Synthesis of longitudinal coherence functions by
spatial modulation of an extended light source:
a new interpretation and experimental verifications

Wei Wang, Hirokazu Kozaki, Joseph Rosen, and Mitsuo Takeda

Giving a new physical interpretation to the principle of longitudinal coherence control, we propose an
improved method for synthesizing a spatial coherence function along the longitudinal axis of light

propagation.

By controlling the irradiance of an extended quasi-monochromatic spatially incoherent

source with a spatial light modulator, we generated a special optical field that exhibits high coherence
selectively for a specific pair of points at specified locations along the axis of beam propagation. This
function of longitudinal coherence control provides new possibilities for dispersion-free measurements in
optical tomography and profilometry. A quantitative experimental proof of principle is presented.
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1. Introduction

Optical coherence tomography'—3 and low-coherence
profilometry*-7? have been studied extensively.
They use the physical property of broadband light
that high-contrast fringes can be observed only when
the beams from the sample and the reference mirror
have the same optical path lengths. In other words,
they are based on the common basic principle in
which the characteristic of longitudinal coherence
plays a crucial role. Usually the term “longitudinal
coherence” is identified with temporal coherence,? for
which coherence between two points along the prop-
agation axis is determined by the temporal spectrum
of the radiating source. However, if one notes the
analogies between temporal and spatial parameters
that are found in many optical phenomena,® one may
think of yet another scheme for controlling longitu-
dinal coherence by changing the spatial (rather than
the temporal) structure of the radiating source. Mec-
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Cutchen,'° Biegen,!! and Rosen and Yariv213 have
shown that the longitudinal coherence between two
points along the propagation axis can be determined
purely from the spatial structure of a quasi-
monochromatic incoherent planar source. In anal-
ogy to the relation of the temporal coherence to the
source spectrum by the Wiener—Khintchine theorem,
the generalized Van Cittert—Zernike theorem?2.13 re-
lates the longitudinal spatial coherence to the spatial
structure of the extended source. More recently,
Rosen and Takeda* proposed a new scheme for sur-
face profilometry based on longitudinal spatial coher-
ence. Whereas conventional coherence tomography
and low-coherence profilometry use a spectrally
broad (i.e., temporally incoherent) and spatially con-
fined (i.e., spatially coherent) point source (e.g., a
superluminescent diode), our technique uses a spec-
trally narrow (i.e., quasi-monochromatic and tempo-
rally coherent) and spatially extended (i.e., spatially
incoherent) source. The use of the narrow-band
source can be an advantage when the object or the
medium through which the light propagates has
strong dispersion or inhomogeneous spectral absorp-
tion. The system requires no optical elements (such
as a dispersion-compensation glass plate in a white-
light Michelson interferometer) for dispersion cor-
rection. If a highly absorbing object or medium
has a low-absorbing spectral window, the use of the
quasi-monochromatic source permits one to tune
the spectrum to the low-absorbing spectral window.
Conventional coherence tomography and low-
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degree of coherence. Abbreviations are defined in text.

coherence profilometry require mechanical move-
ment of the reference mirror for the change in the
optical path difference because their longitudinal
(temporal) coherence function is invariable, as it is
determined by the spectrum of the light source. The
proposed technique needs no mechanism to change
the optical path difference because the longitudinal
(spatial) coherence function is varied with a spatial
light modulator in such a manner that high-contrast
fringes are observed at the desired optical path dif-
ference. In a space-time analogy,® our scheme for
synthesizing spatial coherence is conceptually anal-
ogous to the synthesis of temporal coherence pro-
posed by Hotate and Okugawa,'® though the specific
techniques used are completely different.

In this paper, first we present a new physical in-
terpretation of the principle of longitudinal spatial
coherence synthesis. Based on this new interpreta-
tion, we propose an improved technique for control-
ling longitudinal coherence and demonstrate its
validity by experiments with quantitative data anal-
ysis. Finally, we discuss alignment, with particular
emphasis on the influence of tilt on fringe visibility.

