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Abstract 

This lab explored photon antibunching through a Hanbury Brown and Twiss Setup and involved 

using a confocal microscope to image various sources that exhibit photon antibunching. In order 

to detect photon antibunching, we imaged 8nm quantum dots in a Hanbury Brown and Twiss 

Setup. Then, the fluorescence of two different single emitters—quantum dots and color centers 

in nanodiamonds—were imaged using a confocal microscope. Once the single-emitters were 

imaged, the fluorescence lifetimes of both the quantum dots and the nanodiamonds were 

measured for different laser powers (by adding different filter values). Photon antibunching was 

successfully observed, and fluorescence lifetime successfully measured. 

Theory and Background 

Single emitters are unique in that they are small enough such that they emit single photons at a 

time. A laser can be attenuated such that the beam is made of very distantly spaced photons. A 

laser, then, can be made to emit photons that are spaced by the same distance/amount of time as 

photons from a single emitter. However, the laser light will not exhibit antibunching—in other 

words, the separation of all photons in a beam—while a single emitter will. This phenomenon is 

explained by the reason why single emitters emit photons one at a time—fluorescence lifetime. 

The way a single emitter emits photons is by excitation (most commonly by a laser). When the 

single emitter enters and excited state, it jumps back down shortly after. The energy given off in 

this jump back down is released as a single photon, and the time it takes for the jump back down 

is the fluorescence lifetime. The fluorescence lifetime is what causes photons to be emitted at a 

regular rate and exhibit antibunching, while lasers attenuated to this rate are not truly exhibiting 

antibunching. 

Single emitters—in this experiment, quantum dots and color centers in nanodiamonds—can be 

imaged using confocal microscopy with an EM-CCD, a very sensitive camera, allowing for the 

single emitters’ literal ‘blinking’ to be observed. To confirm that single emitters are truly 

exhibiting antibunching, a Hanbury Brown and Twiss setup is introduced in conjunction with the 

confocal microscope (Figure 1). Using the confocal microscope and a computer interface, one 

single emitter can be selected from the solution of single emitters, and can then be analyzed by 

the Hanbury Brown and Twiss setup. The Hanbury Brown and Twiss setup can measure inter-

photon time for two consecutive photons and create a histogram based on the results of many 



interphoton measurements. A dip in the histogram at an inter-photon time of zero (i.e. minimal 

photons hitting the detector same time) indicates antibunching. 

Experiment 

The experiment consisted of three procedures: (1) preparation of quantum dots sample, (2) 

preparation of cholesteric liquidcrystal with color center nanodiamond sample, and (3) imaging 

and antibunching analysis of the samples using confocal microscopy with Hanbury Brown and 

Twiss Setup. 

Preparation of cholesteric liquid crystal with color center nanodiamonds 

For Hanbury Brown and Twiss setup for analysis of antibunching, a solution of nanodiamonds of 

low enough concentration needed to be created such that a single nanodiamond could be picked 

on the computer interface to accurately test for photon antibunching 

1) Use catheter to drop nanodiamonds sample onto glass cover slide with liquid crystal 

2) Mix two samples together after letting water from nanodiamonds solution evaporate 

3) Heat liquid crystal powder at 200⁰ C so that it changes state to liquid. 

4) Heat until transparency of solution at 240⁰ C. Solution has changed to isotropic liquid 

state. 

Preparation of quantum dots sample 

The quantum dots sample was provided to us: 

 Group C 10-9-13; 8nm 

Imaging and antibunching analysis of the samples using confocal microscopy with Hanbury 

Brown and Twiss Setup 

Confocal micrscopy is a method used to focus laser light onto a very small area by using pinhole 

detectors to eliminate laterally displaced beams of light from the laser, resulting in extremely 

high resolution. A laser (532 nm) is sent into the confocal microscopy system and is focused 

onto the single emitter sample. The single emitters then excite and emit individual photons, 

which is imaged by the EM-CCD; the image is sent to the computer. Photons from the excited 

single emitters then travel through the Hanbury Brown and Twiss setup to two avalanche photo 

diodes (APD in diagram). The two APDs are both connected to a computer card that measures 

the time between individual pairs of photons, and the computer makes a histogram of these inter-

photon times. 

Before data can be taken, the zero-time needs to be measured—due to the nature of the APDs, 

there is a built in signal ‘delay time’ that needs to be accounted for. In order to do this, the signal 

from one of the APDs (does not matter which) can be separated into two signals—one start, one 



stop. The time between the detection of these two signals is the ‘delay time’. This ‘delay time’ is 

then used to correct for the resultant offset of the inter-photon histogram, providing us with a 

zero-time where we expect to see a dip due to photon antibunching.  

