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ABSTRACT

The purpose of the work here reported is to design an
experiment to measure the functional form of the.amplitude and the
phase of the complex degree of coherence for a thermal sources radiant
emission.

The objective has been to base the equipment design on sound

physical principles; to show how measurable quantities can be obtained
and which can be used to determine the functional form sought.

A

circular ideal blackbody with a uniform optical spectral intensity
distribution is used to bound the experiment and to develop certain
parameter relationships.
a measurable quantity.

A specified detector is then used to produce

Computed signal-to-noise ratios greater than 10

indicate an experiment can be performed.

vii
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CHAPTER 1

INTRODUCTION

Purpose
The purpose of this thesis is to recommend an experiment, one
of several currently proposed, which can be used to measure the spatial
coherence of a thermal source.

Typical experiments were initially

described by Thompson and Wolf (1957), Breckinridge (1976), Mallick
(1967) and Nyyssonen (1974).

These are referenced because each uses

a different method to autocorrelate a propagating wave field.
first one uses two apertures to sample a field.
autocorrelation.
beam splitter.
bottom.

The

A lens performs the

The second one amplitude divides the field with a

One portion is folded left to right, the other, top to

The portions recombine at the beam splitter to perform the auto

correlation.

The third one uses the birefringent properties of a

crystal and the polarization of the field to amplitude-divide and then
recombine it.

The fourth, like the second, amplitude-divides and re-

combines the field with a beam splitter.

Here, however, the two parts

of the field are sheared before being recombined.
An assumed form for the coherence function is used to calculate
signal-to-noise ratios.

In practice it would be desirable to deduce

the form of the function from the experimental results.
The concept of second order coherence, which provides the base
for the fundamental understanding of these experiments, is attributed
1

2

to Michelson (1890), Van Cittert (1934), Zernike (1938), Hopkins (1951,
1957) and Wolf (1955). The theoretical analysis which describes
coherence treats an idealized planar source.
is impractical.

The realization of such

However, experimental evidence testifies that this is

not a fundamental limitation.

Further, Hopkins (1957) has shown that

the Fourier transform of an effective source intensity distribution
gives a two dimensional Mutual Spectral Density Function, MSDF.

Because

the intensity is real, we consider the MSDF to have crossing symmetry
(i.e. ?12(v) = ?21(v).
We know from physics that an intensity is a real, positive
quantity.

This property can be assured if we require a MSDF to be

a complex autocorrelation.

The Fourier transform of a complex auto-

correlation is a real, positive quantity.

A block diagram which

illustrates the concept of partial coherence is shown by Figure 1.1.

Young's Experiment
The pioneering experiment used by Young is equivalent to the
one described by Thompson and Wolf .

This experiment, completed in 1801

to show the wave nature of light, is sketched in Figure 1.2.

In this

experiment' a primary source illuminates a pinhole PQ which is regarded
as a noncoherent source.

The laterally separated pinholes P^ and P2

receive light spectrally filtered to isolate a single wavelength X,
from this secondary source.

In an observation plane sufficiently far

away from the pinhole plane (i.e., the distance z between the pinhole
plane and the observation plane is much larger than the Fresnel

<lv„(x»y't)v*(x,y,t)>

I V (x,y,t)V *(x,y,t)
n
n
A Finite Thermal
Source

n

Correlate Samples
—

n

Radiated Field has
Second Order Mutual
Coherence

Distance

—

n

Measure Degree
of Correlation

Two Samples of the
Radiated Field

i

=

•V (t)

ia(x)

(x)
(i X )\ = ri2

r

r _ (t) = Lim
T -x»
Figure 1.1.

vx(t)

I(x,y,v) dx dy dv

I(x,y,v) = I1 + i2 + 2/1^|y|e
Y

——

2T

T

J

v (t+T) V2*(t) dt

1

-T

Block diagram of an experiment.
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distance of the separation d of the pinholes:
observe a set of interference fringes.

2

z»d /\ ,

one will

The fringe maxima are located

at points for which
A = mA, m = 0, ± 1, ± 2,
where & is the optical path difference (OPD) shown in Figure 1.2 and m
is the fringe order.

In this way, the wave nature of light is

demonstrated.

Fringe Visibility
The zero order fringe m = 0 corresponds to a zero OPD.

If the

source PQ is moved slightly above the horizontal line, the zero order
fringe will move below this line in the plane of observation.

That is

the optical path for light from PQ via P^ to the zero order fringe is
equal to the optical path from PQ via

This observation is useful in

studying extended sources.
Suppose the primary source P^ is of finite size.
that it is regarded as noncoherent.

Suppose also

Light from each element of the

source is mutually noncoherent with respect to any other element of the
source.

The plane of observation now contains a mixture of displaced

fringe patterns.

The zero order fringes location for each pattern is

dictated by the off axis location of the source point that produced it.
The observed ensemble of fringe patterns is of reduced visibility
because it is a sum of these displaced fringe patterns.
Following Michelson, visibility is defined by

V

IMAX

~

I

+ I

MAX

ZMIN

MIN

Pinhole Plane

Observation

Aperture
Source

\/1
•

Figure 1.2.

A Schematic representation of Young's
two pinhole experiment.

Ul
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This definition agrees well with the subjective description of fringe
quality.

The optical intensity maxima and minima in this formula are

the neighboring maxima and minima of the observed fringe pattern.

Mutual Coherence Function
The pioneering experiment by Young as shown in Figure 1.2 was
used by Wolf to define a Mutual Coherence Function (MCF).
Let us consider a primary noncoherent source of finite size at
PQ.

It will produce a field VfP^t) at P^ and a field V(P2,t) at P2«

These fields propagate from the pinhole plane to the observation plane.
The total field is the linear superposition of the individual fields
due to P^ and P^.

The observed optical intensity I(Q) is in fact the

time average of the instantaneous optical intensity of the total field.
The expression that results is:

I(Q)

= |K(Q,P1)[ 2 riP 1,P1,0)

+ I K(Q ,P2)|2r(P2,P2 ,0)

+K(Q,P.)K*(Q,P )T(P 1,P.2. , T )
1
2
+K* ( Q ,P1)K( Q ,P2 ) r *(P1,P2 , T )

The two point function is the mutual coherence function MCF and is
defined by, T(P ,p2,t) = cVCP^,t+T)V*(P2,t)> where the angular brackets
indicate a time averaging operation and the time delay t is,
A .
T = —
C

This time delay describes the extra time required by light to reach Q
from the point P2 compared to the time taken by the light from P^.
such X is used to label the position of the point Q.

When T = 0 and

4

As

7

P2 coincides with P^, the MCF reduces to T (Pg,Pg,0) which describes the
optical intensity at P
to the light from

(S = 1 or 2). The optical intensity at Q due

P is given roughly by |k(Q,P )| 2r (P_,P _,0). The
O

S

S

S

factor K depends on the geometry of the set up and in the theory it is
defined by
-ivCOS© A
K<a'V

•

CO

w

where v is the mean frequency of the light, 0

is the angle made by

P Q with the horizontal, p„ is the distance between P„ and Q and A„ is
S
S
S
S
the area of the pinhole at P .
W

as a propagator.