2. Principle

A. Description by Fourier Optics

Before giving a new physical interpretation of the
principle of longitudinal coherence synthesis, we first
review the basic principle in terms of Fourier optics
along the lines of a paper by two of the present au-
thors.14

A schematic diagram of the proposed system is
illustrated in Fig. 1. A Michelson interferometer is
illuminated by an extended quasi-monochromatic
spatially incoherent light source (S) located at the
front focal plane of lens L1. Light emitted from
point A(x,, y,) of the source is collimated by lens L1
and is split into two beams by beam splitter BS.
One beam is reflected from mirror M1, which serves
as an object, and the other is reflected from mirror
M2, which serves as a reference. Mirrors M1 and

M2 are located at distances z = L and z = L + Az,
respectively, from the rear focal plane of collimating
lens L1. The interference fringes generated on the
CCD image sensor are the result of combining the
images of the two optical field distributions; one is the
optical field distribution at object mirror M1, and the
other is the optical field distribution created at the
corresponding location in the reference arm by refer-
ence mirror M2. Both images are obtained by im-
aging lens L2, and the CCD image sensor records the
intensity of these fringes.

The point source, with complex amplitude u (x,, y,)
at A, creates behind lens L1 a field distribution

u(xs, )
— .  ex

B 2m(z +2f) 2w
u(x,y,z) = hY; J Y

\ TN
v+

X (xsx +ysy) _J )\f2

(x, + ysz)] (D

where \ is the wavelength of light, fis the focal length
of lens L1, and (x, y, z) are the coordinates behind
lens L1 with their origin at the rear focal point of lens
L1. Field u(x,y, L) at object mirror M1 and field u(x,
y, L + 2Az) at the corresponding location in the other
arm of the interferometer are imaged and superposed
to form interference fringes on the CCD image sen-
sor. Note that the beam reflected from reference
mirror M2 travels a distance 2Az more than the ob-
ject beam. Because each point source is completely
incoherent to any other points on the source, the
overall intensity on the image sensor contributed by
all the source points is a sum of fringe intensities
obtained from all the point sources:

I(x,y, L) = ”
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where the integration is performed over the area of
the extend source. After some straightforward alge-
bra, the intensity distribution given by Eq. (2) be-
comes

47mAz

I(x,y,L) = B[l + |p(2Az)|cos[—

+ ¢)(2A2)H , (3)
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where B = (2/\%?) [[ I (x,, y,)dx.dy,. The function
w(Az) = |n|exp(jd) is the longitudinal complex degree
of coherence given by

.2mAz )
Is(xsa ys)eXP J Tf2 (xs + Vs ) dxsdys

w(24z2) =
J‘JA IS(xS7 yS)dedyS

(4)

The analogy to diffraction theory will help our in-
tuitive understanding of the principle. Let us con-
sider diffraction from an aperture u(x,, y,) in the
source plane. From Eq. (1), the diffracted field in
the plane at distance Az, in front of the rear focal
plane of lens L1 is given by

u(x, y, —Azy) = P (J.i’;_ A20)] f f (x4 32)

2
X exp[ —JT;T (xx + y,y)

j"ﬂ' AZ 0

A2
If we put 2Az = Az,, we note that Eq. (4) is (apart
from a constant factor) equivalent to axial field (0, 0,

—Az,) created at distance Az in front of the rear focal
plane of spherical lens L1:

4(0, 0, —Azg) = ZPLIE (Jif - Azo)] ff (x4 )

Az
X exp[ﬁ;f2 :

(2 + ) |dxdy,. (5)

(%, + yf)} daxdy, .
(6)

From this analogy to the diffraction theory, our prob-
lem of producing high coherence for optical path dif-
ference 2Az can be reduced to the problem of finding
a real and nonnegative aperture distribution that
produces a strong optical field on the optical axis at
distance 2Az from the rear focal point. Obviously a
circular aperture whose transmittance has the form
of a Fresnel zone plate can satisfy the above require-
ment if we chose

I(ry) = (1/2)[1 + cos(2wyrs + B)], (7

where .2 = x,2 + y.2 and B is the initial phase of the
zone plate. A zone plate illuminated by a plane
wave focuses light on the axis at distances Az, = 0,
+2vy\f? from the rear focal point. Correspondingly,
a spatially incoherent source whose irradiance distri-
bution has the same form as Eq. (7) produces fields
that exhibit high coherence for the three optical path
differences 2Az = +2\f?y and Az = 0. By modulat-
ing the source distribution with a spatial light mod-
ulator (SLM) and changing zone plate parameter vy
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monotonically, we scan the coherence function along
the Az axis. When a high-visibility peak is observed
for some value vy, on the curve of visibility versus v, it
is a clear indication that object mirror M1 is located
at a distance Az = \f?y, from reference mirror M2.
Thus by means of the SLM we can control longitudi-
nal spatial coherence without using mechanical mov-
ing components. If we assume a circularly
symmetric source and introduce a new radial param-
eter p, = r,2 = x,2 + y,%, we can express Eq. (4) in a
simple form of the Fourier transform:

