Proceedings of the Society of Photo-optical Instrumentation Engineers

Volume 194

Applications of
Optical Coherence

William H, Carter
Editor

August 29-30, 1979,



Proceedings of the Society of Photo-Optical Instrumentation Engineers

Volume 194

- Applications of
Optical Coherence

August 29-30, 1979
San Diego, California

William H. Carter
Naval Research Laboratory

Editor




ISBN 0-89252-222-4

© 1979 by the Society of Photo-Optical Instrumentation Engineers,
405 Fieldston Road, Bellingham, Washington 98226 USA.

‘ Al rights reserved. No part of this book may be reprinted, or

§ reproduced or utilized in any form or by any electronic, mechanical
or other means, now mmr‘hwagﬂer invented, including photo-
copying and recording, or in any information storage or retrieval
systam, without permission in writing from the publisher.

Printed in the United States of America.

SRS —

i/ SPIE Vol. 194 Applicutions of Optical Coherence (1979)

I —— it e s et o et



APPLICATIONS OF OPTICAL COHERENCE

Volume 194

INTRODUCTION

William H. Carter
Naval Research Laboratory
Washington, D. C.

The theory of partial coherence describes the effects of random time
fluctuations of a light field on the intensity observed by eye or
photodetector. It is very well known that light from a laser behaves dif-
ferently from the light from a thermal source because it is “‘coherent.”
However, it is not so well known except by specialists that thermal light
also exhibits coherence phenomena. This becomes particularly evident
in the operation of a microscope, of an interferometer, and of many
related instruments. The theory of partial coherence is more than an
academic exercise. It is in fact a very useful tool for instrument design
and for the analysis of some useful optical phenomena. | have tried to
show this by the choice of papers selected for this seminar.

In this seminar papers were presented which demonstrate some useful
application of the theory of partial coherence or the coherence
phenomena it describes. Session 1 includes papers dealing with the use
of this theory in the design and operation of optical instruments and in a
reformulation of the classical theory of radiometry to properly describe
the effects of interference. Session 2 contains papers of a somewhat dif-
ferent nature. Here the theory is used to study the effects on a light
beam due to propagation through a turbulent medium and to study the
phenomena of speckle. In particular, Professor Goodman in the opening
paper of this session discusses the similarities and differences between
the theory of speckle and the theory of partial coherence from which it
was derived. The final session includes a collection of papers discussing
some new techniques involving optical coherence which serve to em-
phasize a wide range of useful applications.

Presently the theory of partial coherence is not well known nor much
used except by a rather small group, most of whom are not engineers. It
is my hope that greater emphasis will be given in the training of optical
engineers in the use of the theory for solving practical problems.

-

SPIE Vol. 194 Applications of Optical Coh,erence (1979) / v



I i,

" (anEve o

leinsg fo noeds ed
& Yo zoabmutout
: mmm.w 81 9 utasiebeiniin
JainAr B et fdgil e ot visnenst
aexn ivend e 0f 50 B i 1avewol!
‘ inimm soneerion afidincs cils
8 1o zqonsoim & §0. holsiego o041 ol
af 'pmm JSnaguiment nelulen
1 3a8 o8 8l Leeiexs simsbeos
Mm Yo gigyiane sdi 1ol Gne
: ‘mhm ort ol sirft woils

S0 SEW SO 18IMas S0lT Gl
w to nb!d! aril Yo noizEsiggs
. b 2 anmuwﬂq

emit mchmh
1o Bve i DV
Hibr woveried
. novarkay” a N e
301l hseryrmeld e
mobive viwluoiieey eeme
v o b e

G TS YT

s ol

pranene m i
nou-ﬁmd 71
1 faitte moﬂ‘

o 74 irvid I - weir ol {noeni sidt Yo
i 29 i gt o gt Yo nodsurTTie -
s Te R 8 e aneges s stmmmwa»am
g 5 no eroatie ar ybuts & of yiosdr Ay enell_ewiun ingwt
“le ruty ‘o e mgibee : amm nmwaq of suby masd
ot seblopae to saemaraly,