The factor K is frequently referred to

If I (Q) is used to denote the optical intensity at Q
b

due to the light from P , that is
b
is (Q) = |K(Q,Ps)|2r(ps,ps,0)

then the observed I(Q) may be written as

I(Q) = I1(Q)+I2(Q)+2
where |Y

/i1(Q)I2(Q) W12(T)|COS«01 2 ( T )

( T ) |cos4 _ (x) is the real part of the normalized MCF,

r(p ,p ,t)
Y n-(T) = y(P ,P ,T) =
12

and 4>

1

—
/r(P1,P1,o)r(P2,P2,o)

(T ) is the phase argument which appears in

Y12(t) = Iy12(t) |exp(i<fr12(T)) .
The fringe maxima and minima appear whenever cos<j>^2(T) = ±1 respec
tively.

If the experimental arrangement is symmetric, that is

8

I1(Q)-I2(Q) in the neighborhood of the zero order fringe then it is
found that

i

IMAX

~ JMIN
i
MAX Tx—
MIN

,_ii

Iy12(t)|

= v

=

Furthermore, in general the zero order fringe may not be found at
x = 0, i.e.,

(0)5^0.

Thus, a measurement of the zero order fringes

location allows us to measure the phase argument.

Thus, two measure

ments namely the measurement of v and the phase argument are necessary
and sufficient to determine Y^2(T) ^or
shows that C T <<

smaH

values of x.

(Theory

c

/A V ). In this way, the spatial coherence across the

field sampled at points P1 and Pcan be experimentally determined.
Subsequently, the sample points P
experiment is repeated.

and P

are relocated and the

In this way, the spatial coherence is

determined over an area of interest in a plane perpendicular to the
direction of propagation.

Discussion and Outlook
Young's experiment as sketched in Figure 1.2 is basic for the
discussion of wave theory and for the concept of spatial coherence in
the language of the MCF..

This basic experiment, however, needs to be

modified in several ways to convert it to a practical tool for measure
ments of spatial coherence.

Furthermore, to mathematically define an

experiment, it is found convenient to use the Fourier transform of the
MCF,

r
^ (T) =
12

r

(v) exp (-i2iTVT ) dv

9

Here the lower limit is zero instead of -°° because
is an analytic signal (Marathay, 1982).

T (T ) = r (P
12

,P ,T )
1 2

All the information about the

MCF is completely described by the positive frequency part of the
spectrum.

The transform ri2(v) = r(P1#F ,v) is called the mutual
A

spectral density.

For P^ = P2 it reduces to

A

r ^(v)

=

r(P,P,v)

=

A

ICP/ V ) and is called the optical spectral intensity.

The following

discussion will be in terms of this quantity.

Modified Young's Interference Experiment
Consider a finite noncoherent source of wavelength X(or
spatial frequency v) and with a circular shape of radius ag.

In addi

tion, we shall require that the source be quasimonochromatic so that
the spectral spread fulfills the condition
Av<<v .
Furthermore, let Av be so small that any of the path differences (OPD)
involved in the discussion that is to follow are such that
OPD =
is always satisfied to any desired accuracy called for in the experiment.
Under these circumstances the optical spectral intensity l(x,y,v) may be
used in the theoretical discussion of the experiment.

We shall refer

to it as simply "intensity" and it is this quantity that will be calcu
lated in the image plane shown in Figure 1.3.
converging lens", with aperture

The figure shows a "thin

variables a and 6-

The discussion in

what is to follow is not restricted to this simplifying assumption; it
applies equally well to a real lens system.

Aperture Stops of
radius hQ and separated
by a distance d

Unresolved image of the
source of radius XS'/2h

A thermal source
of radius a

Figure 1.3.

A modified Young's two pinhole experiment

11

By linear systems theory, the object and image intensities are
related by,
4ir
I(x,y,v) » —
k

^

A

Q

d§dti Ig (S/Ti/V)|A(x~m? ,y-mn)| •

S'R

Where m is the linear magnification, m = - /S.
2

(1.1)

The point spread function

2

(PSF) is given by 4TT|A| /k wherein the amplitude function A is defined
in terms of the lens transmittance function £by,

A(x,y) «

X

dctd&2?(a,6) exp

_i2ir *SL±j£

(1.2)

xs'

X2SS"

This Fourier relation presupposes the shift invariant property of the
imaging system, so that the arguments x,y may be respectively replaced
by x-mC
form of

and y-mn to arrive at the form used in Equation (1.1).

The

for a circular lens whose aperture is clear and is free of

aberrations is

/
iC(a,6) = cyl

—

2

2

(1.3)

cl

where a is the radius of the circular aperture.
mask with holes P

and P

If on the other hand, a

is introduced as shown in Figure 1,3, then &

is correspondingly modified to include the holes of radius hQ.

This

modification gives a new form to the amplitude response function A.

For

a mask containing holes of radius hQ, it is convenient to define,

2

,
ncoh

x

\
1 | 0 \
'^2 \Wj

0

|

.

|BeSlnC

27rh,

0 • 2
~ x

2

,

+y

1

( 1 . 4 )

which is the intensity response (PSF) of a converging lens of aperture

12

radius hQ and working with conjugate distances S and S'.

For such a

lens the noncoherent transfer function is
(f\g') =
T
ncoh

-i2ir (f'x + g'y)

Sncoh(x'y) exp

(1.5)

dxdy

where f' and g' are spatial frequencies;

f' = -2—
XS'

and g'
= —
g
AS'

(1.6)

in image space.
In order to describe the intensity distribution in the image
/\

plane, I(x,y,v) (Equation 1.12 below), it is useful to define a function,
which incorporates the effect of the source and the finite size
holes.

This is an intermediate function to facilitate our calculation

of the intensity distribution in the image plane.

&(f,g;x,y)

rr
dCdnI_(£,n,v)S
(x-m£,y-mri)
S
neon
ct
or equivalently, with f = —
AS

& (—

0
and g = —
AS

(1.7)

exp -i2ir (f£+gn)

we may also write,

—• X,Y)
v)

XS 1 XS'

|dcl12d8X2rta12A2'v,Tncohl

exp

i2if
XSm

x(a-«12)+y(B-612)

"12-"

8 2_8
1

XSm '

XSm

)'

}•

(1.8)

Where r is the spatial coherence function (apart from a quadratic
phase factor) as dictated by the Van Cittert-Zernike theorem.

It of

course bears a simple relationship to the spatial Fourier Transform of
the source intensity

thus

13
a i2 S 12

r (ai2'ei2'V)

" ,2 2 2
\ S m

S \~XS' XS'"

(1.9)

& &

1

x 2 sV

I„(5.TV.V>
3

wherein the arguments are the coordinate differences in the aperture
variables,

o12

= a!

