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The dressed parametric four-wave mixing (FWM) process has been investigated in hot atomic rubidium
vapor. We use a strong pumping field to generate entangled photon pairs of spontaneous parametric
FWM (SP-FWM) which can be enhanced by an external dressing effect. Seeding probe beam into the
Stokes or anti-Stokes (SP-FWM) channel will form the parametric amplified FWM (PA-FWM) process,
then the non-linear gain and electromagnetically induced absorption (EIA) are observed, caused by the
internal dressing effect. However, with scanning of pumping field the absorbing background will vanish,
which will result in drastic increase in PA-FWM signal gain.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Atomic coherence in spontaneous parametric four-wave mixing
(SP-FWM) [1,2] has been widely studied, due to the potential
application in entangled and squeezed states [3] of quantum optics
and cascaded nonlinear optics [4,5]. Applying a high power pump-
ing beam into a thermal rubidium atomic vapor would induce a
cycle of four transitions, which would stimulate the emission of
entangled Stokes and anti-Stokes photons [3], thus the ‘‘double-
K” FWM processes were introduced. For the process without seed-
ing, the output is the two-mode squeezed state of FWM [6,7]. The
instantaneous electric fields of the Stokes and anti-Stokes channels
are averagely zero, while their fluctuations are quantum-correlated
[4]. The mentioned process can serve as a linear phase-insensitive
or phase-sensitive [8,9] amplifier by fitting experimental parame-
ters, for the large scale of third-order nonlinear susceptibility will
lead to an obvious quantum gain.

Recently, the results of seeding a weak probe beam into Stokes
or Anti-Stokes channel have also attracted a lot of attention, where
the non-input channel is called conjugate [10,11], and the twin
beams are strongly correlated [12]. The process could be defined
as Parametric Amplified Four-Wave Mixing (PA-FWM), then probe
and conjugate beams can be both amplified [8] but with different
multiples of X and X � 1 [4], where the correlated pairs are with
high generation rates and produce squeezed states with narrow
bandwidths [13].

In this paper, we demonstrate an external dressing beam from
the opposite direction of pumping field in the non-seeded system
would produce strong dressing effect, which can modify the SP-
FWM cone of pumping field. Moreover, instead of probe field, the
pumping field is scanned for the first time in the PA-FWM process,
which is advantageous over former experiments [9–11]. For one
thing, the strong background will diminish by scanning dressing
field, which allows the appearance of electromagnetically induced
absorption (EIA) [14] in the resonant regions; for another, the
values of observed gains would be greater, and there exist
competition and transformation between EIA and gain process.

2. Experimental setup

A strong pumping beam (E1) from a Ti: sapphire laser is injected
into the rubidium cell through polarization beam splitter (PBS)
where x1, k1 and G1, are frequency, wave vector and Rabi
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frequency of E1, respectively. We use 780.2 nm wavelength and
power up to 500 mw. The pumping field E1 will generate two weak
fields Es and Eas, satisfying the phase matching conditions ks = 2k1

� kas and kas = 2k1 � ks, respectively. The Stokes and anti-Stokes
signals are detected by two balanced homodyne detectors, which
are set at the same angle on both sides to the axis of pumping
beam E1. Moreover, an avalanche photodiode detector (APD) is
placed near the cell for detecting fluorescence signal, and another
detector is placed on the axis of pumping beam for detecting trans-
mission signal. The resonant transition frequency between the
ground state 5S1/2 (|0i) and an excited state 5P3/2 (|2i) is X1. When
a weak dressing field E2 (x2, k2, G2 and 776.16 nm) is involved, the
frequency between 5P3/2 (|2i) and 5D5/2 (|2i) is X2. The dressing
field will cause electromagnetically induced Transparency (EIT)
and EIA on the basic resonant signal. The energy-level diagrams
of the two experimental conditions are shown in Fig. 1
(b) and (c), which represent the resonant state.

