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Young’s double-slit experiment with single photons and quantum

eraser

Wolfgang Rueckner® and Joseph Peidle®
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(Received 25 January 2012; accepted 19 August 2013)

An apparatus for a double-slit interference experiment in the single-photon regime is described. The
apparatus includes a which-path marker that destroys the interference as well as a quantum eraser
that restores it. We present data taken with several light sources, coherent and incoherent and
discuss the efficacy of these as sources of single photons. © 2013 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4819882]

I. INTRODUCTION

This apparatus note is a report on a completely updated
and much improved double-slit demonstration experiment
previously published in this journal." The (extremely) expen-
sive, specialized, and hard-to-find electronic instrumentation
has been replaced by a CCD and a computer. The apparatus
has been scaled up in size so that the system parameters can
be varied. In particular, the demonstration has been
expanded to include a which-path marker and a quantum
eraser—one can erase the which-path information to recover
interference.” The act of measurement and the design of the
experiment affect what is being measured. Even if not
actually measured, the mere possibility that an observer
could determine which slit the photon passed through causes
the interference pattern to switch to non-interference.” This
experiment nicely demonstrates this aspect of quantum
mechanics and complements discussions of non-local effects
of detectors and particle correlations hidden in noise.

II. THE DEMONSTRATION EXPERIMENT
A. Double-slit interference

In explaining the single-photon experiment, it is assumed
that students are familiar with the classical Young’s double-
slit experiment. The geometry of the quantum version of the
experiment is the same and thus will need little elaboration. A
double-slit is located in the middle of a long, light-tight PVC
pipe. An extremely narrow entrance slit at one end of the pipe
lets light in, and an Electron Multiplying CCD (EMCCD)
camera at the opposite end records the double-slit interference
pattern, one photon at a time. Thus, it can be shown that the
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interference is not between photons, but rather that each pho-
ton interferes only with itself due to the quantum uncertainty
of which path through the optical apparatus it takes. What we
observe as an interference pattern is the accumulated sum of
many single photon interference events. The experiment can
be performed with any kind of light source, including an in-
candescent lamp (polarized or not).

B. Which-path experiment introduction

Students are not likely to be familiar with the which-path
experiment and we find it useful to first perform the experi-
ment with a laser in the usual manner: the laser, double-slit,
and polarizers are all mounted on an optics rail, visible to the
audience, and the interference pattern is projected onto a
screen. The images on the screen can all be explained on the
basis of the classical wave nature of light. When two, mutu-
ally perpendicular polarizing filters are positioned in front of
the double-slit, with each filter covering only one slit, the
double-slit interference pattern disappears because the waves
emanating from the slits are orthogonal to each other and
their amplitudes cannot add constructively or destructively.
One only sees a single-slit pattern on the screen. Holding a
third polarizing filter in front of the screen restores the
double-slit pattern if this filter is oriented at 45° with respect
to the other two filters. The third filter selects the same polar-
ization component from the other two filters, making it once
more possible to add the amplitudes of the waves. The
reduced intensity is consistent with Malus’s law.

For this experiment to work properly, the laser’s polarization
direction should be at 45° with respect to the polarization direc-
tion of the two filters in front of the slits to ensure that the light
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Fig. 1. Layout of the apparatus. A 4-m long x 10-cm diameter PVC pipe supports all optics and acts as a light shield. Light source and camera are mounted on

the pipe end-caps.

intensities coming from these slits are the same; otherwise, one
cannot secure complete interference.” If an unpolarized laser is
used, the experiment can still be conducted by placing a linear
polarizing filter oriented at 45° in front of the laser. Students
could be assigned a similar lab or “home” experiment.’

C. The single photon which-path and quantum-eraser
experiment

The classical wave nature of light can no longer describe
what happens when the experiment is repeated with a single-
photon light source. For single photons, the double-slit inter-
ference pattern can be made to disappear by using a marker-.
As in the classical wave experiment described above, the
marker consists of two, mutually perpendicular, polarizing
filters placed in front of the double-slit. Each filter covers
only one slit and “marks” the photon passing through that
slit with its polarization. A single-slit pattern is all that
remains. One does not need to actually measure the photon’s
polarization state to determine which path it took to reach
the detector. The mere fact that the which-path information
is available is enough to destroy the interference pattern. By
placing a third polarizer, oriented at 45° with respect to the
other two polarizers, before the camera, the double-slit inter-
ference pattern is once more restored! All photons emerging
from the third polarizer have the same polarization state and
thus the which-path information is erased; the third polarizer
is the quantum eraser.

