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ALL-OPTICAL SINGLE-ATOM PHOTON ROUTER CONTROLLED BY A

SINGLE PHOTON

BACKGROUND

[001] Photons are considered ideal for communication of quantum information
because they are the most convenient carriers of quantum bits (qubits), yet the lack of
photon-photon interactions limits their use for quantum information processing.
Achieving nonlinear behavior at the level of single photons — that is, photon-photon
interactions and quantum gates controlled by single photons in particular — is a major
challenge in realizing quantum networks in which quantum information would be
processed by material quantum nodes interconnected by photonic channels.

[002] Because photons do not interact directly with other photons, considerable effort
has been put into implementing materially-mediated photon-photon interactions. A
significant advancement was the attainment of strong coupling between single atoms and
optical micro-resonators in the field of cavity quantum electrodynamics, where the tight
confinement of light in tiny volumes leads to extreme enhancement of the electric field
associated with photons in the cavity mode.

[003] Most notably, based on a scheme involving auxiliary control fields, recent
works have demonstrated: nondestructive measurement of an optical photon; a single-
photon phase switch; and a quantum gate between flying photons and a single atom,
showing atom-photon, photon-photon, and atom-photon-photon quantum entanglement.
All of these effects can be directly applied to photonic routing.

[004] Yet the need in auxiliary control fields (e.g. Raman laser beams or microwave

fields, or other classical control fields) seriously limits both the scalability and the speed of
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such schemes, as each operation of each individual atom or other material node requires a
series of a few microseconds-long (typically) control pulses and/or measurements.

[005] In order to enable scalable quantum networks there is a need for a passive
device that coherently routes and manipulates photons between multiple ports, enabling
conversion of the photons from one wavelength to another, and which is activated solely
by single photons, making it compatible with large-scale photonic circuits. This goal is

achieved by embodiments of the present invention.

SUMMARY

[006] Embodiments of the present invention provide a robust, simple and scalable
device for all-optical coherent routing of single photons by single photons, with no need
for any additional control fields. A device according to an embodiment of the invention
utilizes a single three-level quantum emitter (non-limiting examples of which include: an
atom, a Rubidium atom, a *’Rb atom, a **Rb atom; and a quantum dot) proximate to, and
associated with, a resonant cavity such as a micro-resonator cavity, and features mediation
of the cavity-enhanced three-level quantum emitter to route a single photon from one input
port, or from a coherent superposition of the input ports, to an output port or to a coherent
superposition of the output ports.

[007] The crucial parameter in such a system is the Purcell enhancement factor, or the
equivalent Cooperativity parameter C = g*/xy (with x =k + k.,), where g is the coherent
coupling rate between the quantum emitter and the cavity mode, «; is the incoherent loss of
the cavity, k., is the coupling between the cavity and its input/output modes and 2y is the
spontaneous emission rate of the quantum emitter. C is the ratio between the quantum

emitter’s cavity-enhanced spontaneous emission rate g*/k into the output mode, to the free-
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space emission rate y, and is proportional to the ratio between the cavity’s quality factor O
to its mode volume V. Accordingly, by coupling the quantum emitter to high-quality
(small x;) optical micro-resonators with tiny mode volumes, it is therefore possible to
reach C' >> 1 including both the “fast-cavity regime” and the “strong coupling regime”.
[008] The underlying mechanism in embodiments of the invention is simple and
robust, and is similar to the interference mechanism that makes metallic mirrors reflect
light. The free charges in the mirror oscillate in response to the incoming field and radiate
both forward and backward fields that are opposite in phase to the incoming field. The
result is destructive interference in the forward direction, which forces the incoming light
to be reflected backwards. The same effect occurs with a probe photon incident on a two-
level quantum emitter in one-dimensional geometry: the system radiates both forward and
backwards with a phase shift of © (radians), and the destructive interference with the
incoming probe in the forward direction leads to reflection of the probe backwards.

[009] Various embodiments of the invention rely on a special 3-level A system
coupled to a waveguide, which exhibits the same effect. Specifically, each ‘leg’ of the
A system 1s coupled only to one mode, e.g. one transition is coupled to the forward
direction of the waveguide, and the other to the backward direction. In this configuration
the same destructive interference effect occurs, meaning that a photon coming in one
mode (or a coherent combination of input modes) would be routed to an output mode (or a
coherent combination of input modes) that is determined by the initial state of the A
system. This process is accompanied by projecting the A system to the state dictated by the
incoming photon.

