
OPT 253

Ra’ef Mikhail

The Institute of Optics

University of Rochester

Rochester, NY 14627

Lab #3 & 4 Single Photon Source

Lab # 3 Confocal Microscope Imaging of Single-Emitter 
Fluorescence

Lab #4 Hanbury Brown & Twiss Setup, Photon 
Antibunching

1 Abstract

Using the Hanbury Brown and Twiss setup, nanodiamonds and 
quantum dots hosted in cholesteric liquid crystals were excited with a 
laser to observe the antibunching of photons. The fluorescence 
emission from quantum dots, nanodiamonds, and DiI dye molecules 
were imaged using a confocal microscope setup using APDs, they were 
also imaged on the EM-CCD. As well as the fluorescence lifetime of the 
DiI dye molecules was measured. Lastly, emphasis on the preparation 
of the samples using a spin coating technique and manual mixing.

2 Introduction and Theoretical Background

As the applications of quantum mechanics that require the production 
of single photons is growing, there is yet a practical way to produce 
antibunched photons. Antibunched photons are photons that are 
separated in both space and time. There are several methods of 
producing antibunched photons, but in this lab we will investigate the 
production of single photons through the excitation of nanodiamonds 



and quantum dots hosted in cholesteric liquid crystals.

Earlier in this course, we produced antibunched photons using an 
attenuated He-Ne laser, which is a classical source, but the problem 
that was aroused from attenuating a classical source is that there was 
no guarantee that the single photons were being transmitted. 

Using the Hanbury Brown and Twiss setup, antibunched photons can 
be guaranteed by building a histogram and insuring that not more than 
one photon is arriving at the detector simultaneously. By measuring 
the time gaps between incoming photons we can build the histogram 
that will verify antibunched photons. 

Figure 1 – Basic Hanbury Brown and Twiss Setup

In order to measure the time gaps between photons, the incoming 
photons were split into two different paths with a beam splitter (figure 
1). When the photons are incident on the APDs, the APDs generate an 
electrical signal, one that starts the timer, and the other APD signal 
commands the computer to stop the timer. This builds the histogram 
needed (figure 2).



Figure 2 – Histograms Left: no antibunching. Right: antibunching. 
Photon Counts as a function of time.

The correlations from the output fields from Figure 1 are described by 
the second-order coherence g(2)

T,R(τ), the electric fields here 
correspond to the intensities and are treated as quantum mechanical 
operators rather than as classical waves. Ideally, we need τ=0 for 
antibunched photons. 
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In a classical field, g(2)(0) ≥ 1, assuming a coherent field, one finds g(2)

(0) = 1 which is the same result for a stable classical wave, and in an 
incoherent field, such as a thermal state, one finds g(2)(0) = 2, such 
fields are said to be bunched, i.e. the photons tend to come in 
bunches, not separated by time and space. In a single photon state, 
theoretically g(2)(0) = 0,, which violates the classical inequality, g(2)

(0)≥1.

In 1997, one of the first experiments to demonstrate the existence of 
non classical fields was performed by three scientists, Kimble, 
Dagenais, and Mandel. They found that g(2)(0) = 0.4<1, therefore the 
field was antibunched. 

A confocal microscope was used to highly limit the imaging of off-axis 
rays, this is achieved using a pinhole, therefore increasing the 
likelihood of observing antibunching (figure 3).

Figure 3 – Basic Principle of a confocal microscope



Spontaneous emission from the quantum dots was suppressed by 
mixing the quantum dots in a host material. In this lab, cholesteric 
liquid crystals were used, because liquid crystals are a photonic band 
gap material, spontaneous emission was suppressed at the stop band. 
Suppressing the spontaneous emission of the quantum dots increases 
the likelihood of observing antibunching.

3 Experimental Setup

The experimental setup included a pulsed laser λ  = 532 nm, which 
was directed through a spatial filter/ beam expander. The laser light 
was then reflected into the confocal microscope to illuminate our 
sample. Using a dichroic inside the confocal microscope, the laser light 
was separated from the fluorescent emission from the prepared 
samples. 

Light was then guided into our Hanbury Brown and Twiss setup for 
antibunching detection. The fluorescent light was split into two 
different paths using 50/50 beam splitter; finally light was incident on 
our APDs.

Figure 4 – Basic experimental setup of confocal microscope and 
Hanbury Brown and Twiss Setup. *Image of confocal microscope 

excludes all details.

