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It is shown that in an open V-type atomic system without incoherent pumping, the spontaneously generated
coherence (SGC) can not only lead to lasing with inversion but also lead to lasing without inversion (LWT)
including at resonance of the driving and probe fields. This conclusion is much different from that obtained

in the corresponding closed V-type system.
OCIS codes: 270.1670, 270.3430.

Quantum coherence and interference in atomic systems
have led to a number of important consequences, such
as lasing without inversion (LWI)[), coherent popula-
tion trapping (CPT)[! potentiality for sensitive mea-
surements of magnetic fields?®!, electromagnetically in-
duced transparency (EIT)[®, and so on. There are many
ways to generate atomic coherence and quantum interfer-
ence. Generally, they are produced by a coherent driving
field or by initial coherence. The spontaneous emission
may give rise to a coherent superposition. This kind of
coherence can be created by interference of spontaneous
emission (usually called as spontaneously generated co-
herence (SGC)) of either of two close lying atomic levels
to a common atomic level (V-type atom)?®6] or by a sin-
gle excited level to two close lying atomic levels (A-type
atom)m. In a ladder type system, it can also be created
in the nearly spaced atomic levels casel®?]. The effects of
SGC on absorption, dispersion, population inversion and
so on have been extensively investigated recently. For
example, Menon and Agarwall'®!] have studied effects
of SGC on the pump-probe response of a A-type atomic
system and found that SGC can result in new gain fea-
tures instead of the usual absorption features and a large
refractive index with low absorption. Paspalakis et al.l*?!
have shown that SGC can lead to large modification
of the dispersion and absorption properties in a V-type
atomic system. Paspalakis et al.['3] have also studied the
consequences of SGC in the propagation dynamics of a
short laser pulse in a V-type medium and found that un-
der specific conditions, the (otherwise opaque) medium
becomes transparent to the laser pulse. Gong et al.l"14]
have shown that in the A- and V-type atomic systems the
unexpected population inversion can be achieved due to
SGC. Xu et all'® have investigated the effects of the
coherence on the transient process in the A- and V-type
systems, respectively, and found that the transient gain
(absorption ) properties can be dramatically affected by
such coherence. Liu et al.*® have shown that in a A-type
system, in the case of small dephasing, instead of EIT at
resonance, electromagnetically induced absorption (EIA)
can occur due to this coherence. For a four-level double-
V laser without inversion, Hu and Peng!!'”] have revealed
that SGC can lead to intensity noise squeezing. How-
ever, all these studies are for the closed atomic systems.
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In this paper, we analyze the effect of SGC on the gain
and populations in an open V-type atomic system with-
out incoherent pumping.

The system considered here is shown in Fig. 1. The ex-
cited state |2) is coupled to the ground state |1) through
a strong driving field with frequency w, and Rabi fre-
quency 0 = fi12 - £, /h. The excited state |3) is coupled
to the ground state|l) through a weak probe field with
frequency wy, and Rabi frequency E = |ui3 - |ep/h. Both
Rabi frequencies are considered as real in this paper. The
two closely spaced upper levels |2) and |3) decay sponta-
neously to the ground state |1) with decay rates 2v» and
27vs, respectively. The atomic injection rates for levels
|1) and |2) are J; and .J3, respectively. The atomic exit
rate from the cavity is rq. An incoherent pump with a
pumping rate 2R is applied between levels |1} and |3). In
the rotating wave frame the density matrix equations of
motion for the system can be written as

p11 = 272p22 + 273p33 — rop11 — i2p12 — p21)
—iE(p13 — p31) + 2R(p3s — p11)

+2p\/7273(pas + p32) + J1, (1)
P22 = —(272 + 70) p22 — P/ 273 (P23 + p32)

+iQp12 — p21) + Jo, (2)

13>
12}

1
l \H.

Fig. 1. An open V-type atomic system.
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After
splitting them into real and imaginary parts, we obtain
a system of 9 algebraic equations. These equations can
be treated in all orders using the symbolic computation
package Mathemetica or Maple. The polarization p3; can
be expanded in powers of the probe field Rabi frequency
E and approximated as(?3]

reduce to a set of coupled algebraic equations.

P31 = A(Qa Y25,73,P;s R7 A27 A37 J17 J2770)
+B(,72,73,p, R, As, Az, J1, Ja,70) E, (7)
where A is the lowest order nonlinear susceptibility. The

dispersion and absorption (gain) of the medium corre-
spond to the real and imaginary parts of o031 = p3; — A,
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P33 = 2Rp11 — (273 + 2R + o) p33
—pV273(p23 + p32) +iE(p13 — p31), (3)
P23 = —[v23 +i(Az — Az)]p23
—pV/273(p22 + p33) +iQp13 — iEpay, (4)
P21 = — (21 — iQ2)p21 — P/ Y2 V3P31
+iQ(p11 — p22) — iEpos, (5)
P31 = —(v31 — 1A3)p31 — P\/V2V3p21
+iE(p11 — p33) — iQpar, (6)
constrained by pk. = panm. In the following discus-

