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1. INTRODUCTION

This workshop on “Modern Coherence Theory” represents the fifth of a series
of intensive academic/government interactions in the field of advanced
electro-optics, as part of the Army sponsored University Research Initiative.
By documenting the associated technology status and dialogue it is hoped
that this baseline will serve all interested parties towards providing a solution
to high priority Army requirements. Responsible for program and program
execution are Dr. Nicholas George, University of Rochester (ARO-URI) and Dr.
Rudy Buser, CCNVEOQ.




2. SUMMARY AND FOLLOW-UP ACTIONS

Dr. RudK Buser of NVEOC made opening remarks in which he outlined the
aim of the workshop and the relesance of coherence phenomena to some of
the research activities that are in progress at the laboratory.

The workshop which followed consisted of two parts. In the first part
Professor Wolf presented an account of the basic concepts of optical
coherence theory. -in particular he discussed the distinction between
temporal and spatial coherence and concepts such as coherence time,
coherence area, coherence volume, and the degeneracy parameter. He then
introduced correlation functions that more ? lly characterize cchierence
properties of light. After this summary Professor Wolf presented a review of
some of the more important recent developments. In particular he discussed
coherent-mode representation of light of any state of coherence, coherence
theory of laser modes, radiation from partially coherent sources, coherence
properties of Lambertian sources and the effects of source coherence on the
spectrum of the emitted light. Coherence effects in scattering of light from
random media-was also considered.

The second part was a morning session on the second day which consisted of
an open discussion. [t was started by Mark Norton of NVEOC who talked
about practical applications of coherence. This was followed by a lively
discussion regarding the possibility of making coherence filters. Suggestions
were also made about future research on suc ?' devices and other applications
to sensors and dicscriminators, some of which mlght,ut:hze stratified media
or holographic filters.

In addition to Professor Wolf the following scientists from the Unversity of
Rochester took part in the workshop: Professor N. George, Dr. T. Stone, and
Mr. B. Cairns. All of them participated in the discussion.

o




SUMMARY COMMENTS

MODERN COHERENCE THEORY - Dr. Emil Wolf
May 18-19 1988

This workshop was of great interest to CNVEO personnel
and was well attended. Cohérence theory hasg direct
application to Army programs in laser protection, detection
of laser radiation, laser radar, vibration sensing, and
communications. In the seminars on May 18, Dr. Wolf and
Dr. Brian Cairns of Univ. of Rochester presented an
excellent tutorial and overview of coherence research
topics. There was good interaction between CNVEO and Univ.
of Rochester scientists in relating the theory to practical
application. On Thursday, Mark Norton of CNVEO discussed
the difficulties in detecting laser radiation remotely and
optimizing a receiver for this purpose. There was further
active discussion of the feasibility of “coherence filters’
for broadband laser protection. Dr. Wolf gave further
insight in this topic and discussed a paper which will be
published soon. He said that he planned to continue
research in this area.

Most participants agreed that this workshop was
valuable both for general understanding and for specific
applications as outlined above.

C. Ward Trussell
C, Directed Energy Team
Laser Division




AGENDA
MODERN COHERENCE THEORY

Dr. Emil Wolf
University of Rochesgster

Wednesday, May 18, 1988 - Main Conference Room, Bldg. 305
10:00 AM. - Introduction/Opening Remarks - CNVEO

10:05 - Modern Coherence Theory - Dr. Wolf{
Univ. of Rochester
Noon - Lunch

1:30 - 4:00 - Coherence Theory, continued
Dr. Wolf, Brian Cairns
Univ. of Rochester

Thursday, May 19, 1988 - The Arena, Bldg. 309

9:00 - Practical Applic-ations of coherence - Mark Norton
CNVEO

9:15 - Open Discussion -

Can coheraence filters be made?

What theoretical research needs to be done?

What experiments have been done?

What experiments should be done?

What are the coherence properties of photorefractive
filters.

Other applications of this research.

[ BN R S I g

(¢}

11:00 - Recommendations for continued research/study

Noon - End
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For fuller reviews of elementary classical coherence theory, see

M. Born and E. Wolf, Principles of Optics (Pergamon Press,
Oxford and New York, 6th ed., 1980), chapt. X.

E. Wolf, "Basic concepts of optical coherence theory" in Proc.
Symp., on Optical Masers, ed. J. Fox, (Brooklyn Polytechnic
Press and J. Wiley, 1963), pp. 29-42.

