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Strong Correlation of Fluorescence Photons without Quantum Interference *
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It has been predicted that a driven three-level V atom can emit strongly correlated fluorescence photons in the

presence of quantum interference. Here we examine the effects of quantum interference on the intensity correlation

of fluorescence photons emitted from a driven three-level A atom. Unexpectedly, strong correlation occurs without

quantum interference. The quantum interference tends to reduce the correlation function to a normal level. The

essential difference between these two cases is traced to the different effects of quantum interference on coherent

population trapping (CPT). For the V atom, quantum interference and coherent excitation combine to lead to
CPT. For the A atom, however, the quantum interference tends to spoil CPT while the coherent excitation

induces the effect.

PACS: 42.50. Ct, 32.50. +d, 32. 80. Qk

Atomic coherence and quantum interference have
led to many novel effects such as coherent pop-
ulation trapping (CPT),[1? electromagnetically in-
duced transparency,®?¥ lasing without population
inversion,[®6] a variety of novel nonlinear opti-
cal processes,[”8] and modification of spontaneous
emission.[%19 Recently, Swain et al. have suggested
that a three-level atom can emit strongly corre-
lated fluorescence photons in the presence of quantum
interference.'Y) The intensity correlation takes values
of the order of hundreds and thousands, whereas the
corresponding maximum in the absence of quantum
interference is at a ‘normal’ level (values of the or-
der of unity). We note that the quantum interference
arises from the coupling of two transitions with paral-
lel dipole moments to the same vacuum modes.[12:13]
The parallel moments are difficult to find in realistic
systems because this requires that the near-degenerate
states have the same quantum numbers J and my.
In order to overcome this difficulty, one has to turn
to the equivalent realization in the dressed states
representation.!+15] In spite of this, the conditions are
still very stringent. A metastable state is required for
the additional coherent transition. Ficek and Swain
showed that the extremely strong correlation is ob-
tained by using a dc field to couple the decaying state
to the metastable state.[!8] It seems that the strong
correlation occurs only in the presence of quantum in-
terference.

Here we show that it is not always the case. We
show that strong correlation occurs without quan-
tum interference. In particular, we consider a three-
level A atom, two metastable states of which are non-
degenerate but closely spaced. The two transitions
between the excited state and two metastable states
have perpendicular dipole moments. A strong coher-
ent field is applied to both the transitions. The fluo-
rescence photons exhibit strong correlation. As a com-

parison, when quantum interference is assumed to be
existent, the correlation becomes normal. The mech-
anisms for different systems are compared. We note
that the extremely strong correlations are associated
with but do not exactly occur at CPT. For these two
systems quantum interferences play completely differ-
ent roles. For the V' system, CPT occurs only when
quantum interference and coherent excitation combine
to take effect. For the A system, CPT is induced sim-
ply by coherent excitation but the quantum interfer-
ence tends to destroy the coherent effect.

The three-level A system is shown in Fig.1. The
two metastable states are not degenerate but closely
spaced to each other. A single laser field of frequency
w is coupled to both the transitions |1) — |3) and
|2) —|3). It is obvious that conditions for CPT cannot
be exactly satisfied. The master equation for the re-
duced density operator p is derived in an appropriate
rotating frame and in the dipole approximation as!'”]

d i
d_;’ = —2[H.pl + L1p+ Lap+ Lizp, (1)

where

H = —hA1011 - hAzCTzz - h(ﬂla'lg + 92023 + H.C.),
(2)

is the system Hamiltonian, and
it
Lip= 5(20131)031 — 033p — pO33), (3)
and
Y2
Lop = ?(2023@732 — 033p — pO33), (4)

describe the spontaneous decays from state |3) to |1)
and |2) with rates v; and 7, respectively. For compar-
ison, we include quantum interference in the present
system

Li2p = By/7M172(013p032 + 023p031), (5)
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which arises the coupling of the two transitions |1)—|3)
and |2) —|3) to the same vacuum when the two dipole
moments are not perpendicular to each other. The pa-
rameter  accounts for the mutual orientation of the
two dipole moments; 8 = 0 is for the perpendicular
dipole moments and 3 = +1 for parallel or antiparallel
dipole moments; o; = |k)(l| are the atomic projection
operators for k = [ and the flip operators for k # [
(k,l =1,2,3); 2Qy = py - E/h and 2Qy = p, - E/R
are the Rabi frequencies, where FE is the field am-
plitude, p; and py are the atomic dipole moments.
Ai = w31 —w and Ay = w3y —w = A7 — woy are
the atom-field detunings, where ws; and wss are the
atomic resonance transition frequencies, and ws; is the
level spacing between the two metastable states. The
set of equations for the density matrix elements are
derived as follows:

dp11/dt =v1p33 + Q1 p31 — Q1 p13, (6)
dpsz/dt = — (y1 + v2)p33 +iQ1p13

— 1§01 p31 + 822 p23 — 2232, (7)
dpi2/dt =iws1p12 + By/V172P33

—iQ22p13 + 1821 p32, (8)
dpiz/dt = — [%(’Yl +72) — iAl}plS

—1Q2p12 + Q1 (p33 — p11); (9)
dpas/dt = — [%(’Yl +72) — iAz}st

— Q1 p21 + 1Q2(p33 — p22)- (10)