T madb nolsese airly To wieg
g wmﬁMkwmm e i ‘

A

g e e g ey i i o

ORI nakaslon (s W e g st aAdT | buiwh sew
1;41¥:um" \"._~. "Wmnm‘
- aReimsdilae e bm ubiw & suiasdy
-'hum yon Mﬂﬁi“ i e lﬁ?ﬂ«tj wiiy yiinsesrd
1 el 108 B o 13 1200 Has m.svmqwmmau .
1-,mqu?o ;.r.mmmu ;,, el msmrsaan ym @l
AivioR 101 i _I__ LS mﬁ-r
i - s f
e g ER SR R -
£ .- .-‘ |. Gy’ LY
B B o - e e e g e e i e ——
o

: HﬂF%PDFM%WIEﬂ WWW. ertongbook com

'F_'Lo r



APPLICATIONS OF OPTICAL COHERENCE

Fis } Volume 194
Contents
BN . L o s s e L e i SR R ool EEYTRT S5 s v« v o v SRR, o o< o o 308 0 SR o chanarila v
SESSION 1. INSTRUMENTS AND RADIOMETRY . ... .coitiiiiiiniiennearerennsnsnsnennsnnsnns 1
194-01 Review of optical coherence effects in instrumentdesign.................coivivnnnnn.. 2
George O. Reynolds, Arthur D. Little, Inc.; John B. DeVelis, Merrimack College
194-02 Spatial coherence: the key to accurate optical micrometrology.............ccvvvivnunnn. 34
D. Nyyssonen, National Bureau of Standards
194-03 The microdensitometer revisited. . ...........coviviiiiinirnrnresennesessnarnensnnaes 45
Richard E. Swing, consultant, Frederick, Maryland
194-04 Effects of coherence inradiometry. . . ......c.vittiitiniirnnninninssensenencnsnnnnssns 55
Ari T. Friberg, University of Rochester
194-05 Radiation from partially cOherent SoUrCes. .. ...........ccuituiunnennennnennnreanensnens VAl

Ari T. Friberg, University of Rochester

SESSION 2. SPECKLE PROPAGATION AND HOLOGRAPHY . . .....ciiiiiiiinrnennneneanrnnnns 85

| 194-06 Role of coherence concepts inthe studyofspeckle...............ccoiiviiiiinnninnnn, 86
Joseph W. Goodman, Stanford University e

194-07 Intensity fluctuations and the fourth-order coherence function in random media........... 95
} Mark Beran, University of Pennsylvania
1’ 194-08 Application of ccherence formulations in ocean acoustic experiments.................. 102
! John J. McCoy, The Catholic Univ. of America and Naval Research Laboratory
i 194-09 Intensity fluctuations resulting from the propagation of partially coherent beam waves
{ in the turbulentatmosphere. . .. .. . . il e s it e s esas e v 107
‘5 J. Carl Leader, McDonnell Douglas Research Laboratories

194-10 Atmospheric effects on optical coOherence. . ...........ccovivrrvrnrnrnnsornrannecnnns 122

Richard F. Lutomirski, Pacific-Sierra Research Corporation

© 194-11 Modifications of the coherence properties of a light beam: applications in optical
' BEOCABSING . -2anivns 555 5l e o) otels (s e, o T ale e OB iR 5 » 81 35 0.8 014 5808 w08 mlm &0 a5 818 w00 w'a s 129

Daniel Courjon, Jean Bulabois, Universite de Besancon, France

SESSION 3. NEW TECHNIQUES . . ...ttt tttitnenensnnensassesennsnsassssassssrasasnsens 135
194-12 Correction of nonlinear blur due to partial opticalcoherence. .......................... 136
Bahaa E. A. Saleh, University of Wisconsin

. 194-13 Spatial coherence control of a laser beam by ultrasonic waves and its applications. ....... 142
Yoshihiro Ohtsuka, Hokkaido University, Japan

_/

SPIE Vol. 194 Applications of Optical Coherence (1979) / iii



194-14 Film grain noise in partially coherentimaging. .. ....... ..ot iiiiiiriinnririnncnnnns 146
P. Chavel, S. Lowenthal, Universite de Paris-Sud, France