Providing the weak horizontal polarization probe beam Ep (xp,
kp, Gp) of approximate 100 lw into the atomic vapor, which is
excited by an external cavity diode laser(ECDL), a PA-FWM process
will occur in the three level atomic configuration (Fig. 1(d) and (e)).
The two ground fine states (F = 2, |0i and F = 3, |1i) have a differ-
ence of 3 GHz in frequency. The probe (Ep) and the conjugate (Ec

(xc, kc, Gc)) satisfy the phase matching conditions kp = 2k1 � kc

and kc = 2k1 � kp, respectively. The intensity of probe signal is
detected by the detector in Stokes or anti-Stokes channel. All
beams are focused by lenses with focal length of 500 mm in front
of the cell and the beams are intersected at the same central point
inside the cell. The diameters of E1 and Ep are 0.8 mm and 0.5 mm,
respectively. The scale of 10 mm rubidium cell with Brewster’s
angle is wrapped by l-metal and heated to 70–150 �C. By seeding
Ep into the Stokes or anti-Stokes channel of the SP-FWM, the
transmission signal in pumping field will be amplified due to the
PA-FWM process. The observed output in probe field will result
from the Raman absorption, EIA effect, parametrical amplification
process and dressing effect by scanning Ep. Nonetheless, when
scanning E1 the absorbing background will vanish, which results
in drastic increase in gain of signal.
Fig. 1. (a) Experimental setup. E1: pumping field; E2: dressing field; Ep: probe field;
Ec: conjugate field; FL: fluorescence signal; APD: avalanche photodiode detector. (b)
Energy-level diagram with seeding E1 only. (c) Energy-level diagram with seeding
E1 and E2. (d) Energy-level diagram with E1 and seeding Ep into Stokes channel. (e)
Energy-level diagram with E1 and seeding Ep into anti-Stokes channel.
3. Basic theory

3.1. SP-FWM without injection

When a pumping beam E1 is detuned from 5S1/2 to 5P3/2 in the
rubidium vapor, a conical emission is observed and twin photons
are produced in output Stokes and anti-Stokes channels (denoted
as a and b, respectively). The energy-level diagram is shown in
Fig. 1(b). The Hamiltonian of such a phenomenon can be expressed
as

bH ¼ g
v âþb̂þ þ âb̂
� �

ð1Þ

where âþb̂þ is the creation (annihilation) operator that acts on the

electromagnetic excitation of the Stokes channel, whereas âb̂ acts
on the anti-Stokes channel, v is the group velocity of the light in

the nonlinear medium. g ¼ jvð3ÞE1E1j ¼ jNl2
10q

ð3Þ
s=as=�he0Gs=asj is the

pumping parameter of the amplifier, which depends on the nonlin-
earity vð3Þ and the amplitude of pumping field E1. Unlike nonlinear
crystal, the nonlinearity vð3Þ of such medium is a function of the
density matrix elements described by their perturbation chains

qð0Þ
00 !x1 qð1Þ

20 !xas qð2Þ
00 !x1 qð3Þ

20ðsÞ (Stokes signal) and qð0Þ
00 !x1 qð1Þ

20 !xs qð2Þ
00

!x1 qð3Þ
20ðasÞ (anti-Stokes signal) via the Liouville pathway [10] and

can be written as

qð3Þ
20ðasÞ ¼ �iGsG

2
1 d20d00ðsÞd

0
20ðsÞ

� �.
; ð2aÞ

qð3Þ
20ðsÞ ¼ �iGasG

2
1 d20d00ðasÞd

0
20ðasÞ

� �.
; ð2bÞ

where d20 = C20 � iD1, d00(s) = C00 � i(D1 � Ds), d00(as) = C00 �
i(D1 � Das), d0

20(s) = C20 � i(2D1 � Ds), d0
20(as) = C20 � i(2D1 � Das),

Gi ¼ lijEij=�h ði; j ¼ s; as; c;pÞ is the Rabi frequency, Cij = (Ci + Cj)/2
is the decoherence rate between |ii and |ji; Di is the detuning
between the resonant transition frequency Xi and the laser fre-
quency xi of Ei, denoted as Di =xi �Xi. In this experiment, the
SP-FWM process occurs at the resonant detuning D1 ¼ Ds ¼ Das,
shown in Fig. 1(b). When Stokes and anti-Stokes fields propagate
in the nonlinear medium, the numbers of photons measured at
the two channels are

hâþoutâouti ¼ 1
2

cos 2t
ffiffiffiffiffiffi
AB

p
sin

u1 þu2

2

� �h

þ cosh 2t
ffiffiffiffiffiffi
AB

p
cos

u1 þu2

2

� �i
� A

B
; ð3aÞ

hb̂þ
outb̂outi ¼ 1

2
cos 2t

ffiffiffiffiffiffi
AB

p
sin

u1 þu2

2

� �h

þ cosh 2t
ffiffiffiffiffiffi
AB

p
cos

u1 þu2

2

� �i
� B
A
; ð3bÞ

where A and B are the moduli [4], u1 and u2 are the phase angles of

qð3Þ
21ðsÞ ¼ Aeiu1 and qð3Þ

20ðasÞ ¼ Beiu2 , respectively. Therefore, the outputs
of Stokes and anti-Stokes channels of SP-FWM are at the same value
as

