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Spatial Interference: From Coherent to Incoherent
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We report an optical interference experiment which seems to contradict our common knowledge, in that
the formation of the interference pattern originates from a spatially incoherent light source. Our
experimental scheme is very similar to Gabor’s original proposal of holography [Nature (London) 161,
777 (1948)], except that an incoherent source replaces the coherent one. Though an instantaneous
interference pattern between an object wave and reference wave fluctuates irregularly, a well-defined
pattern appears in the statistical average, in accord with a hologram in the coherent light case.
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In the early days when coherent sources were unavail-
able, interference experiments were carried out with a
thermal light source and the help of a pinhole aperture.
Though the latter can improve the spatial coherence of the
source, it substantially reduces the power of the source and
thus restricts the practical applications of optical interfero-
metric techniques such as holography. Later, efforts to
realize interference with chaotic light began after the land-
mark experiment of Hanbury Brown and Twiss [1] who
realized that light from different, completely uncorrelated
portions of a star gives rise to an interference effect, which
is visible in the intensity correlations but not in the inten-
sities themselves, and proposed an intensity interferometer
to measure the angular size of distant stars. The interfer-
ence related to the intensity correlation property of spa-
tially incoherent light has since been clearly demonstrated
in ghost interference and subwavelength interference ex-
periments [2—-8]. The complementarity between the coher-
ence of the beams and the ability of performing ghost
imaging has been discussed in Refs. [9,10]. The physics
behind these effects is that each point of a spatially inco-
herent source produces coherence of the field at two sepa-
rate positions, after having travelled different paths, and
the coherence information can be acquired through an
intensity correlation measurement at the two positions.
Moreover, Ref. [11] reported that the phase and amplitude
of the field correlation function of the two positions can be
retrieved by a modified Young’s interferometer, instead of
through intensity correlation measurements. However,
there is still a challenging question of whether, with an
incoherent light source, the coherence information can be
recorded through just the intensity distribution itself.

In this Letter, we propose a scenario which is capable of
observing interference and diffraction with a spatially
incoherent source solely through intensity measurements.
The experimental setups of the interferometer are sketched
in Fig. 1, and are similar to Gabor’s original proposal of
holography. The source field beam is divided into two
parts: one illuminates an object, called the object wave,
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and the other acts as a reference wave. Interference occurs
at the outgoing beam splitter BS, and the fringes can be
recorded by either of two CCD cameras. The interference
terms of the fields at the two outgoing ports have a phase
shift 77 due to the reflection and transmission at the beam
splitter. The object in the experiments is a double slit of slit
width b = 125 pm and spacing d = 310 um. As a proof-
of-principle experiment, we first use a pseudothermal light
source, which is formed by passing a He-Ne laser beam of
wavelength 632.8 nm through a ground glass disk G rotat-
ing slowly at 0.002 Hz. The CCD cameras register each
frame of the interference pattern with an exposure time of
40 ms. The pattern fluctuates randomly as the ground glass
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FIG. 1. Experimental schemes for an unbalanced interferome-

ter using an incoherent light source. P, and P, are two polarizers
for modulating the intensity; G is a rotating ground glass disk;
CCD, and CCD, are two CCD cameras. Two mirrors, M; and
M,, and two beam splitters, BS; and BS,, form an interferome-
ter. The object T is a double slit close to BS;. (a) The two arms
have different lengths; (b) A lens L, of focal length f, is set in
the middle of the object arm, and both arms have the same length

2f,.
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rotates. We first consider the scheme of Fig. 1(a) in which
the two waves travel different distances: z, = 16 cm for
the object wave and z, = 27 cm for the reference wave,
and |z, — z,|/c is less than the coherence time of the laser
beam. The two-dimensional (2D) intensity patterns de-
tected by CCD; are shown in Fig. 2. We can see that a
single-shot frame in Fig. 2(a) shows an irregular pattern.
However, if we average over a number of exposures, as the
number of frames increases, a well-defined interference
pattern emerges gradually, as can be seen in Figs. 2(b)
and 2(c).

The above experimental results can be readily ex-
plained by fundamental optics theory. Let E,(x) and
E.(x) be the object and reference fields at the recording
plane, respectively. The propagation of the mutual co
herence of the beams in the interferometer is given by
[12] (E3(r)E, () = aia, [ 17y, x6) Ty (x5, x0) X
(E5(x()E,(x0))dxodx(, where E(xo) is the source field at
beam splitter BS;; /;(x, xo) and «; are the impulse re-
sponse function between E(xy) and E;(x) (j = o, r), and
the attenuation constant in each path, respectively; x, and
x; are the transverse positions across the beams. A trans-
mittance object T(x) is located close to BS; in the object
path. However, the interference term described by
(E}(x)E,(x)) can be observed in the outgoing intensity
pattern of the interferometer. For a coherent source which
is assumed to have a stationary plane wave front
(E5(xh)E(xg)) = EJE,, the interference term is
(Ey(x)E,(x)) o [ T(xp)h,(x, x9)dx,, where the reference
field is separated and contributes as a constant. As for a
chaotic source satisfying complete spatial incoherence
(EX(x)E;(x")y = I,6(x — x'), the interference term is writ-
ten as

(EXWE,(x) = ata,l, [ T (xo) g (5, o) (5, x0) o,
(1)

In comparison with the coherent light case, Eq. (1) de-
scribes diffraction in the joint object and reference paths.
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FIG. 2 (color online). Experimentally observed 2D interfer-
ence patterns recorded by CCD in the scheme of Fig. 1(a). (a) is
an individual single frame; (b) and (c) are averaged over 100 and
10000 frames, respectively.