L. Mandel and E. Wolf, '"Coherence properties of optical fields",
Rev. Mod. Phys. 37, pp. 231-287 (19¢S).

J. Pegina, Coherence of Light (Reide ., Boston, second ed., 1985).

J. W. Goodman, Statistical Optics (Wiley, New York, 1985).
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Emission

Minimum bandwicth (Av)

Coherence time (At)

Coherence length (A )

Maximum degeneracy ()

Probabilities:  p(u)

p(1)

Ihemal Source
spontaneous

(for T< 50,000° K)
10° Hz

10" sec

i1m

1073

U2 2
~eU%

Loser

stimulated

1Hz

1 sec

109 m
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RADIATION FROM THERMAL SOURCES

BLACKBODY
RADIATION

SHAPE OF EFFECTIVE SOURCE

FAR-FIELD INTENSITY PATTERN

AMBERT'S LAW

J(8) = J(0) cos ®

Contours of equal

AY / intensity
(N .,

N7

FAR-FIELD PATTERN

IS ROTATIONALLY

SYMMETRIC ABOUT THE NORMAL TO THE SOURCE PLANE,
IBRESPECTIVE OF SHAPE OF SOURCE
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RECIPROCITY

SHAPE OF SOURCE FAR-FIELD PATTERN

LI§-83
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RADIANT INTENSITY

THERMAL SOURCES
(SPATIALLY INCOHERENT)

Broad angular distribution

(Lambert's Law)

Independent of shape of source
(always rotationally

symmetric)

LASER SOURCES
(SPATIALLY COHERENT)

Narrow angular distribution

(exponential-Gaussian)

Strongly dependent on
shape of source
(in general not rota-

tionally symmetric)
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I1lustrating the concept of a quasi-homogeneous source.
H '(0) (r; - 1,) and of the intensity 1(® (z) of the light across the
source.

(b) The relative linear dimensions L(>>)) of the source and of the effective
correlation length 4 of the light across the source. Such s source is

(a) The relative behavior of the degree of spatial coherence u(o) ("1'12)

always
globally incoherent: 4 <«< 1t
It is
Jocally incoherent if A ™ )
locally coherent if A >> )
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RECIPROCITY  RELATIONS FOR QUASI- HONOGENEOUS SOURCES

2 .
Ts) = (74) Cq¥Hs,) en'6 (4)
) ©
/U (%%,7%) = —ELIb[“(Su‘E‘u)] ()
- T) !
(= I = gx|I% i €
SOURCE PIANE FAR 20NE '
OPTICAL INTENSITY @) sy | rAVIANT InTENSITY l
(5)
DECREE OF SPETAAL DECREE oF SPECTRAL
CoHERENCE CONERENEE
STAT/AL

FOURIER TRANSFORM

NoTE: THE FIRST peciProeiTY RELATION [ (¥]]
JNPLIES THAT THE ANEULAR DiISTRIBUTION

OF THE RAVIANT INTENSITY IS INDEPENDENT
OF THE SHAPE OF THE SouReE j
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LAMBERTIAN-;,/" '

Polar diagrams of the normalized radiant intensity J(g)/J
[Eq. (8)] from a Gaussian correlated quasi-homogeneous

source, for different values of the r.m.s. width o of the
degree of spatial coherence (Eq. (7)]. The length of the
vector pointing from the origin to a typical point on a curve
labeled by a particular value of the parameter ko represents
the normalized radiant intensity in the direction of that

vector. [After E. Wolf and W.H. Carter, Opt. Commun., 13, 205
(1975)]. -
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The degree of spatial coherence of a quasi-homogeneous
Lambertian source [Eq. (12) with high spatial-frequency
contributions omitted).
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(a)

(b)

qlr}
'
g: Ite)
(¢) qa 0
Q2 Q2p-i67
0 4 [} - o] it J2 3 a4 émm'
9(r)
!
I(r)
(d) 06
o]
Q2 ) a2 328
0 e 2 4 4

fllustrating the coherence and the intensity distributions across three partially coherent sources [(b), (c), (d)] which pro-
duce fields whose faz-zone intensity distributions are the same as that generated by a coherent laser source {(a)). The parameters
characterizing the four sources are: .

(8)og==,07=8) =1 mm,A =] (arbitrary units) (®)og =S mm, o7 = 1.09 mm, A =0.84
(€)ogy=2.5mm,o7=1.67mm, A= 0.36 (d)og=2.1 mm, o7 =3.28 mm,A =0.09.
The normalized radiant intensity generated by all these sources is J(9)//(0) = cos?0 exp{-2(ks)* sin®8}, (& = 1 mm).

