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Effect of quantum interference on optical bistability in the three-level V-type atomic system
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The phenomenon of optical bistability is studied for the three-level atomic system in V-configuration con-
fined in a unidirectional optical ring cavity, and the effects of quantum interference and coupling field are
investigated. The possibility of obtaining optical multistability in the system by controlling quantum interfer-
ence and coupling field strength is also discussed.
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The phenomenon of quantum interference is central tgorted not only the tristability but also higher-order bistabil-
many new effects recently discovered in quantum opticsity. Recently, a theoretical calculation for OB has been car-
Harris et al. [1] considered the V-type three-level atom andried out for three-level atoms confined in an optical cavity,
demonstrated that the absorption rate can become zero duednd the effect of coherence generated in the system by a
the destructive interference and thus it is possible to haveontrol field is studied and possibility of generating multista-
light field amplification without population inversidi2]. It bility is also discussef9].
was also shown that the quantum interference can lead to Here, in this work we discuss the role of quantum inter-
line narrowing, black dark line, and removal of SpeCtra|ference in the phenomenon of OB in a three-level V-type
emission of driving field frequency in the emission spectrumatomic system confined in an optical resonator. The atomic
[3]. It can also produce ultranarrow spectral lines in the fluogystem consists of two excited sublevels of same parity and a
rescence spectra of a three-level atgd). Fluorescence gjingle ground level of different parity. The effect of quantum
quenching has been experimentally observed in the sodiUfferference in spontaneous emission from the upper two lev-
Q|mers [5]. Many other related phenpmeng with quantuMgq is included in this investigation of OB. Such a model with
interference, e.g., _the_electromagnetlcally lnduc_e_d tr_anSpaﬁuantum interference from spontaneous emission shows
ency (EIT), refractive index enhancement, modification of h t of the pobulation inversion in one of the
spectral features of three-level systems featuring dark resg o8 ten ancement o Pop . -
nances, etc., were also studied in recent yEals opt_lcal_ transmons_and can lead to suk_)stantlal radlapon am-

h plification and existence of vacuum-induced quasitrapped

Optical bistability(OB) has been extensively studied bot 151 4 h . h ical K dvi
experimentally and theoretically in the recent gt Most ~ Stated15]. However, the previous theoretical works studying
oOB in three-level atomic systems did not include quantum

of the experimental studies in OB have been devoted to two; ) 3 :

level alkali atoms confined in an optical resondtp8]. The ~ INterference in the decay channels in their models.

theoretical models of OB have considered the interaction of a, | "€ model of the three-level atom considered here is de-

collection of two-level atoms with a single-mode fiéIzig]. p_|cted in Fig. 1. It is a closed V-type cqnf|gurat|on with one

The perpetual interests in OB and associated phenomeridle ground-statgl) and two closely lying upper stat¢)

stem from the fact that these phenomena could have wid@nd|3). The transition betweefil) and|2) (with resonant

range of applications such as in optical transistors, memor{f€duency,) is mediated by the probe laser fiefgh (fre-

elements, and all optical switches. Also bistable behavior§Uencyws), while the transition/1) to |3) (with resonant

were studied theoreticallj9,10] and observed experimen- frequencywy) is driven by another laser fielc (frequency

tally [11] in three-level atomic systems inside optical cavities®2) called coupling field in this work. The atomic dynamics

in recent years. of the system can be described by Fhe L|ou.V|IIe equation for
In the literature, the possible realization of optical multi- the density operator and the density matrix equatidrs

stability (OM) has also been mentioned, which involves in_wnh_ all decay terms included under rotating-wave approxi-

teraction of a nonlinear medium with two different optical mation are

fields. In particular, Kitand12] reported optical tristability

in a three-levelA -configuration interacting with two differ-

ent modes of cavity under the limiting condition of large

atomic detuning and no saturation. This work was general-

ized by Savaget al.[13] to include saturation in the disper- {0\ Y e

sion limit, and they predicted that the asymmetric state be-

comes unstable and gives rise to self-oscillations and a

different kind of optical turbulence. Later on Arecaodt al.

