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Control-laser-induced subnatural linewidths and quenching of spontaneous emission
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We show how control lasers lead to subnatural linewidths in spontaneous emission as well as to the
guenching of the quantum noise. We trace this quenching to the dispersive contributions to the line shape. We
obtain analytical expressions for linewidths that forsystems are half the natural linewidths with the possi-
bility of much more reduction for detuned control laser. We further present a simple physical analysis in terms
of a two-photonFermi golden rule to understand cancellation of spontaneous emission. Finally, we relate our
results to recent experimenf$1050-2946)50111-3

PACS numbds): 42.50.Gy, 42.50.Lc

Early publicationd1,2] revealed the possibility of quan- ment operator for the transitiojw)«|8). The correlation
tum interferences in spontaneous emission; in particular, &unction in Eq.(1) can be calculated using the usual density-
degenerat&/ system had the possibility of coherent popula-matrix equations and the quantum regression theorem. After
tion trapping[1] in an excited state. In recent times there hasa canonical transformation to eliminate the optical frequen-
been a revival3—-6] of interest in interference effects in cies, the density-matrix equations read
spontaneous emission. The spectrum of emission has been
analyzed under a variety of conditions involving excitation  p11=—2(y1+ Y2+ A)p11+2Apas+iGopn—iG3p1y,

by laser fields. Though the spectra fgr /\, and= systems _ 2
were calculated in the late 1970s and early 1980sone has P22=27vop11—1G2p21+iG5 p1o,

now realized[3-5] the possibility of many new interesting

results such as line narrowing, besides the possibility of es- ,')21: —(T1—1A5)pp1— 1G5 prtiG3pyq,

tablishing contact with experimeni8—10].

In this Rapid Communication we show that control lasers
can lead to subnatural linewidths in spontaneous emission as
well as to the quenching of spontaneous emission noise. We
demonstrate how the quenching of emission noise comes
about from quantum interferences. We demonstrate all this in
the context of\ systems that have been extensively studied
in connection with lasing without inversion, population trap-
ping, and a host of other problenjdl]. The results we
present are also relevant in the context of reported experi-
ments [9,10] on the quenching and even cancellation of
spontaneous emission. Although we present a detailed
density-matrix analysis, we conclude the paper with a very
simple model using the two-photon Fermi golden rié],
which enables us to understand physically the quenching of TrTrrr ot
spontaneous emission noise. We also establish a connection (b)
of our results to some recent experimeffisiO].

The details of the\ system are fairly standafd(b)] and
we illustrate it in Fig. 1a). Here %5, is the Rabi frequency
of the control laser of frequenay,, 2A is the pumping, and
2v, and 2y, are, respectively, the rates of spontaneous emis-
sion on the two transitions. The spectrum of spontaneous
emission on the transitioid )« |3) is known to be related to
the two time correlation function
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where A;=w3— o and A, 4(t)=|a)(B| is the dipole mo- CYY
FIG. 1. (8 Schematics of the\ system;(b) the spectrum
S(w) of spontaneous emission on the transitibr-|3) for moder-
*Also at Jawaharlal Nehru Centre for Advanced Scientific Re-ate field strengths in the limity,— 0, A/y,=1.0 and for
search, Bangalore 560 064, India. G,/y,=0,0.05, 0.1, 0.3, 0.4, and O(Starting from the top curye
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A=—(Q—A,)/2 is broadened beyond the homogeneous
linewidth. ForA,= 0, both the peaks have identical widths
(T'3;+T'3)/2, which for a small rate of pumping reduces to
half the width in the absence of the control lag#8].

whereT ,; denotes the total decay rate of the off-diagonal The line-narrowing effect has been discussed by several

pa1= —z31p31— iG;Pe,za

pao=— (I3t iA2) par—iGapay,

elementp,, 5. For our model authors in different contexts. In RdfLl4] Cohen-Tannoudji
and Reynaud calculate the width of the dressed states and
Fay=y1+7y,+2A, T3=A, they derive the first term in Eq411). Thus the line-narrowing
3) result is implicitly contained in that work. As mentioned in
o=yt v, Ar=wp— o). the Introduction they and £ systems have been shown to
exhibit narrowing under different conditions of excitation.
The relevant equations for the calculation of Et). are Zhu, Gauthier, and Mossbef§] observed narrowing as pre-
.. dicted by Narduccet al.[6] for a driven\/ system with one
i+ I3 G (Agg(t+7)Ag(1)) _ strong and one weak transition. Refererié¢ reports line
dr \iG, TgtiAy) |\ (Ax(t+7)Az(t)) ' narrowing for ladder systems.

