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We demonstrate a fast Kerr phase gate in a room-temperature 85Rb vapor using a Raman gain
method where the probe wave travels “superluminally”. Continuously variable, zero to π radian
nonlinear Kerr phase shifts of the probe wave relative to a reference wave have been observed at
333o K. We show rapid manipulation of digitally-encoded probe waves using a digitally encoded
phase control light field, demonstrating the capability of the system in information science and
telecommunication applications.

PACS numbers: 42.65.-k, 42.50.Gy, 42.65.Dr

Controlled gate operation is one of the central build-
ing blocks of any information technology. The abil-
ity to directly control the slowly varying phase of a
probe/signal wave is thus of technological importance
in information science. In solid-state media such as op-
tical fibers, nonlinear phase shifts can be induced us-
ing self- or cross-phase modulation (SPM/CPM)[1] ef-
fects. These effects, however, are usually very weak
and require an extended propagation distance [2]. In
gaseous-phase media, distinct energy levels and selec-
tion rules allow strong resonance enhancement [3] of
nonlinear effects such as SPM and CPM for sufficiently
small detunings. A typical four-level scheme [4] using
continuous-wave, weakly-driven electromagnetically in-
duced transparency [5] (EIT) is based on these consid-
erations. This steady-state nonlinear-phase-shift scheme
enhances the weak Kerr effect by significantly reducing
the propagation velocity of a probe field. This method
and its variations have since been used in theoretical
studies of quantum entanglement of ultra slow photons
[6], single-photon switching [7], Kerr nonlinear phase
gates [8], and single-photon propagation control [9]. Sev-
eral experimental studies [10] based on these investi-
gations using EIT schemes have shown small nonlinear
phase shifts using cold atoms. Recently, an EIT-based
light-storage/atomic-coherence method [11] has achieved
nearly a π/4 Kerr phase shift with substaintial time de-
lay, and a scheme based on a weak polarizing optical
rotation effect [12] has demonstrated a discrete zero or π
phase jump.

For any technologically viable Kerr-effect based phase
gate four important characteristics must be met. These
are fast response, broad tunability, inherently low
loss, and controllability. These features, however, are
unattainable with weakly-driven EIT-based methods
where the probe wave suffers significant attenuation and
response times are long. The fundamental problem with
weakly-driven EIT schemes is that the process operates

in an absorption mode, which is inherently slow and lossy.
To overcome these difficulties Deng and Payne proposed
in 2007 [13] a Kerr phase shift method based on an active
Raman gain medium. We note that prior to this theo-
retical study it was widely believed [6] that only systems
exhibiting an ultra-slow group velocity, attainable with
a weakly-driven EIT scheme, can result in the large non-
linear Kerr phase shift required for nonlinear phase-gate
operations.

In this Letter we report the first fast zero to π con-
tinuously controllable Kerr phase gate using a room-
temperature active Raman gain medium [13]. In this
scheme the probe field operates in a stimulated Raman
emission mode. It is precisely this emission mode that
gives the signal wave novel propagation characteristics
and properties [13, 14, 16]. Indeed, we show that the
probe wave can acquire a large nonlinear phase shift, suf-
fer no attenuation or distortion (the signal actually has a
small gain), and travel with a superluminal group veloc-
ity (therefore rapid transient times and fast overall device
response). Using a Mach-Zehnder interferometer we fur-
ther demonstrate continuously zero to π phase changes
by rapidly modulating the intensity of the phase-control
light field. In this manner we can rapidly manipulate the
digitally encoded probe field with the digitally encoded
phase-control field. This is the first Kerr nonlinear phase
gate operation that can meet the key requirements out-
lined above.