X ¼ 1
2

cos 2t
ffiffiffiffiffiffi
AB

p
sin

u1 þu2

2

� �
þ cosh 2t

ffiffiffiffiffiffi
AB

p
cos

u1 þu2

2

� �h i
:

ð4Þ
If we inject E2 into the SP-FWM as a dressing field, the ladder-

type three-level atomic configuration is formed, as shown in Fig. 1
(c). Thus, Eq. (2) will be rewritten as

qð3Þ
20ðasÞ ¼ �iGsG

2
1 d00ðsÞd

0
20ðsÞðG2

2=d30 þ d20Þ
h i.

; ð5aÞ

qð3Þ
20ðsÞ ¼ �iGasG

2
1 d00ðasÞd

0
20ðasÞðG2

2=d30 þ d20Þ
h i.

; ð5bÞ
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where d30 ¼ C30 � iðD1 þ D2Þð Þ. The dressing effect of E2 is observed
not only in Stokes and anti-Stokes channels but also in the pumping
field E1. The Stokes and anti-Stokes channels are also influenced by

the leaking light from E1, which is dominated by qð1Þ
20 . It can be

expressed as qð1Þ
20 ¼ iG1=d20 and the perturbation chain can be

written as qð0Þ
00 !x1 qð1Þ

20 . When both the internal and external
dressing effects of E1 and E2 are considered, the equation could be
rewritten as

qð1Þ
20 ¼ iG1

d20 þ G2
1= C00 þ G2

1=d20

� �
þ G2

2=d30

: ð6Þ

Since qð3Þ
20ðsÞ and qð3Þ

20ðasÞ are equal in both Eqs. (2) and (5)

(qð3Þ
20ðsÞ ¼ qð3Þ

20ðasÞ ¼ qð3Þ
20 ), the intensity of Stokes and anti-Stokes signal

can be expressed as Iðs=asÞ / I0 � Im qð1Þ
20

� �
þ qð3Þ

20

��� ���2� �
, where

Im qð1Þ
20

� �
causes EIA or EIT and qð3Þ

20

��� ���2 causes gain.

3.2. PA-FWM with injection

3.2.1. Stokes PA-FWM
The SP-FWM signal can be amplified through seeding probe

beam Ep (energy level diagrams Fig. 1(d) and (e)). The phenomenon
can be observed as PA-FWM. If Ep is seeded into Stokes channel
(Fig. 1(d)), the perturbation chain can be expressed as

qð0Þ
11 !x1 qð1Þ

21 !xc qð2Þ
01 !x1 qð3Þ

21ðsÞ (Stokes channel), and the density matrix
element is written as:

qð3Þ
21ðsÞ ¼ �iGcG

2
1=ðd21d01d

0
21Þ; ð7Þ

where d01 ¼ C01 � iðD0
1 � DcÞ, d21 ¼ C21 � iD0

1 and d0
21 ¼ C21�

iðD1 þ D0
1 � DcÞ. If the dressing effects of E1, Ep are involved then

Eq. (7) should be rewritten as

qð3Þ
21ðsÞ ¼

�iGcG
2
1

d0
21 d01 þ G2

1=d
0
21 þ G2

c =d21 þ G2
1=d02

h i
� 1

d21 þ G2
1=C11þ G2

1=C22 þ G2
1=d

0
01 þ G2

c=d01

: ð8Þ

where d02 ¼ C02 � iDc , d0
10 ¼ C10 � i D1 � D0

1

� 	
and d0

01 ¼ C01�
i D0

1 � D1
� 	

. The satisfied two-photon conditions are written as
Dp � DS ¼ 0, Dc � Das ¼ 0, D1 � DS ¼ 0, D0

1 � Das ¼ 0 and
Dp � Dc þ 3 GHz ¼ 0 (Fig. 1(d)). The PA-FWM signal of probe field

Ep is composition of Stokes qð3Þ
21ðsÞ and probe qð1Þ

20 , i.e.

Ip / I0 � Imðqð1Þ
20 Þ þ qð3Þ

21ðsÞ

��� ���2� �
(EIA and dressed gain), where

qð1Þ
20 ¼ iGp

C21 � iDp þ G2
p=C21 þ G2

p=C22 þ G2
1=d

00
01 þ G2

1=d22

; ð9Þ

d00
01 ¼ C01 � iðDp � D1Þ, d22 ¼ C22 � i Dp � D0

1

� 	
and

Gp /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=e0c�h

p
Nl2qð3Þ

21ðsÞ. The corresponding perturbation chain of

probe beam Ep is qð0Þ
00 !xp qð1Þ

20 .

