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Quenching of spontaneous emission via quantum interference
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A four-level atom, driven by a coherent field, is considered. We show that under certain conditions complete
guenching of spontaneous emission is possible. Hence the population inversion on some specific atomic
transitions can be created using a very weak incoherent pumping. We investigate the physics of the effect using
bare and dressed states. The proposed scheme may be useful, in principle, for generation of high-frequency
and/or high power laser lighfS1050-29477)01306-1

PACS numbgs): 42.50.Ct, 42.50.Gy, 32.80.Bx, 42.50.Lc

[. INTRODUCTION out decaying. It is our goal to give a simple dressed-state
description of this phenomenon. These studies suggest that
Modification of spontaneous emission is an active re-one can, in principle, “control” the amount of fluorescence
search topic in quantum optics. The three-peak spectrum &fs well as the population of the upper levels.
resonance fluorescence was one of the first developments in We note that if spontaneous emission on some atomic
this area[1]. Cavity electrodynamics has made possible thelransition is quenched, it might become possible to create a
enhancemenfi2] and suppressiofi3] of spontaneous emis- Population inversion on this transition using a very weak
sion from an atom via a “tailoring” of the mode density. incoherent pumping. Thus the control of spontaneous emis-
Elimination of resonance fluorescence from a driven threesion can be potentially useful in order to achieve high fre-
level atom was proposed [d]. Dynamical suppression has guency lasing, since the spontaneous emission rate is typi-
also been achieved from a driven, cavity-confined, two-leveFally proportional to the frequency cubeaY), and creating
atom[5]. Furthermore, it has been predictg] and experi- the inversion on the high frequency transition with allowed
mentally demonstratef¥] that three-level atoms can exhibit Spontaneous emission is therefore problematic.

a narrowing of spectral linewidth on one transition controlled ~ The paper is organized as follows. In Sec. Il we study the
by coherent driving another transition. quenching of spontaneous emission in the driven four-level

Cancellation of emission into a single mode was demonatom using bare states. In Sec. Il we introduce the dressed
strated in[8], when an atom is excited to a certain coherentstates and explain how a spectral line can be eliminated from
superposition of two upper levels, as in Fig. 1. In such a cas#ée emission spectrum. In order to describe the other addi-
both spontaneous and stimulated emission on one specifitonal decay processes from the upper levels and the incoher-
frequency are suppressed. Elimination of steady-state res@nt pumping processes, we approach the problem via density
nance fluorescence was proposed4h Furthermore, it has matrix formalism in Sec. IV. In Sec. V we illustrate the
been showr{9] that the emission spectrum can be substanmechanism of the upper level decay along the driven transi-
tially modified via atomic coherence and interference everiions and discuss how these decays influence the effect of
for an atom in an ordinary vacuufeee Fig. 2 The coherent Spontaneous emission quenching. Section VI contains a sum-
preparation of atomic states essential for this effect can bgary of the results.
realized via Autler-Townes splitting, as in Fig.[30]. In a

recent papefl11] it was shown that spectral line elimination Il. QUENCHING OF SPONTANEOUS EMISSION

and cancellation of spontaneous emission is possible under AND SPECTRAL LINE ELIMINATION

certain conditions, and experiment has also been performed

to observe this phenomengh?]. It was also showh13] that We consider a four-level model atom as shown in Fig. 4.

the spectrum of resonance fluorescence, under certain condi-nas two upper levelga,) and|a,), which are coupled by

tions, can have spectral lines which are very narrow comthe same vacuum modes to the lower lej€). The two

pared to the natural width of individual levels. upper levels are coupled by strong coherent field with fre-
All spontaneous emission suppression effects mentione@uency v, to another upper lying levgb). The interaction

above have one common origin: the quantum interference ddicture Hamiltonian can be written as

spontaneous transitions from two closely lying atomic levels

to a third level. But the emission cancellation in the model of V=10, e"*1'a;)(b| + 70,62 a,)(b| + H.c.
Ref. [11] (see Fig. 4, which is the subject of the present

paper, is different in that the emission can be suppressed for +4, gPel (@it a, )(c|by

all modes near the transition frequencies and this cancella- k

tion is possible even if the upper levels are well separated. (2) i (@9e vt -
That is, the atoms can be “trapped” in the upper states with- +gy etz Wiap)(c| b+ H.c. 1)
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b FIG. 1. Scheme of emission cancellation into
a single mode. The/-type three-level atom is

microwave excited by the pulsed laser light and then brought
cavity through the high@-factor micromaser cavity. If
microwave radiation appropriately mixes two up-

atomic beam per states, then emissigboth spontaneous and
_____________ stimulated of the photon with frequency is
canceled8].

