The purpose of this experiment was to apply the SFPI to a study
of long term laser mode drift in order to compare the drift under varying
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environmental conditions. In addition, the SFPI was applied te observe
the decreage in mode drift from initial light-off until a steady state
operation is established in order to determine & required warming time
before a steady state drift is established.

The SFPI provides a more direct method for measuring frequency
drift and short term fluctuations in the lager output than that of Javan
decribed above. By observing the variation of the amplitude of a partic-
ular z5de as it drifts across the Doppler broadened flourecence line and
relating the change in amplitude to the known axial mode frequiicy sepa~
ration, a direct measure of laser frequency drift is obtained. Pre-
sentation of the SFPI output on the oscilliscope revealed three gitua-
tions for vse as criteria for mode drift measurement by this direct metkod.

(1) A measurable time elapses between the generation of two con-
secutive modes above threshold for cscillation.

(2) A measurable time elapses between the decay of two consecu-
tive modes below threshold for oscillation

(3) A meagurable time elapses between the attaimment of meximum
amplitude (center of the Doppler broadened line) by two consecutive modes.

Using any one of these measured times, and the fact that the axial
mode separation for the 115 model laser is 250 Mc/s (based on a reflector
separation of 60 cm), a laser mode drift may easily be obtained from direct
visual obszervation. No particular variation was observed in using any or
all of the above criteria for the experimental determination of the laser

mode drift. Measurement of short term frequency fluctuations, using the
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SFPI, ig by direct high speed photographs of the oscilliscope display of
the mode frequency fluctuations caused by vibration, microphonic, and

noige effects.

C. Experimental arrangement

The arrangement of experimental apparatug for the laser frequency
stability studies was as shown in Fig. 20 p. 43. The more versatile 115
rmodel laser was used in place of the 131 model. The 115 model laser oper-
ating with a hemispherical resonator (Case II, on p. 18) provided a colli~
mated output the power and mode content of which could be power supply and
mirror position adjustment. Appropriate matching conditions for this case
are surmarized in Table I, Appendix I. During the matching phrage of this
experiment, a particular off-axis mode in SFPI output could not be elimi-
nated by careful alignment efforts. The usual off-axis interference and -
clutter wvas elimated, but despite all effort, distortion remained in the
oscilliscope display. A direct check of the laser output by RF beat fre-
quency spectrum analysis rev¢aled a 15 Mc/s beat note in the analysis of
the laser output, This verified that the distortion, in the SFPI output
was not caused by misalignment or imporper matching, but by a higher
order trangverse mode in- the laser radiation.l2 This observation cnphasizes
the conplementary use of the SFPI and the RF gpectrum analyser in thisg re-
spect. The number of modes in the laser output varied from seven at 4.5

milliwatts to four at 1.7 milliwatts output power with the laser operating
12v04e impurity in the output of the 115 model laser has teen studied by
Heinerann and Redlien [24] who observed that the Caussian intensity dis-

tribution in the laser output does not always indicated achievement of
the TEMpoq mode of laser operation.
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Fig. 27 (a) Distortion in Spectra Physics model 115 laser
spectrum when not in 'I.‘l:‘.l‘imq mode; c/2L% 250 Mc/s

(b) Expanded view of (a);Scale: 50 Mc/s per division
horizcntal;Note the frequency fluctuation caused by
short term vibration effetts

(c) Short term instability in frequency v and ampiicude A
AV'a 4 SMc/s ; AA® & 5 per cent; T = 0,04 8

(d) vVariation in mode amplitude caused by long term frequency
drift; T~30 8 between each view
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in the TEMggq modes A moximum power of 5.6 milliwatts (eight wodes) had
been obgerved, but there was excesgive higher order wode interference iu
the leser radiation. This is shown in Fig. 27 a and b, The distortion
was reduced by adjustment of the controls for layer mirror alignment to
achieve TEMppq mode of operation.

