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Third-order optical intensity correlation measurements of
pseudo-thermal light∗
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Third-order Hanbrury Brown–Twiss and double-slit interference experiments with a pseudo-thermal light are per-
formed by recording intensities in single, double and triple optical paths, respectively. The experimental results verifies
the theoretical prediction that the indispensable condition for achieving a interference pattern or ghost image in Nth-order
intensity correlation measurements is the synchronous detection of the same light field by each reference detector, no matter
the intensities recorded in one, or two, or N optical paths. It is shown that, when the reference detectors are scanned in the
opposite directions, the visibility and resolution of the third-order spatial correlation function of thermal light is much better
than that scanned in the same direction, but it is no use for obtaining the Nth-order interference pattern or ghost image in
the thermal Nth-order interference or ghost imaging.
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1. Introduction
Since the first optical intensity correlation experiment

with thermal light was performed by Hanbury Brown and
Twiss (HBT) in 1956,[1,2] it has attracted great interest and
been extensively studied. Decades later, in 1995, the first
“ghost” interference (GI) experiment with two-photon entan-
gled light[3] was performed, and then the spatial HBT-type ex-
periments on second-order GI and ghost imaging with clas-
sical thermal light have aroused much more attention.[4–17]

However, due to the low visibility in the second-order GI and
ghost imaging, many recent reports on the intensity correla-
tion effects[18–34] have been focused on the higher-order GI
and ghost imaging.

So far, the higher-order GI and ghost imaging
with thermal light has been widely analyzed both in
theory[18,19,23–25,28–30,35,36] and in experiment.[20–22,26,27,31–34]

The first multi-photon interference experiment with classical
light was performed by Agafonov et al.,[20] who also pro-
posed a high-order scheme to obtain improved visibility and
signal-to-noise ratio for ghost imaging.[21] The first Nth-order
(N ≥ 2) ghost imaging experiment in a lensless scheme was
performed by recording only the intensities in two optical
paths.[26] Recently, the first third-order thermal GI experi-
ment was performed by recording the intensities in three opti-
cal paths and verified that the enhanced visibility of the Nth-
order GI is a consequence of the contribution of Nth-order in-
tensity fluctuation correlations. Zeng’s group utilized a peri-

odic point source to perform a periodic diffraction correlation
imaging experiment without a beam splitter[31] and later they
gave a detailed quality analysis of ideal high-order thermal
ghost imaging.[32] Shih’s group investigated the high-order co-
herence of thermal light based on Glauber’s quantum optical
coherence[30] and then performed third-order HBT and ghost
imaging experiments with thermal light in the photon counting
regime.[33,34] However, most of these thermal high-order ex-
periments have been implemented by recording the intensities
in optical paths by means of one or two detectors.
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Fig. 1. (color online) Experimental setup for the third-order intensity
correlation measurement with a pseudo-thermal light source. G: ro-
tating ground glass plate; BS: beamsplitter; CCDi (i = 1,2,3): CCD
camera.

In this paper, we report the experimental demonstration of
the third-order spatial intensity correlation measurements and
double-slit interferences with pseudo-thermal light by record-
ing the intensities in single, double and triple optical paths,
respectively. The theoretical prediction in Ref. [18] that the
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necessary condition for achieving an Nth-order interference
pattern or ghost image in Nth-order intensity correlation mea-
surements is the synchronous detection of the same light field
by reference detectors is proved experimentally. It is shown
that though the visibility and resolution in the third-order in-
tensity correlation function can be dramatically enhanced by
scanning the reference detectors in the opposite directions, it
is useless for obtaining the Nth-order interference pattern or
ghost image in the higher-order thermal interference or ghost
imaging experiments.

2. Theory
In the high-intensity limit, the normalized third-order cor-

relation function in the detection plane can be given by[37]

g(3)(x1,x2,x3) =
〈I1(x1)I2(x2)I3(x3)〉
〈I1(x1)〉〈I2(x2)〉〈I3(x3)〉

, (1)

where I j(x j) ( j = 1,2,3) is the instantaneous intensity at the
transverse position x j in this plane and 〈· · · 〉 stands for ensem-
ble averaging. Here for simplicity but without loss of general-
ity, we assume that the transverse position x j mentioned above
is one-dimensional and also in the experimental data process-
ing below.