But the conjugate wave front transfer in the reference path
may counteract the diffraction in the object path. If both the
object and reference waves travel in exactly the same
configuration, i.e., h, = h,, as, for example, in a usual
balanced interferometer, the diffraction has been com-
pletely eliminated and thus we observe the homogeneous
distribution of the interference term. This used to be under-
stood as an incoherent superposition effect which washes
out the information of the object.

The fact that coherent information can be retained de-
pends on whether % (x, xo)h,(x, xg) is an effective transfer
function similar to &,(x, x;). For this we modify the inter-
ferometer in an unbalanced way as shown in Fig. 1(a). For
the moment, we assume that the source beam has temporal
coherence, thus Eq. (1) is still valid when the path differ-
ence is such that (E;(x, )E,(x,t— |z, — z,|/c)) =
(E¥(x)E;(x")). In the paraxial propagation, the impulse
response function for a length z is H(x, xp,z) =
Vk/(i27z) exp(ikz)G(x — x, 2), where G(x, z) =
explikx?/(2z)] is the quadratic phase factor which plays
the central role in the diffraction, and k is the wave number
of the beam. Using H(x, xy, z) in Eq. (1), we obtain

aya,lk
7\/_
X fT(xO)G(x — X0, Z)dx

=~ (a: a()ISk/ V 2'77-Z()ZV)

X explik(z, — z)1G(x, 2)T(kx/2),  (2)

(EY(x)E,(x)) = explik(z, = z,)]

where G(x, z,)G"(x,z,) = G(x, Z) when Z = z,z,/(z, —
Z,) has been applied. Equation (2) represents the Fresnel
diffraction integral of an object under the paraxial con-
dition, and is the same as for a coherent source but with
an effective object distance Z replacing the real one z,.
When the size of the object is much less than the area of
the diffraction pattern, then the Fourier transform T of
object T can be deduced to be, for instance, T(gq) =
(2b/+27)sinc(gb/2) cos(gd/2) for the double slit.

In the above scheme, the interference occurs between
different wave fronts of the source beam and demands
good temporal coherence of the source, for instance, the
coherence length is larger than z, — z, = 11 cm in the
experiment. To release the requirement of temporal coher-
ence, the two arms of the interferometer must have the
same length, but this will cancel out the diffraction due to
the conjugate correlation. The conflict can be resolved in
the scheme of Fig. 1(b), in which the two arms of the
interferometer have the same length but different diffrac-
tion configurations. A lens of focal length f, is set in the

middle of the object path of length 2f, to give h,(x, xo) =
Jk/(i27f,) exp(ikf,) exp(—ikxxy/f,). In this scheme,

we obtain the interference term
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(EY(0)E,(x))= NG

T(x0)G*(x + x0, 21, )dx,

3

The experimental results of the present scheme with f, =
19 cm are shown in Fig. 3, where (a) and (b) are the
average intensity patterns (/,(x)) and (I,(x)) with the fringe
visibilities of 29% and 25% registered by CCD; and CCD,,
respectively. We can see that the two interference patterns
with a phase shift 77 are formed in the average of 10000
frames, which matches with the theoretical simulation of
Eq. (3), in addition to an intensity background. Moreover,
for a 50/50 beam splitter BS,, if one outgoing field is
[E,(x) + E,(x)]//2, the other should be [E,(x)—
E,(x)]/~/2. Taking the difference and sum of the two out-
going intensities gives, respectively, the net interference
pattern and the intensity background, as shown in Figs. 3(c)
and 3(d). As a matter of fact, the homogeneous intensity
background in Fig. 3(d) verifies the incoherence of the
source. To further confirm whether the interference pattern
is related to the spatial incoherence, we may compare it
with the result obtained in the same interferometer using
coherent light. For this we simply remove the ground glass
in Fig. 1(b). In this case, the interference pattern for the
coherent field consists of two parts, |T(kx/f,)|*> and
T(kx/f,) + c.c.. The corresponding experimental results
are plotted in Fig. 4, where (a) and (b) show the stable
intensity patterns I, (x) and I,(x) registered by CCD, and
CCD,, respectively. After eliminating the background in-
tensity of each arm, the net interference pattern in Fig. 4(c)
fits the formula T(kx/f,), which has a doubled spatial
frequency with respect to that in Eq. (3) for the incoherent
source. Therefore, in the same interferometer, both coher-
ent and incoherent sources can be used to perform the
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FIG. 3. Experimentally observed 1D interference patterns in
the scheme of Fig. 1(b). (a, b) are interference patterns (averaged
over 10 000 frames) registered by CCD; and CCD,, respectively;
(c, d) are their difference and summation, respectively. Experi-
mental data and theoretical simulation are given by open circles
and solid lines, respectively.

