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We theoretically investigate the Doppler effect on optical bistability in an N-type active Raman gain atomic system

inside an optical ring cavity. It is shown that the Doppler effect can greatly enhance the dispersion and thus create

the bistable behaviour or greatly increase the bistable region, which has been known as the positive Doppler effect on

optical bistability. In addition, we find that a positive Doppler effect can change optical bistability from the hybrid

dispersion-gain type to a dispersive type.
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1. Introduction

Optical bistability (OB) has caught much at-
tention in the past few years due to its potential
applications in optical switching, optical transistors,
and optical storage elements, which are essential
Con-

trolled OB via induced atomic coherence in multi-

for optical computing and communications.

level atomic systems was investigated theoretically
and experimentally.! =14 For example, it was shown
that bistable behaviour can be controlled by the initial

coherence in a A-type atomic system. !’

Also, it was
found that spontaneously generated coherence (SGC)
could significantly affect OB behaviour in a three-level
atomic system.[”] Controlled OB via the phase of co-
herent coupling fields has also been studied.[$~1% Fur-
thermore, it has been reported that the shift of an OB
hysteresis curve is dependent on the nonlinear phase
shift induced by a controlling light in the four-level
atomic system of 8”Rb inside the optical ring cavity.!'!!
In addition, it was found that the hybrid absorptive—
dispersive OB can be controlled by adjusting the in-
tensity and detuning the coupling field; optical multi-
stability (OM) can also be observed under appropriate
detuning in an N-type atomic medium.!?!
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It was shown theoretically and experimentally
that Doppler broadening can exert remarkable effects
on the probe absorption and dispersion responses of
three-level and four-level atomic systems.!'>=18 Ac-
tive Raman gain systems have also attracted a great
deal of attention in the past few years.!'9~23 Recently,
Zhang et al. considered a combination of these two as-
pects and proposed a scheme for the extremely nar-
rowed and amplified gain spectrum induced by the
Doppler effect in an N-type active Raman gain 8“Rb
atomic system.?4] Since the probe field was weak, the
nonlinear susceptibility was negligible and could be
safely neglected, then just the linear susceptibility was
considered by them. However, when susceptibility is
dependent on the probe intensity, the susceptibility,
including liner and nonlinear susceptibilities, needs to
be considered, which is the case we will study here.

In this paper, we study the effect of Doppler
broadening on OB in an N-type active Raman gain
87Rb atomic system. Our results show that Doppler
broadening can subsequently enhance the dispersion
and produce a remarkable positive effect on OB near
the double photon resonance. Furthermore, it is
found that Doppler broadening can change hybrid
dispersion-gain OB to a dispersive one.
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2. Model and method

As mentioned above, we consider an N-type four-
level scheme. The relevant atomic levels in 8’Rb are
plotted in Fig. 1, 5S; /5, F' =1, 2 of 87Rb are chosen
to be |1) and |3), respectively, 5Py/3, F' = 1 to be
|2), and 5P3/5, F' = 2 to be |4). A driving field with
amplitude F4q and angular frequency wq is applied to
drive the transition |1) < |2) of frequency wiz. A
probe field with amplitude F,, and angular frequency
wp is applied to drive the transition |2) <+ |3) of fre-
quency weg. The transition |3) <> |4) of frequency
w34 is driven by a control field with amplitude F. and
angular frequency w¢, which is applied to control the
Raman gain process. The driving and probe fields
are assumed to be far-detuned from the correspond-
ing transitions, while the control field is assumed to
be near-resonant with the corresponding transition. In
the interaction picture with the rotating-wave approx-
imation, the semiclassical Hamiltonian of the system
under study can be expressed as (taking i = 1)[?4

Hine = —A4|2)(2] = (Aa = 4,)13) 3
—(Aq+ Ac — Ap)[4) (4]
— (2a|2) (1] + £2,[2) (3] + £2[4) (3] + H.c.), (1)

where 2, (n = d,p,c) stands for half of the Rabi
frequency of the corresponding transition, i.e., 24 =
w21 Ea/2h, 2, = posE,/2h, and 2. = pasE./2h.
Here, pi; = pi; - €r, (€ is the polarization unit vector
of the laser field) denotes the dipole moment for the
transition between levels |i) and |j), Aq = wg — wa1,
Ap = wp — wag, and Ac = we — wag are the detun-
ings of the driving, the probe, and the control fields
for the corresponding transitions (see Fig. 1). Taking
into account spontaneous emissions and decoherences,
we can write the density-matrix equations of motion