[14] included the effect of ground-state coherence and re-

11>

*Email address: ajoshi@uark.edu FIG. 1. Schematic diagram of a three-level V-type atom.
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= 7V y1Y2(p32t p2a), _%uLﬂ N IAW
M1 N\ M2
p33= —2v2p33t10c(p13—p3) = 7V y1Y2(p3at p2a)
p12=[— y1+i(Ap+ ) ]p1o+iQcpstiQpe *(p22—p11) <
R=1 R=1
T INY1Y2P13s M3 M4
p13=(— Y2 +iAc)p1at+iQpe prtiQc(pss—pir) FIG. 2. Schematlc_:s of a unidirectional ring cavity with four
mirrors and an atomic vapor cell of length M3 and M4 are
— NY1Y2012, perfect mirrorsEL andE], are the incident and transmitted fields,

respectively, andE. represents the noncirculating coupling field.

p3o=—(y1+ ¥2)parti(Ap—Act 8)paytiQcpas _ . ) . N
As discussed befordsp is the probe field circulating in

—iQp€ 31— 7V Y1 ¥2(P22+ P39, the ring cavity andE¢ is the coupling field that does not
) ) _ circulate in the cavity. So, the dynamics of the probe field in
p11= — (P22t p33)- &Y the optical cavity is governed by Maxwell’s equation, which,

) ) ) _ under slowly varying envelope approximation, is given by
In these equations the atomic detunings are defined as

Ap=wy— w1, Ac= w3~ w,, and the probe-coupling field JEp  JEp .

frequency detuning i$= w; — w,. The Rabi frequencies for o TC, ~2meidipP(wy), ()
the probe and coupling fields afeép=d,-Ep/f and Q¢ _ _ _ _ o N
—d,s Ec/#, respectively. The transition dipole moments N which P(w,) is the induced polarization in the transition

d,, andd;3 can be non-orthogonal and the parametenea- |.1>_)||2> and is given byP(wy)=Ndyz;,. The coherent
) : i - - field E, enters through mirroM 1, interacts with the atomic
sures their alignment, i.e.,p=(dq,-dy3)/(]d1q-|d13)

> 7 sample of lengthL, circulates in the cavity, and partially
=C0s(f). The term7yy1y, accounts for the Spontaneous ¢, mes oyt from the mirrok2 asEb . The probe field at the

S{m;s:)%r:v\jgggcsgig;ggt;:gggéesggrﬁ]nfﬁee;e;;k%ﬁ|t10> COUstart of atomic sample i§p(0) and propagates to the end of
§ o the atomi le to bER(L,t) i ingl . The field
and|3)—|1), and »#0 for 6+ m/2. The ability of control- e atomic sample to bEp(L,1) in a single pass. The fie

. . boundary conditions in this configuration are
ling » has been experimentally demonstrated recelily y 9

The quantum interference terms in E() represent the EL(t)=VTEp(L,t),
physical situation in which a photon is emitted virtually in
channel|2)—|1) and its virtual absorption in channgl) Ep(0)= VTEL(t) + RE(L,t— At), ()

—|3) or vice versa. Note that the Rabi frequencies also de-
pend on angle. For the sake of convenience in comparisonwhereAt is the time for light to travel fronM2 to M1 and
with different values of¢, the Rabi frequencies are kept the cavity detuning is assumed to be zero. It should be noted
unchanged by suitably adjusting the field strength for thishat it is the feedback mechanism due to the mirrors for the
purpose. In the absence of coupling field the quantum intemonlinear atomic medium, which is responsible for the
ference terms are significant provided the separation of thgistable behavior, e.g., we do not expect any bistability when
upper two levels of V system is aboyt (or y,). However, R=0 in Eq.(4) above. In the three-level case, the coupling
with the presence of the coupling field this condition is re-field can enter the cavity through a polarizing beam splitter
laxed[15]. and copropagates with the cavity field in the atomic cell as in
The bistable behavior of the above-described atomic sysRef. [11]. The diameter of the coupling beam is assumed to
tem (N such atompwill be investigated in the unidirectional be much larger than the cavity field.
cavity (optical ring cavity, as shown in Fig. 2. The intensity |t is rather difficult to haveP(w;) in a simple analytic
reflection and transmission coefficients of mirrdsl and  form in steady state for the three-level atomic system in
M2 areR andT, respectively, such th&+T=1. For sim-  comparison with a two-level case. Therefore, we solve the
plicity, we assume that both the mirro3 andM4 are density matrix equations numericalljl5] and integrate
perfect reflectors. This kind of model is a standard one foMaxwell's equation(3) over the length of the sample to-
studying OB[7]. The three-level atomic system whose dy- gether with the boundary conditions to get the results for OB
namics is described by equations in Et).is a collection of  under various parametric conditions. It should be noticed that
N homogeneously broadened atoms contained in a cell df the limiting condition ofQc—0, this system reduces to
lengthL. The total electromagnetic field seen by these atomshe ordinary two-level atomic system.
is We now present details of our numerical studies. In Fig. 3
o R we plot the bistable behavior of the three-level V-type system
E=Epexp —iwit)+Ecexp —iw,t)+c.c. (2 subjected to the effect of quantum interference. For this pur-
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FIG. 3. The input-output field characteristics of the optical cav-  FIG- 5. The input-output field characteristics of the optical cav-
ity field for different values of quantum interference. The paramet-tY field for different values of coupling field strength. The paramet-
ric conditions arey,/y;=1, Qc/y,=10, Ac/y,=—4.1, Aply,  "c conditions arey,/y;=1, Ac/y1==1.0, 7/y,1=0, Ap/vy,
=0, 6/y;=—0.1, andC=400. CurvesA, B, and C are for % =10.0, 6/ y;=—1.0, andC=200. CurvesA, B, C, D E F, andG
=0.0, 0.5, and 0.99, respectively. are forQc/y,=1, 3,5, 7,9, 11, and 20, respectively.