Fourier transform of an object but with different spatial
frequencies.

To further demonstrate this effect, we must consider a
true thermal light source. An extended quasimonochro-
matic thermal light source can be regarded as a spatially
incoherent source with a short coherence time less than
0.1 nsec. Within the coherence time, the source can pro-
duce an instantaneous exposure of interference pattern in
our schemes. Unlike with a pseudothermal light source,
individual exposures cannot be registered directly by the
slow CCD camera which has a response time on the order
of milliseconds. Instead, an average intensity distribution
of these exposures will appear on the CCD screen. We have
indicated that the scheme of Fig. 1(b) is appropriate for
observing interference using a true thermal light source,
since the requirement of temporal coherence has been
relaxed. We use a Na lamp of wavelength 589.3 nm with
an illumination area of 10 X 10 mm? to replace the pseu-
dothermal light source in Fig. 1(b), and find that the
interference patterns with the visibility of 6.0% directly
appear on the CCD screen, as shown in Fig. 5(b). For
comparison, Fig. 5(a) shows the 2D interference pattern
corresponding to Fig. 3(a) for pseudothermal light in the
same interferometer. The fringes are similar, but with
slightly different spacings, due to the different wavelengths
of the two sources. Then we set a pinhole of diameter
0.36 mm after the lamp to dispel the spatial incoherence.
With this pointlike source, a different interference pattern,
which has half the fringe spacing of that for the spatially
incoherent source, is recorded on the CCD screen, as
shown in Fig. 5(c).

We note that the visibility of the interference fringes
(Imax = Imin)/ U max + Imin) in the experiment is much bet-
ter than that in ghost interference [3,8]. The visibility
depends mainly on the spot size of the incident beam at
BS; and the intensity ratio of the two interfering beams at
the detection plane. A smaller input spot will increase the
visibility, but is limited by the object size. Hence we obtain
the maximum visibility when the spot impinging on BS is
taken as the size of the object while the intensities of two
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FIG. 4. Same as in Fig. 3 but with the ground glass disk in
Fig. 1(b) removed. All the interference patterns are stable.
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FIG. 5. Experimentally observed 2D interference patterns reg-
istered by CCD; in the scheme of Fig. 1(b): (a) with the original
pseudothermal light source in Fig. 1(b), averaged over 10000
frames; (b) with a Na lamp of extended illumination area as the
light source; (c) with a Na lamp followed by a pinhole as the
light source.

interfering beams are equal at BS,. The theoretical simu-
lation gives a maximum visibility of 58.9% for the scheme
of Fig. 1(b) and 21.9% for the similar configuration of
ghost interference. Similar to ghost imaging with thermal
light, the visibility can be strongly enhanced by a posterior
subtraction of the intensity background [through the dif-
ference of the two outgoing intensities, see Fig. 3(c)].

To conclude, we incorporate the transverse spatial cor-
relation of a chaotic field into interferometry as incoherent
interferometry to perform first-order interference.
Physically, the interference in incoherent interferometry
is based on the first-order spatial correlation of the chaotic
field, similar in principle to ghost interference. Unlike in
coherent interferometry, the diffraction is established
through joint transfer of both object and reference fields
where the latter behaves as the “conjugate and backward”
action against the former [13]. Hence the effect cannot be
observed in any common balanced interferometer. As soon
as the diffraction balance in the two arms is broken, the
interference pattern appearing in the statistical average is
well defined in the manner of coherent interferometry. In
comparison with ghost interference where the intensity
correlation records the square modulus of interference
distribution |7(x)|?, the present scheme exhibits the net
interference pattern 7(x) with a good visibility. However,
the intensity measurement is much easier than the intensity
correlation measurement, especially for high-frequency
intensity fluctuations whose average can be recorded by
low-frequency detection. These features are adequate for
interference applications such as holography.

In the light of holography, our approach is fundamen-
tally different from the previous method called ““incoherent
holography” [14]. In the latter, each source point in the
object produces, by interfering its wave fronts, a stationary
two-dimensional intensity pattern (e.g., Fresnel zone plate)
which uniquely encodes the position and intensity of the
object point, and hence the method is limited to recording
only the intensity distribution of the fluorescent object.
However, our approach records both amplitude and phase
modulations about the object. With the relaxation of spatial
coherence requirements, we may expect wider potential
usage of the interference technology especially in those
applications where a coherent source is unavailable, such
as when x-ray and electron beams are required.
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