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Abstract. A new scheme of the influence of quantum interference on the spontaneous emission in a coher-
ently driven three-level medium is presented in this paper. The results are the same with that discussed
by [S.-Y. Zhu, L.M. Narducci, M.O. Scully, Phys. Rev. A 52, 4791 (1995)] under resonance conditions, but

they are different when the driven field is detuned.

PACS. 42.50.Ct Quantum description of interaction of light and matter; related experiments —
42.50.Lc Quantum fluctuations, quantum noise, and quantum jumps

1 Introduction

Quantum interference in atomic systems in spontaneous
emission can lead to many novel effects. Quenching of
spontaneous emission [1-3] has been discussed for many
years, where the coherence which is induced from spon-
taneous emission process is used for the preparation of
the atom. Lately there are many related works in this
field, including the modifications to spontaneous emis-
sion, resonance fluorescence, probe absorption spectra,
and photon statistics [4-9], which are considered in V-type
atoms [6-8], A-type atoms [9] and four-level atoms [5],
respectively.

In this paper we investigate the effects of quantum in-
terference on the spontaneous emission in a X-type atom
— a model similar to reference [10], but with different cou-
pling schemes. In reference [10], the spontaneous emission
from the excited to the ground state when either of them
is coupled to another excited state by a coherent field was
discussed. In this paper, we study the spontaneous emis-
sion between two excited states when either of them is
split into Autler-Townes doublets by the action of a coher-
ent field. We find that the results are the same with that
of reference [10] under resonance conditions, but they are
different when the driven field is detuned.

2 Simplified models
and spontaneous-emission spectra

The setting of interest is illustrated schematically in
Figure 1. Because the calculation strategy is somewhat
different in the two cases for reasons of convenience, we
consider each separately and, for ease of nomenclature,
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Fig. 1. Schematic representation of the atomic configurations
discussed in this paper; (a) upper level coupling and (b) lower
level coupling. In both cases 2y denotes the Rabi frequency of
the external driving field, and wy its carrier frequency. The dot-
ted line indicates the spontaneous decay process that generates
the spectrum of interest.

we refer to the configuration of Figure la as the “upper
level coupling” while we refer to that of Figure 1b as the
“lower level coupling”.

In the setting of Figure la: the excited atomic state of
interest, level 3, is coupled by a coherent field to another
level of the atom, level 1 in this case, and it undergoes
spontaneous emission to the level 2 as a result of the in-
teraction of the atom with the vacuum. The second situ-
ation is illustrated schematically in Figure 1b: the atomic
level 2 is coupled by the coherent field to the level 1, while
level 3 decays to the level 2 by spontaneous emission. In
the two simplified models we ignore both the mechanism
by which the atom is placed in its initial excited state and
the spontaneous relaxation of the atom from level 3 and
level 2 to level 1.
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2.1 Upper level coupling

With reference to Figure 1a, in the interaction picture the
Schrodinger equation for the driven atom is

d i
=W (8) = — Hy [0 (1)) (1)
where
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and where the detuning parameters §;, Ag are defined by

(Sj = Ww; — w32, AO = wo — W31- (3)
We assume that the state vector of the system at time ¢
have the form

() = Cu(0)10) 1)+ C5(0) 00 18) + 3 Cos 7 10) 12)
: (1)

where |0) denotes the vacuum of the electromagnetic field,
and the initial values of the expansion amplitudes are
C;(0) = 0, and C1(0), C5(0) are arbitrary (apart, of
course, for the normalization requirement).