We use 85Rb vapor to demonstrate a continuously con-
trollable Kerr phase gate (Fig. 1). The medium, which is
actively temperature stabilized at 333oK (60oC), is first
optically pumped to the ground state |1〉 = |5S1/2, F =
2〉 using a linearly polarized pump laser (wavelength 780
nm) that couples |3〉 = |5S1/2, F = 3〉 to the 5P3/2 man-
ifold. The typical optical pumping time is about 500 µs
and we have verified that there is no residual popula-
tion in the |3〉 = |5S1/2, F = 3〉 manifold using a subse-
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FIG. 1: Experimental setup (a), timing schemes (b), and
energy-level diagram with relevant laser couplings (c). The
rubidium vapor cell is shielded from the ambient magnetic
field and actively temperature controlled at 333oK (60oC).
The solenoid provides a weak quantization axis for the atoms
using a weak (10 µT) axial magnetic field. In Fig. 1(c), the
broad arrows indicate the propagation directions of the light
fields.

quent probe absorption measurement. After the optical
pumping light is extinguished, a strong linearly-polarized
(10 mW and 5 mm beam diameter) pump laser field
(EC , wavelength 795 nm) is turned on that drives the
|1〉 = |5S1/2, F = 2〉 → |2〉 = |5P1/2, F

′ = 2, 3〉 transi-
tions with a large positive one-photon detuning of δ/2π ≈
2 GHz. All magnetic substates in the 5S1/2, F = 2 man-
ifold contribute due to the Doppler-broadened overlap-
ping F ′ = 2, 3 manifolds. A weak (50 µW, 1 mm beam
diameter) left-circularly-polarized (σ(−)) probe field Ep

couples transitions |2〉 = |5P1/2, F
′ = 2, 3〉 → |3〉 =

|5S1/2, F
′′ = 3〉 is also turned on so that a two-photon

Raman transition is established for state |3〉 with a two-
photon detuning of about 700 kHz. It has been shown
both theoretically [13–15] and experimentally [16] that
when the two-photon detuning δ2p > γ3 (here γ3 is the
resonance line width of the state |3〉), the probe field
propagates “superluminally”. Therefore, this excitation
scheme presents a Raman gain medium to the probe field
which results in amplification and a superluminal propa-
gation velocity [16]. Experimentally, we have chosen the
pump field EC and the one- and two-photon detunings so
as to result in a typical 200 ns “lead-time” in the “super-
luminal” propagation of the probe field with respect to a
reference signal field that travels within the same temper-
ature controlled atomic medium (see Fig. 2). It should
be noted that there is a trade-off between the probe gain,
the Kerr phase shift, and the “lead-time”. To prevent the
pump field EC from entering the detectors we have pur-
posely introduced a very small angle between the pump
and probe fields so that they can be spatially separated
after propagating the 1 m length of our interferometer

FIG. 2: Typical data showing “superlimunal” propagation
of a probe light pulse with a Gaussian time profile with a
nominal pulse length of τFWHM = 11µs. We typically choose
experimental parameters so that the “lead-time” is about 200
ns when the phase control light field is absent.

arm.

The Kerr phase shift of the probe field is induced and
controlled by a circularly-polarized (σ(+)) phase-control
light field Eph (0 to 30 mW with a diameter of 3 mm)
that couples the transition |3〉 = |5S1/2, F

′′ = 3〉 → |4〉 =
|5P3/2, F

′′′ = 4〉 with a detuning δph. Strictly speak-
ing, the medium is not a simple 4-level system because
of contributions from multiple sublevels and transitions
(due to Doppler broadening, all F ′′′ = 2, 3, 4 manifolds
contribute). Because of this consideration, we propagate
the phase control light anti-colinearly with respect to the
probe light. The phase shift is obtained by comparing the
phase of a 15 µs probe pulse using an unbalanced Mach-
Zehnder interferometer both with, and without the phase
control light field in the two arms. The obtained interfer-
ogram is shown in Fig. 3 with a fit using a sine function.
Notice that the amplitude of the fit to the data with
the phase control light field is slightly higher due to the
third-order nonlinear gain, as described in [13].

