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Preface

At the time of this study, there was very little material
published concerning procedures to be used to analyze the coherence
properties of pulsed, multi~-moding s0lid state lasers. Consequently,
the experimental procedures &dopted wvere bssed on methods used
Quccessfully to 3snaiyze coaventional sources. As a result, refine-
ments in these procedures became apparent as the study progressed.
These refinements are presented in the discussions of each experiment,

ﬁy motivation for choosing Liis problem is more than the
satisfaction of the degree requirement and a genuine fascination for
high power lasers. 1 lope that the coordination required of the
various A'r Force laboratories and AFIT as students pursue thesis
problems in coherent optics applications, will result in better
preparation of students in this area by AFIT and an enlargement in
the coomitment to this area by Air Force laboratories. Considering
the multitude of potential, Air Force applications of holography
{non-destructive testing, simulators, holographic radar, etc.) and
the holographic expertise here at Wright-Patterson, it is my opinion,
that an elective course in holography would pay many dividends to the

Alr Force.

Now I would like to express my gratitude to the many individuals
who assisted me during this study. First, I would like to thank my
laboratory adviser, Tom Williamson, for the continuous aid he provided
whick ranged froa explanation of extremely difficult concepts to
suggections concerning illustrations. Also I would like to thank

Harold ¥. Rose and Richard L. Remski for the many discussions we had.
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Thesa discussions prcred te be invaluable for the careful analysis
attempied in thie study. Next, I .would like to express my gratitude
to Charles H. Stevens for helping me solve many logistic problems
vhen the situation appeared hopeless., Also I would like to thank
John Edson and C. Richard Lane for their assistance with the photo-
graphic work, ,

 Next I would like to thank Dr. Leno S. Pedrotti, Colonel Paul A.
Whelan, and Capt in Kendall F. Casey, Jr., for the many helpful
comments concerning the written report. And finally I would like t»
thank the paople at the Avionice Laboratory for the use of their

facilities and aquipment and the excellent support they gave me,

Thurston C. Holley
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Abstract

The output power and puise dﬁration of the pulsad -uby laser
satisfies the requirements needed to holographically record moving
sceneg. Thus the purpose of this study is to evaluate the coharence
propertics of the laser as a possiblc holograghic source.

The spatial colierence vas determined by performing & form of
Young's experiment. The interfevence fringes were recorded sa photo-
graphic emulajon and scanned by 2 densftometer. The relative inten-
sities of the recorded .ringes were then determined with the aid of
the Hurter-Driffield curves for the different emulsions used. For an
aperture radius of 0151 millimeters, the spatial coherence length waa
found to be approximately 2.2 millimeters. Also t'e experimental
results were compared with a theoretical prediction.

The degreec of temp~ral coherence was determined with the aid of
a Twvyman-Green interferometer. The relactive intensities of the
recorded fringes were determined in the same wanner as before. A
temporal coterence length of 1.27 centimeters was cbserved. A single
mode prediction, sodulated by a spatial coherence eifect, was derives
based on the sassumption of a gaussian line rhape. The experimental
results were cowpared with this prediction and a high derree of
correlation betveen curve shapes was apparent. ‘Yowev.r, the effacts
cf mulii-moding had reduced the amplitude of the experimental curve
significantly.

The results of this study can serve as s reference poiat for
fmproving the coherence of the laser by empluying mode selectich,

This should produce the greatest imorovement in the area of temporal

vifif
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ccheraence, Also the judicious placement of apertures and etalons in

the lager cavity appear to be the most likely place to begin an

experiment to improve the coherence properties of the laser.
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THE COHERENCE PROPERTIES

OF A PULSEP RUBY LASER
I. Introduction

The puipose of this study is to determine the coherence proper-
ties of a proopectiye holographic source, a pulsed ruby laser. These
properties are of interest because they limit the effectiveness of
the pulsed laser as a holographic source. A highly siwplified intre-
duction to holography is presented tc illustrate the potential of

this prospective source and to emphasize the need for the type of

analysis performed dvring this study.
Holography is a new method of forming optical images., It is
strikingly similar to photography iz that they both racord the effect

F L of the optical disturbance emanating from an object, but there is

a fundamental difference between the two. Fhotography is the

two-dimensional recording of an optical image on photographic emul~

sion. The optical disturbance proceeding from am object {s trans-
fé formed by an optical system (car.ira) into the retorded image, wheress,

holography is the recording of the disturbance itself (photographic

enulsion is nmormally the recording medium). When the holographically
recorded disturbance ic {illuninated in a particular manner, a.three
dimensional image is reconstructed which is identical to the original
object, as opposed to the two dimensional photographic likeness.
There ara several arrangements used to record the optical
disturbance. Consequently, there arve many types‘of holograms.

Although sose of these arrangements are quite complex, thay are all
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variations of one general method. Described in simple terms, a beam

of laser lignht is divided into two components. One component (the

scene besa) illuminates the object, which transaits and reflects

portions of this fillumination. Either the trancswmitted or reflected
portion is selected for recording. Th=2 second component of the source
beam (the zefercnce beam) proceeds directly to the recording medium.
Mirrors are normally used to deflect the beams sc that the optical
distance traversed by the two beams are identical. The scene and
reference beams meet at che recording medium and their interference
patiesn 18 recorded. If both beaxs are stable during the duration of
ths exposure, then spatial variations in intensity are recorded
{assuming that the recording medium is photographic emulsion). These
intensity variatioas are celled interference fringes and the holc-
graphic arrangexent is essentially an interferometer. When the
holographic record or "hologram” is {lluminated with a beam similar
to the reference beam, the hologram transmits the beam with spatially
varying intensity dus to the varying degrees of opacity of the holo-
gram. This complex transmitted wave contsins the recomstructed image
of the original object as a component signal.

If the interference pattern is not stable for the duration of
the exposure, then the holcgram will be serivusly degraded (similar
to the blurred images caused by motion ia photography). There are
two principal reasons why the interference pattern say be unstable,

The first reason is object motion. The logical solution to
this problem is to reduce the exposure time as the object motion

increases. However, to receive the same exposure, the intensity of
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the laser source must increase as the exposure time decreases. The
pulsed ruby laser is very intense (vhen compared with continuous wave
gas lasers) and its one »'llisecond pulse duration is short for most
object motion. Thus the pulsed ruby leser warrants additional con-
sideration &8 a prospective source,

The second posgible reason for an unstable interference pattern
is incoherent light. However, Stroke and Restrick have demonstrated
that quality holograms can be recorded, using a particular holegraphic
recording and reconstruction arrangement and spatially incoherent
light in the recording process (Ref 19 ). But, for most holographic
arrangements a coherent source is required to produce a perfect
hologran, In this context, a coherent source is a point source (no
finite physical size) of monochromati~ (single-frequency) light.
These are obviouasly idealized conditions, and physical sources are
evaluated in terms of their departure from ;hia ideal case, i.e.,
their degree of coheremce. The degree of coherence is divided into
two categories, spatiul and temporal coherence. The degrees of spatial
coherence is a measure of the physic;l extent of the source and 1tl
can be detected by considering the degres of phase correlation at two
different apatial points at any instant of time. ihe degree of
temporal coherence 1i a measure of the departure of the aourc§ from
soncchromaticity.

Since the intensity and pulse duration of the pulsed ruby laser
do not limit its consideration as a prospective holographic source,
the analysis performed in this study is ccntercd‘on the spatial and

tewporal coherence properties of the laser.




GSP/PH/70-12

The spatial and temporal coherence properties of a source do not
exist independently. However some' experimental arraugcrents tend to
emphasize one more than th; other. A form of Young's experiment was
used in this study to effectively isolate spatisl coherence effects.
The experimental apparatus (a <diffractometer) was similar to that
used by Thompson and Wolf (Ref 2i) in their measurement of the
spatial coherence of a conventional source (the filtered yellow
doublet of a mercury vapor lamp). Lowever, some substitutions were
made based on considerations of the intensity of the laser source and
the availability of laboratory equipment.

The photographs of fringes resul.ing from the Young's experiment
vere analyzed with the aid of a densitometer and the relative inten-
sities calculated using the Hurter-Driffield curves for the fihg{
These experimental results were compared with a theoretical prediction
based on a scalar wave analysis.

A Twyman-Green interferoneter was used to isolate the temporal
coherence effects. The interferencc‘fringea obtained wzre analyzed
as before and the results compared with a theoretical prediction.

There are several allowable resonances or modes that may exist
in the emitted radiation. These are determined largely by the laser
cavity length and the average wave length of the emitted radi#tion.
The actual emission may alternate between these zllowed modes, or 4in
the case of the ruby laser, may contain comibinations of these modes.
Thus the emitted radiation is actually & statistical piienorens.
However, for normal holiographic arrsuyements departures from single

mode operation tend to sericusly degrade the resulting hologram.

R e
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Consequently, the theoretical predictions wera limitad tec single mode
radiation,

Thus the pulsed ruby lasér,was analyzed as . prospective holo~
graphic source. In general, holography requires an intense, short
duration, coherent source. The ruby laser satisfias the first twe
requirements. Consequently, it is the ccherence properties that are
¢f interest. These properties can be divided into spatial and
temporal coherence properties.

Two experiments were chosen to isolate the spatial and temporal
coherence effects. A modified Young's experiment was used to study
spatial coherence and a Twyman-Green interferometer was used to study
the temporal coherence properties. These experimental results were
compared with a single-mode theoretical prediction,

Therefore, using these two experiments, the coherence properties
of a multi-mode, pulsed, ruby laser were isolated, recorded, and
analyzed. These results are presented in detail and in the same order

that they have basen introduced.
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- 1I. Measurement of Spatial Coherence

L]

The spatial coherence prqpar'tiu wvere determined by using a
modified verpion of Young's experiment. The time-averaged effect of
the radiation was analyzed and compared with a theoretical gediction.
This experiment will now be presented in the following sequence:
description of equipment, experimental procedure, theory of operation,

calculations, and discussion of results,

Description of Equipment

The equiprent used to measure the spatial coherence was the laser
source, a diffractometer, photographic film, a densitometer, and au
X-Y recorder.

The Laser Source. The source was a pulsed laser which consisted

of a Hughes Laboratory, Model 302 ruby laser, a pair of optical flats,
an optical bench, and a laser power supply.