Upon substituting equation (4) into equation (1) and
after some simple steps, we arrive at the following first-
order differential equations for the expansion amplitudes:

Caj () = —g;e¥tC5(1) (5a)
Cs (t) = 2oe7 2001 (1) + Y ;e 7' Chs(t)  (5b)
C1 () = =05t Cy(t) (5¢)

which we can solve along the lines of the traditional ap-
proach of Weisskopf and Wigner [11], as shown in some
detail in Appendix. The initial conditions are

C3(0)=1, C1(0) =0. (6)
The required results are
Ci(t — o0 0 (7a)
Cs(t — 00) =0 (7b)
i(d; — o)

1207 =32 + Aod; — (6, — A0)/2]
(7c)

where v = 27 D(w32)g%(ws2), D(ws2) is the vacuum den-
sity of models calculated at the atomic transition fre-
quency. In this calculation we have ignored the small
vacuum-induced frequency shift at the transition fre-
quency wss.
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The spontaneous-emission spectrum, S(w), is propor-
tional to the Fourier transform of the field correlation
function

<E<*>(r,t+T)E<+>(r,t)> =

t—o00

() | EQGt+nED ) |e@m) (®)

t—o0
where, in a finite quantization volume, the positive and
negative frequency parts of the electric field operator are
given, respectively, by

1/2
E(+) 7“ t Z (25 V) €jbj eXp[i(Kjr - th)]
— 0
(9a)

EO (1) = [EDn)]" (90)

and where the asymptotic form of the state vector is

Z 021 |2>

(10)

|&(t — o0))

with

301G (e = 1 (1)

After substituting equations (9a, 9b, 7c) into equation (8),
and after carrying out the infinite volume limit, we arrive
at the required result

S(w) o [Ca
2 (6 — Ag)?
(6% — 600 — [20]*)2 + (7/2)2(8 — Ao)?

with §; replaced by 6 = w — w32 in equation (7c).

(12)

=g

2.2 Lower level coupling

For the setting illustrated in Figure 1b, we introduce the
dressed atomic eigenstates |«) and |3) in the interaction
picture, defined by

la) = ie'?sin @ |1) + cos|2),

|3) = —ie 7% cos @ |1) + sin 6 |2) (13)
where
2 = |2 ' (14a)
sing = 1l (14b)
A2+ |92
cosf = 42| (14c)

VAZ + (2]
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and the corresponding eigenvalues A\, and Ag are given by

A PAY: 1

Ao ==+ (F+ 1202, (152)
A PAY: 1

As == = (3 +1l)* (15b)

The initial conditions C5(0) = 1, ;(0) = 3;(0) = 0, for all
values of j. After simple calculation as done in Section 2.1,
the asymptotic form of the state vector can be expressed as

7 (t — o0)) Z% 0) ) +Zﬁg ()05 10) |3)
(16)
where
o—idat
(t — = 1
a;(t — 00) gcosefy/Qii()\aJr(ster) (17a)
e—ikgt
(t — = gsi 1
B;(t — o0) g81n97/271()\ﬁ+6j+A0) (17b)
with
v = 27[cos? 0D (w3z — Ao )9 (w32 — Aa)
+sin? 0D (w32 — Ag)g?(wa2 — Ag)]- (18)
The spectrum of the spontaneously emitted light is
$ (@) o< (Jow(o0)* +18u(o0)l*)
_ cos? 0 n sin? @
(/22 (6 Ao+ Aa)? T (7/2)2 4 (6 + Ao + Ap)?
(19)

with §; replaced by § = w — was.

3 Discussion of the analytic results

While greatly simplified in nature, the models discussed
in the preceding section contain the essential physical fea-
tures that we wish to emphasize in this paper.

In the case of upper level coupling when the driving
field is at the resonance with the 3—1 transition, the equa-
tion (12) shows that the emission line is split symmetri-
cally around § = 0; the two side lobes have equal heights
and the maxims are located at 6 = &+ |2|. Furthermore,
the full width at half maximum of each of the side lobes
is given approximately by

12/
(v/2)?

in the limit in which |[£29] < /2. Hence, it follows that
in the presence of a coherent driving field, even with an
arbitrarily small amplitude and detuning, the emission
spectrum is split into two parts. Two examples are shown
in Figure 2 under resonance conditions for two different

Aw = (1 + 5) +0(|2[") (20)
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Fig. 2. Spontaneous
emission spectrum S(w)
for the upper level cou-
pling case with Ay = 0,
v = 1.0 and (a) 2 =
0.3, (b) 2 = 3.0.
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S
24
Fig. 3. Spontaneous
emission spectrum S(w)
for the upper level cou-
0 i . pling case with 20 = 3,
-10 10 15

v = 1.0 and (a) Ao =
Wy, 1.0, (b) Ao = 5.0.

values of the driving field strength (note that in all the
spectral displays, for simplicity, we have set the coupling
constant g equal to unity).