pose, we have selected some typical parametric conditionshe relative strengths of various parameters associated with
e.g., valyi=1, Qcly,=10, Acly,=—4.1, Ap/y,=0, the three-level atom®,16]. The observed OM has certainly
6ly;=—0.1, andC=400. The cooperativity paramet€  the roots in this complicated form of polarizati®{w,) in

for atoms in a ring cavity is defined &= «L/2T (in which  terms of the probe field amplitud@p .

al represents single-pass absorption by atomic medium  One of the advantages of three-level system over a two-
CurvesA, B, andC are for »=0 (no quantum interferenge  |evel one is the additional controllability offered by the cou-
7=0.5 and »=0.99 (large quantum interferengerespec- pjing field. By adjusting the coupling field strength, one can
tively. Clearly, the quantum interference reduces the bistayjter the absorption and nonlinear optical properties of the

bilty threshold (the point where transition to upper branch 415 mic medium for the cavity field and, therefore, change the
takes placg which can be easily explained by reduction in steady-state behaviors. Figure 5 shows another way to
effective saturation intensity since quantum interference sup;

gy ) achieve OM by varying the coupling field strength without
presses the radiative decay. rate frih to |1). By keeping the quantum interference in the two decay channels. So, the
all the parameters same as in Fig. 3 except With, =0 and

redrawing curvesA, B, andC in Fig. 4 we get yet another situation is like two-level atoms subjected to an additional
change in the bistable behavior. We do observe reduction o(fouplmg field on the second channel operating on the com-
threshold as we go from curvA (5=0) to curveB (7 mon lower level. We have kept the system parameters as
=0.5) due to the quantum interference. But whes 0.99 7’2_/7121’ Ac/y1=-1.0, Ap/y,=10, 6/y,=-1.0, and
(curve C), a multistable pattern emerges. For the two-levelc_zoo_' The curvesA, B, C, D, E F, and G, are for
atoms, the atomic polarization responsible for OB is a ratio*c/721=1, 3,5, 7, 9, 11, and 20, respectively. As the cou-
of polynomials of first order inp (in the numeratdrand pling field strength increases, threshold for OB decreases be-
second order if)» (in the denominator However, the order ~Cause the coupling field will modify the absorption and en-
of these polynomials can go high@rder 5 in numerator and hances the nonlinearity of the atomic medium, which makes

order 6 in denominatgrfor three-level atoms depending on the cavity field easier to reach saturation. When the coupling
field becomes too large, the multistable behavior disappears

75 - again due to the reduction in nonlinearity in such case. The

origin of OM is same as discussed above and this time it is
. 601 occurring without the presence of any quantum interference
F:.; effect in the decay channels.
5 457 In summary, we have demonstrated the controllability of
2 304 A B atomic OB by using the theoretical model of three-level at-
5 oms in V-configuration inside an optical ring cavity. The con-
£ 154 trolling parameters are the quantum interference in the decay
o c channels whose tunability has been experimentally demon-
0 0 20 40 6'5 80 100 strated and the coupling field intensity. The possibilities of

| obtaining OM are also discussed, both by quantum interfer-
Input Field (Q;) ence and by tuning coupling field strength, which indicate
the rich and interesting phenomena in this three-level atomic

FIG. 4. The input-output field characteristics of the optical CaV'system inside an optical cavity.

ity field for different values of quantum interference. The paramet-
ric conditions are same as in Fig. 3, excépy,;=0. CurvesA, B, We acknowledge the funding support from the National
andC are for =0.0, 0.5, and 0.99, respectively. Science Foundation and the Office of Naval Research.
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