The ruby laser contained a ruby crystsl (0.052 by weight (’.’1'203
in A1203) in the form of a polished cylindricai rod with flat and
pa’rallgl ends. The ends vere also coated with a hard anti-refiecting
film (Pis-P). The optic axis of the crystal red was normal to the
geometric axis of the rod. The crystal was three ianches long with a
diameter of 3/8 inches and it was mounted along the axis of aAqusrts,
helical flash lamp. This lamp was filled with r2pon gas end was
designed for a maxiwum input energy of three thoussnd joules at four
kilovolts.

The optical flats wver: made of hard glass and coated with a

series of thin dielectric films. These coatings provided the output

AR a3
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flat vith a reflectivity of 741 and the cpposite flat with a reflec-
tivity of 992.

The length of the laser cavity was artitrarily selected as showm
in Mg. 1.

The Diffractomster. The diffractomater consisted of & colliwa~

tion section, a screen, and an imaging section,

The collimation system consisted of a ten-power microscope
objective and & convex lens (Lz). The nicroscope objaczive was
corrected for coms and apherical aberration. The focal langth of the
objective was approximately sixteen miilimeters with a workine dis-~
tance of 7 willimeters (distance from the lens surfece to the foral
point). The numerical apsrture of the objective was 0.2%. The lens
(Lz) was 2 2.54 centimmter convex lens with a total thickness of
1.5 aillimeters and a power of approximately 6.23 diopters.

The various screens were a sut of 5.08 cantimeter square alumminum
sheets, each 0.159 centimeters thick. Two circular aperturis, with
diameterg of 0.102 centimeters, were drilied into eack sheez, The
separation of the holes was varied from one millimeter to nine milli-
meters in ateps of 0.5 nilline:ers.’ Each pair of apertures was
centered on its respective screen.

The imaging section consisted of a lens (L3)' a microscope
objective, and a film plate (Kodak 1017, spectroscopic plate) placed
in the plane of best focus. The lena (LB) and microscope objective
vere {dentical to the lens and cbjective used in the collimation
section.

The dimensions of tha diffractometar snd the gecmetrical arrange-

ment of its three sections are shown in Fig. i.

4
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Experimental Procedure

The laser source was aligned vith a helium-neon gas laser (0.6328
microns). The 99X-reflectance optical flat vas placed on the bench
first and aligned {centared on the Lelium~neon beam). The output
mirror vas placed on the bench next and aligned (centered on the beam
and crientsd to reduce off~axis reflections). Next the aluminum
cylinder, containing the flash lasp and ruby crystal, was fastenad to
the beach, centered, and oriented for minimum off-axis reflections.

The alignment laser wvas then msoved to the diffractomater to align
its elements. Whan the elements vere properly aligned, the far-field
diffraction pattern of the circular spertvre of the first microscope
objective wvas imaged onto the film plane.

Then the laser source and diffractometer vere sligned as a system
ty using the alignwent laser to {lluminate the diffractometer after
the beam had passed through the laser cavity. The screens ware placed
in the diffractometer and centered sc that the two apartures were
spproximately equally 1lluminated.

The capacitance of the energy storage bank i{n the laser power
supply vas set at 250 microfarads. -'nu output voltage was set at
2.5 kilovolts corresponding to 781L.5 joules of fnput energy. With the

roow in complete darkness, a Kodsk 103}': spectroscopic plate was placed
berind a 0.3 neutral deasity filter {s the filwm piane. Then the flash
lamp was excited by pressing the manual svigger of the power supply.
When the laser scurce was properly aligrmaed, the cuby crystal lsaed and
a diffraction patiern vas reccrdad on the i{im plate. The lasar vaa

alloved a minieum of thirty ainutes cocling time between siots.

1g
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The exposed plate was developed for 2 1/4 ninules in D-19

developer, held in shor: stop (to stop developing action) for approxi-

mately thirty seconds, and soaked for four minutss in fixsr. The
plate vas then washed in cold running water for a minimum of one hour,
bathed in photo-flow (to prevent water spotting during the drying
process) for approx’inat:uly fifteen seconds, and chen allowed to dry.
The developed plate was cleansd with msthanol (the side opposite
the enulsion) and then placed on the densitometer. The densitometer,
in conjunction with an X-Y recorder plotted the transmittance of the
f1lu relrtive to its fog level. The slit size and scan speed of the
densitomater were set at the optimum position based on the condition

of the plate, {.e., the rexs.tivity vas increased and the scan speed

. was reduced as fringe contrast decreased. Also differ>nt neutral

density filters were used to help increasz the sensitivity of the
densitometer when the fringe contrast was low,

The diffractomet=r screen was replaced by a screen with a

"diffarent sperture separation and the preceding steps were rapeated

watil approximately three good quality images were obtained for each

aperture separatiom.

Theory of Operation

The use of the diffractometer casta this experiment into a form
of Young's exyeriment, {.e., exseining the far-field (Fraunhofer)
diffraction patiern of two apertures when the apertures <re {ljumi-
nated by a plane vave,

The diffractomater was deiigned to accomplish this in the fol-

lowi{ng menner. The laser radiazion vas a shc:t pulse {a the shape of

11
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a beam of very small divergence (approximately ten milliradians) and
approximately rectangular in cross-sectional shiape. This beam was
focused to a small spot by the microscope ocbjective, The focused
spot was located at the front focal point of the lens, Lz. An opaque
screen containiug a circular aperture, of diameter L2 (not shown in
Fig. 2), was placed in contact (the side nearest the front microscove

objective) with L Thus the collimating section produced a colli-

2
mated beam 2,54 centimeters in diameter.

This beam was then incident on the two emall apertures. Two
collimated beams of diameter equal to the apertures emerged from the
opposite side of the screen,

The two parallel beams were then collected by the lens, L3, of
the imaging section. The beams were brought together at the focgl
point of L3 vhere interference occurred. The interference patternm,
wiich was modulated by the degree cof spatial coherence, was then
imaged by the second wmicroscope objective onto the film plane.

The film, containing the magnified version of the interference
pattern, vas developed and then scanned by the densitometer, The
densitometer trace provided 1nforma£ion conceraing the relative
depsities (See Fig. 4) of the film. The relative intensities recorded
were found by ccasidering the Hurtet-Dr}ffield curves for the-film
which were provided by the manufacturer. This provided the informa-
tfon necessary to plot the visibiiiry versus aperture separation curve
(see graph I).

By representing the two microscope 0bjective§ as convex lenses

having focal lengths of sixteen miliimeters and reveral other

12
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approximations, the preceding explanatiou can be examined more
rigorcusly. The method used is essentially the method suggested by
Goodman (Ref 8), i.e., the coﬁplex amplitude of the optical distur-
bance will be assumed to be a solution to the scalar wave equation.
The following theory will examine this theoretical model, as depicted
in Fig. 3, from leﬁy to right,

The laser radiation incident upon the diffractometer will be
assumed to .be plane wave iilumination. Also, the complex amplitude
will be assumed to be uniform across any cross-section. Thus the
complex amplitude incident on the microscope objective can be repre-

sented as

xo yo
U(x,, y,) = A RECT |o= | RECT {1= |,
x y
1, |x| < 1/2
WHERE RECT (x) = ' (Ref 8:13) (1)

0, OTHERWISE
and Lx and Ly are lengths in the x and y directions.

The finite beam has been replaced b} an infinite plane wave illumi-

nating z small rectangular aperture in an 1nf1nitg opaque screen,
Assuming that the geometrical cross-section of the incident béam

was smaller thén the incident pupil of ;he microscope objective, the

illumination immediately behind the lens L1 (model of microscope

objective), was the product of the incident amplitude and the ampli-

tude transmittance of the lens. The amplifitude transmittance of a

positive lens has derived by Goodman and has been reproduced in the

following equation.

14
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JKnd

ty) = o0 TG 4 YD 2t

(Ref 8:80) (2)
vhere the paraxial approximations are implicit. Also Ao is the
physical thickness of the lens at its center, fl is the lens focal
length, n, is the refractive index of the lens material, J is the
square root of minus one, and K is the wave number. Therefore the

complex amplitude of the disturbance immediately behind the lems L, is

., JKna, - -% (x5 + 35 %o Yo

u (xo,yo) = Ae e 1. RECT i RECT T (3)
x y |

The Rayleigh-Sommerfeld diffraction formula (solution to the

Hemholtz equation), becomes the Fresmel diffraction formula (Ref 8:60),

if the distance Z i3 sufficiently large, i.e.

JKZzz(x +y)j i-ﬁ-yi)
U(x Yy, )= e xl,yl)e ‘. :2 (4)
X AZ
e
y AZ

where

y “2xJ(f_x + £ y)
j{s(xay)}' J'fs(x,y)e Y axdy

15
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and

\i-l o ZﬂJ(fxx + fyy)
{G(fx’fy)} » [{ G(fx,fy) e dfr‘dfy (4)

form a Fourler transform pair.
The complex amélitude of the disturbance propagated a distance,
fo’ to the (x;,y;)-plane. It can be described in this plane, by an

applicativa oi the Fresnel diffraction formula, as U(x;,y;), i.e.,

JK .2

B S I
ALxL 2fo o o Lxx; Ly’ )
UCx;,y5) -———1m° e SINC ﬁ-;— SINC -1—-“0 ] (5)

The constant phase factors will be ignored throughout the derivation

since intensities are of ultimate interest. Sinc(x) 1s defined as

SINC(x) = SIN(wx)/xx (Ref 8:14)

After propagating a distance, fl' the complex amplitude in the
(xl,yl)-plane can be described by another application of the Fresnel
diffraction formula.

Let

g(xo.yo) e SINC (bxo) SINC (cyo) (6)

16
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wvhere

1 .1 Ly Ly
asKkK — e — ,b-—'—,A»‘JDc- (6)
( fo fl) Xfo Xfo

By using the zero order Hankel Transform,
B (g(r)} = 2x j‘ rg(r)Jo(Ztto)dr.
°

it can be showr. that

2
e () e ()]
G(fx.fy) = e e ® EECT 5 RECT J

vhere G(fx,fy) -:E;ig(x;,y;)) and the symbol, *, implies the

convolution, i.e.,

g(x,7)*h(x,y) = H s({;n)h(x—i,y-n)dﬁdn N

-

Therefore, after a change of variables and some rearrangement of the

convolution integral, G(fx’fy) becomes

17




GSP/PH/70-12

vhere

a,=2/2 (£‘+%) 6, =2/% (£y+-§-) (8)

The integrals in this equation can bLe interpreted in terme of the

Fresnel integrals (Ref 8:71) and

GUELE) = g {leley) - clap] + 305Gy - Sap)

[c(Bz) - c(Bl)l + J[S(Bz) - S(Bl)]

wvhere

2 2 2
c(a) = Cos (-'—;—-) dt AND S(a) = SIN (l;— )dt. 9)

This equation can be evaluated with the aid of the Cornu spiral.