III. APPARATUS DETAILS

Figure 1 illustrates the layout of the apparatus and Figs.
2—4 show some of the details. A 4-m long x 10-cm diameter
PVC pipe supports all the optics and acts as a light shield.

A. Photon detector

The expensive and obsolete vidicon camera used in the
previous apparatus has been replaced with a thermoelectri-
cally cooled EMCCD, providing single photon detection sen-
sitivity with a QE of 50%.” The image area measures
6.58 x 4.96mm (1" format) with 658 x 496 active pixels.
The image data are downloaded through the USB output of
the camera to a PC and integrated with software.” The PC
displays the interference pattern as it accumulates over a pe-
riod of time. A graph of the intensity distribution as well as
the pixel counts is included in the display. This is a nice fea-
ture because it gives a better sense of the signal to back-
ground ratio, which is not so obvious in the image. Noise
reduction and display options are discussed in Appendix A.

B. Double slit

The slits are 3 mm long, precision double air slits, custom or-
dered.® There are two parameters to work with: the slit separa-
tion and the slit width. Because the quantum eraser part of the
experiment involves butting two polarizing filters together and

Fig. 2. The blue LED (left), linear polarizer (middle), and 5-um entrance slit
(right) are all mounted in standard lens holders and the entire assembly is
attached to the end-cap of the PVC pipe.
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Fig. 3. The which-path marker (left) consists of vertical and horizontal
polarizers held by a standard lens mount; its position is adjusted from out-
side the PVC pipe.
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Fig. 4. Both the marker and eraser assemblies attached to the PVC pipe. The
eraser polarizer is moved into place by simply lowering the lens post. No
fine adjustments are necessary.

has each filter cover only one slit, a slit separation of 1.0 mm
was chosen. Although a slit separation greater than 1.0 mm
would make it easier to cover each slit with a separate filter
and would provide a greater number of interference fringes in
the image area of the CCD, the distance between the double-
slit and the CCD would become inconveniently large if one
wishes to be in the far field region. The “boundary” between
the near and the far field regions is given by’

d2
Lscreen ~ 77 (1)
where d is the slit separation. For A=500nm and d = 1 mm,
the distance Lgceen, 1S approximately 2m. We found that
increasing the slit distance from 50 cm to 2m indeed made
the interference pattern much cleaner and sharper, in the
sense that the light intensity goes to zero in the destructive
interference regions. At a distance of 50 cm, the interference
pattern appears as a messy convolution of Fresnel and
Frauenhoffer diffraction. One could work at closer distances
by employing a converging lens and maintain a large
“effective” Lgcreen, but we did not want to complicate the
experiment with additional optics.

The finite slit width is responsible for modulating the
double-slit interference pattern with a single-slit pattern. When
the double-slit pattern is made to go away in the which-path
experiment, it is nice to still have a recognizable single-slit dif-
fraction pattern left in its place to be able to differentiate what
one observes from background. A slit width of 200 um was
chosen so that the image area of the CCD spans the entire cen-
tral maximum of the single-slit pattern at a distance of 2 m.

C. Entrance slit

The double-slit is illuminated by light entering the appara-
tus through a narrow entrance slit'® in the end-cap of the
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PVC pipe. A 5-um slit width was chosen to reduce the light
intensity down into the single photon regime. The slit will
act like an effective point source in the horizontal direction
provided that it satisfies the coherence condition""

d
Lsource > Taa (2)

where Lg,,.ce 18 the distance from the source entrance slit to
the double-slit, a is the slit width (=5 um), and d is the
double-slit separation (=1 mm). For 4=500nm, Lguce >
1 cm. Our entrance slit distance of L. =2 m readily satis-
fies the coherence condition and guarantees that the waves
emerging from the double-slits are spatially coherent. A dis-
cussion of the quantum theory of optical coherence and field
correlation functions can be found in Glauber.'? The 3-mm
length of the entrance slit does not satisfy the condition in
the vertical direction, a desirable feature that guarantees the
interference pattern will not be complicated by diffraction in
the vertical direction, as was the case in our previous appara-
tus that utilized a 25 um pinhole as the entrance aperture.