According to Ref. [18], we can rewrite this normalized
correlation function for thermal light in terms of the intensity
fluctuation correlation

g(3)(x1,x2,x3) = 1+∆g(2)12 (x1,x2)+∆g(2)23 (x2,x3)

+∆g(2)13 (x1,x3)+∆g(3)123(x1,x2,x3), (2)

where

∆g(3)123(x1,x2,x3) =
〈∆I1(x1)∆I2(x2)∆I3(x3)〉
〈I1(x1)〉〈I2(x2)〉〈I3(x3)〉

, (3)

and

∆g(2)i j (xi,x j) =
〈∆Ii(xi)∆I j(x j)〉
〈Ii(xi)〉〈I j(x j)〉

,

(i 6= j, i = 1,2, j = 2,3), (4)

in which ∆g(n) (n = 2, 3) is the optical intensity fluctuation
correlation functions of thermal light source and the instan-
taneous intensity fluctuation ∆I(x) is equal to the difference
between the instantaneous intensity of I(x) and its average of
〈I(x)〉, namely, ∆I(x) = I(x)−〈I(x)〉.

3. Experiments and results
An outline of the experimental setup for the third-order

intensity correlation measurement of pseudo-thermal light is
shown in Fig. 1. An He–Ne laser beam with a wavelength of
λ = 632.8 nm and a beam diameter of D=3.5 mm is projected

onto a rotating ground-glass plate G to produce a pseudo-
thermal light. The scattered beam is first separated by a 50:50
non-polarizing beam splitter (BS1) into two beams. The re-
flected beam passes through a second 50:50 non-polarizing
BS2, so the pseudo-thermal beam is divided into altogether
three beams, which are detected by the charged-coupled-
device (CCD) cameras CCD1, CCD2, and CCD3 (Imaging
Source DMK 41BU02), respectively. The CCDs are oper-
ated in the trigger mode and synchronized by the same trigger
pulse. The data are acquired with an exposure time (0.6 ms)
much shorter than the correlation time of the light source,
which is on the order of 0.2 s, and saved through a USB ca-
ble to a computer. All the experimental results were obtained
by averaging about 40000 exposure frames. For convenience,
we name the light beam and CCD1 in path 1 as the test beam
and test detector, respectively, while the other two beams and
CCDs are called the reference beams and reference detectors
in the whole paper.

We first performed the third-order spatial HBT experi-
ment with the pseudo-thermal light. The distances between
the pseudo-thermal light source and the three CCDs are all
346 mm. According to Eq. (1), we calculated the third-order
intensity correlation functions with the data acquired respec-
tively from the three CCDs, from CCD1 and CCD2, from
CCD1 and CCD3 and from CCD1 itself (auto-correlation HBT
scheme), where we chose the CCD1 as the point detector.
The corresponding normalized third-order intensity correla-
tion function are expressed as g(3)123(x1,x2,x3), g(3)122(x1,x2,x3),

g(3)133(x1,x2,x3), and g(3)111(x1,x2,x3). The experimental results
of the third-order intensity correlation function are shown in
Figs. 2(a)–2(d), respectively, in which the black dot cross
curves are obtained by scanning the two reference detectors
synchronously, namely, keeping x3 = x2 with the position
of CCD1 fixed at x1 = 0. When the two reference detec-
tors are scanned in opposite directions, namely, x3 = −x2

with x1 = 0, we obtain the red dot cross curves. It can be
seen in Fig. 2 that the four black (and red dot) cross curves
are almost the same, i.e., g(3)123(x1,x2,x3) = g(3)122(x1,x2,x3) =

g(3)133(x1,x2,x3) = g(3)111(x1,x2,x3). That is to say, no matter the
intensities are recorded with single, double or triple detectors,
the interference fringes of the third-order correlation functions
are almost the same. This is a hard proof of the equivalence
of the one or two and even N detectors scheme in the ther-
mal Nth-order interference or ghost imaging.[17,22,28] More-
over, the profiles in Fig. 2 also reflect the fact that the cor-
relation length determines the pattern resolution. In general,
the resolution is expressed as the full width at half maximum
(FWHM) of the curves, and the narrower the FWHM is, the
better the resolution is. One can easily see from Fig. 2 that
the FWHM of the red ones is narrower than that of the black
curves, for example, in Fig. 2(a), the measured FWHMs are
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about 0.10 mm for the red curve and 0.14 mm for the black
one. Therefore, the visibility and resolution of the red curves
in Fig. 2 are much better than those of the black ones. It means
that the visibility and resolution of the third-order spatial HBT-
type correlation function of thermal light can be dramatically
enhanced by scanning the reference detectors in the opposite
direction compared with the synchronous scan case, as has