X y

1 1

First consider UL 81 and 82, when fx fl . fy Xfl .

f1 = 23.5 centimeters, fo = 1.6 centiveters, and ) = (.6943 microns.
Then it follows that

18
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x'1 1
!1 > 2f° - c(al)_ 2 S(Gl) = 2
L f
x 1
Xy <3f el =S -3
L f
x 1 1
% >3, v e@) =86y -3
L £
x 1 1
x, < - 2f° -+ c(uz) x S(uz) = 3 (10)
L f1
dimilar results can be shown for s and 3%-— , and c(Bl). c(sz).
° .
o S(Bl), and S(Bz). Therefore Eq (9) becomes
2% 2 £ x, { foyl\\
G(fx.f’) ] _:1__ - Z:L:L RECT fol RECT \foll 11)
x Af
1
y
-
y 1

The Fresnel diffraction formula coald finally be applied so that

the cosplex saplitude in tha (xl,yl)-plant vas

19
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The complex awplitude U(xl.yl) represented the disturbance

incident on ths lens 1.2. The complex samplitude immediataly behind

l.2 vas

0’(x1.y1) - "('1’71)‘1.2(‘1""1”2("1”1) (Ref 8:83)

JX 2 2 _
y. £ e, (5 *try) [/ 2
) 1 7 x, +y
RECT | ——]| |e CIRC 1 1
Tyl er

- L - -
where fl focal length of L2 2 radius of LZ'

Thus the illumination leaving Lz vas constant in amplitude and

and Lr

phase. Considering the values of Eo, fl’ Lx‘ and Ly’ the area of the
rectangular pulse iu this plans was approximately 1.2 centimeters x
2.8 centimeters. The diameter of the lens vas 2.54 centimeters.

Therefore the geometrical uhnpt of E'(xl,yl) was rectangular with

rounded ands in the ¢ yl—directicns.
v, £
The testriction of the rect functiom, RECT (Llfo) ., imposaed by
y 1
. (T1
the pupil function of the lenn (cire i{r—' ), could be approximated
t2
by & s=aller ract function. Thus U'(xl,yi) became

i YOI N T PR S
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A"Eo xlfo 7
Uxyeyy) g BECT (x. f ) RECT (1. ) 14
1 x1 r2

Assuming prenagation from the (xl.yl)-plnut to the (x..y')-planc
{(a distance dl) wes deev vithin the Fresnel regionm, U(x‘.y.) can be
doteruined by snother application of the Fresnel diffraction formula.
WMhmever A << T%ﬁi , propagation can be assumed to be desp within the
Fresnel Jiffraction reglon. Goodman has performed this calculation

(Ref 8:71) and

1 Af x.fo Ve .
Ulx_,y,) = Fy¢ RECT ( Y .) RECT ( f:—-) (15)
1 x'1 r2
Thus U(x‘,y.) is the geometrical projectioan of U'(xl,jl).
The swplitude transmittanse of the ecreen vas
, A.-h)z + yf J/(x.ﬂx)z + y: \
¢ (x,.y,) « CIRC T CIR..\-»——-—L—-——-—- ) (16)
rs rs

whers ¢ h was tha distance to the cester - [ the respectiva aperture
4nd Lt‘ vas the radiu- of the apert:.re. The complex amplitude

£ s U - \
ismsdiately behind the screen wvar U (x.,y‘) U(x.,y‘)t(x.,y‘;.
Considering tha areéas affected by the geomatry of U‘(x..y‘).i.e.,

the rect functions represented a rectar;-lar spot sire of approximately

1.2 ceptimeters x 2.5 centimeters. The Jiaseter of each aperture vas

approgimataly one millimeter with a maximus separation of oine

21
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nillimeters batween the ceanters of the two apertures. Consequently,

U’(z‘,y‘) could ba further approximated as °

LM, ( [x,-0% + 52 )
U'(x_,y ) = o~ CIRC +
s’’s 2!(1 Lrs
/(x’+h)2 + yf ‘
CIEC i 0 %))
rs

Assuming that the propagation of the disturbance was still deep

in the Fresnel region, U(xz.yz) is the zeomatrical prolection of

U‘(x',y.). i.e.,

r

Af

&
U(xz,yz) - -i;-f'l‘ CIRC ( 2

v (xz-’n)2 + 72 )
+

L
rs

/(xzﬁh)z + yf
~ 1s)

o | L2
rs

The zouplex smplitude {mmedistely behind the lems, L3, vas

¥

U’(xq,yz), vhere CIRC ( E£~} = 1 vhen the ares illuminated by

2 }
r3’

U(xz,yz) is considered, Thus

X 2. 2
N (x; +y))
(19)

g (xz,yz) - U(xz,yz) e
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The disturbance propageted a distance, tl' to the (xi,yi)-plnne.
The complex amplitude in this plane was determined by another appli-

cation of the Fresnel diffractior formula and

rd 2 rl
JK(r3) 3 K. .2
Afo 2f1 Khxi )] fl
U(xz,yz) il ) {;03 ( 7 - (20)

1 1

Geometrical optics was assumed for the imaging of the corjplex
awplitude, U(xi,yi), outo the film plane (x,y). This assumption
yields a simple relztion between the object and image amplitude
distrivutions, i.e.,

U (x,y) = 2 U ( , -’-}‘) (Raf 8:96) (21)

xl

vhere ?1 = complex smplituds of rhe image,
Uo = complex amplitude of the object,
and M = magnificaction.

Thus the complex amplitude in the image plane (film plane) war

. / -
JK fr 2 KI‘nfor
ol ( _9._) 5\
2f d hf x 1
- Ad 1 —9 ] - (22)
R )
1 1
The intensity in the filwm plane was
23
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2 KL _fr
. ( re 0O )
2 s Khf x 1 df
A 2
(x,y) = | 25 E:os .(—df-——fl’ )] s (23)
H _ ; r

-

Consider a quasi-monochromztic source whose complex amplitude is
r.presented by U(uo,yo\. Then each point of the source will produce
coherent {llumination in the (x;,y;)—plane. Assuming that the image
of the source (the sum of the Fraunhofer diffrsction patterns of each
source point, which may be added incoherently) is much larger than
the diffraction pattern of a typical source point, then the distur~
bance D{x;,y;) may be interpreted as resulting from a secondary

inesherent source (g},

This assuiption allows the Van Cittert-Zernike thecrem to be

invoxed (Raf 3:509). if i:&z(t)l = the magnitude of complex degree.of

spatial coherence, then 712(1) = 712(0)

vhere 1 =

and

JK(R1 - RZ)

1 I{g) e do
Y,,(0) = l (24)
12 (I(PI)I(PZ)]IIZ R.R

172

1(0) is the iatensity, per unit area, of the source. Also the
assumprion [t << %;-{ is implicit in these approximations.

AL L 2

The intensity of the secondary source had '“;%41 as the
0

intensity of its central spot. The size of this spot (SQ) was

24
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So x OF (Ref 6:1)
where § = beam divergence angle and F = focal length of lens used.
Then due to the small separation of the apertures, the intensity of

the central spot was a good approximation to that part of the source

vhich illuminated the apertures or

’

2 .
1(a) = (El RECT? { f—"—‘) RECT? (l‘?-) {25)
AE, \ BF_ Z0F

Since the apertures vwere gymmetrically located along the x. -axis,

1
then Rl & R2 (distanées from a source point to the center of the

respective aperture) were

"2, L2 2,1/2 Y
Ry = [(h=x)" +y " +£7] AND R, = [(h + x)" +

.2 2,1/2
.ot )
1f the apertures were equally illuminated, then I(?l) = E{Pz)

= I(P).

Equation (24) becomes:

25
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and

' JK(Rl - Rz)
¥..(0) = 1 &. I(o) e da
12 © I(P)

R2
(<]
. of b
¥1,(0) = SINC ( — ) (26)
‘ XE,

: - -3
where 6 = 10 2 radians (Hughes specifications), f0 =16 » 10 " m,
£, = 23.55 ¢m, and T = 6.943 x 107 m.
The pieceding dexivatior began with monochromatic light (through

Eq {23)) and was then generalized to quasi-wonochromatic light

i Bl VOO |
jx] = I“"'z“"“i << <= . Born and Wolf illustrated that the

quasi-monochromatic intensity (I(Q)) at a point Q, in the film plane

is given by (Ref 3:502)
1@ = 1M@ + 1P +{gl1fl>(Q)1‘2’(Q)lllzlv12(r)I
cos [¢(1) - K(Sz - Sl)i} : (27)

Continuing the assumption of equal illumination of the apertures,

Eq (23) becomes

26
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' 3 2 KLrsfor \
AdA 2|71 df1 ’
I(x) = ( s ) 3 [} +

1 2r

. 6f h 2hxf K

| sINC[ —— || cOS _ (28)
= df
X5 1

This iniensity distribution was demonstrated by the fringes
recorded. These fringes are depicted in Fig. 4.
Thus the fringeé obgerved in the film plane had maxima for

2ntdf1 (2n+1)ndf
xa tho and winima for x = -—§EE;-— s n=0,1,2... . Tke fringe

8f 2h ©\
) . This

contrast was determined by the function sinc (-

;Xfl

fuaction experiences moxima and minima given by the following rela-

tions:
2hof ‘ 82hf
Sinc ( -~ ) is & maximum for - such that
22 £ 20 £
1 1
efOZh ' OEOZh )
tan ( - ) = — (Ref 3:394)
25 2\ £
o 1l
0f 2h 20kf, ‘
Sinc ( - ) = (0, for 2h = Y; » n=1,2.,,. .
22 f o
1
27
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The visibility (V) of the fringes is dafined as

i AL

I I

Ve Bax  min (29)
]'m‘x + Inin
Thus using Eq (28)
! Gfozh
vefsme (=22 |-y 0 (30)
2Af1

Should the assumption of equal illumination of the apertures prove to

be unjustified, then Eq (27), should be used, i.e.

