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We develop a hybrid scheme of cross phase modulation based on electromagnetically induced transparency (EIT) and
active Raman gain (ARG) in a multi-level atomic medium. The cross phase modulation, with low loss and without noise,
is demonstrated in a room-temperature 3°Rb vapor. We show that a 7 radian nonlinear Kerr phase shift of the signal light
relative to a reference light is observed when the signal light is modulated by the phase control field with the low light
intensity. We also show that the linear and the third-order absorption can be eliminated via the Raman gain, and the phase
noise of the signal light can be ignored when the phase control light is applied in this hybrid scheme.

Keywords: phase modulation, electromagnetically induced transparency, nonlinear Kerr phase shift
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Quantum computers and quantum information process-
ing technologies are expected to be the critical technique for
revolutionizing information science.!!'™* Effective manipula-
tion of photons at single-photon intensity is essential for the
next-generation photon communication.®! So far, based on
nonlinear Kerr cross-phase modulation caused by magnetic
field and electric field, many schemes used to realize quantum

6-101 1 general, the nonlinear

phase gates have been proposed.|
cross-phase modulation in passive media is weak and requires
a long propagation distance in solid media.l''! However, in
atomic gases, nonlinear effects can be enhanced by choos-
Based

on these features, strong nonlinear effects can be achieved
12-17]

ing different energy levels and transition pathways.

by using electromagnetic induction transparency (EIT)!
or weakly driven active Raman gain (ARG)['8-28] technolo-
gies.

In particular, Artoni et al. proposed a novel phase-

by-phase control mechanism to achieve broadly tunable light

(29] Recently, Sun et al.

phase shifts. proposed a method
to realize large polarization-dependent cross modulation be-
tween incident weak lights even at the few-photon level.?"]
We have also developed a polarization selective Kerr phase-
shifting technology,?*?! in which a weak phase-control field
can be used to achieve rapid phase or polarization control and

achieve vector gate operation with polarized light in an atomic

DOI: 10.1088/1674-1056/ac078d

medium.

For any technologically viable Kerr-effect-based phase
gate, three important characteristics must be met. These are
lager phase shift, lower loss and no additional phase noise.
The 7 nonlinear Kerr phase shift has been observed in our
recent studies using ARG'”! and EITB3! methods, respec-
tively. However, the other two features are unattainable inde-
pendently with weakly driven EIT-based methods and ARG-
based methods. In EIT methods, the fundamental problem
with weakly driven EIT schemes is that the process operates
in an absorption mode and the signal wave suffers from sig-
nificant attenuation and inherently lossy. This influences the
efficiency to check the photon numbers and deceases the fi-
delity of the quantum operations. In ARG methods, the pro-
cess operates in a stimulated radiation mode and the additional
photons participate into the signal wave. This is harmful for
the quantum information processing due to the quantum clone
effect.

In this paper, we present a hybrid scheme of cross
phase modulation based on electromagnetically induced trans-
parency (EIT) and active Raman gain (ARG) in a multi-level
atomic medium. The signal wave is propagating in the EIT
window and modulated by the phase-control field, in which an

ARG process is synchronously applied. The experimental re-
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sults show that 7 radian nonlinear Kerr phase shift of signal
light relative to a reference light is observed when the signal
light is modulated by a phase control field with low light in-
tensity. The linear and the third-order absorption of the signal
light can be eliminated by the stimulated Raman process, and
the phase noise of the signal light can also be ignored when
the phase control light is applied in this hybrid scheme. Our
theory matches the experimental results very well.

We consider an ensemble of life-broadened six-level M-
type 3°Rb atoms system as shown in Fig. 1. The signal field
with Rabi frequency Qg couples |1) <> |4) transition with
one-photon resonance, and also |3) <> |5) transition with one-
photon detuning 3.0 GHz. The coupling field with Rabi fre-
quency Q¢ couples |3) «» |4) transition, where the two-photon
resonance is satisfied between the signal light and the cou-
pling light. The pumping field with Rabi frequency Qp cou-
ples |2) <+ |5) transition, in which the two-photon resonance is
also satisfied between the signal light and the pumping light.
To realize a mw Kerr phase shift, the phase-control field with
Rabi frequency Qpy, drives the transition between states |3)
and |6).

|1>_..n.n!..n.n_ ______________

Fig. 1. The scheme of energy levels for cross phase modulation. The
signal field couples |1) <> |4) transition with one-photon resonance, and
also |3) < |5) transition with one-photon detuning of 3.0 GHz. The cou-
pling field couples |3) <+ |4) transition while the pumping field couples
|2) 4+ |5) transition, where the two-photon resonance is synchronously
satisfied. The phase-control field drives |3) <> |6) transition. Here, Qp,
Qg, Qc and Qpy, denote the Rabi frequencies of the pump, signal, con-
trol and phase control fields, respectively.

