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[57] ABSTRACT

The present invention relates to novel entangled-photon
microscopy. spectroscopy and display systems. The systems
include a source of light in the form of twin or multiple
entangled-photon beams. The systems also include optical
components that direct the twin or multiple entangled-
photon beams towards a target material. The target material
includes emission or indicator means responsive to an
energy. which approximately equals the sum of the energies
of the entangled photons. The systems may further include
imaging means that is sensitive to the response of the target
material. The present invention also relates to novel
correlated-photon microscopy, spectroscopy and display
systems. The present invention further relates to methods of
correlated-photon microscopy in which a pump beam of
photons is provided. A portion of the pump beam is split into
a first beam and a second beam. the beams having corre-
sponding correlated photons. The beams are directed
towards a target material. thereby allowing the absorption of
correlated-photon pairs at selected and adjustable points in
the target material. The target material then emits lumines-
cence or causes an effect, which may be captured by an
imaging means.

40 Claims, 4 Drawing Sheets
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ENTANGLED-PHOTON MICROSCOPY,
SPECTROSCOPY, AND DISPLAY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to novel micros-
copy systems and methods. and more particularly relates to
microscopy that uses a nonclassical light source consisting
of entangled photon pairs.

2. Description of the Background

Recent developments in the field of microscopy have been
aimed at enabling users to examine the three-dimensional
structure of specimens. Such developments include the use
of fluorescence imaging and make use of classical light
sources. The classical light sources include incandescent
light, fluorescent light. and laser light. The term laser light
will often be used here as a catch-all for all forms of classical
light. These sources of light are relatively noisy by virtue of
their photons armriving randomly in time and position.
thereby limiting the fidelity of the image.

One known microscopy technique is wide-field (WF)
fluorescence microscopy. To observe a portion of a specimen
applying WF fluorescence microscopy. the user tags some
characteristic of the specimen with a fluorophore. Under
either scenario. a light source is then directed to the speci-
men to enable the emission of fluorescence from the marker.
The absorption of one photon from the source excites a
fluorescing molecule to a higher energy band, from which
the emission of one photon of fluorescence occurs. The
number of molecules excited per unit time, and therefore the
number of fluorescence photons emitted per unit time
(which is proportional to the fluorescence intensity).
increases linearly with source intensity until a limiting or
saturation intensity is reached.

Another microscopy technique. confocal laser scanning
fluorescence microscopy (CLSM), applies the principles of
confocal microscopy to fluorescence imaging. CLSM directs
a beam of laser Light onto a small spot within a specimen. A
pinhole or slit is placed at the focal plane and between the
objective and a detector to ensure that only light originating
from a specified region of the specimen reaches the imaging
plane. CLSM permits thin optical sections to be imaged
from within an intact living fluorescence-labeled specimen
without the necessity of slicing the preparation into thin
physical sections. A three-dimensional distribution of fluo-
rescent markers can be constructed from a collection of
CLSM optical sections, with diffraction-limited spatial reso-
lution.

CLSM, however, suffers from a number of limitations.
For example. CLSM is limited in sensitivity and spatial
resolution by background optical noise that results from
out-of-focus fluorescence. In addition, CLSM causes pho-
tobleaching and photodamage throughout the illuminated
region. Repeated scans with high-energy optical photons
greatly reduce the viability of biological tissues and thereby
the available time for studying a given specimen.

A technique that overcomes. to some extent, the foregoing
problems is two-photon laser scanning fluorescence micros-
copy (TPLSM). TPLSM involves the nearly simultancous
absorption of two laser photons, rather than one photon. to
achieve fluorescence at a desired wavelength. If two photons
from a classical light source accidentally find themselves in
the vicinity of a fluorescent probe linked with the specimen.
and arrive within a time that is shorter than the fluorophore’s
intermediate-state lifetime and within the cross-sectional

10

15

20

25

30

35

45

50

55

65

2

area of the atom, absorption occurs. For example. a fluoro-
phore which is ordinarily excited by one ultraviolet (UV)
photon. is instead excited by two coincident infrared (IR)
photons. each of double the wavelength. If the IR photons
both reach a target point in a fluorophore-tagged specimen
within the fluorophore’s short intermediate-state lifetime.
the aggregate energy of the two photons together is the same
as that of one UV photon. and the fluorophore will be excited
only at the target point. The fluorescence emission is then
detected using conventional means.

With the classical light sources used in TPLSM. photons
arrive randomly amnd independently following a Poisson
point process in time and space. as shown in FIG. 1. Photons
10. 12 and 14 arrive independently in time. as illustrated on
the time line 16, and arrive independently in space. as shown
in the cross-sectional area 18.