2 Wi g

v
1M @+ 1P

lv(0)| (31)

The fact that the laser pulse contains several modes, some
simultaneously, during each pulse leads to the next generalization of
the optical disturbance. An analysis of each mode shows that each
satisfies the requirement for quasi-monochromatic illumination. Thus
photographic film exposed for the duration of the pulse, will exhibit
the integrated intensity of all modes and measure the ~tatistical
average coherence effect of the indivi@ual modes. Pursuing this line
of reasoning, Chang and Gray formulated the following expressien

(Ref 4:50}:

30
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. 5
1),y (D) (qy11/2 J
zlg @1, (@) "1, e I

Ve

(32)

¢)) @
i Y@ + oo
J J J J

where the subscript J refers to the Jth mode.

In this experiymnt the f£1lm contras® wa evaluaced using a
densitometer whose output «as recorded using an X-Y recorder. The
dengitometer and the fili: represent &n incocherent optical svstem.
Assuming the film to be used in the linear region cf the Hurter-

Driffield curve (see Fig. 5), wa can write the following relation.

D=y LOGIO E - Do (33)

where " is photographic dew ity, E is exposurz, and v {s the slope of
the H-D curve.

If the definitions D = LOGIO (%) eiid E = IT, {(vhere

I tre~smitted | : P
I incident } y I = expusisg intensity, -nd

T = local average (

T = exposure time (uuration of laser pulse;,, are used, then {t

follows that

1 % |
1= K(x) Y, where K = \%) 10" (34)
Equation (29) " ecomes
-1 -1
/. Y - Y
Y - “sin) (rﬁax 35°
1 1 (35
Y Y
(Tmin) * (‘max)
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This would be an accurate measure of the visibility had the film
been exposed by incoherent light. However, the film had been exposed
by individual modes which have been shown to be spatially coherent
{Raf 5:1409). Wwhen a transparency has been exposed Ly coherent
radiation, it can be described in terms of an amplitude transmittance
(t), where t = ¢ }QE‘Y. Here c, is a constant and U, is the complex
amplitude exposing the fiim (Ref 8:155). Thus the densitometer
provides a mapping of coherent amplitude information fiom one source
(neglecting phase variations} recorded on the film intoc inccherent

intensity information from another source, i.e., ¢r52, wihere

tsl -
¢ 1s some linear transfcrmation {mposed by the densitometer.

Theoretically, ¢ could be determined by evaluating film wizh known

values of t, and obtaining Te2 from the densitcmeter output. Then

1
Eq (35) becomes

AT

{36)

< fy

Some typical densitometer traces are shown in Fig, 4.
Since ccherent light {s not lirear {n intensity, a good measure
2
of the vis{tility {s V = (V)" where amplitude phase varfations have

been poglected, This apprcoant ylelds results that agree favorably

with thoxe predictec bv Eqs (28) ana (3(} (322 sraph 1),
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Calculations
Az eavelope of the fringe maxima and another of the minima wers
constructed on each graph produced by the densitometer-recorder

gysten. The value of the maximum envelope (v , ) and the corres-

nin
ponding minimum (tw} at the center of the fringe pattern were
obteined.

The values of the maximum and minimum densities of ¢ich plate

vere calculated using the relation

D= chm (%) = 0,43429Ln (—:—‘-) .

The Olivetti Programma 101, computet;calculator, was used to perform
these calculations.

The calculated decsities were used in conjunction with the
Hurter-Driffield (H-D) curves to determine the slope (y) of the curve
corresponding to the maximum and miniemm deunsities of each plate,

The slope of the secant line coonecting the two points of the curve

(D and Dmax) was the value used for gazma when 0.5 < D <D

min ain nax

< 2, f.e., when the two points lay on the linear portion of the
curve. For points that lay outside of this range, the slope of the
H--D curve at each of the tvo points was detecrmined.

Once the gaxmap were koows, the visibility of each plate vas
detereined. For densities lying within the linear region of the E-D

curve, the reiation

Al | pa

i
- h..a
[

(< y T+ ce y vas used.
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For densities lying outside of this region the visibi.ity was calcu~-

lazed using

( ) Ymin -t ) " max
Y- min Y max
Y Y
Y Y
min nax
(Tmlc) ' (Tmax)

Each value of "¢ visibility was then squared and plotted as a
function of «perture separatfon. ‘Tthe visibility was also calculated
uging the gamma {1.)2) extracted from the graph of gamma as a function
of development time.. These calculations are summarized in graph I and
table I, where | arichmetic average of the three visibility values

anG the three gammas for each plate ave 2xhiibited.

Discu_sicn of Results

Ko mode contrul or mode seicction wan employed during this exper~
iment, with the exception of that iluposed by the cavity length, physi-
cal s3ize and radius of curvature of the twc optical flats, and the
constant ‘nput cnergy used to excite the flash lamp. Consequoantly, it
was possible for the justaniareous emission to concain siwmultanecus.
spatially scoarated trauaversez modes which could interfere, with the
magnitude of this effect decending on the extent of the spatial
separation (phase iifference) of the mcdes. Also randomly spaced
transverse modes zould have been .mitted at different times during
the pulse in a statistical manner. Thus the timéAavetaged effect for

one long pulse should erhibit a statistical variaticn among other long

pulses for a narticular experizental envirenment.
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This explains the difference between the single transverse mode
predicted curve and the actual curve obtained. To accurately predict
the experimental curve, the time averaged spot size and shape in the
focal plane of the first microscope objective should be known., As
an alteraative, an approximate model of the lasing radiation (time-
averaged effect) copld be constructed by the additiown of transverse
modes with carefully chosen phase differences. This method would
require the existence of the experimental curve. Then (with the aid
¢f a computer) as a transverse mode is added, the resulting theoreti-
cal visibility curve could be compared with the experimental curve
until the desired accuracy was obtained. DRDue to the small path dif-
fevence of the i{llumination from the two aperture- the effect of
multipie longitudinal modes in the plane of the film was negligible.

It was mentioned above that each poinrt of the visibility curve
should represent a statistical distribution., The fact that an average
of only three shots per sepdaration was utilized implies the existence
oi a degree of uncertainty comnected with each point., A consideration
i this uncertainty will be considered next.

An examinatiou of the maximum errsr possible in the czlculation
of visibility (V) might begin with the uncertainty associated with the
determinztion of the gamma (slope of t!.o Hurter-Driffield Cur#e)
values. A measure of this uncertainty can be chtained by determining
the gamma value from the camma as & functirn of developmrant time curve,
calculating the visibility using this gamma, and then comparing the
vesult with the visibility calcilation using the.gamma from the U-i

curvec. Then the wmaximum erros ln visitility due to an uncariainty in

37
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the gamma determiration is

2 2

AV = (V7 )

- (Vv 3
Y Y,H-D ( Y’*) (37)
Here v; U-D and V; « are the amplitude visibility functicns calculated
’ ]

using the two gamma values. Since the H-D curves relate density and
exposure, determinations of gamma fror these curves will have inac-
curacies based on the accuracy of thc mcasurements of the transmit-
tances of the film, However, the maximum error in visibility due to
an error in the determination of the amplitude tramsmittance will be
considered next. Consequently, to include this inaccuracy with error
due to the unceriainty in gamma would be an unrealistic magnification
of the actual error.

How consider tire maximum error In the intensity visibility due to
an uncertainty in the amplitude transmittance of the film. First the
amplitude visibility 1s given by Eq (36). Next the maximum error in
the amplitude visibility is given by

3V~ v’

AV® = e AL 4 o AL

(38)
&tl 1 atz

Y3
There are two sources ¢f errsr in the determination of the trans-
mitrance. Firot,the density of the unexposed film wes not undform.
Hext the respouse of the densitometer-recorder combinatiom limits the
tyvanamititance accuracy. The magnitude cf error introduced by the
vonuniiormity of £ilm density 1s probably random. Iu &ny case, there

is irsufficient informwation upon which to base z2n estimate of the

38




GSP/PH/70-12

error introduced. The latter source of error would be of the same
magnitudé fer both transmittances, i.e., IAtlf - |At2I = |at]. Thus

the maximum error in the amplitude transmittance becomes

i (Lo1)
. 1 2
aV: == i 157 (39)
t 2v t 2y
1 +| 2
tz tl
Then the maximum error in the intensity visibility becomes
P 2 ,
Avt 2v AVt + (AVt) (40)

The spread in visibility values for each point also represents

an uncertainty. This precision factor was added to the total maximum

error and

AV = AV + AV_ + AV (41)
max Y t P

In addition to the noa~uniform film density, there were other
sources of possible error that were not considered because of the
difficulty in estimsting the maximum error in visibility tt:* they

could introduce.

First the laser was cooled by radiation ianto a room temperature
reservolr rather than by convection into water, liquid nitrogen, or
some cther more efficient means. Also the laser Qas not fired at

constant time intervals. Consequently, it was poscible for the
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crystal to be at different éoints on its ccoling curve at the time
of each shot.

Next the film was exposed in complete darkness which caused a
time delay in placing the unexposed film into its holder and navi-
gating around the room to the laser power supply to fire the laser.
if the energy storfge network had not stabilized, then the excitation
voltage might be more than the constant value assumed.

Equation (31) suggests another source of error, non-uniform

fillumination. Tha amplitude analog of this effect is

) 2([U(1) ”U(Z) |)1/2 11(0)11/2

vl
1+

(42)

To consider the magnitude of the error introduced by non-uniform

illumination, let

lu(l)l - kjs®], « > 1

Then consider the fractional change in the visibility (intensity) when

coupared with vigibility arising from uniform illumination, {.e.

v

s 4 -—-——.———2— (43)
(K +1)

Here V, represents the intensity visibility function for uniform

illumication and Vk’ the cc:responding functior for non-unifornm

{llumination. This fractional error can not be estimated without a

( knowledge of the ratios of the complex amplitudes for each aperture

40
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separation. However, the fractional error involved may be considercd
negligible for most applications. For example, a value of K equal to
1.414 would reduce the visibiiity to only 0.97 of its uniferm 1illumi-
nation value., This particular value of K is an extremely conserva-
tive figure since it represents an intensity ratio of two.

An examination of Fig. 4 reveals an asymmetry of the fringe
patterns (most noticeable on the densitometer traces). This implies
a misalignment of the source and the two apertures. It can be shown
that this can result in a reduction of fringe visibilicy (Ref 16:9).

