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In this experiment we produced entangled photons using a pair of BBO crystals. We then pro-
ceeded to make measurements of Bell's Inequalities to show its violation and prove we had an entirely
quantum mechanical system.

INTRODUCTION

The original motivation for this experiment and ex-
periments like it in the 1980's was to show that quantum
mechanics was more than just nifty calculations that can
be done but that they are truly fundamental statements
about reality.
The particular phenomenon focused on in these ex-

periments, including the one I have completed, is quan-
tum entanglement. Quantum entanglement is a situation
where the wave functions of two particles become related
in a way such that any change of state made to one of
the particle a�ects the state of the other particle.
This source of this correlation between the two par-

ticles has three possible explanation: faster than light
communication, hidden variables, or non locality. The
explanation that faster than light travel was communi-
cating information between the two particles was the �rst
to be struck down. The argument against it is based on
relativity which does not allow even a mass less particle
to exceed the speed of light.
The hidden variables was harder to disprove it had sev-

eral notable scientists who supported it including Albert
Einstein. Hidden variables suggests that quantum me-
chanics is correct only in that it overlaps a more correct
deterministic model that has yet to be formulated. The
hidden variables theory was based interpretation of quan-
tum mechanics referred to by David Gri�th as the realist
position [1]. And that in the generation of the entan-
gled particles that each of the particles its encoded with
more information about values for other measurements
to be taken but our theory is incomplete and unable to
take that into account. The grounds for testing this was
theorized by John Bell in his paper �On the Einstein-
Podolsky-Rosen Paradox.� The test devised lends itself
to the title of this lab the Bell Inequalities. Bell's thought
experiment pictured Alice and Bob measuring the spins
of particles that were produced with a correlation. In
the experiment they would when the particles were mea-
sured at the same angle they would yield identical results
every time and when measured at 90◦ they would only
get identical results 50% of the time. In this experiment
Bob begins with his apparatus rotated by 45◦. We call
Alice's axes a and a′, and Bob's rotated axes b and b′.
Alice and Bob then record the directions they measured
the particles in, and the results they got. At the end,
they will compare and tally up their results, scoring +1

for each time they got the same result and −1 for an
opposite result. Except that if Alice measured in a and
Bob measured in b′, they will score +1 for an opposite re-
sult and −1 for the same result. Classically the expected
score would be ±.5. But quantum mechanics would sug-
gest that if the apparatuses were rotated at 45o to one

another then the probability would be ± cos 45◦ or ±
√
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METHODS

The experiment I performed was based on the dual
channel Bell tests using well known optical methods to
generate entangled particles. Those particles in this case
are photons unlike Bell's electrons.

The process used to entangle the photons was a para-
metric down conversion which took place in a non-linear
type I Beta Barium Borate crystal. The parametric down
conversion process takes some small fraction of either ver-
tically or horizontally polarized photons coming into the
crystal outputs two photons each with double the wave-
length of the initial photon and orientated in the oppo-
site direction. In other words if vertically polarized light
falls upon the crystal the down converted light would be
polarized horizontally. This process is highly ine�cient
producing one down converted photon pair for every 1010

photons incident on the crystal.

In this experiment we produced polarization entangled
photons. To do so we produced beam and polarized it to
45◦. From there it fed into a quartz plate to compensate
for a phase di�erence from the di�erence in travel times
of the horizontally polarized photons and the vertically
polarized photons when exiting the crystals. That beam
was incident on two BBO crystals whose optical axes
were vertical and horizontal respectively. However this
introduces a phase di�erence between the cones of down
converted light from the two crystals due to the longer
travel time of the horizontally polarized photons from the
incident beam. To correct this a quartz plate is put in
front of the crystals in the beam path to induce a phase
di�erence which would be corrected by the crystals. And
because the wave function of a beam polarized at 45◦ it
can be though of as a linear combination of horizontal
and vertical states and after the down conversion it is
no longer factor-able into distinguishable states between
signal and idle photons.
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The mathematical formulation goes as follows:

|H〉+ |V 〉
2

→ |VsVi〉+ |HsHi〉√
2

= Ψent

And when the phase di�erence is completely compen-
sated and the polarizer on the incident beam is set to 45◦

the probability of entangled particles is:

P (α, β) =
1
2

cos2(β − α)

And further the number of coincidence counts for po-
larizer angles α and β is:

N(α, β) =
A

2
cos2(β − α) + C

Where A is the total number of down converted pairs
and C is a correction term for errors in alignment and
other associated measurement error [2].
With this formula I can both produce evidence of en-

tanglement by producing the sinusoidal curve for num-
ber of coincidence counts and further I can calculate the
Clauser-Horne-Shimony-Holt inequality which is a varia-
tion of Bell's inequality to prove that Local Hidden Vari-
ables theory is incorrect.
Bell's inequality was originally stated as:

1 + C(b, c) ≥ |C(a, b)− C(a, c)|

Where C is the correlation for particular detector settings
a, b, and c. There is a serious limitation to this formu-
lation in that it only supports a two-outcome system.
Further this formulation only applies to a very restricted
set of hidden variable theories, namely those for which
the outcomes on both sides of the experiment are always
exactly anti-correlated when the analyzers are parallel,
in agreement with the quantum mechanical prediction.
The CHSH inequality is a reformulation of Bell's in-

equality. Its parameters are more amenable to the dual
channel experiment that we are using. Its formula is as
follows:

S ≤ 2

Where:

S = E(a, b)− E(a′, b′) + E(a′, b) + E(a, b′)

And in our experiment:

E(α, β) =
N(α, β) +N(α⊥, β)−N(α, β⊥)−N(α⊥, β⊥)
N(α, β) +N(α⊥, β)−N(α, β⊥)−N(α⊥, β⊥)

From these we can conclude and the original inequality
we can conclude that Local Hidden Variables theory is
disproved if S is greater than 2. And if Local Hidden
Variables theory is disproved that leaves the realist point
of view of quantum mechanics standing on shaky ground
at best.

APPARATUS

The general set up of the apparatus was as follows:
A laser was sent through a �lter to prevent extraneous
light from the laser to enter the rest of the optical devices.
From there the beam traveled into the polarizer, quartz
plate, and crystals as described above. From here it was
speci�c to two parts of the lab.

This experiment actually took place on two appara-
tuses that were essential the same with only a few minor
di�erences.

The initial apparatus used a 100 milliwatt argon-ion
laser with a single crystal straight for a �lter with narrow
bandwidth close to twice the wavelength of the laser to
block the beam itself from entering the sensitive CCD
camera which would be used to image the cones of down
converted light.

The second apparatus that I gathered the numerical
data described in the methods section used a lower power
laser 3 milliwatt laser. In order to increase the number of
down converted photons before the beam enters the ini-
tial polarizer we focused it using a pair of lens to shrink
the beam diameter and e�ectively increase its intensity.
The rest of the path through the crystals is unaltered.
Because only a small number of photons are down con-
verted the main beam travels through at almost its ini-
tial power which is stopped by a beam stop. The cones
of down converted light however are incident on pairs of
polarizers, irises and avalanche photo diodes. And in the
detector units sit �lters (not as narrow bandwidth as de-
sired) and lens to focus the photons onto an extremely
small spot size that is the photo diodes themselves.

The outputs of the APD's were TTL pulses sent to
a DAQ card mounted inside a PC which ran a labview
code. The labview code counted the number of TTL
pulses for each channel as well as gauged the relative time
between pulses on both lines and if that time was less
than 26 nanoseconds then those two pulses were counted
as simultaneous and therefore deemed coincidences. I
made some minor improvements to this program namely
being giving it the ability to take data and the ability to
run for a preselected number of measurements. But due
to lack of time I was unable to perfect the data taking
process.

RESULTS AND ANALYSIS

The initial step we took was to physically observe the
cones of down converted light which emerge from the
crystals (see Figure 1).

From there we proceeded to maximize the number of
counts and take the data sets for the cosine squared func-
tion we would expect for the number of counts. The re-
sults of those data sets is plotted in �gure 2.
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Figure 1: Image taken from the CCD camera of the cone of
down converted light.

Figure 2: Plots of coincidence counts leaving one polarizer
�xed at a particular angle. With an accumlation time of 5
seconds.

And further it must be noted that for those same data
points the singles count per measurement set is relatively
constant illustrated in �gure 3.

Figure 3: Singles Counts Plot with an accumulation time of
5 seconds.