[After E. Wolf and E. Collett, Opt. Commun., 25, 293, 1978)].
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t.ms.

k5

gt ¢
The r.ms. beam radii for beems with the same initial
baam radii (o7 = 0.1 cm), but different degrees of coher

ence. The wavelength for each beam is 6328 A.

A ] L | 1 L. i | i 1 i

20 40 [ ] [ <] 100m

The r.m 3. beam radii for beams with different initial

r.ms. beam radii and degrees of coherence, but with equal far
field beam angles, # . The parameters for the four beams are:
(®)e7=0.1 cmand og = =, (b) o7 = 0.109 cm and og = 0.5 cm,

(¢) o7=0.167 cm and

= (0.25 cm and (d) oy = 0.328 cm snd

#g = 0.21 cm. The wavelength for each beam is 6328 A.

(b)

R | P B T
‘5 0 % % oom

The r.m.s. beam radii for beams with the same degree

of coherence (ag) = 0.2 cm). but different initial r.m 3. radii.
The wavelength for each beam is 6328 A.

[After J. T. Foley and
M.-S. Zubairy, Opt. Commun.,
26, 297 (1978)].
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A system used to test tnat sources with different coherence pro-

perties can generate identical angular distributions of the radiant
intensity.

Ll’ LZ' L3, La: Lenses
F: Amplitude filter

G: Rotating ground glass plate

PH: Photodetector

[After P. DeSantis, F. Gori, G. Guattari and C. Palma, Opt. Commun. 29,
256 (1979)]
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Intensity distribution across a co- The measured angular distribution of
herent laser source (a), and across i{ntensity, I (in arbitrary but same
an "equivalent"” partially coherent units) in the far zone of fields

generated by the two sources illus-

source (b).
trated on the left.

(For experimental arrangement see p. 49)

Reproduced from P. DeSantis, F. Gori, G. Guattari and C. Palma, Opt. Commun.,
29, 256 (1979).
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(b)

/ wcarrimme
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{Q. Lagge
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LINEAR
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$7a0L

Schematic diagram of an experimental set up used to test some of the

theoretical predictions relating to radiation from quasi-homogeneous

sources.

; -

e
1 axveen)

Behavior of the effective beam diameter d(z) = 2/ D:(z) , 85 a function of
distance from a quasi-homogeneous source. The solid line represents theo-

retical predictions; the points represent results of measurements, using

the arrangement shown in (a) above.

(After J. D. Farina, L. M. Narducci and E. Collett, Opt. Commun.,

32, 203, (1980)).
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Far field intensity profile produced by the same phase screen 11lumi-

nated by (a) the Gaussian (TEM, .) mode of a He-Ne gas laser, and (b) the
0,0
donut (TEM, 0) mode.

The inset shows the near field intensity profile of the illuminated
phase screen under conditions (b). The vertical scale in the two runs has
been adjusted to match the peaks of the intensity distribution. Thus, the
two curves differ only by an overall scale factor.

After L.M. Narducci and J. Farina.
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Illustrating the reduction of speckle effects by changing the degree
of coherence of light forming the image.

The upper figure is a photograph of a text {lluminated by spatially
coherent He:Ne laser light. The speckles that are produced obscure the
image, making the words nearly unreadable.

The lower figure was taken under the same conditions, except that
the text was {lluminated by light from a quasi-homogeneocus (globally in-
coherent) source. It is seen that the speckles have been eliminatec and
as a result the text has become readable.

(After L. Narduccl and J. Farina)
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APPLICATIONS

Coherence properties of laser modes
Statistical properties of speckles
Light propagation through the atmosphere

Scattering from fluctuating media
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NATURE OF SOLUTIONS OF INTEGRAL EQUATION (€) .

