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We demonstrate a fast, all-optical polarization gate in a room-temperature atomic medium.

Using a Polarization-Selective-Kerr-Phase-Shift (PSKPS) technique, we selectively write a p
phase shift to one circularly-polarized component of a linearly-polarized input signal field. The

output signal field maintains its original strength but acquires a 90� linear polarization rotation,

demonstrating fast, high-fidelity, dynamically-controlled polarization gate operation. The inten-

sity of the polarization-switching field used in this PKSPK-based polarization gate operation is

only 2 mW/cm2, which would be equivalent to 0.5 nW of light power (k¼ 800 nm) confined in a

typical commercial photonic hollow-core fiber. This development opens a realm of possibilities

for potential future extremely low light level telecommunication and information processing

systems. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898857]

Efficient optical-field manipulation protocols at very

low light intensities and low power consumption are crit-

ically important to next-generation advanced telecommuni-

cations and information processing.1 To this end, optical

Controlled-NOT (CNOT) gates2–5 and phase gates6–13 using

polarization-encoded optical fields are important elementary

modules with which advanced optical telecommunication

and information processing systems can be built. Although

weak-light optical phase gate operation schemes have al-

ready been proposed10–13 and continuously controlled Kerr

gates have been demonstrated recently,14 the realization of

fast, all-optical polarization gate operation with weak gate-

switching light field intensities has proven to be very chal-

lenging, even in the classical field limit. Indeed, to date, no

weak-light, fast, all-optical, dynamic polarization gate has

been experimentally demonstrated. The concept and princi-

ple of the Polarization-Selective-Kerr-Phase-Shift (PSKPS)

based polarization gate operation and the experimental

results reported in the present work open the door for possi-

ble potential applications and implementations of extremely

low control light optical logic operations15 in advanced tele-

communication protocols and networks.

One approach to realize weak-light polarization-based

optically-controlled gate operations is to build a universal

vector gate, such as a CNOT gate or a polarization gate,

which would function as the basic building block of next-

generation telecommunication systems. Recently, it has been

shown that in a Raman-gain-based N–scheme,14 a phase-

control field can induce a sufficiently large signal field non-

linear Kerr phase shift. A phase gate based on the Kerr effect

is essentially a scalar gate since the phase shift depends on

the intensity rather than on the vector properties of the signal

and control light fields. The challenge is to construct a vector

gate using such a scalar gate so that the desired optical

polarization-based operations can be realized with very low

gate-switching/control field intensities. In this letter, we

focus on polarization gate operation and demonstrate a

PSKPS protocol which permits dynamic and preferential

manipulation of the different components of an input signal

electric field. As a result, a fast and high-fidelity complete

polarization gating operation is achieved in which the polar-

ization state of the linearly polarized signal field can be rap-

idly and orthogonally changed by a phase-control field of

record low control-light intensity.

Conceptually, the PSKPS protocol and the all-optical

polarization gate operation demonstrated here are described

in Fig. 1. Here, the two circularly polarized components of a

very weak linearly polarized input signal field are separately

addressed by a weak phase-control light field, resulting in

different nonlinear Kerr phase shifts /ð6Þ being written to

the different polarization modes r(6). If the differential non-

linear gain DG¼G(þ)�G(�) can be made negligibly small

while simultaneously achieving /ðþÞ ¼ 0 and /ð�Þ ¼ p, then

at the exit of the medium, the linear polarization of the signal

field will have undergone a perfect 90� rotation.

Theoretically, PSKPS-based polarization gate operation can

be explained using a lifetime broadened 87Rb atomic system

(Fig. 2(a)). We assume that initially all atoms are in the

j5S1=2;F ¼ 1;mF ¼ þ1i state and a pump field (XP) drives the

j5S1=2;F ¼ 1;mF ¼ þ1i ! j5P3=2;F
0 ¼ 2;mF0 ¼ 0i transi-

tion with a large one-photon detuning d to suppress spontaneous

emission. A linear polarization-encoded signal field (XS) cou-

ples the j5P3=2;F
0 ¼ 2;mF0 ¼ 0i ! j5S1=2;F ¼ 2; mF ¼ 0i

transition. The jF0 ¼ 2;mF0 ¼ 0i ! jF ¼ 2; mF ¼ 0i transi-

tion, however, is forbidden when driven by this linearly-

polarized signal field. Consequently, the signal light can only

couple via its two circularly polarized components XS(r6)

and thereby drive the j5P3=2;F
0 ¼ 2;mF0 ¼ 0i ! j5S1=2;F

¼ 2;mF ¼ 61i transitions. The strategy for achieving a

polarization gate operation is thus to selectively introduce a

Kerr phase shift to only one signal coupling branch. This

selective phase shift allows the construction of a vector gate
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using a Kerr phase gate, and is the fundamental principle

behind our polarization gate operation.

