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Stimulated Parametric Down-Conversion with Vector Vortex Beams
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A vector vortex beam presents local polarization states that are spatially modulated in the plane trans-
verse to propagation. By employing a two-crystal-sandwich source allowing for nonlinear interactions
between input fields of any polarization, we analyze experimentally the process of stimulated paramet-
ric down-conversion and observe unique effects when the pump and seed fields are vector vortex beams.
We reconstruct the transverse polarization pattern of the generated idler beam by Stokes polarimetry. The
experimental results obtained are in good qualitative agreement with theory and exhibit manifold polar-
ization transverse distributions for different combinations of pump and seed vector vortex beams, which
may find applications in both classical and quantum optics.
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I. INTRODUCTION

Vector beams are structured light beams that present
a polarization state that varies in the plane transverse to
the propagation axis [1–3]. A particular class is that of
paraxial beams with cylindrical symmetry in both intensity
and polarization transverse distributions and a singularity
along the beam axis, the so-called vector vortex beams [3,
4]. These are very interesting physical systems that can
be interpreted as a classical analog of the entangled Bell
states [5], since polarization and transverse (i.e., spin and
orbit) degrees of freedom are nonseparable [6,7]. These
hybrid entangled states can be exploited, for instance, in
kinematic sensing of fast-moving objects [8], and in high-
dimensional encoding and transmission of information [9].
Generally, there has been a growing number of propos-
als for practical applications in communication [10] and
precision measurement schemes [11], among other fields
[12–14].

There has also been an increasing interest in the research
for unusual types of structured beams [3] and their
interaction with matter [15], for instance, to manipulate
atoms [16]. By using vector beams in nonlinear optical
processes in general, phenomena, such as optical phase
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conjugation [17], gain different perspectives [18,19]. More
specifically, second-harmonic generation induced by vec-
tor beams has been uncovering the role played by the
spin-orbit interaction between light and nonlinear media
[20,21].

Here, we study the physical consequences of using
vector vortex beams in the nonlinear process of stimu-
lated parametric down-conversion (StimPDC) [22]. Phase-
matching conditions in parametric down-conversion are
polarization dependent for most nonlinear optical materi-
als and for this reason it is necessary to use an adequate
nonlinear source that allows for the complete interaction
of structured beams. To this end, we use the two-crystal-
sandwich source introduced for the realization of a high-
intensity source of polarization-entangled photon pairs in
the regime of spontaneous down-conversion [23]. Pump-
ing and seeding this type of source with vector vortex
beams generates a third beam—the idler, which is also
a structured beam, and whose properties depend explic-
itly on those of the pump and the seed. We measure
its transverse intensity profile and perform transverse-
position-dependent polarization tomography, which allows
for the complete description of the beam. We find good
qualitative agreement between our measurements and the
predictions of a recently introduced theory [24]. We also
find that some combinations of pump and seed vector
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vortex beams generate an idler beam that is a superposition
of paraxial beams with different Gouy phases, resulting in
diffraction effects that change both the transverse intensity
and the polarization profiles. The results of this investi-
gation with stimulated down-conversion are also valid in
the context of spontaneous parametric down-conversion,
given that the mode coupling and phase-matching condi-
tions are the same for both processes [25]. They are also
useful for applications in which frequency conversion of
vector vortex beams is necessary and have potential util-
ity in simulation of dynamical physical systems using light
beams.

II. EXPERIMENTAL SETUP

The experimental scheme used to study the StimPDC
process with pump and/or seed beams prepared as vector
vortex beams is shown in Fig. 1(a). A 405-nm cw diode
laser is used as the pump beam and a 780-nm cw diode
laser is used as the seed (signal) beam. Both beams have
optical power around 40 mW. They are collimated using
a telescope, such that their diameters are about 1.0 mm
throughout the interaction region. The idler beam produced
in the process has a wavelength of 840 nm. Its diameter is
given by the interaction region where pump and seed over-
lap, and under proper alignment it is also nearly 1.0 mm.
The down-conversion source is formed by two beta bar-
ium borate (BBO) crystals cut for type-I phase-matching
interaction. They are placed close together with a rela-
tive rotation of 90◦ (about the optical axis), so that one

crystal is pumped with horizontal (H ) polarization and
generates down-converted light with vertical (V) polariza-
tion, while the other crystal is pumped with V polarization
and emits in H polarization modes [see Fig. 1(b)]. This is
often referred to as the two-crystal-sandwich source, which
was conceived to generate entangled photon states with the
polarization degree of freedom [23].

