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HIGH-FLUX ENTANGLED PHOTON
GENERATION VIA PARAMETRIC
PROCESSES IN A LASER CAVITY

PRIORITY INFORMATION

This application is a continuation of International Appli-
cation No. PCT/US01/44889 filed Nov. 30, 2001, which
claims priority from U.S. Provisional application Ser. No.
60/250,175 filed Nov. 30, 2000, both of which are incorpo-
rated herein by reference in their entireties.

BACKGROUND OF THE INVENTION

We propose a new technique for the generation of
entangled-photon beams with high flux by the use of a
parametric process, or simultaneous parametric processes, in
conjunction with simultaneous laser action from an active
medium and higher-harmonic generation in an optical cav-
ity. Laser action can arise via the usual mechanisms asso-
ciated with a pumped active medium in a cavity or, more
generally, by any number of optical processes such as
stimulated emission without population inversion. The pro-
duction of high-flux entangled-photon beams can be
achieved by the presence of such an active medium coupled
with, or congruent with, various nonlinear media or devices
that permit some combination of parametric processes that
generate light at new frequencies, both higher and lower
than the laser light within the cavity. The generation of such
radiation can be continuous wave (cw), or it can be gener-
ated in pulsed form by virtue of processes such as gain
switching, cavity dumping, Q-switching, mode-locking,
combinations thereof, or other means. It can be implemented
in a variety of ways, including second- and optical higher-
harmonic generation, and so-called type-I or type-II para-
metric downconversion.

This invention provides a substantial improvement over
the current and established process of spontaneous paramet-
ric downconversion, which takes place outside a cavity and
produces only a low flux of entangled photon pairs. It is to
be distinguished from the well-known processes of optical
parametric amplification and optical parametric oscillation
that take place in a cavity that contains the two modes of the
downconverted light. In these latter processes the two mem-
bers of an entangled photon-pair (twin photons) are emitted
from the cavity individually thereby lengthening the
entanglement time and diluting the entangled nature of the
emitted photon pairs or clusters. In the technique proposed
herein, the entangled-photon pairs maintain their close coor-
dination in time, space, momentum, energy, and/or polar-
ization after exiting from the device.

Ideal spontaneous parametric downconversion splits each
pump-beam photon into twin daughter photons that are
emitted simultaneously. Since energy and momentum are
conserved in the splitting process, the daughter photons
share the energy and momentum of the mother. This
entangles the directions of the two daughters so that the
emission of one photon in a given direction is associated
with a certain simultaneous emission of a twin photon in a
matching direction. The twins may have the same frequency
(wavelength or color), in which case they are identical (or
degenerate); or differ in frequency (wavelength or color), in
which case they are in a sense fraternal (or nondegenerate).
The downconverted pairs generated may emerge in the same
direction (colinearly) or in different directions (non-colin-
early). The twins may also be entangled in polarization for
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type-II downconversion. The entanglement persists no mat-
ter how far away the photons might be from each other.

In one implementation of the invention, the technique can
be used for the generation of entangled photons using
simultaneous parametric processes such as second-harmonic
generation and spontaneous parametric downconversion in
conjunction with laser action in a cavity. The parametric
processes can be engendered by making use of a single
nonlinear device such as a nonlinear optical crystal that
produces both second-harmonic generation and parametric
downconversion, or separate nonlinear devices, within the
cavity. The high energy density within the cavity allows
entangled photons with high flux to be produced in such
directions that they exit from the cavity after they are
generated. This technique is particularly applicable for non-
colinear generation.

In another implementation of the invention, multiple laser
cavities are used in conjunction with mirrors that have high
reflectance at one wavelength and low reflectance at another
wavelength, together with dichroic and/or polarization-sen-
sitive optics and multiple intracavity nonlinear crystals, to
achieve strong pumping of the nonlinear parametric down-
conversion process and high-flux entangled photons to be
generated and exit the optical system. This technique is
particularly applicable for colinear generation.

