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We demonstrate an efficient cross-phase modulation (XPM) based on a closed-loop double-A system.
The property of the double-A medium can be controlled by changing the phases of the applied optical
fields. This phase-dependent XPM scheme can achieve large phase modulations at low-light intensities
without requiring cavities or tightly focusing laser beams. With this scheme, we observe a z-level phase
shift with two pulses, both consisting of eight photons in cold rubidium atoms. Such a novel scheme
provides a simple route to generate strong interactions between photons and may have potential
applications in all-optical quantum signal processing.
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The realization of large cross-phase modulations (XPM)
at low-light intensities, ultimately at the single-photon
level, is an important but challenging task in quantum
information science [1-3]. To reach this goal, one often
requires high-finesse cavities to enhance nonlinear inter-
actions between photons [4,5]. However, cavity-based
experiments require many compromises such as balancing
cavity bandwidth and light-matter coupling strength, which
remain technical difficulties. Another promising approach
for generating strong photon-photon interaction is electro-
magnetically induced transparency (EIT) [6-8], but accord-
ing to the theoretical predictions by Harris and Hau, the
cross-phase shift of the ElT-based Kerr medium in free
space has an upper limit of order 0.1 radians at the single-
photon level [9]. To date, EIT-based XPM on the order of
microradians per photon has been observed in cold atoms
[10,11] and an Rb-filled fiber system [12]. In recent years,
to overcome this upper limit there have been many
theoretical proposals and experimental studies on this
subject, including double slow-light schemes [13,14], sta-
tionary light schemes [15,16], cavity EIT schemes [17,18],
or Rydberg EIT schemes [19-25]. Very recently, two
research teams have overcome this upper limit and
observed single-photon cross-phase shifts of z/3 and #
by using cavity EIT [26] and Rydberg EIT [27], respec-
tively. This is great progress toward implementing a
photon-photon gate.

Here, we report an experimental observation of a novel
XPM scheme based on a phase-dependent double-A system.
With this scheme, we observe a large cross-phase shift of
3.6 £ 1.0 radians induced by a light pulse containing around
eight photons in cold rubidium atoms. This XPM scheme
does not require cavities or Rydberg atoms, which provides a
simple route to generate strong interactions between photons
and obtain large cross-phase shifts per photon.
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In the present study, we investigate a closed-loop double-
A XPM in a laser-cooled 3’Rb atomic system, as depicted
in Fig. 1(a). Cold atomic gas with an optical depth of
approximately 50 is produced in a dark spontaneous-force
optical trap [28]. A strong coupling field (€. denotes its
Rabi frequency) drives the |2) <> |3) transition to create a
transparent medium for a weak probe pulse (22, 1) < |3))
through quantum interference. The coupling and probe
fields form the first A-type EIT system. The second A-type
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FIG. 1. Energy level scheme and experimental apparatus.
(a) Energy levels of the Rb D,-line transition for the double-
A experiment. Signal detuning A is defined as @, — w,4, Where
w, and w,, are the frequencies of the signal field and the |2) <> |4)
transition, respectively. (b) Schematic diagram of the experimen-
tal setup. DL, diode laser; /4, quarter wave plate; 1/2, half wave
plate; PL, polarizer; ND, neutral density filter; L, lens.

© 2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.117.203601
http://dx.doi.org/10.1103/PhysRevLett.117.203601
http://dx.doi.org/10.1103/PhysRevLett.117.203601
http://dx.doi.org/10.1103/PhysRevLett.117.203601
http://link.aps.org/viewpoint-for/10.1103/PhysRevLett.117.203601

PRL 117, 203601 (2016)

PHYSICAL REVIEW LETTERS

week ending
11 NOVEMBER 2016

EIT system is created by a strong driving field (€,
|2) <> |4)) and a weak signal pulse (Q,, |1) <> |4)). In
the experiment, the coupling and probe fields are right
circularly polarized (6+) while the driving and signal fields
are left circularly polarized (6—). The four laser fields
drive the D,-line transition of the 8’Rb atoms to form the
closed-loop double-A EIT system, as shown in Fig. 1(a).

