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Abstract

We produce a polarization entangled state via Spontaneous Paramet-

ric Downconversion. Photons from a λ = 363.8 nm argon ion laser are

incident on orthogonally mounted Beta Barium Borate nonlinear crystals,

resulting in polarization entangled photons of λ = 727.6 nm. This state

is then probed to determine the purity of entanglement.

Introduction

Entanglement is one of the most perplexing and counterintuitive results of quan-
tum theory. Two entangled particles share a single wavefunction that is not
separable into distinct wavefunctions for each particle. As a result, measure-
ments conducted on one of the particles immediately yields information about
the state of the other particle, even if they are separated a significant distance
in space. This result can be interpreted in a variety of fascinating ways, such
as that a single particle “teleports” between the two locations or that faster
than light communication has somehow occurred. The experimental study of
entangled particles remains in its infancy, yet provides a tool to probe the limits
of quantum mechanics as well as potential utilitarian applications like quantum
computing and quantum cryptography.

Theory

An M particle state is described as entangled when the multi-particle state can
not be decomposed into the outer product of individual single particle states.

|ψM 〉 6=
M∏

i=1

|ψi〉 (1)

In such a state, the projective measurement of a single particle will have a
measurable effect on the other particles in the system.

Consider a system of two identical photons (a and b) characterized by their
respective polarizations. The most general state is:

|ψab〉 = c1| la, lb〉 + c2| ↔a,↔b〉 + c3| la,↔b〉 + c4| ↔a, lb〉 (2)
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Figure 1: Type I SPDC in BBO

This state is generally non-seperable. Consider the specific case where |c1| =
|c2| = 1

√
2 such that:

|ψab〉 =
1√
2
(| la, lb〉 + eiφ| ↔a,↔b〉) (3)

Measuring the polarization of particle a immediately projects particle b into
the identical polarization, even if the two particles are vastly physically sepa-
rated. This result is extremely counterintuitive. If the two photons are widely
separated, how can particle b know that particle a has been measured? Einstein
referred to this as “Spooky action at a distance” [1] and viewed it with disfavor.

The state in Eq. 3 can be produced and studied in the laboratory through
nonlinear optical processes. This experiment utilizes Type I Spontaneous Para-
metric Downconversion (SPDC) in a Beta Barium Borate (BBO) crystal. The
process is diagrammed in Fig 1.

The BBO crystal exhibits a large 2nd order nonlinear susceptibility. There-
fore, a single pump photon with wavelength λp and wavevector kp incident on
the crystal may be converted into two daughter photons denoted signal and
idler. Restricting attention to the degenerate case, where λs = λi = 2λp, and
letting the crystal axis lie in the vertical direction, the downconversion process
is described by Eq. 4.

| lp〉 −→ | ↔s,↔i〉 (4)

Conversely, if the crystal axis lies in the horizontal direction, the process is
described by Eq. 5.

| ↔p〉 −→ | ls, li〉 (5)

The process only occurs if energy and momentum are conserved. To con-
serve energy, 1/λs + 1/λi = 1/λp. Momentum conservation appears as a phase

matching condition, that ~ks + ~ki = ~kp within the nonlinear crystal. This condi-
tion is met through crystal cut and orientation. A general consequence is that
the signal and idler photons are anti-correllated in transverse momentum as in
Fig 1, and travel different optical axes than the incident pump..

To produce the entangled state of Eq. 3, two thin BBO crystals are sand-
wiched with their crystal axis orthogonal. The first crystal performs the opera-
tion of Eq. 4; the second the operation of Eq. 5. A pump photon of arbitrary
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Figure 2: Experimental Setup

polarization may undergo downconversion in either crystal, and it is not defined
until measurement in which crystal the process occurred. This is analogous to
creating two paths traveled simultaneously by the photon as in a ‘which way
experiment.’

A| lp〉 +B| ↔p〉 −→ A| ↔s,↔i〉 +B| ls, li〉 (6)

Choosing |A| = |B| = 1/
√

2 yields the desired entangled state. This corre-
sponds to a pump polarization of 45◦ with respect to the basis defined by the
crystal axes.

To experimentally measure the effect of entanglement, an arbitrary polar-
ization basis may be chosen. This basis is defined by the angle α as

|Vα〉 = cos (α)| l〉 − sin (α)| ↔〉 (7)

|Hα〉 = sin (α)| l〉 + cos (α)| ↔〉

In this basis, the entangled state retains its form.

|ψs,i〉 =
1√
2
(|Vα,s, Vα,i〉 + |Hα,s, Hα,i〉) (8)

As such, any measurement of the signal photon in any basis immediately
provides the exact polarization state of the idler as well. If a polarizer is oriented
at angle α in the path of the signal, and another is oriented at angle β in the
path of the idler, the rate of coincidence detection is given by:

N =
A

2
cos2 (α− β) (9)

Eq. 9 assumes φ = 0 and a pump polarization of 45◦.

Experimental Setup

We produce the state given in Eq. 8 with the apparatus presented in Fig. 2.
Vertically polarized pump light of approximately 100 mW is generated in an
argon ion laser at λp = 363.8 nm. The beam passes through a blue filter to
remove cavity fluorescence, and a birefringent quartz plate. The quartz plate is
adjusted to control the relative phase φ. The beam is then incident on orthog-
onally mounted BBO crystals and undergoes the degenerate downconversion
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process of Eq. 6, with A = B = 1/
√

2. The crystal is rotated to ensure a
pump polarization of 45◦ with respect to its crystal axis. Signal and idler pho-
tons of λs = λi = 727.6 nm travel then separate optical paths to polarizers A
and B. Transmitted photons are individually detected by avalanche photodiodes
(APD), whose TTL output is passed to coincidence counting software.

Results
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Figure 3: Results

Results are presented in Fig. 3. Data sets were taken for polarizer A angle
α set to 45◦ and 135◦, with polarizer B angle β adjusted in 10◦ increments from
0◦ to 360◦. In each case, data are fit to Eq. 9 with normalized count rates.
Typical singles count rates were approximately 31× 103 counts/sec. Maximum
and minimum coincidence count rates were 560 counts/sec and 25 counts/sec,
corresponding to the α = β and α = β ± 90◦ cases respectively. Dark counts
were not measured, but resulted in a small shift in the measured data visible in
Fig 3.

Experimental data and theoretical prediction are in excellent agreement.
Nonlocal interference fringes with a 180◦ periodicity are clearly visible. Mea-
sured fringe visibility was 90.5% and 89.8% for α = 45◦ and α = 135◦ respec-
tively. As predicted, count rates are maximal when the polarizers are oriented
parallel and minimal when oriented orthogonal. That this effect is present re-
gardless of the selected measurement basis indicates that the state of Eq. 8 has
been detected. The result’s independence of measurement basis is indicative of
entanglement.
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