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Clearly, at normal incidence, the resonant
frequency of this mode must remain un-
changed, as must the frequency at which the
diffracted order begins to propagate. In the
rotated geometry (¢ = 90°), diffraction due
to the rods will be in a plane orthogonal to
the plane of incidence, and the frequency as-
sociated with the onset of diffraction will
increase hyperbolically with wave vector (ky =
ky sin 0). Our measurements and modeling
show (Fig. 5B) that close to normal incidence,
the dispersion of the mode exhibits the ex-
pected dependence. The mode asymptotical-
ly approaches a frequency ~v,_ . for larger
values of ky. A small difference between

Vouore and the observed limit is not surpris-
ing, as Eq. 1 does not take into account the
finite length of the tubes. The results from
the wax-filled sample thus fully confirm the
expected behavior.

The idea of “designer” surface modes
proposed by Pendry et al. (6) promises the
ability to engineer a SP at almost any fre-
quency. Our results verify the propagation
of SP-like modes on structured, near per-
fectly conducting substrates. These new
“metamaterials” offer the ability of applying
near-field, surface plasmon—induced con-
cepts, which have been well studied in the
visible regime, to the microwave domain.

All-Optical Switching in
Rubidium Vapor
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We report on an all-optical switch that operates at low light levels. It consists
of laser beams counterpropagating through a warm rubidium vapor that in-
duce an off-axis optical pattern. A switching laser beam causes this pattern to
rotate even when the power in the switching beam is much lower than the
power in the pattern. The observed switching energy density is very low, sug-
gesting that the switch might operate at the single-photon level with system
optimization. This approach opens the possibility of realizing a single-photon
switch for quantum information networks and for improving transparent op-

tical telecommunication networks.

An important component of high-speed optical
communication networks is an all-optical
switch, where an incoming “switching” beam
redirects other beams through light-by-light
scattering in a nonlinear optical material (/, 2).
For quantum information networks, it is
important to develop optical switches that
are actuated by a single photon (3). Unfor-
tunately, because the nonlinear optical in-
teraction strength of most materials is so
small, achieving single-photon switching is
difficult. This problem appears to be solved
through modern quantum-interference methods,
in which the nonlinear interaction strength
can be increased by many orders of magnitude
(3-10). 1t is also important to develop all-
optical switches where the output beam is
controlled by a weaker switching beam, so
they can be used as cascaded classical or
quantum computational elements (/7). Current
switches, in contrast, tend to control a weak
beam with a strong one.

In this Report, we describe an all-optical
switch that combines the extreme sensitiv-
ity of instability-generated transverse opti-
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cal patterns to tiny perturbations (/2—16) with
quantum-interference methods (3—70). A trans-
verse optical pattern is the spatial structure
of the electromagnetic field in the plane per-
pendicular to the propagation direction. As
an example, the transverse optical pattern cor-
responding to two beams of light is a pair of
spots. We control such a pattern with a beam
whose power is a factor of 6500 times smaller
than the power contained in the pattern itself,
verifying that the switch is cascadable. Also,
the switch is actuated with as few as 2700
photons and thus operates in the low-light-
level regime. A measured switching energy
density £ ~ 3 x 1073 photons/(A%/2r), where
A = 780 nm is the wavelength of the
switching beam, suggests that the switch might
operate at the single-photon level with sys-
tem optimization such as changing the pump-
beam size or vapor cell geometry (/7).

Our experimental setup consists of a weak
switching beam that controls the direction
of laser beams emerging from a warm laser-
pumped rubidium vapor. Two pump laser
beams counterpropagate through the vapor
and induce an instability that generates new
beams of light (i.e., a transverse optical pat-
tern) when the power of the pump beams is
above a critical level (/7), as shown sche-
matically in Fig. 1. The instability arises from
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mirrorless parametric self-oscillation (17-26)
due to the strong nonlinear coupling between
the laser beams and atoms. Mirrorless self-
oscillation occurs when the parametric gain
due to nonlinear wave-mixing processes be-
comes infinite. Under this condition, infini-
tesimal fluctuations in the electromagnetic
field strength trigger the generation of new
beams of light. The threshold for this insta-
bility is lowest (and the parametric gain en-
hanced) when the frequency of the pump
beams is set near the 8’Rb 3§, , < 5P, , res-
onance (780-nm transition wavelength). The
setup is extremely simple in comparison to
most other low-light-level all-optical switch-
ing methods (7, &), and the spectral character-
istics of the switching and output light match
well with recently demonstrated single-photon
sources and storage media (27, 28).

For a perfectly symmetric experimental
setup, the instability-generated light (referred
to henceforth as “output” light) is emitted
both forward and backward along cones cen-
tered on the pump beams, as shown in Fig. 1A.
The angle between the pump-beam axis and
the cone is on the order of ~5 mrad and is
determined by competition between two differ-
ent nonlinear optical processes: backward four-
wave mixing in the phase-conjugation geometry
and forward four-wave mixing (17, 23, 24).
The generated light has a state of polariza-
tion that is linear and orthogonal to that of
the linearly copolarized pump beams (25);
hence, it is easy to separate the output and
pump light with the use of polarizing elements.
Once separated, the output light propagating
in one direction (e.g., the forward direction)
can appear as a ring on a measurement screen
that is perpendicular to the propagation direc-
tion and in the far field (Fig. 1, A and B). This
ring is known as a transverse optical pattern
(18) and is one of many patterns that occur in
a wide variety of nonlinear systems spanning
the scientific disciplines (29).