When the driving field is detuned away from the ws;
transition frequency, the effect is illustrated in Figure 3
for a fixed value of the driving field Rabi frequency and
two different positive values of the detuning parameter
Ag. This figure shows that while the peak heights of the
two spectral components remain the same, an increase of
Ag > 0 broadens the width of the left half of the spectrum
and narrows the width of the spectral component on the
right one. The situation is reversed, relative to the origin of
the frequency axis, if the detuning parameter is negative.
In the limit in which |Ag| > |£20], the full widths at half
maximum of the right and left peaks in Figure 3 are given

approximately by
1 2
Awy, = 37 (1 - ) (21)

(the subscripts R and L in Eq. (8) denote right and left,
respectively).

In the case of the lower level coupling (Fig. 1b),
the fluorescence spectrum is the incoherent sum of two
Lorentzian lines, see equation (19), each component has a
full width at half maximum, . On resonance, the two lines
have the same heights, as illustrated in Figure 4, while out
of resonance one of the lines becomes more intense relative
to the other (see Fig. 5).

Under resonance conditions, when the strength of the
driving field decreases and eventually approaches zero, the
frequency spacing between the dressed doublets vanishes
for both cases. It is clear that, eventually, the spectra in
both the upper and lower coupling schemes will have to
approach the usual Lorentzian distribution function. This
is true, indeed, but their approach to the Lorentzian shape
is very different. In the case illustrated in Figure la the
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Fig. 4. Spontaneous
emission spectrum S(w)
for the lower level cou-
pling case with Ag = 0,
v = 1.0 and (a) 2 =
W, 0.3, (b) 20 = 2.0.

3,
S(w) o) )

2] : Fig. 5. Spontaneous
i emission spectrum

1] () S(w) for the lower
P level coupling case

ol S N K with 20 = 3,7 = 1.0

20 15 0 5 0 5 10 apd (a) Ag = 1.0, (b)

W0, Ao = 10.

spectrum is always split into two side lobes with a dark
in the middle, which disappears only in the absence of the
coherent driving field, as shown by curve (a) in Figure 2. In
the case of the lower level coupling, as the Rabi frequency
of the driving field decrease, the dip that separates the two
side lobes becomes smaller until, eventually, it disappears
when |£25] becomes of the order of a few tenths of ~ for
Ao =0 (see curve (a) of Fig. 4).

When the magnitude of the detuning parameter Ag
increases, the spontaneous-emission spectra are again to
approach a Lorentzian shape, as the effect of the driving
field becomes less and less pronounced. This continues to
be true in both cases, but the approach to the Lorentzian
emission line is again very different for the two models.
This is apparent from the results shown in Figures 3 and 5.

We must stress that these results apply, strictly speak-
ing, only to the idealized models analyzed in Section 2,
where we have ignored the effects of the pumping mech-
anisms which are needed to prepare the atoms in their
initial state, and the possible influence of additional com-
peting decays. These effects will be described in more de-
tail in the following section.

4 A more realistic model

It is surely not too realistic to expect that the atom can
be placed in its initial excited state just at it enters the
interaction region. What can be accomplished more easily
in a practical setting is to let the interaction of the atoms
with the driving fields begin at some arbitrary time, for
example when an atom from an atomic beam enters the
region occupied by the driving fields, and then to monitor
the fluorescence spectrum under steady-state conditions,
as done typically in resonance fluorescence studies.

For this purpose we consider an extension of the mod-
els illustrated in Figures 1a and 1b, which includes a sec-
ond coherent driving field, {21, at or near resonance with
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the 2-3 transition and also an incoherent pump mecha-
nism characterized by a pump rate Wa3. The reason for
these modifications is to monitor explicitly the effect of the
pumping process on the pure interference effect. Further-
more, we also include the remaining spontaneous decay
processes at the rates W;;, where 7 is the starting and j is
the terminal level of the decay. The coherent driving field,
which is already part of the simplified models, continues
to be applied to the same pair of level and to be denoted
by the Rabi frequency (2.

