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Abstract: While the most direct method to increase the brightness of a
type-I entanglement source is to increase the collected solid angle of the
down-conversion, this leads to effective decoherence caused by an angle-
dependent phase shift. Using specially designed compensation crystals,
we have reversed this effect and created the brightest source of entangled
photons to date, over two million measured pairs per second, recorded
while measuring the largest reported violation of Bell’s inequality (1239σ).
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1. Introduction

Entanglement, the quintessential characteristic of quantum mechanics, has been identified as a
fundamental resource for quantum information [1] and quantum computation [2]. Though there
are several physical systems which have demonstrated entanglement, e.g., photons, atoms, and
ions, there exist protocols (such as teleportation [3]) which are only useful for communication
when using entangledphoton states [4, 5, 6]. There have been a number of demonstrations of
polarization-entangled photon sources based on down-conversion [7, 8, 9, 10, 11, 12, 13, 14,
15], but most have been limited by small collection apertures. While larger collection apertures
lead to brighter sources, they also lead to a degradation in the quality of entanglement. This
degradation results from either a fundamentally small entangled solid angle (for Type-II sources
[7]) or decoherence which increases with larger collection irises (for Type-I sources [8]). The
first proposed solution to this problem [16] interferometrically combines the output of two
type-II sources (each operating collinearly) on a polarizing beam splitter. (This can be compared
with other interferometric entanglement sources [10, 13].) In this way the spatial and spectral
modes of the two possible down-conversion processes are made indistinguishable, though the
method has the drawback of requiring interferometric stability; this can be somewhat mitigated
by using a stable Sagnac interferometer [14, 17].

Here, we present experimental results for a robust, high-quality, extremely bright, large-
aperture double-crystal Type-I source, achieved by installing specially designed crystals which
counteract an angle-dependent phase-based decohering effect. This technique has allowed us
to simultaneously achieve state fidelities of 97.7% and measured intensities in excess of one
million photon pairs per second. By additionally increasing the pump power to the saturation
point of our detectors, we obtained a 1239-σ violation of Bell’s inequality in under 30 seconds,
with an intensity of 2.01×106 detected photon pairs per second.
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2. Two-crystal source of polarization-entangled photons

Our experiment utilizes Type-I down-conversion within two adjacent, orthogonally oriented
BBO crystals [8]. Within the first crystal, a horizontally polarized 351-nm pump photon (|H〉)
down-converts into two 702-nm vertically polarized daughter photons (|VV 〉). The second crys-
tal is identically cut, but rotated by 90◦ about the pump axis, so that|V 〉 down-converts into
|HH〉. Because these crystals are thin compared to the coherence length of the pump, the
down-converted states produced from the same pump photon interfere, allowing the 351-nm
pump state cos(ε) |V 〉 + eiφ sin(ε) |H〉 to down-convert into the two-photon 702-nm state
cos(ε) |HH〉+ eiφ sin(ε) |VV 〉, which is emitted into a cone with a∼ 3◦ opening angle out-
side the crystals. The phase factorφ is determined by the exact path that the down-converted
photons take within the down-conversion crystals (calculatingφ will be addressed in the next
section). Figure 1(a) details the experimental apparatus used to create and measure entangled
states.

Fig. 1. Entangled photon source. (a) A 45◦-polarized 351-nm pump beam down-
converts in two adjacent nonlinear crystals (BBO) into the two-photon state|ψ (φ)〉 =

1√
2

(|HH〉+ eiφ|VV 〉). The phase factorφ depends on the angle of the down-conversion

photons within the crystals, such that the states corresponding to paths 1’ and 2’ are|ψ (1′)〉
and|ψ (2′)〉, respectively. The addition of these states results in effective decoherence. The
use of larger collection apertures increases the effect. (b) By placing additional specially
designed birefringent crystals into the down-conversion path, this phase variation can be
compensated for, largely eliminating the decohering effect of large collection apertures.
The quarter waveplate (QWP), half waveplate (HWP), polarizing beam splitter (PBS) com-
binations in each arm allow projection into any separable polarization basis. A sequence
of these projections allows complete tomographic reconstruction of any two-qubit density
matrix. Quoted high count rates were collected using 9-mm irises (120 cm from the source)
and 25-nm (FWHM) frequency filters.