Coincidence counts were always checked and neutral density filters 
were placed in the beam path according to what was needed in order 
to not burn out the APDs.



The electric signal generated from APD1 started the timer, and the 
second signal from APD2, stopped the timer. This setup was used to 
measure the time gap between photons for detecting antibunched 
photons. 

Figure 5 – Start and stop signal to measure the time gap between 
photons. 

4 Procedure

First, the samples had to be prepared. Multiple samples were made; 
Nanodiamonds hosted in an index matching oil, nanodiamonds and 
quantum dots hosted in cholesteric liquid crystals (CLC). These 
samples were manually mixed. Another sample of quantum dots 
hosted in CLC was made using a spin coating technique.

After making the samples, they were placed on top of the confocal 
microscope (CM) and were held in place using two magnets. Using the 
EMCCD, the CM was focused, by finely tuning the focus dial.  Now, the 
setup was ready for data acquisition.

Using a computer-controlled nanodrive, each sample was scanned line 
by line in order to generate an image of photon intensity (figure 6). 
Generally, a large area of 25um X 25 um was scanned for increasing 
the chances of searching for areas with antibunched photons.
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Figure 6 – Scanned Image of Quantum Dots in hosted in CLC.

After acquiring an image, the experimenter then chooses a spot where 
he/she thinks antibunching can be obtained. After selecting and going 
to the position, a histogram is then built using the Hanbury Brown and 
Twiss setup, with the photon count as a function of time gaps between 
photons, in order to verify antibunching. This is a very tedious process 
and can include many trials and selection of different spots and 
samples in order to verify and obtain antibunching. 

5 Results

Figure 7 – Fluorescence of Blinking Quantum Dots with EMCCD 
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Figure 8 - Left - Typical histogram of bunched photons. Right – Image 
of CM scan, the green cross marks the location of the antibunching 

search. (Nanodiamonds hosted in index matching oil)
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Figure 9 – Antibunching of nanodiamonds hosted in CLC 6 x6 scan. Top 
Left - Intensity profile per single line. Top Right – Image of CM scan. 

Bottom – Histogram showing small antibunching
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Figure 10 – Antibunching of Quantum Dots hosted in CLC 6um x 6um 
scan. Top Left – Intensity profile of the selected quantum dot. Top 

Right – Image of CM scan.  Bottom – Histogram showing small 
antibunching



Figure 11– Lifetime measurement of DiI dye molecules in Toluene 
solution of concentration 10^-6M.  Delay 19ns.

6 Discussion and Conclusion

As stated before, this is a tedious process. Tens of scans of different 
samples, variable areas, and selection points, were obtained in order 
to find antibunching. Over ten hours was spent on trying to verify 
antibunching. 

Figure 8 above shows a typical bunched histogram that was seen very 
often in the lab. As you can see from the image, there are no clear 
peaks or dips.

In this lab, experimentation was performed on both nanodiamonds and 
quantum dots. Although we obtained antibunching from both samples, 
the quantum dots samples were much more successful. Comparing the 
histograms of figures 9 and 10(bottom), you can distinctly see the dip 
in the quantum dots sample, unlike the nanodiamonds, where it’s close 
to being indistinguishable.

Figure 7 is an image of blinking quantum dots with the EMCCD. 
Blinking is also present in the intensity profile of the selected quantum 



dot (figure 9 – Top Left) 

In order to calculate the fluorescence lifetime of DiI dye molecules, a 
histogram was built which measured the time gaps between the laser 
pulses and the fluorescence emission of the molecules. A delay was 
iterated until the optimal time delay was found to be 19ns. This time 
delay shifted the peak of the fluorescence lifetime. After plotting the 
fluorescence lifetime, an exponential trend curve was fitted. The 
equation that was yielded is y = 1768.5e-0.013t. To calculate the 
fluorescence lifetime, you take the inverse of your time coefficient; in 
this case it’s -0.013. Therefore, the lifetime of this DiI dye molecules is 
76.923 ns.

This experiment was a success but there were many obstacles 
encountered. Old solutions of quantum dots tend to clump together, 
therefore it is essential to have newer solutions so single quantum dots 
can be found to observe antibunching, because when a single quantum 
dot fluoresces, you only have one photon arriving at the detector. 
Obtaining antibunching is the first step of many for having a reliable 
and practical single photon source for applications where it’s required. 
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