D. Light source

We have successfully used a low-pressure Na lamp, various
LEDs, a diode laser pointer, and an incandescent light bulb.
Any li3ght source will do, but our preferred source is a blue
LED." 1t is physically small, uses three AA batteries for
power, and its color spectrum is narrow enough to act as a
monochromatic light source. Mounted 10cm from the en-
trance slit, its diffusing lens send out a 60° cone of l?ht, mak-
ing alignment a non-issue. A linear polarizing filter'? between
the LED and the slit reduces the light intensity by a factor of
0.42. Figure 2 shows the light source and entrance slit. It is ef-
ficacy as a single-photon source is addressed in Sec. IV A.

E. Which-path marker

The which-path marker consists of two, mutually perpen-
dicular, polarizing filters.'> With one oriented vertically and
the other horizontally, they are butted together side-by-side
and held in place using a standard lens holder.'® Positioned
closely in front of the double slit, this dual filter mask can be
adjusted so that there is (1) no filter in front of the slits, (2) a
vertical filter over both slits, (3) a vertical filter over one slit
and a horizontal filter over the other, or (4) a horizontal filter
over both slits. Since the separation of the double-slit is only
1 mm, one needs to be able to precisely and reproducibly
position the mask. An optics post holder with vernier adjust-
ment was used for this purpose; it can travel 25 mm with a
0.1-mm resolution. The entire assembly is shown in Fig. 3.

When either the vertical or the horizontal filter covers
both slits, the double-slit interference pattern is preserved,
albeit at a reduced intensity compared to no filter. When the
vertical filter covers one slit and the horizontal filter covers
the other, the double-slit pattern disappears completely. Two
superimposed single-slit patterns are all that remain. This
new arrangement changes the setup into a which-path experi-
ment in the sense that it is now (in principle) possible to
know which slit the photon passed through; this destroys the
quantum interference.

Introducing a third polarizing filter, the quantum eraser,
between the marker and the detector thwarts the which-path
experiment if it is oriented 45° with respect to the marker
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filters. Every photon reaching the detector is now polarized
in the direction of the third polarizer and it is no longer pos-
sible to know which slit each photon passes through; as a
result, the interference phenomenon is restored. The marker
and eraser assemblies are shown in Fig. 4.

As in the case of the classical wave version described in
Sec. II B, it should be noted that the polarizing filter between
the light source and entrance slit is essential for the quantum
eraser aspect of the experiment to work. Photons entering the
apparatus are polarized at 45° with respect to each of the
which-path polarizing filters. Thus, the probability of a photon
emerging from either slit is 50%. Whether or not a photon gets
absorbed or makes it through either slit is random, but the
probability is 50/50 for each slit. One could not secure com-
plete double-slit interference if there was an imbalance in the
number of photons emerging from the slits."” The polarizing
filter between the light source and entrance slit is not necessary
for the simpler experiment that does not involve the which-
path aspect. In this case, the probability of any photon making
it through either slit is the same, regardless of its polarization.

IV. RESULTS AND DISCUSSION
A. Single photon or not?

In our previous paper' we pointed out that, strictly speak-
ing, we are not detecting single photons of light but rather
single photoelectrons liberated by the light impinging on the
detector; this is still true in the present experiment.
Furthermore, the detection of a photoelectron does not neces-
sarily imply that a single photon arrived. Light from thermal
sources, such as light bulbs, or coherent sources, such as
lasers, is characterized by a distribution of photon numbers.
When using an extremely attenuated beam of light, there
may be on average a single photon in the apparatus, but the
statistical properties of light result in a small probability that
two or more photons arrive together.'® Such a coincidence
has come to be known as “bunching” and is characteristic of
all classical light fields.