3. Angle-dependent birefringent phases

3.1. Calculating the angle-dependent phase from an arbitrary birefringent crystal

Though many groups have performed calculations of down-conversion in a single nonlinear
crystal [18, 19, 20], here we present a specific and complete calculation of the angle-dependent
phase differences necessary to design a compensated two-crystal entanglement source. In gen-
eral, calculating the phase that a monochromatic photon accumulates from a birefringent crystal
at arbitrary orientation requires three separate but interconnected calculations: the extraordinary
phaseΦe, the ordinary phaseΦo, and the extra phaseΦ∆ that the extraordinary beam accumu-
latesoutside the crystal.
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To simplify this calculation, we assume the ˆz-axis to be normal to the crystal surface, the
incident photon to be travelling in the ˆx-ẑ plane with positive ˆz- and non-negative ˆx-momenta,
and the faces of the crystal to be parallel and transversly unbounded. We define the following
angles, vectors, and variables (see Fig. 2, and note that aˆsymbol indicates a unit vector):

k̂α Incident photon’s unit momentum vector outside of the crystal.
κ̂o Unit momentum vector for ordinarily polarized light inside the crystal.
κ̂e Unit momentum vector for extraordinarily polarized light inside the crystal.
α Angle between ˆz andk̂α .
ψo Angle between ˆz andκ̂o.
ψe Angle between ˆz andκ̂e.
Ô Crystal optic axis.
Ŝo Ordinary Poynting vector inside the crystal. Always equal toκ̂o.
Ŝe Extraordinary Poynting vector inside the crystal.
β Angle between ˆz andŜe.
ρ Angle between̂Se andκ̂e.
∆ Free-space distance that the extraordinary but not the ordinary beam must travel.

no,ne The crystal’s ordinary and extraordinary indices of refraction.
ne (θ) The index of refraction for a direction which is angleθ from the optic axis.

κ̂e

κ̂o, Ŝo

Ŝe

k̂α

Ô

· ŷ

ẑ

x̂

ρ

β

ψo

ψe

θ

α
∆

d

Fig. 2. Diagram illustrating all relevant vectors, angles, and variables used for calculating
angle-dependent phase differences due to birefringent crystals. Arbitrarily polarized light
is incident from the left onto a negative uniaxial crystal (e.g., BBO) with its optic axis (Ô)
in the plane of the page.

Using these definitions, we can build the formulae necessary to compute the relevant phases.
First, we write down the formulae based on Snell’s Law and basic birefringence [21]:

ψo ≡ asin

(
sin(α )

no

)
, (1)

ψe ≡ asin

(
sin(α )
ne (θ)

)
, (2)

ne (θ) ≡ no

√√√√ 1+ tan2θ

1+
(

no
ne

tanθ
)2 . (3)
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In birefringent materials, the extraordinary beam’s Poynting vector (Ŝe) deviates from its
momentum vector (̂κe) by an angleρ:

ρ =
(

θ −atan

[
n2

o

n2
e
tanθ

])
sgn(no −ne) . (4)

Ŝe dictates the physical path of the light as it travels through the crystal, and more importantly,
when and where itexits the crystal. This vector is further from the optic axis thanκ̂e for negative
uniaxial crystals (no > ne), and closer for positive uniaxial crystals (no < ne). Figure 2 shows
the special case wherêSe is in the plane of incidence.