as

P11 = Yo1P22 + Ya1paa + 124 (p21 — p12),
pa2 = — (Y21 + Y23)paz + 182a(p12 — p21)
+ 192, (p32 — p23),
P33 = Y23P22 + Vazpas + 102,(p23 — p32)
+102:(paz — p3a),
Pas = — (Va1 + V43)pas + 192:(p34 — pa3),
pa1 = [—(v21 +723)/2 — 1Ad]pn
+i024(p11 — p22) + 12, p31,
p31 = —i(Aq — Ap)ps1 + 1(2pp21 + 2cpar — Raps2),

par = [=(ya1 +743)/2 = i(Aa — Ap + Ac)lpa
+1($2ep31 — apa2),

P32 = [—(y21 + v23)/2 + 1A,]ps2 + 102,(p22 — p33)
+i(2cpa2 — 2ap31),

paz = [—(v21 + 723 + 741 +743)/2 — i(Ac — Ap)]paz
+1(2cp32 — Qapar — 2ppa3),

pag = [— (a1 +a3)/2 — i1Ac]pas
+102:(p33 — paa) — 18242, (2)

with pi; = pji. The decay rates from excited states
|2) and |4) to ground states |1) and |3) are 721, o3,
Y41, and 743, respectively. The relaxation rates of co-
herence between ground states |1) and |3) are negli-
gible and will be neglected. Raman detunings have
Aq, Ap > Ac, 2, (2, ¢, 21, Y23, Va1, Ya3. All
laser fields are assumed to copropagate in the atomic
medium. In the case of thermal atomic vapor, the ef-
fects of the Doppler broadening should be included in
Eq. (2), and A4, Ap, and A¢ need to be replaced by
Aq + kqu, A, + kv, and A¢ + kev, where ky, = wy,/c
(n = d,p,c) is the wave vector of the corresponding
laser field, and v is the projection of the atomic veloc-

ity along the laser beams.

‘4>51:)3/27 F=2

135512, F=2
[1)5S1/2, F=1

Fig. 1. Schematic diagram of a 3"Rb atom interacting
with a driving field with Rabi frequency 2§24, a probe
field with Rabi frequency 2(2,, and a control field with
Rabi frequency 2f2.. The ground state hyperfine levels
5S1/9, F' =1, 2 of 87Rb are chosen to be |1) and |3), re-
spectively, 5Py /5, F' = 1 to be [2), and 5P3/9, F' = 2 to
be [4).

The atomic medium is put in an unidirectional
ring cavity, as shown in Fig. 2; note that only the
probe field E;, circulates in the ring cavity. For sim-
plicity, we assume that mirrors 3 and 4 have 100%
reflection, while mirrors 1 and 2 have the intensity
reflection and transmission coefficients of R. and T,
(Rc+T. = 1). The dynamic response of the probe field

is governed by Maxwell’s equation under the slowly
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varying envelope approximation

OE, , 0B,

—iY%
o o ey ) )

where ¢ and ¢y are the light speed and the permit-
tivity of the free space, respectively. The P(wp,T) is
the slowly oscillating term of the induced polarization
in transition |2) <> |3) at the medium temperature T,
and is given by

PlonT) = pzs [ N, Dipss(epdv, (4

where N(v,T) = Ny e_“Q/“g/(ﬁUp) is the Maxwell
velocity distribution, Ny stands for the number den-
sity of the atoms, v, = \/m denotes the most
probable velocity of the atoms, and kg and m are
the Boltzmann constant and the atomic mass, respec-

tively.

Ey Rb cell

Fig. 2. Unidirectional ring cavity with an atomic sam-
ple of length L containing N inhomogeneously broadened
atoms with their atomic configuration given in Fig. 1. Here
E%) and Eg are the incident and transmitted fields, and
E4 and E. are the driving and control fields, respectively.
For mirrors 1 and 2, R + T. = 1, and mirrors 3 and 4
have R, = 1.

For a perfectly tuned ring cavity, the boundary
conditions in the steady-state are

ER(L) = Eg/\/fu
Ep(0) = VT.E, + R Ey(L), (5)

where El and E are the incident and the transmitted
fields, respectively, and L is the length of the atomic
sample. The second term on the right-hand side of
Eq. (5) describes a feedback mechanism relevant to
the mirrors, which is essential to give rise to the bista-
bility, namely, there will be no bistability if R. = 0.