Weak symmetry breaking caused by slight
imperfections in the experimental setup re-
duces the symmetry of the optical pattern
and selects its orientation (23). For high pump
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powers, the pattern consists of six spots
with sixfold symmetry, as shown schemat-
ically in Fig. 1C. For lower powers near the
instability threshold, only two spots appear
in the far field in both directions (forward
and backward), as shown schematically in
Fig. 1D. The azimuthal angle of the spots
(and the corresponding beams) is dictated
by the system asymmetry, which can be ad-
justed by slight misalignment of the pump
beams or application of a weak magnetic
field. The orientation of the spots is stable for
several minutes in the absence of a switch-
ing beam.

In our all-optical switch, the direction of
the bright output beams (total power P_ ) is
controlled by applying a weak switching la-
ser beam with a state of polarization that is
linear and orthogonal to that of the pump
beams (Fig. 2). The azimuthal angle of the
output beams is extremely sensitive to tiny
perturbations because the symmetry break-
ing of our setup is so small (/7). Directing
the switching beam along the conical sur-
face at a different azimuthal angle (Fig. 2B)
causes the output beams to rotate to a new
angle, while P_  remains essentially un-
changed. Typically, the orientation of the
output beams rotates to the direction of the

A

Fig. 1. Generation and symmetry of transverse
optical patterns. (A) Two linearly copolarized
pump beams (red) counterpropagate through
warm 87Rb vapor. A modulational instability
generates orthogonally polarized light, which is
emitted along cones (blue) and forms a trans-
verse optical pattern (red) on a screen perpen-
dicular to the propagation direction. (B to D)
Schematic of the transverse optical pattern
for (B) a perfectly symmetric setup, (C) weakly
broken symmetry and high pump power, and
(D) weakly broken symmetry and low pump
power.
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switching beam and we find that the pattern
is most easily perturbed when the switch-
ing beam is injected at azimuthal angles of
+60°, thereby preserving the sixfold sym-
metry of the pattern observed for higher
pump powers. Notably, the switching beam
also controls the output beams in the back-
ward direction.

We now describe the behavior of our
switch for two values of the peak power P,
of the switching beam, where the spots rotate
by —60° in the presence of a switching beam.
In the absence of a switching beam (P = 0),
we observed the pattern shown in Fig. 3A,
where P = 1.5 pW and the total power
emitted from the vapor cell in the forward
direction in both states of polarization is 19
uW. For the higher power switching beam
(P,=2.5nW), we observed complete rota-
tion of the output beams (Fig. 3B), whereas
we found that only approximately half the
power in the beams rotates to the new azi-
muthal angle (Fig. 3C) at the lower switching
power (P = 230 pW). However, we observed
high-contrast switching in both cases.

To quantify the dynamic behavior of the
device, we turned the switching beam on
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and off and measured the resulting change
in the output beams. Figure 4, A and B,
show the temporal evolution of the power
for P, = 2.5 nW on a coarse time, where it
is seen that power variation at each location
is out of phase, indicating full redirection of
the optical power (movie S1).

At higher temporal resolution (Fig. 4C),
weak periodic modulation of the emitted light
due to a dynamic instability (25) is apparent.
This modulation corresponds to small fluctua-
tions in the power of the pattern, although its
orientation is stable. Even in the presence of
this modulation, the contrast-to-noise ratio
of the switch is at least 30:1 (defined as the
change in power between the on and off
states: root-mean-square value of the fluc-
tuations). The rise time of the switch is T =
4 us, which we believe is largely governed
by the rubidium ground-state optical pump-
ing time (23).

Under the conditions shown in Fig. 3B,
the total power in the output beams in the
forward direction is equal to P, = 1.5 pW,
whereas the power of the input switching
beam is only P = 2.5 nW. That is, a switch-
ing beam controls the behavior of output

Fig. 2. The two states
of the switch. (A) The
off state. Weak symme-
try breaking results in
a two-spot output pat-
tern. (B) The on state.
A weak switching beam
(yellow), directed along
the cone (blue), causes
the output pattern to
rotate. The state of po-
larization of the switch-
ing beam (yellow) is
linear and orthogonal
to that of the pump
beams (red).

P, =230 pW

C

Fig. 3. Low-light-level all-optical switching. The lower panels show a false-color rendition of the
detected optical power of the output light (gray, low power; red, high power), and the upper
panels are a three-dimensional representation of the same data. (A) The off state with P_ = 0. The
output light forms a two-spot transverse optical pattern. (B) The on state with P_ = 2.5 nW. The
two-spot output pattern is rotated by —60°. (C) The on state with P, = 230 pW. Approximately

half the output power is rotated by —60°.
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beams that are at least 600 times stronger.
Based on the time response of the switch,
the number of photons needed to change its
state is given by N = 1P /E = 40,000,
where £ = 2.55 x 107'% J is the photon
energy, and the switching energy is equal
to N £ =10 fJ. Optical switches that oper-
ate with similarly low energies have been
proposed previously, but their application
to few-photon switching has not been dis-
cussed (12, 14, 15).