A schematic diagram of the experimental setup is shown
in Fig. 1(b). The probe and signal fields are produced using
a single diode laser (DL1); the coupling and driving fields
are produced using another diode laser (DL2). DL2 is
directly injection locked using an external cavity diode
laser (TOPTICA DL 100) with a laser linewidth of around
1 MHz. One beam from the external cavity diode laser is
sent through a 6.8-GHz electro-optic modulator (EOM,
New Focus 4851). DL1 is injection locked by an inter-
mediate laser seeded with the high-frequency sideband of
the EOM output. The above arrangement is capable of
completely eliminating the influence of the carrier of the
EOM output on DL1. The probe beam is overlapped with
the signal beam on a polarization beam splitter (PBS2) and
then sent to a single-mode fiber (SMF) to obtain the optimal
spatial mode matching. The e~ diameters of the probe
(signal) and coupling (driving) beams are 0.2 and 3 mm,
respectively. These two beams propagate at an angle of
around 1°. All of the laser fields are switched on and off via
acousto-optic modulators (AOMs). We utilize AOM1 to
control the widths of the probe and signal pulses. The
coupling and driving fields are switched on and off via
AOM4 [see Fig. 1(b)]. The experimental data are detected
by a photomultiplier tube module (PMT, Hamamatsu
H6780-20 and C9663) with a conversion gain of around
9 x 107 V/W and then recorded using an oscilloscope
(Agilent MSO6034A) throughout the experiment. The
number of photons of the few-photon pulses (probe and
signal pulses) are also checked by a single-photon counting
module (Perkin-Elmer SPCM-AQR-13).

When conducting the phase-dependent double-A experi-
ment, an electro-optic phase modulator (EPM, Thorlabs
EO-PM-NR-C1) is applied to vary the phase of the coupling
field (€2.). Furthermore, to stabilize the relative phase of
the four laser fields, two main setups are utilized in this
experiment. (i) The optical paths of the probe and signal
(coupling and driving) fields are arranged in the configu-
ration of a Sagnac-like interferometer to reduce the path
fluctuations between these two beams, as shown in Fig. 1(b).
(i1) AOM2 and AOM3 are driven by the same rf generator
through an rf power splitter (Mini-Circuits ZMSC-2-1+).

We utilize a sensitive beat-note interferometer to measure
the cross-phase shift of the weak probe pulse. The probe
beam is first split into the transmitted and reflected beams by
PBSI in order to establish the beat-note interferometer [see
Fig. 1(b)]. The transmitted beam passes through the AOM1,
which has a driving frequency of 80 MHz, to generate a first-
order beam for the probe pulse and then recombines with the

reflected beam from the PBS1 on a beam splitter (BS). One
beam from the BS is called the reference beat notes, which is
directly received by a photodetector (PD, New Focus 1801).
The other beam, corresponding to the probe beat notes, is
detected by a PMT after propagating through the double-A
medium. The phase shift of the probe pulse is measured by
directly comparing the reference and probe beat notes. In
this experiment, only the phase shift within 1 us of the end of
the probe pulse is measured in order to acquire the steady-
state results. The probe transmission is simultaneously
obtained from the amplitude of the probe beat notes. The
experimental setup and details of the beat-note interferom-
eter can be found in Ref. [29].

To theoretically analyze the behavior of the probe and
signal pulses propagating in the double-A EIT medium, we
use the Maxwell-Schrodinger equations below:
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where Q, = [Q,|er and Q = |Q e are the Rabi
frequencies of the probe and signal pulses, respectively.
¢, (¢,) describes the phase information carried by the
probe (signal) pulse. p3; (p4) is the slowly varying
amplitude of the optical coherence of the probe (signal)
transition. @, = no;3L (a, = no4L) represents the optical
depth of the probe (signal) transition, where 7 is the number
density of the atoms, o3 (0y4) is the atomic absorption
cross section of the probe (signal) transition, and L is the
optical path length of the medium. y3; and y4; represent the
total coherence decay rates from the |3) and |4) excited
states, respectively. We note that the optical depths of the
probe and signal transitions in this experiment are the same
(a, = ay) because o3 is equal to o4 by considering three
degenerate Zeeman sublevels, as shown in Fig. 1(a).

In the case where the probe and signal fields are very
weak (i.e., p;; = 1), the optical Bloch equations of the
slowly varying amplitudes of the density-matrix elements
are given by

d i I . 14
P EQs + EQdPZI + (ia —g)Pm, (3)
d i i y
e EQ]) + EQCPZ] - %Pm’ (4)
d i, i, V4
EPZI = EQCP?)l =+ EQdﬂm - %le» (5)

where Q, = [Q e and Q, = |Q,|e? are the Rabi
frequencies of the coupling and driving transitions, respec-
tively. ¢, (¢p,) describes the phase information carried by
the coupling (driving) field. A denotes the detuning of the
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signal transition [see Fig. 1(a)]. y,; represents the dephas-
ing rate of the |1) and |2) ground states. Each parameter in
the theoretical model is individually determined from
additional experiments as follows: Q.| is determined from
the separation of the two absorption peaks in the EIT
spectrum. |€,| is determined from the EIT-based photon-
switching effect [30]. a,, is derived from the delay time of
the slow-light pulse [31]. y,; is 0.0010(2)T’, as estimated by
the degree of EIT transparency. I' = 27 x 6 MHz is the
spontaneous decay rate of the excited states. y3; and y,4; are
both 1.25(2)I", contributed mostly by the spontaneous
decay rate and laser linewidth, as obtained from the spectral
width of the one-photon absorption. Assuming y,; = 0,
Y31 = v41, and @, = a; = a, the steady-state solutions of
Eqgs. (1)—(5) for the probe and signal fields are