R?2 2mAzp,
f Is<ps>exp(j “Rff")dps
m(dz) == - . ®
J I(py)dp

0

where R is the radius of circular source I(p,).
(7) becomes a sinusoid for variable p,:

As Eq.

I(py) =[1+ cos(2myp, + B)]/2, 9

we have

w(Az) o [exp(jﬂfffz)sinc(ﬂﬁffz)} * [28(Az)

+ exp(jB)d(Az + YN + exp(—jB)3(Az — Y],
(10)

where sinc(x) = sin(x)/x, 8(x) is the Dirac delta func-
tion, and * denotes convolution. Relation (10) gives
three correlation peaks, and we can control the dis-
tance between the central and the side peaks by
changing parameter vy of the zone plate with a SLM.

B. New Interpretation of Longitudinal Coherence Control
Based on Haidinger Fringes of Equal Inclination

In this section we give a new interpretation of the
principle of longitudinal coherence control in which
the underlying physics for the coherence control is
explained in terms of Haidinger fringesi® of equal
inclination. This new interpretation helps our intu-
itive understanding of the reason why the zone-
platelike spatially incoherent source generates high-
coherence fields for particular mirror distances Az.
In addition, it provides an insight into the practical
problem of how to design the specific shape of the
zone plate when the optical system has aberrations
and misalignments.

As shown in Fig. 1, beam splitter BS forms a virtual
image of reference mirror M2 at distance Az behind
object mirror M1, which serves as an effective refer-
ence mirror, M2'. The two mirrors M1 and M2’ to-
gether work as a plane-parallel plate with optical
thickness Az. If the plane-parallel plate is illumi-
nated with an extended quasi-monochromatic spa-
tially incoherent source, a set of Haidinger fringes of
equal inclination (that is, localized at infinity) will be
observed in the focal plane of lens L, as shown in Fig.
2. A ray from the source that is incident upon the



Haidinger Rings

Extended Source

Fig. 2. Generation of Heiginger fringes of equal inclination and
the inverse process of beam propagation.

plane-parallel plate at a small angle 6 is reflected by
the upper and lower surfaces, M1 and M2’, to form
parallel rays ABP and ACP. The optical path differ-
ence between these two rays is given by

ACH =A"H = 2Az cos 0

62
~2az[1-
-3

7’2
~ 2Az(1 - 2702) , 1D

where r is the radial distance of observation point P
from the optical axis of lens L, f'is the focal length of
the lens, AH is a normal from point A to ray CLP, and
A’ is a mirror image of point A with respect to plane
M2'. Thus the normalized intensity of the Haid-
inger fringes observed at point P is given by

1 2mAz , 4mAz
I(r) = 2 1 + cos NG re— N . (12)

If we put v = Az/\? and B = —4wAz/\, we find that
Eq. (12) has the same form as the Fresnel zone plate
given by Eq. (6).

Let us now consider an inverse process in which
lens L is illuminated from behind by a point source at
P on the observation plane. On reflection from the
lower surface, ray PCA meets ray PBA at point A, and
the two rays interfere. When point source P lies on
the bright fringes of the Haidinger rings, the inter-
ference at point A is constructive because optical path
difference ACH is an integer multiple of wavelength
\. Similarly, the interference becomes destructive if
the point source is on the dark fringes of the Haid-
inger rings. If lens L is illuminated with an ex-
tended quasi-monochromatic spatially incoherent
source whose irradiance distribution is proportional
to the intensity of the Haidinger fringes [given by Eq.
(12)], only the point sources located on the bright

fringes will participate in the interference. This
means that, for every point source, interference oc-
curs constructively, and uniform bright fringes are
produced over upper plane M1. Because the source
is spatially incoherent, the bright fringes produced by
the individual point sources are superposed on an
intensity basis. This in-phase superposition of
many fringe intensities creates a spatially uniform
bright fringe that is strongly localized on upper plane
M1. Inasmuch as Eq. (12) does not change if Az is
replaced by —Az, the same phenomenon will be ob-
served when plane M1 is located at a distance —Az
below plane M2’. When Az = 0, ray PBA overlaps
ray PHC, and constructive interference occurs irre-
spective of the position of point source P, because the
optical path difference is zero.