The effects of misalignment and non-uniform illumination
increase with aperture separation. Increasing separation would
increase the angle of misalignment for one apertur-~ and decrease the
angle for the other, thus resulting in more asymmetry in the film
plane and an increasing reduction in fringe visibility. Non-uniform
illumination is caused to some extent by misalignment, thus indicacting
a ccupling effect. Also ruby crystals have been found to lase in
thin filaments across the crystal face (Ref 14:23). Therefore the
iilumination is never uniform in intensity nor is it ever per.ectly
aligned for the duration of a long pulse, i.e., the time-averaged
effect. snsequently, considering each filament as a source,
illumination of the apertures {s more uniform the smaller thé
aperture separation, although an oscillating filament may be located
iz any region of the crystal face. As a result, it is expected that
the visibility would decrease with aperture separation, thus making
it more difficult to isolate partial ccherence effects from visibil-

ity measurements. This could also account for the significant

£
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decrease in visibility from the predicted value for large aperture
separations. Therefore the degree of spatial coherence found in this
experiment is more of a luwer}limit of spatial coherence rather than
the actual degree of coherence,

A better approximstion to the actual degree of coherence c:-uld
be obtained by compensating for the reduction in fringe visibility due
to misalignment and non-uniform illumination. The amount of compensa-
tion required for non-uniform illumination could be determined by
statistically measuring the ratio of complex amplitude magnitudes for
each aperture gseparation and using Eqs (42) and (43) to arrive at the
magnitude of the degtee of spatial cohexence.

The compensation required for misalignment could be determined
in two steps. First a nearly perfect spatially coherent source (e.g.
a8 continuous wave gas laser) couid be ugad to determine the reduction
in visibility for increasing angles of misalignment for each aperture
separation. Then some measure of asymmetry could be chosen and
plotted with visibility reduction as a function of aperture separation.
Then using the adopted criterion c¢{ asymmetry, the ruby laser fringe
pattern could yield 2z value of fringe visibility reduction through
considerations of its degree of asymmetry and the particular aperture
neparation. This value of fringe reduction could then be used to
increase the experimental values.

The use of both compensations in the magaitudes suggested above
might yield a partial ccherence effect greater than the actusl case
due to the ¢ .upling of the t:o factors. idowever, éonsiderations of

the particular experimental apparatus being used might present a
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method of weighting the compensating factors to arrive at a good
approximation of the partial coherence effect.

The final sou-.e of probable error lies in the theoretical
prediction itself. The effects of aberrations were not included in
the derivations. The effect of aberrations on partially coherent
illumination is to jntroducé phase distortions within the band of
freque-~ies passed by the optical system (Ref 8:121). This is impor-
tant because the secondary source was assumed to be in the focal plane
of the first microscope objective. Thus aberrations could change the
spot size and geometry and could account for part of the apparent
shift in the zeroes of the experimental curve from the predicted
zeroes, Also, the paraxial approximations were used in the derivation
of the transmittance function for a thiﬂ convex lens. But in the case
of the first microscope objective and the lens LZ' the illumination
exceeded the paraxial approximation by a great deal in the yertical
direction thus causing the transmittance der.vation to be questionable.
However, these effects were minimized (if not negligiblie) by the fact
that only tke central portion of thg incident beam was incident on the
apertures and the axis of spertures was in the horizonta: directiou.
So due to the small diameters of the apertures, the illumination that
actually reached the film plane exhibited little effect of the exces-
live vertical extent of the illumination.

The high degree of correlation between the experimental and
theoretical curves, based on an average of only three shots, suggests
that the degree of coherence could be accurately Aetermined by this

experimentel methoa if an average of twenty, or even ten shora, were
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used. Then with the aid of a computer t-= time averaged effective
radfation could be synthesized ac explained earlier in this section.
This procedure could be perforumed at many levels of flash lamp excits-
tion (above threshold) rasulting in a series of characteristic models
of the lasing radiation. The procedure could then be extended to a
statistical sarple of lasers of similar specifications, The result,
in principle, would be a series of characteristic modele of the time
averaged radiation that could be used by engineers in & manner similar
to the use of electron tube and transistor characterirtic curver.

For this approach to be economically fessible, two requiremencs
must be met. First, 'a rezl time detector is needed. For ex-mpli, a
light sensitive electronic package, that measured fringe visibility
directly and in real time, could eliminate two big time consumers—-film
development and densitometer analysis. Next, an effective cooling
mechanisn is needed to maintain the laser crystal temperature constant
at toom teamperature. This would leave detector response time as the

limiting factor for the length of the time intervals between pulses,
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I1I. Measucement of Temporal Coherence

The temporal coherence properties of the time-averaged radiation
field were determined with the aid of a Twyman-Green interferometer.

Since the details of this experiment are quite similar to the spatial

coherence experiment, this material is organized and presented in che
sequence as before, i.e., description of equipment, experimental

procedure, theory of operation, calculations, and discussicn of results.

Description of Equipment

The equipment used to measure the temporal coherence was the
laser source, a Twyman-Green interferometer, photographic film, a
densitometer and X-Y plotter.

The Twyman-Green interferometer consisted of the collimatiag
section of the diffractometer, a circuiar aperture, beam splitter,
two optical flats, and an imaging section. The aperture was con-
structed by punching a 1.9 centimeter diameter hole into one of the
screens used in the Young's experiment (0.159 centimeters thick and
5.08 centimeters square).

The beam splitter was a 5.08 centimeter diameter by 6 millimeter
thick optical flat. It was mounted at an angle of forty-five degrees
with the incident beam. The side of the beam splitter nearest the
aperture was coated with a dielectric film with a reflectance of
0.554 at 0.6328 microns {(measured with heli{um-neon gas laser), for
incident illumination that is horizontally polarized, i{.e.. parallel
to the plane of incidence.

Two, 2.54 centimeter dismeter by 1.27 centimeter thick optical

flats, were positioned in the path of the two beams leaving the beam
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splitter. They were mounted such that one flat was positioned along
the axis containing the collimating section and aperture and the
other flat mounted on an axis perpendicular to this axis. The optical
flat holders permitted angular movemcnt, in both the horizontal and
vertical planes, about a center pivot point. In addition, the flat
positioned along the :cllimating section-aperture axis, had the
~apability of s small degree of translatiocnal movement in the vercical
direction and considerable trans!a.fonal movement along the colli-
mating section-anerture axis. The ]latier movemnnt was controlled by
a micrometer movement It zraduations of 1.27 millimeters. Also one
face, of each flat, vas coated with a dielectric {ilm with
& reficctance ~f 0.9, and the flats were criented so that these
faces were the first to intercept the incident beams.

The imaging section containcd a 4.25 diopter convex leur “den-
ti.al to the lences, L3 and LZ’ used in t¥  Youny's - iperiment and
o film plate hoider in the image plane, i.e., planc of desived
magnification., The fiim used was Kodak V~F Spectres-cpic platw
{vea Fig, 12).

The dimensions and orientztions of the different eleme.cs of
the Twyman-Green interfercmeter are Jepicted in Fig. 7.

The densi ~wet2r and X-Y plotter were the same 28 us~d i{n the

Youn,'s experiuent.

Experimenra! Procedure

Tne laser-source was aligned vith a helium-necn gas laser using
the same procedures .escribed in the spaciai cohervnce chapler.

Then the Twvyzan-freen interfercometer wos aligned. [t was considered
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aiigned when & tilt of one mirror produced vertical fringes in the
{ilm plane. Pinally, the source and the interferometer were aligned
as a systen.

After the system was properly aligned, the mirrors were posi-
tioned so that the paths traveled by the two bé;ms were equal. The
path lengths were mpasured with a steel tape. Consequently, these
measurements were only a first approximation.

Next the laser was pulsed, the interference pattern recorded,
and the movable mirror moved one micrometer graduation. This proce-
dure was repeated with the result that interference patterns were
recorded on both sides of the approximated zero path difference
point.

The spectroscopic plates were developed and analyzed as de-

scribed earlier.

Theory of Operstion

The complex amplitude incident on the aperture A was identlcal
to the illumination incident on the screen in Young's experiment,

{.e.

Ix ) (yz ] Afo \
(24 f"' 7 j,
,(xz,y‘) [Rv “x“l RECT \L 1,! \va - {64)

where the distance, dl’ from the leas L1 to the aperture represented
propagation deep within the Fresnel diffraction region.

The incident téctangular pulse was approximately 1.2 centimeters
by 2.5 centimeters, wheveas the diameter of A, was 1.9 centimeters.

Tnus the rectangular pulse was truncated i{n the vertical direction
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and the {llumination leaving the gpertura was aspproximately elliptical

in cross-sectional shape, Thus

Afo ti
U°(x,,y,) = 5—— CIRC ( )
272 2u£1 LxLAfl
where
. 2 21 1/2
r, [(foLsz) + (folyz) :I
and

2LA - diameter of the aperture A

The illumination proceeded to the beam-splitter through the
Fresnel diffraction region., The beamsplitter was an optical flat of
thickness do, thus light incident upon it experiences multiple re-
flections (see Fig. 8).

From the figure, it follows that the complex amplitude reaching

Ml was approximately

. 6+
' Jép n J (—;—-—) K
~U(xé,y4) = att” [2 (+’r’’e ) e ©
n=0
K
R W Af,
- T where a = 3nf (46)
1 -1r"r"7e 1
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FIGURE 8

INCIDENT BEAM MULTIPLE REFLECTIONS

60 = Kn (Zdo cos ¢°), 61 =d, and r°° = -r, by Stokes Theorem.
The geometrical shape will be ignored until the complex ampli-

tude is imaged by the lens L Then

2.

where rz is the reflectance of the dielectric coating and (r‘)2 is

the inside reflectance of the glass interface. The beam splitter h: .

been assumed to be infinitely long since the amplitude of the re-
flected beams decrease as powers of the reflectances.
The illumination was reflected and transmitted by the mirror “1'
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The reflected beam was incident upon the beam splitter where it was

both reflezted and transmitted sgain (see ¥ig. 9).

