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Producing Multiple Qubits via Spontaneous Parametric Down-Conversion
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We present a simple approach to produce multiple correlated photon pairs through spontaneous paramet-
ric down-conversion. We develop Gaussian masks to subdivide the pump beam before passing it through
a nonlinear medium. In this way, we are able to observe simultaneous separate down-converted emission
cones with spatial overlap. The technique we employ could be used to greatly increase the dimensionality
of entangled photonic systems generated from spontaneous parametric down-conversion, affording greater
scalability to optical quantum computing than previously explored.
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I. INTRODUCTION

An important process in the field of quantum optics is
spontaneous parametric down-conversion (SPDC), a phe-
nomenon wherein excitations within a nonlinear crystal
are used to produce correlated photon pairs. SPDC is used
to create a pair of entangled photons with zero net polar-
ization. A high-frequency incoming photon (the pump) is
converted into a pair of lower-frequency outgoing pho-
tons. The photons within a given pair can be entangled in
a number of ways: position, momentum, frequency, time,
polarization, and orbital angular momentum [1]. To effec-
tively produce more than two entangled photons through
SPDC, it is common to employ multiple nonlinear optical
elements, which requires tedious optical alignment [1,2].

We present a simple method to generate multiple SPDC
rings within the same nonlinear crystal. The versatility
of such an approach lends itself to increasing the possi-
ble configurations available to create photon pairs with
desired correlations in an optics environment (i.e., polar-
ization, wavelength, etc.). We conduct degenerate SPDC
utilizing both type I and type II S-barium borate (BBO)
crystals. We drive the process with an ultrafast pulsed
Ti:sapphire laser, frequency doubled to 404 nm. In the type
I case, we use the repeated type I geometry [3]. We use a
beam-splitting mask or Gaussian mask (GM) to divide the
pump beam into any desired number of “sub-Gaussian”
inputs. Each of these sub-Gaussians can in turn generate
its own SPDC emission cone. The configuration of the
mask will determine the number and the manner of spa-
tial overlap of the down-converted cones, as illustrated in
Fig. 1. The pump photons from each sub-Gaussian input
have the same optical properties. The intersection of the
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SPDC emissions ensures the quantum states of each pho-
ton can be made indistinguishable, which can be extended
to multipartite states when the rings each contribute more
than one photon. The indistinguishability afforded by this
overlap is achievable with documented phase compensa-
tion techniques, and can allow us to essentially duplicate
the quantum state from each SPDC emission at the inter-
sections, yielding excess entangled photons as compared
with the single-pump case [4-6].

A similar argument can be followed for the type II inter-
action where two intersections are already produced [7,8].
Further sources with repeated orthogonal type II crystals
have generated an increase of entanglement products [9].
Here, we demonstrate how the input geometry can be
altered to accomplish similar and improved results. We
show that the orientation of the type II crystal also controls
the manner of the cones’ overlap.

II. THEORY

In SPDC, an incident photon is absorbed by a non-
linear medium to excite the emission of a photon pair.
These emitted photons can be correlated in a number of
ways, with polarization characteristics having been studied
extensively [10—13]. For the purpose of this Letter, we only
refer to polarization entanglement; arguments, however,
can be made for the extension of entanglement across other
degrees of freedom between the overlapping SPDC emis-
sion cones (i.e., position, energy, momentum, and time). In
all cases we present here, the down-conversion is assumed
to be degenerate unless it is otherwise explicitly indicated.

It is fruitful to define the Bell states as follows:

%) = — [|HH) £ &% |V7)],
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FIG. 1. A four-aperture GM is illustrated. Each “sub-
Gaussian” input generates its own SPDC emission cone. The
GM design controls the number and the manner of overlap of
the down-converted cones.

