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Visibility enhancement in two-dimensional lensless ghost imaging
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We report an experimental demonstration of two-dimensional (2D) lensless ghost imaging with true thermal light. An
electrodeless discharge lamp with a higher light intensity than the hollow cathode lamp used before is employed as a light
source. The main problem encountered by the 2D lensless ghost imaging with true thermal light is that its coherence time
is much shorter than the resolution time of the detection system. To overcome this difficulty we derive a method based on
the relationship between the true and measured values of the second-order optical intensity correlation, by which means
the visibility of the ghost image can be dramatically enhanced. This method would also be suitable for ghost imaging with

natural sunlight.
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1. Introduction

Ghost imaging (GI) is a new type of optical imaging tech-
nique which reconstructs the image of an object by measuring
the intensity (photon) correlation of the signals from two light
beams, namely the test beam which interacts with the object
and the reference beam. Unlike traditional imaging, GI needs
a bucket detector without any spatial resolution to collect all
the light coming from the object in the test beam, while us-
ing a spatially resolving detector, such as a charge-coupled
device (CCD), to detect the intensity distribution in the refer-
ence beam. The first GI experiment with two-photon entan-
gled light was implemented by Pittman et al. in 1995,[!'! in-
spired by the theoretical prediction of Belinskii and Klyshko in
1994.121 After that, it was found that classical thermal light can
also be used to achieve GI.3-1 So far, GI with thermal light
has been investigated at great length in configurations with and
without a focusing lens. Moreover, lensless high-order GI has
also been realized in efforts to improve the quality of GI.[!%-20]

Amongst these GI experiments, various manmade light
sources have been employed, including quantum optical,!!)

~241 and true

pseudothermal, ! computer-generated thermal, %!
thermal light.”-#] Besides these, sunlight, which is a naturally
occurring truly thermal light source,> has also been used.
To date, most GI experiments have been performed by using

pseudothermal light due to the technical difficulties with true
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thermal GI. The first GI experiment with true thermal light was
achieved in a configuration with an imaging lens by Zhang et
al.,'" in which a hollow-cathode lamp with high relative inten-
sity and narrow spectrum was chosen as a light source. An in-
door experimental demonstration of lensless GI with true ther-
mal light was also performed,®! where the wavelength used
was not the spectral line of Rb but of neon, a buffer gas in
the lamp. Later, the most ubiquitous naturally occurring light
source, i.e., sunlight, was used to perform an outdoor lens-
less GI experiment.[>>] However, until now ghost images ob-
tained with true thermal light have been cross-sectional or one-
dimensional (1D), and have low visibilities, no matter whether
an imaging lens is used. Therefore, achieving a 2D image with
excellent visibility by using a true thermal light source will
be a very important step toward real applications based on GI
technology with naturally occurring light such as sunlight.

In this paper, according to our previous work,[”#! we re-
port a demonstration of lensless 2D GI by using a true thermal
light source. We employ a commercial Rb electrodeless dis-
charge lamp (EDL) instead of the hollow-cathode lamp used
before as the light source. Because the EDL has a higher light
intensity and longer lifetime, the experimental time is greatly
shortened so it is easier to obtain a 2D ghost image. However,
its coherence time is still very short and estimated to be on the
order of about 0.1 ns,20! which is shorter than the resolution
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time of the detection systems used in our work. To overcome
this difficulty, a new scheme is presented which can greatly
enhance the visibility of the image. This method should also
be suitable for sunlight GI.

2. Traditional GI

An outline of the experimental setup is shown in Fig. 1.
The light from the lamp EDL passes through a monochroma-
tor to select out the 780 nm spectral line to form a secondary
light source at the monochromator exit; the size of the light
source is about 2 mmx2 mm, which is limited by the port
slit. A polarizing beamsplitter (PBS) transmits linearly polar-
ized light. The beam is then divided by a 50:50 nonpolarizing
beamsplitter (BS). The object, a mask (Obj) consisting of two
slits of size 0.8 mmx2.3 mm, 1.6 mm apart, is inserted into
the beam reflected from the BS. The single-photon detector
APD; (SPCM-AQRH-14-FC) can capture all the light passing
through the mask by means of the fiber collimator Cj, thus
serving as a bucket detector. The transmitted light from the
BS is coupled into another single-photon detector APD; by
the fiber collimator C,. The receiving area of the collimator,
which is limited by a pinhole inserted before C,, is 300 pm in
diameter. The detector output signals are fed into a time-to-
amplitude converter (TAC), with detectors APD; and APD,
providing the “start” and “stop” signals, respectively. The
TAC output is connected to a multichannel analyzer (MCA),
which displays a histogram of the coincidence counts as a
function of the difference between the times for the photons
to arrive at the two detectors.

monochromator

EDL

N

APD,

A
pinhole™

APD,

Fig. 1. (color online) Schematic diagram of the experimental setup.
EDL, electrodeless discharge lamp; PBS, polarized beamsplitter; BS,
beamsplitter; C; (i = 1,2), fiber collimators; APD; (i = 1,2), single-
photon detectors. See text for an explanation of other elements.