"

a
311(1 8i2
2

= 61

" S2*

d-10)

A

Observe that the quantity R which appears in Equation (1.8) is
precisely the one we wish to' determine by experiment.

Owing to the

finite size of the sampling apertures in the mask plane of Figure 1.3,
A

the modified version of F, namely

enters the experimental equation.

A

Analogous to the treatment of r we normalize & and denote it by g;

The intensity distribution in the image plane is like that of a fringe
pattern and is given by

I(x,y, v)
= 2jl(0,0;x,y)

I
/ind
|
1i +, |g
(^gT
/0;x,y)|

cos

I i i4>
where <p is the phase argument as in g = |g|e .

2irxd
— - <fr)

(1.12)

The sampling apertures

are along the x-axis in the aperture plane; hence the coherence is
examined along this axis and therefore the fringes are distributed along
the x-axis in the image plane.

In an actual experiment different values

of the separation d of the sampling apertures are used and more
generally if the source intensity distribution is not symmetric about

the optical axis, different azimuths in the aperture plane (a,$) should
be examined.

Thus, Equation (1.12) is applicable to any azimuth pro

vided the source is held fixed and the coordinate axes are rotated so
that the sampling apertures are along the a-axis and the x-axis and
are perpendicular to the fringe system.
features of Equation (1.12).

There are several interesting

The factor«^(0,0;x,y) outside the square

bracket tells us that the entire fringe system in the x,y plane is
a

modified by the convolution of the source intensity distribution Ig
and the PSF of the sampling aperture of radius h^:

r
,^(0,0;x,y) =

| d£dn is(5/n,v)Sncoh(x-mC,y-mn,v)
JJ

(1.13)

Thus, the fringes are contained in a region of the image plane where
^(0,0;x,y) has significant values (a region conjugate to the source).
If hQ is very small, as it is for "pinhole apertures" then

will be

/s

a broad function.

For a small enough I , .^(0,0;x,y) will also be broad

and the fringes are seen over a large region.

On the other hand, for

finite h^ values, but still small compared to the variations of

r,

a

the S
, function will be broad compared to I_.
ncon
S

The source is un-

resolved in the image plane. Roughly speaking, the fringes are found
in the x-y plane within the first diffraction ring of the Airy disc,
which are the regions of significant values of
The second feature of interest is that the fringe visibility
is dictated by the absolute value of the g-function.

For a small

circular source, the coherence function T is of the besinc form.
a broad

For

F, there are regions where it is slowly varying compared to

"noch

which

is a

comPlex

autocorrelation of the sampling aperture,

in

/N

these regions, Tmay be removed from under the integrals of Equation
(1.8), so that we have a good approximation,

•"IT
rtxf'

*

xt'v|Sncoh(*'y)-

a-14)

In this approximation, the normalized function g approaches the complex
degree of coherence and hence the intensity distribution in the image
plane takes the standard form,
A

I(x-y,v)

*2f(0,0,v)Sncoh(x,y) [l +

|Y(jjf,0,vv|cos

(^§7 " * >]

(1-15)

where
« ,_md _ .
r (, , rO,v)
" -

m

d

«

X

%

Y(XS';' ,V)

f(0,0,v)
A

There are indeed regions where T is not sufficiently slowly varying
compared to
T.

T
nCoil'

in particular in the neighborhood of the zeros of

Under these circumstances the approximation made in Equation (1.14)

is not valid.

In such cases the fringe pattern is unavoidably modified

by the complex autocorrelation

T

c

^

of

the sampling aperture.

The experimental condition where T is sufficiently slowly
varying compared to

T
ncoh

sets bounds within which an accurate measure

ment of coherence can be made.

These bounds, related to such practical

matters as pinhole size, lens focal length, source size and sensor

size, partially define an experiment.

A more complete definition

will include spectral bandwidth, source radiant exitance and sensor
sensitivity.

Finally, within these defined bounds, an rms signal-to-

noise ratio can be computed.
following chapters.

This is what is accomplished in the

CHAPTER 2

MEASUREMENTS OF COHERENCE

As developed in Chapter 1, Equation (1.15), the intensity
across a plane conjugate to the source was approximated by:*

I(x,y,A.) - 2 r (0,0, X ) S.

. (x,y)

ncoh

,
, | * , md . ,, |
.2irxd
,,
1 + lY(TT7/0 X)
cosC-y-v- <f>)
v X s " 'f '
I " v XS

(2.1)

An expression more suitable for relating hardware to theory is obtained
by writing Equation (2.1) as:
2irh x
I(x,y,X) = 2M^(T)besinc(—)
, , i". md . ,.i
.2irxd" ,.
1 + IY
0,X)| cos (-yjr - )

AX2,

where x is a two dimensional vector in the image plane.

(2.2)

We have

assumed a uniform intensity distribution over our source area, Ac
With this distribution uniform we can write:

7- | I (£,X) d£ = r (0,0, X )/A_ = M (T)
Ag j S —
—
S
A
—CO

*For notational consistency we will use X rather than temporal
frequency u and wavelength X in the same expression. The notation of
Chapter 1 used X and v in the same expression (see Equation (1.12)).
This occurred because the theoretical development used both temporal
and spatial frequencies. A quasimonochromatic approximation has
not be'enmade. Equations (1.12), (1.15) and (2.1) are valid whether
the sources radiant output is a distribution in frequency or wavelength.
17
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Here M^.(T) is the spectral radiant intensity of a thermal source at the
wavelength X.

The source is at the temperature T and the spectral

radiant intensity is given by Plancks well known law for the radiant
emission of a source in thermal equilibrium with its surroundings.

Such

a source is commonly known as a blackbody radiator and the radiation
from such a thermal source is given by:
2irhc2
—
X5

M. (T) =
A

e

hc/^kT , -1
-1

These definitions have been made:

ft = IT
O

h2
——
w

ft = ir
w

h2
——7 ,
3

,

as the solid angle from the object;

as the solid angle from the image;

as the source area.
Let us modulate the intensity and use a stationary detector
with a response function R(x,y,X) to measure a signal.
across the fringes later.

A detector is not necessarily uniformly

responsive over its sensitive area.
is uniform.

We will scan it

Let us assume the one we choose

Then the total flux received by the detector whose

coordinate locations are given by -a to +a in the x-direction and -b
to +b in the y-direction is

$S(0,0,A) =

dxdyl(x,y,X)R(x,y,X)
J

-a

-b

(2.3)

k

Pinholes of Radius h
and separated by a
distance d
a,a'
A thermal source
of radius a

Figure 2.1.

A detector of
sensitive area
A„ = 4ab

A two-pinhole experiment

vo

20

Since a detector's x-dimension must be less than a one fringe period
we can perform the integral and obtain,

*_(0,0,A) = I(x,y,A)R(x,y,A)4ab .

(2.4)

The average coordinate position indicated by the superior bars over x
and y on the right hand side of Equation (2.4) implies that the center
of the detector is located at x,y and an area average over it is taken.
The area is just that of the detector.