In order to achieve temporal overlap between the idler
polarization modes produced in the two different crys-
tals, we use pump and seed lasers having coherence
lengths larger than the total length of the two-crystal
source. We use 2-mm-thick crystals, so that the coher-
ence lengths should be larger than 4 mm, which is easily
attainable with commercial diode lasers. Temporal over-
lap between modes produced in different crystals can be
achieved by other means when the lasers have short coher-
ence lengths or are pulsed [26,27]. The crystal length
is also much shorter than the Rayleigh length of pump
and seed beams, so that the Gouy phases of both beams
can be assumed to be constant within the interaction vol-
ume. Relaxing this condition can give rise to a varying
phase difference between horizontal and vertical compo-
nents of the idler inside the crystal. The optical alignment
is achieved by measuring coincidence counts between sig-
nal and idler photons produced by spontaneous PDC (seed
turned off) and detected with single-photon counting mod-
ules (SPCM) with 10-nm bandwidth interference filters
having central wavelengths of 780 and 840 nm. Once the
coincidence alignment is obtained, the path of the 780-
nm signal beam is marked with pinholes and the seed
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FIG. 1. StimPDC with vector beams. (a) Experimental setup. Two cw-laser beams (pump and seed) are collimated using a telescope
(not shown), and then prepared in polarization states by using half-wave plates (HWPs) and vortex plates (VPs, shown here only for the
seed beam). An enhanced idler beam is generated by StimPDC when the two beams are incident on a pair of nonlinear crystals (BBO).
All polarization components of pump and seed beams participate in the process due to the use of the two-crystal-sandwich source.
The polarization state of the idler beam is measured in the transverse plane by the combination of a polarization tomographic setup
(quarter-wave plate (QWP), HWP, and polarizing beam splitter (PBS)) and a CCD camera. (b) The sandwich source: two identical
type-I BBO crystals placed with a relative rotation of 90◦ (as indicated by the arrows), each contributing coherently to StimPDC in the
transverse portions of the pump and seed vector beams. Here, the pump and seed are displayed with radial and azimuthal polarization
profiles, respectively. The polarization line is indicated by black, solid strokes. (c) Decomposition of radial and azimuthal modes in
horizontal and vertical polarization components.
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laser is injected through the source collinearly with it.
This causes the intensity of the idler to increase enough
to replace the SPCM detectors with a conventional CCD
camera.

Pump and seed beams are prepared in vector vortex
modes using commercial vortex plates (Thorlabs). We pre-
pare beams with topological charges m = 1 [radial and
azimuthal polarization distributions, see Fig. 1(c)] and
m = 2. For each combination of pump and seed beam,
the intensity and polarization pattern of the idler beam
is measured by Stokes polarimetry [28] in the following
way. First, we record a set of six images on a CCD cam-
era (Thorlabs CS2100M-USB Quantalux) combined with a
10-nm-bandwidth, 840-nm-centered bandpass interference
filter, when imaging the idler, and neutral density filters
when imaging pump and seed. Each image corresponds
to a projection onto horizontal-vertical (H -V), diagonal-
antidiagonal (D-A), and right-circular–left-circular (R-L)
polarization basis, realized with a QWP, a HWP, and a
PBS. The exposure time is 7.8 s for each idler-beam image,
and 100 ms for seed and pump beam images. The images
are then used to compute the Stokes parameters at each
point [29], and then reconstruct the spatial distribution of
intensity and polarization profile of the light beams. In
order to reduce experimental errors in the reconstruction,
we replace the value in each pixel by the average intensity
within a square of 20 × 20 pixels around it, and use these
smoothed tomographic projections for computing the maps
of Stokes parameters. The polarization states represented
in the reconstructed patterns do not account for the corre-
sponding intensity at the given point of the spatial profile.
Therefore, one may have a polarization state displayed in
a point where the intensity would be ideally zero.

III. QUANTUM-OPTICAL DESCRIPTION

The vortex plates generate vector beams with rotational
symmetry, also known as cylindrical vortex beams [4,30].
The electric field of such a beam can be represented as a
superposition of two counter-rotating circularly polarized
fields [2,31]:

E(r, ϕ) = Am(r)
[
e−i(mϕ+α)(x̂ + iŷ) + ei(mϕ+α)(x̂ − iŷ)

]
,

(1)

where Am(r) is the complex-amplitude transverse profile
of a Laguerre-Gaussian mode of radial order p = 0 and
azimuthal order m, apart from the term e−imϕ . The angle
α is the angle between the polarization of the input beam
and the “main” fast axis of the vortex plate. r and ϕ are
the usual cylindrical coordinates at the transverse plane,
and x̂ and ŷ are the Cartesian unit vectors associated with
horizontal and vertical polarizations, respectively.