It has been shown [13] that in the lifetime-broadened
4-level scheme outlined in Fig. 1c that the Kerr nonlinear
phase shift ΦCPM (ωp) and the nonlinear gain G(3)(ωp) of
the probe field by the cross-phase modulation effect per
unit propagation length can be expressed as

ΦCPM (ωp) = −κ23
|ΩC |

2

|δ|2δ22p

(

|Ωph|
2δph

δ2ph + γ2
41

)

, (1)

G(3)(ωp) = κ23
|ΩC |

2

|δ|2δ22p

(

|Ωph|
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. (2)

Here, κ23 = 2πωpND23/(~c), where N is the atom con-
centration and D23 is the dipole transition matrix ele-
ment between the states coupled by the probe field. In
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FIG. 3: Typical Mach-Zehnder interferometer output as a
function of piezo actuator control voltage for different phase
control light powers and fit of the data using a sine function.
Phase control light power 0 mW (black squares, non phase-
shifted reference), 13 mW (red dots, π/2 phase shift) and 29
mW (blue triangles, π phase shift). The phase control light
is blue detuned by 90 MHz above the F = 4, mF = +4
state. As the power of the control light increases, a small
third-order Kerr gain to the probe field can be seen (peak-to-
peak amplitude increase: 14% and 23% for π/2 and π phase
changes, respectively.

deriving this result we have neglected γ21 and γ32 in com-
parison to the large one-photon detuning δ, and also as-
sumed that the two-photon detuning is much less than
the one-photon detuning of the phase control light, i.e.,
|δ2p| ≪ |δph|. Equation (1) indicates that the Kerr phase
shift is inversely proportional to the phase-control laser
detuning and linearily dependent on the power of this
light field. Furthermore, Eq. (2) describes third-order
nonlinear gain, rather than the usual third-order attenua-
tion encountered with weakly-driven EIT-based methods.
This is a consequence of the probe wave being operated
in a stimulated emission mode [17].

Although Eqs. (1, 2) are obtained for a life-time broad-
ened medium, we expect there to be similar phase control
light field dependencies on laser detuning and power even
in a Doppler-broadened medium. This is indeed what we
have found experimentally. In Fig. 4, we show the phase
control light field detuning and power dependence pre-
dicted by Eq. (1). Here, we first fix the intensity of the
control field and map out the detuning response of the
Kerr phase shift using the same interferometric method,
the data are found to exhibit the same functional form
as Eq. (1). Next, we fix the phase control light detun-
ing but vary the phase laser intensity. As expected from
Eq. (1) the Kerr phase shift changes linearly with the
phase-control light power.

One of the primary requirements of a phase gate oper-
ation (or any gate operation for that matter) in telecom-

FIG. 4: Kerr nonlinear phase shift as a function of the phase
control light power (blue dots, right and upper scales). The
phase control light is blue-detuned by 90 MHz above the F =
4, mF = +4 state. Kerr nonlinear phase shift as a function of
the phase control light detuning (black squares, left and lower
scales) for a fixed power of 29 mW. Blue and black solid lines
are fits using the function aPph+ b (with a and b being fitting
parameters) and 1/δph, respectively, see Eq. (1).