The ¢ and y Bell states are associated with type 1 and
type II processes, respectively, due to their ability to read-
ily prepare photons into the states. The relative phase ¢
in (1) is determined by the phase acquired during the
down-conversion process along with any compensation
crystals. Phase compensation techniques are well docu-
mented [5,6] and allow e in (1) to be set to 1 when ¢ =
Opc + 6. = 0, where the compensation phase (6,) exactly
cancels out with the relative down-conversion phase (6pc).
When referring to the overall states for a subset of down-
converted photons from the intersections of a given mask,
we use capitalized ® and W for the total wave function
from types I and II, respectively. This distinction can be
represented with the help of operators G representing the
transformation due to the Gaussian mask and D represent-
ing the SPDC event. Both of these operators are set to
operate on the Gaussian pump (|p)). The operations are
described as follows:

D(Ip)) = lp™) or|y*),

)
D[G(Ip))] = |®)or |¥).
The system of Bell states is composed of two qubits;
thus the usual SPDC process conducted with proper phase
compensation could be a source of two entangled qubits.
Our approach can also be used to increase the count of
indistinguishable photons within the region of overlap.

III. APPARATUS AND EXPERIMENTAL DESIGN

Figure 2 is an illustration of our experimental setup.
The laser source (not shown) is a mode-locked regenera-
tive Ti:sapphire laser with repetition rate of 3 kHz, pulse
energy of 1.67 mJ, and with a 38-fs pulse duration at
808-nm center wavelength. We use BBO crystals as our
nonlinear media for SPDC production. For type I SPDC,
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FIG. 2. Schematic of setup including half-wave plates
(HWPs), BBOs (x?), band-pass filters (BPFs), beam split-
ter (BS), mirrors (M), lenses (L), and our beam masks. The
SCMOS and EMCCD image the pump and down-converted
light, respectively.

we use two adjacent 500-pum-thick nonlinear crystals that
are oriented orthogonally such that a vertically or hori-
zontally polarized pump photon can down-convert into a
pair of horizontally or vertically polarized photons in the
first (second) crystal. For type Il SPDC, we use a single
1000-um-thick BBO crystal. The crystals are pumped by
the frequency-doubled beam (404 nm) via a separate type
I BBO crystal as shown in Fig. 2.

The pump beam from the laser system is transformed
into sub-Gaussian beams using the GM. The resulting sub-
Gaussian beams from each aperture of the GM are then
focused by lens L on either the type I or Il BBO to produce
the desired down-converted cones. The HWP placed after
L, is used to match the crystals’ polarization axes.

For repeated type I SPDC, we set the polarization of the
fundamental beam at 45°, so that the input polarization
has equal components along each crystal’s optical axis.
For the type II process, we match the fundamental polar-
ization to the crystal optical axis. The down-converted
light is collected by lens L, and isolated with two BPFs
before being captured by an electron-multiplying cou-
pled charged device (EMCCD). An image of the input
(pump) beam is recorded with a separate scientific com-
plementary metal oxide semiconductor (SCMOS) camera
for each of the masks. The GM is designed to have one,
two, three, or four apertures, measuring approximately 2
mm in diameter, and spaced 1.5 mm apart. In the sce-
nario where there are four apertures, the spacing refers
to the closest neighbors and not the diagonal of the grid.
To ensure that the beam uniformly illuminates the whole
structure, we use a l-cm input beam that is well colli-
mated and filtered such that the intensity distribution is
flat along the beam diameter. The GM is also housed in a
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kinematic mount that allows us to fine tune its alignment.
In both the repeated type I and type II processes, the GM
geometry can be seen in the emission pattern from the crys-
tal, revealing an increased brightness in the overlapping
regions.

We verify our down-conversion through sufficient fil-
tering before imaging it on the EMCCD. We tune the
polarization of the pump beam using the HWP to fully
extinguish the observed rings for a single crystal. For the
repeated type I crystal, a slight misalignment is introduced
to distinguish the SPDC rings, then rotation of the HWP
will fully extinguish either ring. To ensure that none of
the rings are reflections, we cover the apertures and sep-
arately observe the corresponding emission ring disappear.
For simultaneous SPDC processes, the overlap of each
emission can be adjusted by the mask design. The single-
aperture case is given for each process as a reference to the
normal SPDC process conducted without a mask.