The SFPI was gituated ingide a plexiglass box enclosure, as pre-
viously mentioned in Section 5 B, and covered with a large plastic cloth.
Thig protection eliminated a slow drift in the entire oscilliscope pattern
usually caused by such effects as drafts in the SFPI cavity or ambient
temperature variations in the SFPI mirror spacing. Vibration effects, such
as nicrophonics, were reduced, but mechanical vibrations still cauged occa-
sional fluctuations in the SFPI resonances. The ghort term effectg had no

noticible effect on the long term frequency drift observed.

D. Experimental observatiuns

(1) An observation of the lager mode drift was made at night in a typical
laboratory space yith doors closed and norwal equipment functioning for ex-
perimental requirements. The laser was lighted off and drift recorded dur-
ing a period of three hours to determine the length of the time required to
establish an equilibrium or steady state drift. The results of this experi-
ment are shown in Fig. 28, The laser presented four modes for observation
with & power output from 1.7 milliwatts to 1.8 milliwatts. A steady state
drift condicion, where the mode drift is no longer attributed ¢o the ther-
mal effects of the laser warming up, was achieved in approximately 90 min-
utes. The drift was determined to be legs than 1.4 Mc/s per 180s. Fig.

21 d shows a typical observation of the mode anplitude variation which was

used for drift measurement. The sequence was taken at 30 gecond intervalsg
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and shows a pattern repetition or total frequency drift of 250 Mo/s has
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almogt occurred. Drift in the sequency was to the right across the
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Doppler line display, as indicated Ly the growth of the left mode as it
nears the center of the Doppler line. The elapsed time for this par-
ticular observation was subsequently recorded as 55 seconds resulting in
a drift of 3.85 Mc/g per 65s. The observation was talken at time 0 + 52
minutes and is circled in Fige. 26.

i (2) Additional observations of laser mode frequency drift were obtained

under varying laboratory conditions with the results as low as 2.5 Mc/s
in a closed laboratory in the daytime to 5 Mc/s drift during normal work-

ing conditions. Long term frequency drifts as high as 10 lc/s were

. N man

recorded during sudden envirommental changes or variationg in the lager

AV IR AL AP T AL ot Al * St

power level. Steady state conditious were subsequently regained in a

g~ N -

period of from 15 to 45 minutes depending on the type of variation which.
originated the disturbance. Fig. 2S shows a typical drift variation

caused by & reduction the laser power lcvel from 4.5 milliwatts to 1.8

ISR ERISTEN Y ST

milliwatts output.

(3) Short term mechanical vibrations and noise caused fluctuations in the

:
; frequencies and awplitudes of the modes presented in the SFPI output. These
é fluctuations are caused by a combination of both the SFPT and the laser re-
ég flector vibrations, and cannot be attributed to the laser characteristics
3 1 3

=3

T
-

alone. Under varying laboratory conditions ranging from quiet night to

ST
D L

normal working conditions, the intermittant fluctuations ranged from lMc/s

AR e

to as much ag 10Mc/s and the mode amplitudes of the modes presented in the

el

SFPI output. Thege fluctuations are caused by a combination of buth the
SFPI and the lager reflector vibrations, and cannct be attributed to the

laser characteristics alone. Under varying laboratory conditions ranging
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Fig. 29 A typical laser mode frequency drifi A¥vs.T
caused by a reduction in laser power
output from 4.5 to 1.8 milliwatts.
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from quiet night to normal working conditions, the intermittant fluctua-
tions ranged from 1Mc/s to as much as 10Mc/s and the mode amplitudes of
the well formed center modes in the Doppler broadened line varyed from $
percent to as much as 30 percent. A typical observation of the rapid mode
fluctuntions im shown in Fig. 27 ¢, with T = 0.04 s. A)’&S‘M«and aA -

t five per ceat.