Because the arrival of photons from classical light is
purely random. the intensity of the laser must be high
enough for two-photon absorption to occur at an acceptably
high rate. Relatively large optical powers are required for a
photon pair to accidentally arrive within a narrow time
window (the intermediate state lifetime). and thereby result
in two-photon absorption. Optical excitation in the form of
ultrashort (femtosecond) pulses. usually generated by mode-
locked lasers, is therefore generally required. Such a light
source gives rise to sufficiently large peak powers so that
two-photon absorption can occur while maintaining an aver-
age light power that is sufficiently low so as to be tolerable
to biological specimens. The absorption rate increases. up to
a saturation level, as the square of the incident instantaneous
laser photon-flux density.

Some advantages of TPLSM derive from the quadratic
dependence of the two-photon absorption rate (and thereby
the fluorescence intensity) om the instantaneous laser
intensity. which is proportional to the incident photon-flux
density. ¢. When the laser beam is focused. the quadratic
dependence results in fluorescence emission that is highly
localized in the immediate vicinity of the focal point, where
the laser beam is most intense. Fluorescence intensity falls
off relatively rapidly in the both the lateral and axial
directions, according to the focused shape of the laser beam.
Thus, the quadratic dependence gives rise to a sharpening of
the active focal region of the excitation light beam. This. in
turn, results in an enhancement of resolution in the axial
direction and a reduction of background light arising from
out-of-focus fluorescence. TPLSM therefore bears some
similarities to one-photon (ordinary) CLSM.

At the same time, however, the quadratic dependence of
TPLSM leads to inherent limitations of such microscopy
systems. For instance. the arrival of pairs of photons at the
target specimen is random. and therefore a significant
amount of optical power is required to reach an adequate
two-photon absorption rate. Photobleaching of the specimen
is thus a common occurrence due to the high laser intensity.
Also, laser power fluctuations change the size and falloff of
the two-photon absorbing region. thereby leading to time-
varying resolution and localization. Effects of misalignment
errors are similarly exaggerated. Moreover. while more
types of fluorophores may be used than with confocal
one-photon fluorescence microscopy. the number of avail-
able fluorophores is still quite limited.

SUMMARY OF THE INVENTION

The present invention overcomes the problems and dis-
advantages associated with current microscopy strategies
and designs by utilizing a nonclassical light source com-
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prised of entangled photons. Beams of light having highly
correlated photon pairs are generated such that the arrival of
photon pairs. rather than being accidental, is engineered to
occur at a predetermined rate. thereby enhancing the photon-
pair absorption rate significantly. This enables lower optical
powers to be used. thereby minimizing the effects of pho-
tobleaching and photodamage of the material. fluorophore or
fluorescence indicator. The absorption of the highly corre-
lated photons depends on the optical intensity of the light
source in a linear. rather than quadratic, manner. The linear
intensity dependence of two-photon absorption also renders
the resolution and localization less sensitive to laser power
fluctuations. The effects of misalignment errors are similarly
reduced by the present invention. Moreover. the present
invention provides a means for dynamic viewing. as a
function of real time, in living specimens.

Further, the present invention enables the juxtaposition of
the entangled photons to be shifted in time and/or space.
Path-delay tuning can be used to create small and adjustable
regions in which photon pairs arrive nearly simultaneously.
providing enhanced resolution (width of region of photon
simultaneity) and enhanced localization (decay of region of
simultaneity with distance) in both the axial and lateral
directions. In TPLSM these quantities are determined by the
quadratic intensity dependence rather than by the indepen-
dent control of beams. Thus. background light arising from
out-of-focus fluorescence is dramatically reduced relative to
TPLSM. The present invention’s ability to control the inter-
action region through the use of two maneuverable beams
provides increased flexibility in the selection of desired
regions of a specimen. leading to enhanced axial and lateral
resolution and built-in three-dimensional scanning capabili-
ties controlled solely by optical components. Moreover. a
technique called entanglement-time tuning, in which the
entanglement time of the source is deliberately selected to be
a certain value or values, can be used to emhance the
entangled-photon-pair absorption rate, thereby allowing
even lower source intensities to be used. Furthermore. a
technique called relative-path-length delay tuning. in which
the system is arranged such that the entangled-photon pairs
come together with a specified delay time relative to each
other, can be used. sometimes in conjunction with
entanglement-time tuning. to enhance the entangled-photon-
pair absorption rate.

