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1 Quantum Interference & Entanglement Description (QIE)

Revised March 19, 2026by Jianjie Xu

ˆ Prerequisites: Physics 137A

ˆ Days Allotted for the Experiment: 6

Attention: There is NO eating or drinking in the 111-Lab anywhere, except in rooms 282 &
286 Physics North on the bench with the BLUE stripe around it. Thank You, the Sta�.

This lab will be graded 30% on theory, 40% on technique, and 30% on analysis. For more information, see
the Advanced Lab Syllabus .

Comments: E-mail Dr Winthrop Williams

2 Quantum Interference & Entanglement Pictures

Figure 1: Quantum Interference &
Entanglement Experiment

Figure 2: Inside the optics box Figure 3: Outside the
optics box

Click here to see larger
picture

3 Before the 1st Day of Lab

Complete the QIE Pre Lab found in the Signature Sheet for this lab. Print the signature
sheet, discuss the experiment and pre-lab questions and answers with any faculty member or
GSI, and receive their signature. In the course of the lab there will be examination points
where you must STOP and get a GSI or professor to verify your understanding and/or verify
proper experimental setup. You cannot skip these checkpoints, and must receive signatures
demonstrating that you've consulted the sta�. Some experiments may have mid lab questions
that must be completed by speci�c days of the experiment. The completed Signature Sheet
MUST be submitted as the �rst page of your lab report. Quick links to the checkpoint
questions are found here: 1 2 3 4 5

1. View the introduction video for this experiment. Read the references [1], [2], [3], [4], [5], [6] below.
[1] and [5] are particularly useful.
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2. Read the Optics Tutorial , in particular Sections 1.41 (Polarization), 1.46 (Waveplates), and 1.55
(Beamsplitter Cubes). You should also look at Optical Coatings (all of our waveplates have antire
ec-
tion coatings) and Intro to Laser Technology. You will not get very far if you do not understand how
these optics work; it is essential to prepare before you start working on the lab.

3. Complete the laser safety training detailed on theLaser Safety Training page. This includes readings,
watching a video, taking a quiz, and �lling out a form.

4. On the last day of the experiment, please �ll out the QIE Experiment Evaluation .

You should keep a laboratory notebook. The notebook should contain a detailed record of everything that
was done and how/why it was done, as well as all of the data and analysis, also with plenty of how/why
entries. This will aid you when you write your report.

Other References [Physics 111 Library Site ]

4 Objectives

ˆ Learn and experience quantum mechanics and in particular entanglement

ˆ Learn to handle and align optics (Half-Wave plates, Polarized Beam Splitters, etc...)

ˆ Learn about coincidence techniques

ˆ Learn how to violate Bell's Inequality

5 Introduction

This experiment tests the validity of quantum mechanics against local hidden-variable theories in describing
entanglement phenomena. It takes the form of a quantum optics experiment using polarization-entangled
photon pairs.

5.1 Bell's Theorem and the CHSH Inequality

John Bell showed that any theory in which properties are local and are well-de�ned prior to measurement
must obey certain limitations. Interestingly, quantum mechanics exceeds those limits set by these so-called
Bell-inequalities. Therefore, observing that nature does exceed these limits makes a good case for quantum
mechanics and proves that there exists no local realistic theory that can describe nature accurately. One
particular version of the Bell's theorem is the so-called CHSH inequality (named after Clauser, Horne,
Shimony, and Holt). To make the discussion more concrete, we will assume a photon source that sends
two photons one to each of two distant locations. The degree-of-freedom we will study is the polarization of
these photons. We will be interested only in events where the polarization of both photons has been detected
successfully. First let us de�ne the parity of the polarization correlations:

E =
Nvv � Nvh � Nhv + Nhh

N total
=

Nvv � Nvh � Nhv + Nhh

Nvv + Nvh + Nhv + Nhh
; (1)

where Nvv is the number (or rate) of coincidences where both photons are vertically polarized, etc.E can
range from -1, meaning that all photon coincidences have opposite polarizations, to 1, meaning they all have
the same polarization. Let us then de�ne the quantity, S, which is function of four distinct E measurements.

S = E(�; � ) � E (�; � 0) + E(� 0; � ) + E(� 0; � 0) ; (2)

where � and � are the angles in which we are going to analyze the polarization of each photon. The interest
of de�ning the quantity S is that local realistic theories are always bound to yieldjSj � 2, while quantum
mechanics allows values of up to 2

p
2 � 2:8.
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At �rst glance, it would seem that S could range from {4 to 4. However, a careful inspection of the physics
reveals that no two pairs of angles (�; � 0) and (�; � 0) give a value this large. If the system obeys a local
hidden variable theory, then S is restricted by the CHSH inequality: jSj � 2. However, quantum mechanics
predicts that jSj can be as high as 2

p
2 for particular quantum states of the two photons and as well as

carefully chosen angles. (For a full derivation, see CHSH's paper [3].) The goal of this experiment is to
violate the CHSH inequality, thereby rejecting local hidden variable theories and a�rming the validity of
quantum mechanics.

