1. Summary
The purpose of the Hong-Ou-Mandel (HOM) experiment is to demonstrate the
two-photon interference techniques which can be used on photons generated by
spontaneous parametric down conversion (SPDC). This interference technique places
and upper bound on the time delay between photons in the SPDC process; the result is
a time span within which each of the photons is created, thereby making a powerful
theoretical and experimental statement about the simultaneity of events (creation of
photon 1 and creation of photon 2), quantum entanglement, quantum superposition, and
the nature of light.
The experiment is set up to perform this measurement in a collinear fashion,
thereby making it easy to construct while maintaining its power as an instructive tool. A
high-intensity laser is filtered and directed into a second-order nonlinear crystal via a set
of mirrors. From the output of the nonlinear crystal, the pump beam is filtered out, while
the generated photons continue down the beam line. These photons are then passed
through a set of birefringent crystals to mimic the spatial delay used in the original HOM
experiment, and then passed through a half-wave plate rotated at 45 degrees in order to
generate the desired entangled state. Finally, a polarizing beam splitter and passes the
state onto a set of photodetectors linked by a coincidence counter. Coincidence counts
are then monitored, observed to either increase or decrease as the number of
birefringent slabs is introduced into the system.
Two methods are presented in the Instructor manual, one which is collinear freespace, and one which is collinear fiber-based. The collinear fiber-based is analyzed
extensively in the student report, since it furnished new and interesting results.
Nevertheless, both versions were built and tested, with images provided. The freespace version was built second, and is analyzed extensively in the literature.
Consequently, I present both options in the instructor manual, explaining in detail the
necessary components and some pit falls, as well as pedagogical aspects and things
which I found instructive. For in-depth analysis on the classic experiment, see the
published resources.
This experiment is a powerful instructive tool as it demonstrates the fundamental
principles of entanglement, quantum superposition, and quantum interference which are
consequences of the theory of quantum mechanics. It does this while maintaining an
ease of construction, giving this experiment an edge over similar quantum experiments
of the same nature. It is fairly robust, implying that it is easier to demonstrate these
effects than quantum experiments of a similar nature. As technology and science moves
towards the ever-smaller world of the atom and its constituents, having an
undergraduate experiment that demonstrates fundamental quantum principles is quite
the boon, and all the better when it is actually feasible.

6. Students’ Acquired Skills

-

understanding of fundamental aspects of quantum mechanics
analysis of Poisson distributions and photon statistics
measurement of sensitive systems
measurement techniques for quantum systems
measurement techniques for optical systems
familiarization with newer scientific technologies
basic understanding of photon counter devices
basic understanding of optical equipment and components and their applications to
quantum mechanics
further practice handling sensitive equipment and apparatuses

5. Historical Significance
The significance of the Hong-Ou-Mandel (HOM) experiment lies in the fact that it
was one of the first experiments to demonstrate quantum entanglement. It also provided
further evidence for the validity of Quantum Mechanics and the idea of superposition.
First demonstrated by C. K. Hong, Z. Y. Ou, and L. Mandel in 1987 at the University of
Rochester, the investigators used two-photon interference techniques to sensitively
measure the time intervals between the arrival of two photons generated by
spontaneous parametric down conversion (SPDC) in a nonlinear crystal. By directing
coincident photons onto a 50:50 beam splitter, they observed that the photon pairs
would not generate coincidence counts on two photo-detectors some equal optical path
length away. However, as the 50:50 beam splitter was displaced from the position of
equal optical path length, they found that coincidence detection would return. By
monitoring coincidence counts, we can sensitively measure the extent to which photons
overlap in time, thereby placing an upper limit on the temporal duration of the photons.
The significance of the HOM effect is beyond just its history, however. It has
powerful implications for the future of quantum devices. It is a necessary effect for some
of the cutting-edge quantum information devices, such as the Non-linear Sign Shift
Gate, a device which will be necessary in the creation of a quantum controlled-NOT
gate. This gate will be one necessary component in the development of a universal
quantum computer, if the computer is to be made using linear quantum optical devices.
It also serves as a measure to determine the quantum nature of such devices. Its
significance reaches far beyond the simple determination of temporal delay between
down-converted photons.
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I.

INTRODUCTION

What follows is a note to the instructor regarding the
structure of this lab manual and an introductory section
outlining the goal of this experiment. Sections will be
demarcated with a §.
§1. For the Instructor Finding an e↵ective undergraduate experiment which demonstrates the principles
of superposition and entanglement is quite challenging.
Finding one which makes sense to the students and is
easy to set up is even more challenging. The following
experiment proposes to remedy this situation. I have
written the whole of this manual with the intention that
the instructor should be able to remove sections reserved
for him or her and be able to present the rest as the
de facto lab manual for students. Any and all edits the
instructor deems necessary are welcomed, and I have
written the document under the impression that each
instructor’s approach to the presentation of the material
will be di↵erent, but will retain core ideas needed to
e↵ectively explain and implement this experiment in the
undergraduate lab class. The instructor is presented
with two choices in what follows: (I) fiber-based collinear
Hong-Ou-Mandel (HOM) interferometry; (II) free-space
collinear Hong-Ou-Mandel (HOM) interferometry. The
advantages and disadvantages are discussed in the
procedural sections below and only a↵ect the set-up
of specific elements in the experiment and its results;
the general set-up and theory remain una↵ected by the
choice. The two choices are made distinct by bolded
subsections. The solutions to the pre-lab questions, as
well as an overview of Quantum Mechanics, and some
more of the in-depth details are placed in an appendix
at the end of the document, so that each instructor may
choose which material is necessary or would be desirable
to present. For further details beyond what is presented
in the appendix, see the student report. It is my hope
that the instructor will find this general lay-out to his
or her liking, and that he or she should not need an
advanced understanding of quantum optics to be able
to implement this experiment in the undergraduate lab.
I have written this manual such that a student with a
good understanding of Introductory Modern Physics and
Math Methods should be able to grasp the ideas present
here. I have taken some liberties to be instructive where
I find it useful, especially in the theory and analysis
sections. It is my hope that the student uses these
sections in tandem to enhance his or her understanding
of the material presented; the theory is intended to
motivate the experiment, and the analysis is intended
to bring the validity of the theory to light. Thoughts

regarding why I present certain things and not others
are always placed at the beginning of sections, and are
marked separately as this section is for the instructor’s
use only. He or she may do with them as he or she sees
fit; I only hope they provide some clarity and motivation
for why I have structured things as I’ve done, so that
the instructor may better judge whether this format is
appropriate for his or her class.
§2. For the Student: Goal of the Experiment
The principle of quantum superposition is perhaps the
most important idea in all of Quantum Mechanics. That
being said, it is probably also the most challenging
idea to grasp. Since the science of physics has wholly
embraced the world of the atom, and as technology
advances ever more rapidly into its realm, it is necessary
for any good student of physics to have an intuition for
how quantum systems work. One goal of this experiment
is to verify the principle of quantum superposition by
measuring the system described by wave function at
a pair of photodetectors correlated to one another; a
parallel goal will be to demonstrate the idea of quantum
entanglement. We will show that when photons are
produced in a specific state by this apparatus, we can
make them interfere in a destructive manner. We will
do this by using certain properties of materials which
are birefringent and generating spatial delay between
the photons. We will show that when the photons strike
a polarizing beam splitter within a narrow span of time,
that they interfere destructively, while if they strike the
beam splitter outside of this narrow timespan, they do
not interfere at all. The length of time for which this
occurs will be calculated with uncertainty, verifying the
idea of superposition and demonstrating the idea of
entanglement.

II.

EXPERIMENTAL SET-UP

Figure (1) shows the basic set-up of the experiment.
We’ll treat the generator of the horizontally-polarized
(H) and vertically-polarized (V) photons as a black box.
The photons are created through a process called spontaneous parametric down conversion, a process expanded
on in the appendix. From this generator, we have pairs of
photons, polarized orthogonally. By passing these photons through birefringent material, we can induce spatial
delay between photons. Birefringent material is material
which passes H photons at one velocity, corresponding to
an index of refraction, nH , while passing photons polarized vertically at some other velocity, corresponding
to some other index of refraction nV . The index of re-

2
D1

V,V

V

H

—

+

Delay
HWP

Photon
Generator

PBS
H,H

D2

FIG. 1: A simplified diagram of the experiment.

fraction which is larger is called the extraordinary index
of refraction and the polarization direction is called the
material’s extraordinary axis. The axis perpendicular is
called the ordinary axis and its corresponding index of refraction is called the ordinary index of refraction. These
axes are orthogonal to the direction of propagation and
lie in the plane of the birefringent material. The wave
packets corresponding to the photons are highly localized in space, so we can talk about the photons being
spatially-separated.
For each ’slab’ of material, we can incur a fixed spatial
separation. These photons are passed through a halfwave plate (HWP) which rotates each of the photons’
polarization by 45 , which we call +45 (+) and 45
( ). The polarizing beam splitter (PBS) is shaped like
a small cube, with a small reflective plane bisecting the
the diagonal of the top/bottom face. This plane allows
H photons to pass, while reflecting V photons. We will
show that this will amount to collapsing the wave function produced by the HWP, creating interesting measurable results. We will show using theoretical explanations
that if photons hit the PBS within this narrow timespan
discussed above, both photons will either end up with H
polarization or V polarization, with no cross terms; this
is what is meant by the output of the PBS in the figure
– either we measure two photons in the H port, or two
photons in the V port. The theory will give explanation
as to why this occurs. We monitor the counts at the detectors (D1 & D2) using a coincidence counter (the line
connecting the two) which ticks if a count has been registered at both detectors within the same time bin. It
is important to state that the detectors measure in time
spans much longer than any significant time separation
the photons can be made to have. For example, let’s say
the coincidence counter includes everything within the
first 80 µs as one ’event’. Then this corresponds to a
maximum photon separation length (in vacuo) of 24 km,
which certainly corresponds to no overlap between photons. Therefore, if we see coincidence counts disappear,
we know that it is not because the photons are binned
separately, but due to something more fundamental.

III.

THEORY

§ For the Instructor This section will be dedicated to
an explanation of the optics; for a brief overview of basic
quantum mechanics needed to explain this experiment,
see the appendix. In considering the theory, only the
theoretical explanation for the photon generator in
Figure (1) di↵ers between the two choices; the basic
explanation for what occurs at the photodetectors is
independent of the two choices. Since this is the case,
the student only needs to know that the black box
produces two photons, polarized orthogonally, and both
at the same frequency. That being said, certain results
one obtains di↵er between the two choices, which will be
made explicit in the analysis section.
§ For the Student note: please read over the
pre-lab questions in section IV first in order to help
motivate this section.
Recall from your Modern Physics course that the
definition of superposition of wave functions is
= c1

1

+ c2

2

+ ... + cm

m

(1)

where the cj are constant and all of the j satisfy the
(time-independent) Schrödinger equation for a single energy, E. That is
h̄2 d2 j (x)
+ V (x)
2m dx2

j (x)

=E

j (x)

(2)

with each j corresponding to the same energy value, E.
We’ll need this idea for explaining the system we’ve set
up in Section III.
Now let’s consider each photon as it comes from the
photon generator. Recall that the energy of a photon is
given by
E = h̄!

