Chin. Phys. B Vol. 22, No. 11 (2013) 114203

Slow light via four-wave mixing in a hot rubidium vapour”
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In this work, we report on an off-resonant four-wave mixing experiment via a ladder-type configuration in a hot
rubidium atomic vapour. We find for the first time, to the best of our knowledge, that the generated light is delayed
compared with the reference. At the same time, the seeded signal beam is also delayed, though the delay time is not as
so large as the one that the generated light has. Both delayed times can be adjusted experimentally by controlling the
two-photon detuning. The experimental results are in good agreement with our theoretical predictions. Our results may be

important for storing telecom-band photons.
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1. Introduction

Four-wave mixing (FWM) is a nonlinear-optical process
in which three waves are combined coherently to generate the
fourth wave in a medium. The frequencies and the momenta
of these four waves should satisfy the requirements of conser-
vation of energy and momentum, respectively. With the devel-
opments of quantum optics and quantum information, FWM
in an atomic vapor has gradually attracted much attention be-
cause it has many applications in these two fields. For ex-
ample, it can be used to produce a squeezed light,!!! to cre-
ate an entangled photon pair, 1> and to realize a twin-beam
squeezing.!”! In addition to the conservation of linear momen-
tum and energy, angular momentum conservation should also
be satisfied in FWM, which gives rise to a correlation in the
orbital angular momentum among four beams. ¥/ One of these
interesting subjects is to study the effect of delayed or stopped
light in FWM process. In Ref. [9], the delayed generated field
was discussed. The effect of stopping the generated light using
a hot vapor cell was perfectly realized by Camacho ez al.['!
Note that in most of the previously mentioned work a lambda-
type or a double lambda-type atomic level configuration was
used. Such a system benefits from long coherence time be-
tween the two stable low energy levels. However, there were
few experiments in which other atomic level configurations
were used. Recently, Hsu ez al.l''l demonstrated the genera-
tion of a new field in a double-ladder system through resonant
FWM in a hot atomic vapor cell, and this process was theoreti-
cally analyzed in detail in Refs. [12] and [13]. In these papers,
two lasers each with a wavelength of 794.3 nm and a laser with
a wavelength of 852.2 nm were used to generate a new field at
852.2 nm. Willis et al."*! performed an FWM experiment in
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a diamond-type atomic level configuration in a warm vapor.
In that experiment, three lasers with wavelengths of 780 nm,
795 nm, and 1324 nm were used to generate a new field at
1367 nm. Chaneliére et al.!'>! reported on the generation of an
entangled photon pair in the telecommunications band through
spontaneous FWM via a ladder-type atomic configuration in a
cold atomic vapor. Very recently, we experimentally generated
anew field at 780 nm by combining two fields each at 1529 nm
and one field at 780 nm through FWM in the ladder-type con-
figuration in a hot Rb atomic vapor,!'®! and further, prepared
a non-classical correlated photon pair in the telecom band.!!”]
Besides, well® also realized the transfer of an image between
two fields with a large frequency difference via FWM in such
a configuration. There are also some results about FWM pro-
cess, such as dressed FWM spectroscopy, '8! suppressing and
enhancing FWM via quantum interference.!'%-?!

Although slow FWM light,[°! the stopped FWM light!!*]
in a lambda configuration and slow light in quantum dot
photonic crystal waveguides?!! were obtained experimentally
very recently, and also some theories about slow light in the

[22-24] there is no such

ladder-type configuration were given,
experimental report on the ladder configuration, so we want
to experimentally check whether the delayed FWM can occur
in such a configuration. This is our main motivation. Such a
work is definitely useful for further investigating the storage
and the retrieval of a light in the ladder configuration. Our
results may be important for storing telecom-band photons in
an atomic ensemble, because the ability to store telecom-band
photons is very important for quantum communications as is
well known. In this work, we report on an off-resonant FWM
in the ladder-type Rb atomic configuration. We find that the

generated light is delayed compared with a reference. At the
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same time, the seeded signal beam is also delayed, though the
delay time is not as large as the one that the generated light
has. Both delay times can be adjusted experimentally by con-
trolling the detuning of the pump lights. We also make a de-
tail theoretical analysis, and the calculated results are in good
agreement with the experimental results.

The rest of this paper is organized as follows. Having
given a simple introduction in Section 1, we briefly introduce
the atomic configuration to be used and our experimental setup
in Section 2. In Section 3, we show our experimental results.
Then, we give a detailed theoretical description in Section 4.
Finally, we draw some conclusions from the present study in
Section 5.