6 Experimental Setup

6.1 Overview

The heart of the experiment is the generation of a particular entangled quantum state of the polarization
of two individual photons, a Bell state. In the simplest case, this is a superposition state of both photons
being either horizontally or vertically polarized. In the experiment, we achieve this by sending photons near
405 nm from a diode laser to a pair of non-linear crystals made of beta barium borate (BBO crystal). Within
the non-linear crystals the blue photon can decay into a pair of red photons with their polarization being
determined by the optical axes of the non-linear crystals. The photon pair emitted under a small angle is
then detected after passing through optics for manipulating polarization with two Avalanche Photodiodes
(APD) (See the quadsupply diagram here ). Finding the two detectors �ring within a short time interval
indicates that these events were indeed caused by a photon pair and not stray light.

When you enter the room, you'll notice there are two boxes on the table. Each of these boxes houses di�erent
elements of the experiment. The one closer to the door (Box 1) holds the diode laser and optical elements
for creating a Bell State. The one closer to the computer (Box 2) holds the detection setup. When aligning
the laser it is best to take the top o� both boxes. Always wear the provided safety goggles when the laser is
on.

Check the safety goggles in the room. Based on your laser safety training, is the OD rating on the side
su�cient? Is it rated for the correct wavelength(s)? Checkpoint Laser Goggle Safety Check: " Show
an instructor the laser goggles and explain your assessment of whether they are su�cient for
the experiment.

When taking data, you will want easy access to the half wave plates in the detector setup, so you can leave
the top o� of box 2. Ambient light will 
ood the detectors, so you will want the lights o� in the room
(computer light is ok). There is an LED lamp [8] (can you explain why we use blue LEDs? hint: you can
look at the APD e�ciency versus wavelength in the manual if you are interested.) installed so that you can
read the values o� of the half wave plates in the detector setup. The `on' switch for the lamp can be found
on the back side of the table on the rack above.

Inside Box 1, the diode laser has a maximum power of around 120 mW. At 405 nm, this can seriously damage
your eye. However, the blue beam is �ltered out and thus in Box 2 the power is reduced to 0.2 mW, which
would not cause serious damage. You should use the power meter located in the room to con�rm that the
power of the laser beam in Box 2 is not too high. Record the number. If you �nd it high, ensure that the
�lter is in place after the BBOs. The �lter should never be removed. Of course you should avoid looking
directly into the beam. This setup makes collecting data more e�cient. If you decide to work without the
�lters (it might impact the quality of the Bell state) be sure to protect your eyes by wearing the appropriate
safety goggles.

Note: For aligning purpose of this experiment, all the knobs that are designed to be adjusted
are labeled by green tapes (see (Figure 8)). DO NOT change other parts of the optical path
UNLESS instructed by one of the sta�.
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Figure 4: Thorlabs LDC 205 C Diode Laser Controller.

Figure 5: Laser safety goggles for QIE experiment.

6.2 Diode Laser and Laser Safety

Note: Do NOT put the power meter next to the Laser Diode, Only measure power after the
optical Isolator.

The experiment is powered by a120 mW, 405 nm blue diode laser , the same wavelength used by Blu-
ray DiscTM players. This is a Class 3B laser and can cause permanent eye damage if the beam
directly enters the eye. DO NOT REMOVE THE ORANGE BEAM ENCLOSURES THAT
PREVENT STRAY REFLECTIONS FROM LEAVING THE BEAM PATH. Orange protective
goggles are available by the door (see Figure 5).

Because this is a diode laser, all the photons in the beam have the same polarization, in this case horizontal.
The laser beam incident on the BBOs (i.e., after the intermediate optics) is sometimes referred to as the
\pump" beam.

Before you turn on the laser, make sure that the Temperature Controller (See Figure 6) next
to the Laser Diode Controller is on. If not, turn it on.

The diode laser is powered by a Thorlabs LDC205C diode laser controller, located on top of the optical bench
roof. Turn the controller on with the switch in the lower left corner. We run the laser diode in constant
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Figure 6: Temperature Controller.

current mode and cathode ground (CG) polarity. You will want to view the laser diode current, ILD. To
operate the diode, use the button in the upper right corner to turn it on and turn the knob to control the
current. Any time the laser diode is on, the light on the QIE room door will be 
ashing red. The current
limit is set to 100 mA to avoid burning out the diode. If you reach this limit, the controller will beep, the
red \LIMIT" LED will turn on, and you will not be able to increase the current further. However, it is okay
to run the laser diode at its maximum current. You should have at least 35 mW (corresponds to
about 50 mW at the laser diode) reasonably well-collimated and focused light after the BBOs
and before the band stop. And you should avoid using laser power any closer to 80 mW of
the laser diode, as it is unnecessary and damage the laser over long term.