When a phase-control light field (Rabi frequency Xph

coupling the j5S1=2;F ¼ 2;mF ¼ 61i ! j5P1=2;F
00 ¼ 1; 2i

transitions) is applied, both circularly polarized components

of the signal field acquire a nonlinear gain G(6) and a phase

shift /ð6Þ. Since initially the amplitudes of the circularly

polarized components are exactly the same, simultaneously

satisfying the following conditions,

GðþÞ ¼ Gð�Þ;/ðþÞ ¼ 2N p; and /ð�Þ ¼ ð2M þ 1Þ p; (1)

results in a 90� rotation of the signal polarization as required

for polarization-gate operations (N, M: integers).

Physically, satisfying Eq. (1) requires that the phase-

control light field interacts with different upper states for the

different circular components at a specific phase-control

light detuning. We define a “magic” detuning dph¼ dmagic as

the phase-control field detuning at which a full and complete

signal-field polarization rotation is achieved with minimal

phase-control field intensity Iph. Figures 3(a) and 3(b) display

the results of numerical calculations that show the existence

of dmagic for the lifetime-broadened atomic system given in

Fig. 2(a). In Fig. 3(a), we show the differential gain

DG¼G(þ)�G(�) and nonlinear Kerr phase shifts /ð6Þ for

the r(6) modes of the signal field as a function of the phase-

control light detuning. Here, dph¼ dmagic indicates a special

choice of the phase-control light detuning at which all three

relations given in Eq. (1) are simultaneously satisfied. In Fig.

3(b), the magnitudes of DG and /ð6Þ of the signal field are

plotted in colored contour plots as functions of the pump-

field detuning d and the phase-control field detuning dph,

respectively. The equal-altitude contour lines of zero and �p
magnitudes visually indicate how dmagic can be selected so

that Eq. (1) is satisfied.

The signal-field polarization rotation can be calculated

by solving the Bloch-Maxwell equation for each circular

component, and then recombining them at the exit of the me-

dium. Figure 4 displays two contour plots that show the in-

tensity of different polarization states of the signal field as a

function of the phase-control light detuning and the normal-

ized propagation distance in the medium. The white dashed

line indicates a “magic” detuning dmagic at which the polar-

ization state of the signal field changes from horizontal (H)

at the entrance of the medium to vertical (V) at the exit of

the medium. Both contour plots are normalized with respect

to the signal-field intensity at the entrance of the medium,

i.e., Iin (z¼ 0). Correspondingly, we have I
ðHÞ
in ¼ 1 (solid

circle in left plot) and I
ðVÞ
in ¼ 0 (solid circle in right plot) at

the entrance z/L¼ 0, but I
ðHÞ
out ¼ 0 (open circle in the left plot)

and I
ðVÞ
out � 3 (open circle in the right plot) at the exit z/L¼ 1.

The increase in the signal field intensity at the exit is due to a

small Raman gain. Second quantization calculations16 using

parameters suitable for a hollow core photonic fiber have

shown that the PSKPS protocol, when combined with an

electromagnetically induced transparency (EIT)17 technique,

also exhibits similar polarization gate-switching properties at

<10 photon levels.

Experimentally, we use a magnetically shielded 87Rb

vapor cell (L¼ 7.5 cm and d0¼ 2 cm) that is actively temper-

ature stabilized to 322 K (density n0� 6� 1011/cm2). We

first optically pump the medium using a linearly polarized

light field that couples the j5S1=2;F ¼ 2i hyperfine manifold

to the j5P3=2i manifold [Fig. 2(a)]. A second optical pump-

ing process may be carried out simultaneously using a sepa-

rate r(þ) laser that couples the j5S1=2;F ¼ 1i and

j5P1=2;F
0 ¼ 1i manifolds. This results in the medium being

optically pumped to the j5S1=2;F ¼ 1;mF ¼ þ1i state,

which is the ideal starting state of the experiment. Due to

Doppler broadening, there will be a small contribution from

FIG. 1. Fundamental principle of

achieving a photonic polarization gate

using a PSKPS technique. Left: Two

circularly polarized components of a

linearly polarized input field. Middle:

Selective Kerr phase shift of p to the

r(�) component. Right: Resultant

polarization of the combined output

field.

FIG. 2. (a) Energy diagram and laser couplings of a lifetime broadened

atomic system for PSKPS-based photonic polarization gate operation. d:

one-photon, pump-field detuning. d2ph: two-photon detuning. dph: phase-

control field detuning. Two downward arrows represent the two circular

polarization components (XS6) of the linearly-polarized signal field (XS).

The magic detuning dph¼ dmagic is defined as the detuning that results in a

complete orthogonal polarization rotation of the signal field with minimal

phase-control (Xph) and pump (XP) fields. (b) Experimental setup. BS: 50-

50 beam splitter. PBS: polarization beam splitter. BL: beam block. A, B, and

C: detectors. PZT: piezo-controlled mirror.