E. Sumary and conclusions for Section 6

The most effective use of the SFPI for any frequency characteris-
tic study, such as stability, dictates that the ingtrument be igolated
from all environmental disturbances which might superimpose SFPI ingta-
bilities onto the laser instabilities. Long term frequency drift is much
less affected since the method uged in this sectiom ig dependent on only
the relative amplitude varizations of the laser modes as they drift across
the Doppler broadened line. Rapid fluctuation studies require an extreme-
ly stable platform for the SFP1 with resgpect to the lager platform in
order that any fluctuations may be attributed to the lager itself. This
may be quite difficult in instances where the laser is also situated on a
stable platforme A conclusion is made from experimentation that a laser
requires u definite gtabilizinug period after light-off for equilibruim
in long term freguency stability. In addition any environmeatal vari-
ationg or power changes glso require a stabilizing period for the lager

-
. L

to regain a steady state operation.
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7. Application to the FM Laser program
A. Introduction

The most interesting aspect of the work completed at the Elec-
tronic Defense Laboratories, was an application of the SFPI to a study
of the gpectral characteristics of the FM Laser [9]. After a brief bauvk-
ground digcussion in part B, the bagic principles and operation of the %
Laser are discugsed in detail in part C in order to clarify the results.
obtained from the application of the SFPI in the program. Experimental
application of the SFPI is then described in part D. Photographic results
are presented as an indication of the various spectral outputs of the
laser during the ™ Laser experimental studies, and as emphasis of the im-

proved regolution and value of the SFPI constructed for this program.

B. Background

One of the significant problems encountered in the development of
an effective, working optical commnications systen, esploying optical
heterodyne receivers, has been the need for well defined mode control of
the multimode operation of the lasers uged. [12] This need ariges from
the nonlinear interactiong between the multiple oscillations of firee
running lasers when used as optical carriers or local oscillators. The
randonly phased oscillationg produce multiple beats vwhen mixed in a
square-law photodetector. The majority of thesze beats are congidered un-
desirable noigse which interferes with or even obscures the signal received.
These problemg had previously rendered the laser ineffective as an optical

carrier or lecal cscillator.
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The MM Lager is the result of a new technique of mode contirel developed
to eliminate these¢ problems. Instead of operating tie lager in a lew
power singie mode fashion to eliminmate the multiple interfering beats, &
new technique assigns amplitudes and phases to the free rumning lager
modes, which causes the multimode output to have the .cpectrum of a fre-
quency modulated (FM) gignal, hence the resultant FM laser. The MM
Lgser modes have amplitudes and phases of an FM signal and when mixed at
& photodetector with another gignal no longer produce the undegirable
multiple beat effects because of the phase chrrasteristics of FM sideband
pairs, The Fi Laser ir; therecfore available {.r use in heterodyne re-
ceivers as a local oscillator or as a signal carrier with all the power of
the now well defined and controlled modes, and without the undesirable
miltiple axial mode Leats (noise) when detected with a photomultiplier.

C. Principles of the FM laser and initial experimental operation
(1) The principles and initial operation of the FM laser is best
described in the original artical by Harris and Targ where they reported: [6]

“the operation of a He~Ne laser in a canner such that &11 of the
laser modes oscillate with FM phas¢s and nearly Bessel function amplitudes,
thereby conmprising the sidebands of & frequency modulated signsl. The re-
sulticg laser csciliation frequency is, in effect, swept over the entire
Doppler line-width at & sweep frequency t“ich is approximately thst of the
axial mode spacing. This type of ™ oscillation is induced by an intra-
cavity phase perturbation which is driven at & frequency which is approxi-
mately, but not exactly, the axial mode spacing. Experimental evidence
supporting the hypothesis of an egsentislly pure FM oscillation is as
follows:

1. The suppression of all observable lager fbeat notes™ by at
least 25 dB, as coumpared to their value im the sbsence of the
phase perturbation. A 5 % increase in lager power wae ob-
served coincident with this suppression.

66

WYL RULGE ST ATIYT F VAL e Tt Sl BT AT S E 0 e e P




- S———n

P2 T2 SRS N

TN ITarEh e 028 T 3N L.

5

2. The observation of & scanniizzg interferomater showing the lager
modes to possess approximacely Besssl function smplitudes,
appropriste to the spectrai components of a pure FM signal.