3.2.2. Anti-Stokes PA-FWM
The anti-Stokes signal also can be amplified by seeding probe

beam Ep into the anti-Stokes channel (Fig. 1(e)), according to per-

turbation chain qð0Þ
00 !x1 qð1Þ

20 !xc qð2Þ
10 !x1 qð3Þ

20ðasÞ (anti-Stokes signal), we
have

qð3Þ
20ðasÞ ¼ �iGcG

2
1 d20d

00
10d

000
20

� 	

; ð10Þ
where d000
20 ¼ C20 � i D1 þ D0

1 � D0
c

� 	
, d00

10 ¼ C10 � iðD1 � D0
cÞ. If the

dressing effects of E1, Ep are involved then Eq. (10) can be
rewritten as

qð3Þ
20ðasÞ ¼

�iGCG
2
1

d000
20 d00

10 þ G2
1=d

000
20 þ G2

c=d20 þ G2
1=d

0
12

h i
� 1

d20 þ G2
1=C00þ G2

1=C22 þ G2
1=d

0
10 þ G2

c =d
00
10

; ð11Þ

where d0
12 ¼ C12 � iD0

c . The satisfied two-photon conditions could be
written as D0

p � Das ¼ 0, D0
c � Ds ¼ 0, D1 � DS ¼ 0, D0

1 � Das ¼ 0, and
D0

p � D0
c � 3 GHz ¼ 0 (Fig. 1(e)). The PA-FWM signal of probe field

is a composition of anti-Stokes qð3Þ
20ðasÞ and probe qð1Þ

21 , i.e.,

Ip / I0 � Imðqð1Þ
21 Þ þ qð3Þ

20ðasÞ

��� ���2� �
(EIA and dressed gain), where

qð1Þ
21 ¼ iGp

C20 � iD0
p þ Gp2=C00 þ Gp2=C22 þ G2

1=d
0
00 þ G2

1=d
000
10

; ð12Þ

d000
10 ¼ C10 � i D0

p � D0
1

� �
, d0

00 ¼ C00 � i D0
p � D1

� �
, and

Gp /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=e0c�h

p
Nl2qð3Þ

20ðasÞ.
Consequently, due to the photon number of seeded signal

n � 1, the measured numbers of such an amplifier (with Ep

seeded) at probe and conjugate channels are

hâþout âoutip ¼
1
2

cos 2t
ffiffiffiffiffiffi
AB

p
sin

u1 þu2

2

� �
þcosh 2t

ffiffiffiffiffiffi
AB

p
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u1 þu2

2

� �h i
jaj2; ð13aÞ
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2
B
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ffiffiffiffiffiffi
AB
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cos

u1 þu2

2

� �
�cos 2t
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p
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2

� �h i
jaj2; ð13bÞ

where jaj2 ¼ pe0c�h
2x1

GProber
l10

� �2
denotes the intensity of the seeded field, r

is the radius of beam Ep. Thus, the gain of each channel can be cal-
culated as

Xp ¼1
2

cos 2t
ffiffiffiffiffiffi
AB

p
sin

u1þu2

2

� �
þcosh 2t

ffiffiffiffiffiffi
AB

p
cos
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; ð14aÞ

Xc ¼1
2
B
A

cos 2t
ffiffiffiffiffiffi
AB
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sin

u1þu2

2

� �
þcosh 2t

ffiffiffiffiffiffi
AB

p
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u1þu2

2
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: ð14bÞ
4. Experimental results

4.1. SP-FWM without injection

At first, we study degenerate SP-FWM process in Fig. 2. In Fig. 2
(a1)–(a3), the pumping beam E1 is on while probe beam Ep and
dressing beam E2 are blocked. The vertical dotted lines in Fig. 2
exhibits the corresponding relation between the dressed sup-
pressed dip in fluorescence channel and EIT in Stokes and anti-
Stokes channels. Later, the dressing beam E2 is injected as shown
in Fig. 2(b1)–(b3). The dressing beam E2 causes a new ladder-
type three-level atomic configuration. The EIA of pumping channel
itself has been observed, as well as the corresponding EIT in Stokes
channel. All the fluorescence, Stokes and anti-Stokes signals appear
in the resonant window D1 ¼ Ds ¼ Das.

