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In terms of quantum interference we demonstrate the physical mechanisms which lead to light am-
plification without population inversion. The similarities and differences between the two model
schemes, namely, A and V-type, are emphasized. A coherent radiation field, on one hand, which drives
one of the lasing levels, yields the quantum mechanical two paths via Autler-Townes splittings. On the
other hand, the spontaneous emission in this driving transition plays a key role in the asymmetries
between the absorption and the stimulated emission in the lasing transition.

I. Introduction

It was first pointed out by Javan [1] that certain effects
in a three-level system cannot be predicted by consider-
ing the population difference alone. The possibility of la-
sers without population inversion was noted many years
ago [2]. It was, however, away from the central attention
at that time and did not lead to any attempt of experimen-
tal realization. The current idea of lasing without inver-
sion (LWI) was proposed in the late 80’s independently
by several authors [3—5] and has been received consid-
erable attention [6]. Various theoretical models have been
examined [7], and experimental observations have also
been achieved [8] for inversionless amplification or las-
ing.

Particular attention has been paid to two among the
many models of active mediums, namely A-type and V-
type (Figure 2). However, as is pointed out by Grynberg,
Pinard, and Mandel [9], the relations between these ef-
fects in various models of an atomic system have seldom
been clarified. Since they are not identical, what can be
the basic similarities and differences in the LWI mecha-
nisms between these two models? Describing the phys-
ical mechanism in terms of quantum interference needs
quantum mechanical two paths and it is provided by
the coherent driving field via Autler-Townes doublet
[10]. What, then, determines the patterns of the inter-
ference?
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One of the first proposals of LWI described a system
where the two upper levels decay to the same continu-
um, as depicted in Figure 1 (a). Insuch a system the equa-
tions of motion for the probability amplitudes are given
as

ay(t)y=—(y, +id;)-a; (1) (1a)
———mzyzaz(t)—ileb(t),
a, (t)=—=(y,+idAy)-a; (1) (1b)

- (=i b0,
where 7; is the decay rate of the state |a;), A; and £; are
the detuning and Rabi frequency of the probe field. When
the two upper levels decay to the common continuum
(where we have ‘/r)’z terms), it leads to the cancellation
of absorption [4]. The upper level coherence is built via
the Fano-type interference [11-13].

One the other hand, LWI can be achieved in a three-
level scheme with ground state doublet [5, 14], as in
Fig. 2b, where the quantum coherence in the doublet can
lead to absorption cancellation. In this case the probabil-
ity of absorption of the probe field is given by the mod-
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Fig. 1. a) Two upper levels decay to a common continuum [4],
b) two lower levels are coherently prepared [5, 14].
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ulus square of each contribution as
Pus = C12{ b, (0) + Q3 b,(0)
= C(27 Ppip1 + 2122 Ppin2
+ 92,9, Prapi + 23 Prana) 2

where C is an overall constant. We note that the off di-
agonal elements py;,, and pg1,, can cancel the terms
Ppip1 and pyy o . This quantum beat-type interference re-
sults from the atomic coherence.

It is, however, hard to find the atomic system which
can do the job (with closely spaced upper-level doublet
or lower-level doublet). Nevertheless one can establish
such systems by using the dressed states. Applying a co-
herent radiation field to drive one of the levels in the las-
ing transition, one can have “designer atom” or “man-
made Fano interference”. The scheme of utilizing Fano
interference may be established by driving the upper lev-
el with a coherent field like the A-type configuration, see
Figure 2a. Likewise, the latter case of utilizing the
ground-state coherence may be achieved by driving the
lower level with a coherent field like V-type configura-
tion, see Figure 2b.

For a A-type system [15], if we assume a weak probe
field, the off-diagonal element of the density matrix p,,
which governs the polarization for the lasing transition
is written as

p/\ 'QI’
e ruh ('h+QZ
(h(puu ‘P;(,;(z) r (P(O) paO))] (3)

where €2, and €2 are the Rabi frequencies of the probe
field and the driving field, respectively. p,,’s are the
zeroth order (in the probe field) population in each
level |@). Typ=Yup+ilap, Where ¥,p's are the decay
rates of the coherence p,p, and Ayp’s are the differ-
ences in detunings. Here we can see that, even if the

populations are not inverted (p Q< pi%), amplification is

v

a)

Fig. 2. 3-level systems. Lasing fields are coupling to |a) to |b).
(a) A scheme. (b) V scheme.

possible by the term with p‘P—p@ which comes from

the lower-level atomic coherence p_,,.
Whereas, for a V-type system, it is given by

g¥ = i2,
L T T

|:rac (pau - ](3))+ (P(O) ELO)):| (4)

Iy
We can also see the possibility of LWI due to the term
corresponding to pi—p? which comes from the upper-
level atomic coherence p,,...