Another metric to characterize low-light-
level switches is the energy density £, given
in units of photons per (A%/2rn). This metric
gives the number of photons needed to ac-
tuate a switch with a transverse dimension
that has been reduced as much as possible—
the diffraction limit of the interacting beams
(5, 11). For the spot size of the switching
beam used in our experiment (1/e intensity
radius of 166 um), we find that £ ~ 4.4 x
10~2 photons/(A?/2m), corresponding to 11
zeptoJ/(A*/2m).

Similar behavior is observed for the low-
er switching power, as shown in Fig. 3C. In
this case, a weak switching beam controls
output beams that are 6500 times stronger.
Even though there is only partial switching,
the contrast-to-noise ratio is greater than
10:1 (Fig. 4, D and E, and movie S2). As
seen in Fig. 4F, 1= 3 us, which is somewhat
faster than that observed at the higher pow-
er, possibly due to the fact that only part of
the output light rotates to the new angle.
Using this response time, we find N, = 2700
photons, NE, =690 al, and £ ~ 3 x 1073
photons/(?»g)/Zn) [770 yoctol/(A\?/2m)].

These results demonstrate that a switch
based on transverse optical patterns is capa-
ble of controlling high-power beams with
weak ones, exhibits much higher sensitivity,
and can be realized with the use of a simple
experimental setup. Such a switch could be
used as a binary element in a computation
or communication system because, at high

switching beam power, our device operates
like a transistor used in digital logic (i.e.,
the transistor’s output is either off or satu-
rated). Additionally, this switch could be
used as a router if information is impressed
on the output light (e.g., by modulating the
pump beams).

For comparison, the sensitivity of our
switch, characterized by E, far exceeds that
demonstrated by other methods such as elec-
tromagnetically induced transparency (EIT).
To date, the best EIT-based switch results
have been reported by Braje et al. (§) who
have achieved E ~ 23 photons/(A%/2r); our
switch is more than 5000 times as sensi-
tive. Furthermore, the EIT experimental setup
is much more complicated, requiring the
use of cooled and trapped rubidium atoms
and limited to output beams that are much
weaker than the input switching beam. Re-
cently, a transient switch based on laser
beams propagating through a warm rubidium
vapor in a simple setup has been reported,
but it does not operate in the low-light-level
regime (10).

Although speculative, our technique might
be useful at telecommunication wavelengths
where high-quantum efficiency, low-noise,
single-photon detectors are difficult to realize.
For these wavelengths, the rubidium vapor
could be replaced with a molecular gas, such
as acetylene or hydrogen cyanide, both of
which have resonances in the telecommuni-
cations band. A low-light-level incident beam
could then be detected by switching the out-
put beam onto a standard telecommunications-
band detector.

In addition, our general method of ex-
ploiting the sensitivity of patterns to small
perturbations may find application in other
scientific disciplines. For example, modula-
tional instabilities, which often give rise to
pattern formation, have been observed in mat-
ter waves created with ultracold quantum gases
(30), suggesting that atom switching might

Fig. 4. Dynamical behavior of 1 Y J 1 D
the low-level all-optical switch. i B i r"""

In the plane of the measurement 5 | J U U 1 f

screen, we place one aperture at *g 0! : . 0 W""{‘m
the center of one of the spots 3 - . - - - e = =
shown in Fig. 3A (the off state of 5 1 BB 1 B E
the switch) and another at the @ | i w“ w
center of one of the spots shown 8 ;_J ;J 5

in Fig. 3B (the on state). Tempo- & “Cl ! : - N FE,
ral evolution of the output power E 9= 04 0 5 w 15
passing through (A and C) the on- O Time (ms)

state aperture for PS = 2.5 nW, ’g_

(B) the off-state aperture for P, = = 4 ' ' LI ' ' '

2.5 nW, (D and F) the on-state 8 fv ads |C 0.5 PAfPY F
aperture for P_ = 230 pW, and |

(E) the off-state aperture for P_ = 0 /\AIAA,J_ 1 J 0.1 i |

230 pW. The fit lines in (C) and 0 0 10 o 10
(F) are determined using a sig- Time (us)

moidal function. The rise-time of

the switch based on this fit is (C) t = 4 us for P, = 2.5 nW and (F) © = 3 ps for P, = 230 pW. arb.

units, arbitrary units.

be possible by perturbing the gas with a few
injected atoms.

Our results may also have implications
concerning the fundamental limits of general-
purpose computation devices. Many years
ago, Keyes (/1) realized that thermal energy
dissipation places limits on the operational
speed of a logic element. By assuming that a
saturation-based optical switch has £ ~ 1
photon/(A%/2r), he concluded that optical logic
elements are limited to rates below 10'° s1.
Our observed switching energy density is more
than a factor of 300 below that assumed by
Keyes, suggesting that optical devices might
surpass his estimated limit.
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