For a true single-photon source, the probability of two or
more photons arriving together is zero; this is referred to as
“anti-bunching.” To verify anti-bunching, one could send the
detector signal to a multichannel scaler and create a histogram
of the number of photons detected as a function of the time
interval between different photons. The number should go to
one as the time interval goes to zero. Unfortunately, such a
direct measurement is impossible due to detector and elec-
tronic instrumentation dead-time limitations. Instead, a 50/50
beam splitter and two detectors can be employed to measure
the intensities of the split beams.'® For low count rates, these
intensities can be used to determine the probability of detect-
ing a photon at time 7 in one detector, conditional on detection
of a photon at time O in the other, as given by the normalized
second-order correlation function g(2):

oy GV 10)
SO = Gmor WP

where the two-time expectation value for the intensity is nor-
malized to the overall intensity (I).%

In the case of a single-photon source, the photon is either
reflected by the beam splitter or not; consequently, /(t) goes to
zero at T=0 and g(z)(O) = 0. On the other hand, classical sour-
ces must have g(z)(O) > 1.2! Thus, the second-order correlation

. 3
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function provides a way to differentiate between classical and
quantum-mechanical light sources. This is one of the most fun-
damental phenomena in quantum optics (Glauber, Ref. 12).

Development of single-photon sources is currently a
vibrant field of research and the nitrogen-vacancy (NV) cen-
ter in diamond has received considerable attention as a ro-
bust, room-temperature source of single photons. A new
experiment in our advanced instructional lab can excite and
detect a single NV center. This apparatus was used to pro-
vide a source of single photons for the Young’s double-slit
experiment with a beam intensity of 20,000 photons/s. Since
the area of the double-slit intercepts about 1/10th of the
cross-sectional area of the incident beam, roughly 2000 pho-
tons/s are estimated to pass through the slits. This flux was
not sufficient to be detected with the Luca"™ camera; even
with maximum binning the signal remained buried in the
noise. We estimate that a photon flux an order of magnitude
higher is necessary for this camera. It is possible that a high-
end camera operating at much lower temperatures would
work, but its price would be prohibitive.

Although the statistics of the Poisson distribution for a clas-
sical light source allows for bunching of photons, the probabil-
ity of measuring two or more bunched photons is very small
for an extremely attenuated light source. For example, Pearson
and Jackson'® claim that their reduced-intensity laser beam is
comprised predominantly of single-photon states, even though
¢?0)=1. They report that 99.9% of their measurements
result in single photons as opposed to coincident photons. This
result suggests that reduced-intensity laser light is a good
single-photon source, a fact that has been utilized in experi-
ments demonstrating interference.? Furthermore, if the wave
packet is spread out over an array of detectors, such as our
668 x 496 pixel array, the probability that two photons from
that single packet are measured in the same pixel is incredibly
small. Thus, to a very good approximation, the single-photon
contribution to the interference pattern is measured.

B. Results

Figure 5 shows the events accumulated by the camera af-
ter 0.1s. The graph below the image shows the counts binned

e G L R

Fig. 5. A 0.1-s exposure; the image grayscale represents a range of 0-20
counts. The graph on the bottom shows the number of counts binned in the
vertical direction as a function of horizontal position. Full scale is 20 counts.
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Fig. 6. A 1-s exposure; the graph and image grayscale is 0-20 counts.

in the vertical direction as a function of the horizontal posi-
tion. It is clear from the image, as well as the graph, that the
arrival of photons at various locations seems to be quite ran-
dom. Any suggestion otherwise is certainly buried in the
“noise.” A pattern starts to emerge if enough measurements
are amassed; this is evident in Fig. 6, which represents a 1 s
exposure. Given enough measurements the statistics enables
us to pull the signal out of the noise. Figure 7 shows the
result after 120s of accumulation (produced by 240 half-
second exposures) after approximately 10 million photons
have been detected. The probability pattern is clearly evident
and looks like the familiar double-slit interference pattern.
One can also see that the overall intensity of the double-slit
pattern is modulated by the single-slit interference pattern;
the central maximum of the single-slit pattern spans the
image area of the CCD. The CCD is purposely not centered
in the vertical direction on the pattern so that one can com-
pare the image in the lower half with the “background” in

N\N\/\M

Fig. 7. The sum of 240 half-second exposures (120s accumulation time).
The graph and image grayscale is 0-500 counts.
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Fig. 8. The sum of 240 half-second exposures (120s accumulation time)
with 2 x 2 binning. The graph and image grayscale is 0-2000 counts.

the upper half. We include Fig. 8 to show the effect of 2 x 2
binning; it also portrays 120s total accumulation time, but
the signal to noise ratio is dramatically improved (see
Appendix A).