161103-2 Li et al. Appl. Phys. Lett. 105, 161103 (2014)
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the j5P1=2;F
0 ¼ 2;mF0 ¼ þ2i state that leads to a non-

completely-closed optical-pumping cycle. However, the

contribution from this leakage transition can be substantially

reduced by tuning the circularly polarized pumping field to

the red side of the j5P1=2;F
0 ¼ 1i transition, which adds to

the large (820 MHz) j5P1=2;F
0 ¼ 1i to j5P1=2;F

0 ¼ 2i hyper-

fine separation. Experimentally, however, we found that this

secondary optical pumping process had a minimal effect on

our results. Therefore, the experiments reported here only

used the first optical-pumping process.

Immediately following the optical pumping process,

we turn on a strong, circularly polarized pump laser

(�15 mW/cm2 with beam diameter of 5 mm) that couples the

j5S1=2;F ¼ 1i to j5P3=2;F
00 ¼ 2i transition with a one-

photon detuning of d/2p¼ 1.2 GHz above the F00 ¼ 2 level.

At the same time, a linearly polarized signal field with a

power of a few lWs (beam diameter 1 mm) is switched on

that couples the j5P3=2;F
00 ¼ 2i to j5S1=2;F ¼ 2i transition

with a two-photon detuning of about 700 kHz. These pump

and signal fields are overlapped using a 50–50 beam splitter

(BS) to form the two arms of a Mach-Zehnder interferome-

ter. One arm will later be overlapped with a phase-control

laser, and the other arm serves as a reference for phase analy-

sis. After exiting the cell, both arms of the Mach-Zehnder in-

terferometer are joined together using a 50–50 BS. We set a

small angle of less than 1� between the pump and signal

fields so that they are physically separated at a distance of

about 1 m from the exit of the vapor cell. To introduce a

Kerr phase shift, we inject a weak circularly polarized phase-

control field into one arm of the Mach-Zehnder interferome-

ter using another 50–50 beam splitter. This gate-switching

laser beam counter-propagates with respect to the signal light

and has a power of 500 lW with a beam diameter of 5 mm

(the signal beam diameter is 1 mm). The phase-control field

couples the j5S1=2;F ¼ 2i () j5P1=2;F
0 ¼ 1; 2i transition

with dph relative to the 5P1=2;F
0 ¼ 2;mF ¼ þ2 level.

In Fig. 5(a), we present numerical calculations of DG
and /ð6Þ of the two circular polarization modes using the pa-

rameters of the Doppler broadened 87Rb vapor used in our

experiments. The phase-control light detuning is in reference

to the j20;þ2i state [see Fig. 2(a)]. At dph /2p¼ dmagic/

2p��400 MHz, we find that DG� 0, /ðþÞ � 0, and /ð�Þ �
p are simultaneously achieved with a polarization gate con-

trol field intensity Iph� 2 mW/cm2. At this detuning, com-

plete signal-field polarization rotation and polarization gate

operation are expected and were observed experimentally.

Figure 5(b) shows that upon exit from the medium, the polar-

ization of the signal field is switched completely from H

polarization to V polarization with nearly 100% fidelity. In

our experiment, the beam diameter of the signal light is

1 mm but the phase-control field diameter is 5 mm,

FIG. 3. (a) Plots of DG¼G(þ)�G(�)

and /ð6Þ of the two circular compo-

nents as functions of dph. At Pph¼ 0.1

nW power a “magic” dph/2p¼ dmagic/

2p��720 MHz can be found, result-

ing in simultaneously DG ¼ 0;
/ðþÞ ¼ 0, and /ð�Þ ¼ �p. (b) Contour

plots of DG and /ð6Þ. Dashed arrows

and dotted vertical lines jointly indi-

cate the choices of dph and d where

the three conditions in Eq. (1) are

satisfied simultaneously. Parameters:
87Rb vapor (C/2p¼ 6 MHz), density

n0¼ 1.4� 109/cm3, L¼ 1 cm, IP¼ 1.2

mW/cm2, and IS¼ 50 pW/cm2,

respectively.

FIG. 4. Equal-altitude-line-labeled color contour plots of the intensity of dif-

ferent signal-field polarization states as a function of dph and z/L. The white

dashed line indicates the dmagic at which the polarization state of the signal

field changes from H at the entrance (z/L¼ 0, left panel) to V at the exit

(z/L¼ 1, right panel) of the medium. The one-photon pump detuning

d/2p� 12.5 MHz is indicated by the vertical dotted ling in Fig. 3 (other

parameters are the same as in Fig. 3).