Since the A system is to utilize the Fano interference,
whereas the V system is to achieve the quantum beat-type
interference, they have different origins of gain without
inversion. However, as we write the expression of pJy,
and pY,, there comes one question: Why do they look so
much alike when the physics seems to be so different?
In this paper we examine this question and clarify the
similarities and differences in physical mechanisms of A
and V-type LWL

II. A-Type System

Let us first consider the A-type system. The dressed
states given by the interaction between the atom and the
driving field can be written as (see Fig. 3)

|+,n>=—}:(]a,n>+]c,n+1>),
N2
]—,n)z\/%(|a,n>— )) (5)

with eigenvalues +Q =+g Vn+1, where n is the number
of photon in the driving field mode and g is the coupling
constantbetween the levels |a) and | ¢). We have assumed
the resonance condition for the driving field.

We then can write the state vector in terms of these
dressed states (|A| ;) =|%,n), (|D; 2)=|%, n—1)) such as

[P (1)=[a,; (1)|A;) +ay (1)|Ay) + b(2)| B)]|{0})
+3, di (DD 1)+ Y, dy ()| Dy)|1,)(6)
k q

The equations of motion for the probability amplitudes
are given by

al(f)=—r1(ll(t)—faz(f)—i.le([), (73)
ax(=-Tyay(t) = fa () =i, b(1), (7b)
5(1)=—iQ|a1(t)—iQ2a2(t), (7C)
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Fig. 3. Asymmetry between absorption and emission in
dressed-state picture for the A scheme.

where
+ ’ ’ ’
rjz}’jzyj +id,, f=\/71272+\1}’12}’2’ (8)

7:(y?) is the decay rate from level |A;) to | D;) (| D,)), and
Qm:.Q,,/\/E for the Rabi frequency of the probe field
£,. The probe field is also assumed to be on resonance
(v=ay,,), for simplicity, which gives A; ,=+Q.

For a weak probe field, following [4], the transition
rate for absorption can be given by

o )

Wub=%|b<t)

where we neglect the time derivatives in (7a, 7b) by as-
suming large I';’s compared to the derivatives. Then, with
b(H)=1 we have

al(t)zrlT;_F[sz_gl ],
az(f)=Fl—I‘_—;'_7[Qlf—er|]' (10)

By substituting (10) in (7c) we have the transition rate
for absorption as

W, =0. an

We now compare this result with a situation where
there is no interference, i.e. where there is no cross
coupling term (f=0) in (7). In the same manners as we

h +,m
s
N \,m
b ~
\\\ .~
N ‘.\
&
\¢—+,m-1
Q
-,m-1
b,m

b,m-1

did before, with f=0 we have

: o o
blf)=o] =Lt (12)
n n
and therefore
Qy 1
Wab(r=0) = E (13)

(y216)+ Q% 2

Comparing (11) with (13), we can see the quantum
interference involved in the absorption for the A scheme
is destructive. If we consider an upper-level—driven cas-
cade scheme, we note that the only difference is the di-
rection of the spontaneous decay in the driving channel.
This difference, however, leads to enhancement of ab-
sorption for that type of cascade scheme.

On the other hand, the transition rate for stimulated
emission can be given by

W, =|b(t=c0) YT, (14)

where b(r=0)=0 and 7=/, dr|a, (1)|*+|a,(¢)|?>. Here
we obtain a;(#) by taking £2;=0in (7a, 7b) with given in-
itial conditions. For the emission process, the initial state
is a combination of the two dressed states (see Figure 3).