sion, we always make J; + J» = rg for keeping the to-
tal number of the atoms as a constant. <;; stands for
the coherence decay rate on the corresponding transition
i) = 17): 23 =72 +73+R, 721 =7 +R, 31 =713+R
As(=ws; — wp) and Ay(=wa — w,) are the detunings of
the probe and driving fields from their relevant atomic
transitions, respectively. p,/9273 represents the effect
of spontaneous emission of one photon from the tran-
sition |2) — |1) and absorption of the same photon in
the transition |1) — |3) or vice versa. The physical ex-
planation is that this term is the result of quantum in-
terference of spontaneous emission from the two close
upper levels. The parameter p denotes the alignment
of the two dipole matrix elements (jis; and f13) and is
defined as p = fio1 - fl1z/(|f21]|f13]) = cosf. The pa-
rameter p plays a very important role in the creation of
coherence. If we consider linearly polarized electric fields
with the restriction that fi15 - £, = 0 and fi;3 - €, = 0,
then the Rabi frequencies are connected to the p pa-
rameter by the relation 2 = Qgy/1 — p? = Qgsinf and
E = Ep\/1 —p? = Epsinf, with Qp = |ﬁ12| |ga|/h and
Eo = || |85| /R If 715 and f715 are orthogonal, then
p=0 and Eqgs. (1)—(6) reduce to the equations for an open
V-type three level atomic system without SGC['8—22;
when J; = Jo = =0, Egs. (1)—(6) reduce to the equa-
tions for a closed V-type three level atomic system with
sGoi,

For the steady state case dpnm/dt = 0, Egs. (1)—(6)

respectively. If Im(og;) < 0, the system exhibits gain
for the probe field; if Im(os;) > 0, the probe laser
field is attenuated. When Im(o3;) and the population
difference, p33 — p11, between levels coupled by the probe
field are simultaneously negative, LWI can be realized; if
Im(o3;) < 0 and ps3 — p11 > 0, the lasing with inversion
occurs. The parameter p designates the effect of SGC.
The gain (absorption) of the probe field and population
difference will have different behaviors for different val-
ues of p.

Our numerical calculation result of the steady state
shows that the effect of SGC on the gain and populations
in the open system has some obvious difference from that
in the corresponding closed system. In the following, we
will discuss in detail the case.

First we study the case without the incoherent pump-
ing (R = 0).

Figure 2 illustrates gain (absorption) Im(c3;)/E and
the population difference ps3 — p11 as functions of the
probe detuning Aj for different values of p in the open
and closed V-type atomic systems. The parameter val-
ues used in Fig. 2 are y3 = 1, 75 = 6, Ay = 0, Qy = 20,
Ey =1and J; = J; = rg = 0 for the closed V-type sys-
tem, J; = 0.1, Jo = 0.05, rp = 0.15 for the open V-type
system. It should be noted that in Fig. 2 the values of
p33 — p11 were divided by 10.

When p = 0 (i.e., SGC is absent), Fig. 2(a) shows that
p33 — p11 < 0 and Im(o31)/E > 0 for any value of the
probe detuning Az in both the open and closed systems,
so both LWT and lasing with inversion cannot take place.
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Fig. 2. Im(o31)/E and p3z — p11 as functions of Ag for different values of p in the open and closed V-type atomic systems
without incoherent pumping. The parameter values are y3 =1, 72 =6, Ao =0, Q2 =20, Ey=1,R=0,and J = Jo =rp =0
for the closed system, Ji = 0.1, Jo = 0.05, 7o = 0.15 for the open system. In the figure, OIM (CIM) and OPD (CPD) denote
Im(o31)/E and population difference p33 — p11 for the open (closed) system, respectively.
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The values of Im(o31)/E and p33 — p11 in the open sys-
tem are nearly same as those in the closed system, except
that the maximum values of Im(o31)/F and p33 — p11 in
the open system are little smaller than the corresponding
values in the closed system.

When p # 0 (i.e.,, SGC is present), with p increasing,
different phenomena appear.

When p = 0.95 (Fig. 2(b)), for both the open and
closed systems, lasing with inversion appears in two
symmetric regions about A3z=0; but at A3=0 and in the
region near As=0, lasing with inversion does not exist.
The maximum values of the gain of lasing with inversion
and the unexpected population inversion in the open
system are obviously smaller than those in the closed
system.

When p = 0.99 (Fig. 2(c)), for the closed system, sim-
ilar to the case for p = 0.95, only lasing with inversion
can be realized and amplification of the probe field is
still impossible at A3=0 and in the region near A3=0,
however, the maximum values of the lasing gain and un-
expected population increase obviously against as those
when p = 0.95; for the open system, the case is much
different, the open system can exhibit LWI, moreover,
LWI also can occur at A3=0 and in the region near
A3=0.

In addition, our numerical calculation result shows
that when the incoherent pumping is present (R # 0),
similar to the case in the closed V-type system!'?], SGC
can result in LWI in the open V-type system, and the
LWI gain in the open system is always smaller than that
in the corresponding closed system as shown in Fig. 3,
where the parameter values are same as those used in
Fig. 2 but A3 =0 and R = 2.

The quantum coherence and interference (QCI) in
atomic system lead to LWI. Comparing with the closed
system, the present of the injection and exit rates in
the open system will obviously affect QCI, thereby will
change the behaviors of LWI of the system, so that the re-
sult obtained from the open V-type system in this paper
has some remarkable difference from that of the corre-
sponding closed V-type system studied by Paspalakis et
al..
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Fig. 3. Im(os1)/E as a function of p in the open and closed
systems with an incoherent pumping. The parameters values
are same as those used in Fig. 2 but A3 =0 and R = 2.

In conclusion, we have investigated the effect of SGC
on gain (absorption) and populations in an open V-type
atomic system without incoherent pumping and given a
comparison with the corresponding closed system. We
found that SGC can lead to lasing with inversion and also
to LWI including at resonance of the driving and probe
fields in the open system. And this conclusion is much
different from that obtained in the corresponding closed
system, in which only the lasing with inversion can be
realized, moreover any lasing cannot occur at resonance
of the driving and probe fields.
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