The transverse normalized second-order correlation func-

tion is given by!7-2423]

1
P (0, y2) o 1+ T (2 32) )

where x, and y, are the coordinate positions in the transverse
plane of fiber collimator Cy, T (x7,y,) is the transmission func-
tion of the object, and N is the number of transparent features
in the object, which is estimated to be equal to about 30 in our

scheme.
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Fig. 2. (color online) Reconstruction of the image of the double-slit. (a)
2D ghost image. (b) Average of 18 horizontal data sections from panel
(a).

In our experiment we choose the case where the distance
z1 between the object and effective plane of the lamp is equal
to the distance z between the plane of the lamp and the fiber
collimator C,, namely, z;1 = zp = 102 cm. To image the ob-
ject, the collimator C, together with the pinhole is scanned
transversely across the reference beam in steps of 0.15 mm
by a 2D motorized translation stage, and the detector coin-
cidence counts are recorded as a function of transverse po-
sition x, and vertical position y, of C,. The collecting time
of the data for each position is more than 20 minutes, which
is much shorter than that in our previous experiment due to
the higher optical intensity. The normalized second-order cor-
relation function g (x2,y2) is calculated as previously, from
which we plot the 2D image of the double-slit object over an
area of 2.7 mmx2.7 mm (18 18 pixels) as shown in Fig. 2(a).
Figure 2(b) shows the corresponding horizontal section, aver-
aged over 18 pixels in the vertical direction. It can be seen
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that the visibility of the 2D ghost image is found to be about
1.1%, which is lower than the value of 2.2% that we previ-
ously obtained in the 1D imaging experiment®! and the 5%
of the temporal Hanbury Brown-Twiss (HBT) experiment!’!
due to the influence of the number of features N mentioned in
Eq. (1). This is as expected, since different points on an object
will diminish the visibility of the image of other points. Thus
the more complicated the object, the worse the visibility will
be, as discussed before. 78]

However, apart from the factor N in Eq. (1), other reasons
for the lower visibility include the limited transverse coher-
ence length of about 0.4 mm in the object plane, the finite area
of the fiber collimator C,, and the short coherence time of the
EDL compared with the time jitter of the detection system. In
particular, the latter is the uppermost reason for low visibility
in true thermal light GI experiments as discussed before,!”-8]

and is the main limitation to obtaining good image quality.

3. A new method for visibility enhancement

How to enhance image visibility was discussed by Han-
bury Brown in his book many years ago.*’”l When the resolu-
tion time or time jitter of the detection system is much longer
than the coherence time of the thermal source, at zero time de-
lay the relationship between the true and measured values of

the temporal second-order correlation function is given by:[%7]
2 2
G (1=0)-GY (1 =)
T
= o (Ga(r=0)~ Gy (1==0)), @)

where 1, is the coherence time, 7 the resolution time of the
(2)

detection system, and G;”’(t = 0) the measured (i =m) and
true (i = t) value of the second-order correlation function at
zero time delay. For an infinite time delay, GEZ) (T =o0) is the
true value of the second-order correlation function and equals
GI(,%)(T = o0). In this case there is no longer any correlation
because the signals arrive randomly.?8) According to the defi-
nition of the normalized second-order correlation function we
define the measured value of the normalized second-order cor-

relation function at the moment of zero time delay as

)
Gy (t=0
¢ (e=0)= Ilr=0 3)
and substitute it into Eq. (2) to obtain
Ts
g (c=0)-1= 2 (1=0)-1). 4)

Here, gt(z)

(7 =0) is the true value of the normalized second-
order correlation function at zero time delay. To obtain the
four parameters in this expression we perform HBT corre-
lation measurements on our thermal light source, then cal-

culate the coherence time 7y = 0.1 ns, the resolution time

7, = 1.12 ns, and gr(?(r = 0) from the experimental data.