Fig. 2(a1) shows signals in fluorescence channel and the

intensity can be expressed as IFL / Imðqð2Þ
22 Þ, where

qð2Þ
22 ¼ �G2

1= d20 C22 þ G2
1=d20

� �h i
, and perturbation chain is

qð0Þ
00 !x1 qð1Þ

20 !x1 qð2Þ
22 . The term d20 ¼ C20 � iD1 in qð2Þ

22 is responsible
for the broad fluorescence signal, and the dressing term G1

2 /d20
causes the suppressed dip in fluorescence signal as shown in
Fig. 2(a1). There are two series of broad fluorescence signal and
dressed suppression dip, which correspond to 87Rb (F = 2) and
85Rb (F = 3). The double dips of fluorescence signal can be observed
clearly in 87Rb (F = 2) when the frequency difference between its



Fig. 2. (a1)–(a3) Measured signal intensities with only turning on pumping beam
E1 at different pumping powers. (a1) Signals in fluorescence channel. (a2) Signals in
Stokes channel. (a3) Signals in anti-Stokes channel. (b1)–(b3) Measured signal
intensities with turning on pumping field E1 and dressing field E2 at different
pumping powers. (b1) Signals in fluorescence channel. (b2) Signals in Stokes
channel. (b3) Transmission signals in pumping channel. With the rising of pumping
power, all the signals are getting more obvious.

Fig. 3. (a1)–(a6) Temperature changing from 125 �C to 75 �C. (a1) Complete signal
curves. (a2) Signals of 87Rb(F = 2). (a3) Signals of 85Rb (F = 3). (a4) Dependences of
all the signals’ evolution, where the line with squares shows the gain of 85Rb(F = 3),
line with dots shows the dip of 85Rb(F = 3) and line with triangles shows dip of 87Rb
(F = 2). (a5) Joint figures of the dips in (a2). (a6) Joint figures of the peaks and dips in
(a3). (b1)–(b6) Same as (a1)–(a6) but the temperature changing from 95 �C to
145 �C.
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upper hyperfine energy levels (F 0 ¼ 3 to F 0 ¼ 4) is 267 MHz. While
for 85Rb (F = 3), the frequency difference between its upper
hyperfine energy levels is only 121 MHz, which is too small to
distinguish double dips. The double EITs also appear at respective
positions in Stokes and anti-Stokes channels of 87Rb (F = 2) (Fig. 2
(a2) and (a3)).

Since Stokes and anti-Stokes signals are quantitatively the same

(qð3Þ
20ðsÞ ¼ qð3Þ

20ðasÞ ¼ qð3Þ
20 ), shown as Iðs=asÞ / I0 � Imðqð1Þ

20 Þ þ qð3Þ
20

��� ���2� �
.

The first order term d20 of qð1Þ
20 (Eq. (6)) can explain the broad

absorption dip in Stokes (Fig. 2(a2) and (b2)) and anti-Stokes chan-

nels (Fig. 2(a3)). While the dressing term G2
1 C00 þ G2

1=d20

� �.
in qð1Þ

20

causes EIT peak, d20 of qð3Þ
20 (Eq. (2)) attributes to the SP-FWM peak,

and they overlap together. It can be found that the contribution of

qð3Þ
20 is much higher than that EIT peak ofqð1Þ

20 due to square of d20 in

qð3Þ
20 . Hence the SP-FWM peak is dominated byqð3Þ

20 .
When E2 is injected into the Rb vapor, the signals in

Fig. 2(a1)–(a3) also could be observed in Fig. 2(b1)–(b3), but
E2 has dressing effect on them. The external dressing term
d30 ¼ G2

2=ðC30 � iðD1 þ D2ÞÞ of E2 will be applied in Eqs. (5) and
(6), where D2 is the detuning of E2. So d30 can be used to explain
the dressing effect of Stokes signal (Eq. (5)) and pumping signal
(Eq. (6)), as shown in Fig. 2 (b2) and (b3), respectively. When we
change D2, the dressed EIA dip of pumping channel transits to
dressed EIT peak, and the signal moves as denoted by the decline
dotted line (Fig. 2(b3)). The corresponding dip or peak also moves
with the same speed in Stokes channel (Fig. 2(b2)). The crossing
point of the vertical and decline dotted line shows the E2-dressed
EIT peak moves to the position of E1-dressed SP-FWM peak in
Fig. 2(b2) and (b3). Then the E1-dressed-peak will be enhanced
by the E2-dressed-peak. Since E1 calls for internal dressing, E2 calls
for external dressing, the enhancement peak can be controlled by
internal and external dressing effects.