It is no longer practically feasible to handle the ex-
tended models by the Weisskopf-Wigner method (state
vector method). It is much easier, instead, to describe
the atomic evolution by the standard master equation ap-
proach and to derive expressions for the spontaneous emis-
sion spectra with the help of the regression theorem [12].
The drawback of the increased generality of the models
is that it is no longer possible to identify by inspection
the terms responsible for quantum interference, although
their presence is obvious from the final numerical results.

We begin with the upper level coupling case. In the
presence of a second coherent driving field connecting lev-
els 2 and 3 of Figure 1a the interaction Hamiltonian in the
interaction representation takes the form

Hi(t) = —hdo [3) (3] — (Ao — A1) |2) (2

+1R(20[3) (1] — 25 [1) (31) + h(52113) (2] — 25 [2) (3))
(22)

where A is defined as in equation (3), and

Al = W1 — W32. (23)
The calculation is based on the master equation and the
regression theorem along the lines of reference [13]. The
relevant equations of motion for the matrix elements of
the density operator (in the interaction representation)
can be written in the form

d
el N (24)
dt
where
Uy =p12, Ya=p13, Y3 =pa1, Yy= pao,
Us = pa3, W6 =p31, Yr=p32, Ys=p33.  (25)
The matrix L has the explicit form
L =
—Iis -1 0 0 0 0 - 0
Qr —Ins 0 - 0 0 0 —20;
0 0 —Iy 0 —20 -2 0 0
0 0 0 —Wa —Was —4 0 —022 0
o 0 o —Is 0 0 -
0 0 .Ql —.Q() 0 —F31 0 —291
.QO 0 0 .Ql 0 0 —1I3o 791
0 2 0 Was Q1 Q7 —Way — Wiy
(26)
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where

Ig = m12 +1(Ag — Aq),
Iy = y21 —i(4p — 4Ay),
I'31 = 31 — 1Ay,

'Yij:_z

the inhomogeneous vector I has nonzero components

I3 = 113 + 14,
I3 = 723 + 1A,
I35 = 30 — 1Ay, (27)

ik + Wik) (28)

I, = _QS, 16 = _Qo. (29)

The required spectrum is proportional to the Fourier
transform of the two-time correlation function

T, t0) = (PO ()PP (1)) (30)
where PUH = piggbd by, PO = [P(O] "

Equation (24) must be calculated in steady state, i.e.
under the double limit

tg, t1 —oo, ti—tog=7>0 (31)

where 7 is arbitrary. Following the same procedure as de-
scribed in reference [13] leads to the result

rY(r) = sy [ (") 55 s (00) + (") 5, Wr(o0)
8

+ (eLT)55 Ws(o0) + /OT dr’ Z(eL(T_T/))MIjQﬁ(oo)}
g (32)

where
== (L7 (33)

j=1

denotes the ith stationary matrix element of the density
operator, according to the notations introduced in equa-
tion (25).

After elimination of the coherent part, the spectrum
of the radiated fluorescence is given by

A1)

S(W) = Re Fincoh (Z) |z:iw (34)

AL
where ', con (2), the so-called incoherent part of the

Laplace transform of I"")(z), has the explicit form

P (2) = Maa(2)(00) + Moy (21
+ Mss(z )+ ZN5J )L Wr(c0)  (35)
and where
Myy(2) = [ = D)7, N2 = |27 - D) 7]
(36)
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For the case of the lower level coupling the interaction
Hamiltonian is given by

Hi(t) = —h(A1 + Ao) 3) (3| —
— 05 1) (2]) +ih(21 |3) (2] -

hAo|2) (2| +ih(£2 |2) (1]
2 12) @) 637
With the same assignment of the components of the vector