Q, (a) = ﬁ 192,12, (0) + 2.2:,(0)]
" Qi‘ 192,22, (0) - .22, (0)]e ), (6)
Q,(a) = ﬁ 192,29,(0) + ©,2:2, (0)]

1 .
Tl Q2 (0) - a0, (O)]e=i@20, (7)

where Q2 = |Q2 + Q. &= i+2(Q.A/IQP73).
The terms Q,(0) and Q,(0) represent the incident probe
and signal fields, respectively. Under the conditions of
Q.| = [€,4] and [Q,(0)| = |Q,(0)|, we obtain simple
steady-state solutions for the probe and signal fields as
follows:

Q,(a) 1 , , ,
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where the relative phase of the four laser fields ¢, is defined
as ¢, — ¢, + ¢pa — ¢ According to Egs. (8) and (9), when
A =0 and ¢, = 0, the double-A medium becomes com-
pletely transparent for both the probe and the signal fields.
On the other hand, when ¢, = 7, the medium becomes
opaque and has maximum attenuation for both the probe and
the signal fields. This phase-dependent double-A system
with A =0 can be applied in all-optical switching, as
previously described [32]. Here, we focus on demonstrating
large phase modulations at low-light intensities with this
scheme. Of note, the matched propagation of a pair of slow-
light pulses in the double-A medium has been theoretically
discussed in Ref. [33]. Also, interference between multiple
A transitions has been studied in Refs. [34,35]. Recently,
broadly tunable light phase modulations at low-light inten-
sities via the phase-resonant closed-loop optical transitions
have been theoretically studied in Ref. [36].

We first measure the transmission of a probe pulse
propagating through a three-level A-type EIT medium.
After all of the lasers and magnetic fields of the dark
spontaneous-force optical trap are turned off and the
coupling field (Q.) is switched on for 100 us, the 10-us
probe square pulse is switched on to perform the meas-
urement. The experiment is conducted at a repetition rate of
100 Hz. The input power of the probe pulse is set to around
1 nW in the EIT experiment. The Rabi frequency of the
coupling transition |Q.| is 0.7, corresponding to the
coupling laser power of around 0.5 mW. Figure 2 shows
the probe transmission as a function of probe detuning. The
inset shows the EIT transmission window. The measure-
ment data (circles) are in good agreement with the
theoretical curve (red line). The theoretical curve is plotted
using the EIT theoretical expression in Ref. [29].

Next, we perform the double-A experiment in the
pulsed regime. Figure 3 shows typical experimental data,
where a, =46, A =13I, |Q.| = [Q,| =0.7T, and the
input powers of both the probe and the signal pulses are
set to around 1 nW, corresponding to [Q,,(0)| = [2,(0)| ~
0.016I" (i.e., |Q,(;)(0)] < [Q(4|). Here, the widths of
both the probe and signal pulses are set to 10 us.
We utilized the EPM to vary the relative phase ¢, [see
Fig. 1(b)]. The relative phase ¢, is set to 1.5 radians in
Fig. 3(a) and 4.5 radians in Fig. 3(b). The solid and dashed
lines represent the experimental data and theoretical
curves, respectively. The theoretical curves are plotted
by numerically solving Egs. (1)—(5). The black (green)
lines are the input probe (signal) pulses, and the blue (red)
lines are the transmitted probe (signal) pulses. The group-
velocity mismatch of the transmitted probe and signal
pulses in Fig. 3 is due to A # 0. The experimental data
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FIG. 2. Observed EIT transmission versus probe field detuning.
The black circles and red line represent the measurement data
and theoretical curve, respectively. The inset shows the EIT
transmission window. Probe detuning is defined as w, — w3,
where w, and w3 are the frequencies of the probe field and
the |1) <> |3) transition, respectively. The parameters for the
theoretical curve are a, = 52, |Q.| = 0.7T, y,; = 0.001T, and

Y31 =va = 1.25T"
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FIG. 3. Phase-dependent double-A experiment in the pulsed
regime. The solid and dashed lines represent the experimental
data and theoretical curves, respectively. The black (green) lines
are the input probe (signal) pulses; the blue (red) lines are the
transmitted probe (signal) pulses. The parameters for the theo-
retical curves (dashed lines) are a, = 46, |Q.| = [Q,| = 0.7T,
A = 13T, y5; = 0.001T, and y3; = y4; = 1.25T". (a) The relative
phase ¢, = 1.5 rad. (b) ¢, = 4.5 rad. The peak powers of both
the probe and signal pulses are around 1 nW, corresponding to
around 40 000 photons per pulse.

also show that the power of the transmitted light
exceeds its input power in the double-A system. This
light-amplification phenomenon is caused by the
coherent light transfer between two N-type four-
wave-mixing processes (|1) = |3) - [2) - |4) - |1)
and |1) = |4) - |2) = |3) = |1)) [37]. More detailed
discussions on the coherent light amplification can be
found in the Supplemental Material [38].