4.2. PA-FWM with injection

Next, we investigate the PA-FWM process (i.e. SP-FWM process
with seeding Ep in Fig. 1(a)) in Fig. 3 and subsequent figures, whose
signal is the combination of EIA dip and gain peak. From an overall
perspective, we observe three non-resonant signals in Fig. 3, which
correspond to 87Rb (F = 2), 85Rb (F = 3) and 85Rb (F = 2) on the fre-
quency spectrum (from left to right in Fig. 3(b1)), respectively.

In Fig. 3, we study the EIA dip (caused by Im qð1Þ
21

� �
or Im qð1Þ

20

� �
)

and gain peak (caused by qð3Þ
20ðasÞ

��� ���2 or qð3Þ
21ðsÞ

��� ���2) via changing temper-

ature. Such signals convert from purely EIA to the combination of
peak and EIA, finally only the gain peak appears (from left to right
in Fig. 3(b1)). Since D1 ¼ Ds ¼ Das is not the quantum window in
PA-FWM process, the resonant EIT of SP-FWM process observed
in Fig. 2 would not appear in the Ep seeded system.

The Stokes PA-FWM signals of 87Rb(F = 2) [85Rb(F = 3)] raised at
the conditions of Dp � DS ¼ 0, Dc � Das ¼ 0, D1 � DS ¼ 0,
D0

1 � Das ¼ 0 and Dp � Dc þ 3 GHz ¼ 0 (Fig. 1(d)). The value of
Stokes signal can be shown by the format

Ip / I0 � Im qð1Þ
20

� �
þ qð3Þ

21ðsÞ

��� ���2� �
, while the two-photon term

d01 ¼ C01 � iðD0
1 � DcÞ in qð3Þ

21ðsÞ (Eq. (7)) can illustrate the gain peak



Fig. 4. Measured gain and dip of 85Rb(F = 3) signal in probe channel versus Dp at
different D1, probe power and pumping power, respectively. (a1)–(a3) Changing
detuning (D1) of E1. (a1) Experimental data curves of 85Rb(F = 3) signal. (a2) Joint
figures of the signals in (a1). (a3) Dependence of the signals’ evolution, where the
line with squares shows the gain of 85Rb(F = 3) and line with dots shows the dip of
85Rb(F = 3). (b1)–(b3) Changing the power of Ep. (c1)–(c3) Changing the power of E1.
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in Stokes window, while dressing term G2
1=d

00
01 in qð1Þ

20 (Eq. (9)) is
responsible for the EIA dip in the same window, where
d00
01 ¼ C01 � iðDp � D1Þ. There is only EIA dip in 87Rb(F = 2) (Fig. 3

(a2) and (a5)), which means the existence of qð1Þ
20 with qð3Þ

21ðsÞ � 0;
but there exist both EIA dip and gain peak of 85Rb(F = 3) (Fig. 3
(a3) and (a6)). This is because of the distinguished energy levels
of isotope 85Rb and 87Rb, which results in dressing switch of sup-
pression and enhancement [15].

Meanwhile, the gain peak of 85Rb(F = 2) in the right of Fig. 3(b1)
appears when probe beam Ep is seeded into anti-Stokes channel.
The peak raises at the conditions of D0

p � Das ¼ 0, D0
c � Ds ¼ 0,

D1 � DS ¼ 0, D0
1 � Das ¼ 0, and D0

p � D0
c � 3 GHz ¼ 0 (Fig. 1(e)). Thus

the value of Imðqð1Þ
21 Þ (Eq. (12)) is smaller whereas qð3Þ

20ðasÞ

��� ���2 (Eq.

(10)) predicts a larger one, due to Ip / I0 � Imðqð1Þ
21 Þ þ qð3Þ

20ðasÞ

��� ���2� �
.

Therefore, the suppressed EIA dip almost disappears but the gain
peak is more dramatic, which satisfies the enhancement condition.
The difference between 85Rb(F = 2) and 85Rb(F = 3) means that the
differing energy levels [16] would lead to the break of suppressed
condition.

Since temperature stands for atomic density to an extent,
higher vapor density means longer propagation distance, so tem-
perature could represent propagation distance. Due to