Since we must keep the detector's

sensitive width relatively small compared to a fringe period, no major
problems are encountered as long as the intensity function varies
little over the detector's area.
A specific detector is left as a choice for the experimentalist.
However, let us choose a background noise limited photoconductor for
reference purposes.

In this way we can deal with the fundamental

physical parameter temperature to define the experiment.

The sensiti

vity of such a detector is given by

D*U)

=

r"~{ri(A))1/2 [2AA (E
(A)+E _ (A) )]~1/2
C[ jS
CJ/3

(2.5)

where A/hc is the reciprocal energy of a photon, n(A) is the efficiency
with which photons are converted to electrical carriers, AA is the
spectral bandwidth and E
, E
sire the respective signal and
q,S
q,B
background photon flux densities.
detectivity, Jones (1959).

The quantity D* is known as the

The temperature of the thermal source and of

the background (usually the laboratory ambient temperature) will define
the source and background radiances via Plancks Law.

There are other

detectors and noise sources.

And, dependent upon the type of detector

and electronics other noise mechanisms come into play.
Some pertinent noise mechanisms are Johnson noise (Kruse, et al,
1962), reciprocal frequency, f

n,

MacRae and Levinstein (1960) and

generation-recombination, Van Vliet (1958).

The limiting one depends

upon the experimental conditions, the detector, amplifiers, the portion
of the electromagnetic spectrum being investigated and the electronic
passband within which the signal information is contained.

They are

described in some detail in the references.
For the present purpose let us state that our detector is
background noise limited.
The detectivity of a specific detector is evaluated experi
mentally by taking the reciprocal of the noise equivalent power (NEP)
and normalizing to account for the detector's sensitive area and for
the measurement bandwidth.

D*(X) -

That is

/a Af
D /NEP

(2.6)

But the noise equivalent power is the signal flux, $
detector divided by
1 the ratio of the rms signal, S
N

.
rms

rms

on the
, to the rms noise,

For brevity we will write S/N.
NEP = $ /(S/N)
O

(2.7)

From Equations (2.6) and (2.7) we can write
1/2

S/N = $sD*(X)/(ADAf) '

(2.8)

22

At Equation (2.4) the signal flux was computed assuming the detector is
uniformly sensitive to the incident signal flux.

We see then that per

unit noise (noise dependent upon the detector type and the associated
electronics), we can write for the background noise limited photoconductive detector . we have chosen
S/N - I(x,y,MR(x,y/X)AD1/2D*(X)/(Af)1/2.

(2.9)

The total flux on the detector as given by Equation (2.4) has been used.
The response function chosen here to illustrate the effect of integra
ting over the detectors sensitive area can be considered simply as an
efficiency with which the detector transduces the incident flux to an
electrical signal.

Let us set its value at unity and also restrict our

evaluations to a 1 Hz bandwidth as a matter of convenience.

The signal-

to-noise ratio becomes

S/N = I(x,y,X)R(x,y,A)AD1/2D*(X)/(Af)1/2l R =1 , Af = 1

(2.'10)

This S/N ratio is now appropriate for our experiment.

A Diffractometer
An instrument shown by Figure 2.2 is a version of Young's two
pinhole experiment and is known as a diffractometer.

An instrument

such as this was used by Thompson and Wolf (1957) to measure coherence.
Using linear system theory to derive the spectral and dimension
al intensity distribution in the measurement plane, Marathay (1981) , we
obtain at Equation (1.15):

Aperture stops of radius h
and separated by a distance
d
A thermal source of
radius a

Figure 2.2.

a.a

Unresolved image of the
source of radius AS'/2h

An optical schematic of a diffTactometer
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IT(x,y,X)
COS

=

-

2r(0,0,^)Sncoh(x,y)

A ,md
1 +|y (f£,,0,u)
'XS'

«l

(2.11)

and
1
Sncoh(x'y)

7h02.2|

2irh0

,

.

2\

(-ggr) | Besinc [—r (x22 + y2)
XS'

12

]|

(2.12)

The appropriate definitions are given by Figure 2.2 and the glossary
of symbols.
The sampling apertures were chosen to be circular for
simplicity but any other shape may be used.
The multiplicative factor m in the complex degree of coherence
argument is the geometrical magnification and its magnitude is S'/S.
For ease of writing we will henceforth write d/XS rather than md/XS'.
Using the lens system, maintaining the object-image relationship
between the source plane and an image plane and having the two sampling
apertures be the aperture stops for the lens system assures that the
Fraunhofer condition for finite sized sampling apertures and their
separation is met when a finite source is used.
The task at hand is to measure the irradiance distribution pro
duced at a measurement plane by a thermal source.

Since we are

interested in making relative measurements (fringe visibility) rather
than absolute radiometric ones, the task is somewhat simplified.

That

is, we require only that the experimental hardware quantitatively
function without variation during a measurement period.

A measurement

period being simply the time interval necessary to obtain a data set
which, when reduced, evaluated and analyzed will provide the form of
the mutual coherence function.

The signal-to-noise ratio governs the

selection of nominal parametric values for this experiment, thus
assuring a valid data set is obtained.

Of course, absolute radiometric

measurements could be attempted, but that seems an unnecessary compli
cation when it is only the form of the mutual coherence function that
is of interest.
It is the visibility of a fringe pattern that is proportional
to the absolute value of the complex degree of coherence.

In order to

quantify the visibility we require that the fringes be resolved by our
detector and exhibit some measurable contrast.
This leads us to consider three experimental conditions.

First,

the fringe frequency can be relatively high (i.e., d is relatively
small), making it difficult to resolve them spatially.

Second, the

mutual coherence function may be numerically small or zero, making it
difficult or impossible to resolve the fringes in intensity.

Third,

the incoherent impluse response varies continuously over the measure
ment plane and modulates the coherence function.
The first difficulty can be relieved by scaling the fringe
frequency or conversely the detector size with an auxiliary lens to
couple measurement plane irradiance onto the detector.

The lens focal

length would be established by the highest spatial frequency of
interest and the detector's size.
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The second difficulty is addressed by two experimental conditions.
First, when the visibility is nearly one and the radiation is essentially
coherent, the intensity peaks will be readily detectable, but the minima
v

will be limited by some sensor related noise mechanism or stray light,
which could be misinterpreted as being signal.
visibility is nearly zero.
visibility.

The other is when the

The noise level sets a minimum measurable

In either case, the experimental accuracy is served by

selecting a source intensity as large as practical limitations permit.
The variation of intensity over the measurement plane produced
by the lens system's noncoherent impulse response is the third diffi
culty.

For a fixed pinhole separation, the observable fringe visibility

is not constant over the measurement plane.

The intensity of the fringe

pattern is modulated by the noncoherent impulse response.
best approximate the visibility.
size.

We can at

This is because of our sensors finite

When we integrate over its sensitive area to obtain the total flux

we obtain an approximate value for the lens systems PSF.
Further, there are three alternative methods for making measure
ments:

scanning a sensor across the fringes; scanning the fringes across

the detector; or stationary fringes and detector.