(3)

The photons, as they come out of the photon generator, are each of frequency !, which is half of the input
frequency, the frequency of the laser pump inside of the
photon generator black box. Since these photons are of
the same energy, we know that this energy level is degenerate, and we will need to introduce another quantum
number to distinguish between the two photons, as you
have learned in Modern Physics. Luckily, the photon
generator accounts for this in the method of generation
(for more details, see the appendix); the output photons, though they have the same frequency, can be distinguished through their polarizations, as shown in Figure
(1).
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To distinguish e↵ectively between the two, we’ll introduce the following notation
photona !
photonb !

1,H
1,V

= (1, H)a
= (1, V )b

(4)
(5)

so that for a general wave function describing n photons
and at a polarization p, we have

n,p

= (n, p)

(6)

You should note the similarities between labeling the
photons in this way and labelling the states of the hydrogen atom, using the familiar (n, l, m) notation.
For reason which you will discover in Quantum Mechanics, when describing two systems which are independent, the resulting system is simply the direct product
of the two wave functions (see the appendix for a brief
explanation if you’re interested). Therefore, the system
of two photons taken together upon exiting the photon
generator is given as1

net

=

1,H

1,V

= (1, H)a (1, V )b

For this system, the HWP acts on the total wave function, net , which means both photons are rotated together, maintaining their spatial overlap, yet rotating
their polarization by an angle to be determined by the
orientation of the HWP. Since we want to create a specific superposition state, we’ll need to rotate the HWP
away from zero. We’ll want it to set the photons to rotate polarization by 45 , for reasons which we will make
apparent now.

—

V

H

(7)

Now let’s assume that we’ve introduced enough delay
into the system that the photons are ’on top of’ each
other in space. That is to say the wave packets which
correspond to each of the photons are located in the same
area. The total wave function above in equation (7) now
describes the system as it moves together.
You’ll note now that we’ve chosen to describe the system while the two photons overlap spatially. If you look
to the appendix, you’ll also notice that there is no mention as to whether the
V quantum systems need to overlap or not; indeed, Equation (7) is a valid description
of two independent photons regardless of spatial separation. However, when the photons are made to overlap,
we lose an aspect of distinguishability between the two.
Clearly when the photons are not
H overlapping, we can
locate them at two distinct regions in space, and thus
distinguish between them, labelling them a and b. But
as we make them coincide, they lose this aspect of distinguishability, and we can no longer label them as two

1

separate points in space. Therefore, we must come to rely
on their polarizations to distinguish between the two, and
we can only label them in this way; that is, trying to label
one as a and the other as b has no significance when the
photons occupy the same region of space and consequently
we drop the labels.

For the Instructor: The instructor may be curious as to why
we’ve played a bit fast and loose with dropping indices after this
equation, and also why we don’t have to symmetrize Equation
(7). The answer lies in the phenomenon of down-conversion itself.
Since the two cones produced by the down-conversion event (see
any introductory quantum optics text) are strictly H and V (i.e.
with no indistinguishability), this guarantees that one photon
comes from the H cone, and one comes from the V cone. If
we label the H cone with a and the V cone with b, all photons
produced will be labeled as in Equation (7).

FIG. 2: Treating the polarization as unit vectors in the xyplane.
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FIG. 3: Demonstrating the relationship between the ± polarizations and the HV polarizations.

Let’s suppose that we choose the x-axis to represent
the H polarization, and the y-axis to represent the V
polarization, as shown in Figure (2). Then we can think
of the action of the HWP as creating two vectors in the
xy-plane whose relationship to the H and V photons in
polarization produces the geometric relationship given by
Figure (3). From this picture and the prelab exercise, you
should see that
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box in Figure (1). This means that if we place a detector at the V port, and measure a two photon count for
a single photon-pair generation event, then we know no
photons have exited the H port. Likewise, if we measure
none in the V port for a single event, we know both have
exited through the H port.

(8)
(9)

Now, upon rotation, the polarizations are definite if
we measure them along axes rotated 45 relative to the
HV-axes. Therefore, the new net wave function becomes

1
0.9

net

= (1, +)(1, )

(10)

If we substitute in equations (8) and (9) into (10) and distribute, we get that the (normalized2 ) net wave function
for photons striking the HWP simultaneously to be

net

1 ⇣
= p HH
2

VV

⌘

net

1
p (1, V )(1, V ).
2

1
= p (2, H)
2

1
p (2, V ).
2
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0.1

(12)

(13)

In recalling that the square of the coefficients in front of
each of the wave functions is the probability to measure
the system in the state represented by that wave function,
then the significance lies in that we will only measure two
H photons or two V photons, never anything in between.
The PBS takes the role of verifying this, since it measures
H and V polarizations, not ± polarization; i.e. the PBS
’sees’ or measures equation (13). Thus, if superposition
is a valid postulate of Quantum Mechanics, and photons
are striking the HWP simultaneously, we should observe
no coincidence counts at the detectors, since both either
travel out the H port or the V port.
Further, this is demonstrative of the idea of quantum
entanglement. Indeed, Equation (13) is representative of
what we call a path entangled system. That is, we are
looking at an indefinite state. In other words, this experiment, the Hong-Ou-Mandel experiment, and its related
e↵ect, the Hong-Ou-Mandel e↵ect, demonstrate a quantum correlation between photons generated by the black

2
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If we realize that (1, H)(1, H) = (2, H) and (1, V )(1, V )
= (2, V ) because the photons overlap spatially, we can
write the net wave function after the HWP as

net

0.7

(11)

Why is this significant? Writing out equation (11) in
the full notation,
1
= p (1, H)(1, H)
2

Normalized Coincidence Counts

0.8

See the Quantum Mechanics overview in the appendix for details.
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FIG. 4: A qualitative graph of the Hong-Ou-Mandel (HOM)
’dip’. The x-axis corresponds to dimensionless separation of
the photon wave packets while the y-axis corresponds to normalized coincidence counts at the photodetectors.

Now by the uncertainty principle, we know that no
quantum particle or system can be located at exactly
one point, and so the wave packets corresponding to the
photons must extend over space. This means when the
photons strike the PBS, they may be overlapping only
slightly, or they may be overlapping almost entirely, or
somewhere in between. The extent of the overlap is determined by how much delay we introduce, and in turn
itself determines how much interference we see. The
greater the extent of the overlap, the greater the interference, with complete overlap resulting in Equation (13).
Therefore, we shouldn’t just expect one point to yield
no counts, but rather a smooth curve which slowly decreases to no counts, then as we introduce further delay,
the counts should rise once again, as seen qualitatively
in Figure (4).
IV.

PRE-LAB

§ For the Instructor The pre-lab questions are
designed to have students begin to think about the basic
ideas which they will rely on to understand the bulk
of the lab. At the very least, I think the first, third,
and fourth questions need to be in the pre-lab, but
others may be removed or added at the discretion of the
instructor. The pre-lab questions should be read before
the Theory section, as they are intended to be thought
about while reading through the theory, yet no harm
will be done if it is not the case.
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(d) Broadband Photodetector Filters
§ For the Student Questions:
1. Show that, for wave functions corresponding to
one degenerate energy level, linear superpositions
of such functions with constant coefficients also
satisfy the (time-independent) Schrödinger equation. hint: Remember that degenerate energy
levels imply there are many di↵erent states which
all have the same energy. For example, the hydrogen atom requires that we specify the numbers
(n,l,m) (neglecting spin), but only n corresponds to
the energy. See the Theory section for more details.
2. Consider the unit vectors in the +x and +y
direction. Write down the equations for two unit
vectors which have been rotated by the angles ⇡/4
and ⇡/4 from the x-axis in terms of the unit
vectors î and ĵ.

3. Delay Line
(a) Housing
(b) Birefringent Material
4. Half-Wave Plate
5. Polarizing Beam Splitter
6. Photodetectors
7. Coincidence Counter
8. Spectral Software
9. Multimode Fibers
10. Optical Posts & Mounts

A.

3. (a) After reading through the theory, distribute
out equation (10) and show that the cross
terms cancel. What does this mean?
(b) Now suppose the photons are separated spatially. Label one photon, say it is the + photon, by (1, +)a , and the other, the
photon, by (1, )b . Keeping these subscripts, distribute out (10) once again and show the cross
terms do not cancel. What does this mean for
coincidence counts? Assume the separation
is large enough in order to label the photons
separately, but small enough that our coincidence counter observes both photons to be
within the same detection event.
4. We require the angle in Figure (3) to be 45 . Why
is this? hint: Consider what would happen to equation (13) if the angle were anything other than 45 .

1. lenses
2. Fibers
(a) Single-Mode Polarizing-Maintaining (SMPM)
Fiber – Laser Wavelength
(b) Single-Mode Polarizing-Maintaining (SMPM)
Fiber – Down-Converted Wavelength
3. Periodically-Poled Potassium Titanyl Phosphate (PPKTP) Crystal

B.

PROCEDURE

§ For the Instructor Below, a list of required elements
is included. See the appendix for descriptions on the
elements. The choices are demarcated as alluded to in
the introduction. The construction of the experiment in
a step-by-step fashion is also included for the instructor.
After that, the methods of turning the system on and
taking data are discussed.

Components (Case 2: Free-Space)

1. Mirrors
2.

V.

Components (Case 1: Fiber-based)

-Barium Borate ( -BBO) Crystal

3. Camera & Software
Set-up for Photon Generator For the instructor, I
provide the procedure for setting up the photon generator
(PG). It may be useful to retain this in the actual lab
manual so the students may understand the basics of the
PG and how it is set up. This is the only section which is
dependent upon the instructor’s choice, which I delineate
as mentioned above.

1. Dynamic-Power Laser
Components (Case 1: Fiber-based)

2. Filters
(a) Infra-Red (IR) Filter
(b) Main Pump Filter
(c) Narrow Filter

1. Mount the pump laser in a fashion which is sensible;
the beam will need to be directed into the system,
so it is best to set it up such that it can be directed
into the system with ease.
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2. Mount the IR filter past the pump beam along the
beam line. This filters initial IR light produced by
pump beam.

4. Mount mirrors directing the beam into a long
straight region; these can be reintroduced as necessary once the other components are set up.

3. Mount a collimator on an optical post just after the
IR filter; the pump beam will need to be focused
into the lens of the collimator.

5. Mount the -BBO crystal in a dynamic fashion (i.e.
so it can be moved); you’ll need to set it up such
that you can tilt about the axes perpendicular to
the normal vector parallel to the beam line.

4. Attach the single-mode PM fiber tuned to the
pump beam laser wavelength to the collimator; couple the laser into the fiber. This is most easily
accomplished using a break detector (visible laser
source).
5. Once the laser is focused into the fiber, attach the
fiber to the PPKTP housing.
6. Mount half and quarter wave plates between the
pump and the collimator
7. Attach the PM fiber tuned to the down-converted
wavelength to the output of the KTP box. Make
sure the beam is still coupled properly.
8. Mount a second lens which will guide the photons
into the HOM system as shown in Figure (1).
9. Attach the DC PM fiber into the collimator.
10. Mount the Pump Block just after the lens.
11. Mount the Narrow Filter just after the Pump
Block.
This completes the set-up for the Photon Generator system for choice 1. Be sure to see the student report for
how to temperature-tune the KTP box. This system has
the advantage in that the set-up is much easier than the
free-space case, as you’ll note below. Once the temperature of the KTP housing is set, it will only need to
be reset to this value upon each experiment. Take care
here, since the crystal inside the housing will fracture
and break if one increases the temperature of the crystal
beyond a rate of ⇠ 10 C per minute. Another warning:
the KTP is very sensitive to the pump beam, and should
only require a driving power of ⇠10mW, which is much
less than the power needed for the free-space version (see
below).
Components (Case 2: Free-space)

1. Mount the pump laser in a fashion which is sensible;
the beam will need to be directed into the system,
so it is best to set it up such that it can be directed
into the system with ease.