161103-3 Li et al. Appl. Phys. Lett. 105, 161103 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.6.136.105 On: Fri, 24 Oct 2014 14:17:36



indicating that the actual number of photons that contributed

to the gate-swtichging operation is much smaller. We also

note that slight adjustment in the timing of XP,S,ph can sub-

stantially reduce the polarization switching time to about

2 ls [Fig. 5(b)], which is the limit of our system response

time. In Fig. 5(c), we demonstrate rapid signal-light polariza-

tion switching by modulating the phase-control light. This

pulsed operation with high switching fidelity shows the via-

bility of fast polarization switching operations using the

PSKPS technique and the potential for advanced telecommu-

nication applications. We stress that the PSKPS protocols

demonstrated in this study apply well to a very weak light in-

tensity at the 100 photon level, which corresponds to optical

telecommunication transmission intensities where quantum

statistics of the light field are completely negligible.

One of the complications of room-temperature atomic

vapors is the absence of a “magic” detuning when the phase-

control light intensity is less than some critical value

(depending on other operational parameters such as the den-

sity, etc.). Due to the large Doppler broadening, contribu-

tions from nearby states in the Raman gain scheme, as well

as in the EIT scheme, begin to adversely affect the

polarization-rotation process. Numerical calculations of DG
and /ð6Þ for the Doppler broadened medium used in our

experiment have shown that for Iph’ 0.32 mW/cm2, no

dmagic can be found that can simultaneously satisfy all condi-

tions in Eq. (1). Experimentally, at this intensity, the polar-

ization of the signal light was still perfectly linear, but it was

rotated only by about 0.87 rad which is not enough to exe-

cute a complete polarization-gate operation. We point out

that in the present experiment, the phase-control light has a

diameter of 5 mm. If an atom-confining photonic hollow-

core fiber with a core mode diameter of 5 lm was used,16 the

power requirement for the phase-control light could be dra-

matically reduced. This indicates that the potential exists for

superior technical performance that could lead to applica-

tions of the PSKPS technique in extremely low optical power

consumption optical telecommunications systems.

While there are several avenues that can be followed to

further improve the performance of the PSKPS protocol

using an atomic medium, from an application stand point, it

is desirable to use a solid state medium. However, one of the

problems associated with solid media is the fast relaxation

rate of the various states due to inhomogeneous broadening.

This requires short pulse operation which adversely

affects the efficiency of the process with respect to the

phase-control-light detuning due to the increased bandwidth

of the light field. However, the advantage in using a solid

state medium is the much higher concentration of the four-

level dopant and the possibility for highly confined guided-

wave propagation in engineered micro-structures with a few

energy levels such as in the case of one-dimensional quan-

tum wells. Experimentally, optical confinement of weak

phase shift light has been tested using a photonic hollow

core fiber filled with atomic vapor at �80 �C.18 This para-

metric four-wave mixing scheme, however, has many prob-

lems. For instance, the polarization rotation is very small

(more than an order of magnitude smaller than required for a

gate-switching operation even with a high power short-

pulsed laser) and it is prone to sporadic parametric photon

emissions.

The high-fidelity polarization gate operation demon-

strated here has the potential for applications in optical infor-

mation communication and processing systems, and may

lead to the development of critical building blocks for next-

generation all-optical extremely low power consumption tel-

ecommunication networks. Although the present experiment

is still in classical regime, the phase-control field intensity

for polarization gate switching operations can be further

reduced significantly by taking advantage of the strong

FIG. 5. (a) DG and /ð6Þ of the Doppler-

broadened medium used in experiment.

A “magic detuning” can be found with a

phase-control light intensity of Iph

¼ 1.9 mW/cm2. Simulation parameters:

CD/2p¼ 320 MHz, n0¼ 2.1� 1011/cm3,

d/2p¼ 1.2 GHz, and IP� 4 mW/cm2.

(b) High-fidelity, orthogonal signal

field polarization rotation observed

near dmagic/2p��400 MHz with Iph

¼ 2 mW/cm2. Also shown is the fast

�2 ls polarization switching edge.

(c) Repeated polarization switching by

modulating the phase-control light.
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optical confinement offered by photonic hollow-core fibers.

Currently, 0.5 mW power of phase-control field (beam size

of 5 mm, Iph¼ 2 mW/cm2) is used to achieve the full polar-

ization switching. In a hollow-core fiber with 5 lm mode di-

ameter, 0.5 nW power will be sufficient to reach the same

control field intensity to induce a p-phase shift. Furthermore,

combining the PSKPS technique demonstrated here with

other schemes may lead to the ultimate fidelity-preserving

polarization gate operations critically important for future

telecommunication/information processing. However, we

believe that the most important future development would be

the demonstration of this PSKPS protocol using solid-state/

engineered materials, such as quantum wells and quantum

dots arrays in the short-pulse regime.
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