We can rewrite Eq. (1) as

E(r, ϕ) = 2Am(r)
[
cos(mϕ + α)x̂ + sin(mϕ + α)ŷ

]
, (2)

allowing for the analytical description of the vortex beams
intensity (|E|2) and polarization (E) transverse profiles. In
our experimental setup, we can generate pump and seed
beams of various profiles. Linearly polarized Gaussian
beams (m = 0) are generated using only the HWP. Radial
(m = 1, α = 0) and azimuthal (m = 1, α = π/2) beams
are created with the use of a HWP and a vortex plate [see
polarization patterns in Fig. 1(c)]. A hybrid vector beam
[32], which is a more complex beam containing linear,
elliptic, and circular polarization states, can be generated
using a QWP and a vortex plate. The electric field of such
a hybrid field is obtained from Eq. (2) by operating on it
with the appropriate Jones matrix.

The stimulated idler beam will inherit its polarization
properties from the coupling between the pump and seed
fields. As shown in Ref. [24], when projected onto a
polarization state given by

|θ , φ〉 = cos
θ

2
|H 〉 + eiφ sin

θ

2
|V〉, (3)

the intensity of the stimulated idler field at a position r,
within the paraxial approximation can be written as

I stim
θ ,φ (r) =1

2
cos2 θ

2
|FH (ρ)|2 + 1

2
sin2 θ

2
|FV(ρ)|2

+ eiφ

4
sin θF∗

V(ρ)FH (ρ)

+ e−iφ

4
sin θF∗

H (ρ)FV(ρ), (4)

where ρ = (x, y) gives the transverse position coordinates
at the detection plane. The function Fj (ρ) describes the
idler field of wave number ki in the polarization j = H , V,
after a propagation distance z:

Fj (ρ) =
∫

dρ′ Wj̄ (ρ
′)U∗

j (ρ′) × exp
[

i|ρ − ρ′|2 ki

2z

]
,

(5)

where Wj̄ (ρ), U∗
j (ρ) are the components of the transverse-

mode profiles of the pump beam and seed beam, respec-
tively, and j̄ is the polarization direction orthogonal to j .
The field profiles are defined in Eq. (2). Therefore,

Wj (ρ)U∗
j̄ (ρ) = 4Ap(r)A∗

s (r)fj (lϕ + α)fj̄ (mϕ + β), (6)

where the index p and the parameters l and α (s, m, and β)
relate to the pump (seed) beam; while fH (t) = cos(t) and
fV(t) = sin(t).

IV. StimPDC OF VECTOR BEAMS: RESULTS AND
DISCUSSION

Equations (5) and (6) can be used in Eq. (4) to com-
pute the intensity of any polarization projection of the
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FIG. 2. Tomographic projections of idler beam in StimPDC,
when pump is a radial mode and seed has diagonal polarization.
Simulated (a) and experimental (b) projections of the idler beam
in the H -V, D-A, and R-L bases.

idler field at the detection plane. To illustrate this capa-
bility, Fig. 2 displays six projections of the idler beam for
a radially polarized pump beam and a diagonally polar-
ized seed beam, obtained by both the simulation and the
measurement. There is clearly a good qualitative agree-
ment between the theoretically predicted and the observed
projections, which prevails for all the cases we investi-
gate here. We note that, even though the results above are
derived for cylindrical vortex pump and seed beams, they
are general enough to describe the case of linearly polar-
ized pump and/or seed Gaussian beam, since such beams
can be obtained from Eq. (2) by setting m = 0.

We test StimPDC for a variety of different combina-
tions of pump and seed beams, as we now describe. Let
us start with a linearly polarized pump and a cylindrical
vector seed beam, extending the observations of Ref. [19].
Figure 3 (central column) shows the measured intensity
profile and the tomographically reconstructed polariza-
tion of the idler beam, for combinations of diagonally-
antidiagonally polarized pump and radially-azimuthally
polarized seed beam [radial and azimuthal modes are illus-
trated in Fig. 1(c)]. Interchanging the pump and seed polar-
ization profiles brings up analogous idler polarizations.
Figure 3 (right column) displays the observed idler pro-
files obtained using radially-azimuthally polarized pump
and diagonally-antidiagonally polarized seed.