So far, for ease of understanding, we have used the
virtual optical system shown in Fig. 2, which includes
virtual rays and a virtual mirror image of M2 formed
by beam splitter BS. Based on this virtual optical
system, our description included real fringes gener-
ated on upper mirror plane M1. Inthe actual optical
system shown in Fig. 1, however, the fringes observed
on mirror plane M1 through the beam splitter from
the side of the CCD are virtual (rather than real)
fringes. Therefore we need a lens, L2, that images
mirror plane M1 onto the CCD image sensor and
converts the virtual fringes into real fringes to be
detected by the CCD sensor. Thus, referring to Fig.
1, extended incoherent source S, whose shape corre-
sponds to the bright fringes of the Haidinger rings,
produces an optical field that has a longitudinal co-
herence function with three peaks, which are ob-
served when the distance between mirrors M1 and
M2’ is 0 or £Az.

The interpretation given above permits one to de-
termine the specific shape and the location of the
source for an imperfect optical system that has aber-
rations and misalignments. When the optical sys-
tem has aberrations, the source with the shape of a
circular zone plate given by Eq. (6) is no longer the
best choice because the Haidinger fringes do not have
a perfect circular shape. Generally, we do not know
what kinds of aberration are present and how they
influence the optimum shape of the source. Even if
the system is free from aberration, it is generally not
easy to find the exact location of the optical axis of the
system to which the center of the zone-platelike
source should be adjusted. Based on the new inter-
pretation, we propose the following technique: Re-
ferring to Fig. 1, we first illuminate the
interferometer with another extended quasi-
monochromatic source inversely from the side of im-
aging lens L2 and the CCD camera; then we record
the Haidinger fringes generated on plane S upon
which the designed source is to be placed. Then we
use the recorded intensity distribution of the Haid-
inger fringes as irradiance distribution I (x,, y,) of the
source to be placed upon S. When we illuminate the
interferometer with this source distribution 7 (x,, y,)
through lens L1, we can generate an optical field that
gives a high coherence peak for mirror distance Az for
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which the Haidinger fringes were recorded. If we
record a set of the Haidinger fringes and generate the
corresponding source distributions with a SLM, we
can perform tomographic imaging at the desired mir-
ror distances determined by the longitudinal spatial
coherence function synthesized by the SLM.

3. Experiments

Experiments have been conducted to demonstrate
the validity of the principle. A schematic illustra-
tion of the experimental system is shown in Fig. 3.
A Michelson interferometer is illuminated by two
quasi-monochromatic spatially incoherent light
sources; one is an extended source created by the
beam from Laser2 to generate Haidinger fringes on
ground glass GG1; the other serves as a source for
spatial coherence synthesis. The two light sources
are both He—Ne lasers with wavelength A = 0.6328
pm. The beam from Laserl was collimated by col-
limator C1 to illuminate a liquid-crystal SLM on
which the Haidinger-fringe-like source irradiance
distribution is displayed by a personal computer, PC.
The source irradiance distribution displayed on the
SLM is imaged by lens L1 onto rotating ground-glass
plate GG1 to make a spatially incoherent source with
the desired irradiance distribution. The light from
each point on the ground glass is collimated by lens
L2 and is introduced into a Michelson interferometer.
One mirror, M1, was attached on a fixed arm to serve
as an object mirror, and the other mirror, M2, served
as a reference mirror. Mirror M2 was mounted
upon a piezoelectric transducer, PT, for phase shift,
and the piezoelectric transducer itself was placed
upon a precision mechanical stage to form a variable
arm. The two reflected beams from M1 and M2 were
combined by beam splitter BS1 and passed by lens
L3. Lens L3 forms an image of mirror M1 onto the
CCD plane such that intensity of the fringes virtually
localized on mirror M1 is recorded. According the
principle described, the zone-plate-like distribution
was generated by the personal computer and dis-
played on the SLM. The focal length of lens L2 was
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f = 300 mm. The experiments were performed as
follows: First we turned on Laser2 only, and we
observed the Haidinger fringes on ground glass GG1
by adjusting mirrors M1 and M2 to be exactly paral-
lel. Subsequently, we produced a zone-plate-like
pattern with the computer according to the Haidinger
fringes that appear on GG1 and displayed the zone-
plate-like pattern on the SLM. In this way we made
the designed zone plate and Haidinger fringes match
as closely as possible. Then, turning off Laser2 and
switching on Laserl, we observed fringes virtually
localized on mirror M1 through the CCD camera with
lens L3 focused on M1. The fringes have uniform
illumination over the field of view because M1 and
M2 have been made parallel, and they are high con-
trast because the source shape is tuned to the Haid-
inger fringes generated at the present mirror
position. By moving the position of mirror M2 we
changed the optical path difference between the two
arms of the Michelson interferometer and measured
the visibility of the fringes by a phase-shift tech-
nique.l” In this way we obtained the distribution of
degree of coherence along the axis.