2. Experimental setup

The ladder-type configuration used in our experiment is
shown in Fig. 1. It consists of one ground state |1), two de-
generated intermediate states |2) and |3), and one upper state
|4). The transition frequency between the ground state and
the intermediate state matches the D line (780 nm) of 3°Rb,
and the transition between the intermediate state and the upper
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state can be driven by a laser at 1529.4 nm. We experimen-
tally generate a new field at 780 nm using the combinations of
a laser at 780 nm and two lasers at 1529 nm via a non-collinear
FWM configuration.
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Fig. 1. (color online) Energy levels of 8°Rb and the applied fields in
FWM experiment.
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Fig. 2. (color online) Simplified experimental set-up.

The simplified experimental setup is shown in Fig. 2. The
states [1) and |4) correspond to levels 5S; , (F = 3) and 4Ds ),
of 85Rb atoms, and states |2) and |3) are sub-levels of 5P3 ;.
A continuous wave (cw) laser at 780 nm from an external cav-
ity diode (LD1, DL100, Toptica) was frequency-detuned A;
to the transition of 551/2 (F = 3)—5P3/2 (F' = 3), (we define
that the blue shift detuning is represented with positive sign in
the text) and was pulsed using an acoustic-optical modulator
(AOM). A small portion of this pulsed laser, which was sepa-
rated using a 1/2 wave plate and a polarization beam splitter,
was used as a reference signal, and detected by detector 1. The
remaining output from LD1 was attenuated and used as an in-
put signal to a 5-cm-long cell filled with 3Rb. A cw laser at

1529 nm from another external cavity diode (LD2, DL 100,
Prodesign, Toptica) was divided into two pump beams by a
beam splitter: pump 1 and pump 2. These two beams had par-
allel polarization directions and nearly co-propagated through
the Rb cell. The angle y+ B between these two beams was
about 1.05°. LD2 was frequency-detuned A2 to the transition
of 5P3/, (F' = 3)4Ds/, (F" = 4). The signal beam had cir-
cular polarization and nearly counter-propagated with pump
1. The angle y between these two beams was about 0.35°.
The generated FWM light, which had a small angle o of 0.35°
with respect to pump 2, was detected by detector 2. The signal
beam was detected by detector 3. All signals from detectors
were used as the inputs to an oscilloscope. All detectors are
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of exactly the same type. The signal beam had approximately
Gaussian profile with a waist of 0.5 mm in the center of the
cell, and its pulse width was about 200 ns (full width at half
maximum). The beam waists of the other two beams in the
center of the cell were 1 mm and 0.5 mm respectively. The
pulse energy of each signal pulse was about 5 nJ. The powers
of the two pump beams were 9.0 mW and 9.4 mW respec-
tively. The cell was heated to about 160 °C corresponding to a
density of atoms 2.1x10'* cm = (or 2.1x10%° m—3).

3. Experimental results

First, we performed the FWM experiment in the cw case.
In this case, all three input fields are in cw modes. During
the experiment, we found that FWM conversion efficiency is
strongly dependent on several parameters, such as the detun-
ings of pump beams and the signal beam, the polarizations
of the signal beam and pump beams, etc. The maximal con-
version efficiency achieved in our experiment is about 54%.
Here, we only show the experimental data related to the time
delay. Having obtained the generated FWM light at 780 nm,
we switched the system into the pulsed mode. In this case,
an AOM was used to pulse the input laser at 780 nm. The
other two beams at 1529.4 nm still operated in cw mode. The
generated FWM signal was detected by detector 2. Simulta-
neously, we detected the reference and the signal beam by de-
tectors 1 and 3 respectively. We found that the generated light
is delayed compared with the reference. At the same time,
the seeded signal beam is also delayed, though the delay time
is not as large as the one that the generated light has. Both
delay times can be adjusted by controlling the two-photon de-
tuning. The experimental data are shown in Figs. 3 and 4(a).
One set of experimental results obtained under the condition
of Aj =1.96 GHz and A, = —1.89 GHz is shown in Fig. 3(a).
It can be clearly seen that there is a time delay of about 58 ns
(26 ns) between the reference and the generated FWM pulse
(signal beam). If we change the two-photon detuning, both de-
lay times change too, which are shown in Fig. 4(a). Under the
condition of A; = 1.96 GHz and A, = —1.68 GHz, there is no
obvious delay between the FWM pulse and the reference nor
between the reference and the signal beam. The experimental
results in this case are shown in Fig. 3(b). (The reason why
the large detuning of A; and A, are chosen is that the FWM
conversion efficiency is maximal in this case. This is because
the large single-photon detuning can significantly reduce the
resonant absorptions of the Rb to the infrared light and the
generated FWM signal).