6. The BBO will produce two cones; one H and one
V; which will need to be made to overlap at a single point. Envision this as two circles which are
conjoined at one point along their circumferences.
This will be the collinear source of H and V photons. See the Appendix for images.
7. Introduce the pump block before measuring the
down-converted photons.
8. Set up a photo-detecting camera and the software
to measure the down-converted rings. You’ll need
your laser to be operating at high power output to
observe anything in a reasonable amount of time
(⇠100mW). Once you’ve spotted the circles, you’ll
need to tilt the BBO until they overlap at a single
point and that point coincides with the beam line
9. Remove the camera and introduce the narrow filter.
This completes the unique part of the free-space set-up.
This portion is more time-consuming, as spotting and
manipulating the down-converting rings may prove to be
challenging. The advantage, however, is that this version is more likely to be financially feasible, and while it
may take an afternoon to set up, once it is set, there is
no need to touch it again for reasons other than minor
adjustments.

General Procedure

1. Mount the delay line in the beam line; remove all
birefringent material from the delay line.
2. Mount the HWP just after the delay line.
3. Mount the PBS after the HWP. It is useful to
mount this dynamically as well, since it will allow
for easier alignment into the photodetector ports.
4. Mount the lenses and attach multimode fibers in
the beam lines coming out of the PBS.
5. Remove the pump block and filters from the line
after the nonlinear crystal.

2. Mount the IR filter past the pump beam along the
beam line.

6. Align the outputs of the PBS into the detector
ports.

3. Mount half and quarter wave plates after the pump
beam.

7. Return the filters into the beam line. Place the
broadband filters in front of the detector ports.
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8. Attach the photodetectors to the fibers at the ports.
9. Connect the detectors to the coincidence counter.
This completes the set-up of the experiment in its full
form. For tips on alignment of the beams, see the appendix.
§ For the Student: Lab Manual Procedure

NOTE:
SHUT
OFF
THE
PHOTODETECTORS; DO NOT TURN THEM ON
UNTIL INDICATED IN THE LAB. BE SURE
TO RETURN THE FILTERS OVER THEIR
PORTS BEFORE YOU TURN THEM ON. IF
YOU DON’T DO THIS, YOU RISK FLOODING THE DETECTORS AND BREAKING
THEM.
We’ll first want to check that everything is aligned.
Remove all crystals which may be in the delay line. Be
sure not to touch the faces of these with your fingers;
you’ll lose a lot of power per crystal otherwise. Carefully
set them aside for later. Remove the filters from the beam
line and detector ports. Again, do not touch the faces
with your fingers. It’s good general practice to touch as
little optical equipment with your fingers as you can; the
surfaces are very sensitive to dirt and grime. Set these
aside for a moment. Now unscrew the multimode fibers
from the photodetectors, and turn on the laser. Either
shut the lights o↵, or shine the open ends of the fibers
onto an intensity illuminating card/optical power meter,
and check that the laser is coupled into both fibers. If
they aren’t, call your instructor.
Once you’re satisfied that everything is coupled nicely,
attach one fiber back into its detector. Attach the second
end into a spectrometer. Monitor its output as you introduce the pump block and observe what happens. Rotate
the pump block in its stand until the peak which appears
at twice the wavelength of the input laser reaches a maximum, then tighten the pump block down. Introduce the
narrow filter and observe what happens as you rotate
it. It’s worth considering why you need this (hint: What
happens if the photons have di↵erent frequencies?). Once
you have the output centered as best you can about the
wavelength which is twice the input wavelength, tighten
this down too.
For the next part, we’ll set the HWP to pass photons
rotated at 45 . We’ll need a linear polarizer. While monitoring the output at your desired fiber, introduce the
linear polarizer and watch what happens as you rotate
it. Find the angle it needs to be at to produce either a
peak or a minimum. Note that if you’re at the V output,
a maximum means you’r only passing V photons, while a
minimum means you’re only passing H photons. A similar statement can be said of the H port. Now introduce
the HWP such that the peak reduces to half its maximum height. By the theory, you know this means that
you’ve rotated the H or V to ± since on average, half of

the photons in the polarization go H while the other half
go V.
Remove the fiber from the spectrometer and attach
it to the detector. Place the broadband filters back in
front of the detector ports and turn the detectors on.
You’ll need to either shut the lights o↵ now or find a way
to minimize the amount of light entering the detector
ports. Turn on the Coincidence Counter and open up
the corresponding software. Be sure you have access to
coincidences as well as single counts at either detector.
Once this is done, adjust the knobs at the lenses and the
PBS to maximize single counts at both detectors. You’re
now ready to take data.
You’ll need to take data on single counts at both detectors as well as coincidences for both as a function of
number of slabs you’ve introduced into the delay line. Begin with no slabs of crystal in the delay line, and count
for 15 to 30 seconds and integrate the counts over this
time. Introduce one slab into the beam path and repeat.
Then repeat this for as many slabs as time allows3 . Remember to measure the thickness of each slab; you’ll need
it to determine the time-delay incurred at each slab for
the photons. Once you have your data, you’re ready to
perform analysis.

VI.

ANALYSIS

§ For the Instructor As before, I’ve broken the
Analysis section into two parts, depending upon the
choice the instructor makes. Some questions are e↵ective independent of the choice, and are asked in both
sections. There are other interesting questions to ask,
but which depend on the choice made at the beginning
of the experiment. As before, these questions are by no
means exhaustive, and should the instructor decide to
add more questions or replace some of the ones here,
the lab should work out just the same; it all depends
on which aspects the instructor would like to emphasize
within the experiment.
§ For the Student Questions
Choice I

§ For the Instructor See the student report. The
results of this experiment will not be a single HOM
dip, and the dips incurred will most likely not be very
deep. See the student report for an explanation on this.
This, however, is an interesting result which may be

3

To the Instructor: You may choose to determine approximately
the number of slides needed by performing the experiment on
your own first, and telling the students about how many they
should do.
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instructive, and which will get the students to think
about why this is the case. Using the student report,
the instructor should be able to give sufficient hints as
to why this is happening without giving the answer away.
§ For the Student
1. Derive an expression for the time-delay at each slab
as a function of slab thickness, birefringence, and
any necessary constants. (Answer: t = (l/c) n)
2. Determine with uncertainty the delay incurred between photons per birefringent slab by looking up
the relative indexes of refraction of the material
you’re using.
3. Plot the singles at both detectors and coincidence
counts with uncertainty on the same graph in a
scaled fashion. Do you observe the Hong-OuMandel dip? What do you observe? Give a brief
explanation as to what might be going on.

Appendix
Overview of Quantum Mechanics

Quantum Mechanics has its roots in the turn of the
twentieth century, as you know well by now. With the
discovery that energy levels must be quantized in many
cases, our entire view of reality was radically altered. If
you’ve had a class in Modern Physics, you’re familiar
with the common ideas prevalent in quantum mechanics.
We use operators now to denote physical quantities, and
systems obey the (time-independent) Schrödinger equation (TISE),
h̄2 d2 (x)
+ V (x) = E (x)
2m dx2
which we can factor as the following:
⇣

4. Calculate the width of one dip. What is the upper
bound on the timespan within which the H and V
photons were generated in the nonlinear crystal?
5. What can you conclude about quantum systems?
Choice II

§ For the Instructor This is the classic case, and has
been solved numerous times before. See the published
references. Since this has been rigorously solved, the
instructor may choose to have the students fit the
HOM theoretical curve to their data with a reduced
chi-squared value reported along with the plot shown.
Note that I have built both set-ups, but analyzed choice
1 as my senior thesis, as it produced new and interesting
results.
§ For the Student
1. Derive an expression for the time-delay at each slab
as a function of slab thickness, birefringence, and
any necessary constants. (Answer: t = (l/c) n)
2. Determine with uncertainty the delay incurred between photons per birefringent slab by looking up
the relative indexes of refraction of the material
you’re using.
3. Plot the singles at both detectors and coincidence
counts with uncertainty on the same graph in a
scaled fashion. Do you observe the Hong-OuMandel dip?
4. Calculate the width of the dip. What is the upper bound on the timespan in which the H and V
photons are generated?
5. What can you conclude about quantum systems?

(14)

⌘
h̄2 d2
+
V
(x)
(x) = E (x)
2m dx2

(15)

Recall that we call E an eigenvalue of the system and
its corresponding eigenfunction, and that the wave function
describes the entire quantum system. You may
see equation (15) written as
⇣ p2
⌘
+V
=E
2m

(16)

which you’ll recognize as the kinetic energy plus potential energy. In Classical Mechanics, this is known as the
Hamiltonian 4 , and for many mechanical situations,

H=

p2
+V
2m

(17)

Making this substitution,
H (x) = E (x)

(18)

We see that H is the Total Energy of the system. This
leads us to interpret E as the total energy of the system.
By now, you should be familiar with the ”Big Three”
quantum systems that everyone learns in his or her undergraduate physics career. They are characterized by
their potentials; these are: the Infinite 1D Square Well,
⇢
0 0xL
V (x) =
(19)
1 otherwise

4

Often, Mechanics texts use U instead of V.
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the Hydrogen Atom,

V (r) =

1 e
4⇡✏0 r2

(20)

these eigenfunctions correspond to the energies given by
equation (26)5 .
We learn in Modern Physics that the eigenfunctions
of the TISE are the solutions to the TISE, but one can
also show that any linear combination of such degenerate
functions is also a solution. Therefore, any wave function
of the form

and the Harmonic Oscillator
= c1
m! 2 2
V (x) =
x
2

En =

>
>
>
>
:

h̄2 ⇡ 2 2
2mL2 n

Sq.W ell

E0 n12

H

(h̄!)n

HO

Atom

E = h⌫.

+ ... + cm

m

(27)

is also a solution. The m distinct eigenfunctions corresponding to the same eigenvalue E (think degenerate
energy levels in the hydrogen atom). By normalization
requirements,

(22)

(23)

h
2⇡⌫ = h̄!.
2⇡

Direct Product Wave-Functions

(24)

In this way we can see that the energy of a single photon is equivalent to the first excited state of a harmonic
oscillator, or the second eigenfunction of the harmonic
oscillator potential.
When we have two photons of the same frequency, the
energies simply add together.
Enet = h̄! + h̄! = 2h̄!

(28)

This puts restrictions on the |cj |2 , leading us to interpret
them as ’weight factors’ for each of the eigenfunctions.
We can think of them as the probability the quantum
system is in the j th state. When we make a measurement,
we have to measure an eigenvalue. If the system is in a
state like equation (27), then it is possible to measure
any one of the energy values corresponding to each of
the eigenfunctions in the full wave function. If we can
prepare a system in a state like equation (27), we say
that system is in a superposition.