Figure 4(a) shows an example of Haidinger fringes
recorded by a CCD camera placed at the position of
ground glass GG1. Because of the astigmatism in-
troduced by the optical system, the Haidinger fringes
have the shape of an ellipse, which can be modeled by
the following formula:

I(xs’ ys) <1+ COS{21T['Y(xs2 + ysz) + 140(-7%2 - ysz)
+ BOxsys] + B}’ (13)
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where A, and B, parameterize the astigmatism and
parameters y and B correspond to those of an ideal
zone plate in Eq. (7). If we remember that Eq. (7)
gives y = Az/\f? in the aberration-free case, we can
expect from formula (13) that, as we reduce the mir-
ror distance, the elliptic fringe pattern will change its
shape and become a hyperbola for Az = 0. If we
move the mirror farther beyond to the region of —Az,
the fringe pattern will become elliptical again but
with the ellipses’ major and minor axes interchanged.
This is indeed what we observed experimentally.
From this phenomenon we identified the location of
Az = 0 to be at 10 mm of the dial reading of the stage.
Note that, just as the temporally incoherent white-
light source does, a quasi-monochromatic spatially
incoherent source provides information about the lo-
cation of Az = 0. The Haidinger fringes shown in
Fig. 4(a) are recorded for Az = 8 mm (which corre-
sponds to the stage dial reading of 2 mm). Figure
4(b) shows the irradiance distribution of the source
designed by computer, which has the same shape as
the Haidinger fringes in Fig. 4(a). Moving the stage
in 1-mm steps, we measured the coherence function
(the fringe contrast) by using the phase-shift tech-
nique.l” The result is shown in Fig. 4(c). As de-
signed, a coherence peak is observed at the position of
2 mm in the stage dial reading that corresponds to
Az = 8 mm. The peak for Az = 0 is also observed at
the correct position, 10 mm in the stage dial reading,
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Haidinger fringes. (c) Longitudinal degree of coherence. Optical
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zontal axis.

but the peak height is lower than that for Az = 8 mm.
The peak for Az = —8 mm is not clearly observed.
This can be explained by the degree of overlap of the
source shape (or the shape of the Haidinger fringes)
for Az = 8 mm with those for Az = 0 and Az = —8
mm. We can observe the lower peak for Az = 0
because the ellipse for Az = 8 mm has some overlap
with the hyperbola for Az = 0. However, the ellipse
for Az = 8 mm has much less overlap with the ellipse
for Az = —8 mm because the major and minor axes of
these ellipses are interchanged. Figure 5(a) shows
the Haidinger fringes for Az = 5 mm, and Fig. 5(b) is
the corresponding source irradiance distribution.
As shown in Fig. 5(c), a coherence peak is observed at
position 5 mm, which corresponds to Az = 5 mm.
Similarly, the Haidinger fringes for Az = 2 mm and
the corresponding source irradiance distribution are
shown in Figs. 6(a) and 6(b), respectively. Here
again we observe a coherence peak at position 8 mm,
which corresponds to Az = 2 mm. The relationship
between parameter v and mirror distance Az for the
coherence peak was plotted as shown in Fig. 7. With
the change of parameter v, other parameters, A, and
B,, were changed by the same factor. Because of
astigmatism, Az is not exactly proportional to param-
eter vy, but Az increases linearly with y. This means
that even for an optical system with astigmatism, the
position of the coherence peak can be controlled by
the spatial frequency of the zone plate.
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4. Discussion

We briefly discuss some of the factors that affect the
performance of the proposed technique. First, we
focus on the influence of the tilt introduced between
the two mirrors of the Michelson interferometer and
show that the tilt produces a crucial effect. Then we
discuss other alignment issues and clarify the reason
why we use the second laser to generate Haidinger
fringes.