194-15" Holographic MOVIBS.. . . ;. i« & visissis sie e Rl Intebe ety s s aia 4 a s als 4 $iria i aiis o a(a & s nja ial e o0 mialn » 157
Richard R. Davis, Idaho State University

194-16 Optical heterodyne detection of partially coherentradiation........................... 165
Walter Chiou, AIL

BENOR INABX. ..c o v ¢o.o v oo TR L. s Sroienasateleiu NN oS S e e T e o R S 187

BUBIBCT INAOX. | & . o R e R YR PO RN P IRE R AP eI aks dloas s & 5 (350 0.5 45 &6 %605 a6 187

X | o

v/ SPIE Vol. 194 Applications of Optical Coherence (1973)



2 @R ol 10 1o walvaf

APPLICATIONS OF OPTICAL COHERENCE

Volume 194

SESSION 1

INSTRUMENTS AND RADIOMETRY =% A {TENE SRR ol

Naval Research Labo

_/

S

SPIE Vol. 194 Applications of Optical Coherence (1979) / 1




Review of optical coherence effects in instrument design

George O. Reynolds
Arthur D. Little, Inc.
Cambridge, Massachusetts 02140

and

John B. DeVelis
Merrimack College
Physics Department
North Andover, Massachusetts 01845

Abstract

Improved performance in many optical instruments has been achieved by considering coherence effects in the design of the optical instru-
. In this paper such improvements are reviewed by heuristically describing the fundamental principles of partial coherence which are
uired in the design of such instruments. Furthermore, these coherence effects, which arise from both coherent and incoherent sources of
, are illustrated by discussing a selected set of instruments in which improved performance has been achieved. These examples

de high-resolution recording and analyzing instruments which use incoherent sources, as well as imaging and mensuration instruments
use coherent sources. A set of guidelines for determining when coherence effects influence system performance with respect to
arity, resolution and noise is also presented.

Introduction

" The time period prior to the experimental discovery of the laser witnessed the theoretical development and experimental verification of
ical coherence theory, as well as the application of r,qmmumcatmn and information theory concepts, in the design of optical systems.
mmumcatlon techniques applied to optical systems led to the introduction of the optical transfer function as a viable tool in the design
analysis of incoherent optical imaging systems. The work in coherence theory was primarily concerned with the propagation of radia-
n. However, application of this theory to the imaging problem determined the parameters and conditions of coherence for which the
oPtical system is linear.

The advent of the laser stimulated considerable research using a coherent optical source. In imaging systems equipped with laser sources,

chers observed deleterious effects in the image, such as edge ringing, edge shifting, and the presence of speckle noise. Simultaneously,

long coherence length of the laser led to a rebirth of holography, since improved three-dimensional imaging effects were observed. The
svbsequent use of holograms as filters also revived interest in optical data processing.

The incoherent and coherent limits of the theory of partial coherence were utilized to describe these various incoherent and coherent
llnagmg phenomena. Techniques for linearizing the coherent imaging system and reducing the effect of speckle noise were also developed.

. In addition, interest in high-resolution optical analyzing instruments led to the examination of the partially coherent imaging problem.
This resulted in a generalized treatment of the problem in which it was shown that optical imaging systems become nonlinear when the de-
gree of spatial coherence in the object plane becomes comparable in size to the resolved object. Techniques for avoiding these system non-
linearities were subsequently developed.

In this paper, we review the effects of optical coherence in instrument design by first describing the necessary elements of classical
coherence theory from an experimental viewpoint. We treat spatial and temporal coherence effects separately, and then review those aspects
of the theory of partial coherence which are important in the design of optical instruments.

For spatial coherence, this approach results in a relationship between conditions for coherence of the radiation and optical system param-
eters which define the operating region of linearity for any optical system. These effects are explored in a variety of instruments and result
in general guidelines useful in instrument design.

We treat coherent imaging problems separately and show that the introdugtion of partlal coherence tends to degrade such systems. We also
treat design considerations for optimizing the degree of partial coherence in such systems in a series of examples.

Finally, we discuss the effects of temporal coherence and illustrate how its control optimizes system performance using some examples.
The results outlined in this paper should be useful in optimizing the coherence effects in designing optical instruments.