Bounds for the Experiment
We will use a rectangular sensor of area 4ab, centered along the
x direction with y equal to zero.

Its width in the x direction extends

from x'-a to x'+a and in the y direction its length is from -a to +b.
The total signal flux from the sensor (its spectral responsivity,
R(x,y,A) with units of volts per meter cubed, we assume to be uniform
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over its area) when located at some coordinate point x1, o is:

fh
'-a J - b J
r£L

«s(*'fo)

=

b

iI(x,y,\)R(x*-x, y'->y)dxdyd\

(2.13)

;

o

oo
^2ro(o,o,A)sncoh(x'-x,.y-7)[i

) - <f>)] R(x'-x,y

(A ,6, A)|

dxdydA

(2.14)

It can be shown that:
00

$s(x1,0) =

dx 2ro(o,o,X)sncoh(x'-a,b) (i

+ |y(|^o,x)|

0
,2irad,
,2irx'd
,
, ,,,
sine ( Xg.) cos (—jgT - <P) ]R(x'-a,b,X)ADs

where A^ is the detector area 4ab.

The sine function accounts for the

finite detectors width in the x direction.
response (PSF) varies in x and y.

(2.15)

The noncoherent impluse

And, we find it takes on some value

nominally given by the detector's size and coordinate position.

In

fact, the function varies continuously over the detectors sensing area
and we must constrain the experiment to the condition where this varia
tion is small. Doing

so we can scan the detector in the x-direction and

deterministically account for the functional variations.

To Compute a

visibility, we would need to scan a one fringe period as a minimum.
noncoherent impulse response function will take on certain multipli
cative values as we scan.

When a value for the coherence function is

calculated the PSF's value can be accounted for, provided that the
detectorfe x-coordinate is a known value.
us the coherence function's phase.

The x-coordinate also gives

The
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We need to define the bounds for an experiment in order that
we may select nominal values for our experimental constants, the sampling
aperture's size, the lens focal length (i.e., the scale of our PSP)
and the detector size.. The Van Cittert-Zernike theorem shows that a
radiator whose semi-dimension in a source plane is aQ will produce a
A

field whose complex degree of coherence, y , is constant for a d/S ratio
which is constant.

The distance S is measured from the radiator to

the entrance pupil plane in which our samples are separated by a
distance d.

How then to bound an experiment?

We shall see that it is

the size of the radiator whose coherence function we wish to measure
I
that ultimately sets the boundaries for us.
Let us assume we have an ideal circular source of radius a .
o
0

The Van-Cittert Zernike theorem gives a besinc function as the complex
degree of coherence at the entrance pupil of our lens system.

And, for

the function to vary from near zero to near one, its argument, U, would
vary from about 1.22 to about 0.1.

However, for the sake of generality,

let us use the dimensionless quantities U„_„ and UW„T.
MAX
MIN
degree of coherence is minimal and at
'

MIN

At U,,_„ the
MAX

it is maximal.

The

measurable degree of coherence at either extreme is going to be estab
lished, however, by noise, as discussed earlier in this chapter, or by
a hardware limitation.

Let us write the dimensionless argument

2a d
U = ——

(2.16)

X 5
j

- „

oMAX
S

MIN

~

MAX
A2a
o

_ r .
n

(2.17)
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amd
doMIN "" XUMIN
q
Tk
MAX
O

= r^'

(2.18)

b

where dQ denotes the aperture spacing when the coherence is first zero
for our ideal source.

We see that for a given source size, 2a , the
o

wavelength serves simply to scale the boundary ratios for the narrowest
and broadest coherence functions which we will attempt to measure.

We

will use r and r, as a shorthand notation to refer to these extreme
.n
a
ratios.
At the r^ boundary and when the source appears noncoherent, we
have a maximum fringe frequency.

If we are to measure the fringe's

visibility we must have a detector width which is less than a fringe
period.

As an experiment progresses and we approach the opposite bound

ary, rn, the fringe frequency will always be lower when the illumination
appears noncoherent.

Thus, having chosen a detector size for the r, ,
D

noncoherent extremum, it would be accepable (though not optimum) for
the entire experiment.

The detector width constraint is then for

simultaneously a maximum fringe frequency (minimum period) and a
maximum distance S'.

2a < AS'

It can be stated as:

nv/dMav
MAX MAX

(2.19)

(S1 is a maximum when S is a minimum):
Using Equation (2.17) we obtain

2a < m2a /U „ .
o MAX

(2.20)

Thus,-depending upon the radiator's size, the magnification of the lens
system sets a detector's size.

It is interesting to note the absence

of a wavelength dependency.
At the r

n

extremum and when the source is for all intents and

purposes coherent, let us arbitrarily choose the number of fringe periods
appearing across the optimum portion of the PSF (the Airy disc) as no
fewer than three.

3(arg cos)

31S 'HU/ <

1

<

W

2 (arg PSF)

<2

1

<1 - 22>S 'MIN / 2

(2.21)

<2-22>

V

or
MIN

< 2.5h .
o

(2.23)

From this we see we need to have our sampling apertures small relative
to their separation if we are to have a minimum of three fringe periods
across the central part of the PSF*.

Also, we need never bring the

apertures closer together than 2.5hQ.
Nominally, we expect to measure the functional form of the
complex degree of coherence in a number of planes between our SMIN
MAX

and

It is convenient to use the first zero of our ideal sources

complex degree of coherence as a reference to establish parametric
relationships for our experiment.

Over the range

to

the

spacing of the spatial samples, d, at which we will make measurements

*It is instructive to note that could the absolute minimum
sampling aperture separation, d = 2h , be realized, there would be
2.44 fringe periods across the Airy clisc.

will vary from some maximum to minimum value according to the sampling
aperture's size and the pupil's size.
zero scales inversely with S.

The dimension, d , for the first
o

Let us require that we have at least

two discrete samples of size 2h less than d when S is a minimum and
o
o
2h greater
than d when S is a maximum.
o r
o
3
oMIN

=

We can define:

6.5h when S = A minumum:
o

(2.24)

v = D - 4h when S = A maximum.
oMAX
o

(2.25)

and
d

Here D is the clear aperture diameter of our lens system pupil.
value of

d
oMIN

This

is consistent with the requirement to keep a minimum of

three fringes across the PSF.
The minimum and maximum distances are:

MAX

~

4h

2a
O> O / 1 - 2 2 X ,

(2.26)

and
S„,„ = (6.5h )2a /1.22A .
MIN
o
O

(2.27)
2

The maximum S must also be less than D / X for the lens to be effective.
Also, the minimum S must be greater than the lens system's focal length.
The experimental constants are now fully bounded.

For a

given radiator size we have seen that our lens systems focal length
(i.e. magnification) and the detector's size are constrained at the r,
b
boundary by the minimal degree of coherence we are to measure.