One embodiment of the invention is directed to an
entangled-photon microscopy system in which the entangled
photon pairs are generated in the form of two beams, where
each twin beam contains corresponding daughter entangled
photons. Optical components direct the twin beams to come
together at a particular point within a target material so that
entangled-photon pairs are absorbed by the target material.
Because each photon of the pair comes from a different
optical beam, the entanglement volume location in the
specimen is adjustable, thereby providing an additional
measure of control for selecting the location and size of the
sample region desired. The beam-directing optical compo-
nents may be arranged such that the twin beams come
together in a time-adjusted manner. and/or come together in
a space-adjusted manner. This permits three-dimensional
scanning to be achieved by the use of beam-directing optical
components without the need for mechanical scanning appa-
ratuses. Upon absorption of the entangled-photon pairs. the
target material emits fluorescence. The system may also
include an imaging means responsive to the emitted fluo-
rescence to produce an image of the three-dimensional
structure of the specimen. The daughter entangled photons
may be produced by a variety of processes. including
parametric downconversion or cascaded atomic emissions.
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Another embodiment of the invention is directed to an
entangled-photon microscopy system in which the
entangled-photon pairs are generated in the form of multiple
beams. with each beam containing corresponding daughter
entangled photons. and excitation by the simultaneous
absorption of multiple photons. The daughter entangled
photons may be produced by a variety of processes. includ-
ing parametric downconversion or cascaded atomic emis-
sions.

Another embodiment of the invention is directed to an
entangled-photon microscopy system in which one or more
auxiliary beams are used to further enhance two-photon or
multiphoton absorption.

Another embodiment of the invention is an entangled-pair
microscopy system. where the entangled pairs may consist
of electrons. electron-positron pairs, atoms, molecules, or
other coupled entities.

Another embodiment of the invention is an entangled-
photon microscopy system in which multiphoton absorption
induces an effect that may be detected by an imaging means.

Another embodiment of the invention is a method of
entangled-photon microscopy that includes providing a
pump light beam comprising a stream of photons. splitting
the pump beam into twin entangled-photon beams with each
twin beam containing corresponding daughter entangled
photons, and directing the twin beams to come together at a
particular point within a target material, such that the target
material emits fluorescence. serving as a fluorescent indica-
tor. The fluorescence may be detected to produce images of
various characteristics of the target material.

Another embodiment of the present invention is directed
to a method of entangled-photon microscopy that provides at
least one additional auxiliary light beam to interact at the
specimen along with the twin beams, facilitating the emis-
sion of fluorescence by the target material.

Other embodiments and advantages of the invention are
set forth. in part in the description which follows and. in part
will be apparent from this description and may be learned
from practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 2 is a plot of the rate of classical-light two-photon
absorption versus the classical-light photon-flux density.

FIG. 3 is a plot of the rate of classical-light two-photon
absorption and entangled-light two-photon absorption ver-
sus the photon-flux density.

FIG. 4 is a diagram illustrating photon arrivals in twin
beams from an ideal entangled light source.

FIG. 5 is a diagram illustrating photon arrivals from an
ideal entangled light source using an imaging system.

FIG. 6 is a diagram of an entangled-photon microscopy
system in accordance with the present invention.

FIG. 7 is a diagram illustrating generation of entangled
photon pairs by optical parametric downconversion and
two-photon absorption.

FIG. 8 is a diagram illustrating photon arrivals from a
nonideal (real) entangled light source.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

As embodied and broadly described herein, the present
invention is directed to novel apparatuses and methods for
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entangled-photon microscopy that generate a plurality of
beams of entangled photons. which when brought together
at a target material. result in the absorption by the target
material of multiple entangled photons. Given the unique
nature of the source of entangled photons. absorption of
multiple entangled photons may occur at low optical power.
thereby providing a system which allows the examination of
a wide range of specimens. Low light levels also minimize
undesirable photodamage. phototoxicity and photobleach-
ing. These latter effects. which are generally more apparent
at high photon energies. are particularly deleterious when
sensitive biological specimens are exposed to high light
intensities. Low light levels also minimize disturbances of
the natural energy levels of the sample. such as those which
arise from Stark shifts.

The present invention takes advantage of the distinctions
between multiphoton absorption from a classical light
source and from an entangled-photon light source. This is
most readily explained in terms of the two-photon absorp-
tion of entangled-photon pairs although it is understood that
the invention more generally applies to multiphoton absorp-
tion of multiply entangled photons. The absorption process
may be regarded as having two steps: (1) the first photon
initiates a transition to an intermediate (real or virtual) state;
and (2) the second photon brings about a transition to the
final state. Once in the final state, a fluorescence photon may
be emitted or some process may be activated.