FIGURE 9

BEAM REFLECTED FROM Ml

Then the complex amplitude incident on the lems, LZ’ iz given

approximately as follows:

JGO Jdo n
qu(x6’y6) « br* + bt t*r e :2: (r"’r’e )
n=0

K

, JGyH) 3

att e rH (l_r,z re o
- - 33 r’ + f— (47)
l4+rrie ° l1+r )
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vhere 6, = d, + d

2 4

The reflectance of the dielectric coating was measured at 0.5328
microns and found to be 0.55 i 5% at a forty-iive degree orientation
and horizontal polarization. The polarizatior of the pulsed ruby
iaser was measured and the ruby crystal oriented such that horizontal
polarization was achieved (see Appendix C). Thus the reflectance at
0.6943 microns is approximately 0.5, i.e.

rz = 0.50rr =0.7

Considering Fresnel's laws of reflection and Snell's law, r” can

be determined.

o IAN (97 - 9) . IAN (-17°)

TAN (¢° +¢)  TAN (730) ~ - 0093 - (48)
Then
. J6
JK(5,+h) . o
UHl(x6,y6) x - att’e 2 r (r_ + re Jg (49)

(L+rre 0)2

imilarly the complex amplitude incident »~n the mirror Mz was as

follows.

Jé

| 0 Jé
r+rie 3
U (%55¥5) = a[ “o] e

l+rr’e

And the complex amplitude incident on the lens, L2' which had been

reflected frow the mirror Mé was given by .ae follduing expregsion:
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Jé Jé
att’(r + r'e °) r, e 2
UH&('6"6) x 'Jéo , (50)
(L+rrie )
- ’
vhere 62 k db + ds).
The complex amplitude arriving in the film plane was
ntt'r.ds
U(x7.y7) J6° ; CIRC d ) L f [(t + ve
de(1+rr'e )
Jé
e‘mh +r+rie o:] (52)
vhere only pertinent path differences are retained.
Then the intensity incident on the film for the average wave
number (0 = 1/X) was given by:
1G) = 1, () + L, (@) + 2[L. &)1, G) 12
Ml M2 M1 M2
Ry (v, 16270 (s2)

vhere qu = the intensity ..t the film plane due to the ith mirror,
711(5) = to the normalired degree of spatial coherence, and h = path

difference of the two beams.

The degree of spatial coherence can be determined by Eqs (24),
vhere the derivations from this point to the derivation of the total

coherence function is essentislly the method of Hopkins (Ref 10)
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1o = | 1G4 5o | Mo “\"“xﬁ‘ﬂ
2 T f
R 1 o
£
_. JaR-R)0
v,,G) = eyt | Liode dx
11 2
R
L
29L L. £f.0 | /h 2 k., 2_}1’2
2J x Al ( 1 ) +( & )
. 1 2 LE, ]l )
Y,,(0) = 0 = == (53)
11 2 - 2 21/2
sL L £S5 |/ h h
x A1 ( 1 ) +( 2 \
zo LAfo flx'x / |

Here h1 and hz are the separations in the x and v-directions of the
film plane for a source point. Then 711(3), represents the spatial
correlation between the two separated images (due to the mirror tilt)
in the film plane. The illumination leaving the aperture (Eq (45))
vas considered as the secondary source. Also Zo’ represents the
total distance from the aperture A, to the film plane,

To account for the finite frequency spread, the total intensity
wvas found by integrating I1(d) over the gpread of wave numbers,

1/2

I = IKI + 1.+ Z(IHJIHZ)

Rgldgy}
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and
1/2
1,,(0)1,,(0)
M1 2nJho
In " 5 ""i“i""""] lvyyt0die do (34)
o

Considering the values of r and r”, then Iul » IHZ’ 1f the
. 1..(9)
spectral distribution lui is considerad, then the geometric
mean energy distribution can be defined, {1.e.
1/2
I,.(0) 1., (o)
z(a)-['“ H2 ] -+ (55)
Hl H2

Assuming the wpatial coherence varies very little with wave
nusber and that the profile of t“e spect-al line is Gaussian, then

the total coherence function (le) can be written as follows:

211(2'£)
2%

- 2
leJch -x(6ah)*

J

) (56)

T

where 60 2 to the width of the line profile at the points where the
~1/4

iatens{ty has dropped to e of its value at the ceater of the

line, and

S () ()
Z £ L f.L

z
The temporal coherence can be deiined as W(h) = e"(éah) .

{ The £q (54) for total {ntensity pecame
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. ( Af te’r d ) 2 v crac? ( dgr; )
2uf_d d L L f
1% v Yebeatl
23, (2xE) 2
[} + ——%;E—- 8 s (Z!Eh):I} (57)

and Eq (29) for visibility became

2127 _a(son)?

V- 2%

(58)

Consequently, 1if the visibility is plotted as a function of n/2,

(movement of the mirror from the point of zerv path difference), then

2
the function graphed is approximately, V = B e"(6°h)

, 1.2,
Gaussian.

As discussed previously in the Young's experiment, the vis‘bil-
ity (V') that 1s actually determined experimentally 1is an amplitude
visibility function {f photographi: film is used as the d-tector amd

the {ntensi:y vi {bilicy fui 'cion, V, is the square of V',

The cohersace time is given by (Ref 11:7-17)

: 2
- - £
xzvz(r)dr c hze 23 (foh) dh

(At)2 v

A,
o
L)

e’

(2
G—Zt(éch)

Vz(x)dr ¢h

O oy § (O ey, B
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and

1
bt = S50

The coherence length is given by

1
+ AL = CAt = 260 (Ref 3:319)

Considering Eqs (&9) and (50) it follows that

(r2 + r’2 + 2r ©°COS 60)1/2

ju,.| = lu,.] = att’r
W W B4 (re)? 420 rocos s,

{60)

od V- 23, (278} e_,(m)zj 1/2

23

The mathematical model of the line shape has been assumed to be
Caussian. To complete this model, a value for 60 must be assumed.

The average value of Ah, at the ew'(s

point from the maximum value of
the amplitude visibility curve, was used in conjunction with Eq (59),
to determine a value for 60, Thus the theoretical prediction,

assuming a Gaussian line shape, for the temporal coherence factor was

N
6.78

2
()
W(h) = e y N0, 1, 2, ~-. (61)

Examples of the recorded fringes are provided in Fig. 10.
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Cslculatior-

The film and densitometer traces were prepared using identical
procedures to those used in the apatial coherence experiment.

The densities were calculated using the same relations as before.
The slopes of the Hurter-Driffield curves (gammas) were determined
for each density point instead of the secant line approximation

technique used in the previcus experiment,

Having determined the gammas, the amplitude visibility was

determived by
- -1
Y Y
zdo max
" . ('nin) - () (62)
.3 1
Y Y
o nin max
‘“udn) + (tmax)

Bere 2. i3 amp.itude trgnsmittancg gs_de;ermined by the dengi:cmeter
trace within a constant factor us explained im the previous experi-
ment., Than Y’ was squared to errive at the intensity visibility
function (V). The intensity visibility was then plotted as a function

of micrometer movements as depicted in table il and graph II.

Discussion of Results:

To achieve the maximum correlation between the spatial aud
temporal coherence experiments, the experimental apparatus was changed
as little as possible. The laser source wss not zltered and comments
on mode selection and mode control presented in the discussion of the

first experiment still apply. However in this experiment, the
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aultiple transverse modes were essentially independ-nt of the temporal
coherence measurementa. The statistical nature of the radiation was
unchanged since the laser source was not altered. Due to the
quantities being measured, the statistical variatica was now evideat
in the emission of longitudinal modes.

Three shots wefe again the sample size. This fact, in conjunc-
tion other sources of possible error caused a significant degree of
uncertainty to accompany some éxperimental results. A discussion of
these possible sources of error and an estimate of the maximum degree
of uncertainty connected with each will be discussed next.

The manufacturer did not provide a graph relating gamma and
development time for the V~F Spectroscopic plates. Therefore the
B-D curve was the only source from which values for gamma could be
obtained. The uncertainty in the determinatibu of gamma was negli-
gible in comparison with the first experiment for two reasonms. First,
the gamma values were determined fo¥ ;acﬁ point eréiateiy in;tea& of
computing an &verage gamma for each pair of points by using the
secant approximation, Also the H-D curves had very little curvature
except for plates of low demsity (D < 0.5).

The variation in visibility due to an uncertainty in the

This uncertainty was due to three scurces of possible error--the
sccuracy of the deusitometer-recorder combination, non-uniform
density of the unexposed film, and the sccuracy to which the signal

could be differentiated from the noise on the graphs prepared by the

X-Y recorder. The non-uniformity of film density waa neglected, but
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3 S AT T P

it does represent a potential systematiic error. However, since the
aon-uniformity ic a random éhenomgna; the error should be negligible
since a large number of pistes (60 plates) constituted the experimen-
tal data source. The problem of differentiating signal {rom a noise
background was negligible in the spatial coherence experiment. |
However, for the temporal coherence measurements, the noise was of
;uch nagnitude, tha; the sigpal was almost obscured at large path
differences, This nolse was caused, to a large extent, by parallel-
plate fringes due to the beam aﬁlitter and to & lesser extent, by
dust and aberraticms.
The procedures used to estimate the maximum error in intensity

visibility cdue to an uncertainty in amplitude transmittance parallel

those used i the z;.tial coherence experiment. The inherent accu-

A racy of tiae lonsitometer-recorder combination was estimated &s one

? ' per cent of the full scale deflection. The maximum error due to

| noise was estiﬁated by averaging thé ﬁaximum uncertainty dué to noiée
4in the transmittance for each micrometer setting (path difference).
Then the maximum error in amplitude visibility as a function of

transmittance uncertainty was computed using Eqs (38) and (62), i.e.

I S §
1 Y2
AV - 2t1 t2 ACD + Ath . AtD + At2N (63)
t 21 i 2 AL Yty
Y1 Yy
tl + tz |

Here AtD, is rhs uncertainty due to the densitometer recorder combi-

( nation and Aci is the uncertainty due to noise. The imprecision in

63
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amplitude visibility due to the statistical nature of the radiation
vas estimated next. The maximum deviation of an experimental point
from the arithmetic averaje was used to estimate this imprecision.

The meximum errors in the amplitude visibility that were com-
puted —bove were combined and used in conjunction with Eq (40), to
arrive at an estimage of the maximum errcr in the intensity visikil-
ity function. The results of these calculations are depicted in
graph II,

The sources of possible error, the magnitudes of which could not
be estimated, were of the same nature as those present in the first
experiment, i.e., crystal temperature at the time of lasing action
not coustant, possibility of varying levels of flash lamp excitation,
migsalignment of the source and the optical axis of the interferometer,
filament oscillation within the ruby crystal, and unequal magnitudes
of the complex amplitudes arriving at the film plane. The latter
three sources of error have the same éype of effect on the gemporal
coherence measurements. They cause the magnitudes of the complex
amplitudes (from the two mirrors) to be unequal and also decrease
the spatial coherence., These two factors *hen dacrease the visib{l-
ity. However, this decrease should be quite small when compared with
that caused by the presence of multiple longitudinal modes, Ih fact,
the visiuiiity measured was lesa than the predicted single mode
behavior by a factor of thirty-four. This reduction in visibility
will now be considered in more detail.