We can obtain the input—output relationship by
using the boundary condition Eq. (5) in the mean-
field limit as

y=1x— 10723/ e~V /(Vup)pasdy,  (6)

— 00

where y = uggEII,/h\/TC and x = uggEg/h\/Tc are the
normalized incident and output fields, respectively,

and C = LNowpu3s/2hceoTe93 is the usual cooper-
ation parameter. Without loss of generality, we as-
We could
assume yo1 = Y23 = Y41 = Y43 = ¥ = 27 X 3 MHz and

sume that all Rabi frequencies are real.

kq = ke = k, = wp/c for simplicity, since these decay
rates and also the transition frequencies of the related

states are approximately equal.

3. Numerical results and discus-

sion

First, we show the behaviours of the output—
input fields in the cold and room-temperature me-
dia respectively. Setting all the time derivatives in
Eq. (2) to zero for the steady state, we can obain an
exact analytical expression for po3 via simple Mathe-
matica codes. Because the analytical expression for
p23 1s severely tedious, we do not present it here.
All the parameters are scaled with « in the follow-
ing numerical calculations. The drive field Rabi fre-
quency is {23 = 3, and the driving field detuning
is Aqg = 300. The control field Rabi frequency is
2q = 1, and the control field is tuned into resonance
with the transition |3) <> |4). These values remain
fixed in all of our analyses. The probe field detuning
needs to be chosen carefully, we will understand this
point in the following. We choose the probe detun-
ing Aq = 299.16 and 298.66 respectively. To obtain
distinct bistable behaviours, we choose a large cooper-
ation parameter, i.e., C=1800, which may be realized
by increasing the atomic density Ny appropriately. We
plot the input intensity versus the output intensity
in Figs. 3(a) and 3(b) using Eq. (6). It is obvious
that if A, =299.16, almost no bistable behaviour oc-
curs in the cold atomic medium (Fig. 3(a)). However,
when the Doppler effect is considered at room tem-
perature, noticeable bistable behaviour arises in the
medium (Fig. 3(a)). In other words, the Doppler effect
can create bistable behaviour in the room-temperature
medium. If A, = 298.66, bistable behaviour occurs
with a small bistable region in the cold medium, while
bistable behaviour appears with a large bistable re-
gion in the medium at room temperature (Fig. 3(b)).
Therefore, the Doppler effect can also greatly increase
the bistable threshold if the probe detuning is de-
creased slightly. In both cases, we can clearly see the

noticeable positive Doppler effect on OB.
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Fig. 3. The output intensity |z| versus the input inten-
sity |y| in the cold and room-temperature media, where
in panel (a) Ap = 299.16, and in panel (b) A, = 298.66.
The other parameters are 24 = 3, 2c = 1, Aq = 300,
Ac =0, and C' = 1800.

The physical mechanism of such an unexpected
effect can be understood in the following way. First,
we examine the effect of atomic velocity on the probe
gain and dispersion spectra. The probe gain and dis-
persion for the moving atoms at various velocities can
be calculated by using the analytical expression for
p23, which is dependent on v. We choose a large
probe field intensity, i.e., {2, = 15, with which the dis-
persion and gain properties can be understood better
when the bistable threshold appears. Figures 4(a) and
4(b) show that if the velocity of the atom increases,
the corresponding probe gain diminishes dramatically,
while the corresponding dispersion is enhanced sub-
This

phenomenon can be understood as follows. For the

stantially near the double-photon resonance.

moving atom, the control field detuning is k.v. Com-
pared with the cold medium in which the control field
is resonant with the corresponding transition, in the
room-temperature medium, the control field detun-
ing decreases the population transfer from level |3)
to level |4), which results in a decline of the popu-
lation decay from level |4) to level |2). This means
that the probe gain is suppressed. Along with the
suppressed gain, probe dispersion is enhanced due to
the control field detuning.**! Furthermore, we calcu-
late probe gain and dispersion versus probe detuning

for the cold and room-temperature media respectively.
For the cold medium, we use the analytical expres-
sion for po3 without v. For the room-temperature
medium, we need to calculate ps3 with an integra-
tion over the Maxwell velocity distribution, i.e., the
Doppler average. Figure 5 indicates that in the cold
atomic system, although the dispersion is significantly
stronger than the gain near the double-photon reso-
nance, the gain can still make an appreciable contri-
bution to the bistable threshold. According to Eq. (6),
the probe gain will make the bistable value diminish.
So, in this case, bistable behaviour is determined by
the nonlinear behaviour of the dispersion and gain.
Therefore, the bistable behaviour in the cold atomic
system can be considered as the hybrid dispersion-
gain type.
perature, the Doppler average enhances the dispersion