In order to focus on one single emitter, the image from the EM-CCD can be navigated to one 

isolated single emitter for analysis by the Hanbury Brown and Twiss Setup. Figure 1 shows the 

experimental setup for this procedure. 

 Figure 1
1
: 

 

1) Apply immersion oil to the microscope objective. 

2) Put prepared sample (quantum dots or color center nanodiamonds) on glass microscope 

slide onto the piezo-translation stage with magnets. 

3) Turn on EM-CCD, making sure to turn on the fan/cooling mechanism. 

4) Focus laser light onto sample using EM-CCD to align/focus 

5) Make a raster scan of single-emitters 

6) Turn on APDs (NOTE: before turning on APDs, make sure all lights in the room are 

turned off, otherwise APDs can be damaged or destroyed) 

7) Determine zero-time of the APDs 

8) Use the cursor to select one isolated single-emitter on the raster scan for antibunching 

analysis.  
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9) Begin data collection. If no data is being collected, move the cursor to a different single-

emitter and restart data collection.  

10) Repeat data collection for different single-emitters on the raster scan and for different 

laser attenuation values. 

Results 

 

First, the confocal microscope was used to scan a sample of quantum dots. 

 

 
 Figure 2: Quantum Dot Scan 

 Quantum dot solution prepared by Group C.  Laser wavelength  = 633nm. 

 

At the crosshairs on the scan, a histogram was taken that measured the time interval in 

between consecutive photons hitting one detector and then the other. 

 



 
 Figure 3: Quantum Dot Photon Antibunching Histogram 

A histogram showing the number of second photons for a given time interval in between 

photons at the location in Figure 2.  The graph dips around 50 ns, and the data reports that 0 

second photons were recorded for 51.696 ns. 

 

As shown in Figure 3, the number of recorded second photons dips midway through the scan, 

and no second photons occurred at an interval of 51.696.  This indicates photon antibunching 

at this location.  The procedure was repeated for five other locations, focusing on the brighter 

spots in the scan.  Photon antibunching was verified in one other location.  Using these 

results, we know that quantum dots can produce antibunched photons, and we will be able to 

measure them for the later experiments. 

 

Next we examined nanodiamonds using atomic force microscopy (AFM).  The AFM was set 

to dynamic mode vibrating at 190 kHz.  After calibrating the AFM, we imaged the sample to 

find individual nanodiamonds. 

 



 
 Figure 4: AFM Scan of Nanodiamond Sample 

A single nanodiamond found in the sample prepared by Group C, shown in the green box.  

The dimensions of the nanodiamond are approximately (1.37 x .93) μm.  Calculated with 

ImageJ. 

 

Because we now know that the quantum dots and nanodiamonds are only emitting a single 

photon at a time, we wish to know the time interval in between emitted photons, known as 

the fluorescence lifetime.  To measure the fluorescence lifetime, we used a 532nm laser 

emitting transistor-transistor logic (TTL) pulses with 13.2ns in between pulses.  The pulses 

are shown in Figure 5.  The laser pulse was initially 76.5μW, and then a .46 transmission 

filter was put in front of the camera. 

 

 

 
 Figure 5: Oscilloscope Reading of Laser Pulse 

The laser pulses had an amplitude of 5V and a duration of about 30 ns.  Spikes in the pulse 

are due to reflection inside the optical cables. 

 

We also measured the zero delay of the system by connecting one APD to both channels. 



 

 
 Figure 6: Zero Delay of Fluorescence Lifetime Setup 

 Histogram of the zero delay of the laser system.  The zero delay is measured to be 57.4ns. 

 

We then scanned the quantum dot sample with the confocal microscope setup. 

 

 
 Figure 7: Quantum Dot Image and Scan 

The quantum dot sample was assembled by Group C.  The image on the left shows the 

quantum dots emitting photons, taken with .1s kinetic acquisition time and 255 gain.  The 



image on the right is a scan produced by the confocal microscope.  The green cursor is 

centered on a red spot thought to indicate a fluorescing quantum dot. 

 

We took a histogram at the location in Figure 8 to measure the fluorescence lifetime of the 

quantum dot.  The number of counts emitted by the dot can be modeled by: 

 

    
 

     Equation 1 

 

Where τ is the fluorescence lifetime of the quantum dot.  We took six different histograms 

each, three with the .46 transmission filter in front of the sample and three without, at three 

different locations on the scan. 