munications is the ability to execute fast (both device
respond and modulation rate), reliable, low loss digital
signal processing. To demonstrate the advantages, versa-
tility, and capabilities of the Kerr phase gate reported in
this work we have executed four and seven digital-signal,
pattern-manipulation operations. In the first operation
we input a square probe pulse that represents the digital
signal 1111 (“non-return to zero”, just a single pulse of
a fixed length of 24 µs with each digital 1 lasting for 6
µs). By modulating the intensity of the phase control
light field we can create any 4 digit pattern as fast as the
modulator allows (about 1 MHz, limited by the modu-
lator we have). Figure 5 shows results from a second
operation where digital wave forms of xxxxxxx (x rep-
resents 0 or 1) are encoded into the phase control light
field to achieve manipulation of the digital signal encoded
onto the probe field. In this operation we fix the probe
field digital signal as 1010101. There are 4 traces in Fig.
5 and each represents the Mach-Zehnder interferometer
output for four digital combinations of the phase con-
trol light field intensities. Blue trace: the phase con-
trol light is encoded with 0000000 which corresponds to
no phase control light, the Mach-Zehnder interferometer
faithfully outputs 1010101, which is just the originally en-
coded probe light. Green trace: the phase control light is
encoded with 1111111 which flips the phase of the probe
field by π. This causes destructive interference at the
output of the Mach-Zehnder interferometer and therefore
results in a null output. Black trace: the phase control
light is encoded with 0000101 where the two 1’s repre-
sent the presence of the π phase-flip operations, yielding
the expected output of 1010000. Finally, by encoding
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FIG. 5: Demonstration of digital signal manipulation using
the Kerr nonlinear phase gate. The probe field digital wave
form is fixed as 1010101. There are 4 traces in Fig. 5, repre-
senting the digital combination of the phase control light field
intensities: 0000000, 1010000, 0000101, and 1111111. Blue
trace: the phase control light is encoded with 0000000 and the
Mach-Zehnder interferometer faithfully outputs 1010101 (the
encoded probe light). Green trace: the phase control light is
encoded with 1111111 and the Mach-Zehnder interferometer
has a null output as expected. Black trace: the phase con-
trol light is encoded with 0000101 where the two 1s represent
the presence of π phase-change light, resulting in an output
of 1010000. Red trace: By encoding the phase control light
with 1010000, the output of the Mach-Zehnder interferometer
is 000101. Traces are vertically shifted for clarity.

the phase control light with 1010000, the output of the
Mach-Zehnder interferometer is 000101, as shown by the
red trace. Technically, there is no difficulty to implement
a much complex digital wave form as long as the modula-
tion speed of the various pattern generation components
and the corresponding bandwidths of the various modu-
lation and detection elements are sufficient. It should be
noted that by modulating the pump field it is possible to
achieve full probe-light digital encoding. We emphasize
that the scheme demonstrated here is capable of oper-
ating at GHz modulation rate or faster (excluding the
system preparation time such as optical pumping etc.).

We point out that the theoretical treatment of the Kerr
phase gate does not depend on the intensity of the probe
field, implying that the formalism can be scaled to the
single-photon level. This opens the door to applications
in quantum information science. For instance, the Kerr
nonlinear phase gate may be implemented together with
a controlled-NOT (CNOT) gate based on path-encoded
two-qubit operation enabled by two-photon generation
in a quantum dot [18]. In addition, it may also be im-
plemented with a Kerr-effect based parity gate [19, 20].
The main challenge, however, is to achieve the direct
two-qubit control required for quantum information pro-
cessing at the single-photon level [21–25]. In this case

the phase control laser (reduced to the single-photon
level) just becomes the second qubit photon. This is a
formidable task and it may require, in addition to a sub-
stantial increase in density, the elimination of Doppler
broadening of the electronic states (to reduce |δ| and δph)
as well as selection of a two-photon state with a much
narrower resonance linewidth (to reduce |δ2p|).

In conclusion, we have demonstrated experimentally
the first fast, zero to π continuously controllable non-
linear Kerr phase gate. Both detuning and power de-
pendences of the π Kerr phase shift were verified using
a Mach-Zehnder interferometer and we have found that
the results agree with the functional forms predicted us-
ing a life-time broadened atomic system with a similar
energy-level structure. We have proven the flexibility of
the method by digitizing both the probe and Kerr phase
control light fields and manipulating the probe using the
digitally-encoded phase control light field. We note that
by also encoding the pump field, full-manipulation of the
digital signal carried by the probe field can be achieved.
We finally note that the fast Kerr scheme reported here
may be implemented on wave guide and/or quantum well
systems [26] which may find many applications in optical
telecommunications.
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