Under the rotation wave approximation, the equations of
motion for atomic state amplitudes A; in a six-level atomic
system can be written as

d
(ia +d2>A2+.Q;A5=0, (1a)
( o +d3>A3 + QAL+ QA5+ QfAc =0, (1b)
d
§+d4 Ag+QsA1 + QcAz =0, (Ic)
d
E—Fds As + QsAz + QpAr =0, (1d)

2
(iat +d6)A6 + QppAz =0, (le)
with Y5, [4;[* = 1 and dj = A; +iy; (j = 2-6). Here,
Ay =25 — ¢ — 0p — (0 — 1), A3 = ©s — Oc — (W3 — 1),
Ay =05 — (04 — 1), As =205 — oc — (05 — @) and Ag =

ws — Oc + wpy — (W — @) are detunings with 1; being the
energy of state | j); y; is the decay rate of the atomic state | j).

Under the slowly varying envelope approximation
(SVEA), the Maxwell equation describing the propagation of
electromagnetic field Qg can be written as

(d 19
+- Qs+ K41A4A7 + K53A5A3 =0, (2)
dz  cot
where
ka1 = Na|pia>os/(2heoc) and Ks3 = Ny |pas|* o/ (2hec)

with N, being the atomic density, & the vacuum dielectric
constant, and c the light speed in vacuum.

Equations (1) and (2) can be solved analytical using the
following asymptotic expansion:

Aj= Zgnafj"l (j=1,2,....6), (3a)

sph - Z En-Qs Ph’ (3b)

where € is a small parameter characterizing typical ampli-

For the zeroth-
order solution (i.e., n = 0) we can obtain a(lo) = aéo) -
VI[P RlasP+19P), af) = /126P/2ldsP+ Qe P),

and ag ) — ago) = aéo) =0. In mathematics, to acquire a set of

tude of the signal field Rabi frequency.

divergence-free solutions in higher-order approximations, all
quantities on the right-hand side of the asymptotic expansion
must be functions of the multi-scale variables z, = €"z and
tn = €"t (n = 1-2). Substituting these expansions into Egs. (1)
and (2), we obtain a chain of linear, inhomogeneous equations
on aﬁ-”) and .Qé'f[),h, which can be solved order by order.

From Eq. (2), the susceptibility of the signal field follows

directly from the equation for the induced polarization, i.e.,
P = Nu(p14A4AT + p35A5A3) = & xsEs, Q)

where xs represents the susceptibility. In general, ¥s can be
Taylor expanded as xs ~ xél) + x§3) with xél) and xé3>
ing the linear and nonlinear susceptibilities of the signal field,

which read
—(0+d;)|a}”
(w+d3)(w+d4) — |Qc|2

O (0+d3)d"P (|(0+d3)
S Dy Dy

2=

0)12
‘as | ]’ (52)

(©—dj)
)IQ 2
|a5 P2 [ d d;
(

Q
el

Qc
Dy
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0
<|'QC|2> | (0)‘2+ |ag )|2
Dids ) ! di(—o+d;)?

o) |2} ,(5b)

where Dy = (©+d3) (@ +d4) —|Qc|? and D = dads — | Qp|?.
Here, the real part of the linear susceptibility [i.e., Re( xél) )1is
associated with the phase of the electromagnetic field, while
the imaginary part of the susceptibility [i.e., Im( xél))] is
subject to the absorption of the electromagnetic field by the
medium. The linear phase and absorption/gain of the signal
field are given by ¢, = kSRe(xél))L and og, = ksIm(xél))L,
where L is the length of the medium, ks = @s/c is the wave
vector of the signal field. The Kerr phase shift and the nonlin-
ear (i.e., the third-order) absorption of the signal field can be
obtained directly from the nonlinear susceptibility, which are

given by ¢nL = kSRe()(S))L and onL = kslm(x§3))L.

(a) 5 4
. ' 2
0
£ 3
& —2
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Fig. 2. The total absorption/gain 04 (a) and the phase shift ¢ (b) as func-
tions of the phase-control field Rabi frequency Qpy, and the normalized de-
tuning & /7, respectively. The black dashed curve in (a) denotes Qior = 0,
and the black solid curves in (b) denote ¢ = £7. The pink dash-dotted
lines indicate the magic detunings where a 7 phase shift can be achieved
with zero loss or gain.