The similarity of �gure 2 to the function for coincidence
counts stated in the introduction in combination with the
relatively constant singles counts is promising but not the
whole story.
Now onto the more serious matter of using this process

to show that Bell's inequality (speci�cally the CHSH for-
mulation of it) has indeed be violated. The values for a,
b, a′, and b′ and the other corresponding angles are as
shown in table 1.
The measurements of these values correspond to the

data which yielded the results of tables 2 and 3. The

Table I: Table of angles used in calculation of S

a a′ a⊥ a′⊥ b b′ b⊥ b′⊥

−45◦ 0◦ 45◦ 90◦ −22.5◦ 22.5◦ 67.5◦ 112.5◦

rows correspond to di�erent values for the various was of
calculating. The actual corresponds to the average of the
measurements for each angle pair. The actual minus ac-
cident corresponds to the the average values of the mea-
surements minus a correction term based on the number
of singles, the correlation window, and the time of the
measurement calculated as follows:

Acc =
Ca ∗ Cb ∗ τ

T

Where Ca and Cb are the singles counts for detector a
and detector b respectively. τ is the time window label
as simultaneous and T is the length of the measurement
[4]. τ for this setup is 26 nanoseconds.
The Net corresponds to the average minus the back-

ground count which is the coincidence count when the
polarizers are at 0◦and 90◦ the count should be zero be
is not in these sets.
The second trial also introduced a few other changes

to the apparatus. First another spacial �lter was added
in the beam line before the crystals to attemp to improve
the beam quality. Second we used irises to try and shut
out other photons from the detectors to attempt to only
see the fringes of the cones.
Realistically we should be able to produce values much

closer to 2 if not exceeding it with just the actuals. But
the problem standing in the way was an inability to get
the visibility up to 70.7% [3].
Low visibility in this experiment has several sources.

We used thin-�lm near IR polarizers with low contrast
ratio. We used glass �lters in the front of the polarizers
instead of narrow bandwidth interference �lters due to
cost constraints The beam quality and modal stability
were poor. And the quartz plate needed better align-
ment. We were able to maximize the visibility to 63%
but ran out of time to take the measurements necessary
to calculate the CHSH inequality. Further with visibilty
less than 70.1% we would be unable to produce S ≥ 2.
Infact classically with our visibility of around 50% we are
in gurenteed S ≤ 1.4
Evidence for poor beam stabilization lie in the fact that

the laser was not putting out just one frequency but 2
and was �uctuating in intensity as illustrated in Figure
4 and 5.
The consequence of being bimodal is that if the �l-

ters on the APD's were notched too thin then it might
miss a good chunk of the down converted light. Also the
�uctuation in intensity is another explanation for poor
visibility.
Overall if we attribute the main cause of the poor visi-

bility to the low contrast of the polarizers we are justi�ed
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Figure 4: The spectrum graph with the intensity at a mini-
mum.

Figure 5: The spectrum graph with the laser at its highest
intensity.

in using the calculations of S based on the net counts and
have then exceed the value of 2 as expected.

CONCLUSION

As always there is much room from improvement. The
most crucial improvement would have been to be able to
better the alignment of the pieces involved in the sys-

tem. A higher powered laser could have increased the
intensity of the cones of down converted light. A darker
environment would have helped minimize the background
counts. If given the chance at more time I would have fur-
ther improved the labview code to not only record data
but to further calculate the essential values involved in
this lab and display them. Perhaps even a program that
prompts operators for actions associated with di�erent
portions of the lab such as the various angles to rotate
the polarizers to in sequences to be able to calculate the
inequality.
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Table II: First trial of Bell's inequality with an approximate visibility of 63% made with measurement time of 20 seconds each.
However for this data set I did not collect singles counts and therefore I am unable to calculate the accidentals.

Trial 1 E(a, b) E(a, b′) E(a′, b) E(a′, b′) S

Actual 0.363570128 -0.128951906 0.126005836 0.377265861 0.995793731

Actual-Accidental N/A N/A N/A N/A N/A

Net 1.016293279 -0.397519197 0.334742777 1.128813559 2.877368812

Table III: Second trial of Bell's inequality data taken with approximate visibility of 53%. And measurements were taken over
10 seconds.

Trial 1 E(a, b) E(a, b′) E(a′, b) E(a′, b′) S

Actual 0.476950355 -0.126022913 0.12991453 0.483164983 1.216052781

Actual-Accidental 0.509632956 -0.134258479 0.138361828 0.515008685 1.297261948

Net 1.076 -0.259259259 0.280442804 1.025 2.640702064