3. Direct demodulation of the resultant FM sigaoal using both a
Michelson interferometer and 2 birefringent discriminator. [26]

The laser was a ‘Spectra~Fhysics Model 116 operated at 6328 A® with
an external mirror spacing corresponding to an axial mode interval (c,/2L)
of 100.5 Mc/sec. The phase perturbation was obtained via the electro-
optic effect in a l-cm long KHgPO4 (KDP) crystal which was anti-reflection
coated and situated in a 100-Mc/sec tuned circuit ingide the laser cavity.
The KDP crystal was oriented with its optic axis parallel to the axis of
the laser tube, and with cne of its electrically-induced principal axex
parallel to the direction of the laser polsrization. A KDP crystal in this
orientation introduces a pure phase perturbation and idealiy should intro-
duce no time varying loss into the laser cavity. An xf input power of 2 W
produced a single-pass phase retardation 3 of about 0.66 rad at ‘the opti-
cal frequency.

Of particular interest was that FM ~ger oscillation was not ob-
taired when the KOP modulator was tuned exact. > to the frequency of the
axial mode spacing. In this case, the laser beat notex as observed on an
rf spectrma analyser were stabilized and enhanced, and appeared similar to
those described by Hargrove and cthers, [27] and DiDomenico.[28] in their
papers on AM phase locking.

When the modulation frequeccy is dstuned from the c/2L freguoncy
then at a J of 0.05, a frequency change of 250 kc/sec to either gide pro~
duces an abrupt quenching of all of the original laser beat notes, with o
coirncident incresse of 5 % in the total laser oscillation power. This
removes the possibility that the quenchingtof the axial mode beats is caused
by some form of increased optical loss. After quenching of the originmal
axisl beat notes, a small amount of rf beat power may be obgerved at
harmonics of the modulstion frequency. At the second and third harnmaies,
this power level was 25 dB beclow that of the origzinal beat amplitude. At
the fundsmental and fourth harmonics, this level wag ut deast 15 dB below
that of the original signal. Measurements at the ialzer two frequercies
were limited by & residual AM light signal and poor photomulciplier sen-
sitivity, respectively.

In order to directiy werify the presence of an FM signal, thke out-
put of the FM laser was passed through an optical discriminator (Michelson
interferometer) with a path lergth difference of 30 cm. The interferometer
was followed by & photomultiplier and rf detector. With both armg of the
irterferometer open, a strong signal at the modulation frequency wag ol-
gerved with a 15 dB signel-te-noise ratio. If either arm of the inter-
ferometer was blocked, this signai conmpletely disappeared.
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The most interesting and perhaps startling results of our experi-
rientg were obtained by direct obsgervation of the laser mode amplitudes
with a Spectra~Phygics scanning interferometer. In the abgence of modu~
lation, the laser modes appear asg il eeeee Fige 33 A veeeodd. Az the
modulation depth is increased, the central mode amplitude beging to fall,
the first pair of sidehsuds increase. At gtill larger & 's the second
and third pair of sidebands achieve gignificant amplitudes, and there is
a diffusion of power toward the wings of the Doppler line. Examination
shows the modes to have approximately Bessel function amplitudes, which
are not determined by independent saturation of the Dopper line, as
might have been expected. «..so Figs. 33 B through E «....13 are capticned
in terms of both the depth of the gingle~prgs modulation and also in terms
of the depth of the frequency modulation on the output signal of the FM
oscillator. This latter modulation depth is denoted by ® , and from the
varying frequency viewpoint' of frequency modulation, it is the ratio of
the peak frequency deviation to the modulation frequency. The ratio of

IV , that is the ratio by which the rodulation process is enhanced by
the presence of the cavity and the active media is 40. Alternate measure-
ments of [ were made uging the Michelson interferometer, and similar
results were obtained. Our highest measured [' was 6 , which at a
modulation frequency of 100 Mc/sec corresponds to a2 peak-to-peak frequency
swing of 1200 MC/SCC. esceaslly