For a conventional N-type EIT scheme, the signal field
undergoes strong attenuation originated from the linear and

With the
ARG branch, however, the gain originated from the stimu-

nonlinear absorption to obtain large phase shift.

lated Raman process compensates the absorption of the signal
field during its propagation. Thus, the absorption or gain of
the signal field can be eliminated by adjusting specific inten-
sity and detuning of the signal field. To show this point, we
plot the total loss/gain o4y = 0 + 0N [Fig. 2(a)] and phase

shift ¢ror = oL + ¢np [Fig. 2(b)] of the signal field as func-
tions of the phase control field Rabi frequency Qpy, and the
detuning &, respectively. Here, the atomic density is chosen
as 6 x 10'" cm™3, and other system parameters are given by
55:3GHZ, 63:64:OHZ, ’)/3:200](HZ, Yo=Y =% =
300 MHz, Qp =20 MHz, Qc =15 MHz and L =7.5 cm. Ob-
viously, the absorption or gain can be eliminated (i.e., Qo = 0)
by choosing a set of specific phase control field Rabi fre-
quency and detuning (see the black dashed curve) as shown
in Fig. 2(a). Moreover, there exist two “magic” detunings de-
noted by the pink dash-dotted lines in Fig. 2(b), where a &
phase shift (i.e., ¢y = =7 indicated by the black solid curves)
for the signal field can be achieved without any absorption or
gain.

To verify the above theoretical results, the experiments
are conducted in a six-level rubidium atom system shown
in Fig. 3(a). The length and the diameter of this ®>Rb va-
por cell are 7.5 cm and 2 cm, respectively. It is filled with
933 Pascal Neon buffer gas and also shielded from ambient
magnetic fields under three layers of p-metal. The temper-
ature of this atomic gas is about 320 K and the atomic den-
sity is about 6 x 10'" cm™3. A weak magnetic field with an
intensity of 100 mG is applied along the propagation direc-
tion of the signal field. Thus, the atomic states of this six-
level system is chosen as [1) = [5S;5, F =2, mp = =2),
12) =5S1)2, F =2, mp=0),[3) =[5S )5, F =3, mp=—1),
|4> = ‘5P1/2, F = 2, mg = —2>, |5> = |5P1/27 F= 2, mg =
—1), and |6) = |SP3/,, F =4, mp = —1). The linearly polar-
ized signal field and left-circularly polarized coupling (pump)
field are collected together by a beam splitter (BS), and propa-
gate along the direction of the magnetic field. Then, the signal
field is separated into two lights, where one is the signal field
while the other one is utilized as the reference field. After
the interaction with the atom, they are combined together by
using another beam splitter (BS) to build the optical Mach—
Zehnder interferometer. We set a small angle of less than 1°
between the pump (coupling) 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 linear polarized phase-control field with a 3 mm beam
diameter and the signal field that are overlapped with oppo-
site propagating directions. In our experiment, the two-photon
resonant condition is satisfied between the signal field and the
coupling field to obtain the maximum intensity of the signal
field.

In the experiment, the coherent fields are generated by
an acousto-optic modulator as shown in Fig. 3(b). The cou-
pling field is locked on the transitions between states |3) and
|4) of the 85Rb atoms via a saturated absorption spectroscopy,
and modulated by the acousto-optic modulator with the off-
set frequency 3.04 GHz. The signal field is generated by the
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+1 order diffracted light of the AOM. The pumping field is
generated by the 2 x (+1) order diffracted light of the AOM
with the double-pass configuration, which is amplified by a
tapered amplifier. The strong coupling field with 6 mW in-
tensity and 3 mm beam diameter and the pumping field with
12 mW intensity and 3 mm beam diameter drive |3) <> |4) and
|2) <> |5) transitions, respectively. The vertical-polarized sig-
nal field with 5 uW intensity and 1 mm beam diameter drives
|1) <> |4) and |3) <> |5) transitions simultaneously. Thus the
M-type scheme is formed by combining the EIT and ARG
schemes. The phase-control field coupling the states |3) > |6)
is applied to observe the cross phase modulation in this hybrid

scheme.
F;S E])ll d
solenoid and shield ' etector
BS 000000000000 E B
----- S A
Ep & B Rb cell BST]
mirror t A
000000000000 | ~OM  PIT
lens lons
|_| to Ep
J ~
(+ to Eg
PBS AOM Y ordey Bs O D
AOM
irror - BEPVEY =
mirror 2h(+1) order TA to Ec A mirror

Fig. 3. (a) The experimental setup. (b) The generation of coherent
fields. The 83Rb vapor cell is shielded from the ambient magnetic field.
An about 100 mG magnetic field is generated by the solenoid, which
provides a quantum axis for the atoms. The Mach—-Zehnder interferom-
eter is used to observe the nonlinear phase shift.