This leads us to the following form

(25)

We’ll explain here in a hand-waving fashion why equation (7) is a direct product of the two functions. Recall
that | |2 refers to a probability density, or | |2 dx refers
to a probability. For two independent events, the total
probability of an event to occur is the product of the two
independent probabilities.
Pnet = P1 P2

|
(26)

So we can conclude that the energy for n photons behaves just as the Harmonic Oscillator in the nth energy
eigenstate. We therefore label our eigenfunctions by the
number of photons we have in our system, and know that

(29)

This means, if we use the probability density interpretation of , then

which means the energy for n photons is
Enet = nh̄!

2

|c1 |2 + |c2 |2 + ... + |cN |2 = 1

We see that energy levels either grow increasingly (square
well), decreasingly (hydrogen atoms), or at a constant
rate (harmonic oscillator).
Now, Modern Physics tells us that the energy for a
single photon is

E = h⌫ =

+ c2

(21)

Even if you have not formally solved all three of these –
you will in your quantum mechanics class – you should
be aware of the spacings they have in their energy levels.
8
>
>
>
>
<

1

net |

2

=|

1|

2

|

2|

2

(30)

But the product of absolute squares is just the absolute
square of the two products,

5

The astute student may recall that the energy for the nth state is
really (n + 1/2)h̄!; here we’ve simply shifted our reference point
such that the ground state has an energy of zero.
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|

1|

2

|

2|

2

=|

1

2|

2

=|

net |

2

(31)

Since the operation of absolute square is simple multiplication of the complex conjugate, the values on the inside
of the absolute square must be equivalent, yielding

net

=

1

(32)

2

which verifies the assertion that the net state is the product of the two independent states.
Photon Generator Black Box

The PG black box consists of a pump laser, a filter, a
nonlinear crystal, a pump blocker, and a narrow filter.

PUMP

KTP

FPF

PUMP
BLOCK

FIG. 5: Photon Generator: consisting of pump laser, filter
(not shown), the nonlinear crystal (KTP), the pump block,
and a narrow filter (FPF).

The output of Figure (5) is a correlated pair of downconverted photons, polarized in H and V.

While we are concerned with how the H and V photons
interfere in the HOM experiment, it may be useful to
know a little bit about how the photons are produced.
These photons are produced by a process known as downconversion. Down-conversion (DC) is due the interaction
of the electromagnetic field (light) with material known
as a nonlinear crystal.
As you’ll learn in Electricity and Magnetism (and as
you were hopefully made aware of in University Physics),
electric fields can polarize materials. Usually, the response of the material is linearly proportional to the
strength of the field,
eE

P⇠

(2) 2
e E Ê

(34)

(2)

where now e is the second-order constant of proportionality, E 2 is the magnitude of the electric field squared,
and Ê is the unit vector in the direction of the electric
field. If this constant of proportionality is large enough,
the crystal will exhibit nonlinear responses, and we’ll be
able to produce interesting and new phenomena. Downconversion is one such process.
Due to this response, for a given input photon, the
nonlinear crystal will produce two output photons each
at half the frequency of the input photon with a small,
but non-negligible, probability. This is precisely what
HWP crystal
PBS in this experimental set-up is dothe nonlinear
ing; it is responding in a nonlinear way to the input laser
beam. For the specific nonlinear crystals in this experiment, the two output photons produced are polarized
D2
in H and V. Since momentum must be conserved, the
DELAY
outputs are along cones whose tips are centered at the
down-conversion event (think Compton scattering, but
with one input photon and two output photons; the angle from the horizontal must be equal for both scattered
D1
CCbe conserved, the frequency
bodies). Since energy must
of the output photons are each half of the total frequency
of the input photon.
Solutions to the Pre-Lab Exercises

1. For degenerate energy levels, there are a collection
of wave functions satisfying the TISE. Let

A Brief Explanation of Down-Conversion

P=

where P is the polarization vector of the material, E is
the electric field vector, and e is the linear constant of
proportionality. However, some materials exhibit strong
responses in second order; that is to say that equation
(33) is not the whole story, and really polarization is
a polynomial in E. This means that the polarization
contains a quadratic term,

(33)

= c1

1 + ... + cm

m

=

m
X

cj

j

(35)

j=1

where all the
satisfy the TISE for a single energy level. To show the TISE is satisfied for ,
we substitute in into the left-hand side of TISE
equation,
h̄2 d2
+ V (x)
2m dx2
We can then substitute in for

=H .

(36)

using equation (35).
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H

=H

m
⇣X

cj

j

j=1

⌘

(37)

Since H consists of derivatives with respect to x,
functions of x, and constants, we can distribute H
into the sum in equation (37). This yields
m
X

cj H

j

=

j=1

m
X

cj E

(38)

j

j=1

since each of the j satisfy the TISE for a single
value of E. Since E is a constant, we can pull it
out of the sum, leaving
m
X

cj E

j

=E

j=1

m
⇣X

cj

j

j=1

⌘

=E

(39)

which leaves us with the final statement

H
showing that

=E

(40)

does indeed satisfy the TISE.

2. Realizing that rotations by ±⇡/4 are equivalent to
rotations by ±45 , we see that for normalized vectors rotated by these angles

(41)
(42)

with v± referring to the ± vectors in figure (3).
3. (a) We substitute equations (8) and (9) into equation (10).
⌘⇣
1⇣
(1, H) + (1, V ) (1, H)
2

(1, V )

⌘

(43)

Distributing this out,

(1, +)(1, ) =

1⇣
(1, H)(1, H)
2

+ (1, H)(1, V )

(1, +)a (1, )b =

1⇣
(1, H)a (1, H)b
2

(1, V )a (1, V )b
⌘
(1, H)a (1, V )b + (1, V )a (1, H)b
(45)

As a result, the cross terms no longer cancel,
and we should observe the return of coincidence counts.
4. Suppose that the angle we rotate the vectors by in
the second pre-lab question is di↵erent from ⇡/4.
Then, when we apply this analogy to the product of
the two wave functions in equation (10), we won’t
get the cross terms to cancel when we distribute
out. By the third pre-lab question, we see that we
won’t create the desired output wave function, and
coincidence counts will continue to occur, even if
our wave packets fully overlap spatially.
Further Details on the Necessary Equipment

⌘
1 ⇣
v+ = p î + ĵ
2
⌘
1 ⇣
v = p î ĵ
2

(1, +)(1, ) =

which, after normalization, produces the desired net wave function. This means that if
we are operating with enough delay in such
that the photons overlap spatially, then we
will only ever measure 2 H photons or 2 V photons, and coincidence counts disappear. This
tells us the idea of superposition is valid.
(b) If the photons are separated to the extent that
their positions can be discerned in a meaningful way, then we need to keep the labels introduced in the Theory section. This means we
have (1, +)a and (1, )b . Then we have

(1, V )(1, V )
(1, H)(1, V )

⌘

(44)

1. Laser You’ll need a laser with variable power output. We used a 405nm diode laser made by Coherent Optics. It has a variable output from 1mW
to 100mW. Be sure to check the specs for what
output power you should be using depending upon
which choice you make regarding how to build the
experiment.
2. Filters
(a) IR Filter This is necessary to prevent any
IR light from entering the beam line, since its
possible that the laser you use resonates at
some higher harmonic, introducing noise and
extra counts into the beam which will be able
to pass through the remaining filters. We used
a BSR-48-1025 filter from IDEX Optics.
(b) Main Pump Filter This is necessary to remove the main pump beam from the beam
line after the down-converted photons are created. We used a filter similar to the longpass dichroic mirror with a cut-o↵ at 490nm,
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made by Thorlabs. But any device which behaves similarly should do the trick. You might
try Semrock Versachrome mirrors with similar
specs to the Thorlabs dichroic mirror.
(c) Narrow Filter You’ll need another filter in
order to make the photons spectrally identical, which is necessary to make them indistinguishable. Otherwise, quantum interference
will not occur. We used a 2nm Fabry-Perot
filter, peaked at 810nm from Thorlabs.
(d) Broadband Photodetector Filters These
filters determine the frequency bandwidth of
the passed photons at the photodetectors.
This determines the ’width’ of the HOM ’dip’.
We used 2nm filters here too, but we bought
these from the company Semrock.
3. Delay Line
(a) Housing You’ll need a method for holding
the birefringent material used for delay in a
collinear fashion. We made a simple U-shaped
block out of nylon with small cuts along the
edges to house the material (see images).
(b) Birefringent Material You’ll also need
some method of generating the delay. We used
Lithium Niobite, which has a very large birefringence. This was necessary due to the huge
coherence times our nonlinear crystal created.
Quartz has been used before, too. See published references for more on that. Please
note that to avoid massive losses and having
to count for times longer than the age of the
known universe just to see a non-negligible
peak, you’ll need to coat the material with
some type of anti-reflective coating. We used
simple SiO2 .
4. Half-Wave Plates The wave plate will take the
role of throwing the two-photon state into a superposition state before striking the polarizing beam
splitter. You’ll also need one to phase-match with
the nonlinear crystal (see published references)6 .
We got ours from Thorlabs. Be sure to purchase
a HWP tuned to the appropriate wavelength!
5. Quarter-Wave Plate You’ll need this to phasematch with your nonlinear crystal. We got this
from Thorlabs as well. Again, be sure its fabricated
for your needed wavelength.

6. Polarizing Beam Splitter This will play the role
of ’collapsing the wave function’, as the saying goes.
Any typical polarizing beam splitter (PBS) will
work. The device takes in an input beam and outputs horizontally-polarized light from one port, and
vertically-polarized light from the other. It should
be tuned to your necessary wavelength. Since our
laser was 405, the down-conversion process produced photons at 810nm, so our PBS was designed
to operate optimally in that region. Note that
this experiment can be reproduced entirely with a
simple 50:50 beam splitter replacing the PBS and
HWP.
7. Photodetectors You’ll need two of these to count
the photons coming out of the H and V ports of
the PBS. Hopefully the students are familiar with
how photodetectors work, since they show up in
many di↵erent types of physics experiments. If not,
then here’s a quick explanation: A photon strikes a
plate. Since the photon carries energy and momentum, so long as it has more energy than the work
function of the surface it strikes, it will cause some
electrons to be ejected from the surface. These electrons are attracted to a plate held at a positive
voltage relative the plate impinged upon. These
electrons then repeat this same process, knocking
o↵ more from the following plate, and a cascading
e↵ect occurs over several plates, generating a current, allowing for photo-counts to occur.
8. Coincidence Counter This is necessary to monitor counts at both photodetectors at the same time,
allowing for determination of coincidence counts.
You’ll also need the software which comes with it.
We used a Picoharp 500. The software comes with
the device.
9. Spectral Software You’ll need this in order to
ensure you’re receiving light at the photodetector
ports and alignment purposes. We used Ocean Optics Spectra Suite.
10. Multimode Fibers These are necessary for directing the photons from the ports receiving from
the PBS to the photodetectors. We only needed
two. The core size on ours were 62.5 µm.
11. Optical Posts & Mounts For mounting and
building the set-up.