(2) A quasi-static model [12] of the effect of the iuternal modu-
lation describes the generation of the FM Laser ontput spectrum. Phage
modulation of the original modes of the free-running lazer positions FM
sidebands in the vicinity of these modeg. These sidebands arc glightly

offset in frequency from the lager modes by a chogen amount of detuning

13Figs. 33 A and 33 B through E are sample isproved versions of similar
presentations referenced in the original article.
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from the original axial mode frequency separation(c/2L)14 Thege side-
bands, in effect stimmlate emission out of the gsame portion of the Doppler

broadened flourescent line as the laser modes, and therefore, when their
amplituded are sufficiently high burn a sufficient hole [29] to quench the
acighboring original laser modes. Thus the FM sidebands with their own
well defined phases [30], and their amplitudes defined by Bessel function
distributions rather than by saturation of the Doppler broadened floures-
cent line. The gidebands originate by internal phase modulation and hence
are parametric or driven oscillations, and can be considered as the quench-
ed originmal axial modes at new locations. Thus the process has been de-
cribed as parametric regeneration. [9]

Fig. 30 shows a diagram of the spectrum of the modes when the laser
is free-running and when interna). modulation has been applied at a fre~
quency detuned 0.1 Mc/s from the fundamental mode beat frequency of 100
Mc/s. Also shown in Fig. 30 is the orientation of the internal modulator
with respect to the laser polarization for the phase perturbation intro-

duced in the cavity. Fig. 31 b shows an oscilliscope preseatation of a

L1¢ the modulation introduced in the cavity is synchronous with the axial
mode spacing, C/2L, the resulting laser output is en ensemble of axial
modes coupled with well defined amplitudes and phases. The SFPI output
shows that a stabilization or locking has changed the rapidly fluctu-
ating mode intensgities to a stationary spectrum. This locking phenom-
enon is described by Hargrove and others [27] and amalysed by Di Dome-
nico [28]. The AM locked laser although not advantageous in the mgnner
that the FM laser is, may well prove useful in other respects yet to be
determined.
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c/2L ' DOPPLER GAIN
100 Mc/s

ORIGINAL . CURVE APPROX,
LASER MODES WIDTH AT HALF
HEIGHT 1.5 Geo/s

pomns - e e e an v o

V MODULATION
FM LASER MODES FREQUENCY
¥0.1 Mc/s
LASER
POLARIZATION
KDP
CRYSTAL

=1

{
-— D/'C LASER TUBE Y

MIRROR

MIRROR SPACING Ly* 150 cm

x and y ARE ELECTRICALLY
INDUCED AXES.

Fig. 30 A diagram of the spectrum of the FM Laser
modes and the orientation of the internal
modulator with respect to the laser polarization.
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similar PM Laser mode spectrum actually obtained.

Harris and Targ made use of a sconning interfercmeter to observe
the output spectrum of the original FM laser. However the resolutionr of
their ingtrument wvas inedequate for accurate experimental analysis. The
SB‘PI vas therefore constructed to provide approximatcly tén to one im-
provement in resolution which was necessary for analysis requirements in
this program. Experimental application and results, including high reso-.
lution photographs of the laser output during subsequent FM Lager experi-

mentation, are presented in the following part of this section.

D. Results of the experimental application of the scanning interferometer
Fig. 32 shows a schemetic of the arrangement of exnecimental appa-
ratus used in the generation and study the FM laser. Operation of the
equipment was essentially the same as originally described by Harris and
Targ as summarized in Section 7 C. The 3FPI was aligned according to pro-
cedures described in Section 4 BY5 Matchirg to the Spectra Physics model
116 laser was accomplished according to procedures described in Section
3 C for Case I. The specific matching graphs presented in Section 3 D
were used to save considerable calculation and time for this matching

situation. Actual matching valu:s are included in Table IX, Appendix IX.