A. Influence of Tilts

Let us note again the collimated beam from point
source A at point (x,, y,) on the incoherent source in

stituting x, — (x, — o) and y, — (y, — «,) for the
beam from mirror M1, we have from Eq. (2)

I(x,y, L) = U

JN A

27 . wL
~INf (xex +y.y) = J P (x” + 9
N U xs, ys) 2w(L + 2Az + 2f)
YA X
T )t (5, )
J)\f[xs a)x + (¥ — a)y]
.w(L + 2Az2)
—J T [(xs - ax)z
2
+ (ys - ay)z]} dxsdyS' (14)
We have
477Az
I(x,y, L) =A{1 + |p(2Az)|cos[— + $(2A2)
2 w(L + 2Az)
_ )\7}" (o + o) + )\7}"2 (a2
+ af)” : (15)

which corresponds to Eq. (3) and where the longitu-
dinal complex degree of coherence is now given by

2mA 2m(L + 2A
JJ Is(xs’ ys)exp|:‘] T (xSZ + ysz) _J,]T(—Z) (xsax + ysay):|dxsdys

IV

Y

'J‘(ax, Qy, ZAZ) =

(16)

ff IS(xS? ys)dxsdys

Fig. 1. When object mirror M1 is tilted by a small
angle (0,, 0,), the direction of the reflected beam de-
viates by an angle (20,, 20,) from its original direc-

Equation (16) has a form similar to that of the three-
dimensional complex degree of coherence derived
from the generalized van Cittert—Zernike theorem?2:

21 A
” I (x,, ys)exp[‘] Tz

A2

) o J2m
(xs t ¥ ) - Tf (stx +ysAy) dxsdys

p(Ax, Ay, 2Az) =

amn

.[.[ IS(xS’ yS)dedyS

tion. Observed from the side of L2 and CCD through
beam splitter BS, this introduction of angular devia-
tion is equivalent to giving lateral displacement («,,
a,) = (f sin 26,, f sin 20,) to the point source. Sub-
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Apart from scale factor (L + 2Az)/f, the tilt gives
the same effect as lateral coherence in the three-
dimensional complex degree of coherence. Note also
the similarity of Eq. (16) to Eq. (5), which gives a
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diffraction field about the focal point. Generally, a
point-spread function of an imaging system has a far
smaller spread in the lateral direction than in the
longitudinal direction. Analogously, lateral coher-
ence decreases far more quickly than longitudinal
coherence. To see the effect of tilt, we put Az = 0
into Eq. (16) and assume a uniform circular source of
radius R. Adopting polar coordinate systems (o, =
acos & o, = asin §) and (x; = r; cosm, y, = 1y sinm),
we have from Eq. (16)
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Fig. 9. Relationship between degree of coherence and tilt angle.

frequency for signal separation in the spatial-
frequency domain, we were not able to measure the
degree of coherence for very small tilt angles (close to
zero). Despite the restricted range of measurement,
the curves indicate reasonable agreement between
the experimental data and the theoretical prediction.

For an ideal case without tilt and aberrations, it is
obvious from Schwartz’s inequality that the modulus
of the longitudinal complex degree of coherence given
by Eq. (4) takes a maximum value of unity for Az =