It is emphasized in quantum jump approach [16] as ‘A
coherent evolution begins and ends by quantum jumps’.
In this context the spontaneous emission in the driving
transition yields the initial state for the emission process.
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Taking the initial state as |c, n), with a;(0)=-a,(0)=
1/\2 we find the emission rate as

2 2
WFQ"Y[( AL } (15)

Q% | (y*12)+4Q?

Let us now examine the emission rate where the atoms
are initially a complete incoherent superposition of the
two lower levels. Then, the emission rate can be obtained
as

Q 2
—2P—y—2 l . (16)
(y°116)+ 2~ 4

We( incoh) =

Comparing (15) and (16), the quantum interference
involved in the emission for the A scheme shows
constructive behavior. The results are summarized in
Table 1, as a comparison with the case without the inter-
ference or coherence effects.

Table 1. a) Asymmetry between absorption and emission in A
and V schemes with maximum interference effects. b) Symme-
try between absorption and emission in A and V schemes with-
out interference effects.

a)
Inter-  Absorption Emission
ference
22y
A u/uh:O Wy: (52
202 1 57
g ) 7|75 o2
(y°12)+4Q 2 0

2 2
v Wah = pry We = vay

Q- Q-

48 -0

27°+80Q°
b)
No Absorption Emission
Inter-
ference
M 1 Q,z,)/ 1 .Q,Z,y
2l (y216)+ 2% | 4| (yH16)+ Q°
y 1 Qy 1 Qy
4| (y216)+ Q2% | 2| (y¥16)+ Q?

III. V-Type System

For a V-type system the dressed states can be written
as, see Fig. 4, '

|+,n>=%(|c,n>+|b,n+l>),
|—,n)=%(c,n>—|b,n+1>). 17

Again we have assumed the resonant driving field. With
the same notation as previously applied, we have the
equations of motion for the probability amplitudes given

by

a(t)=—lle](t)—l.sz2(t), (183)
by(t)y=—Tby(1) = fby() —iQ,a(D), (18b)
by (1) = =T, by (1) - fby (1) — i82,a(1) . (18c¢)

The Fano-type interference, as one can see in Fig. 4,
is now in the stimulated emission process. For a weak
probe field, the transition rate for stimulated emission is
now W,=—-9d|a(r)|*/dt, and we have

Qﬁy
Q-

W, = (19)
If we consider the case when there are no cross
coupling terms (f=0) in (18), we have, see (13),

Qy 1
W,(f0)=—5—2—5 —, (20)
=07 216)+ 22 2

which is less than the one in (19). In other words,
the quantum interference involved in the stimulated
emission in V scheme at the two photon resonance is con-
structive. If we consider a lower-level—-driven cascade
scheme, it, however, leads to complete cancellation of
emission of the cascade scheme like the cancellation of
absorption occurs in the A scheme.

As in the previous section, for the V-type system the
transition rate for absorption is given by

W, =la(t=o0)|/1, Q1)

where a(r=0)=0 and 7=/, dt|b,(£)|>+|b,(r)|>. Here
we have the initial conditions b;(0)=-b,(0)= 12
(since the atomic decay is from |c) to |b), |b) is the in-
itial state for the absorption process). We, then, find the
absorption rate as

Q2 2
W1b= : ! { £ } (22)

Q? .
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Fig. 4. Asymmetry between absorption and emission in
dressed-states picture for V scheme.

If, on the other hand, we assume that the atoms are
initially an incoherent superposition of the two lower
levels, obviously W, incon) is the same as W, ;ncon) for
the A scheme, such that

2
_%_1_ (23)
(y°/116)+Q2° 4

Wah( incoh) =

Comparing (22) with (23), we can see a significant re-
duction of the absorption, by the factor of the order of
¥%/2Q2, yielding the EIT of V scheme. Here we note that
the cancellation of absorption in the V system is qualita-
tively different from that in the A system. The compari-
sons are summarized in Table 1.

IV. Summary and Conclusions

We present a description of the quantum interference
for the absorption and stimulated emission in driven
three-level systems. Our discussion has been focused on
the resonant situation (for both drive and probe field).