However, for the medium at room tem-

and suppresses the gain dramatically. At A, = 299.16
and 298.66, the dispersions in the room-temperature
medium are 5 times and 1.4 times of those in the cold
medium, respectively, while the corresponding gains
become vanishingly small. In this case, the bistable
behaviour is determined by the nonlinear behaviour
of the enhanced dispersion. This is to say that the
enhanced dispersion results in a great enhancement of
the bistable threshold. At the same time, the OB is
changed from the hybrid dispersion-gain type to the
dispersive type.
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Fig. 4. The effects of atomic velocity on (a) the probe
gain and (b) the probe dispersion each as a function of
the probe detuning, where {2, = 15, the other parameters
are the same as those in Fig. 3.
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Fig. 5. (colour online) The probe gain and dispersion ver-
sus the probe detuning in the cold and room-temperature
media. The parameters are the same as those in Fig. 4.

4. Conclusion

In conclusion, we study the positive Doppler effect
on OB in a room-temperature N-type active Raman
gain atomic system inside an optical ring cavity. On
one hand, the Doppler effect can produce OB or no-
ticeably broaden the OB region. On the other hand,
the Doppler effect may change the OB from the hybrid
dispersion-gain type to the dispersive type completely.
The analysis shows that the Doppler effect could lead
to enhanced dispersion, which may cause an increase
in the bistable region. Our results may provide a clue
to achieve a noticeable bistable behaviour in a room-
temperature atomic system, which may have potential
applications in devising optical elements.

References

[1] Abraham E and Hassan S S 1980 Opt. Commun. 35 291

[2] Harshawardhan W and Agarwal G S 1996 Phys. Rev. A
53 1812

[3] Wang H, Goorskey D J and Xiao M 2001 Phys. Rev. A
65 011801(R)

(4]
[5]
[6]
[7]
(8]
[9]

(10]
(11]

[12
[13]
[14]
[15]
[16]
[17]
[18]

(19]
20]

(21]

(22]
23]

[24]

114210-5

Gong S Q, DuS D, XuZ Z and Pan S H 1996 Phys. Lett.
A 222 237

Gong S Q, Du S D and Xu Z Z 1997 Phys. Lett. A 226
293

Chen Z Y, Zhang J T and Xu Z Z 1999 Chin. Phys. B 8
902

Joshi A, Yang W G and Xiao M 2003 Phys. Lett. A 315
203

Cheng D C, Liu C P and Gong S Q 2006 Opt. Commun.
263 111

Wang Z P and Fan H Y 2010 Journal of Luminescence
130 2084

Xjao Z H and Kim K 2010 Opt. Commun. 283 2178

Chang H, Wu H B, Xie C D and Wan H 2004 Phys. Rev.
Lett. 93 213901

Chen A X, Wang Z P, Chen D H and Xu Y Q 2009 Chin.
Phys. B 18 1072

LiJH, Li XY, Luo J M and Huang Q J 2006 Phys. Rev.
A 74 035801

Mahmoudi M, Mousavi S M and Sahrai M 2010 Eur. Phys.
J. D 57 241

Kong L B, Tu X H, Wang J, Zhu Y F and Zhan M S 2007
Opt. Commun. 269 362

Iftiquar S M, Karve G R and Natarajan V 2008 Phys.
Rev. A 77 063807

Bason M G, Mohapatra A K, Weatherill K J and Adams
C S 2009 J. Phys. B: At. Mol. Opt. Phys. 42 075503

Jia K N, Liang Y, Liu Z B, Tong D M and Fan X J 2012
Acta. Phys. Sin. 61 54207 (in Chinese)

Agarwal G S and Dasgupta S 2004 Phys. Rev. A 70 023802
Jiang K J, Deng L and Payne M G 2006 Phys. Rev. A 74
041803

Huang G X, Hang C and Deng L 2008 Phys. Rev. A 77
011803(R)

Hang C and Huang G X 2010 Opt. Ezpress 18 2952

Li H J, Dong L W, Hang C and Huang G X 2011 Phys.
Rev. A 83 023816

Zhang L D, Jiang Y, Wan R G, Tian S C, Zhang B, Zhang
X J,Gao J Y, Niu Y P and Gong S Q 2011 J. Phys. B
At. Mol. Opt. Phys. 44 135505