Figure 9 shows the result of placing the Polaroid marker
in front of the double slit. The double-slit interference pat-
tern is completely gone and replaced by the central maxi-
mum of the single-slit pattern. Again, offsetting the image
on the CCD makes it visually easier to identify the single-slit
pattern. The 2 x 2 binning technique was used to enhance
the signal to noise ratio. Figure 10 shows that the double-slit
pattern is restored when the quantum eraser is inserted before
the photons reach the detector.

To demonstrate that any light source can be used for this
experiment we show in Fig. 11 an image obtained using an
incandescent light bulb. Only three distinct maxima are

Fig. 9. With the marker in place, the double-slit interference disappears. The
graph and image grayscale is 0—1000 counts. The image shows the sum of
240 half-second exposures for a total of 120s of accumulation time with
2 X 2 binning.
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Fig. 10. With the quantum eraser in place, the double-slit interference is
restored. The graph and image grayscale is 0—1000 counts.

evident compared with seven maxima for the blue LED. This
is a result of the superposition of the interference patterns
from a continuum of wavelengths across the visible spec-
trum. All these patterns have the same central maximum, but
the pattern is more spread out for the longer the wavelengths;
this smears out the higher-order maxima and minima.>> Even
the blue LED interference pattern shows signs of a little
smearing at the higher order maxima since the light is not
purely monochromatic. A Sodium light source (1=589.0
and 589.6 nm) produces a very clean pattern with five max-
ima spanning the CCD as shown in Fig. 12.

One can use Fig. 12 data for a quantitative student exer-
cise. For example, knowing the wavelength and determining
from the graph that the maxima are 115 * 1 pixels apart, one
can use the measured spacing of the blue LED maxima (92
pixels) to calculate the wavelength of the blue LED. Another
possibility is to use the fact that the 658-pixel CCD array is

W ﬂ’\\»/\v//\ww»m

Fig. 11. Double-slit interference with an incandescent light source. The
graph and image grayscale is 0—1000 counts.
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Fig. 12. Double-slit interference with a low-pressure Na light source. The
graph and image grayscale is 0-500 counts.

6.58 mm wide to calculate other parameters such as slit sepa-
ration, width, or CCD distance.

Compared to classical physics, modern physics is not as
well represented in the repertoire of demonstration experi-
ments and this experiment helps rectify the imbalance. The
single photon double-slit experiment seems to have become
a paradigm for quantum mechanics as it is taught in intro-
ductory courses, making this experiment an important lec-
ture-demonstration.
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APPENDIX A: NOISE SOURCES IN A CCD IMAGE

When choosing the right camera for this experiment,
quantum efficiency is not the only parameter to take into
consideration. CCD cameras work by absorbing photons to
generate electrons in a metal oxide silicon capacitor. Each
pixel in a CCD is a tiny MOS capacitor. The number of elec-
trons stored in each pixel “well” is proportional to the num-
ber of photons that struck the pixel. Precisely counting the
number of electrons would tell you how many photons struck
the pixel. In the real world, the process of converting light to
pixel values in a CCD image is governed by fundamental
physics and other factors that introduce “noise” into the final
image. The noise manifests itself as variations in pixel values
that make the image a less-than-exact representation of the
original variation in light.

1. Noise in the signal itself

The detection of photons by the CCD is a statistical pro-
cess and the low count-rate follows a Poisson distribution.
The deviation in the light intensity detected by each pixel is
proportional to the square root of the number of photons
detected by that pixel.
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2. Thermally generated noise

Dark-current is generated by thermally excited electrons
in the silicon substrate of the CCD. This so-called thermal
noise (or dark noise) increases with the length of the expo-
sure, and the scatter is equal to the square root of the number
of thermal electrons knocked free in each pixel. The simplest
way to reduce the dark noise is to cool the CCD. With ther-
moelectric cooling—the Luca operates at —20 °C—the dark
noise can be reduced to negligible levels (typically 0.05 e~
per pixel/s).

3. Pixel non-uniformity

Individual pixels are not perfect and have slightly different
sensitivities to light. Some pixels even appear “hot,” with as
many as three times the number of counts above background.
As long as these imperfections stay constant in time, they
can be recorded and subtracted from the image.