lsnignment wus greatly facilitated by operating the laser in an AM
locked condition, which gave a much more stable and clear display
of the lager modes. Any interfering off-sxis digtortion was readily
discernable and easily elimjaated by alignment control &djustment.
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Photographs of oscilliscope displays were obtained during
experimentation with the FM Laser with the laser operating
under variocus stages of mode control by the internal modulator.
The improvement in resolution of the SFPI constructed over the
previously available interferometer is clearly apparant from
a comparison of Figs. 31~(I) and 31~(II) which show free running
and FM Lager output spectra as viewed using the SFPI (I) and
the previous interferometer (1) A typical display of the
uégtable free running laser modes is shown in Fig. 33a, and
Fig. 33f shows the AM locked laser mode spectrum. Modulation
depth ' is varied to obtain various stages of thexFM Laser
as Shown in Figs. 33b through e. A typical trangition sequence
fron the AM locked condition to the FM Laser operation is shown
in Fig. 34. This transition is dependent on the amount of detun-
ing from the synchronous frequeacy, i. ¢., the axial mode spacing
of2L. Starting in the AM locked position , the modulator frequency
is detuned slowly and the display observed on the cscilliscope
until the FM Lager operation desired is achieved. In Fig. 3§
the FM Laser operation is approached from the free running

stste by tuning the modulator towards the synchronous freguency
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(8) Free running laser

(c) M leser
Fige 31 Comparison of improved resolution in é
spectral aralysis of SFPI (I) with %
previous observations by Herris and Targ (II) 5
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and obgerving the laser outpu spectrum gtabilize and the amplitudes
and pheses of the modes take various FM gideband characterigtics
wiich depend on the amount of detuning and the power input to the
modulator. Continuing to tune the modulator toward the synchro-
nous frequency would eventually achieve the AM locked condition at
a point near the synchronous frequency ag determined by the laser power
and the amount of detuning.

Similar high resolution photographs of the FM Lager output
spectra are now being obtained with the SFPI in the FM Laazr progran for
detailed study and analysis of the effects of the various degreeg of

internal pbase perturbation on the laser output spectrum characteristics.
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Fige 35 Varistion in laser output spectrum witk

change in modulation depth. Qenter mode
amplitude assigned by Jo(P’ ) in typical
M distribution

7¢

TERSGARST:




;-T - - - R e e cmemen — 4 o PR
N laser
3 fm & 100,1 No/s
Transition point
fm ~ 100,05 k/ s
| A% looked leser
fa ~ 100 Mo/s
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8. Sumrary and Conclusions

A scatning Faiary Perot interforometer was constructed and evaluated
as.a high resolution instrument for spectrum analysis of laser radiation.
Half-intensity widths of the transmitted lizht were observed as lcw as
SMc, and practical application observationz show better than ten to one
:imprwément over previoug measurements in the programs studied. lMatch-
ing curves and outlined procedures for their use were verified by the many
successzful applications achieved. Working with the SFPI was directly a

~ means of studying various laser outputs for greater variety and experience.

Four different types of lasers were studied, and the knowledge and experi-

n

\‘\/~

ence gained was far beyond expectations. A brief amount of time studying
the stability characteristics of the laser gave iasight and appreciatior
for the prcblems always encountered with practical laser experimentation.
Additional time might well have been gpent amalyzing short term instabili-
ties, but the FM laser program offered a grest deal more value and in-
terest, as well ag need for the application of the SFPY. The results
obtained vhile applying the SFPI to study the FM laser spectral charac-
teristics were the most significant accomplishment of this project, and
best representation of the value of the SFPI to state of the art experi-
menitation.

The SFPI will continue to be useful in the FM program for addi-
tiomal study including suck fundamental properties as fregquency and ampli-
tude stability, efficiency, and ev~r wore immortant, in the development of
the Super Mode laser concept [11]. The Super f#ode laser is the result of
a direct application of the FM laser to achieve high power single fre- !
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quency light by modulating the FM laser osutput externally with the gane
signal, exactly 180° out of phase, as applied to the internal modulator.
The high resolution SFPI will give a clear indication of the various
effeccs of the external modulation as attempt is made to achieve Super
mode.