Figure 4 shows the experimental data of the double-A-
based XPM at low-light levels. The experimental param-
eters are the same as those in Fig. 3 except for the optical
depth (a, = 50). We first perform the double-A experiment
where the input powers of both the probe and the signal
pulses are set to 10 pW, corresponding to around 400
photons per pulse. Figures 4(a) and 4(b) show the exper-
imental data of the dependence of the probe transmission
and phase shift on the relative phase ¢,, respectively, which
are in agreement with the theoretical curves. We sub-
sequently perform the double-A experiment at the few-
photon level. The input powers of both the probe and the
signal pulses in Figs. 4(c) and 4(e) are reduced to around 1
and 0.2 pW, corresponding to around 40 and 8 photons,
respectively. Circles (squares) represent the experimental
data of the probe transmission (phase shift). The black lines
are the theoretical curves of the probe transmission and
phase shift. Throughout the experiment, the statistical error
bar is evaluated using six samples. Each sample is averaged
4096, 16 384, and 32 768 times for the measurement with
400, 40, and 8 incident photons, respectively. All error bars
in this Letter represent a statistical uncertainty of one
standard deviation. We emphasize that only under the
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FIG. 4. Phase modulations at the few-photon level. Dependence
of the transmission and the phase shift of the probe pulse on the
relative phase ¢,. The numbers of both the probe and the
signal photons are around 400 in (a) and (b), 40 in (c) and
(d), and 8 in (e) and (f). Circles (squares) represent the trans-
mission (phase shift) of the probe pulse. The black
lines are the theoretical curves of the probe transmission and
phase shift. The parameters for the theoretical curves
are a, =50, |Q.=Q, =0T, A=13I, y; = 0.001T,
and Y31 = Y41 — 1.25T".

condition of [Q.| = [Q,| and |2,(0)| = |Q,(0)|, the probe
transmission and phase modulation after propagating
through the double-A medium are the same according to
Egs. (8) and (9). If the intensity of any one of the four
applied fields is changed in Fig. 4, and other parameters
remain constant, the transmission and phase modulation
would change according to Eqs. (6) and (7). In other words,
the double-A XPM scheme not only depends on the relative
phase but also on the field intensity. A detailed theoretical
analysis can be found in the Supplemental Material [38].

As the number of the probe and signal photons
decreases, the error bars of the measurement data become
large due to smaller signal-to-noise ratios, as shown in
Fig. 4. Although the data in Fig. 4(f) possess a large amount
of phase noise of around 1 radian, the measured values are
still valid considering the considerable phase shift. For
instance, in Fig. 4(f), a maximum phase shift of —4.5 0.9
radians is measured when the relative phase ¢, is set to
4.4 radians. When the signal pulse is absent, we also
measure the probe phase shift of —0.9 + 0.1 radians, which
is consistent with the theoretical predictions. Hence, we
conclude that a cross-phase shift of 3.6+ 1.0 radians
induced by a light pulse containing around eight photons
has been realized with this scheme. For practicality in
optical and quantum control, a z-order XPM with high-
light transmission is important. However, the probe trans-
mission is around 20% in the experiment of Fig 4.
Therefore, achieving a z-order XPM with high-light trans-
mission via the current scheme remains a considerable
challenge. A detailed theoretical analysis can be found in
the Supplemental Material [38]. So far, we do not perform
the experiment using few-photon pulses containing less
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than eight photons because the long-term instability of our
experimental system prevents us from improving the
signal-to-noise ratios by collecting more data. In principle,
this phase-dependent XPM scheme can reach the goal of z
phase modulation per photon if one can prepare two phase-
coherent single-photon pulses to be as the probe and signal
pulses.

In conclusion, we have demonstrated an efficient XPM
based on a closed-loop double-A system. The property of the
double-A medium can be controlled by changing the phases
of the applied optical fields. This phase-dependent XPM
scheme can achieve large phase modulations at low-light
intensities without requiring cavities or Rydberg atoms. We
have observed a cross-phase shift of 3.6 % 1.0 radians
induced by a light pulse containing eight photons in cold
87Rb atoms with this scheme. Such a novel scheme provides
a simple route to generate strong interaction between
photons and may have potential applications in all-optical
quantum signal processing.
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