 

 
 Figure 8: Quantum Dot Fluorescence Lifetime Histogram Example 

An example histogram taken at the location in Figure 7 showing the count rate of the spot.  

Taken with no filter in place.  Plotted in Logger Pro. 

 

Figure 8 exhibits an exponential curve, as desired from Equation 1.  As shown in the Figure, 

an exponential fit was taken to determine τ in nanoseconds, where τ = 1/C.  All the sample 

histograms exhibited irregularities at the peak of the curve and at the bottom which interfered 

with the exponential fit, so all fits were taken towards the smoother middle section of the 

curve. 

 

The same procedure was carried out to find the fluorescence lifetime of the color-center 

nanodiamonds.  As with the quantum dots, six different measurements, half with the .46 

transmission filter, half without, were taken for each of five locations.  The power of the laser 

was 72.5μ W. 

 



 

 
 Figure 9: Nanodiamond Image and Scan 

The nanodiamond sample in a cholesteric liquid crystal solution was prepared by Group C.  

Image taken with .1s kinetic acquisition time and 255 gain. 

 

 
 Figure 10: Nanodiamond Fluorescence Lifetime Histogram Example 

An example histogram taken at the location in Figure 9 showing the count rate of the spot.  

Taken with a .46 transmission filter in place.  Plotted in Logger Pro. 

 

The same kind of exponential fit was taken as with the quantum dots to calculate τ.  The 

nanodiamonds graphs were much smoother than the quantum dot graphs, so the fits could be 

calculated along the entire curve except for a small portion at the peak. 

 



For both the quantum dots and the nanodiamonds, the final fluorescence lifetime value was 

calculated for both with and without a filter in place. 

 

 τ, with filter (ns) τ, without filter 

(ns) 

Quantum Dots 3.493 ± .007 2.791 ± .002 

Nanodiamonds 3.219 3.318 

 Figure 11: Fluorescence Lifetime of Quantum Dots and Nanodiamonds 

All calculated values are weighted means.  The nanodiamond weighted means exhibited an 

insignificant error of less than .0005 ns. 

 

Finally, we measured the spectrum of our nanodiamond sample with a reflection grating 

spectrometer.  As a check, we first measured the spectrum of our laser. 

 



 
 Figure 12: Spectrum of 532nm Laser 

The laser shows one large spectral line at around 532nm.  The 1nm from the expected value 

is due to calibration error in the spectrometer.  Image taken with 6s acquisition time and 255 

gain. 

 

Next we measured the spectrum of a nanodiamond and chiral liquid crystal solution.  

Because the liquid crystals form a photonic bandgap structure, we expect to see gaps in our 

spectrum. 

 



 

 
 Figure 13: Spectrum of Chiral Liquid Crystal Solution with Nanodiamonds 

Spectrometer measurement of the emitted photons from fluorescing nanodiamonds.  Image 

taken with 10s acquisition time and 255 gain. 

 

The spectrum shown in Figure 13 shows a large spectral line at 528nm, which comes from 

the laser.  The other spikes are wavelengths produced by the nanodiamonds.  The 

nanodiamonds emit very few wavelengths between 528 and 575nm, so the liquid crystals are 

probably preventing these wavelengths from reaching the detector. 

 

Conclusion 

 

Using the confocal microscope setup, we were able to verify that complete photon 

antibunching is obtainable using both quantum dots and nanodiamonds.  The fluorescence 

lifetime of either source can be calculated by scanning a single emitter, although it was more 

difficult to get consistent data from the quantum dots.  This may be due to scanning bad 



locations in the quantum dot sample, or perhaps more measurements should have been made.  

The fluorescence lifetime of the nanodiamonds does not appear to vary greatly with laser 

power, as there is no significant difference (~.1ns) between the measured fluorescence 

lifetimes with or without the filter.  For the quantum dots there is a significant difference of 

.7ns, but this may be due to the inconsistent data discussed above.  The quantum dot 

fluorescence lifetime should be measured again in order to verify whether or not there is laser 

power dependence. 

 

The color center nanodiamonds primarily emitted photons of 9 different wavelengths.  The 

spectrum shows a general lack of photons between the laser light wavelength (528nm) and 

approximately 575nm.  This could be due to the photonic bandgap structure of the liquid 

crystal solution.  Since it was not a perfect structure, this explains why that range of 

wavelengths was not completely blocked. 
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