4. Readout noise

The ultimate noise limit of the CCD is determined by the
readout noise. Readout noise is generated by the electronic
circuitry that converts the charge from each pixel into a digi-
tized light intensity in the final image. One contribution to
this noise comes from shifting the accumulated charges on
the CCD chip register—electrons can be left behind or jump
ahead. Another contribution comes from the on-chip ampli-
fier that converts the number of electrons into an analog volt-
age. All amplifiers generate their own noise, although well-
designed electronic circuits can minimize the amount of ran-
dom noise introduced. Finally, the amplifier output voltage is
converted into a number that is passed on to the computer
software as the pixel’s value. This A/D conversion also con-
tributes noise. EMCCDs use a conventional CCD shift regis-
ter extended with an additional gain register before readout.
The gain register is operated at higher voltages, resulting in
“impact ionizations” when electrons are transferred. The sec-
ondary electrons produced by impact ionization results in
multiplication of the signal above the read noise of the detec-
tor. Using an Optronic Laboratories model 310 Low Light
Level Calibration Std., we determined that an electron multi-
plication gain of 35 was optimum for the present experiment.

5. Software noise reduction

Because most of the noise is from readout, and the
EMCCD is read out hundreds of times during the experi-
ment, we use a software “trick” to subtract the background
noise from each exposure. First, a background file is created
by taking exposures with the light source off and reading out
these exposures as many times as intended during the experi-
ment. These exposures are then added together and the
resulting data file is divided by the number of exposures.
This procedure gives us an average background file that is
subtracted from each exposure taken during the experiment.
The “hot” pixels, mentioned above, are completely elimi-
nated with this technique.

Binning is another tool at our disposal to increase the sig-
nal to noise ratio. Binning is a process that combines charges
from two or more pixels on the EMCCD chip prior to read-
out. Summing charges on the EMCCD and doing a single
readout gives better noise performance than reading out the
individual pixels and then summing them in the computer
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memory. The quantum eraser experiment greatly benefits
from binning. The combination of the which-path marker
plus the quantum eraser polarizer reduces the intensity to
approximately 20% of its already low value, and this really
pushes the capabilities of the camera. Although the restored
double-slit pattern is visible without binning, utilizing 2 x 2
binning brings out the pattern beautifully.

APPENDIX B: ACQUISITION WITH THE EMCCD

Camera functionalities as well as display options are soft-
ware controlled; these include exposure length, number of
exposures, binning, and electron multiplication. Several soft-
ware platforms are available.?* For our measurements, we used
Andor’s Solis. Solis’ graphical user interface is easy to use for
camera setup and single image acquisition. We run an Andor
Basic script, shown below, within Solis to accumulate images
and subtract an averaged background image. To streamline pre-
sentation, typical parameters such as exposure time and number
of images are embedded in the program. We gratefully
acknowledge programming help from the Andor technical staff.

// accumhalf sub bkg.pgm
// accumulation program for Andor Luca
camera

// define variables

exposuretime =0.5

//exposuretime is measured in seconds
numberexposures = 240
filenames$="bkgndhalf.sif"

// configure camera
SetSingleScan (exposuretime)
SetAcquisitionType (0)

// type zero refers to signal

// window (#0) contains the active data set
// window (#1) contains the accumulating
data set

// window (#2) contains the backgroundfile
// window (#3) contains the normalized
backgroundfile

// allocate memory for accumulation
create (#1 _sig,658,496)

// set grayscale range for accumulation
ScaleData (#1_sig, 0,1000)

// create text output window
output (850,10,200,100)

// open background file

load (#2,filenames)
MinimizeWindow (#2)

// normalize background file
#3 =#2/240

MinimizeWindow (#3)

key ("Hit any key to acquire signal.")
// acquire images
i=1
while i < numberexposures + 1
run ()
MinimizeWindow (#0)
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//accumulate and subtract background
image

#1=#1+ (#0_sig - #3)

//maximize the accumulation window
MaximizeWindow (#1)

cls ()

print ("Acquisition
numberexposures)
i=i+1

of ",

Il,.i’.ll

wend

CloseWindow (#2)
CloseWindow (#3)
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