GP /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=e0c�h

p
Nl2qð3Þ

21ðsÞ or GP /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=e0c�h

p
Nl2qð3Þ

20ðasÞ, the change of
temperature will have direct impact on EIA dip and gain peak. In
Fig. 3(a1)–(a6), the temperature drops from 125 �C to 75 �C. The
EIA of 87Rb(F = 2) (Fig. 3(a5)) as well as the combination of EIA
and gain of 85Rb(F = 3) (Fig. 3(a6)) all decrease linearly when tem-
perature falls down. While on the contrary, in Fig. 3(b1)–(b6) the
temperature raises from 95 �C to 145 �C, the intensities of signals
change non-linearly. The EIA of 87Rb(F = 2) (Fig. 3(b5)) and the
combination of EIA and gain of 85Rb(F = 3) (Fig. 3(b6)) grow to a
peak value at the temperature of about 121 �C and then start to fall
to a lower level. That is to say, the saturated turning points of Fig. 3
(a4) and (b4) are divergent. Compared to Fig. 3(a4), in Fig. 3(b4) the
temperature (propagation distance) is relatively higher and with
stronger power of E1. The two FWM beams of Stokes and anti-
Stokes channels can be matched well under the same ultraslow
group velocity by the dressing control [17,18]. So the energy of
Stokes field could transfer to anti-Stokes field under such a condi-
tion, and then the intensity of Stokes signals would decrease in
Fig. 3(b4) due to intense dressing effects.

Then in Fig. 4 we only investigate the Stokes PA-FWM signal of
85Rb(F = 3) according to energy-level diagram shown in Fig. 1(d).
When we inject the probe beam Ep into the Rb vapor, there appears
EIA dip and gain peak in D1 � Dp = 0 window, which is controlled
by D1, power of pumping and probe field.

In Fig. 4(a1), the increasing D1 causes the gain peak and EIA dip
to decrease and they move together with the same speed, which
testimonies the Stokes PA-FWM signal is the combination of

qð3Þ
21ðsÞ and qð1Þ

20 given as Ip / I0 � Im qð1Þ
20

� �
þ qð3Þ

21ðsÞ

��� ���2� �
. The gain

peak appears due to the two-photon term d01 in qð3Þ
21ðsÞ (Eq. (7)),

and EIA dip appears due to the dressing term G2
1=d

00
01 in qð1Þ

20 (Eq.
(9)). Hence, scanning Dp versus different D1 would make the EIA
dip and gain peak move together in the same window
D1 � Dp = 0. Moreover, the increase of D1 means the decreasing

of qð3Þ
21ðsÞ

��� ���2 for the one-photon term d21, so we can see the process

of gain peak intensity decreases in Fig. 4(a2) and (a3). However,
the drop of gain peak is more drastic than that of EIA dip. This
can be explained that D1 in Eq. (7) appears three times as product
form then by squaring it qð3Þ
21ðsÞ

��� ���2� �
we obtain sixth power. There-

fore the change of D1 will be amplified to sixth effect which causes

the gain peak sensitive to detuning. However, D1 in qð1Þ
20 only

appears as the first power in dressing termG2
1=d

00
01, so the EIA dip

is not strongly influenced by D1.
If we improve the power of probe beam, Gp, the signals are

enlarged as in Fig. 4(b1)–(b3). In qð3Þ
21ðsÞ, the change of Gp can influ-

ence the Stokes signal linearly. Whereas in qð1Þ
20 (Eq. (9)) Gp exists

both in the denominator (dressing term G2
p=C11 þ G2

p=C22) and
numerator (iGp), so the change of EIA dip is much gentler than
gain peak. Finally the power of pumping field, G1, is varied in

Fig. 4(c1)–(c3). When we increase G1, the value of qð3Þ
21ðsÞ (Eq. (7))

rises, and the value of qð1Þ
20 (Eq. (9)) falls because G1 exists in the

denominator of qð1Þ
20 (dressing term G2

1=d
00
01 þ G2

1=d22), but numera-

tor ofqð3Þ
21ðsÞ (G

2
1), both are in square form. The result is that the gain

peak is getting larger, but the change of EIA dip is not that obvious,
as shown in Fig. 4(c2) and (c3).

Finally, in Fig. 5 the Stokes PA-FWM [EIA dip (qð1Þ
20 in Eq. (9)) and

gain peak (qð3Þ
21ðsÞ in Eq. (7))] process is studied by scanning pumping

field E1 at different Dp for the first time. Compared to Figs. 3 and 4,
the advantages of scanning E1 are the absence of the broad absorp-

tion dips (qð1Þ
20 without dressing), and Stokes PA-FWM signals at

resonant positions could be observed, and PA-FWM is much more
dramatic at non-resonant positions. Because the intensity of E1 is
much larger than Ep, E1 provides stronger dressing effect than Ep.
Thus, PA-FWM is more obvious versus scanning E1 due to the free
of broad absorption [19].