The Twyman-Green interferometer provides a fiéld of view which

is uniformly illuminated at the zero path difference and zero angle
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of inclinati;n coﬁdition- of the two mirrors. Angle of inclination
implies a2 change from the perpendicular orientation of the mirrors.
In this experiment, the mirrors were purposely tilted to obtain
straight line fringes so that their contrast could be measured. This
tilt caused the super imposed images to separate. Misalignment of
the source and the axis of the interferometer and also filament
oscillation would tend to incresse this neﬁaration. The degree of
spatial coherence is a measure of the corralation between tha images
vhich are being separated. Consequently, the amount of tilt and the
migsalignment of the source (including the time averaged effect of the
filament oscillations) decrease the spatiasl coherence by increasing
the image separation. Mizalignment was interpreted as the devistion
of the direction of propagation of the incident illumination from
the optic»l axis of the interferometer,

1f the amount of tilt of the mirrors was held constant for each
shot, then the reduction in spati:l coherence due to this factor
woul? be constant. The exverimental visibility could be multiplied
by an zpprenriate constant and this error essentially removed.
However, a review of the fringe patterns reveal that the number of
fringes, and thus the amount of tilt, was not constant for each shot.
But the variation ino rthe number was small (see Fig. 1G,. Considering
Eq (56), and the actual values of the various parameters, it can be

/2 {1limeters. Thus for

shova that ¢ = 107 [(h,/15)° + (h)/145)%]
the small separations counsidered in this experiment (separations of

the order of a4 small fraction of a millimeter), the spatial coherence

changes very littls ~  “sct, separaticns as much 28 cne-tecth of a

NP
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millimeter would reduce the spatial coherence to only 20X of itas zerc
separation value. Thus the reduction in visibility due to reduced
spatial coherence could not be responsible for the large decrease
from the predicted values.

The next factor capable of reducing the visibility is unequal
magnitudes of the cynplex amplitudes. These magnitudes were shown
to be equal based on approximations concernad with the values deter-
mined for the reflectances of the dielectric coating (rz) and the
opposite glass face (r')2 of the beam splitter. These values of
reflectance were based on the assumption that the beam splitter was
positioned at ar angle of forty-{ive degrees with the iicident beam.
However, this positicning was done by visually judging this angle.
Thus this setting could not be more accurate than a fow degrees.
This positioning technique vas also used {in the measurement of the
reflectance of the dielectric coating a. the forty-five degree
inclination. Thus the positioning error could possibly have doubled
in the process of determining the reflectance at a particular iaclin-
ation and then placing the beam lpl*ttet in the experimental appara-
tus at this inclinatiou.

The refleciance is a function of wave length through the index
of rafraction (N). Considering the Cauchy equation for normal

dispersion

XA+ !: *'EI (Ref 12:468)
)

it is obvisus that cn incresse in vavelength implies a decrease in
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index of refraction. Using Fresnel's law of reflection for parallel

polarization (Eq (48)), it cau be shown that

2 _ (Mmcose-cos e 2
T (‘ C0S ¢ ¥ COS ’,) (64)

"

This squation, when the values of ¢ and ¢° are considered, {llus-
trates that a dccrc;-c in index will cause a corresponding decrease
in the reflectance. Also, if the rate of change of the reflectauce
vith index is inspected, we find that the rate of change of reflec-
rance incresses with a dacrease in index. The rate of change is

givan by

a(x%) .4 COS ¢ COS ¢ (N COS ¢ ~ COS ¢°)
N (R CoS ¢ + cOS ¢°)°

(65)

The relevance of this analysis lies in the fact that the value of the
reflectance was determined at 6323 A° (helium~neon continuous vave
gas laser), but the beam splitter was utilized at 6943 A°. Therefore
this small increase in vavelength, coupled with the inaccuracy in the
forty-five degrse fnclination positionicg creates the possibility of
an amplitude mismaich in the film plane.

Duriag the process of weasuring ths reflectaance, the beax
splitter was found to exhibit marked preferenca for polariring angle,.
The two equal beams were provided vhen the polarization was parallel
to the plane of incidence. However, the pola2iixation experiment with
the puised laser (appendix €} showed only s preferred plane of

polarizaiion, This could only cause 3 furtizr increase in the
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amplitude mismatch and correspouding decrease in visibiliry.
The possibilities of ureq' 1l amplitudes appsar to be quite
plausible. However, the magnitude of the decr-ase in viaibility that
. it might have caused does not appear to be significant. As pointed %
out in the sarlier discussion of Eq (43), the amplitude mismatch must

be quite large to cause a significant decrease in vigibilirvy.

Only the presence of multiple longitudinal modes remains as tha
 possibie reason for the significant decrease ir the visfbility.

Equation (32), describec the manner in vhichk multiple modes combine

to dscrrase the visibility. Since still photography was used as the
detection mechanism, only the time-averaged effect of the multiple
modes could bes observed. Consequently, the theoretical curve wvas
normalized downward to the same order ¢f magnitude as the experimen-
o tal points to determine the amount of deviatiom from the single mode
predicted curve shape. The experimental psoints indicated that the
actusl visibility decayed faster than the predicted curve for path
differences up to ¢+ two centimeters. At this point, the signal to
noise ratio of the graphs of relative transmittence became suffi-
ciently large to cause the reliability of the data to be in question.
The exparimentsl poi.ts appeared to he shifted from the center
axis of the symmetric predicted curve. This situstion has two
probable causes. Firs*, .he zeio path differenc: point vas derermined
by chaaging the path difference cu both sides of the calculated zero
“ifference pofint and then analyzing the resulting fringe patterns.

The positica uf the mirror that corresponded to the fringe pattemn

exhidbiting the maximum contrast wes chosen 83 the zero path diffevence
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point. The smallest micrometer movement on the experimental apparatus
was 1.27 millimeters. Consequently, this was the maximum accuracy to
which the zero path difference could be meagured with reasonable
precialon.

The next probable cause of the apparent shift in the experimental
curve was its asymmetry. This asymmetry could be the result of a small
misaligament causeé by the time-averaged effect of filamentary oscille-
ticn, Also a blue shift in emission frequency, due to a uniform
decrease in optical cavity length, which In turn is pcstulated to be
directly proportional to changes ir population inversion, has been
detected by Wolga and Flamholz (Ref 22:2723). This phenomena was
present in both Q-Switched and pulsed ruby lasers, regardless of laser
power,

The anomaly at minus five units has a number of probable caﬁses.
It could be the result of secondsiy reflection. The statistical
sampie could be toc small to localize the visibility at this path
difference. Hcwever, the probability of this being the predominant
cause is quite low due to the precision of the measurements ottained
for this value of path difference #hd the proximity of the other
seventcen experimental points to the predicted curve. The most
probable cause of this anomaly is the time-averaged addition of
multiple modes at this point.

The experimental results appear to indicate that the time-
averaged output does approximate the effect of a cingle longitudinal
mode for an input of 78l1.3 joules. A better appfoximation of the
time-averaged radiation could be obtained with the aid of the computer

as explained in the discussion of the spaiial coherence experiment.
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Fow that the time-sveraged coherence propetﬁiea of the laser -
hasve been anslyzad, the next atep is to improve these characteristics.
The rresent analysis could be used to evaluate any potential improve-
ment mechan: m or procedure.

The suggested approach toward improvement is to first, place an
aperture in the lasfr cavity to improve the spatial coherence. Then
the temporal coherence could be improved by placing a sapphire <alon
or a dye cell in the cavity.

An attempt to improve the spatial coherence using a one milli-
wmeter aperture indicated that the exact location of the aperture in
a plane perpendicular to the cavity is quite critical. In fact, an
arbitrary placement of the aperture in & plane near the output mirror
reduced the temporal and spatial coherence obtained in the non-mode
selected case. This was probably the result of having blocked the
domirant transverse mode, which was also the dominant longitudinal
mode, by the aperturs. Thus the aperture problem reduced to one of
locating the area within the cavity where the probability of finding
the dominant mode is highest. This could be determined in several
ways. One method would be tc photograph the face of the ruby crystal
during lasing action. This should be done with a shutter speed
comparable to the pulﬁe duration so that the time averaged la;ing is
observed. Then, with the aid of neutral density filters, the locetion
and size of the aperture can be determined. The size and locatiou of
the aperture can be approximately determined by examining the crystal
in the Twyman-Green inturferometer. Then these p;its of the crystal

face exhibiting scattering centers or other crystal defects would be
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blecked by the aperture, In either case the dominant modes would be
passed and competipg modes would -be blocked. Further experimentation
might indicate a preference for the aperture along the length of the
cavity,

Once the optimum aperture is installed in the optimum location,
then the time-averaged spectrum should be observed. Using the fact
that the longitudinal modes are spaced at regular intervals, the
etalon can be placed in a location such that only the dominant longi-
tudinal mode has high gain. Then the particular orientation of the
etalon that produces the maximum degree of temporal coherence can be
determined by experimentation. This procedure could be extended to
twvo or more etalons, thus incresging the boundary conditions that an
oscillstion must satisfy, until the desired degree of coherence is
obtained. However, this tailcring of the coherence properties is
only valid at thicz one level of flash lamp excitation. Increased
pover requirements may necessitate redesign of the aperture and the
relocation of tha etalons. In fact, it is reasonable to expect that
the dominance of any one mode woulq decrease as the excitation was

increased much above twenty percert over the threshold excitation.
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IV. Summary and Conclusions

The purpose of this study w#s to evaluate the coherence prop-
erties of a pulsed ruby laser for holographic applications.

The internal processes cccurring within the laser cavity were
not treated, but some processes were mentioned briefly in relation
to some considerations ~f the radiated fileld. The time-averaged
eifect of the radiation field, as detectad by photographic emulsion,
was used as the basis for the discussion of the coherence properties.
Howevér, some aspects of the instantaneous radiation field were
congidered in interpreting the experimental results.

The laser was operated at room temperature and approximately

twenty percent above threshold. Also, no mode selection was employed
and the emitted radiation field was a statistical phenomenon.

The coherence properties were considered in terms of the spatial
and temporsl coherence properties. These.cwo types of coherence
were isolated by judicious choices of experimental arrang:swents.