been predicted theoretically and observed experimentally in

Ref. [34]. This enhancement of visibility is due to the contri-

bution of the cross-correlation ∆g(3)23 (x2,x3) from the beam 2

and beam 3, while that of resolution has to include the extra

contribution of the third-order intensity fluctuation correlation

∆g(3)123(x1,x2,x3).
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Fig. 2. (color online) Experimental results of third-order spatial HBT-type measurements. Black dot cross curves: the third-order
correlation functions of g(3)(0,x2,x2); red dot cross curves: the third-order correlation functions of g(3)(0,x2,−x2). (a) g(3)123 obtained

by the data from the three CCDs; (b) g(3)122 from CCD1 and CCD2; (c) g(3)133 from CCD1 and CCD3; and (d) g(3)111 from CCD1.
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Fig. 3. (color online) Third-order HBT measurements of g(3)(x2). (a) g(3)(x2) for different x1 when x3 = x2; (b) g(3)(x2) for different
x1 when x3 =−x2.

However, the above enhancement of the visibility and res-

olution does no exist for the thermal higher-order interference

and ghost imaging. This conclusion can be verified in our ex-

periment by Fig. 3, where the third-order correlation function

g(3) against x2 for different x1 are shown when the two refer-

ence detectors are scanned synchronously and in the opposite

direction, respectively. It is shown that the third-order corre-

lation function for different x1 appears anywhere in the trans-
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verse detection plane when x3 = x2, while it only exists near
x1 = 0 when x3 =−x2. Therefore, the third-order interference
and ghosting imaging cannot be achieved when the two de-
tectors are scanned in the opposite directions, since the third-
order correlation does not always exist for any value of x1. For
the more higher-order interference and ghosting image, we can
obtain the same conclusion. This implies that the necessary
condition for achieving an Nth-order interference pattern or
ghost image in Nth-order intensity correlation measurements
is the synchronous detection of the same light field by each
reference detector, as predicted theoretically in Ref. [18].

Then a double slit with a slit width of 200 µm and a sep-
aration of 400 µm is placed between G and BS1, and the ther-
mal third-order double-slit experiments were performed with
the same three independent optical paths as those in the above
HBT experiment. The distances between the double slit and
three CCDs are 336 mm. According to Eq. (1), the third-
order GI patterns are obtained by processing the data in the
same way as the above HBT experiments and shown in Fig. 4.
The black dot cross curves in Fig. 4 are the GI patterns ob-
tained by scanning the two reference detectors synchronously,
namely, keeping x3 = x2 with the position of CCD1 fixed at
x1 = 0. While the red dot cross curves are obtained when the

two reference detectors are scanned in the opposite direction,
namely, x3 =−x2 with x1 = 0. It is shown that the profiles of
the red curves are distorted and are not the same as those of
the black ones, where the distortion is due to the contribution
of ∆g(3)123(x1,x2,x3) and ∆g(2)23 (x2,x3). In addition, although the
visibility and resolution of the red curves are enhanced com-
pared with the black ones, this improvement is not significant
because the third-order GI patterns are no longer the same.
For the case where x3 = −x2 and x1 is far away from 0, like
the above HBT experiment, it can be inferred that there may
be no third-order correlation term, and the interference pattern
is the superposition of two second-order terms. This implies
that, when x3 =−x2 and x1 is far away from 0, it is no longer
the third-order correlation, much less the enhancement of the
visibility and resolution. Therefore, to achieve the Nth-order
interference pattern or ghost image in the Nth-order intensity
correlation measurements, the synchronous detection of the
same light field by different reference detectors is necessary,
as has been theoretically predicted in Ref. [18]. This means
that scanning the reference detectors in the opposite directions
cannot be used to enhance the visibility and resolution of the
thermal Nth-order interference pattern or ghost image.
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Fig. 4. (color online) Experimental results of the third-order double-slit interference with pseudo-thermal light. Black dot cross curves: the
third-order double-slit interference of g(3)(0,x2,x2); red dot cross curves: the third-order double-slit interference of g(3)(0,x2,−x2). (a) g(3)123

obtained from the data from the three CCDs; (b) g(3)122 from CCD1 and CCD2; (c) g(3)133 from CCD1 and CCD3; (d) and g(3)111 from CCD1.