A.
6

Phase-matching will manifest itself in increased or decreased
counts at the photo-detectors. You should change the relative
angles at the wave plates located before the nonlinear crystal in
order to phase-match and monitor counts as you do so. Unfortunately, there is no trick here; you’ll just have to experiment a
bit

Components (Case 1: Fiber-based)

1. Fibers
(a) Single-Mode Fiber – Laser Wavelength
This is necessary to couple the laser into the
nonlinear crystal, which is housed in a box.
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We used Nufern S405-XP made for 405nm coherent light. The S in the labelling denotes
silica core (no Germanium – see discussion below).
(b) Single-Mode Fiber – DC Wavelength
This is necessary to direct the down-converted
(DC) photons from the nonlinear crystal housing into the beam line. We used Nufern
780HP, which is polarizing-maintaining (PM),
single mode at 780nm. A word of caution:
Some PM fiber is made with Germanium,
which we found to be resonant at our operating wavelength. This introduced a great deal
of noise into our beam line. We countered
it by introducing the very narrow filter (2nm
bandwidth) into the system.

-BBO down-conversion cones: images

The figures in this section show the various possibilities for overlap between down-conversion cones. Figure
(6) demonstrates the two cones overlapping beyond a single point. In this regime, collinear HOM is not possible,
since the two overlapping points produce a superposition
state. Figure (7) demonstrates when the two cones do not
overlap at all. This can’t be used to do collinear HOM
since we would need to worry about two separate beam
paths, defeating the purpose of collinear HOM. Figure
(8) demonstrates a single ’point’ overlap. Really, this is
a region, but it is small enough and tight enough that
one can consider it as a single point of overlap. To see
that this is a valid approximation, see the published references.

2. Nonlinear Crystal We used Periodically-Poled
Potassium Titanyl Phosphate housed inside of
a temperature-tunable case (see student report).
This crystal is very long, about 12mm. This means
we only needed a very small amount of output
power from the pump beam in order to generate a great deal of DC photons (see published resources). It has an input and output port for attaching fibers. The fibers should be tapered to reduce losses. One must tune the temperature to
phase-match the crystal (see student report). We
bought ours from AdvR.

B.

Components (Case 2: Free-Space)

FIG. 6: The down-conversion cones overlapping beyond a single point.

1. Mirrors You’ll need these for directing the beam.
The number will be dependent upon how you set
the system up. We only needed two for the system
itself, and a flip mirror for directing the pump beam
into the system (see experiment pictures).
2. Nonlinear Crystal By far the most common nonlinear crystal used for this experiment in free-space
is -BBO or -Barium Borate ( -Ba(BO3 )2 ). A
quick google search will give its main features. It
(2)
has a comparatively large e , making it ideal for
creating down-converted photons. It is, however,
very finicky, and requires a good deal of patience to
align. We also had to drive it at very high power
output in order to see a large number of counts.
But it’s also ubiquitous these days, and acquired
quite cheaply. We mounted it using typical optical
posts.
3. Camera & Software In order to align the output
of the BBO, you’ll need a camera which detects the
output and software which allows you to observe
whether the outputs are where they should be. We
used a 14-bit CCD camera from pco called a pixel
fly. The software comes with the camera.

FIG. 7: Down-conversion cones not overlapping at all.

Tips on Laser Alignment

If you haven’t worked with optical equipment in the
past, this process can be time consuming and tedious if
you don’t know how to proceed. However, if you have
some guidance and the proper equipment, this process
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FIG. 8: Down-conversion cones overlap at a point.
proper operating point.

The

shouldn’t take more than half an hour (your first time,
even less after that). You’ll need a fiber optic break de-

tector, which allows you to attach a fiber into the end,
automatically guiding its light into the fiber. One prominent company that sells such instruments is Fiber Instrument Sales. From here, attach the fiber into the collimator you desire to couple into and turn the break detector
on. Turn the pump laser on. Then it becomes a simple task of aligning the source laser at the lens, and the
break detector laser at the port of the source. You want
to think of these two points as defining the beam line; if
you can get both beams to strike both points, the beams
are parallel, in principle (there will be slight variation).
Once you have done this, remove the fiber from the break
detector. Point the fiber cable’s free end towards something sensitive to intensity, like a sheet of paper or index
card. Shut o↵ the lights and adjust the knobs at the
collimator’s housing until the source beam is as bright
and focused as possible. Return the fiber to its original
location.

Theoretical Analysis and Experimental Examination of the Hong-Ou-Mandel E↵ect
using Periodically-Poled Potassium Titanyl Phosphate
Ryan E. Scott
This work was submitted as part of a course requirement for completion of the BS degree in the Physics Program at RIT and,
in its current form, does not appear in any publication external to RIT.⇤
(Dated: August 29, 2016)
In this paper, we discuss the theoretical principles and experimental results of a Hong-Ou-Mandel
system using a fiber-coupled Periodically-Poled Potassium Titanyl Phosphate crystal. The output
produced by a lossless beam splitter whose input is a pair of correlated photons is analyzed; the
equivalence between this optical element in free-space and a half-wave plate in a collinear system is
shown. The construction of the experimental system and the optical elements needed to reproduce
this experiment in a partially fiber-based collinear environment are discussed. The spectral width
of the photons generated by spontaneous parametric down-conversion is shown to be narrower than
originally predicted, and conclusions are drawn from there.
I.

INTRODUCTION

II.
A.

The Hong-Ou-Mandel e↵ect was discovered in 1987 by
C. K. Hong, Z. Y. Ou, and L. Mandel, at the University of Rochester. They used two-photon interference
techniques to sensitively measure the time intervals between the arrival of two photons generated by spontaneous parametric down conversion (SPDC) in a nonlinear crystal3 . By directing coincident photons onto a 50:50
beam splitter, they observed that the photon pairs would
not generate coincidence counts on two photo-detectors
some equal optical path length away. However, as the
50:50 beam splitter was displaced from the position of
equal optical path length, they found that coincidence detection would return. By monitoring coincidence counts,
we can sensitively measure the extent to which photons
overlap in time, thereby placing an upper limit on the
temporal duration of the photons. The goal of this investigation is to reproduce these results in fiber-based
elements on an optical bench, rather than in free space
as it was originally done, and to use the nonlinear crystal
Potassium Titanyl Phosphate (KTP). This crystal has a
much higher rate of generation for the SPDC process,
which we will discuss further below. Concurrent with
the experimental portion of this project, we will theoretically analyze this system. This project has two broader
goals, to be considered as future work building upon the
results herein. First, we hope to develop and implement
a viable quantum optics laboratory experiment for use
in an upper-level quantum optics class. Second, in the
long term, we hope to build upon this work to test previously published4 theoretical predictions regarding the
existence of Hong-Ou-Mandel manifolds in a scalable silicon nanophotonic device.

THEORY

Free-Space Considerations

The theoretical description of the Hong-Ou-Mandel effect in free space follows from the quantum mechanical
description of light. In the quantum mechanical description of light, each optical mode is equivalent to a onedimensional quantum mechanical harmonic oscillator. As
a result, each mode is described by Bosonic creation and
annihilation operators. In this system, we consider two
input and two output modes. The operators for these
modes obey the following commutation relations:
[âin,i , â†in,j ] =
[âout,i , â†out,j ]
[âin,i , â†out,j ]

=

ij

(1)

ij

(2)

=0

(3)

[âin,i , âout,j ] = 0.

(4)

Here i, j will take on the values 1 or 2, since this is a twomode system. These operators act on a two-mode system
spanned by the tensor product of the number states, so
that our eigenstates are defined in the following way:
|n1 , n2 i ⌘ |n1 i ⌦ |n2 i

(5)

The operators act on these eigenstates as follows:
p
aˆ1 |n1 , n2 i = n1 |n1 1, n2 i
p
aˆ1 † |n1 , n2 i = n1 + 1|n1 + 1, n2 i

(6)
(7)

and a similar set of equations can be written down for
mode 2.
For a linear, lossless beam splitter, as shown in Figure
1, the output operators are related to the input operators
via the following linear transformation:

2

aˆout ,2

where |0, 0i is the vacuum state. This describes the desired input state |1, 1i. We can invert Equation (14),
yielding,

r, t

aˆin ,1

1
p
2

aˆout ,1

r’, t’

✓

1
i
i 1

◆✓
◆ ✓
◆
âout,1
âin,1
=
âout,2
âin,2

then, taking the Hermitian conjugate,
!
✓
◆ † !
1 1 i
â†in,1
âout,1
p
=
,
â†out,2
â†in,2
2 i 1

aˆin ,2

(16)

(17)

and using this to substitute back into Equation (15), we
obtain
FIG. 1: A schematic of a beam splitter and the input and
output modes.
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0

where, for the beam splitter,
r, r represent the re0
flection amplitudes and t, t represent the transmission
amplitudes1 . The coefficients in the transfer matrix of
equation (8) obey the following relations1 :
0

|r | = |r|

(9)

|t | = |t|

(10)

0

2

2

|r| + |t| = 1
⇤

0

r t =
⇤

r t=

(11)

0

rt

⇤

(12)

0 0

⇤

(13)

rt

These relations are known as the reciprocity relations.
Since the beam-splitter is a passive optical device, it must
physically preserve the commutation relations, equations
(1) through (4); these relations ensure that this physical
constraint holds.
To illustrate the basic e↵ect of a beam splitter, consider
0
thepspecial case 0of a 50:50
p beam splitter, where t = t =
1/ 2 and r = r = i/ 2. It then follows that the beam
splitter transformation becomes:
✓

âout,1
âout,2

◆

1
=p
2

✓

◆✓
◆
1 i
âin,1
i 1
âin,2

(14)

The input state for coincident photons can be described
in the continuous wave limit as:
|

in i

= â†in,1 â†in,2 |0, 0i

(15)

1
1
= p (iâ†out,1 + â†out,2 ) p (â†out,1 + iâ†out,2 )|0, 0i.
2
2
(18)
Expanding this out, it follows that
o
1n †
| out i =
i(âout,1 )2 + [â†out,2 , â†out,1 ] + i(â†out,2 )2 |0, 0i.
2
(19)
|

out i

From the Bosonic commutation relations, we can see the
commutator in Equation (19) is zero, and the resulting
output state is

|

out i

i
= p [(â†out,1 )2 + (â†out,2 )2 ]|0, 0i
2

(20)

which,
p using Equation (7), gives the normalized state
(i/ 2)(|2, 0i + |0, 2i).
Looking at Equation (20) a bit further, we can conclude that we should expect no coincidence counts on our
photo detectors when coincident photons enter a 50:50
beam splitter. This is the underlying essence of the HongOu-Mandel e↵ect. The result here deeply contrasts the
situation in classical electrodynamics. When we input
classical light into a 50:50 beam splitter, we find that
half the light transmits and half the light reflects, and
coincidence counts still occur.
B.

Fiber-Based and Collinear Considerations

The bulk of our work on this system is in a collinear
environment using polarization eigenstates to distinguish
between the two photons. Greater than half of the system is also fiber-based, so it is worth a bit of e↵ort to aim
the theory in this direction, to assist in making progress
on the experimental front. As a result, we will need to
distinguish between photons whose wave vectors have the
same direction. Hence, the spatial modes from the previous considerations are mapped onto horizontal and vertical polarization creation and annihilation operators. In
this sense,

3

â1 ! âH
â2 ! âV .