The interference effects described here, however, hold
for the general two-photon resonance, which will be
shownindetailin [17]. The dressed-state description pro-
vides a simple physical picture such that the asymme-
tries between the absorption and the stimulated emission
come from the Fano-type interference on one hand, quan-
tum beat-type interference on the other hand. The quan-
tum mechanical two paths are established by the coher-
ent driving field, and the spontaneous emission in the
driving transitions plays a crucial role for those asymme-
tries. The physical origin of the absorption cancellation
in the A system, in turn, is the reason that leads to the en-
hancement of stimulated emission in the V system. On
the other hand, the quantum beat-type interference is re-
sponsible for EIT in the V system and also for the emis-
sion enhancement in the A system.

Acknowledgements

This work was supported by the Office of Naval Re-
search, the Texas Advanced Research and Technology
Program, and the Welch Foundation.



38 H. Lee and M. O. Scully - Manifestation of Quantum Interference in Lasing Without Inversion

[1] A.Javan, Phys. Rev. 107, 1579 (1957).

[2] T. W. Hinsch and P. E. Toschek, Z. Phys. 236,213 (1970);
T. Popov, A. Popov, and S. Ravtian, Soviet JETP Lett. 30,
466 (1970); V. Arkhipkin and Y. Heller, Phys. Lett. 98 A,
12 (1983).

[3] O. Kocharovskaya and Ya. I. Khanin, Pis’ma Zh. Eksp.
Theo. Fiz. 48, 581 (1988) [JETP Lett. 48, 630 (1988)].

[4] S. E. Harris, Phys. Rev. Lett. 62, 1033 (1989).

[5] M. Scully, S.-Y. Zhu, and A. Gavrielides, Phys. Rev. Lett.
62,2813 (1989).

[6] See, for example, Science 258, 32 (1992); ibid 263, 337
(1994).

[7]1 O.Kocharovskaya, Phys. Rep. 219, 175 (1992); O. Koch-
arovskaya and P. Mandel, and Y. V. Radeonychev, Phys.
Rev. A 45, 1997 (1992); P. Mandel, Contemp. Phys. 34,
235 (1994) and references therein.

[8] A.Nottelmann, C. Peters, and W. Lange, Phys. Rev. Lett.
70, 1783 (1993); E. S. Fry, X. Li, D. Nikonov, G. G. Pad-
mabandu, M. O. Scully, A. V. Smith, F. K. Tittel, C. Wang,
S. R. Wilkinson, and S.-Y. Zhu, Phys. Rev. Lett. 70, 3235
(1993); A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L. W.
Hollberg, M. O. Scully, and V. L. Velichansky, Phys. Rev.
Lett. 75, 1499 (1995); G. G. Padmabandu, G. R. Welch,
I. N. Shubin, E. S. Fry, D. E. Nikonov, M. D. Lukin, and

M. O. Scully, Phys. Rev. Lett. 76, 2053 (1996). P. B. Sel-
lin, G.A. Wilson, K. K. Meduri, and T. W. Mossberg, Phys.
Rev. A. 54, 2402 (1996).

[9] G. Grynberg, M. Pinard, and P. Mandel, Phys. Rev. A 54,
776 (1996).

[10] S.H.Autlerand C.H. Townes, Phys. Rev.100,703 (1955).

[11] U. Fano, Phys. Rev. 124, 1866 (1961).

[12] P. L. Knight, J. Phys. B 12,3297 (1979); D. A. Cardimo-
na, M. G. Raymer, and C. R. Stroud, J. Phys. B 15, 55
(1982); D. Agassi, Phys. Rev. A 30, 2449 (1984).

[13] S.-Y. Zhu, L. M. Narducci, and M. O. Scully, Phys. Rev.
A 52,4791 (1995).

[14] M. O. Scully, Phys. Rev. Lett. 67, 1855 (1991).

[15] S. Basile and P. Lambropoulos, Opt. Commun. 78, 163
(1990); A. Imamoglu, J. Field, and S. E. Harris, Phys. Rev.
Lett. 66, 1154 (1991); G. S. Agarwal, Phys. Rev. A 44,
R28 (1991).

[16] C. Cohen-Tannoudji, B. Zambon, and E. Arimondo, Opt.
Soc. Amer. B 10, 2107 (1993); H. J. Carmichael, Phys.
Rev. A 56, 5065 (1997); J. Mompart, R. Corbalén, and R.
Vilaseca (to be published).

[17] H.Lee,Y.Rostovtsev, O. Kocharovskaya, and M. O. Scul-
ly (unpublished).