The results of the temporal HBT experiment are shown on
the left scale of Fig. 3, from which we can directly obtain the
true value of the normalized second-order intensity correlation
function at zero time delay when 7y < 7;. Specifically, from
Gg)(r) in Fig. 3 we can plot gg)(r) as shown on the right
scale of Fig. 3, in which the full-width-at-half max of the peak
is the resolution time of the detection system; the area under

the peak is the coherence time according to the equation

= /jc |ag® (7)[*d.
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Fig. 3. Coincidence counts G,(I% ) (7) (left scale) and normalized second-

order correlation function gg)(r) (right scale) as a function of the

arrival-time difference 7 between photons at the two detectors.

For each given experimental scheme of GI, 7y and 7, are
both definite and the same as those of the temporal HBT ex-
periment under the same experimental conditions except that
N is involved. However, N is definite for the given GI ex-
perimental scheme, too. According to the detection and data
processing method, each measured value of the normalized
second-order intensity correlation for GI at a given position
is obtained by a temporal HBT-like experiment, which is sim-
ilar to a temporal HBT experiment except that the correlation
term is about 1/N times (see Eq. (1)), and N lowers the image
visibility as mentioned above. However, from the viewpoint
of detection, the relationship between the measured and true
values in the GI experiment is the same as that between the
measured and true values in the temporal HBT experiment.
This means that equation (4) is also satisfied in the GI experi-
ment, which can thus be used in the 2D true thermal GI exper-
iment to obtain a high visibility 2D ghost image. Furthermore,
in the data processing we set a threshold of gfg) (x) =1.01
to improve the quality of the 2D image, that is to say, we
calculate the value of gt(z) (x2) when gg) (x2) > 1.01; other-
wise, we let gEZ) (x) = gg) (x2). Figure 4(a) presents the 2D
ghost image obtained with the same double-slit object, and
figure 4(b) shows the corresponding horizontal cross section,
averaged over 16 pixels in the vertical direction. The visibility
is about 8.9%. It is evident that the visibility is significantly

improved compared with Figs. 2(a) and 2(b). Thus, this data
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processing method is a powerful means to enhance the visibil-
ity when the coherence time of the light source is shorter than
the time resolution or jitter of the detection system.

We can know that though the visibility obtained by the
new method is about 9 times higher than that of traditional GI,
it is much lower than the theoretical value of 1/3 of normalized
thermal second-order intensity correlation imaging due to the
large N. For demonstrating the effect of N, a spatial HBT-type
experiment is taken as an example, which means that N = 1.
In this case, the relationship between the measured and true
values of the normalized second-order optical intensity corre-

lation function are given by!?”]
2 Ts, (2
g7 (A0) 1= 2gw () - 1), 5)

where Ax = x, — x; is the relative difference in position be-

tween the two detectors in the x direction.
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Fig. 4. (color online) Reconstruction of the image of the double-slit. (a)
2D ghost image. (b) Average of 16 horizontal data sections from panel
(a). It is evident that the visibilities here are much better than in Fig. 2.

Figure 5 shows the experimental results of the normalized
second-order correlation function g(?) (x;) as a function of rel-
ative distance Ax between the two detectors when the position
x1 of APD; is taken to be 0. The blue dots denote the mea-
sured values of g(?) (x,) and the red triangles represent the true
values according to Eq. (5). It can be seen that the visibility of

the true value gt(z)

one gg) (x2). Though the maximum value is still lower than

(x2) is much better than that of the measured

the theoretical value of 2 due to the various factors mentioned
above, the visibility is greatly enhanced as predicted. It should
be noted that though the main Egs. (4) and (5) represent a lin-
ear relationship between the true and measured values, similar
to the case of some general graphic processing methods, they
are quite different due to the physical limit to the quantities

in these two relations. For example, the value of gt(z)

(x2) can
never be more than 2, which is its theoretical maximum value

determined by the statistical properties of thermal light.
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Fig. 5. (color online) Spatial HBT-type experimental results. Blue dots
denote the measured values of intensity correlation function g(z)(xz),
red triangles the true values. Solid curves represent Gaussian fits of
measured values (blue) and true values (red).

4. Conclusions and perspectives

In this work, we perform a proof-of-principle experiment
demonstrating lensless 2D GI with a high intensity EDL as a
true thermal light source. To overcome the difficulty that the
coherence time of the source is shorter than the time resolu-
tion of the detection system, a method derived from the rela-
tionship between the true and measured values of the second-
order intensity correlation function is introduced. This method
can significantly enhance the visibility of the ghost image.
Since sunlight GI has similar problems with detection, such

a method should also be applicable to obtain better visibility.
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