We are now ready to compute in radians the three phases relevant to the problem, by mul-
tiplying the optical path length in waves by a factor of2π

λ (λ is the wavelength of the photon
outside of the crystal):

Φo =
d

cos(ψo)
no

(
Ŝo · κ̂o

) 2π
λ

=
d

cos(ψo)
no

2π
λ

, (5)

Φe =
d

cos(β)
ne (θ)

(
Ŝe · κ̂e

) 2π
λ

, (6)

Φ∆ =
2π
λ

∆ =
2π
λ

(
d

cos(ψo)
Ŝo · k̂α − d

cos(β)
Ŝe · k̂α

)
. (7)

The dot product in Eq. 5 and Eq. 6 accounts for the fact that although the light travels along
Ŝ, its wavefronts are perpendicular to and determined byκ̂ , creating a smaller effective optical
path length by a factor of the cosine of the angle between these vectors. In Eq. 5, this factor
is 1, but for the extraordinary case—Eq. 6—this can be a large effect. The distance∆ depends
entirely on wherêSo andŜe enter and exit the crystal, which can be quite complicated for the
general case where these vectors are not in the plane of incidence: We project these two vectors
(using a dot product) ontôkα . The difference between these projections is the distance∆.

3.2. Calculating the angle-dependent phase from compensated down-conversion

Now that we are able to compute the ordinary and extraordinary phases within the crystal, we
can calculate the phaseφ as a function of the signal direction outside of the crystals,k̂α . We
first make the approximations that the signal and idler photons are “born” in the center of their
respective crystals, travel in directions which are completely symmetric about the pump beam,
are ordinarily polarized in their own crystal, and are extraordinarily polarized in the remaining
crystal (this approximation is close to correct, but see [22] for a complete calculation). Both
the |VV 〉 and|HH〉 terms receive an equal ordinary phase in their own crystals, which we can
neglect as a global phase. The|VV 〉 photons born in the first crystal together receive a net
additional extraordinary phase in the second crystal equal to

φdc
(
k̂α

)
= 2(Φdc,e +Φdc,∆) , (8)

double the phase accumulated by just one of the daughter photons. (Note that the terms in Eq. 8
implicitly depend on̂kα ). This makes the final entangled state for a 45◦-polarized pump beam:

|ψk̂α
〉 =

1√
2

(
|HH〉+ ei2(Φdc,e+Φdc,∆)|VV 〉

)
. (9)

Because experimental setups use finite size irises which accept a range ofk̂α , the state passed
by the irises can be described by the unnormalized state:

|ψ〉Iris =
∫

Iris
|ψk̂α

〉|k̂α 〉dk̂α . (10)
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Because all pairs that pass through the irises are measured together, the actual state measure-
ment traces over direction, producing the density matrix:

ρ =
∫

Iris
|ψk̂α

〉〈ψk̂α
|dk̂α . (11)

Averaging over the different emission directions averages over the relative phase, leading to
an effective decoherence. (Note that these calculations apply only to irises which collect multi-
ple modes; see [23].) The angle-dependent phase can be corrected with appropriate birefringent
compensation crystals. These are different than the special case of down-conversion crystals;
here all photons always travel through theentire crystal (e.g., no photons are born in the middle
of a crystal). If we use compensation crystals parallel to the down-conversion crystals, the phase
due to two compensation crystals, one in each arm, with optic axes in the horizontal plane, is

φc
(
k̂α

)
= 2(Φc,o −Φc,e −Φc,∆) , (12)

with the final compensated state equal to

|ψcomp,k̂α
〉 =

1√
2

(
|HH〉+ ei(φdc+φc)|VV 〉

)
. (13)

3.3. Designing compensation crystals

When the principles of the previous two subsections are applied to our experimental system,
we are able to plot the theoretical angle-dependent phase difference due to the down-conversion
crystals (see Fig. 3(a)). In order to design crystals to compensate the predicted slope, we need
to optimize these compensation crystals such that the sum of the phasemaps from the down-
conversion and the compensation crystals is as flat as possible.