At

the other extreme, the sampling aperture size and their minimal
separation constrain us to some maximum degree of coherence which we

can measure.

There are of course noise mechanisms which will limit the

degree of coherence we can measure, regardless of the hardware used.
There is one more comment.

The sine function of Equation

(2.15) is a multiplicative factor which can range in value between
zero and one, dependent upon parameter values.

As such it scales a

specific measurement of a value for the complex degree of coherence.
Because the parameters which comprise the function's argument are
measurable, a deterministic compensation for its effect can be made.

Measurements of the Magnitude and the Phase
A relative change in the optical path length of one quarter of
a wavelength, between our two samples would produce a phase shift and
the fringe pattern would shift one quarter of a period while the PSF
would remain spatially stationary.

This relative optical path length

change in our samples of the propagating wavefield also phrase shifts
the complex degree of coherence function.
Using this technique we can in principle and in fact ascertain
not only the amplitude of the coherence function but its phase.

So

long as our light is sufficiently monochromatic, a one-quarter wave
length change in optical path length will introduce only a negligible
error in our measurement of coherence;
Let us write the complex degree of coherence as:

|Y| = |Y!® ^

=

IY I costj) -

|Y |I sin<F>

(2.28)

Using the mathematical expression for the total flux on our sensor,
Equation (2.15), there is a straight forward way to make measurements.
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From them the amplitude and phase of the complex degree of coherence
function can be computed.

We measure the flux falling on our sensor

with both apertures open, with one aperture open and again with both
apertures open but with a TT/2 phase shift introduced.
these respectively $

, / and $' .

S2

SI

Let us call

With the detector at some

S2

coordinate given by x,o we will have for these three measurements,
from Equation (2.15):

S<£

= M... constants [1 + |yI sine (2?°f) cos (—rrr)~

A

$i = M

AS

A constants

SJ.

S2

AS

= M

A

)

(2.29)
(2.30)

constants tl + |Y| sine (2^f) sin (2TTf f —<F>)
AS
AS

(2.31)

Expanding; the sine and the cosine functions of Equations (2.29) and
(2.31), solving for the real and imaginary parts of the complex degree
of coherence and using Equation (2.30) we get:
1

Y| coscj) =
sinc

$ I

t

+ (.
"l

.

sin* =

,2 x'd.
cos (-gr-)

- $

.

,27rx'd,
L R )

[2.32)

U ~

SI

$i
r

sine (• • ,0

/

Slj
SI

9,2
8
V sl^J

1

,

C_§2

,2Trad.
<_xF

- $
S2

SI

.

S.2

Sl-\

C—C

-2TTX 1 D

si-\ sm (
SI

COS

•>

')

, 2TTX 1 DN
'"AS1"'

(2.33)

The magnitude of the coherence function is given by:

I % d. ,
lT(w' o)

$
r S2
C—

=

(2.34)
SI

Finally, the phase of the function is given by:

.

*<d) = 27rx'd

.

Arctan

$ »•
- $
S2
si^
J
SI

r

(2.35)

Nominal Parameter Values
The choice of a number of experimental parameters is to some
degree arbitrary.

There are, however, general observations which do

seem to be appropriate.

The single parameter which has a broad and

significant impact or* the experimental hardware is the temperature of
the thermal source.
Planck's equation gives the spectral emission from a thermal
source.

It can be shown that the uncertainty in the spectral radiant

exitance is magnified by the uncertainty in temperature.

The un

certainty becomes relatively large for wavelengths less than the peak
wavelength.

Figure 2.3

illustrates this point.

It is a plot of the

ratio of the spectral radiant exitance uncertainty to temperature
uncertainty as a. function of wavelength relative to the wavelength
of peak flux for a thermal source.

As we see from Figure 2.3, it

is desirable to worK at as long a wavelength as practical consistent
with the source's temperature and the temperature stability.
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First off , let us pick a source temperature of 500K and a 12 urn
mean wavelength.

This is approximately twice the wavelength of peak

radiant exitance and a IK temperature regulation gives rise to a flux
variation of only 0.5%.

Both the source temperature and the wavelength

are reasonable values.
The next task is to specify a clear aperture size and a focal
length for our lens system, the size of the sampling apertures and
the size of the detector.
We have seen that for a given sized radiator there are five
equations which bound our experiment.
maximum

Four establish the minimum and

sampling aperture separation and the minimum and maximum

distances from our source at which we can make measurements.

These are

Equations (2.24) through (2.27).
To show how parameter values can be selected for an experiment
let us arbitrarily choose 2.5 x 10 ^ meters as the radius of an ideal,
circular source and 2.0 x 10 ^ meters as the radius of our sampling
apertures.

We have chosen the first zero of the coherence function

for such a radiator as a point of reference.

We have also specified

we.wish to have at least two discrete samples of size 2hQ as the
apertures move closer together or further apart relative to this
reference point and that we will have no fewer than three fringes
across the PSF when the apertures are closest together.

Let us

identify a reference distance dQ with the condition which exists when
we have the first zero for our ideal coherence function.
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With hQ, aQ and the wavelength chosen, we have from Equations
(2.24) and (2.27):

doMIN = 1*3

X 10"2m

SMIN = 4*4m

*

1

(2*36)

and
(2*37)

Recall that this specifies the conditions for the coherence function's
width that we can measure and still have the minimum distance d be
4h

o

less than d

size 2h ).
o

o

(i.e., have two discrete samples of the field, each of

When we are further from the source than 4.4 meters the

coherence function will be broader.

We will have more than the two

discrete samples as d goes to its minimum value of 2.5h , where there
o
will be 3 fringes across the PSF.
For the broadest coherence fucnction which we will be able to
measure, our distance S will be at some maximum value.

We have

specified that we wish to have at least two discrete samples of size
2hQ beyond the separation distance d^.

It is this_situation which led

us to state Equation (2.26).

s^v

= "(D - 4h )2a /XUM,V
o
o
MAX

(2.38)

S„,v = 341.5(D - 8 x 10~3) m.
MAX

(2.39)

MAX

Let us choose 10

SMAX =

1

meters as a reasonable value for D.

31"4 10

and
^
= 9.2 x 10
oMAX

-2

m.

We have:

The fifth equation is number (2.20) and it constrains our
detector's width relative to the lens s'ystem focal length.

Because the

radiator must be unresolved by the sampling apertures of our lens
system, the maximum and minimum distances S1 are comparable to the
focal length F and we can write:

2a <

F2ioV«

(2-40>

•

However, there is one other pertinent factor with which we must deal.
It is the sine function of Equation (2.15).

The intrinsic fringe

contrast is reduced by this function.
As our detector gets smaller and smaller relative to a one
fringe period we lose signal flux.

If the limiting noise source is

independent of detector size, we would decrease our signal-to-noise
ratio.

When the source is nearly coherent we will be measuring the

presence and absence of signal flux.

The ability to measure the absence

of the flux will be ultimately limited by noise.
On the. other hand, when the illumination appears nearly
noncoherent there will be adequate signal.