In the three-level A-type EIT, the signal light will trans-
mit the medium when the two-photon resonance conditions
are satisfied. In the experiment, the coupling field resonantly
drives the transition between states |3) and |4). Carefully ad-
justing the intensity and one-photon detuning of the pump
field, the signal field is then passed through the medium with-
out any loss when the two-photon resonance condition is sat-
isfied. In this scheme, the width of the EIT window is nearly
200 kHz as shown in Fig. 4(b) (see the red curve). However,
in the five-level M-type medium, the signal field is amplified
due to the active Raman gain process when the pump field
is present. The intensity of the signal field is increased by 3
times, and its spectrum width is about 202 kHz as shown in
Fig. 4(b) (see the black curve). Due to the third-order absorp-
tion demonstrated in Eq. (5b), the intensity of the signal field
decreases as the intensity of the phase-control light increases
in this six-level system. In Fig. 4(a), the intensity of the signal
field is plotted against the phase-control field. As the power
of phase-control field increases, the signal field intensity de-
creases greatly due to the third-order absorption. By care-
fully adjusting the system parameters, we can obtain the same

absorption for the EIT-type system without the phase-control
field and the M-type system with the phase-control field. In
Fig. 4(a), the red curve indicates the absorption for the EIT-
type system, while the black curve denotes the absorption for
the M-type system. The transmission rate of the signal light
can be calculated by the expression 7, = exp[—2ksIm(xs)L].
Here the 7 nonlinear phase shift can be written into the sig-
nal field when the phase-control field is applied as demon-
strated in Eq. (5). Similar to our previous works,[!%33] the
nonlinear Kerr phase shift is studied by employing an optical
Mach-Zehnder interferometer. The 7 nonlinear phase shift is
observed in this hybrid scheme when the power of the phase-
control field is only about 0.5 mW. Correspondingly, the in-
tensity of the phase-control field is nearly 7 mW/cm?.

—
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Fig. 4. (a) The intensity of the signal field plotted against the phase-
control field. It is decreased, due to the third-order absorption, with
increasing the power of phase-control light. (b) The intensity of the
signal field plotted as a function of the two-photon detuning.

Next, we examine the frequency spectrum of the signal
laser, which was measured by a microwave spectrum analyzer
using the beat signal. The signal field is separated into two
parts after the PBS and half-wave plate, one is signal field
and the other is the reference field shown in Fig. 3. After two
AOMs are used to shift the frequency of the reference field, the
signal field and the reference field are combined each other us-
ing a beam splitter. In Fig. 5(a), we show the beat note signal.
The red curve is the beat note spectrum between the signal
field and reference field when the coupling field is present (see
the EIT-type system), while the blue curve denotes the case
of coexistence of the coupling field and pumping field (i.e.,
the M-type system). The widths of the beat note signals are
31 kHz and 53 kHz for the EIT-type and M-type schemes, re-
spectively. The beat note spectrum is also measured when the
phase-control light is present. When the power of the phase-
control light is about 0.5 mW (see the black curve), its width
is about 32 kHz. In Fig. 5(b), we also show the widths of the
beat note signals for the different powers of the phase-control
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light in the M-type scheme. Obviously, its widths is decreased
greatly as the power of the phase-control field increases.

—60 -
(a) = 55
I i 50 (b)
—70p — EIT 5 a5
—— M-type <
’g | —— with phase field i 40
m —80F ;g) 35} o experimental data
E s0l= linear fitting
—_ o 0.2 0.4
g —90} Phase light power (mW)
o0
@
-
§-100
aa]
—110
—120 L

1 1 1 1 1
—200 0 200 400
Frequency (kHz)

—400

Fig. 5. (a) The beat note signals for the EIT-type system (red curve), the
M-type system without the phase-control field (blue curve), and the M-
type system with the phase-control field (black curve). (b) The widths
of the beat note signals versus the intensity of the phase-control field.
Its width is close to that of EIT when the power of the phase-control
light is about 0.5 mW, where a 7 nonlinear phase shift is achieved.

We should point out that the intensity and frequency of
the signal photons is very important in the quantum computers
and communications. In Fig. 4, we can see that the intensity of
the signal light is attenuated not only in the EIT-type scheme
but also in the M-type scheme when the phase-control field is
applied. In this phase operation, the intensity of the signal field
without the phase-control light in the EIT scheme is required
to be the same as its intensity with the phase-control field in
the M-type scheme. At the same time, the width of the beat
note signal with the phase-control field in the M-type scheme
must be the same as its width without the phase-control field
in the EIT-type scheme (see Fig. 5). Then, one can obtain the
low noise and lossless cross phase modulation in this hybrid
scheme.

In summary, we have developed a hybrid scheme for re-
alizing strong cross phase modulation based on both electro-
magnetically induced transparency and active Raman gain in
a multi-level atomic medium. By choosing specific system
parameters, we show that the linear and the third-order ab-
sorption can be eliminated simultaneously via the Raman gain
process in such a system. The cross phase modulation with
low loss rate and very weak noise is demonstrated in a room-
temperature °Rb vapor. We also show that the phase noise

of the signal field can also be ignored when the phase control
field is applied in such a hybrid scheme.
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