As a starting point, we decided to use BBO cut at the same angle as the down-conversion
crystals. This is a choice of experimental convenience, as there is a continuum of virtually
equivalent choices accessible by making a tradeoff between optic-axis angle and crystal thick-
ness. If the optic axis is fixed at 33.9◦ (from crystal normal) and the thickness is optimized,
we find that a thickness of 245-µm is ideal (phasemap also shown in Fig. 3(a)). Figure 3(b)
shows the expected sum of the first two phasemaps, an extremely flat function as compared
to the original down-conversion phasemap; Fig. 3(c) shows the theoretical prediction of the
simultaneously bright and high-fidelity compensated state (only the absolute value of the state
is shown, as it is the coherence which is important rather than the particular value of the phase
between|HH〉 and|VV 〉).

4. Measurements of phase-based decoherence and compensation

4.1. Measurement of the angle-dependent phasemap

Figures 3(d-e) show the experimental measurement of the phasemap over a 1-cm square area
120 cm from the down-conversion crystals. Each point on the figure was calculated by taking
a complete state tomography [24, 25] (a series of separable polarization measurements which
allow one to infer the quantum state of an ensemble of identical particles) using small irises
(∼ 2 mm) centered at the appropriate position. There is a significant (17%) difference in slope
between the theoretical and experimental phasemaps (Figs. 3(a,e)), indicating that one or more
of our theoretical assumptions may have been unjustified. Even so, this first attempt at a com-
pensation model has improved our phase flatness by a factor of seven, leading to dramatic
increases in state quality and brightness.
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Fig. 3. Theoretical (a-b) and experimental (d-e) plots of the phase differenceφ as a function
of signal direction̂kα , combined with the predicted (c) and measured (f) density matrices.
To match experimentally collected data, the directionk̂α is represented as a transverse posi-
tion in space∼ 120 cm from the down-conversion crystals. Here,x = 0, y = 0 corresponds
to the central 702-nm down-conversion directions,∼ 3◦ (6.35 cm) from the pump axis. (a)
The phasemap due solely to the down-conversion crystals (each 600-µm thick, 33.9◦ op-
tic axis, BBO), superimposed with the phasemap due to two BBO compensation crystals,
one in each arm, each 245µm thick and cut with a 33.9◦ optic axis. The slope of each
phasemap is approximately±14◦ per mm. (b) The sum of both phasemaps from (a). The
flat character indicates that approximately the same entangled state will be present at each
position on this plot, corresponding to a high-fidelity state measured using large irises. (c)
The theoretically predicted density matrix that would result from a measurement over this
flat phase surface, using 1-cm diameter irises. (d) Experimentally measured phase for the
uncompensated configuration. Each black dot represents an experimental measurement of
this phase, extracted from the result of a full state tomography. The mesh graphically repre-
sents these points by linearly connecting nearest neighbors. The phase difference is nearly
linear, approximately 17◦ per millimeter, and varying in the radial direction out from the
pump beam axis. (e) The compensated configuration. The surface is very flat, with a max-
imum slope of less than 3◦/mm, and a total phase variation of approximately 25◦ over a
centimeter, a seven-fold improvement over the uncompensated case. (f) The experimentally
recorded density matrix (absolute value shown here) describing the ultra-bright entangled
state: 1.02× 106 measured pairs per second, 97.7% fidelity with a maximally entangled
state.

4.2. Iris size and decoherence

The bottom-line test of this compensation scheme is to compare the fidelity between a target
pure state and the experimentally measured state, as a function of changing iris sizes, using
both compensated and uncompensated states. Fidelity between a pure state (|ψ〉) and a mixed
state (ρ) is defined as

F(|ψ〉,ρ) ≡ 〈ψ|ρ|ψ〉. (14)

Fig. 4 shows the state fidelity as a function of iris size for both the standard and compensated
cases. Because state intensity is proportional to solid angle, a linear increase in iris diameter
roughly corresponds to a quadratic increase in photon pairs.