[0010] Embodiments of the present invention provide compatibility with scalable

photonic architectures. A device according to various embodiments requires only single-
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photon pulses for operation, all of which are identical, and routed to the selected output
ports over waveguides. In a related embodiment, the waveguide is a single-mode
waveguide. In another related and non-limiting embodiment, a tapered nanofiber is used as
a waveguide. Thus, a routed target photon can serve as the control photon in another
device, and that same control photon can activate a number of devices. Embodiments of
the present invention therefore provide versatile, robust and simple building-blocks for a
variety of all-optical photonic devices, including, but not limited to: quantum memory,
single photon add/drop filters, and photonic quantum gates, all of which require no

additional power, and which are compatible with scalable quantum networks.

[0011]  Therefore, according to an embodiment of the present invention there is
provided a device for storing and reading a circular polarization of a photon and for
routing single photons by single photons, the device including: (a) a waveguide supporting
a first electromagnetic mode and a second electromagnetic mode, wherein the first
electromagnetic mode is distinct from the second electromagnetic mode, the waveguide
having: (b) a first input port for a photon; (¢) a second input port for a photon; (d) a first
output port for a photon; and (e) a second output port for a photon; (f) wherein the first
input port is distinct from the second input port and the first output port is distinct from the
second output port; (g) a quantum emitter having: (h) a first ground state; (1) a second
ground state; (j) an excited state; (k) a first transition, between the first ground state and
the excited state, the first transition having a first circular polarization; and (1) a second
transition, between the second ground state and the excited state, the second transition
having a second circular polarization; (m) wherein: (n) the first ground state is distinct

from the second ground state; (o) the first circular polarization is opposite of the second
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circular polarization; (p) the first electromagnetic mode couples to the first transition; and

the second electromagnetic mode couples to the second transition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]  The subject matter disclosed may best be understood by reference to the
following detailed description when read with the accompanying drawings in which:
[0013] Fig. 1A is an energy-level diagram of transitions in a quantum emitter which
reflects a right-propagating photon.

[0014]  Fig. 1B is an energy-level diagram of transitions in quantum emitter which
reflects a left-propagating photon.

[0015] Fig. 1C is an energy-level diagram of a quantum emitter which transmits a
right-propagating photon with no transitions.

[0016]  Fig. 1D is an energy-level diagram of quantum emitter which transmits a left-
propagating photon with no transitions.

[0017] Fig 2 is a schematic diagram of a photon routing device according to an
embodiment of the present invention.

[0018]  Fig. 3A illustrates a physical configuration of a photon routing device according
to an embodiment of the present invention.

[0019]  Fig. 3B illustrates a physical configuration of a photon routing device according
to another embodiment of the present invention.

[0020]  Fig. 3C illustrates details of the port arrangement for the configuration shown in
Fig. 3B.

[0021]  For simplicity and clarity of illustration, elements shown in the figures are not

necessarily drawn to scale, and the dimensions of some elements may be exaggerated
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relative to other elements. In addition, reference numerals may be repeated among the

figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION

[0022] Embodiments of the invention use the above-described mechanism for optical
switching, by introducing ‘memory’ into the system, that is, making the reflection of a
single control photon toggle the internal state of the quantum emitter.

[0023]  Various embodiments of the present invention utilize bi-directional photon
paths. For simplicity, the descriptions and illustrations herein arbitrarily refer to the first
direction of photon propagation as “right” (or equivalently“left-to-right”) and the second
direction of photon propagation as “left” (or equivalently “right-to-left”). It is understood,
however, that this is non-limiting, and that other distinguishing representations can
equivalently be used (e.g., “up” and “down”, “forward” and “backward”, etc.) to describe
the same embodiments.

[0024] In an embodiment of the present invention, a photon is considered to be
circularly polarized if the probability of detecting the photon in a particular state of
circular polarization is greater than 2/3. In a related embodiment of the invention, the two
distinct circular polarization states correspond to two distinct electromagnetic modes of a
waveguide. In another related embodiment, the waveguide is an optical waveguide. In a
further related embodiment, the waveguide is a microwave waveguide.

[0025] In certain embodiments of the invention, the waveguide couples directly to the
quantum emitter. In other embodiments, the waveguide couples to the quantum emitter
indirectly via a resonant cavity. In a related embodiment, a circular polarization of a

photon corresponds to a Transverse Magnetic (TM) mode of a waveguide.
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[0026] In various embodiments of the invention, the two distinct quantum emitter
transitions from the two distinct ground states to the excited state correspond respectively
to the two different circular polarizations.