IV. RESULTS AND DISCUSSION

Ilustrations of the expected SPDC emission cones
along with the experimental results for repeated type
I are displayed in Fig. 3. The increased brightness at
the intersection points of the SPDC cone confirms the
higher photon density present in these overlapping regions.
Figure 3(e) shows the two-aperture GM process con-
ducted with repeated type 1. For each aperture, the down-
conversion process will create entangled pairs of photons
in the |¢™) state. We can thus determine one possible form
of the wave function for the photons emitted at the overlap
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FIG. 3. (a)A(c) Illustrations of repeated type I SPDC cones
generated by a single, double, and triple “sub-Gaussian” pump
(shown in the inset at bottom left), with the desired overlap
labeled. (d)(f) The corresponding experimental results obtained
using GMs designed with one, two, and three apertures. For each
case the pump beam is imaged and inset (bottom left) with the
SPDC emissions.

as follows:

|®) = N[|[HHHH) + €% |HHVV) + €'%2 |VVVV)
+ €3 |VVHH) + €% |HVHV) + €5 |HVVH)
+ €Y \VHVH) + ¢¥7 |VHHV)], (3)

where N = 1/+/8 if all outcomes are equally probable
and the phases ¢; are determined by the photons’ polar-
izations and optical path lengths. We use the shorthand
lij) ® |kl) = |ij ) |kl) = |ijkl) for the outer (tensor) product.
The phases can be effectively compensated to obtain a sim-
plified version with the exponential terms set to 1 (e’ = 1)
[5,6]. The ordering is done to reveal the factoring admitted
by the state: rearranging gives us

1
|®) = —=I[|HH) (|IHH) + [VV)) + [VV) (1VV) + |HH))

22
+ [HV) (HV) + |VH)) + |VH) (IVH) + |HV))]
1 + + + +
= — + . 4
ﬁ[|¢>|¢> v v )] 4)

The addition has been changed to plus or minus in the last
line to account for the real values from the exponential
phase factors (since compensation can be done differently
such that ¢ = 6pc + 6, = 7). We can now can see that
the source (repeated type I) behaves differently when it
is driven with two pump beams with overlapping emis-
sion cones. The resulting state could be an entangled state
between products of Bell states, of which now contains the
product state [ T) [ F).

Type I SPDC with the GM is displayed in Figs. 4 and 5.
Type II SPDC is inherently less bright than type I due
to stricter phase matching conditions, and thus the back-
ground noise is more apparent in the captured emissions.
The spatial overlap for type I SPDC, shown in Fig. 4(d),
already affords polarization entanglement of the emitted
photons. Tedious optical alignment must be followed to
capture the photons in the region of overlap. However,
by applying the GM producing more than a single Gaus-
sian pump, we can completely overlap rings of orthogonal
polarization from the separate processes, producing polar-
ization entanglement across the whole overlapped ring,
much like in the case of repeated type I, but instead
prepared into the | ) Bell states [14].

The manner of overlap for type II SPDC is controlled
first by the spatial separation of each aperture in the GM
design. Different GM configurations help determine that a
spacing of 2 mm between apertures gives an effective over-
lap of the SPDC cones, as shown in Fig. 4. The photons in
the region of overlap between the SPDC rings could be
entangled with each other as distinguishability is erased
upon full spatial overlap. Conducting type II SPDC with a
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FIG. 4. (a)A(c) lllustrations of Type II SPDC cones generated
by a single, double, and quadruple “sub-Gaussian” pump, with
the desired overlap labeled. (d)«f) The corresponding experi-
mental results obtained using GMs designed with one, two, and
four apertures. For each case the pump beam is imaged and inset
with the SPDC emissions. In (f) the center ring is composed
of overlapping rings from the emissions from both the top and
bottom apertures.

two-aperture mask is fundamentally different from produc-
ing a mixture of type Il correlated photons. For example,
in Fig. 4(e), we show the two-aperture GM, where the ver-
tical arrangement of the two apertures allows for the two
SPDC rings to “share” or have one of their rings to com-
pletely overlap. We therefore create a much larger region
of overlap. This method makes photon collection far less
tedious for type II SPDC. It should be noted that there are
many more geometries afforded by conducting the type II
process with multiple apertures due to the asymmetry in
the emission (with respect to polarization). We only exam-
ine one case here, but the process follows similarly for any
given emission pattern.