We will be measuring the

difference between two signal levels that are nearly equal.

Under

these conditions we can make our detector smaller and smaller until the
ability to measure the intrinsic fringe contrast is limited by noise.
The question arises:

What width detector relative to a one

fringe period should we use?
We have arbitrarily

chosen a background noise limited photo-

detector for our experiment definition.

Since any decrease in a

detector's width actually decreases signal flux, the signal-to-noise
ratio will decrease.

The signal will change linearly with the area

and the noise with the square root of the area.

When the illumination

is nearly coherent let us normalize the signal-to-noise ratio to
unity when 2a equals a one fringe period.
Let V

m

be the intrinsic contrast when the illumination is

nearly noncoherent.

V

m

= sine (ir2ad/XS')

(2.41)

Now let us plot the S/Nn ratio and the intrinsic contrast as
a function of a normalized detector width 2a .
n .
S/N
V

n

= 2a //2a = /2a~
n
n
n

(2.42)

m

= sin (ir2a )/(ir2a )
n
n

(2.43)

2an = 2a/C

(2.44)

2a = 2ad/XS'
n

(2.45)

Plotting Equations (2.42) and (2.43), we see from Figure 2.4 that when
the normalized signal-to-noise ratio equals the intrinsic contrast:
2a = 0.46AS'/d

.

(2.46)

The maximum fringe frequency is when the sampling apertures
are at their greatest separation.

We are constrained by the lens clear

aperture to a maximum possible d of 9.6 x 10
detector and an 8.7 x 10

—1

—2

m.

A 50 x 10

m wide

m focal length lens system with ou t 1 2 x l O

wavelength are consistent with Equation (2.46).

—6
m
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Figure 2.4.

t

Optimization of the normalized S/N ratio
relative to the measurable visibility V
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The hardware parameters for a typical experiment have now been
chosen.

A summary of them is given by Table 2.1.

So long as the

requirements imposed by Equations (2.24), (2.25), (2.26), (2.27)
and (2.46) are fulfilled along with the coherence across the sampling
apertures being essentially constant, other parameter values are
equally valid.

Signal-to-Noise Ratio
Limitations on the scope of an experiment include those
imposed by a signal-to-noise ratio as well as those imposed by the
hardware.

We have chosen parameter values for a set of hardware

appropriate to a radiator of a given dimension without regard as to
whether there is adequate flux to make useful measurements.

It will be

convenient to use a sensor (detector) characteristic, discussed
earlier in this chapter.
written as D*.

It is called

D-star or detectivity and is

Recall from Equation (2.6) that D* is the reciprocal of

the incident noise equivalent power, NEP, normalized for the detectors
sensitive area and a measurement noise bandwidth.

D*(A) = (Ad f)1/2/NEP.

(2.47)

1/2
In the MKS system, it has units of m-Hz
/watt.

Recall also from

Equation (2.8) that a signal-to-noise ratio is given by the detect
ivity multiplied by the signal flux.
given by Equation (2.15).

The flux for a diffractometer is

Combining Equations (2.8) and (2.15),

using 4ab for the detector's sensitive area and a responsivity equal
to unity, we have,

Table 2.1.

Parameter values for a typical experiment
using a diffractometer

Symbol

Definition

S,S',m

variable

a

2.5 x 10

O

•

(500)

3

m

8

1.51 x 10

3

w/m

T

500K

X

12 x 10~6m

AX/X

1%

a

-5
2.5 x 10
m

D*

2.8 x 109 m-Hz1/2/w *

Af

1 Hz

h
o
d

2 x 10

variable

F

8.7. x lo' 1 m

D

1 x 10 ^ m

R

1

3

m

* This quantity is included for completeness. Its
ramifications are discussed in the next section,
Signal to Noise Ratio.
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(2.48)

D*(X) (4ab)1/2

R(x'-a,b,X) "(ff)172

as the equation for the signal-to-noise ratio.

R,Af = 1

Recall that

T (0,0,X) = AsMx'(T).
An arsenic doped silicon, photo-conductive, background noise
limited detector is sensitive to 12 x 10

—6

m radiation.

With a 44%

detective quantum efficiency and a cooled, 1% optical bandwidth filter,
it would have a D* of 4 x 10
background.

™9

1/2 —1
m-hz
-w
against a 300K laboratory

A sensitive area of 2.5 x 10

for such a detector.

-9

m

2

is a reasonable size

This describes the detector which was included in

Table 2.1, Parameter values for a typical experiment.
We arbitrarily specified a spectral bandwidth of 1%.

This

specification impacts the diffractometer's optical quality as well as
the detector's sensitivity.
H. H. Hopkins (1957) has shown that the visibility of inter
ference fringes arising from a variation of an optical path length
difference Ap will be reduced by two factors, namely,
^
2
|y| sine (irApAX/X ) .
The sine function is plotted
that

in Figure 2.5.

We see from the figure

for a 1% optical bandwidth, optical path length variations up

to five wavelengths cause an error less than 1 part in a hundred in
the magnitude of the complex degree of coherence.
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Figure 2.5.

1

2

Reduced visibility at interference fringes due
to finite optical bandwidth, and optical path
length variation.
Optical bandwidth (AA/A), % p2~p^ = Ap is the
optical path length difference, entrance pupil
to measurement plane.
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The integral of Equation (2.48) is straight forward because the
wavelength dependent functions are slowly varying.
h

We have:

2 2

S/M = AX2MX(T)AS
7TA
besinc2 (x'-a,b) [1
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,2Trx'd

(—r—t

+ lY(jjj/°)|

sine (2^f)

^%
, s 1/2 „
1,1/2
<(>)]
D*(X)(4ab)
R(x'-a,b) (—)
Af
C 1
R, AI f=l
T-.

Within the limitations we have imposed on the number of discrete
samples of the incident illumination we will take, let us examine the
S/N ratio as the size of the coherence function scales the intensity
distribution across our lens system's entrance

pupil.

That is we will

examine the S/N ratio over the range rto r^.

This we can do physically

by changing S, the distance between our pupil and the source.

The

maximum and minimum distances for our ideal source were identified to
be 31.4 meters and 4.4 meters respectively.
Let us plot S/N versus d at incremental distances S.

We have

configured our hardware such that we can have 22 discrete samples of
size 2h^ as d explores the illuminated region of our pupil.
Recall that d^, the sampling aperture spacing for the first
zero for our ideal sources coherence function, scales with S.

At any

one distance S there are the 22 discrete samples across our pupil.
number of discrete samples less than d^ decreases and the number
greater than dQ increases (or inversely, it depends upon whether S
is increasing or decreasing) as the scale of the coherence function
changes until we reach a boundary.

The

We see from Figure 2.6 that our S/N ratio is less than 1 even
when we are nearest to the source.
S increases.

It becomes even less as the distance

This is certainly a less than desirable situation.

We

can improve it by having fewer than 22 discrete samples across the
lens pupil.
It can be shown than an f-number for our lens system is given
by:
f/No. a a/*CN + 2) u(a)

.