QUANTUM INTERFERENCES —QUENCHING BY
DISPERSIVE CONTRIBUTIONS

(A1As) =p11,  (A2dAz) =paa. (5 After having discussed the possibilities of the subnatural

. ) ) . widths, we discuss the actual spectrum of emission. We then
We next discuss various interesting features that follow fromyemonstrate quenching of spontaneous emission in the re-

the analysis of Eqg4) and (2). gionA;~ 0. For simplicity, we consider the cadg=0. The
calculation shows that

which are to be solved subject to initial conditions

SUBNATURAL LINEWIDTHS

Clearly the spectral characteristics $fw) will be deter- S(w)zzpllRe[ (__'A1+F3?+ 72) , } (12)
mined by the zeros of the polynomial (Ta1—iA)(T3—iA1)+[Gyl
P(z)=(z+T3)(z+Tg+iA5)+|G,|? (6)  which on simplification and on assumi@,>T';; reduces to
i.e., b .
€ DY S(0)=2p1Re iGot+y2—3 (31— T3y
1 . w)=2pn Tt
Z.=— 3 (Tg+TaptiAy) _iAl_(iGZ_ 312 32”(2@2)
= 5V(FgtiA,—T3)°—4]G,|%. (7) .
~iGy+y,— 3(Fg—T
We analyze the roots in the limit of large Rabi frequency + 2t 72— 2ls F32)+1“
V4|G,|>+A3=0. To leading order il/Q we can write the (— 2iGz){ —iA1—< —iG,m % }
two roots of Eq.(6) as 2
LTyt +'A)+1'Q—1 Iy—T )A2 (13)
Z,=— 1A)+-iQF=(Tg—Tg)—=
- 2( s17 82t R0 +2( ) The total spectrum thus consists osam of Lorentzian and
dispersive contributiongOn using Eq(3) in Eq. (13) we get
1. 1 A\ 1 A,
:i§|(Q+A2)_§F31 1iﬁ _§F32 1+6 . (8) L
S e 3 (y1t+72+3A) N
Thus according to Eq.l) the spectrum will be determined () p1y= o [yt yat3A 27
by the complex poles (A1 +Gy)"+ >
—iA=2.. 9 +(’}’2_’)’1_A)
The resonances in the spectrum occur at 2G;
A =F1(QFA,), (10) y A:1+G,
2 ’yl+ ’)/2+ SA 2 !
with half widths (A +G) ™+ | ————
I3 Ay Tzl A (14
7(1t6 +7 1+E . (11)
where “---” represent terms wittG,— — G, and where

Thus the peak ah ;= (Q + A5)/2 will exhibit a width which
could be much smaller than the natural linewidth if p;=A|G,|H{3A|G,%+ y1|Gol?+ oA (y1+ ¥+ A)} L.
A,>2G, and if A is very small On the contrary, the peak at (15
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Note that in the region ; = G, the dispersive contribution is > %)
unimportant and the spectrum is well approximated by a
single linewidth (y;+ vy,+3A). However, for the region

A,~0, all four contributions in Eq(14) are equally impor- A/ bumping Spontancous
tant. The last two dispersive contributions are the interfer- e
ences. At the line centeA,;=0, the contribution of two >
Lorentzians is —

L (y1+ 722+3A)_ 16 U
G3

The interference terms from dispersive contributions lead to

IV 7 T oW
(72 g; ). (17)
2

Control Laser
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13>
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This can be constructive or destructive depending on the sign
of (y,— y,—A). The quenching of noise occurs if .