(21)
(22)

with a corresponding mapping between the spatial number states and polarization eigenstates, which we will
make explicit now.
Many of our optical elements are passive devices, and
their actions can be inferred on quantum systems directly
from their actions on classical light beams. One such
element which will be key in our future considerations
is the half-wave plate; indeed, we will show that it is
equivalent to the action of a 50:50 beam-splitter with the
correct choice of relative angle between the polarization
vector and what we will refer to as the ’fast’ axis of the
wave plate, as is customary in the field. Wave plates
are constructed using birefringent material, which I will
discuss further a bit later on. In order to proceed, we
will denote the polarization eigenstates in the following
ways:
|Hi ! Horizontal
|V i ! V ertical
|+i ! +45
| i ! 45

(23)
(24)
(25)
(26)

It is also worth noting that we may decompose the +,
eigenstates into the H, V eigenstates as follows
⌘
1 ⇣
|+i = p |Hi + |V i
2
⌘
1 ⇣
| i = p |Hi |V i
2

(27)
(28)

Now that these are denoted unambiguously, we may
consider the action of the half-wave plate. In general,
the transformation matrix corresponding to this passive
device is given by5

U=

✓

cos 2✓ i sin 2✓
i sin 2✓ cos 2✓

◆

(29)

where ✓ is the relative angle between the polarization axis
and the ’fast’ axis mentioned previously. Disregarding for
the moment the meaning of the ’fast’ axis, if we compare
equations (29) and (14), we see that for the choice ✓ =
⇡/8 we reproduce as the elements of the half-wave plate
transfer matrix those elements in the 50:50 beam-splitter
matrix. In this sense, we can make the half-wave plate
behave as a 50:50 beam-splitter. But what is its action
on the H, V eigenstates? Since the down-conversion will
produce two photons, each of which will be in an H, V

eigenstate, we want to know what this wave plate will
do, so that we can analyze further. Acting U on each of
the respective eigenstates yields
⌘
1 ⇣
U |Hi = p |Hi + i|V i
2
⌘
1 ⇣
U |V i = p i|Hi + |V i
2

(30)
(31)

where the substitution for ✓ has been made. If we note
that the above two output states are orthogonal, we can
construct a direct analogy between these and the +,
eigenstates, since these outputs yield a super-position of
states whose probabilities are exactly the same as those
for the +, basis mentioned in equations (27) and (28)
if we constrain ourselves to the proper basis for measurements. We can make this more explicit by rearranging
and substituting equations (27) and (28) into equations
(30) and (31). Doing so, we obtain:
1 ⇣
U |Hi = p ei⇡/4 |+i + e
2
1 ⇣ i⇡/4
U |V i = p e
|+i e
2

i⇡/4

| i

i⇡/4

| i

⌘
⌘

(32)
(33)

which have very much the same flavor as the equations
(27) and (28), and collapse into the H, V eigenstates
with probability 1/2 for each eigenstate, demonstrated
by equations (30) and (31).
These considerations lead to another important optical element, one which is key for the success of this system. This is the polarizing beam-splitter (PBS). This
element passes photons polarized horizontally, while redirects those polarized vertically. Essentially, this element
is responsible for the projective measurement required by
the above considerations. If we introduce this element after the photons are passed through the half-wave plate,
we can set up a situation directly analogous to the freespace Hong-Ou-Mandel system. In such a situation, the
half-wave plate plays the role of the 50:50 beam splitter,
while the PBS assumes the position of the photodetectors.
The last optical element to consider is the one which
will assume the responsibility of generating time delays
between the photons, as the displacement of the beamsplitter caused in the free-space case. Since we are considering our system from a collinear perspective, and we
are building this up using polarizations instead of spatial
modes, we need a method of generating delays between
the photons which is compatible with our set-up, while
simultaneously playing the role of the displacement of
a beam-splitter. When dealing with polarizations, birefringent material is often useful. Birefringent material
has two optical axes: ’fast’, as we alluded to above, and
’slow’. The relationship between the two is as follows:
imagine two photon wave-packets whose centroids coincide spatially, yet the two are polarized along orthogonal
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axes. When this centroid, and thus the two photons,
pass into a birefringent material such that each of the
photons’ respective polarization vectors are aligned with
the optical axes of the material – one along the ’fast’ axis,
the other along the ’slow’ axis – the material will cause
the centroids of each of the wave-packets to become spatially separated, generating a spatial delay between the
two photons. So such a material can play the part of a
beam-splitter displacement.
C.

˜ (!) = p1
2⇡

Z

tf
0e

i!t

dt

(38)

0

which is a clear function of tf . Indeed, performing the
integral yields:
˜ (!) = p 0 e
2⇡

i!tf

1

(39)

i!

Coherence Lengths and Times

All of the above considerations have been based around
the assumption that photons created and annihilated in
the above manner have infinite coherence length and infinite coherence times. In practice, this is never the case,
however, it is often a useful approximation, and can give
us feeling for what to expect. The existence of the width
of the Hong-Ou-Mandel dip shows that the coherence
times are far from infinite; let us suppose that it is possible to operate in such a regime, with photons singular
in frequency. Then it would follow that the frequency
spectra of photons of the same energy would be given in
the following way:
˜(!) =

0

(!

!0 )

Z

1
0

(!

!0 )ei!t d!

(35)

1

which yields the familiar
0
(t) = p ei!0 t
2⇡

(36)

We ask the question: for which values of t does such a
photon exist? Clearly, since complex exponentials exist
for all values of their argument, this function exists for all
values of t. We, however, are interested in photons with
a finite temporal extent. Indeed, the time the photon
exists relative to ’forever’ is quite small. We can show
the spread in frequency for such photons by assuming a
simple square pulse in time, existing for the values of t
equal to the length of time the photon exists.
Let a photon’s temporal extent be given by the function:
(t) =

⇢

0 0  t  tf
0 otherwise

Taking the Fourier transform of this,

Z

(37)

1

e

i!t

dt = (!)

(40)

1

which exists for singular !. On the other hand, consider
the limit that tf goes to 0. Let 0 = 1/ t, we can formally identify such a situation by replacing the function
(t) with its unit impulse form:

(34)

In order gain insight into the temporal nature, one needs
to take the Fourier transform of the above equation:
1
(t) = p
2⇡

Such a function exists for values of ! beyond a singular
value !0 .
Notice in equation (38) that in the limit that the duration of the pulse goes to 1,

(t) = (t)

(41)

from which again taking the Fourier transform determines its spectral characteristics. This is directly analogous to equation (34), and we get that the spectrum is a
plane wave in frequency, existing for all values of !. All
of these arguments can be made in exactly this way for
the variables x and k as well, implying the same physical
reasoning for limits on spatial extent and values of the
wave vector.
From the above arguments, we know that if the temporal extent of the photons is both finite and non-zero,
then we can conclude that the frequency bandwidth of
such photons also exists over a range of values.
We therefore cannot treat the down-converted photons
like unit impulses in time or frequency. Hence, we must
consider their spectral characteristics to have a superposition nature to them. If one follows along with the
original Hong-Ou-Mandel paper, the two-photon state
produced can be written as:

| i=

Z

(!1 , !0

!1 )|!1 , !0

!1 id!

(42)

being some weight function which is peaked about some
!0 , and the ket above being the direct product state of
the frequency eigenstates of the two down-converted photons. Since the singular limit for ! is a delta function,
one would expect that as more frequency components are
introduced, the spread in ! becomes greater, yet, so long
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as we do not introduce too many new frequencies, we
should still see the system peaked about some principle
frequency.
We should also take a moment to address the question of why the second frequency may be written as the
principle frequency minus the first. If one analyzes the
process of spontaneous parametric down-conversion, one
sees that there are two conditions which the process must
obey. First, energy must be conserved; and second, momentum must be conserved. These conditions are written
as follows 1 :
!pump = !s + !i
kpump = ks + ki

(43)
(44)

with the subscript s corresponding to the signal photon,
and the subscript i corresponding to the idler photon.
These are known as the phase-matching conditions for
spontaneous parametric down-conversion. From here, we
can identify !0 as the pump frequency, and !1 as the signal photon. As a result, we expect the weight function
to be peaked around !1 = !2 = 12 !0 ; we discuss this
further in the next section. Notice that this puts limits on the values of the frequencies allowed in the pairproduction.
Now, one learns in quantum mechanics that for quantum interference to occur, indistinguishability between
particles is a prerequisite. Therefore, for the interference
which we considered in the previous sections to occur,
the photons must be indistinguishable in frequency, and
the extent to which they are indistinguishable will be the
extent to which the Hong-Ou-Mandel state can be produced. Clearly, we can only operate at the exact HongOu-Mandel point if the wave vector values and frequency
values for both photons are spectrally indistinguishable.
Thus, we conclude that as we separate the photons in
space and time, we change the degree to which their spectral characteristics overlap in space and time. In doing
so, we move further or closer to the Hong-Ou-Mandel operating point. Hence, we expect a coincidence curve that
looks more like a ’dip’ and less like a flat line, which would
be the case were the photons produced actually singular
in frequency and wave-vector. That is to say, the HongOu-Mandel e↵ect takes place at a specific point on the
line corresponding to relative spatio-temporal separation
between photons, rather than over the entire space, as
the initial considerations seem to suggest.
It is also important to note that due to the phasematching conditions imply certain things about the
down-converted photons which directly a↵ect the spectrum of the down-converted pairs. Since energy is conserved, and on average neither higher nor lower energy

1

These are approximations, but hold to a high degree of accuracy.
See section II.D

is preferred by either photon, then we know that the frequencies of either the signal or idler photon must be onehalf times the pump beam frequency on average. Second,
since momentum must also be conserved, as we restrict
the direction of the wave-vector, we also dramatically increase the coherence length. As a result, we place very
narrow bounds on the wavelength of the photons. These
phase-matching conditions are a↵ected by two things:
the input pump beam, or the non-linear crystal itself.
Once a wavelength for the pump beam is selected, its
mode of operation (pulsed or continuous wave) is set,
as well as its output power and its polarization, we’ve
done all we can to manipulate it. The case of interest
here though is the e↵ect manipulating the phase matching function of the crystal has on the down-converted
photon spectra.
In changing the crystal length, we change the e↵ective interaction length. On average, the interaction occurs at the center of the crystal, which usually has the
geometry of a thin cylindrical disk, or a thin rectangular parallelepiped. In the case of the Potassium Titanyl Phosphate, we have a parallelepiped. Because of
the phase matching conditions, equations (43) and (44),
down-converted pairs exit the back end of the crystal
along cones whose radii are determined by the length
of the crystal. Shorter crystals mean wider angles (an
consequently larger conic radii) are available as output
paths, while longer crystals imply cones with smaller
radii, and thus shallower angles. Shallower angles mean
narrower restrictions on the wave-vectors, which means
we have very large coherence lengths. Consequently, the
spectra of these down-converted photons are very narrow.
It is also worth mentioning that since this is a fiberbased environment, the radius of the fiber also limits
the allowable wave-vector values in direction, and indeed
the fibers necessarily select those photons whose wavevectors propagate at an angle from the axis of propagation determined either by the radius of the the fiber, or
the radius of the cone, whichever is the smaller of the
two.