Elements of classical coherence theory

In this section, we describe a heuristic and experimental approach to the subject of classical coherence theory.* The theory of partial
coherence is an appropriate starting point from which the formulations of the imaging problem can be developed.> However, we have

*A rigorous description of this theory is available in the published it 1,2
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REVIEW OF OPTICAL COHERENCE EFFECTS IN INSTRUMENT DESIGN

our discussions to those elements of the theory which are essential to the investigation of coherence effects in instrument design.
s of instruments in which coherence effects influence the instrument performance are high-resolution instruments, such as micro-
mlcrodensdgm;eters contact and pro,ection printers, as well as holographic and other instruments that use laser sources.

> s or diffracts and that incoherent light does not. For this reason, we think of the sun as an incoherent source because
’tmem diffraction effects in our every day observations. However, it is a simple matter to demonstrate that this naive
ent. Such an expenment was first performed by Verdet in 1869.% In repeating this experiment two small pinholes,
” apart, are placed in front of the human eyeball to create a Young’s two-point interferometer. The restrictions in the
: ¢ of the pinhole must be several times larger than the average wavelength of the radiation, and that the distance of
ation plar the pinholes must be large compared to the pinhole size. When this interferometer is used to observe the sun
the snpatation of the pinholes is on the order of 100 um, interference fringes appear. For pinhole separations less than 100 um, the
contrast incruses. Figure 1 is a schematic of the experimental arrangement.

Observation
Pinhole Plane Plane

k1 ===
"I Z, l) Py pEl et \
[ F-f ‘ Point of

. Filter e § - | Observation
R (ar)

Figure 1  Sch ic ar of two-pinhole experiment

for observing interference fringes with sunlight.

s 244 show the observed radiation fields and their corresponding microdensitometer traces when the pinhole separations, d, are 50
g:n. Figure 2 shows the intensity distribution in the observation plane and its microdensitometer trace, with a pinhole separation,
00 pm. In this case, we see the superposition of two circular diffraction patterns modified by fringes occurring as a result of the

between the radiation fields from the pinholes. Figure 3 shows the intensity distribution in the observation plane with its

g microdensitometer trace for a pinhole separation of 50 um. We observe interference fringes of higher contrast due to the

ation between the pinholes. We repeated the experiment with a spectral filter placed over the pinholes to reduce the spectral

of the radiation to approximately 50 A, compared to the spectral width of the sunlight (3000 A in the visible). Figures 4a and

results. This reduction in bandwidth yielded a further increase in fnnge contrast. From this experiment, it is deduced that

i ch emanates from a hrgp thermal source, such as the sun, can give rise to interference fringes. This experiment demonstrated
contrast of the fringes from the sunlight radiation and the pinhole separation had some intimate relatlonslup with one another.

en Michelson performed similar experiments on the star Betelgeuse (a-Orionis) with his stellar mterferometer S the measured region of
‘coherence was on the order of 3 meters, indicating that the angular subtent of the source determines the size of the region over which
nee fringes can be observed

W& demonstrate that primary incoherent sources give rise to radiation fields which are coherent over small regions of space as

ed by their angular subtent and the spectral width of the radiation used in the experiment. The increase of fringe contrast with de-
g gihhole separation and/or bandwidth indicates that the coherence properties of the radiation field are variable and cannot be .

d by a single number. In fact, the theory of partial coherence relates these fringe variations to different degrees of spatial and tem-
ce which leads to the important concept of a coherence volume. As we will show, the dimensions of this coherence volume

e very important in the design of certain classes of instruments.

7, these experiments were not fully exp]amed because the high frequency of the complex optical field amplitudes (10'4-10'*
dtcmams beyond the range of existing detectors. Square law detectors, which perform a long-time average, were used to measure
re of the complex field amplitude (intensity). The intensity of the radiation field, which is the measurable quantity, does not

e wave equation, and hence the existing theories were inadequate for explaining the states of partial coherence observed in the

eril ent,

ypment of the theory of partial coherence circumvented this problem because it was formulated in terms of an observable

(the mutual coherence function) which satisfies a pair of coupled-wave equations. The theory includes the effects of polychro-
ces and enables measurement of boundary conditions necessary for the solution of the wave equations.