The polarization profiles of the idler beam have some
interesting features. First, it reproduces the seed polar-
ization state when the pump is diagonal, while being
transformed relative to the seed when the pump is antidi-
agonal. These results corroborate the interpretation of thin-
crystal PDC in terms of phase conjugation, observed in
Ref. [19] and described using quantum optics tools in
Ref. [24]. Secondly, there are four different cylindrical
vector modes that can be generated in StimPDC using

Simulated profile Vector Seed and
Linear Pump

Linear Seed and
Vector Pump

Rad-D A-Azi

Azi-D A-Rad

D-AziRad-A

Azi-A D-Rad

FIG. 3. StimPDC combining a cylindrical vector beam and a
linearly polarized beam. Simulated (left column) and measured
(central and right columns) transverse profiles of idler beam. The
intensity is shown in the gray colorscale. The state of polarization
is indicated by the black lines (linear polarization), and colored
ellipses (red for right and blue for left handedness, respectively).

our two-crystal source and a combination of a radially-
azimuthally polarized beam and a linearly polarized one.
Indeed, the output idler beam can also be described by
Eq. (2), with the parameters α and m being determined
by the polarization states of the input pump and seed
beams. For instance, an azimuthally polarized pump and
a diagonally polarized seed (right panel at the third row
in Fig. 3) produce a cylindrical vector beam with α =
0 and m = −1, an antivortex mode [2]. Lastly, there is
some small ellipticity in parts of the observed idler profile,
which cannot be explained in the ideal process (simu-
lation). We understand that these stem from (i) small
deviations from optimum phase-matching conditions;
(ii) relative crystal rotation not exactly at 90◦; (iii) imper-
fections in tomographic setup, such as imperfect wave-
plates; and (iv) pump and seed are not collinear before
the StimPDC source in the experiment, while taken as
such in the simulation, which can lead to different birefrin-
gence effects between beams as they propagate through the
crystals.
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Rad-Rad Rad-Azi

Azi-AziAzi-Rad

FIG. 4. StimPDC using vector vortex beams for both pump
and seed. Simulated (left) and measured (right) transverse pro-
files of idler beam. Seed and pump polarization states are labeled.
The gray colorscale represents the intensity, while the state of
polarization is indicated by the black lines (linear polarization),
and colored ellipses (red for right and blue for left handedness,
respectively).

More interesting effects arise when using vector vortex
beams for both pump and seed in two-crystal StimPDC.
By using combinations of radial and azimuthal beams, the
idler will have more distinguishing features, as shown in
Fig. 4. The idler beam presents either a simple polariza-
tion distribution and a complex intensity profile (when
pump and seed are similar, i.e., radial-radial or azimuthal-
azimuthal) or complex polarization and intensity distribu-
tions (when pump and seed are different). It is worthwhile
to note that the intensity profile for similar pump and
seed beams corresponds to a two-dimensional Hermite-
Gaussian distribution of order 2 (specifically, the HG11
mode), while the input beams are Laguerre-Gaussian
modes of order 1. Accordingly, the so-obtained idler field
exhibits a beamlike propagation behavior, with diffraction
effects on the intensity and fixed polarization profile. When
different pump and seed beams are combined, however, the
idler beam at the crystal evolves upon propagation from
a petal-like intensity profile with no intensity in the cen-
ter [schematically shown in Fig. 1(b)] to the shape in the
top right and bottom left panels of Fig. 4. Moreover, the
polarization profile evolves from homogeneously linear to
a more complex one, containing even circularly polarized
regions.

We explore further the power of this kind of source
for generating even more intrincate polarization states, by
pumping and/or seeding it with higher-order cylindrical
vector beams and hybrid vector beams. Figure 5 displays
the idler beams obtained by using a cylindrical vector beam
of order m = 2 as a pump [see Fig. 5(a)], and different seed
beams. Once again, a linearly polarized seed results in idler
beams, which are cylindrical vector modes [Fig. 5(b)], and
a seed beam of the same order and polarization distribu-
tion as the pump leads to an idler with simple, petal-like
intensity distribution and homogeneous linear polarization
[Fig. 5(d)]. As for the intermediate combination, i.e., a

(d)

Rad seed

D seed
Azi seed

A seed m = 2 seed

(c)

(b)

Pump:
vector beam

m = 2

(a)

FIG. 5. StimPDC with a pump vector vortex beam of order
m = 2 and different seed configurations. (a) Pump beam of order
m = 2. (b)–(d) Simulated (left panels) and measured (right pan-
els) transverse profiles of idler beams obtained using (b) linearly
polarized seed, (c) seed of order m = 1, and (d) seed of order
m = 2. Gray scale, intensity; black lines, linear polarization; red
(blue) ellipses, polarization with right (left) handedness.

cylindrical vector seed beam of order 1, a petal-like inten-
sity profile containing circular polarization states is formed
at the detector plane. The circularity here and in the case
of radial-azimuthal pump and seed derives from (i) the fact
that each orthogonal component of the idler field is a super-
position of different spatial modes, and (ii) the fact that
modes of different order have distinct Gouy phases. As a
result, the relative phase between the orthogonal compo-
nents is a function of the propagation distance. A similar
effect, the rotation of polarization profiles upon propaga-
tion within the Rayleigh range, was previously reported
for Poincaré beams, another class of vector beams [33,34].
In that case, the vector beams are described as a super-
position of Laguerre-Gaussian states with different orders
[e.g., given by Eq. (1) with different orders for right and
left circular polarized fields].