D.

Down-Converted Photon Spectral Bandwidth

In the previous section, we mentioned that by the
phase-matching conditions, the down-converted photon
pairs ought to have some spectral bandwidth in frequency, but this bandwidth ought to be peaked at 12 !0 .
The question arises as to why this is the case. Due to the
interaction of the pump beam with the nonlinear crystal, the time-evolution of the electric field operators corresponding to the down-converted photons end up with
sinc factors in wave vector and frequency in their expressions as functions of time2 . From these sinc factors,
the approximation of equations (43) and (44) hold very
well. Since the system is collinear, then we know that the
momenta of the output photons are all one-dimensional
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to very good approximation (the fact that it is not so
yields a slight spread in frequency and wavelength; something which would not be so were the wave-vectors truly
one-dimensional, though this is negligible for the sake of
our current argument). Consequently, we can deal simply with magnitudes of the wave-vectors of the output
photons. Now, the input momentum into the system is
simply K0 . This tells us that the the limiting case for
the output photons is with one of the down-converted
photons to exist with momentum K = K0 and the other
to exist with momentum K = 0 (since magnitudes must
always be greater than or equal to zero, and the net magnitudes must sum to the input momentum). Since which
photon exists in the signal state and which exists in the
idler state is symmetric, each photon is equally probable
to have the full momentum as it is to have no momentum.
This being the case, the most probably distribution for
energy and momentum is the case where K1 = K2 = 21 K0
and !1 = !2 = 12 !0 . From arguing the situation in this
way, the fact that the weight function in equation (42) is
peaked at !0 /2 makes good sense.
III.

EXPERIMENTAL ANALYSIS

In what follows, we discuss the experimental construction of the collinear testbed to demonstrate the HongOu-Mandel e↵ect, and analyze its constituent parts. We
discuss reasons why we believed we would see the e↵ect,
and also why we saw something other than what we expected. We then discuss why this might be expected,
draw conclusions, and discuss where we would like to
take the investigation further.
A.

Experimental Construction

The Hong-Ou-Mandel e↵ect was first observed in a
free-space environment. Such a set-up presents a few
central challenges which, with the technology we have today, can be avoided. One such example is the challenge
of aligning the output modes of the SPDC process such
that we are capturing one horizontally polarized photon
and its conjugate vertically polarized photon. Since we
have discovered ways to reproduce this system in an entirely fiber-based environment, the process of alignment
is greatly simplified. Once we have our initial coherent
beam coupled into a single-mode fiber, we can feed it directly into the non-linear crystal. We then hook another
fiber into the output of the crystal, into which both the
input beam as well as the photon pairs are already coupled, thereby allowing us to continue the process of experimental set-up easily. As a result, this simplifies our
structure quite nicely, and indeed, it makes the experiment simpler and more elegant, so that we might consider
the heart of the matter.
Figure 2 shows the basic experimental set-up with only
the essential elements included. We drive a nonlinear

PUMP

KTP

HWP PBS

FPF

PUMP
BLOCK

D2

DELAY

D1

CC

FIG. 2: The figure shows a toy model of the experimental
set-up. We have the pump beam feeding the nonlinear crystal (KTP). The output then is filtered through a material
which blocks the pump beam (PUMP BLOCK), a FabryPerot Filter (FPF), passed through a series of birefringent
slabs (DELAY), a half-wave plate to rotate into the proper
basis (HWP), the PBS to induce the nonlinear measurement,
and finally detectors (D1 & D2) attached to a coincidence
counter (CC) to monitor coincidence counts. The fiber-based
portion consists of the region between the pump and pump
block.

crystal, Potassium Titanyl Phosphate, which generates
Type-II SPDC, meaning that photons are correlated via
their orthogonal polarizations. We then pass these photons through a pump blocker so that only the downconverted photons continue along the optical axis. The
Fabry-Perot filter is responsible for creating spectrally indistinguishable photons by passing only an allowed narrow range of wavelengths. These photons are then spatially separated through the delay line using a birefringent material. A half-wave plate rotates them into the
proper basis, while the PBS induces a nonlinear measurement. Finally, we monitor the detectors for coincidence
counts. Based upon whether the delay line separates or
combines the two centroids of the photon wave-packets,
we should observe the Hong-Ou-Mandel ’dip’ as shown
in the 1987 paper3 .

B.

Optical Elements

In order to construct this system, a few basic optical
elements are required. We need a source of photons, a few
di↵erent filters, two half-wave plates, one quarter-wave
plate, a birefringent material, fibers, a polarizing-beam
splitter, the Potassium Titanyl Phosphate crystal, and
photon detectors hooked up to a coincidence counter.
Our source of photons is given to us by driving a nonlinear crystal with a 405nm laser. We couple our 405nm
laser into a 405nm single-mode fiber (Nufern S405-XP).

7
This fiber is then fed into the housing for the Potassium
Titanyl Phosphate (KTP) crystal (12mm long crystal).
The output is then fed into another fiber (Nufern 780HP),
which is coupled to a collimator which outputs the beam
back into free space. The KTP is so important to this
system that it is worth considering separately.
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FIG. 3: A plot of peak output wavelength at the two detectors versus the temperature of the KTP environment. We can
see from this that for vertically polarized photons, the initial
peak wavelength is shorter than the operating wavelength,
while the horizontally polarized photons are longer in wavelength than the operating wavelength. As the temperature
of the KTP environment approaches ⇠ 42 C, the two peaks
coincide.

The KTP crystal is our source of correlated photons,
and was chosen as a nonlinear crystal for the experiment
on the basis that it generates about 6 times more pairs
of down-converted photons than other known types of
second-order nonlinear crystals6 . This is due to the techniques used in fabricating it. During its fabrication, the
crystal is placed in a uniform electric field, which polarizes the crystal as it grows. After a certain length,
the field direction is made anti-parallel to the direction
it was previously in, polarizing the material in the opposite direction. This technique is known as periodicallypoling, and the full name for this crystal is PeriodicallyPoled Potassium Titanyl Phosphate (PPKTP). Such a
technique increases the probability of generating a downconverted pair6 .
KTP gives as its output one horizontal photon and one
vertical photon for each coherent state converted by the
crystal. However, the response is di↵erent for di↵erent input frequencies. In order to generate two photons which
are nearly identical in bandwidth for an input state with
peak wavelength 405nm, we need to operate at a temperature ⇠ 40 C. This can be seen in the figure 3. We see
that the shifts in peak wavelength of the down-converted
photons is approximately one nanometer per 10 C, which

means we don’t have to be exact in our operating temperature. We will see later on that another optical element
further amplifies this assertion. Our KTP box allows
for us to temperature tune the environment of the KTP
crystal, so that we can operate at a temperature that
yields correlated photons with nearly equivalent bandwidths. We also need to phase match the input beam
and the KTP crystal so that the response of the crystal
is synchronized with the input beam; this amounts to ensuring the input photons and output photon pairs have
equivalent energy and momentum.
Next, we have our delay line and its material. The
birefringent material used was Lithium Niobite, for its
high birefringence. Its average di↵erence is refractive index is about .079±.002. This means that for a single slab
of lithium niobite of thickness l we can incur a delay between orthogonally polarized photons of t = .079(l/c).
We’ll discuss the specific values in the Data and Analysis
section.
The next key component is the half-wave plate. We’ve
already made the argument that it theoretically behaves
like a 50:50 beam-splitter if we are wise in our choice of
relative angles. Physically, the half-wave plate is constructed of birefringent material, which I have discussed
above. Essentially, the material within the wave plate
generates a /2 phase shift in a coherent beam, but we’ve
already also argued that for our system, it rotates the basis of our two orthogonally polarized photons.
The next set of optical elements which are important
for this set-up are the various filters we employ in our system. We have one which blocks the main beam (dichroic
mirror) so that we don’t generate counts due to the
pump. We also have a Fabry-Perot Etalon mounted along
the optical axis so that we can spectrally filter the two
correlated photons. In doing this, we make the photons
spectrally indistinguishable, which is crucial for measuring the relative time delay between the two. Because
we use this Fabry-Perot, it isn’t necessary to be exact in
our determination of the operating temperature, as was
mentioned above; we only need to be in the right neighborhood. See the Difficulties section for more discussion
on this. We also have filters which we place in front of
our photo-detectors. These filters have huge bandwidths,
since their inverses give the relative temporal resolution
they are capable of discerning.
The PBS is the next important component. In our
system, it is a simple cube with a plane bisecting the
cube along opposite corners. As mentioned above, it simply passes photons of one polarization (horizontal, say)
while reflecting the polarization orthogonal to that (vertical, in this case). It is key because it is responsible for
projecting the state generated by the half-wave plate and
birefringent material onto the H, V basis. If the photons
are coincident on the PBS, we will in principle recover
the Hong-Ou-Mandel operating point.
Finally, we have the photo-detectors which feed the
outputs directly into a coincidence counter responsible
for monitoring the photons’ arrival time. We have this
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hooked up to software which interfaces directly with the
coincidence-counter; we then read out the data directly
on the monitor of our laptop.

C.

Experimental Spectral Characteristics of the
Photons

Interestingly, we discovered in the process of this
project that the photons generated by the KTP crystal are extremely narrow in their spectral characteristics,
making it very hard to make them spectrally indistinguishable. Hence, it became very difficult to perform the
Hong-Ou-Mandel experiment in the sense we expected
with this nonlinear crystal, since the narrowest filter we
have is 2 nm in bandwidth, and as we’ll see below, the
photons are about .6 nm wide at FWHM in their spectral
characteristics. But, there were many events along the
way which convinced us we would see the e↵ect, so let us
examine those in more detail.

vince us that the photons were spectrally indistinguishable, as shown in figure 4.
We believed that, for our purposes, the spectrometer
we used would be sufficient to accurately determine the
spectra of the photons. However, as we made progress,
and yet continued to observe no noticeable dip, we began to wonder whether the spectrometer used actually
had enough resolution to truly show the spectral characteristics of the photons, or if we were simply observing
an averaging over some spread.
From Figure 3, we know that if we set the temperature high, the down-converted photons will be separated
enough so that their bandwidths do not overlap. In order to gain further insight into just how wide the photons
are, we set the KTP housing at ⇠ 70 C. We then used a
spectrometer with much greater resolution to determine
a more accurate upper-bound on the bandwidth of the
photons generated by the KTP crystal.
2400

2200

Counts

2000

Relative Counts vs Wavelength

80

No Filter
Filtered

70

1800

1600

1400

Relative Counts

60
1200

50

806

40

808

810

812

814

Wavelength (nm)
30
20
10
0
800

805

810

815

820

825

Wavelength (nm)

FIG. 4: A plot comparing the intensity before and after passing through a Fabry-Perot cavity. Here we can see the peak
after filtering is narrower than prior to filtering, demonstrating that if our photons are as wide as the corse spectrometer
leads us to believe, then they can be made to be spectrally indistinguishable. A base-line noise of 50 counts was subtracted
from the curve corresponding to the unfiltered photon counts
in order to see the relative widths between the two peaks more
clearly.