[0027]  According to an embodiment of the invention, an initial ground state of the
quantum emitter is at m; = —1 with an incoming 6" probe photon. Destructive interference
between the probe and the 6™ photon emitted by the quantum emitter forces the quantum
emitter to emit a 6~ photon in the opposite direction, thereby deterministically ending at a
final ground state at mr=+1. As a result, any subsequent ¢~ photons will not interact with
the quantum emitter and will accordingly be transmitted. Symmetrically, at this stage the
system becomes reflective to 6~ photons coming right-to-left from the right.

[0028]  Fig. 1A conceptually illustrates the above embodiment, implemented by a A
configuration for a three-level quantum emitter 101 which has a transition 103 from a first
ground state 113 (my=-1) to an excited state 115; and a transition 105 from excited state
115 to a second ground state 117 (mz=+1). Transition 103 is coupled only to an input
photon having a left-to-right direction of propagation, shown for a ¢~ input photon 111.
Transition 105 is coupled only to an output photon having a right-to-left direction of
propagation, shown for a ¢~ output photon 109. As discussed previously, left-to-right
propagating output photon 107 is 180 degrees out of phase with input photon 111, and
through destructive interference, the net transmission 119 is zero.

[0029]  Fig. 1B conceptually illustrates the symmetrical complement of the arrangement
in Fig. 1A, in which three-level quantum emitter 101 has a transition 123 from second
ground state 117 (mp=+1) to excited state 115; and a transition 125 from excited state
115 to first ground state 113 (myr=-1). Transition 123 is coupled only to an input photon

having a right-to-left direction of propagation, shown for a ¢~ input photon 131.
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Transition 125 is coupled only to an output photon having a left-to-right direction of
propagation, shown for a o output photon 129. As discussed previously, right-to-left
propagating output photon 127 is 180 degrees out of phase with input photon 131, and
through destructive interference, the net transmission 139 is zero.

[0030]  Fig. 1C conceptually illustrates the above embodiment in the case when three-
level quantum emitter 101 is in second ground state 117 for a right-propagating ¢~ input
photon 151. No transition occurs in this case: three-level atom 101 remains in second
ground state 117 and 6 photon 151 is transmitted without reflection.

[0031] Fig. 1D conceptually illustrates the above embodiment in the case when three-
level quantum emitter 101 is in first ground state 113 for a left-propagating ¢~ input
photon 171. No transition occurs in this case: three-level atom 101 remains in first ground
state 114 and ¢~ photon 171 is transmitted without reflection.

[0032]  For certain embodiments of the present invention, an input photon may serve
the purpose of setting or discovering the state of the quantum emitter. In a non-limiting
example, the input photon may be intended to put the quantum emitter into a selected state
(to reflect or transmit a photon); in this case, such an input photon may be denoted as a
“control” photon, and a subsequent input photon which is to be routed by the quantum
emitter (i.e., switched to a selective path via reflection or transmission by the quantum
emitter) may be denoted as a “target” photon. In another non-limiting example, the input
photon may be intended to discover the quantum emitter’s state; in this case, such an input
photon may be denoted as a “probe” photon. Structurally, however, there is no qualitative
difference between a control photon, a target photon, and a probe photon. These terms are
used in the context of particular embodiments simply according to the intended purpose of

the photon.
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[0033]  Fig. 2 schematically illustrates an embodiment of the present invention, which
provides a symmetric toggle-switch 200 with two inputs (an input 201 and an input 203),
two outputs (an output 205 and an output 207), and two internal states (state 113 and state
117), where a transition of atom 101 (transition 105 or transition 125) toggles the state of
switch 200 (accompanied by a reflection of an input control photon) for routing one or
more subsequent target photons. A first input 201 and a second input 203 accept photons
for control of the switch and/or routing of photons by switch 200. Photon routing is
according to the state of switch 200, in keeping with the transition rules shown in Fig. 1A
through Fig. 1D:
[0034] when three-level quantum emitter 101 is in state 113, a photon input
into input port 1 201 undergoes a reflection 211 to output port 1 205;
[0035] when three-level quantum emitter 101 is in state 117, a photon input
into input port 1 201 continues with a transmission 221 to output port 2
207
[0036] when three-level quantum emitter 101 is in state 117, a photon input
into input port 2 203 undergoes a reflection 213 to output port 2 207,
and
[0037] when three-level quantum emitter 101 is in state 113, a photon input
into input port 2 203 continues with a transmission 223 to output port 1
205.
[0038] In a related embodiment, a conventional time-bin protocol is used to define a
first input photon as the control photon, and a second input photon as the target, to be