¥ as given by equation (25), the new matrix L takes the
form

L =
—TIa =21 0 — 025 0 0 0 — 025
27 —-Ing 0 0 —2¢ 0 0 0
0 0 —Io —28 0 -2 0 -
20 0 —.QS —Wso1 — Wag —82q 0 — 0
0 20 0 027 —Ib3 O 0 — 07
0 0 24 0 0 —I's1 —$2 0
0 0 0 (o2} 0 25 —Ia2 -
0 0 0 Was 2, 0 27 —Waa — Way
(38)
where

I'o = 12 + 140, N3 =713 + (Ao + A1), [o1 =721 — iAo,

Iy = 7ya3 — 141, I31="y31 — 1(Ag + A1), 32 ="y30 — 14g
(39)

and the inhomogeneous vector I has nonzero components

L =18y, I3s={. (40)
With the chosen notations, the fluorescence spectrum is
given again by equations (34-36).

Of course, the inclusion of the additional driving fields
and decay pathways and the incoherent pump processes
changes the structure of the ideal spectrum discussed in
Sections 2 and 3, but the differences are mainly quan-
titative unless the added decay rates become too large
in comparison with the Rabi frequency 2o. With a care-
ful selection of the atomic levels it should be possible to
display evidence of the essential differences between the
upper and lower level coupling, at least as quantum in-
terference effects are concerned. As an example we show
the fluorescence spectra from two identical sets of atoms
with the same driving field {2y applied to the transition
1-3 of Figure la and 1-2 of Figure 1b. In both cases a
second weaker field is responsible for creating the initial
state of excitation whose spontaneous emission yields the
calculated spectrum. The results are shown in Figures 6
and 7, respectively, and are certainly quite different from
each other in spite of the fact that all the parameters of
the problem are identical in the two cases. Also, the qual-
itative similarity with the results shown in Figures 2 and
4 should be immediately apparent, in support of our pre-
vious claims to the effect that the inclusion of additional
complications should not alter the appearance of interfer-
ence effects to the point of making them unobservable.

From above discussion we can see that quantum in-
terference exist in the case of upper level coupling, but
it does not in the case of lower level coupling and its
spectrum is the incoherent sum of two Lorentzian lines.
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Fig. 6. Spontaneous emission spectrum S(w) for the upper
level coupling case with 20 = 0.1, £2; = 0.001, Ao = A; =0,
Wa1 = 0.01, Was = 0.1, W31 = 0.01, and W32 = 0.1.

Fig. 7. Spontaneous emission spectrum S(w) for the lower
level coupling case with 20 = 0.1, £2; = 0.001, Ao = A; =0,
Wa1 = 0.01, Was = 0.1, W31 = 0.01, and W32 = 0.1.

If the spontaneous decay of the state 2 to 1 is included,
the interference can appear in the lower level coupling.
The transition of state 2 to 1 produces a new pathway,
which makes the interference possible. The origin and the
restoration of missing interference in emission is also stud-
ied by reference [14].

Appendix
The purpose of this appendix is to sketch the solution of

the coupled amplitude equations (5) following a straight-
forward generalization of the Weisskopf-Wigner procedure
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[11]. We start by deriving explicit formal solutions of equa-
tion (5a)

t
ng (t) = Ogj (O) — gj/ elé]t C3(tl)dtl. (Al)
0

After imposing the initial conditions, substitution of equa-
tion (A.1) into equation (5b) yields

Cs (1) = Qo™ M0y (1) + Y gy
j=1

t
—gj/ 9t Ca (1) dt. (A.2)
0

Next, we solve equation (A.2) along the lines of the tradi-
tional approach of Weisskopf and Wigner, with the result

O (t) = oe 2t (t) + %vcg(t) (A.3)

where 7 = 27D(ws2)g?(ws2), D(ws2) is the vacuum
density of models calculated at the atomic transition
frequency.

After replacing C3(t') on the right-hand side of equa-
tion (A.1l) with the solution of equations (A.3, 5c), and
carrying out the elementary integration, equation (7c)
follow, in the longtime and infinite volume limits.
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