#8740 - $15.00 USD Received 12 September 2005; revised 17 October 2005; accepted 21 October 2005

(C) 2005 OSA 31 October 2005 / Vol. 13,  No. 22 / OPTICS EXPRESS  8957



 85

 90

 95

 100

 2  4  6  8  10  12
 0

 0.35

 0.7

 1.05

F
id

el
ity

 w
/ M

ax
im

al
ly

 E
nt

an
gl

ed
 S

ta
te

S
ou

rc
e 

In
te

ns
ity

 (
10

6  p
ai

rs
 / 

s)

Iris Diameter (mm), 120 cm from Source

Uncompensated
Compensated

Source Intensity

←

→

←

Fig. 4. The effects of iris size on the fidelity and rate of measured entangled states. Note
that for this measurement, the diameters ofboth irises are adjusted, with each positioned
in the plane normal to the pump direction and 120 cm from the down-conversion crystals.
Shown here are both the standard (uncompensated) and compensated configurations. The
y-axis on the right describes the detected source intensity (for a 280-mW pump and 25-nm
filters), quadratically increasing as a function of iris size.

5. The ultra-bright source

5.1. Efficiency optimization, crystal damage, and high counts

In order to measure this ultra-bright source, it was necessary to address the problem of detector
saturation. Because our detectors have a maximum useful rate of approximately 4×106 singles
counts per second, measuring high coincidence count rates requires high detection efficiencies.
Taking advantage of both the high collection efficiency of large irises and a novel reflection
technique [26], we achieved detection efficiencies in excess of 30%. (This efficiency is due to
detector quantum efficiency (∼ 65% for the SPCM AQR-14), iris collection efficiency (∼ 70%
for 9-mm irises), reflection losses from the interference filters (∼ 84% [26]), saturation losses
due to the 30-ns dead-time of the detectors (up to∼ 5%, depending on the count rate), and
other reflection and absorption losses due to miscellaneous optics.) In addition, using a polar-
izing beam-splitter and two detectors in each arm (see Fig. 1), we were able to simultaneously
measure a complete basis of four separable projectors at a time, giving each singles count a
chance to contribute to a coincidence.

5.2. Results

Using ∼ 9-mm irises, a pump power of 280 mW, and the compensation scheme described
above, quantum state tomography reconstructed a state having a 97.7%± 0.1% fidelity with
a maximally entangled state and an average intensity of 1.02× 106 pairs per second. While
this indicates a bright, high-quality entangled state, we took a series of measurements of Bell’s
inequalities [27] in order to demonstrate not only the state’s quality but also the extremely short
time in which precise measurements can be collected. We measured a violation of 2.7260±
0.00336 (216σ) in 0.8 s of total measurement time, and a violation of 2.7252± 0.000585
(1239σ) in 28 s with an average measured intensity of 2.01×106 pairs per second. (We should
note that because the statistical errors on these values are extremely low, it is very likely that
uncharacterized systematic errors are dominating these measurements.)

For this last result, we applied 310 mW of pump power to the down-conversion crystals.
This level of power resulted in both damage to the down-conversion crystals (or at least their
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antireflection coatings) and high saturation of the detectors. Because of these saturation effects
and our detection inefficiency, the entangled pairs actually produced substantially exceed the
number measured (correcting for a 30% detection efficiency near saturation, we estimate that
the actual rate of entangled-stateproduction into 9-mm irises and 25-nm filters exceeds 20×106

entangled pairs per second).

6. Conclusion

Existing type-I sources of entanglement stand to be dramatically improved by incorporating
custom compensation crystals, the principles of which have already been modeled, tested,
and reported in this paper. Those models, however, rely on a number of approximations (e.g.,
monochromatic light, symmetric down-conversion, perfectly extraordinary polarization in the
second crystal), and improvements in this technique (even given the seven-fold increase in
phase flatness, there is a sizable phase slope remaining) will require a more careful theoretical
treatment of the problem. Ultimately, continuing to push the limits of source brightness will
require new detector solutions, as the source described in this manuscript is currently limited
only by how quickly our detectors can count.
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