Of course, a straightforward way to obtain elliptical
states of polarization in the idler beam is to have them
already at the seed beam. Here, we create such inhomo-
geneously polarized seed beams by sending the radial-
azimuthal beam through a QWP. The hybrid vector beam
profiles are shown in Fig. 6(a), and the idler beams gen-
erated by combining them with a linearly or radially
polarized pump are displayed in Figs. 6(b)–6(d). Even
for the complex seed polarization profile, the idler beam
obtained by using an antidiagonally polarized beam as a
pump is very similar to it, in resemblance to the effects
depicted in Fig. 3 (the two lower central panels). As for
a radially polarized pump beam, very intrincate polar-
ization profiles are generated [lower panels of Figs. 6(b)
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Seed: Az
+ QWP@0

Seed: Az
+ QWP@45

Seed: Rad
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A pump

Rad pumpA pump

A pump
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(d)
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FIG. 6. StimPDC with a hybrid vector beam as the seed, and
the pump with linear polarization or vector-vortex-beam config-
urations. (a) Seed profiles. (b)–(d) Simulated (left panels) and
measured (right panels) transverse profiles of idler beam using
as a seed (b) the beam at the left panel of (a), (c) the beam at
the central panel of (a), (d) the beam at the right panel of (a).
Gray scale, intensity; black lines, linear polarization; red (blue)
ellipses, polarization with right (left) handedness.

and 6(c)]. Note that they differ strongly from the ones
obtained when using cylindrical vector beams as pump and
seed (Fig. 4), which contain only linear polarization states.
Specifically, the combination of radial modes for both seed
and pump, which previously resulted in an idler beam
mode of petal-like intensity distribution and homogeneous
diagonal polarization (cf. upper left panel of Fig. 4), shows
now a very complex intensity and polarization distribution
[lower panel of Fig. 6(c)]. We attribute such behavior to a
combination of the circularity resulting from different spa-
tial modes in each orthogonal component of the electric
field, as observed before, and from the intrinsic elliptical
states of polarization in the idler beam, inherited from the
seed.

V. CONCLUSIONS

In conclusion, we perform stimulated parametric down-
conversion using a two-crystal-sandwich source being
pumped and seeded with combinations of vector vortex
beams (up to topological charge m = 2). We measure the
idler beam generated in the process and perform position-
dependent polarization tomography, which results in trans-
verse intensity and polarization maps. The experimental
patterns are in good qualitative agreement with theory.
Among the combinations used, we find that, when the
pump (seed) beam is prepared in a linear diagonal or antidi-
agonal state and the seed (pump) is prepared as a vector
vortex beam, there is essentially the transfer of the vec-
tor vortex structure to the generated idler beam. When

both pump and seed are vector vortex beams, we observe
two very distinct outcomes. In the case of equal polariza-
tion patterns for both beams, the resulting idler is not a
vector beam anymore, having a homogeneous linear polar-
ization; and in the case of combining different polarization
patterns, the idler is not even a Gaussian mode anymore.
This last case presents the interesting feature of diffract-
ing and displaying a dynamic polarization structure. We
also test interactions between a hybrid vector beam as the
seed, and linearly polarized Gaussian beams and vector
vortex beams as the pump. The results are similar to the
cases where the seed is a vector vortex beam containing
only linear polarization states, with the difference being the
presence of elliptically polarized components in the idler
pattern.

Our results show that stimulated parametric down-
conversion with the two-crystal-sandwich source is a reli-
able process to realize and study the interaction between
structured beams. We note that the inverse process, second-
harmonic generation with vector beams, has been recently
investigated [35,36], and is also useful in this kind of
study. Together with the wavelength tuning provided by
the down-conversion process, the flexibility to generate
various intensity and polarization distributions with our
experimental setup can be used in all applications of vector
vortex beams. We also believe that this scheme can be use-
ful for the study or emulation of interactions and dynamics
of qubits prepared in Bell states.
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