(2.49)

The quantity u(a) is the value of the argument of our PSF for a
detector of radius a, centered upon the x,0 coordinate and N is the
number of discrete samples across our pupil.
density by decreasing N.

We can increase the flux

This will decrease the maximum fringe

frequency with which we must work.

With the reduced fringe frequency

we can shorten the lens system's focal length and still meet our con
straint, Equation (2.46).

The ratio a/u(a) is then unchanged.

lens clear aperture can remain fixed.

The

We will simply use less of it.

We will be unable to characterize with measurements a coherence func
tion as broad as previously.
2.6 is 8.7.

The lens system focal ratio for Figure

We can increase the flux on our sensor a factor of about

34 by simply going to an f/1.5 lens system.

The total number of

discrete samples becomes 2 and the maximum distance to our source
would be 1.5/8.7 x 31.4 or 5.4 meters.
lens system is 0.15 meters.
are shown in Figure 2.7.
an experiment.

The new focal length for the

The S/N ratios for this altered experiment

These values appear to be more suitable for
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Figure 2.6.

The S/N ratio for inrremental distances
to the source with 22 discrete samples
across the lens system pupil.
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Figure 2.7.

The S/N ratio for incremental distances to
the source with 2 discrete samples across
the lens system pupil.
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We might anticipate a higher S/N ratio and less complexity by
working at a visible wavelength.' We would use a higher source tempera
ture at the expense of requiring the temperature of the source to be
more stable.

An equivalent quantum efficient sensor would also be

more sensitive at a shorter wavelength (see Equation (2.5)).
For reference purposes let us simply scale our wavelength to
-7
the visible portion of the spectrum, nominally a 5 x 10 m mean wave
length for our 1% bandwidth.

Also, let us raise the temperature of our

source to 900K which is near an upper bound for a relatively straight
forward temperature sensing and regulation mechanization in laboratory
blackbodies.
The sensor's detectivity, D*, would have increased by a factor
of 24.

The flux density at our surce would have decreased by a

5
of 1/9.6 x 10 .

It would appear we have degraded our S/N ratio.

factor
How

ever, it is total signal flux over the range, source nearly coherent
to nearly incoherent, which is of interest.

We must comply with the

experimental conditions established earlier, Equations (2.24) through
(2.27) and (2.46).
S

This we can do by simply linearly scaling S and

with wavelength.

size) constant.

We will keep a and aQ (detector size and source

That is S is decreased by a factor of 1/24 and S'

is increased by a factor of 24.

The sampling aperture size, hQ, and

its maximum and minimum spacing are ion changed.
The signal-to-noise ratio, in consonance with Equation (2.48),
is linear in source radiant intensity (M (T)), linear in D*, and

A

linear in wavelength (A.).

The S/N for the higher temperature source

-4
and shorter wavelength radiation is decreased by a factor of 6 x 10
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—(Visible) _ n/g 6 x 105) (24)(24)
S/N (Infrared)
^/y-b x 1U > (<!4)
S/N (Visible)
S/N (Infrared)

-4
x

And we find, not only is the S/N ratio severely degraded, we would
-4
require the source temperature to be regulated to 3.1 x 10 K, a
value completely off scale for Figure 2.3, in order to have a 1%
uncertainty in the source's radiant output.
The recommendation is to perform the experiment only after a
complete and consistent set of hardware parameters have been specified,
wherein a valid experiment can be performed.

The analysis performed

herein has defined the experiment by describing the physical limitations
of the experiment.

A reasonable and complete set of parameter values

have been identified and tabulated using an ideal radiator as a model.
So long as the parameter constraints which have been discussed are met,
a valid experiment can be performed with values other than the ones
specified.

CHAPTER 3

CONCLUSIONS

We have defined an experiment to measure the amplitude and
phase of the complex degree of coherence for radiation from a thermal
We used an ideal circular, planar source which radiates as a

source.

blackbody to define this experiment.

In the definition we have also

used a detector, a lens system with two identical apertures and a
narrow band optical filter.

The choice of certain values for the

parameters of each piece of the hardware was arbitrary but was based
upon sound physical principles.

Certainly, with a real experiment

the ideal qualities associated with each component will probably not be
realized.

It was our intent to configure an experiment and establish

bounds within which it could be performed.

This has been done.

A departure from the ideal parameter properties which we used
for analytical purposes will exist when an experiment is actually per
formed.

However, this should only degrade the quality of the experiment

rahter than invalidate it.
For example, a detective quantum efficiency of 44% was used
for a detector.

If in practice a lesser efficiency were realizable

we would reduce our accuracy because our S/N ratio would be less.
The lens system we used was errorless. OPD errors which are
a significant fraction of a wavelength would produce phase errors for
the complex degree of coherence of the same fractional value.
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If we use fringe visibility and detector coordinate position to
ascertain the amplitude

and phase of the complex degree of coherence,

we will need to accurately measure the detector's location relative to
the zero OPD coordinate.

Not only for the phase determination but also

because the lens system's PSF modulates our fringe pattern.

We must

deterministically account the PSF's value when we identify a maximum
or minimum flux.

Our dfetector quantifies a total incident flux rather

than an intensity.

If the intensity changes rapidly across our de

tector, we could make a serious error.
Obviously, there is yet an error analysis which an experi
mentalist would perform.

Nontheless, the experiment as defined by this

thesis is reasonable and could be performed.

4

APPENDIX A

GLOSSARY OF SYMBOLS

£,n

Object plane coordinates, m

a, 6

Pupil plane coordinates, a prime denotes image space, m

x, y

Image plane coordinates, m

S,S'

Object and image distance, m

f,g

Spatial frequency in a and $ directions, a prime denotes
image space, m

—

An underline denotes a two dimensional vector
A bar denotes a mean value

0

A circle denotes spatial frequency domain
A caret denotes temporal frequency domain

v

Visibility, Michelson (1890)

h

Plancks Constant, m^s

K

Boltzmann's Constant, J-K

F#

f-number

t

Time, s

T

Temperature or Transmittance

c

Velocity of light, m - s

T

A time difference, s

Av

Bandwidth, hz

v

Frequency, hz

X

Wavelength, c/v,m

or Temperature in degrees Kelvin
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k

Wavenumber, 2ir/X, m

D*Q,T)

Specific detectivity, m - hz

p

Optical path length, m

m

Magnification

a
o

Radius of source, m

hQ

Radius of aperture Stop, m

a

Detector width, x-direction, m

b

Detector height, y-direction, m

d

Pinhole separation, m

(p

Phase

S

NCOH

1/2

-1

- W

Noncoherent Impulse Response

M^'

Spectral emitted power intensity of a thermal source, w-m~

T( )

Mutual Coherence Function or MCF

A

Y( )

Complex degree of coherence

T„__„
NCOH

Noncoherent transfer function

0,1

A subscript 0 or I denotes object or image plane

F

Lens system focal length

,0,$

Angles
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