SPIE Vol. 194 Applications of Optical Coherence (1979) / 3



St

Figure 2  Output of sunlight interferometer experiment
and corresponding microdensitometer trace
for a pinhole separation of 100 ym.

No spectral filter was used in this experiment.
(Courtesy of B, Justh)

REYNOLDS, DeVELIS

s

Figure 3

Output of sunlight interferometer experiment and
corresponding microdensitometer trace for a pinhole
separation of 50 um. No spectral filter was used in
the experiment. (Courtesy of B. Justh)

Figure 4  Output of sunlight interferometer experiment and
corresponding microdensitometer traces: (a) 100-um
pinhole with a No. 58 Wratten filter over the pmho(!es.‘
the filter has a spectral width of approximately 50A;
(b) 60-um pinhole separation with a No. 58 Wratten
filter over pinholes (C surtesy of B. Justh).
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REVIEW OF OPTICAL COHERENCE EFFECTS IN INSTRUMENT DESIGN

Review of the theory of partial coherence* Ly

is section, we examine the two-pinhole experiment using the theory of partial coherence to relate the varying fringe contrast
the sunlight experiment) to the degree of partial coherence of the radiation field. In our approach, we restricted ourselves to the
field, and hence we ignored polarization effects. These polanzauon effects can be readily incorporated into the theory by utilization
full vector nature of the field.?®

Piz (V=T Gy, %, 1) =V, Gy t47) Vs Kz, 1), (O

is the optical disturbance at the point X, , V, is the optical disturbance at the point X,, 7 = t,-t, and is given by A%/c (where AQ is
difference between the *wo beams and c is the speed of light in a vacuum), X, denotes a vector quantity, and the angular brackets
> a long time average, i.e.,

T

3L
E(tp=
(tp= T w o1 ) fO

the two field points coincide, the cross-correlation becomes an autocorrelation, reducing the mutual coherence function to the self-
function which, in turn, reduces to the intensity at the point X, for zero time delay [I(X;) =T, ,(0)]. The complex degree of
ence is defined as the normalized mutual coherence function:

732 (1)= T3 (1)/[Ty; (0) Ty, (0)] . ®)
. A
be emphasized that both the modulus and phase of this function are measurable quantities.

mn, the mutual coherence function in a vacuum also satisfies a pair of coupled-wave equations for propagation; namely:
Nt

ar (% > X2,7)
31’ ’
he speed of light and V2 is the LaPlacnan which operates on the wotdmates of the point x . Thus, since the mutual coherence

prinuple, isan optxcally observable quantity obeying a pair of wave equations, it can be measured on a boundary and specified
y condition. Eq. (3) can then be solved subject to this boundary condition. -

ity L
n omatic approximation

VT (X, X, 7)=1/c n =128 (3)

i:hew’system shown in Figure 5a. It is clear that the intensity in the X-plane depends on the coherence properties of the radiation
t the two pinholes, S; and S,, in the £-plane. It is a simple matter to show that, for the case of partially coherent illumination,
urbances from S; and S, yield an intensity distribution in the X-plane at the point P of the form:

Ip= 1A, eif1 + Ayeif2 = A2 + A3 +2Re (A AT el 1 ~00)) "

the diffracted optical disturbance in the X-plane due to S;, A, ¢i92 js the diffracted optical disturbance in the X-plane due to
s the real part of a complex quantity. For the case of completely incoherent illumination, the intensity at the point P is

(5)
¢ the intensities at P due to SI and S, , respectively. For the oompletely coherent case, as well as the general partially
intensity in the X-plane is given by Eq. (4). The cross term in Eq. (4) is the distinguishing and important term to be con-
Egs. (4) and (5) describe the principle of the interference phenomena, we must return to the coherence theory formula-

s mathematical description of this experiment.

-monochromatic form of coherence theory is characterized by the condition that the spectral width of the radiation (Av) is
7 small compared to the mean frequency (»'):

Ap<<y'. (6)
we assume that all path differences satisfy the condition:

 AR<<¢/Av, (7)
ly follows the development in Chapter 3 of the “Theory and Application of Holography” by J.B. DeVelis and G.0. Reynolds, Addison-Wesley Publishing Company (1967).