Thus to realize the full potential of the laser; its characteris-
tics must be carefully studied and methods of accurate control exploit-
ed to fullest advantage and capability. The FM laser and the Super mode
laser are excellent examples of ctate of the art efforts in just that di=-
rection. A signific cole in the gtudies of laser radiation is filled
by such instruments as a kigh resolution SFPI, which also by design uti-
lizes the very same type of resonant cavity principles which originally
contributed to the successful accomplishment of light amplification. The
inherent characteristics of the laser give great promise, but greater still
is the amount of research and study required to achieve an efficient, ef-

fective optical communications system.
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¥ Appendix I  Summary of Matching Values

ety

Matching measurementg and results are¢ swmarized for the experi-

{ o’ il

mental applicationg of the SFP1 during the project. Table I contains

data for the Spectra Physics models 131 and 115 laser applicaiions where

R

e B the laser regonatorsg were himispherical, i.e. Cases II and III as

indicated. For this cases the characteristic matching length parameter

W~ Py

fo becomes dp, and dy is necessarily zero. Table II indicates the data

for the FM laser application with the Spectra Physics model 116 laser

o TR W, PG

operating with a spherical resomator, i.e., Case I. Variations in

power and laser mirror sepiutions will effect the output beam diameter

and the subsequent matching values, so that check of the output spot
size is reconmended prior to following the data listed below.
“BLE I
Laser/Case .
Power output ! X “r fo
1/ Cage It
0.5 nw <6 mm Scm [1.16 cm 597 m
6 M 7 cm |1.26 cm o755 m
«6 mn 1l emiled cm 84 m
6 mm 14 cm [{1.47 cm 884 m
115/Cage 11
17 mw 1.25 mm 7 cm [1.26 om 1:.59 m
2.8 mw 1.5 mm 7 cm |1.26 ¢m 19 m
115/ Cace III
0.05 mw «4 mm 7 cm |L1.26 cm 5 m
TABLE II

W) L2Y Ly g |2 2y | £, £ |4 |4,
<46mm | +254mm |1.5m | 7 cm | .85m 1.20,1 259m |LOLOm| 2.2m X »38m

81




oy e

Ay e

©ampn o

. .. ol

Appendix II
Discussion of the operation of the CW He-Ne gas laser

Continuous laser oscillation is obtained from an electrical dig-
charge within a plasma tube containing a mixture of Helium and Neon gases.
Population inversion of energy levels in the Ne atomic system results in
stinulated emission of radiation at 6328 A° wavelength within a high Q
optical resonator consisting of the plasma tube located beyween two
highly reflective dielectric coated mirrors in the config;ration of a
Fabry-Perot etalon. (See Fig. 36) The simplified energy level diagram in
Fig. 37 shows the atomic energy levels and the inversion cycle involved in
the production cf coherent oscillation at the (328 A® wavelength. Heliun
atomg are energized by external excitation (DC and or RF) to & mefastable

energy level of 20.61

Collision occurs between thege energized He atomg and Ne atoms
lying at the ground energy level. The Ne atoms thus become energized to
the ’St level (20.66§v0, eventually causing a population inversion at the
Ne"Sk level relative to thelF% level. Upun returning to ground, the
3S,,_leve]. Ne atom omits a photon at 6328 A® wavelength which in turn will
stimmlate additional emission or downward transitions of a similar energy
exchange. Photons traveling along the axis of the resonator are captured
or reflected back into the system to continue to stimulate additional radi-
ation which is of the same wavelength and phase. When the energy gain due
to excitation is equal to or greater than losges due to reflection, dif-

fraction, and transmission, the wave is reinforced and oscillations oc~
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cur. A gmall pertion ef the radiation ie transmitted threugh the 99%
reflector amd congtitutes the ugeful multi-frequency lager bsam available
for gtudy, er api:licht:lon as required.

18.70 ev

GROUND STATE

Fig. 37 A diagram of the Helium-Neon energy
lavels delectron volts, for the
6328 A" transition.
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