For randomly arriving photons from a classical source of
light, probabilistic analysis yields a transition rate R,
(absorptions per second) that depends only on the material’s
single-photon cross section ¢ and virtual-state lifetime T.
The probability of arrival of one photon in time t and area
. having a photon-flux density ¢ (photons/sec-m*). equals
$oT. The probability of accidental arrival of two photons in
time 1 and area G equals (¢oT)°. The resulting rate of
classical two-photon absorption is therefore R, =3 9%, where
8 =0°1. As shown in FIG. 2. the rate of two-photon absorp-
tion R, 20 for a classical light source is dependent on the
square of the photon-flux density ¢ 22.

Now consider correlated photon pairs from an entangled-
photon source arriving at the absorbing medium with flux
density ¢/2 photon pairs/sec-m>. In this case. the absorption
rate of the material depends on the probability &(T,) that the
two photons emitted within the time T, arrive within T, and
the probability £(A,) that the two photons emitted within the
area A, arrive within 6. Thus. the rate of entangled two-
photon absorption is R _=0c,0. with cross section 6,=Y0¢,
(TL)(A,). I t<<T.,. &(T.,) equals U/T.; and if o<<A,. {(A,)
equals o/A,. whereupon the probability of absorption R,=¢
(T,) (6/A,) (9/2) so that 6,=Y%(T/T,) (6/A,)=5,2A,T,. The
entangled two-photon absorption rate R, must be supple-
mented by that representing the accidental arrival of pairs
within T and G. resulting in an overall two-photon absorption
rate R=R_+R =6,¢-+5,9°. As shown in FIG. 3. the correlated
two-photon absorption rate R, 24 dominates the random
two-photon absorption rate R, 26 for small values of the
photon-flux density ¢ 28. This is the desired region of
operation. The critical photon-flux density 30 at which the
two processes are equal is ¢.=0,/8,.

The phenomenon of comelated two-photon absorption
may be illustrated by considering an ideal entangled light
source. As shown in FIG. 4. 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. 344 and 34b, and 36a and 36b. Each photon-arrival
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position in the first beam 38 has one and only one corre-
sponding matched photon-arrival position in the second
beam 40.

Using an imaging system. the matching photon pairs can
be brought together at a target plane 42 so that they arrive
simultaneously at the same position. as shown in FIG. 5.
Photon pairs 32. 34 and 36 are matched in time. as illustrated
on the time line. and matched in spatial location. as illus-
trated in the target plane 42.

The present invention applies these characteristics of
entangled light. but the entangled light need not be ideal.
One embodiment of the present invention is shown in FIG.
6. An optical source 44 provides a pump beam 46. which is
passed through a nonlinear optical medium 48. The source
of the pump beam may be a laser. semiconductor laser.
light-emitting diode, incandescent source. or other similar
light source. The light source 44 provides light in the form
of a beam of photons. The light may be continuocus-wave or
pulses of, for example, femtosecond or longer duration. The
light preferably has energy in the wavelength range from
radiowaves to x-rays.

The nonlinear optical medium 48 may be a crystal. a
surface, an interface or other similar component. The non-
linear optical medium 48 causes a portion of the pump beam
46 to split into a signal beam 50 and an idler beam 52
(referred to collectively as twin beams). contributing a
stream of daughter entangled photons to the signal beam 50
and a corresponding stream of twin daughter entangled
photons to the idler beam 52. The signal beam 50 and idler
beam 52 may be referred to as entangled-photon beams (also
called twin-photon. two-photon, or two-mode squeezed-
state beams). The interaction of the pump beam 46 with the
nonlinear optical medium 48 generates entangled-photon
beams by means of a nonlinear optical process. such as
spontaneous parametric downconversion as illustrated, or
entangled-photon beams may be generated by other means.

Ideal spontaneous parametric downconversion (SPD)
splits each pump-beam photon into twin daughter photons
which are emitted simultaneously. Since energy and momen-
tum 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 an absolutely 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 entanglement persists no
matter how far away the photons might be from each other.
For non-ideal (real) SPD, the emissions are nearly simulta-
neous (they occur within the entanglement time T, ). and the
emission of one photon in a given direction is associated
with the emission of a twin photon in an area (the entangle-
ment area A_) centered at the matching direction. Thus there
is an entanglement volume.

Referring again to FIG. 6. the residual pump photons 54
that fail to be split and thereby to contribute to the signal
beam 50 and the idler beam 52 are incident on a filter (or
beam dump) 56 that absorbs them. Alternatively they could
be re-used by redirecting them back to the nonlinear optical
medium 48. The signal beam 50 and the idler beam 52 are
then directed towards the specimen 62 by optical compo-
nents 58 and 60. The optical components may include
mirrors. lenses. prisms, gratings, static or dynamic holo-
graphic components, graded-index optical components,


