SPIE Vol. 194 Applications of Optical Coherence (1979) / 5§
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£ X
] V4t
(¥ ! :
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S os
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4
o
Q
S 04
w b
W
[
§ 0.2
F 8
B t
> [\
0 | 2 3 4

DISTANCE BETWEEN PINHOLES,d (cm)

Figure 5 M of dulus of plex degree of coherence:
(a) schematic for two-pinhole experiment where P denotes
a general point of observation in the X - plane; (b) modulus
of lex degree of coh asaf ion of pinhol
separation for the experimental arrangement shown in
figure (5a) where phase change 312 =0and 7.
(a) from reference (2); (b) from reference (1).

then the radiation behaves much as if it were monochromatic of frequency v’ . Thus, the second condition (Eq. 7) puts a strong restriction
on all path differences to which this theory is applied. Since the approximations given by Eqs. (6) and (7) are assumed here, the details of
the spectral composition of the light may be ignored, and all frequency-dependent parameters may be evaluated at the mean frequency, v’
In Figure 5(a), S, and S, are two quasi-monochromatic sources, and V, (t) and V,(t) are stationary random functions which describe the
light oscillations at S; and S,. The conditions under which the results given above are valid can now be considered. Since the light distur-

bances are propagated by linear differential wave equations, the disturbance at P may be represented as a superposition of the contributions
from S, and S, in‘the form:

Vo) =Ky Vi (t=12/0) + Ky Vs (1= 12/9), i
where K, and K, are propagators, and r, and r, are the distances from P to S, and S, , respectively.
The intensity at P is then given by
1(P)= V(1) Vp(t)). @
Equation (9) may be rewritten as

I(P) = Ky Vy(t=r1/¢)* Ka Va(t—12/e) 17 )=1, +1, + 2 Re {K, K3 (Vilt=ry/e) Valt ~rafe))} (10)

6 / SPIE Vol. 194 Applications of Optical Coherence (1979)



REVIEW OF OPTICAL COHERENCE EFFECTS IN INSTRUMENT DESIGN

are the intensities at P due to S; and S,. Note the similarity between this result and that stated in Eq. (4). Because of the
, the term inside the angular brackets depends only on ry /c — r, /¢ = 7 and not on 1, /c and r, /c explicitly. Thus, the origin
changed and Eq. (10) can be rewritten: |

R R T S 1 o WOLS an

12 is described by Eq. (1). Since only quasi-monochromatic light is being considered, the experiment is restricted to small path dif-
defined by Eq. (7). For this case, we form the function I'; ; (0), which is termed the mutual intensity function. Furthermore, be-
K, and K, are purely imaginary, the notation:

A P]:(f)'; |F,,@|e‘o‘35|l‘u lem’” .
| is introduced, where @, =21 ¥ 7+ 2,2 ¥' = phase difference = (21/A") (If; — i3 1) (12)
and By, = arg [ T2(7)].
iﬁmtherdiscusdonofﬂ,n‘lpoint,wekcfs_-.(lﬂ).]

(11) can be rewritten as

l(P)*ll‘”z*le.K:I Tz lcos @ 5. (13)
Eq. (2), we can rewrite Eq. (13) as
IP)=1; +1;+ 2 ¢JI; I 712 lcos @y, (14)

q. (14) is the generalized interference law for partially coherent quasi-mongpchromatic light. For the case of incoherent light, |y,, =0,
4) becomes:

IP)=1, +1,, £15)
1e result given by Eq. (5), and states that there is no interference, as expected, since incoherent light was assumed to superimpose

y. For the case of coherent radiation, |y, , |= 1, and Eq. (14) becomes:

* (16)
IP)=1; +1; + 2¢/1;1; cos P4,

the well-known interference law for coherent radiation. For the case of intermediate values of |, , |, the radiation is termed
coherent and the resulting interference is governed by Eq. (14). :

ve description of some basic experiments which illustrate coherence effects can now be given. It should be emphasized again
of coherence in‘a radiation field are all contained in the complex function v, ,(7) Howeyer, as an aid in understanding
principles, it is useful to separate coherence effects into two categories. The first, termed spatial coherence, arises primarily from
size considerations, and the second, termed temporal coherence or coherence length, arises from considerations of the finite
of the radiation. Thus, v, ,(0) measures spatial coherence effects and v, ; (r) is a measure of temporal coherence. In general,
experiment discussed in deriving Eq. (14) is used for measuring spatial coherence effects. To isolate this effect we demand
¢ where A% was defined in Eq. (7).

e an important technique for measuring the spatial coherence between two disturbances, we shall consider Eq. (14) where

then reduces to
‘ IP)=21(1+ ly13 lcos®;3), a”n

, an interference pattern with reduced visibility is observed).

I .
v = —max ~Imin %)
lmu + lmln

use this equation to compute the visibility of the fringes described by Eq. (17), the resulting visibility becomes:
V=ly.l (i9)

jonstrates the relationship between the modulus of the complex degree of coherence and the fringe visibility for this experi-
the complex degree of coherence is related to the relative position of the central fringe to the origin when the pinholes
displaced with respect to the optical axis. To measure the degree of spatial coherence between two disturbances, their
usted to be equal, and the visibility of the resulting fringes is measured by allowing them to interfere. A typical curve
variation of the modulus of the complex degree of coherence as a function of pinhole separation is shown in Figure 5(b).
solid line represents the theoretical value and the designated points are the experimental values quantitatively described in

SPIE Vol. 194 Applications of Optical Coherence (1979) / 7



REYNOLDS, DeVELIS

Figure 6. Figures 6 and 7 show a comparison of the experimental and theoretical results, demonstrating the effects of fringe visibility and

the corresponding phase shifts in ®,,, given by Eq. (17), which arise from a distant incoherent source.”*® The theoretical coherence function
in this case is calculated by utilizing the Van Cittert-Zernike theorem®-? which will be derived later. In Figure 6, the fringe visibility was
varied by changing the separation distance between the pinholes in a two-pinhole interference experiment, and in Figure 7 the degree of
spatial coherence was changed by varying the size of the pinhole in a collimator.

-4 =3-2 -1 0 | 2 3 4
d=0.6em d=0.8em d=1cm
1712| = 0.593, By, = 0 Izl =0.361, By =0 12| = 0.146, ), = 0

(o)

d=1.2cm d=1.7¢em

Yiz' = 0.015, By = v 12| = 0,123, By = v

@ (e) (0]

Figure 6 Two-beam interference experiment utilizing partially coherent light and
exhibiting spatial coherence effects. The upper portion of (a) through (f)
shows fringe visibility patterns; the lower portion, theoretical intensity
curves where the dashed lines represent the values of maximum and mini-
mum intensity. In these experiments, the fringe visibility and frequency
were varied by changing the separation distance d between the pinholes.
Figures (a) through (c) show the decrease in fringe visibility and corres-
ponding increase in frequency as the separation distance between the two
pinholes increases; (d) and (e) show a phase shift § = 7 in the fringe pattern
with respect to the origin and the resulting fringe visibility and increased fre-
quencies for two additional separation distances. Figure (f) shows another
n-phase shift resuiting in a maximum intensity at the origin and corresponding
fringe visibility and increased frequency due to further separation of the
pinholes. Figures (a) through (c) correspond to points on the first lobe
I792l; figures (d) and (e), to points on the second lobe; and figure (f), to
a point on the third lobe in Figure 5-b_ (from reference 8).

& / SPIE Vol. 194 Applications of Optical Coherence (1979)



REVIEW OF OPTICAL COHERENCE EFFECTS IN INSTRUMENT DESIGN

e S

e

ré'=3 =2, =1 0

() &) (c)

Figure 7 Two-beam interference experiment utilizing partially
coherent light, showing change of phase and exhibiting
spatial coherence effects. The upper portion of (a)
through (c) shows the observed patterns; the lower por-
tion, the theoretical intensity curves where the dashed

lines represent the i and ies.
In these experiments the pinhole separation was fixed so
that the resulting fringe freq y was . The

degree of coherence at the two pinholes was varied by
changing the size of the primary incoherent source used
in the experiment and is illustrated by the different fringe
visibilities in (a) through (c). The =-phase shift apparent
from examining the central fringe of these figures results
from sampling different lobes of the coherence function
at the pinhole plane (from reference 7).