2
0 0 )\f

27 R . 21mL
I(r)exp| —j ~—5 ar, cos(§ — m) |rdrdn

_ 2J,(2wLRa/N?)  2J,(4wLRO/\f)

p(0) = ——
j f I(ryrdr.dn

0 0

2wLRo/N?  4wLRO/Nf (18

where ¢/, is the first-order Bessel function and 6 is a
tilt angle approximated by 20 ~ «/f. Even for an
aberration-free system with Az = 0, fringe contrast is
reduced significantly by the introduction of a small
amount of tilt. Specifically, for L = 100 mm, R = 5
mm, A = 630 nm, and /' = 150 mm, a small tilt angle
of 5.8 X 10~ ° rad makes the fringe contrast zero. An
example of the experimental observation of a coher-
ence function for a tilted mirror is shown in Fig. 8.
Only the Oth peak (for which Az = 0) was observed,
with very low contrast. Although we used a zone-
platelike source, the first peak (for which Az = \f?y,)
disappeared. A variation of fringe contrast with the
amount of tilt was observed by experiment. In Fig.
9 the solid curve shows the degree of coherence pre-
dicted by the theory; the value of the curve is reduced
monotonically with the tilted angle. The curve pre-
dicted by the theory was scaled appropriately to fit
the experimental data, with its Bessel sinc function
form preserved. The fringe contrasts were mea-
sured by Fourier fringe analysis.’® Because Fourier
fringe analysis requires the interferogram to have at
least several fringes that serve as a spatial carrier

0. When tilt is present, as can be seen from Eq. (16),
the modulus of the longitudinal complex degree of
coherence does not necessarily takes a maximum
value for Az = 0, and the location of the maximum
coherence depends on the tilt and the aberrations
introduced.

In the application of the proposed technique to op-
tical tomography and profilometry, the first coher-
ence peak (for which Az = \f?y,) serves as an
indicator for the location of the test surface. If the
first contrast peak disappears because of tilts, we
cannot obtain any information about the distance be-
tween the test surface and the reference mirror.
One may therefore regard this high sensitivity to tilts
as a fundamental drawback of the proposed method.
However, if one looks at the matter from another
viewpoint, one may find that the characteristic of
high sensitivity to tilts can be a great advantage.
We now have an unconventional interferometric sys-
tem with the unique characteristic that high-contrast
fringes are created only at locations where both the
surface height and the local surface inclination sat-
isfy the particular conditions set by the structure of
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Fig. 10. Relationship between degree of coherence and decenter-
ing.

the zone-plate-like source and the orientation of the
reference mirror. This characteristic can be ex-
ploited, for example, for simultaneous detection of the
distance and the local surface inclination of an object,
which remains a subject for future research.

B. Influence of Source Misalignments

For the proposed principle to work, the center of the
zone-plate-like source must be precisely adjusted to
the axis of the optical system. For an actual optical
system, it is a difficult to find the exact location of the
optical axis. Besides the effect of tilts, the phenom-
enon that the first order is greater than the zero order
can occur if the center of the zone plate is not on the
optical axis. In this case the line connecting zero
and the first order is not parallel to the axis (o, o) =
(0,0). The analogous case to this phenomenon f%om
diffraction theory can be found in Ref. 19. Thus the
tilt and the effect of the noncentered zone-plate-like
source together can explain the phenomenon that the
first order is a peak above all the rest, which we
observed in our experiments.

We experimentally examined the influence of
source decentering on the degree of coherence. As
shown in Fig. 10, fringe contrast is reduced signifi-
cantly as the amount of decentering increases. The
new interpretation of the principle in relation to
Haidinger fringes gives a solution to this source-
misalignment problem. As explained in Subsection
4.A, Haidinger fringes generated by the second laser
provide information about where the zone plate
should be placed and what of the zone-plate shape
should be adopted to create high longitudinal coher-
ence at the desired optical path distance.

5. Conclusions

We have proposed a new method for controlling the
longitudinal degree of coherence that has the poten-
tial application in tomography by use of a spatial
light modulator to change the source intensity distri-
bution. Unlike conventional techniques used for the
measurement of surface profiles, the proposed tech-
nique permits tomographic measurement without
changing the optical path difference between the two

1970 APPLIED OPTICS / Vol. 41, No. 10 / 1 April 2002

arms of the interferometer. The proposed interfero-
metric system has the unique characteristic that
high-contrast fringes are created only at locations
where both the surface height and the local surface
inclination satisfy the specific conditions set by the
structure of the zone-plate-like source and the orien-
tation of the reference mirror. This characteristic
has a potential application to the simultaneous de-
tection of the distance and the local surface inclina-
tion of an object. We have discussed the
performance of the proposed technique with particu-
lar focus on alignment issues, including the influence
of tilts and source decentering. We have presented a
new interpretation of the principle and proposed a
treatment of source-alignment issues based on the
new interpretation.
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