[ l(g.,g,,u)cé,(ﬁ,u)dﬁ = o %, 0) (7)
A

|
E

/ L"(f;,f,,b) Zu(fz"")‘{k =R X0 (@
A

%
i ﬁm = O{\. (9)

. |
| /é“@b)?ﬁ./f,“)d} = {1 (o)

¥ o
Bl — ORTHOGONBL EXPANSION OF é(ﬁfa,b)-‘

[(fl,fz,b) = g%/w)é/ﬁ'w) z(f(z,,u) ()

K PN MoRSE AND H.FESABACH , METHODS OF
i HATHENATICAL PHYSICS CHED), VA T, Ah 919-920.
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RECENT RESEARCH ON
FOUNDATION OF RADIOMETRY"

1.) Restriction to globally incoherent sources

(Quasi-homogeneous sources)

2.) Short wavelength limit (A — 0)

(Asymptotic limit: k = 2r/A — <o)

*  J. FOLEY and E.WOLF, Opt. Commun. 55, 236 (1985).
K. KIM and E. WOLF, J. Opt. Soc. Amer. A 4, 1233 (1987).
G.S. AGARWAL, J.T. FOLEY and E. WOLF, Opt. Commun. §2, 67
(1987). '
Review of earlier researches: E. WOLF, J. Opt. Soc. Amer. 68,
6 (1978); A.T. FRIBERG, Opt. Eng. 21, 927 (1982).
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f

FFECTS OF R ORRELATIONS ON
THE SPECTRUM OF EMITTED LIGHT

| (=18 P Planar secondary
o ' quasi-homogeneous
6. > Z source ©

Same source spectrum, S(°)(m) , at every source point

Reciprocity formula {4) on transparency 38 implies that
spectrum in the far zone is

1-3

oo 2 ~
St = JucE) ”%rf S@(’w)/lw(g_s,w)CosaG’ (1)

A = area cf source

ﬁ(°)= Fourier transform of degree of spectral coherence of

light in source plane [g — p]

h rum of the far fiel nds n nly on th r
spectrum S{®)(w) but also on the coherence properties of the
source.

In general, the normalized spectrum of light changes on
propagation.

‘ Liv-2¥




{55 e
RADIATION FROM A PRIMARY SOURCE

(V,%A")( ga-f-/;) M, (1,5, 0) = ('47T)3M($,:fz,w) [ 7]

RADIATION FROM A PLANAR, HOMOGENEOUS SECONDARY
! SOURCE

(V,“+,4’){‘Z¢¢')L\{,[In!a,‘u) = 0 (2=0) (%)

;O o) ,
{ BC: W, (m, I;,b?l = W (3:1,0) zres
* 2o }ow
- = 0 T,LES
THE DEGREE OF SPECTRAL COHERENCE (A=VorQ)
W (%, 73,0)
4 (5.1,,0) = E— s (0< |l 1) (15)
{M, (1,,%.0) l[% (1,,%.8)

NORMALIZED SPECTRUM

.S;,{r,u)
/SA (:!,.’.))Jw

A (rw = (jAA(_r,w)Jw - /) (1€)

\ L/8-8%




SCALING LAW [E Wo¥ Pnys Rev Lez 86 37T (Y98€ )

A SUFFICIENCY CONODITION FOR THE NORMALLTED SPECTRUW OF

LIGHT PRODUCED BY A PLANAR. HOMOGENEOUS SECONDARY SOURCE TC

BE THE SAME THROUGHOUT THE FAR ZOKE AND ACROSS Twt SOURCE
ITSELF IS THAT THE OEGREE OF SPECTRAL COERENCE OF Tt LIGM
DISTRIBUTION ACROSS THE SOURCE HAS THE FORM

A

St = flhg-r,  (4e £245) on

LE. THAT IT IS A FUNCTION OF THE VARIABLE

’ '

ONLY.
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SCALINE (AW

/“(;’C'z".';,» W) = /[‘(!"‘L’)] ’ (“'cn’ %\E) [,07)]

EFXAMPLES :

P W
(™ S

BLACKBODY  SOURCES
LAMBERTIAN SOURCES

Ma,!a"D'I)
A=)

(1,-3.0) = (i1)

o

’ LIg-37




) . L

-
n y v
«— F F z -

(b)
ﬁ § ? X ? u
Achromatic
—~@— Fourier L@-)//T 6 -+
n Transform y '
g y 4 —
- I 1]

AFTER G. M. MORRIS AND D. FAKLIS, OPTICS COMMUNICATIONS 62, 5 (1987).
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19 -y
I 0l
i 08

V]
f 02

0 - .

28 3 2 9 LV
Frequercy. @ s 10" tsec)

() SCALING L#'v SATISFIED
NTenG M Mosass . D Faas,
Oe1ics CommumniCaTIONS &2 8 (1987).
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o
n

Normalized Spectral Intensity
o
N

200
01} 9
3.2 34 3.6 3.8 4.0

Frequency, o [x 1015 (sec!)