The contribution(16) is what one would expect from a ) ] ] )
simple argument based on detuning, i.e., on the line wings. FIG. 2. Physical picture for the quenching of spontaneous emis-
We next examine the form of E(q12’) in t,he limit v»— 0 sion; the two pathways for an effective second-order process in
Y2 terms of dressed states are shown.
and formoderate valuesf G,. The results are shown in Fig.
1(b). We see that with an increase@y there is reduction in _
the peak height at;=0. This trend is consistent with the H=E. [y ) (¢ |+ E-[¢4-){y-|+Eglg){g]

observation of Suckewer and co-workgt§] on the quench- +E3|3)(3[+Hoy—fig(|ay, + By )(gle”'“s'+H.c)
ing of spontaneous emission. The reduction further depends o
on relative values ofs, and y;. Thus for a fixedG, the —[lay, +By_)3|(& -dig +H.cl. (20
transition with smallery; will be most affected. This is again )
consistent with experimental observatid0,15. We can now calculate the raf for the absorption of a
photon of frequencyw, and emission of a photon of fre-
SPONTANEOUS EMISSION CANCELLATION EROM quency w,s, momentumk, and polarizations. This is a _
TWO-PHOTON FERMI| GOLDEN RULE second-order process and we use a second-order Fermi

. . ) ?olden rule[12],
We conclude the paper by presenting a simple physical

picture for the interference minimum in spontaneous emis- 27 (1ks:3H1v[0,44)(0,40 [H | 9;0)
sion. Our picture will be based on the generalization of the R= T E E-E—#

. . ks (EL g a)g)
Fermi golden rule to second-order processes. Consider the

somewhat simpler model shown in FigiaR Let the pump (1ks3Havl 046 )(0.4p—H,|g; 0) |2

be a broadband source. In the dressed states created by the + (E_—Eq—fiwg)

control laser the various pumping and emission processes - g

become as shown in Fig(ld. The net Hamiltonian can be X 6(Ez—hwgthws—Ey), (21

written in the form(all energies being measured frdi))
where|0) and|1,,) represent the states of the electromag-

H=—%G,(|1)(2|e '+ |2)(1]e'“") + E,|2)(2] netic field with zero and one photon respectively. The matrix
element in Eq(21) is to be modified in the resonance region
+Eg|9><g|+E3|3><3|+Hov+ Hyy+Hp, by taking into accognt appropriate damping effects. For a
broadband pump with pump energy spreddve have to
H,y= _ﬁg(|1><g|e—iwgt+ H.c) average over all pump energiés,
. R— 2_77 (1ks,3|HV|O,1/1+)<¢+,O|Hp|g,O>
Hiv=—(|1)(3[(&y -dig) +c.C), (19 hERS E,—(Esthay)
whereH sy and &y are, respectively, the unperturbed energy (1ks:3[Hy[0,4r_)(_,0[H,|g,0) 2
and amplitude of the vacuum of the electromagnetic field. + E_—(Es+hoy) ' 22

The fast optical frequency, can be eliminated by a rotating

frame transformation and we can also introduce the dresseslhere various matrix elements are easily read from(EQ).
stateq .. ). For simplicity, let us assume thi,|=%w,. In  Clearly the transition rate can be zero if the matrix element
terms of dressed stateflf{= |, )+ B|¥_)) we get in Eqg. (22) canvanish This clearly can happen for an appro-
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priate frequency of the spontaneously emitted photon. Thus Thus to conclude we have brought out the unusual fea-
for a value ofw,s, which in general depends on the matrix tures of spontaneous emissior/insystems. We have shown

elementsR can become zero. For the example under considhow the subnatural linewidth can be obtained depending on
eration, interference occurs if E3=fwys, Since  the size of detuning and the strength of the control laser. We
E,=—E_. Thus the flourescence as a functionsgf will  have further isolated the dispersive contributions that result
exhibit a minimum that comes about from the interferencein the quenching of Spontaneous emission noise at the line

between two paths as shown in Fighp Note further that  center. Finally, the quenching is shown to follow in terms of
the matrix element in Eq22) is just the Raman matrix ele- 5 very simple physical picture.

ment. Thecancellation arise$rom the energy dependence of
the Raman polarizability or the dispersive nature of the in-
teraction. Thus the simple physical picture based on the
Fermi golden rule for second-order processes enables us to
understand control-laser-induced interference effects and _
quenching of spontaneous emission. The results of a recent 1h€ author thanks S. Harris, M. O. Scully, S. Y. Zhu, K.
experimen{9] can also be understood in terms of the abovea@kuta, S. Suckewer, and many others for enjoyable discus-
two-photon picture, as the level scheme is identical to théions over many years on the subject of quantum interfer-
one in Fig. Zb). ences.
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