Right after the laser diode, there is an optical isolator which prevents light re
ected further down stream
from going back into the diode. Isolators are used to reduce or eliminate the e�ects of optical feedback:
re
ections of a laser's energy back into itself. These e�ects include noise, amplitude 
uctuation, and laser
damage. Isolators protect the laser, while maintaining beam alignment and providing maximum forward
transmission and reverse isolation. Laser light enters the isolator via the input polarizer and is linearly
polarized. This light then enters the rotator, which rotates the plane of polarization +45 � . The beam exits
through the output polarizer, whose axis is oriented +45� .

6.3 BBOs

Figure 7: Diagram of blue beam path optics.

IMPORTANT: As of 2016, it is not possible to rotate the BBO optical axes relative to each
other.
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The beam passes through some optics (two steering mirrors, two wave plates, and an iris). See Section
7 Alignment before reaching the pair of nonlinear beta barium borate (� -BaB2O4 or just BBO) crystals.
When a pump photon of a particular polarization enters such a BBO crystal, it can be converted into two
photons each with (about) half the initial energy of the pump photon (and twice the wavelength = 810
nm). These photons exit the crystal symmetrically at a small angle. Often those photons referred to as the
\signal" and \idler" photons, but we can just as well call them the A and B photons, referring to the two
arms of the detection setup along which they will travel. Most importantly, their polarization is entangled,
meaning that the photons are guaranteed to have (in this case) the same polarization.

Note that the two beams of the down-converted photons will not be visible to the naked eye because (1)
the wavelength of 810 nm photons are infrared and (2) the beams are extremely low-power as the conversion
e�ciency of the crystals is quite small. (Think about how much power � 1,000 photons per second correspond
to and compare this to the laser diode power rating.)

Figure 8: Photo of box 1 blue beam path optics.

Two BBO crystals are mounted with their optical axis aligned perpendicular to each other. Each BBO
crystal converts only photons of a single polarization. Because the separation between the BBOs is so small,
the down-converted photons from each BBO essentially travel along the same cone to the detectors. This
means that the horizontally polarized pairs are indistinguishable from the vertically polarized pairs until
we perform a polarization measurement on them. In a quantum mechanical picture, each pair of down-
converted photons is in a superposition of vertical and horizontal polarization until a measurement collapses
the wavefunction into one state or the other. The evolution of the quantum state of the system from emission
to down-conversion is summarized below in bracket notationwith the assumption that the BBOs are
perpendicular . H and V refer to horizontally and vertically polarized states of a pump photon, respectively,
and h and v refer to horizontally and vertically polarized states of a down-converted photon. hh and vv
are short for the combined state of a pair of down-converted photons, and� is the polarization angle of the
pump beam. Thus, each BBO can act on the pump photon in the following manner:

BBO-1: jV i ! j hhi

BBO-2: jH i ! j vvi

Assuming blue pump light with its polarization described by sin � jV i + cos �e � i� jH i , we arrive at j	 i =
sin � jhhi + cos �e � i� jvvi .
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The probability of detecting a given polarization depends on the polarization of the pump laser. You can
adjust the polarization of the pump laser by rotating two 405 nm half-wave plates.

We have installed a 405 nm band-stop �lter after the BBOs for laser safety reasons. Although approximately
50 mW of power are incident on the BBOs, the �lter attenuates this to less than 1 mW. This power can be
viewed safely in order to align the detection components. Therefore you do not need to wear laser safety
goggles if this band-stop �lter is installed AND no pump light is leaking out of encased area before the
band-stop.

6.4 Detection

Figure 9: Photo of box 2 Detection arms from the front optics

The detection setup consists of two identical arms separated by a small angle (See Figure 9). The angle can
be adjusted to match the trajectory of the down-converted photons and should be centered around the blue
laser beam.

Each of our detectors consists of a small �ber coupler (FC) lens, which focuses the light into an optical �ber.
The optical �ber runs from the lens to an avalanche photodiode (APD), which converts single photons into
sizable (� 1 V) electronic pulses. They can detect anywhere from hundreds of photons to tens of millions of
photons per second. The APDs are powered by a homemade power supply, located above the APDs on the
optical bench roof. The power supply has a master on/o� switch and four switches to turn the APDs on and
o� individually. An alarm within the APD power supply will alert you if you are overloading
the APDs. If you ever hear this, immediately turn o� the APDs to prevent damage. Ambient
light conditions are typically okay as long as youdo not remove the long-pass �lter on the detectors
while the APDs are on. Note, however, that this alarm sounds for several seconds every time the APDs
are turned on. This is normal.

To measure the polarization of the photon pairs, each detection arm has a half-wave plate to set the mea-
surement basis and a polarizing beam splitter cube. The beam splitter allows horizontally polarized light
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