The qualitative effect of temporal coherence (coherence length) and an example demonstrating the validity of the quasi-monochromatic
approximations [Egs. (6) and (7)] is shown in Figure 8. In one of these experiments, Figure 8(a-d), path lengths were varied by placing dif-
ferent thicknesses of optically flat glass in front of one of the pinholes and illuminating the interferometer with both laser light and filtered
collimated thermal light, The thickness of the glass was chosen to exceed the coherence length of the thermal light, but not that of the laser
light. In the other experiment, Figure 8(e,f), the radiations were chosen so that the surface irregularities were greater in depth than the co-
herence length of one source but not the other, the result being a loss of interference in the former case. The experiments presented in
Figure 8 demonstrate the importance of the quasi-monochromatic approximation and the necessity of an experiment to measure temporal
coherence effects [that is, |y, (7)l]. One experiment for measuring 7, (7) is a Michelson interferometer with a path length compensator in
one arm ."? In such an experiment, a beam splitter is used to divide the quasi-monochromatic radiation into two separate beams which are
recombined after one of them is passed through a compensator to adjust the optical path length. The fringe visibility, given by Eq. (18), at
the observation point is varied by moving one of the mirrors until the fringes disappear.

Coherence volume

One interpretation of the results of the two-pinhole experiment gives rise to the concept of the coherence volume. The coherence volume
defines a region of space, in any given experiment, for which radiation from any pair of points within the volume will interfere. Similarly,
radiation emanating from points separated by distances larger than those defined by the dimensions of the coherence volume will not in-
terfere. The two-pinhole experiment described a lateral dimension of the incoming wave field for which interference fringes were observed.
This dimension is called the spatial coherence interval. The spectral bandwidth experiments indicated a maximum longitudinal dimension
of the incoming wave field over which interference effects could be observed. We call this maximum length A, as defined by the equality
in Eq. (7), the ““coherence length” of the radiation field.

Both spatial and temporal coherence dimensions are characterized by gradual rather than sharp changes in fringe contrast, as seen in
Figure 5(b) for the case of spatial coherence. These two characteristic dimensions of “spatial coherence” and “temporal coherence” length
define a “coherence volume” for the radiation field, as shown schematicallyin Figure 9. In Figure 9, we see a representation of the
“coherence volume” whose characteristic area normal to the direction of propagation is determined by the maximum value of the spatial
coherence (C.1.), and whose third-dimension along the direction of propagation of the wave is determined by AL, the coherence length of the

radiation.
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Figure 8 Two-beam interference experiment utilizing partially coherent light and exhibiting
temporal coherence effects. Figure (a) shows high-contrast fringes formed with a
He-Ne gas laser illuminating a pair of small circular apertures. In (b) a piece of plain
optical-quality glass, 0.5 mm thick, was introduced in front of one of the apertures
to add an extra optical path. Again illuminating with He-Ne gas laser, no difference
in the fringe contrast is observed. Figure (c) shows high-contrast fringes when the
experiment is repeated with a coherent field produced by a collimated mercury arc
lamp without the glass plate; however, with the glass in place the fringes disappear
as shown in (d). (The scale choange between the two gairs of illustrations is due to
different wavelengths: 6328 A for He-Ne and 5461 A for Hg). Figures (e) and (f)
are photographs of a block illumi d with a collimated mercury arc lamp
and a He-Ne gas laser, respectively. Both illuminating fields have approximately the
same degree of spatial coherence, but the laser has a coherence length greater than
the depth of roughness on the surface of the block. The absence of speckling in (e)
allows one to see the surface structure (from reference 9).

C.L

<L AR cA T

Figure 9  Schematic of coherence volume whose length A? is determined
by the temporal coherence and whose cross-sectional area is
determined by the spatial coherence interval, C.I. The transi- I
tional region (shaded areas) is not sharp because the fringe visi-
bility gradually goes to zero as indicated in Fig. 5b for the case -

of spatial coherence.
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