routed from a selected input to a selected output.
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[0039] Fig. 3A illustrates a physical configuration of an embodiment of the present
invention, in which three-level quantum emitter 101 is a single Rubidium atom. In a
related embodiment, the Rubidium atom is the isotope “'Rb. In another related
embodiment, three-level atom 101 is coupled to a chip-based whispering-gallery mode
(WGM) silica microsphere resonator 301. Light is evanescently coupled to and from
resonator 301 by a tapered nanofiber 303. The coupling «., between resonator 301 and
nanofiber is 303 set by careful alignment of their relative position using a piezo
positioning system 371. In other embodiments of the present invention, micro-resonator
301 is a microdisk resonator; in additional embodiments, micro-resonator 301 is a micro-
toroid resonator; in still further embodiments, micro-resonator 301 is a ring resonator.

[0040] In various embodiments of the invention, a transverse-magnetic (TM) mode of
the micro-resonator is used, which approximates to a high degree the coupling of ™ and
o~ polarizations to opposite directions of propagation. It is known that the polarization in
the evanescent wave region is very close to 6 in one direction, and ¢~ in the other, with
minimal cross-contamination. In these embodiments the polarizations of the respective 6
and ¢~ input photons are the polarizations that maximally couple to the CW and CCW
modes of the cavity resonance. Thus, there is a one-to-one correspondence between the
direction in which the photon propagates in the fiber, and the transition in the atom. A ¢~
photon input in a pulse 311 propagating in a left-to-right direction 313 from a face 305 of
nanofiber 303 triggers a transition from the mgz=-1 state to the mz=+1 state (and the
input photon is reflected), whereas a 6~ input photon in a pulse 315 propagating in a right-
to-left direction 317 from a face 307 of nanofiber 303 triggers a transition from the
mp=+1 state to the my= -1 state (and the input photon in pulse 3185 is reflected in a left-

to-right direction 325).
10
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[0041] A photon automatically has the proper polarization to initiate the transition if it
is sent from the proper input port and is resonantly coupled to the cavity. As described and
illustrated herein, if the atom is already in the m =+1 state, left-to-right 6~ input photon
in pulse 311 triggers no transition (and input photon in pulse 311 is transmitted in a
direction 325 without reflection); if the atom is already in the my = -1 state, right-to-left 6~
input photon in pulse 315 triggers no transition (and the input photon in pulse 315 is
transmitted in a direction 323 without reflection).

[0042]  According to an embodiment of the present invention, resonator 301 and the
probe photon are tuned to be resonant with the =1 — F'=0 transition of the *Rb D,
line. As atoms in the state mz=0 barely interact with the TM mode, by choosing this
manifold the desired A-configuration is attained, as illustrated in Fig. 1A and Fig. 1B,
although, for this specific non-limiting case, at the price of decreasing the coherent
coupling rate g by a factor of the square root of 3 compared to the cycling transition
(=2 — I'=3), in which mean g =27 MHz is measured. To reach the fast cavity limit %,
is set to 30 MHz, corresponding to mean g*/ky =2.2.

[0043] Fig. 3B illustrates a physical configuration of another embodiment of the
present invention, in which input ports are separated and isolated from output ports,
meaning that only input photons propagate in input fibers, and only output photons
propagate in output fibers. A first input fiber 321 is coupled to tapered nanofiber 303 by an
optical circulator 351. In addition, a first output fiber 325 is also coupled to tapered
nanofiber 303 by optical circulator 351. Likewise, a second input fiber 323 is coupled to
tapered nanofiber 303 by an optical circulator 353, and a second output fiber 327 is also

coupled to tapered nanofiber 303 by optical circulator 353.
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[0044]  Although photon propagation in tapered nanofiber 303 is bidirectional, optical
circulator 351 enables uni-directional photon propagation in input fiber 321 (in which ¢~
photons propagate in direction 313) and in output fiber 325 (in which ¢~ photons
propagate in a direction 381). Likewise, optical circulator 353 enables uni-directional
photon propagation in input fiber 323 (in which ¢~ photons propagate in direction 317)
and in output fiber 327 (in which 6 photons propagate in a direction 383).