The assertion can be made that the strong Stokes PA-FWM sig-
nal corresponding to 87Rb(F = 2), 85Rb(F = 3) and 85Rb(F = 2) lead to
the co-existence of both EIA dip and gain peak, which are raised by

qð1Þ
20 (Eq. (9)) and qð3Þ

21ðsÞ (Eq. (7)), respectively. The Stokes windows



Fig. 5. (a1)–(a4) Intensity evolutions of Stokes signals in the probe channel versus
D1 at different Dp. (b) Spectra and the moving tendency of Stokes signals. (c)
Transition of gain peak and EIA dip of Stokes signals.
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are the same to those in Fig. 3. But the difference is that in Fig. 3,
Stokes PA-FWM signal of 87Rb(F = 2) only appears as EIA dip,
85Rb(F = 2) as only gain peak. In addition, compared to Fig. 2, we
could also observe Stokes signals at the resonant position of 85Rb
(F = 3) and 85Rb(F = 2). However, the main disparity is that in
Fig. 2 there are SP-FWM peaks in broad absorption dip; while in
Stokes PA-FWM process of Fig. 5, the PA-FWM signals appear as
the combination of EIA dip and gain peak, for absence of broad
absorption dip (Fig. 5(b)). The disparity is caused by seeding probe
beam Ep. What’s more, Fig. 5(b) denotes degenerate PA-FWM (right
decline dotted line) and Stokes non-degenerate PA-FWM signal
(left decline dotted line), which move with the same speed via
modulation of Dp. For gain peak appears due to the two-photon

term d01 in qð3Þ
21ðsÞ (Eq. (7)), and EIA dip appears due to the dressing

term G2
1=d

00
01 in q

ð1Þ
20 (Eq. (9)), scanning D1 versus different Dp would

cause the values of EIA dip and gain peak change, and they could
move together due to the common term D1 � Dp, similar to
Fig. 4(a1). The EIA dips and gain peaks (Fig. 5(a)) at non-resonant
positions are all much more dramatic than those in Figs. 3 and 4.

The intensities of PA-FWM signals change periodically because
of three highest positions of the signals (Fig. 5(a1)–(a3)). The first
maximum appears at 85Rb(F = 3) with resonant (D1 = 0) of pump-
ing beam E1, corresponding to the left energy configuration of
Fig. 5(a1). We did not observe the resonant PA-FWM signal in
Figs. 3 and 4, because when probe field Ep is scanned, the broad
absorption dip would wash out the PA-FWM signal at the resonant
position. The maximum appears when the frequencies match pre-
cisely. The second maximum position is also at 85Rb(F = 3) (middle
energy configuration Fig. 5(a2)), while the detuning is 1.2 GHz, sat-
isfying the same Stokes window (D1 � Dp = 0) in Fig. 4. It can be
considered that this gain signal is the same to the one discussed
attentively in Fig. 4. The last maximum in Fig. 5(a3) corresponds
to the right energy configuration, which parallels 85Rb(F = 2) with
resonant (D1 = 0) pumping field E1. Compared to the pure gain
peak 85Rb(F = 2) PA-FWM signal stated in Fig. 3, the co-existence
of both EIA dip and gain peak are observed in Fig. 5(a3). This is

because qð1Þ
20 (Eq. (9)) gets to maximum at D1 = Dp = 0, while in

Fig. 3 the Stokes window D1 � Dp = 0 rises when D1 is about

1.2 GHz. Thus qð1Þ
20 in Fig. 5 is larger than that in Fig. 3, which causes

the appearance of EIA dip in Fig. 5.
Lastly, Fig. 5(c) shows that when the detuning of Ep changes lin-

early, the structures of the signals change from left-dip and right-
peak to left-peak and right-dip. The turning point can be seen as
the mass center between 85Rb(F = 2) and 85Rb(F = 3) [19], shown
as vertical dot line (Fig. 5(a4)). Due to the competition of gain
and dip, the intensity of PA-FWM signal comes to a minimum at
this symmetric center (Fig. 5(c)).

5. Conclusion

We have observed conical emission of output twin photons of
SP-FWM process first by seeding a pumping beam into rubidium
atomic vapor, later by injecting another beam which acts as exter-
nal dressing field. Enhancement of dressed SP-FWM peak in Stoke
channel is attributed to dressing field. Further the enhancement
peak can be controlled by dressing effect. While PA-FWM system
is achieved by seeding another probe beam individually into out-
put channels of SP-FWM. The results of parametric amplification
and gain process of Stokes are attributed to extrinsic parameters
of seeding (changing detuning and power) and intrinsic parameter
(changing temperature). Such results will help to understand the
fundamental of coupled multi-level atom system, which could
have potential applications in quantum information processing.
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