In Fig. 5 we explore four different orientations of the
two-aperture GM in type II SPDC emission. We show
that by rotating the two-aperture configuration along the
azimuthal direction, we can control the region of over-
lap between the two type II SPDC rings. We can effec-
tively dictate whether the spatial overlap is a whole ring
or distinct points of intersection. It is also noticeable

Mask at 45° Mask at 90° Mask at 135°

Mask at 0°

FIG. 5. Type II SPDC emission with a two-aperture mask.
(a)(d) The rotation of the mask demonstrates the full angular
control of the emission.

that by superposing (adding) the emission pattern shown
in Figs. 5(a) and 5(c), we recover the emission pattern
displayed in 4(f).

By symmetry arguments, one can see that the wave func-
tion for the photon states at the overlapping regions for the
two-aperture GM includes terms that do not appear when
computing the outer product of the wave function for a type
I process [given in [ 1) from Eq. (1)] with itself [14]. The
latter gives

(1HY) +|VH)) ® (IHV) + [VH))

= |HVHV) + |HVVH) + |VHHV) + |VHVH) ,
(5)

where we have ignored the normalization and phase fac-
tor. However, we can see that the wave function for the
overlapping regions should be of the form

|W) = N[|HVHV) 4+ |HVVH) 4+ |VHHV) 4+ |VHVH)
+ |HHVV)]
= N[2|y*) |y*) £ |HHVV)], (6)

where N = 1/4/5 if all SPDC outcomes are equally prob-
able and the phase terms have been omitted assuming
phase compensation has been employed. The last term is
determined by the emission polarizations (we have chosen
|[HHVV) instead of |VVHH)). Again the addition has been
changed to plus or minus to account for the real values
of the phase factor that could be produced with differ-
ent compensation. The additional term, compare Eq. (5),
is due to the fact that the configuration allows the set
of intersections (the full ring overlap) in Fig. 4(e) to
have the same polarization. Neither of these states is pos-
sible in the product of two type II emissions because
the sets of intersections belonging to each process must
possess one vertically and horizontally polarized photon
each.

To increase the amount of correlated photons, care must
be taken to compensate for the different phases of the emit-
ted light, ensuring superposition. Accomplishing this leads
to an increase in the amount of entangled photon pairs,
although it is still dependent on the SPDC configuration
and the detection scheme.

V. CONCLUSION

In conclusion, we demonstrate a simple method to
increase the number of correlated photon pairs within the
region of overlap through SPDC in type I and II BBO
crystals. We introduce a Gaussian mask to divide the
pump beam into any desired number of “sub-Gaussian”
inputs to induce multiple down-converted emission cones
from a single nonlinear crystal. We show that the mask
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design determines the number and the manner of overlap
of the down-converted cones. This method can be easily
extended to continuous laser setups, which would elim-
inate the need to consider clocking effects of the pulse
train. This simple approach has promising potential for
photonic qubit production setups, being limited only by the
size of the nonlinear crystal and pump beam waist (and
by extension the pump power and damage threshold of
the nonlinear medium per square area). We believe this
approach can help simplify and reduce costs for entangle-
ment generation, and thus greatly contribute to photonic
based quantum computing. The natural progression of the
work will be to quantify the degree of entanglement of
the system presented. In quantifying the entanglement of
our systems, one might be able to generate an alternative
discussion to entanglement monogamy.
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