[0045]  Fig. 3C illustrates details of the configuration of Fig. 3B, to show how optical
circulator 351 and optical circulator 353 separate and isolate inputs from outputs. In this
embodiment, first input port 201 is the face of optical fiber 321, and first output port 205 is
the face of optical fiber 325. Photons (") in input fiber 321 propagating into optical
circulator 351 via a circulator port 341 are routed from a circulator port 343 into tapered
nanofiber 303. However, photons (c~) propagating from nanofiber 303 into optical
circulator 351 via circulator port 343 are routed by a circulator port 345 into output fiber
325. Likewise, second input port 203 is the face of optical fiber 323, and second output
port 207 is the face of optical fiber 327. Photons (¢") in input fiber 323 propagating into
optical circulator 353 via a circulator port 361 are routed from a circulator port 363 into
tapered nanofiber 303. However, photons (¢ ") propagating from nanofiber 303 into
optical circulator 353 via circulator port 363 are routed by a circulator port 365 into output
fiber 327.

NON-LIMITING EXAMPLE OF DETECTING PRESENCE AND STATE OF A
QUANTUM EMITTER

[0046]  The presence of a single atom within the evanescent wave of the TM mode can
be identified by sending weak (averaging about 2.5 photons per pulse) and short

(approximately 15 ns FWHM) pulses in the nanofiber in alternating directions and
12
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detecting at least three reflected photons within less than 400 ns. Interleaved between the
detection pulses are much weaker pulses (an average of 0.24 photons in each pulse) and
longer (approximately 50 ns FWHM) target pulses, whose purpose is to accurately
measure single-photon reflection and transmission properties of the switch-router. The last
detection pulse before each target pulse serves as the control to set the atom in a
predetermined initial state. The pulse sequence includes control pulses in both directions,
thereby preparing the atom half of the time in mz = -1, and half of the time in mr = +1,
with the target pulse always polarized o
OTHER USES

[0047]  Besides serving as a switch or router for photons, an embodiment of the present
invention can also serve as device for storing a classical bit of information, encoded in the
state of the quantum emitter. In another embodiment, a qubit (quantum bit) of information

can be stored, wherein the qubit is in a superposition of two distinct states.
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CLAIMS

What is claimed is:

1. A device for storing and reading a circular polarization of a photon and for
routing single photons by single photons, the device comprising:

a waveguide supporting a first electromagnetic mode and a second
electromagnetic mode, wherein the first electromagnetic
mode is distinct from the second electromagnetic mode, the
waveguide having:

a first input port for a photon,;

a second input port for a photon;

a first output port for a photon; and

a second output port for a photon;

wherein the first input port is distinct from the
second input port and the first output port is
distinct from the second output port;

a quantum emitter having:

a first ground state;

a second ground state;

an excited state;

a first transition, between the first ground state and
the excited state, the first transition having a
first circular polarization; and

a second transition, between the second ground state
and the excited state, the second transition
having a second circular polarization;

wherein:

the first ground state is distinct from the second
ground state;

the first circular polarization is opposite of the

second circular polarization;

14
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the first electromagnetic mode couples to the first
transition; and the second electromagnetic

mode couples to the second transition.

2. The device of claim 1, wherein the waveguide couples to the quantum emitter

via a resonant cavity.

3. The device of claim 2, wherein the resonant cavity is a micro-resonator.

4. The device of claim 1, wherein the waveguide is an optical waveguide.

5. The device of claim 1, wherein the waveguide is a microwave waveguide.

6. The device of claim 1, wherein the quantum emitter is a Rubidium atom.

7. The device of claim 6, wherein the Rubidium atom is a *’Rb atom.

8. The device of claim 1, wherein the micro-resonator is in a transverse magnetic
(TM) mode.

9. The device of claim 2, wherein the micro-resonator is a microsphere.

10. The device of claim 9, wherein the microsphere is a silica microsphere.

11. The device of claim 3, wherein the micro-resonator is a micro-toroid.

12. The device of claim 11, wherein the micro-toroid is a silica micro-toroid.

13. The device of claim 3, wherein the micro-resonator is a microdisk.

14. The device of claim 3, wherein the micro-resonator is a ring resonator.

15. The device of claim 4, wherein the optical waveguide comprises one and only

one tapered nanofiber and the waveguide is coupled to the quantum emitter via a micro-

resonator..

16. The device of claim 15, further comprising a piezo positioning device, for

aligning the tapered nanofiber with the micro-resonator.

17. The device of claim 15, wherein an input port is coupled to the tapered nanofiber

by an optical circulator.

18. The device of claim 17, wherein the optical circulator is further coupled to an

output port.
15
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19. The device of claim 18, wherein the input port is isolated from the output port by

the optical circulator.

16
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