In another implementation of the invention, multiple laser
cavities may be used in conjunction with mirrors that have
high reflectance at one frequency and low reflectance at
another frequency, together with an optical element or
optical elements that angularly separate the different light
frequencies. Examples of such elements are dichroic, prism,
and/or grating devices and/or polarization-sensitive optics.
Multiple intracavity nonlinear optical crystals may also be
used to achieve strong pumping of the nonlinear parametric
downconversion process and thereby permit high-flux
entangled photons to be generated and exit the optical
system. This technique is particularly applicable for colinear
generation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating photon arrivals from a
classical light source.

FIG. 2 is a diagram illustrating photon arrivals in distinct
spatial directions from an ideal entangled light source.

FIG. 3 is a diagram illustrating photon arrivals from an
ideal entangled light source using an imaging system.

FIG. 4 is a diagram illustrating photon arrivals from a real
(non-ideal) entangled light source with a finite entanglement
area and finite entanglement time.

FIG. 5 is a diagram of one implementation of high-flux
entangled-photon generation via parametric processes in a
laser cavity. The downconverted beams (indicated as wig-
gly) have center frequencies f in the degenerate case. The
downconverted light emerges at oblique angles, as indicated
by the arrows and is thereby separated from the laser light
at frequency f (indicated as cross-hatched) and from the
second-harmonic (SH) light at 2f (indicated as dark gray).
The cavity mirrors have high reflectance (HR) at f and at 2f.
The frequency f corresponds to the wavelength A ,,,,.,, while
the frequency 2f corresponds to the wavelength A, /2. The
entangled-photon pairs may be degenerate or nondegener-
ate, colinear or noncolinear, and may be generated via type-I
or type-II optical parametric downconversion.

FIG. 6 is a diagram illustrating another implementation
for high-flux entangled-photon generation via parametric
processes, using multiple optical cavities, an active laser
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medium, an intracavity nonlinear-optical second-harmonic
generation (SHG) crystal, an intracavity parametric down-
conversion (PDC) crystal, and dichroic (and/or polarization
sensitive) optics that are of high reflectance (HR) or high
transmittance (HT) at the frequencies f and/or 2f, as indi-
cated. The colinear downconverted beams (indicated as
wiggly) have center frequencies f in the degenerate case.
The laser light (indicated as cross-hatched) has frequency f
(wavelength %, ) and the second-harmonic light (indi-
cated as dark gray) has frequency 2f (wavelength A,,,,,,./2).
The entangled-photon pairs may be degenerate or nonde-
generate, colinear or noncolinear, and may be generated via
type-I or type-II optical parametric downconversion.

FIG. 7 is a diagram illustrating an embodiment similar to
the one shown in FIG. 6. However, in this case the laser
cavity (not shown) is not part of the arrangement itself. The
second harmonic (SH) light circulating within the cavity is
therefore generated outside the laser cavity.

FIG. 8 is a diagram illustrating yet another arrangement
for high-flux entangled-photon generation via parametric
processes. Here the SHG and the PDC occur in the same
nonlinear medium and the entangled photons leave the
cavity due to their noncolinear generation or due to the
higher divergence of PDC light in comparison with SH light,
if it is generated within a waveguiding structure.

FIG. 9 is a diagram illustrating an embodiment similar to
the one shown in FIG. 5. In this case, however, no SHG is
required as the laser light is generated directly at a frequency
2f within the cavity. The light at frequency 2f pumps the
PDC medium to generate non-colinear entangled photons at
frequency f.

FIG. 10 is a diagram illustrating yet another arrangement
for high-flux entangled-photon generation via parametric
processes similar to the one shown in FIG. 7. Here the SHG
crystal has been replaced by a laser medium generating light
at frequency 2f. The light at frequency 2f directly pumps the
PDC medium to generate colinear entangled photons at a
frequency f.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

As shown in FIG. 1, classical photons arrive randomly
and independently. The photons arrive in time in Poisson
fashion, as illustrated on the time line by photons 10, 12, and
14. The photons arrive in space in uniformly distributed
fashion, as illustrated by photons 10, 12, and 14 at the plane
18. The probability of arrival of one photon in time T and
area o, when the incident photon-flux density is ¢ (photons/
sec-m?), equals ¢oOT.