(b) SCALING LAW NOT SATISFIED

AFTER G. M. MorRis aND D. Fakuis, OpPTics COMMUNICATIONS 62, 5 (1 987).




AMP

P2

SOURCE ENSEMBLES: {Q(Py.w)}, {Q(P2,))

FIELD ENSEMBLE: (U(P, w)})

| ¢ ¢
UP, w; = Q(P,.0) R+ Q(P,. w) R 9)
k=4
SPECTRUM OF THE FIELD AT P:
Sy(P, 0) = <U(P, w)U(P, w)> (10)

(9 - (10)

"E. Wolf, Phys. Rev. Lett. 58, 2646(1987).
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WITH THE CHOICE R2 = Ry = R, Eq.(11) REDUCES YO

Sy(@) =2 SQ(m)[ 1+Re uQ(u))] (12)

Sv(a)) = —25 SV(P, ) = REDUCED FIELD SPECTRUM (122)
R

uQ(o)) = Degree of correlation between the sources

W _(P,P,, w)
Q1 2

_<Q'(p, 0)Q(P,, w)>
- So(®)

(13)

OSIuQ((o)|51

™

UNCORRELATED FULLY CORRELATED

L/X-Fy




EXAMPLE:

SOURCE:
2.2
~“0w-w,) 125
- o’ %o
Solw = Ac (8 /w,<<1)
-(m-m,)sz
uQ(m)=ac -1 (81/0)1<<1, a< 2)
FIELD:
r 2 .12
~w- )25
S (@ =Ae “0 "o
22 2
A'= 2Aa c‘(“"“’z)) 12(8,+8,)
Rz
2
820) +d
' = 10 0 1
0§48
0 1
1 1 1
2 =i 4 =
2 2 2
80 8e 51
REDSHIFT IF 0)'0<(1)0 = (01<0)0
BLUESHIFT IF >0, = 0°>0

L18-57




{ (o)

(d) (c)

o
[
4

o
»
—

(RY24)8,(P.w)

o
~
v

OL ' 1
4.32199 4.3:20C 4.52201 4.22<02

(wnits: 10" sac™)

From E. Wolf, Phys. Rev. Lett. 58, 2646 (1987)
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EXPERIMENTAL TEST WITH ACOUSTICAL SOURCES

M.F. Bocko, D.H. Douglass and R.S. Knox
Phys. Rev. Lett. 58, 2649 (1987)

M oo™ (4 Lt

Detector

Prugurery o Gfe:
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REDSHIFTS WITH THREE-DIMENSIONAL SOURCES

Similar results hold tor spectra o! tie'ds rad.a'ed by
three-dimensional sources”

'y ()
l.ot-
(.0
(incoherent limit)
0.8} (.06,
®
o e C' l)«o
o 06
=
-
€ 0.9}
155
0.2} L2
o =

3.25 3.5 3.75 4.0 4.25

(units. 10" sec”")

(g = 3 887 2 10} 30qc ! (1, = 081 R). 6« 9374 10 2007}

*

E. Wolf, Nature 326, 363 (1487); Opt. Commun. 62, 12 (1987).
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0.72

0.24

(RY2)S,(w)
~a. K

~
LY
!
4

3

é

Generstion of two lines from

8 single Gaussisn line

3.8765 3.8767 3.8769 3.877%

(units: 10" sec’)

After A. Gamlial and E. Wolf, Opt. Commun. . in press

3.6713

3.8775




g i n Sqlw)
; ‘
0.8 -
Multiple-line generation
from a Lorentzian line
0.6 P
0.4
A
0 = L J\—‘Mr ' =L
3.8765 3.8767 3.8769 3.8774 3.8773 3.8775

After A. Gamliel and E. Wolf, Opt. Commun. , in press.

[units: 1013 g-3]
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(a)

(b)
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SOME APPLICATIONS -

1. LASER PROTECTI1ION
LASER DETECTION
MOTION/VIBRAT!ION

. COHERENT IMAG I NG
CTIVE/PASSIVE

@ »& O N

COMMUNICATIONS

COHERENCE

SENSBSI NG




Related Programs

Coherenoce Filéers - Physical Opétics Corp.
U. 8. Army Natick R & D Center

Acoustic - Optic coherence deflection filters - MTL
In-house Research in coherent filters - WPAFB

Photorefractive material research - CNVEO
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