It was of great concern initially whether the 2 nm
Fabry-Perot would filter narrowly enough to ensure the
photons would be spectrally indistinguishable. Initially,
we used a spectrometer with coarse resolution to determine the bandwidth of the photons. The spectral bandwidths of the photons were measured to be approximately
10nm wide, while that of the Fabry-Perot cavity was measured to be approximately 5nm, narrow enough to con-

FIG. 5: Here we plot the spectral characteristics of the downconverted photons without any filtering. The two large spikes
can be removed through filtration; once the 2 nm filter was
placed, the spikes went away, as can be seen in the figure with
filtering. One can make out the two small bumps corresponding to the down-converted photons, just between 810 and 811
nm and 811 and 812 nm. The counting time on this plot is
500 seconds.

Notice in Figure 5 that we can already make out that
the spectral widths of the photons are certainly less than
1 nm, which is not demonstrated in Figure 4. Indeed, one
can see that Figure 4 is quite misleading when compared
to this new spectrum. Nevertheless, it is good to be
thorough. So to be sure that we were seeing photons
and not anomalies, we placed the 2 nm filter back in,
centering it at 811 nm.
From Figure 6, we can see straight away that the two
small ’bumps’ centered between 810 and 811 nm and 811
and 812 nm are indeed quite real. In order to get a
better idea for how wide these photons are spectrally,
we ’zoomed in’ on them, centering our counting in the
neighborhood of the center of the peak.
Looking at Figure 7, we can conclude that the downconverted photons are much too narrow to be made spectrally indistinguishable with a 2 nm filter. The full-
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FIG. 6: Here we plot the spectral characteristics of the downconverted photons with filtering. One can make out the two
small bumps corresponding to the down-converted photons,
just between 810 and 811 nm and 811 and 812 nm. The
counting time on this plot is 500 seconds.

FIG. 8: Here we plot the spectral characteristics of downconverted photons centered at = 806.19 nm with filtering.
Notice the FWHM is approximately .04 nm, narrower than
the conjugate photons. The count time is 60 seconds.

This is important to consider, as it will become important
when we consider our results and draw our conclusions.
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FIG. 7: Here we plot the spectral characteristics of downconverted photons centered at = 811.6 nm with filtering.
Notice the FWHM is approximately .1 nm, which is narrower
for a 2 nm filter. The count time is 60 seconds.

width-half-max is approximately .1 nm, 20 times narrower than the width of the filter. We can say with certainty that, while Figure 4 is illuminating, it certainly
does not tell the whole story, and further analysis demonstrates why we were having such a difficult time with
identifying a single Hong-Ou-Mandel dip.
To be sure this is the case for both of the downconverted photons, we checked the photons conjugate to
the ones in Figure 7.
Figure 8 shows that the conjugate photons are even narrower than the photons corresponding to Figure 7. Nevertheless, this verifies our suspicions, and gives good evidence to explain why our set-up was not producing the
desired outcome. The fine-tuning required to get the photons to be spectrally indistinguishable is much more than
initially thought.
From these considerations, we identify the filtered
Gaussian in Figure 4 as being a weighted sum of sorts
of these narrower Gaussians, meaning that within this
full curve, there exist many occupied frequency modes.

We know from the previous section that making the
photon spectrally indistinguishable is a challenge, but
we also know that on average, they overlap. Since the
photons overlap on average, we might expect to see some
sort of gradual decay and then gradual growth.
# Slabs
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

t(fs)
0±0
133 ± 7
267 ± 13
400 ± 20
530 ± 30
670 ± 30
800 ± 40
930 ± 50
1070 ± 50
1200 ± 60
1300 ± 70
1500 ± 70
1600 ± 80
1700 ± 90
1870 ± 90
2000 ± 100

D1(107 )
4.8318 ± .0007
4.5587 ± .0007
4.2968 ± .0007
4.2564 ± .0007
4.1732 ± .0006
4.1500 ± .0006
4.1547 ± .0006
4.2069 ± .0006
4.2448 ± .0007
4.2782 ± .0007
4.2264 ± .0007
4.0824 ± .0006
4.1173 ± .0006
4.0792 ± .0006
4.1079 ± .0006
4.1498 ± .0006

D2(107 )
3.7449 ± .0006
3.9718 ± .0006
4.1219 ± .0006
4.1628 ± .0006
4.1660 ± .0006
4.0706 ± .0006
3.9582 ± .0006
3.8822 ± .0006
3.8164 ± .0006
3.7591 ± .0006
3.7879 ± .0006
3.9141 ± .0006
3.9063 ± .0006
3.8575 ± .0006
3.8560 ± .0006
3.7758 ± .0006

CC(105 )
8.572 ± .009
6.865 ± .008
6.886 ± .008
7.684 ± .009
8.104 ± .009
7.249 ± .009
6.186 ± .008
6.204 ± .008
6.587 ± .008
7.044 ± .008
6.064 ± .008
6.180 ± .008
6.983 ± .008
5.929 ± .008
5.373 ± .007
6.177 ± .008

TABLE I: The photon counts data taken from this experiment. The first column is number of Lithium Niobate Slabs,
the second is di↵erence in time, in femtoseconds, the third is
counts at detector one (D1) in 107 counts, the fourth is the
same for detector two (D2) in 107 counts, and the final column
is coincidence counts (CC) in 105 counts. Briefly scanning the
last column, one does not observe any significant ’dip’ in the
data. Indeed the largest di↵erence one observes is approximately 35%, and that is comparing the largest count to the
smallest count.

While taking the data, we expected to see one large
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dip, with a loss in coincidence counts of about 90%. Simply looking at the Coincidence Counts (CC) in Table
I, it doesn’t appear to be so. However, when looking
at the plot of coincidences in Figure 9, one can clearly
make out a periodicity in the data points. Since this
was not what we were expecting, we thought nothing of
it initially; indeed, since it was not what we expected,
it drove us to truly determine the spectral width of the
photons. Due to the structure of the crystal, the coherence lengths and times for individual down-converted
photons are very large, but this means that in a wide
filter, many of them may pass. What we are observing in
Figure 9 is two-photon interference over many separate
temporal events. That is to say, as we introduce delay, we
interfere spectrally indistinguishable modes which overlap in time. These modes may di↵er as we add more
delay. Consequently, we would expect to see multiple
two-photon interference events, and as a result, we expect the coincidence curve be periodic in its progression,
in agreement with the observed results.

ference in indices of refraction in a birefringent material
and the temporal delay incurred. It is easy to show that
that the relation is

t=p

l
n
c

(45)

with t the total time delay incurred, p the integer number of slabs, l the slab thickness, c the speed of light in a
vacuum, and n the relative change in refractive index.
Then using the familiar method of calculating uncertainties for a function of m distinct variables
v
uX
u m ⇣ @f ⌘2 2
f (x1 , ..., xm ) = t
xj
@xj
j=1

(46)

one can calculate the uncertainty in t given that it is a
function of two variables with uncertain values (namely
l and n). Such values are reported in Table I.
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Time Delay Calculation

In this section, we’ll calculate the upper bound on the
timespan during which the down-converted photons were
generated. This can be done quite easily by looking at
the graph in Figure 9. By counting the number of slabs
per full dip, we see that after about 4 slabs have been
introduced, the dip has been traversed. By looking at
out data, this corresponds to a temporal span of 530 ± 30
fs. Consequently, we can conclude that the photons were
generated at worst 560 femtoseconds apart.

Slab Number

FIG. 9: Data taken for the Hong-Ou-Mandel experiment using the KTP nonlinear crystal. We plot counts versus number
of slabs introduced into the beam line. We do not show error
bars, as they are too small to make out on the plot. There is
a direct conversion between temporal delay and slab number;
each slab introduces a relative temporal shift of approximately
130 fs. The gradually decrease in slope is due to loss of counts
as the Lithium Niobate slabs were introduced into the beam
line (loss due to interface reflections). The ⇥ and + points
correspond to singles at detector A and B respectively. To
get the full count number, multiply by 107 , while the points
marked by ⇤ correspond to the coincidence counts, and should
be multiplied by 105 for their full values. See the legend in
the upper-right corner.

Since the counting methods employed here yield Poisson distributions, pit is a well-known result that errors
in counts go like N , N being the number of photons
counted. Consequently, the error in counts at detector
1,
p
detector 2, and the coincidence counter go like N .
To calculate the error in temporal separation, one
needs to know the basic relation between the relative dif-

IV.

CONCLUSIONS

While it was not what we initially expected, we did
indeed observe the Hong-Ou-Mandel e↵ect. We can attribute this to the fact that on average, the spectral
characteristics overlapped. It was simply by altering the
temporal delay between down-conversion events that we
were able to observe two-photon interference. This conclusion is consistent with the spectral characteristics for
down-converted photons at single down-converted events,
as well as the average spectral characteristics for downconverted photons produced throughout the crystal.
The fundamental issue in all that precedes stems from
the issue of filtering. In order to truly have indistinguishability between photons, their spectral characteristics must span the exact same set of values. In order
for this to be the case, we must either have a method of
generating them in such a way, or we must force them to
be so. Since nature contains some inherent ’randomness’
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to it, it it very unlikely that the spectral characteristics between any two photons will be indistinguishable
from any specific event, and even less so when speaking
of independent events. Therefore, it is most likely that
one has to ’force’ the frequency bandwidths to span the
same set of values. This was the reason for employing
the Fabry-Perot filter mentioned above. Yet due to the
long coherence lengths and times, as we argued in Section II.C, the bandwidths on wavelength and frequency
are very narrow. It was a chief concern to us whether we
could filter e↵ectively enough, and initially we thought
it was so. But upon more careful analysis, we discovered this not to be the case. At the time, we believed
this to imply that finding the Hong-Ou-Mandel point for
this system would be prohibitively difficult. Nevertheless,
upon plotting our data, we found that the average curve
given by Figure 4 really behaves like a comb on spectral
bandwidths. Since the spectra of the photons due to the
down-conversion events overlapped on average, we found
that the interference incurred there ended up being periodic in coincidence counts. From this, we can calculate
some interesting quantities, like the upper-bound on temporal duration of the down-conversion interaction, which,
by our estimates, is approximately 530 fs per dip, or perhaps the separation between events within the nonlinear
crystal itself.
From here, we’d like to extend our work to a theoretical model for such spectra as discussed above. We’d like
to consider what happens theoretically if we interfere two

spectra which are combs, rather than smooth Gaussians.
In principle, we should be able to predict a curve along
the lines of that given by the experimental data in Figure
9. From there, we’d like to consider quantities like the
spatial separation between two down-conversion events in
the long crystal, or the average minimum spectral bandwidth of photons produced in a single event within the
crystal.
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Basic Experimental Set-up
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Key Optical Elements

a) Pump

d) Half-Wave Plate

b) PPKTP Box

e) Delay ‘Line’

c) Pump Block and Fabry-Perot Cavity

f) Polarizing Beam-Splitter

PPKTP Box, Down-Conversion
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Energy-Level
Diagram

2nd Order Nonlinear Crystal
Temperature Tuning
Creates Polarization-Correlated Photons
H
V

KTP
Pump

Down-Conversion
Conserves Energy and
Momentum, Given By:
Output

~ 1nm shift per 10°C, so no
need to be EXACT in OT, or so
it seems…

Fabry-Perot Cavity

Since Filter Bandwidth <
Photon Bandwidth, it appears
that the photons are spectrally
indistinguishable...