As shown in FIG. 2, photons of an ideal entangled light
source arrive in perfect pairs. The two photons of a pair
arrive simultaneously, as illustrated on the time line by
photon pairs 32, 34, and 36. The two photons of a pair also
arrive at matched positions, as illustrated by photons 32a
and 32b, 34a and 34b, and 36a and 36b for the noncolinear
case. Each photon-arrival position in the first beam 38 has
one and only one corresponding matched photon-arrival
position in the second beam 40.

As shown in FIG. 3, an imaging system can be used to
bring the matching photon pairs together at a target plane 42
so that they arrive simultaneously at the same position.
Photon pairs 32, 34, and 36 are matched in time, as illus-
trated on the time line, and are also matched in spatial
location, as illustrated in the target plane 42.

If a real source of quantum-mechanically entangled pho-
tons is used (rather than the ideal one considered immedi-
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ately above), the photon-pair occurrence times are highly
correlated rather than identical. Such entangled-photons
may be generated, for example, by type-I or type-II spon-
taneous parametric downconversion. Because energy is con-
served in the entangled-pair creation process, the twin
photons are produced nearly simultaneously and each has a
wavelength longer than the original. Momentum is also
conserved, resulting in a nearly one-to-one correspondence
between the directions of travel of each photon in an
entangled pair. Because they share the energy and momen-
tum of the original photon, the twin photons are said to be
“entangled” with each other. In type-II downconversion the
polarization properties of the photons also bear a special
relationship to each other. For such a real source of
entangled-photon pairs, as shown in FIG. 4, the two photons
of each pair arrive at random positions within a small area
A,_, called the entanglement area 80. The two photons also
arrive randomly within a small time interval T,, called the
entanglement time 82. The spatial resolution of the system
is dependent on, among other things, the entanglement
angle. The entanglement angle is the angular width of the
cone of directions entangled with a particular single direc-
tion of its twin photon. A number of factors influence the size
of the entanglement angle, including the spectral width and
beam width of the laser, as well as the interaction volume of
the nonlinear optical medium. The temporal resolution of the
system is dependent on, among other things, the entangle-
ment time. Pump-beam characteristics such as the spectral
width and beam width, and nonlinear material characteris-
tics such as the crystal length and orientation, can be
adjusted to generate entangled photons with adjustable
entanglement time. Both the entanglement angle and the
entanglement time can be adjusted as required for the
application. This is called entanglement-angle and entangle-
ment-time tuning.

The present invention relates to the generation of high-
flux entangled-photon pairs. As shown in FIG. 5, in one
configuration we envision the mirrors associated with the
laser cavity to have very high reflectance, even as high as
100%, at both the fundamental laser frequency f and at the
second-harmonic generation frequency 2f. The laser
medium may be a crystal, semiconductor, liquid, gas, or
other similar source of stimulated or spontaneous emission.
The laser pump (not shown) and lasing process may be
continuous-wave or pulsed. The light preferably has energy
in the frequency range from radiowaves to x-rays. A non-
linear material or device within the laser cavity converts
some fraction of the laser fundamental frequency into its
second harmonic. A nonlinear material or device within the
laser cavity, which may, but need not necessarily, be the
same nonlinear material or device that generates the second
harmonic radiation in the first place, is simultaneously used
to generate radiation via spontaneous parametric downcon-
version of the second-harmonic radiation. The light gener-
ated by means of spontaneous parametric downconversion
may be produced by a type-I or type-II parametric interac-
tion. The nonlinear optical media may be crystals or other
materials, surfaces, interfaces or other similar components.
One function of the nonlinear optical medium is to cause a
portion of the pump beam to split into a signal beam and an
idler beam (referred to collectively as twin beams or
entangled photons or two-mode squeezed-state photons),
contributing a stream of daughter signal entangled photons
and a corresponding stream of daughter idler entangled
photons. In the noncolinear case these entangled-photon
beams exit from nonlinear-optical crystal at appropriate
angles in accordance with the phase-matching condition,