Fig.1. The three-level A system. Here |i) (z = 1,2,3)
represents the atomic levels, ; are the decay rates and
Q; are the Rabi frequencies (j = 1,2).
The normalized
function is given by

- - +
()= i B QBB ) )
t=o0 (EC) () ECH) (£))(EC) (t+7) ECD (t+7))
(11)
For the present system, we have E(T)(t) o« D(t) =
wy013(t) + pooes(t) and E()(t) = DF(t). By relat-
ing the field operators to the atomic operators, we can
write the correlation function in the form

() — tim D Wt £ IDW)
Tl P )o@ w7

intensity-intensity correlation

By quantum regression theorem,'8! the correlation
functions (DT (t)o(t + 7)DT(t)) follow exactly the
same set of equations with respect to the time 7 for
the density matrix elements p;x(7) under the initial
conditions p;;(0)(o33(t)), where p;(0) = 0 except for

71
p11(0) = Tt (13)
72
p(0) = 1+’ (14)
p12(0) = p21(0) = CAATRES (15)

Y1+ 72

Thus we express the normalized intensity-intensity
correlation function as

_ p33(T)
62(7) = P33

where p33 and ps3(7) are the steady and transient
state population at the level 3, respectively.

In the following numerical calculation we scale the
Rabi frequencies, the detunings and the decay rates
in the units of ¢, and the time is in units of vfl
The intensity correlation function g(7) is plotted in
Fig.2 for (a;) 8 =0, wa; =1, (a2) 8 =0, wy = 2,
(b]_) ﬂ = 1, W21 = 1, (b2) ﬁ = 1, Wo1 = 2. The pa-
rameters are chosen as vo = 1, 21 = Q5 = 5, and
A = w12/2. In the absence of quantum interference,
the correlation function takes its maximal values of
41.8 and 10.8 for wy; = 1 (a;) and we; = 2 (ag), re-
spectively. These maximal values increase with the
decreasing level spacing wg;. The condition for the
large values of correlation function is in sharp contrast
to the case of the three-level V system, where strong
correlation occurs only in the presence of quantum
interference. For the present system, once in the pres-
ence of quantum interference, the correlation function
is smaller than the maximal value 2, as shown in (b)
and (bg) in Fig. 2, which is similar to the usual case
of the two-level system.

The physical mechanisms can be understood by
examining the effects of quantum interference in two
different systems. It is well known that no CPT occurs
for the V system in the absence of quantum interfer-
ence. This is due to the decoherence between the two
excited states. Only in the presence of quantum in-
terference, CPT is possible. Nearly but not exactly
at CPT (for example, one can take § = 0.99),l'!] a
strong correlation is obtained. On the other hand, it
is well known that CPT appears for the A system just
when coherent excitation is employed. For small two-
photon detunings Ay — Ay = wy; K Q1 = Qo, the
system is nearly at CPT. For the cases in Figs. 2(a;)
and 2(ap), the excited state populations at the steady
state are 9.896 x 1072 and 3.834 x 10~2, respectively,
which are near but unequal to zero. In such cases,
strong correlation occurs. In the presence of quantum
interference, however, CPT is seriously destroyed. For
the cases in Figs.2(by1) and 2(bsy), the excited state

|p1k(0)7 (16)
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populations at steady state reach 0.491 and 0.481, re-
spectively. This was verified by Javanainen.!!®! By
comparison, the quantum interferences have different
effects on CPT in the different systems. For the V

system quantum interference leads to CPT while for
the A system tends to spoil CPT. For this reason the
three-level A atom emits strongly correlated fluores-
cence photons without quantum interference.
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Fig. 2. Intensity correlation function g2(7) for (a1) 8 =0, wa1 =1, (a2) B =0, w21 =2, (b1) B =1, w21 =1, (b2) B =1,
w21 = 2. Other parameters are shown in the text. The steady state populations p33 for the various cases are shown.

In conclusion, we have shown that fluorescence
photons emitted from a driven three-level A system
exhibit strong correlation without quantum interfer-
ence. This is in sharp contrast to the case of the V'
system, where strong correlation appears only in the
presence of quantum interference. The physical mech-
anisms responsible for the essential difference lie in the
fact that the quantum interferences have different ef-
fects on CPT in the two systems. For the V system,
it is quantum interference that leads to CPT. For the
A system, however, CPT is induced simply by the co-
herent excitation but quantum interference tends to

destroy CPT.
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