In order to describe the role of each term in Eq. (2)

and their influence on the above experimental results in de-

tail, we plot their curves versus x2 in two cases, i.e., x3 = x2

and x3 = −x2. The graphics with the data acquired from the

three CCDs are shown in Fig. 5. For the case of x3 = x2,

one can see obviously in Fig. 5(a) that there are three contri-

bution terms (∆g(2)12 (x1,x2),∆g(2)13 (x1,x3), and ∆g(3)123(x1,x2,x3))

and two background terms (1 and ∆g(2)23 (x2,x3)) for the vis-
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ibility of the third-order double-slit interference. The maxi-
mum contribution value of ∆g(3)123(x1,x2,x3) is about 2, while

it is about 1 for both ∆g(2)12 (x1,x2) and ∆g(2)13 (x1,x3), and they

satisfy ∆g(3)123(x1,x2,x3) = ∆g(2)12 (x1,x2)+∆g(2)13 (x1,x3), which
agrees well with the previous conclusion that the contribution
of the third-order correlation is the sum of all contributions
from the second-order correlation.[18,27] It can be seen that
the background term is composed of 1 and ∆g(2)23 (x2,x3), and
its value is about 2 as well. Thus, the contrast is the ratio
of g(3)3 (x2,x2) to the background terms and is equal to 6 : 2,
which corresponds to the visibility of 1/2. If the contribution
of the third-order correlation term is ignored, the contrast will
be 4 : 2 and the visibility will be 1/3, which is the same as
the second-order case. Therefore, it can be concluded that the
enhanced visibility in the thermal third-order intensity correla-
tion measurement is due to the contribution of the third-order
correlation term. For the higher-order case, one can obtain a
similar conclusion. For the case of x3 = −x2, there are four
contribution terms and only one background term, as shown

in Fig. 5(b). Here ∆g(2)23 (x2,x3) has become the contribution
term. Thus, in this case the contrast is 6 : 1 and the visibility
is 5/7. It is just the contribution of this term that makes the
visibility in the latter case become higher. However, although
the visibility has been improved, the interference pattern in the
latter case has been distorted compared to the former case, as
discussed in the above thermal double-slit experiments. There-
fore, if one wants to achieve an Nth-order interference pattern
or ghost image in the Nth-order intensity correlation measure-
ments, the condition of the synchronous detection of the same
light field by each reference detector must be satisfied. For the
third-order ghost image experiment, if the third-order ghost
imaging is performed by scanning the reference detectors in
the opposite directions and CCD1 works as the bucket detec-
tor, it can be imagined according to Eq. (2) that the third-order
ghost image may be distorted or vague, and even no third-
order ghost image can be obtained but instead of the superpo-
sition of two second-order ghost images.
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Fig. 5. (color online) Experimental plots of each term of Eq. (2) in the thermal third-order double-slit interference scheme. (a) x3 = x2
when keeping x1 = 0; (b) x3 =−x2 when keeping x1 = 0.

4. Conclusion
We have experimentally realized the third-order HBT

measurements and double-slit interferences with pseudo-
thermal light in the high-intensity limit by recording the inten-
sities in single, double, and triple optical paths, respectively.
We proved in experiment that the indispensable condition for
achieving an Nth-order interference pattern or ghost image in
the Nth-order intensity correlation measurements is the syn-
chronous detection of the same light field by reference detec-
tors, no matter in one, two, or even N detectors scheme. It
is found that though the visibility and resolution of the third-
order spatial HBT-type correlation function of thermal light
can be enhanced when the reference detectors are scanned
in the opposite directions compared with that scanned in the
same direction, it does not have any effect on the higher-order

interference and ghost imaging. This is because this kind of

correlation only occurs within the transverse coherence area

near the zero point, which distorts the interference pattern and

ghost image, while the ordinary HBT-type correlation can ap-

pear at any position of the coordinate system. Moreover, we

also proved the equivalence between the one detector scheme

and N detectors scheme in thermal high-order interference and

ghost imaging, that is, the interference fringes of the third-

order correlation functions are almost the same, no matter

whether the intensities are recorded with one detector, two

detectors, or ever N detectors. Our experimental results are

in good agreement with the theoretical prediction and have a

great guiding role in the practical applications of higher-order

interference and ghost imaging.
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