A form of Young's experiment was selected to isolate the spatial
ccherence effects and a2 Twyman-Green interferometer was used to study
the temporal coherence properties. With the aid cf these experiments,
the time-averaged effect of the radiation field was detected and
compared with a single mode theoretical prediction. This prediction
wvas based on a scalar wave analysis and paraxial approximations. 1In
addition, ia the case of the temporal coherence prediction, the
profile of the spectral line was assumed to be gaussian.

The results of the experiments were, for a 0.51 millimeter

radiug sample of a 2,54 centimeter diameter beam, 2 spatial
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coherence length of approximately 2.2 millimeters, and; for the same
bean size, & temporal coherence length.of 1.27 centimeters, Conse-
quently, the laser could be used as a holographic source fox holograms
requiring coherence lengths less tham the above figures. However,

for most holographic work these coherence propertiee were
unsatisfactory--eagecially the temporal coherence properties.

The uncertainty of the experimental results were due to three
main sources. They were the statistical nature of the radiation
field, multimoding, misalignment of the source and the experimental
apparatus, and variable laser parameters (crystal temperature, excita-
tion voltage, etc.). These sources of uncertainty are listed in the
order of decreasing effect on the experimental data.

Considering the objective of this study--analysis is incomplete in
two respects. First, only one sample size (aperture size) was used in
the spatial coherence experiment. This experiment should be repeated
with different aperture sizes. Second, both experiments were performed
with one level of excitation. The several spatial coherence experi-
ments and the temporal coherence experiment should be performed at
levels of excitation spanning the range from threshold to the maximum
manufacturer suggested excitation. The subsequent analysis of these
results would represent a completz study of the laser coheren;e
properties.

In addition to the determination of the coherence properties of
the source for an aperture size and an excitation level, this study
accomplished two things. First, i1t shows that the approach used is
feasible. However, a real time detector and a cooling process that

maintains the crystal temperature constant {s needed to make this
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approach practical. The second accomplishment is the fact that
the qnantitative results of this study can serve as a reference
point for improving the coherence of the laser by employing mode

sezlection,
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Apperdix A

,Table 1

Visibility Calculations for Spatial

Coherance Experiments

Aperture ) Gamma 2
Separation Calculated Vigibiligy {Vieibiliey)
1 omn 0.731 £.989 0.978
2 m 1.052 0.447 0.1%%
2.5 mm 1.005 0.314 0.098
3 m 1.02 0.5 0,313
4 mm 1,068 0,331 0,109
4.5 m 1.051 0.338 G.114
5 mm 1.01 0.29¢ 2.087
5.5 ma 1.101 0.316 0.099
¢ mm 1.017 0.14 0.G19
6.5 mn 0.996 0.232 0,053
7 mnm 1.018 0.335 0.112
£ ma 0.931 £.214 0,045
8.5 mn 0.8 0.056 0.003
‘ 9 wa 1.12 0.128 0.016.
Gamma
(Linear
Portion)
1 mm 1.12 2.935 0.874
2 ] 1.12 0.422 C.178
2.5 am 1.12 0.291 ' C.084
3 w=m 1.12 0.556 0.312
& = 1.12 0.316 0.099
4.5 wm 1.12 0.31¢9 0.101
5 wa 1.12 0.268 0.071
5.5 am 1.12 Q.31 0.096
6 == 1.12 0.128 0.016
6.5 mm 1.12 0.207 0.042
? | = 1.12 0.6 0.093
8 om 1.12 0.179 0.032
8.5 ma 1,12 0.043 0.001
3 = 1.12 0,128 0.016
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Appendix B
Table II

Visibility Calculations for Temporal

Coherence Exporiment

Path * " Amplitude Intensity Uncertainty
Difference Visibilicy Visibiificy (47)
-7 0.0561 0.0031 0.01268
-6 0.0511 0.0026 0.00335
-5 0.1292 0.0166 0.01672
~4 . 0.0808 0.0065 0.02025
-3 0.1185 0.0140 0.01154
-2 0.1348 0.0183 0.0159
-1 0,.1563 0.0244 0.0167
0  0.an3 0.0293 0.01923
1 0.1457 0.0215 0.0123
2 0.1258 0.0158 0.00574
3 0.1053 » 0.6110 0.01231
4 0.0715 0.00351 0.0088.)
5 0.0574 0.0032 0.00642
6 0.0545 0.0028 0.00842
7 3.0374% ¢.0031 0.0C44
8 0.0434 0.0018 Q.00668
9 0.0341 0.0011 0.007057
1¢ 0.0553 0.0030 0.003%0s
11 0.0323 0.2010 C.0010%

* Unics of 2.54 Milimeters
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Appendix C

Preferred Plane of Polarization

The radiation from pulsed ruby lasers is gensrally partially
plane polarized. Due tc the short duration and high power of the
later output, the normal means of measuring the polarization
(polarizer-analyzer combinations) can not be used.

A Brester-angle cone was used as an inexpensive way to measure
the preferred plane of polarization. Then the crystal was rotated
unt{l the desired plane of polarization was achieved. The equipment

and the experimental procedure are discussed below.

Description of Equipment

The equipment consisted of a laser source, a collimating
section, circular gparture, a Brewster~nnglercanz, and spectroscopic
film plates. The laser source and collimating section were identicsl
to the ones used in the spatial and temporal coherence experiments.
The circular aperture was a 0.32 centimeter diameter hole punched
into a 5.08 cerlimeter square and 0.159 centimeter thick aluminum
sheet, The Brewster-angle cone was ccastructed of crown glass with
an index of refraction of 1.54 st 0.6943 microns and a Brevwster's
angle of 56 degrees and 33 minutes (Ref 2:94). The base of the cone
vas 2.5 centimeters {n d.iameter and the height of the cone along its
axis of revolution was two vcniimetecs. The base of the tone was
coated with an opaque film and then glued to s rectaagular glass
Llate. The glass plate was 16.35 x 11 centimeters in sres and

0.25 centimeters thick,
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The film was Kedak 103-F Spantroscopic plates which were mounted
in & holder 5.72 centimeters bshind the glass plate. Ths dimensions

and orientations of the elemerits are depicted in Fig. 13.

Theory of Operaticn

The collinatihg section converted a plane-polarized wave into a
plane~polarized wave of larger cross-section. Thus the complex

&upiituda incident on the circular aperture we~ U(xa,y‘).

Af, 7o) 7a *
By, = gy BT |pg| RECT | o (c6)
1 x'1 r2

The geometry of the corplex amplitude incident on the apex of
the cone had change¢ aince the size of the aperturz was much smaller
than tie cross-section of the incident illumination. Alsc propaga-
tion down the optical axis ¢f the elements was the geometric projec-

tion of the preceeding aperiures, since distences between elemenfa |

A
100z *

for plane wave illumination, Thus if the polarization of the wave is

wvere deep within the Fresnecl diffraction region, i.e., A <<

considered
Afa rc :
ﬂ(xc,yc) = 5oF CIRC z——) ¢ : (66)
i re

represented the complex amplitude and polarization of the eleceric
vector. As the cone wae illuminated, some light was reflected and

some transmitted, However the base of the cone was coated with an

*Sae formuls (14)
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opaque film, so the transmitted light did not reach the film plane.
Resolving the complex amplitude into components perpendicular and

parallel to the plane of incidence, it can be shown tant (Ref 13:219)

1 ., _ SIN - ¢
El SIN (¢ + ¢7)
E&' .
2 . (e -4) (67)
EZ TAN (¢ + ¢7) '
E;‘ B2’
Here i and . repregent the perpendicular and parallel fractions
1 2

»f the complex amplitudes respectively, i.e. .

U(xe.y) ez + ¢.E

171 272
Af r
2 1/2 - _c
(314+ Ez) > Tnf f CIRC ( L ) N o - (68)
and
¢ el + 62 ‘
lel + Cz'

Also ¢ is the angle of incidence and ¢~ 1is the angle of refraction.
An inspection of Eq (67), reveals that when ¢ + ¢° = % , the
parallel reflected fraction is arbitrarily small. The cone was
constructed so that the above condition was satisfied for illumina-
tion incident on the apex and along the axis of the cone. This is

Brewster's angle, which wag approximately 56 degrees for the partic-

ular cone used (Ref 2:90). Consequently, there would be no intensity
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in the film plane due to the reflected component parallel to the
plane of incidence. The plane of incidence is the plane containing
the normal to the reflecting surface and a vector representing the
direction of propagation of the incident illumination. Thus the
total intensity recorded on the film was due only to the perpendic-
uvlar component of the raflected light.

Since the conelwas circular in cross—-section, there were an
1nfin1te number of possible incident planes. However, if the illumi-
nation was plane polarized, then the film would only record the
effect of one plane of incidence, the piane of polarization. If s
set of coordinate axes were imposed on the film plane such that the
y~-directicn coincided with the plane of polarization, then the

intensity in the filw plane at any angle 6, from the y-axis, would

be given by

177 = SIN® (4 - ¢°) [E, €050 +E,_ SIR 8% S (69)

1 1y

But since the y-axis coincides with the plane of polarization Elx

equals zero and

Af [r 2
.o 2 . 2 0 c
I]. = SIN (Q - ¢°) SIN® @ [-ZTEI CIRC\E;:)] ' (70}

Thus the image on the film plane should reach a maximum at an angle of

x

2
pointas of the image indicate the blane of polarization.

6 = ¢~ . from the plane of polarization. This implies that the null

In the case of the pulsed ruby lager, the illuminstion was not

completely plane polarized, therefore the intensity inm the plane of
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the film would not decrease to zero. Instead the image should exhibit
two naxima (separated by m radians) and along an axis perpendicular

to the axis containing the maxima, there should be two minima.
Therefore the axis of minima should represent the preferred plane

of polarization.

After the pregerred plane of polarization had been determined,
the cylinder containing the ruby crystal was rotated and subsequent
images recorded until the preferred plane of polarization was aligned
with the horizoutal axis of the Twyman-Green interferometer for the
temporal coherence experiments,

In the following photograph the maximum intensities are not
equal. This was due to the misalignment of the center of the incident
beam and the apex of the cone. However, it can be shown that the null
points remain Iin the same relative position and the angle of polari-
zation can be measured with a straight-edge with an accuracy of plus

or minus two degrees (Ref 2:98).
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FIGURE 14

PREFERRED PLANE OF POLARIZATION
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