What we want to mention is that although a slow FWM
signal was reported in a lambda-type configuration in Ref. [9],
our experiment shows some big differences in contrast to that
work: except that the configurations of atomic levels are differ-
ent, nearly degenerated FWM is performed in that experiment,

all beams are near co-propagated through the atoms, therefore
Doppler broadening is quite small in Ref. [9]. On the contrary,
in our experiment, the non-degenerated FWM is considered,
all beams are counter propagated through atoms, therefore the
Doppler effect must be taken in account.
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Fig. 3. (color online) (a) The signal beam (short dashed line) is de-
layed about 26 ns compared with the reference under the condition
of A =1.96 GHz and A, = —1.89 GHz; the generated FWM beam
(dashed line) is delayed about 58 ns under the same conditions; (b) both
FWM beam and signal beam are not delayed under the conditions of
A; = 1.96 GHz and A, = —1.68 GHz. The black line is the reference.

We believe that the time delay is caused by the coupling
effect between the generated FWM beam and the signal beam
in the FWM process, and such coupling effect brings the steep
dispersion and small group velocity to the generated light and
signal beam in the Rb cell. The coupling effect exists in
the ladder-type configuration consisting of three energy lev-
els: 58y, (F =2), 5P; 5, and 4D5 . Both generated field and
the signal beam can be derived from the coupled propagation
equations. The generated FWM light (also signal beam) is de-
layed if the two-photon resonance is satisfied. In Fig. 3(a),
the two-photon detuning is 6 = A; + Ay = 70 MHz, satisfy-
ing the two-photon resonance if the Doppler effect is consid-
ered. (The Doppler width is about (ws—®p)u/c = £180 MHz,
which is calculated through the atomic most probable velocity
u =290 m/s at a temperature of 160 °C). In this case, there are
two coupling coefficients k; and k3 (calculated and shown in
next section). Both k| and k3 contribute to the delay of the gen-
erated field, only k; contributes to the delay of the signal beam.
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The dispersion in the atom is steep at the two-photon detuning
0 =70 MHz, and small group velocity for FWM light (also
for signal beam) is easily obtained. On the contrary, the two-
photon detuning of = A; + A, = 280 MHz, like in Fig. 3(b),
is beyond the width of the Doppler effect, and the dispersion
from the first-order coefficient is flat, so there is no time delay.

4. Theoretical calculation

In order to support our point shown before, we make a
detailed theoretical analysis in the following. The effective
interaction Hamiltonian for this system is

Hine = 1(A1 +42) [4) (4] 4+ 144 (]2) (2 +[3) (3])
—N(Qe[2) 1]+ Qs [3) (1]
+Qp1 |4) 3]+ Qp214) (2| + Hoc), (1)

where, Qp;, Qpy, Qg, and Qf are Rabi frequencies of Pump 1,
Pump 2, Signal and the generated FWM fields; A; and A, are
the frequency detunings of Signal and Pump 1, the generated
FWM light fields respectively. The density matrix equation of
motion is

—_

. i
pij=—7 Zk: (Hikprj — picHxj) — Zk: (Likprj + picdij), (2)

2
where I" is a relaxation matrix. We assume Qp1, Qpr > Qg,
Qp. According to Refs. [13] and [21], the solutions of off-
diagonal elements pp; and p3; for steady-state (high-order
terms are ignored) can be calculated as

po1 =AY Qp+ 48 0, 3)
P31 =AY Qs + A5 @, 4)
where
A _ 1(1Qp1 >+ D1 1h1)
G190 P 4| Qp + L)
4B — —1Qp,0p;
21 — 2 2 )
L (192p1 "+ |2p2|" +131131)
A _ i(|Qp) + 51101)
1 B9 P+ Qe+ T
AY) —iOQpQp

G (1921 > + |Qp2 | + 31 131)

where I3; and I4; are complex relaxation rates defined as
Iy=7+iA;and I3 =T + 7 +1i6, with § = A + A; being
the two-photon detuning, and 2y and 2I" being the sponta-
neous emission rates of the level |2) (or |3)) and the level |4)
respectively; Agll) and Ag) are related to x'-type linear suscep-
tibility and x3-type nonlinear susceptibility respectively. A
similar explanation is applicable to Agll> and Ag). The po-
larizations of the signal beam and the generated FWM light

are Ps = Nu3z 1 p31 and Pz = Nup p21. The evolutions of signal

beam and FWM beam can be described by Maxwell’s equation
as follows:

10 0 U1 30k(Es)
<68t + az> Q(F,S) = ITSOP(RS)' (®)]

We define coefficient & = Nu?Ks /2hey = Nu®>Kg /2hey =
Nu*K /2hey, where K and Kg are the wave vectors and Kp =
Ks in our experimental system, u(;1y and u(31) are dipole mo-
ments and u = up| = u3;, Ws and g are frequencies and
® = ws = Wp in our experiment, N is the active density of
atoms. The signal and the generated FWM beams are co-
propagating in our system. The evolutions of signal beam and
FWM beam are described by the following equations:

19 0 ) 1 3
(m + az)ﬂs =gl os+afr),  ©

10 0 . 1 3

We solve the above coupled equations with boundary condi-
tions of Qg (0) = Qg and Q¢(0) = 0, and obtain the following
expressions:

2k4 Q450 {1 }
Qr(z) = exp | = (ki +k3)z
SV sl B
. 1
X sinh (2 \/(kl — k3)2 +4k2k4z> , ®)

1
() = 2050exp {20«] +k3>z}

1
Z Y

X [COSh(Z\/(kl k) +4k2k4z>
ki —k3

Jr
V (ki —k3)? + dkoky

1
x sinh (2 \/(Iq —k3)?+ 4k2k4z)} , O]

where

ki = 1§Ag11) —i, ky = 1§A§31>,

(0]
by =1EAN) —iZ, and ky =&AL,
C

Equations (8) and (9) are similar to the solutions obtained in
Refs. [25] and [26]. Equation (8) shows that the generated
FWM beam accumulates a phase across the atoms, which is
represented by the exponential term. If the two-photon detun-
ing of & falls in the range of Doppler band, 6 would be approx-
imate to O for atoms which are in resonance transition. The
delay of the generated FWM beam can be calculated through

1 dIm[(k; 4 k3)z]
2 do 5—0

It is obvious to know that the contribution to the delay of the
FWM beam is from two coefficients k; and k3 together. (The

efficiency of FWM light is affected by coefficients &y, k», k3,
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and k4 together.) Under the condition of A; > ¥/, the delay of
the generated FWM beam can be calculated as

d |Im[(k1 +k3)Z]|

2dw
 A{ERe[(i/31 + il /(@2 + Buln))J2}
- 2d§

where Rabi frequency Q = 4/ |Qp1 |2 + |.Qp2 by = Y +iA4;,

and I7; = ' + 79 +18. Detuning & strongly affects the de-
lay of the generated FWM light. When the parameter k; is

7(8) =

Z
—, (10
5 (10)

small compared with &y, k3, k4, equation (9) becomes Qg(z) =
2Qgoexp(kiz). The delay of the signal beam can be calcu-
lated as d |Im[(k;)z]|/d @, therefore it has no relation with the
nonlinear susceptibility. When the 6 is beyond the range of
Doppler band, the above formulas are not suitable for calcu-
lating the delays of the signal and the generated FWM light.

We plot the delayed times of the generated FWM beam
and the signal beam versus two-photon detuning & in Fig. 4(a)
with the consideration of the Doppler-effect. In Fig. 4(a), we
can see clearly that both the generated FWM beam and the sig-
nal beam have large time delays compared with the reference
at the small value of 8. The experimental data for the signal
beam are in good agreement with our theoretical predictions.
On the contrary, there is a little difference between the exper-
imental data and the theoretical predictions for the generated
FWM beam when the two-photon detuning 6 is close to and
larger than Doppler limit. There is a negative value of delay for
the generated FWM beam (signal beam) when & > 165 (180)
MHz in Fig. 4(a), this corresponds to the case in which J is be-
yond the range of Doppler band, equation (10) cannot be used
to give a theoretical prediction in this case. This causes a little
difference between the theoretical plot and the experimental
data.

When we eliminate the pump 2 field, the delay time of
signal field can also be observed to be 25 ns as shown in
Fig. 4(b). In this process, the nonlinear process does not occur,
because the delay of the signal field does not mainly rely on
the susceptibility ¥ ), but only on the susceptibility x(!) in our
experimental system when ki, k3, and k4 are all higher than k.
It is easy to explain this phenomenon: in Egs. (6) and (7), the
susceptibility x<3> mainly contributes to the gain in the field
propagation, and the susceptibility () mainly contributes to
the dispersion and loss in propagation. In the nonlinear pro-
cess, the FWM field is generated due to the nonlinear suscepti-
bility ¥, then the generated field is delayed due to the larger

linear susceptibility x(!) in propagation.
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Fig. 4. (color online) (a) Delay times of the generated beam and the
signal beam versus two-photon detuning & under the conditions of
Y =3x2mrx10° s7!, [ =0.5x 21 x 10° s7', A = 1.96 x 27 x
10° 57, Qp = 4.0 x 2w x 107 57!, and Q) = 1.5 x 27w x 107 571,
K =4.15x10% N =3.9x 108 m=3. The solid triangles and dashed
line correspond to the generated FWM beam, solid squares and solid
lines correspond to the signal beam. The triangles and the squares are
experimental data and the lines are theoretical fits. (b) The delay of
signal beam without the pump 2 field completely.

5. Conclusion

In this paper, we perform the first experimental observa-
tion of slow FWM light in a ladder-type atomic structure, and
find that the time delay can be adjusted experimentally by con-
trolling the detuning of pump light. Such results are definitely
useful for further study on the storage and the retrieval of a
telecom-band light in a ladder configuration.
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