AN AAA

laser pulse

The interaction of driven transitions with the vacuum modes After a substitutionA]-(t)=aj(t)eiAit we have(see Ap-
is neglected in this sectioif), , are the Rabi frequencies of pendix A the equations of motion for the probability ampli-
the field couplinga; ) and|b); in generalQ; andQ, can tudes:

be different since they are proportional to the matrix ele-

ments of the corresponding dipole moments. The frequency d

differences between levels,), |a,), |b), and|c) are de- —R(t)=—MR(t), (4
noted by wi., wy., wy, respectively. Detunings of the dt

driving field are Aj=(wic— wpe) — voy Ar=(woc— wpe)

—vo. g? are the coupling constants between tkén  where

vacuum mode and the atomic transitions frdey) and

|az) toc); they are assumed to be reby. (b)) is the anni- ay(t) r, pVyivdl2 104
hilation (creation operator for thekth vacuum mode with . .
frequency v, ; k here represents both the momentum and R=| a1 [, M=| pV7172/2 Iz Qs [,
polarization of the vacuum mode. If the atom is initially B(t) Q7 iQ3 0
excited, we can write the initial state vector as (5)

¥(0)=[A4(0 +A,(0 +B(0)|b)]|{0}), (2 . i
(0)=[Ax(0)]a)) +Ax(0)]az) +BO)B)II{O}). (2 andI'y ;= vy, J2+iA;,. v, and y, are the radiative decay

where|{0}) represents the absence of photons in all vacuunfates from the two upper levels to the lower level given by
modes. The state vector at timean be written as yj=|ﬁjc|2wf‘0/3weoﬁc3 (j=1,2), and,&jc's are the matrix
elements of the dipole moments of the two transitiops.
V(1) =[As(D)]ay) +Ax(t)[az)+B(1)|b)]|{0}) denotes the alignment of the matrix elements of the two di-
pole moments and is given by

+2k Cu(t)]c)|1). &)
(aylr|cy-(azlr|c)

P= Kaulr[oKaalric)]” ®

We say that the matrix elements of the two dipole moments
are parallel(or antiparallel, if p=1 (or p=—1) and when
they are orthogonaph=0.

The solutions foa,(t), a,(t), andB(t) are now given by

3 3
al(t)=_21 aje” M, az(t)IEl Bje M,
i= i=

3
B(t)=2l be M, @)
=

NN .
b — - e

where\;’s are the three roots of the secular equation corre-
sponding to matriM. The coefficientsy;, 8;, b; in Eq.(7)

FIG. 2. Emission spectrum from an atom that has two closelyare determined by the initial state of the atom.
spaced upper levels, coupled by the same vacuum modes to the |f we have nonzera;(t=%), a,(t=), and B(t=),
common lower level. The spectrum shows a Fano zero at a certaifhis means that some population is trapped in the upper lev-
frequency{9]. els, which indicates that the spontaneous emission from the
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FIG. 4. Level scheme of a model atom. Upper levelg) and
|a,) are coupled tdb) by a coherent field of frequenayp.

scheme, can be modified under certain conditions involving
the intensity and detuning of the driving field. In particular,

_ ) we saw that the central peak can be eliminated. A simple
~ FIG. 3. Three-level driven atom and its “dressed” analog. If the gxpjanation of the peak elimination and cancellation of spon-
initial state is statg¢2) then the emission spectrum has a dip at thetaneous emission can be given within the dressed-state pic-
central frequency10]. ture. We now rewrite the interaction picture Hamiltonian in a
rotating frame such as

) —— — i

two upper levels to levelc) is canceled. To have nonzero
steady-state solution of E¢¢) one needs

V:VO+V1,
1 1
=_ 2 2y _
de“\/'—z(71|92| + 72| Q4/%) 2PV7172(Q’£92 Vo=hA4|a)(a|+hA,|az)(ay|
+0103)+i (A1 Q7+ 4504 =0.  (® +(hgyla;)(bla+igalaz)(blatH.c),

If |p|#1, Eq.(8) cannot be satisfied. Fgg=+1, we find o i
two conditions for having the nonzero upper level popula- Vi=h, gle "l (ot enot|a,)(c|by
tions in the steady state: k

Ag]Q,)2+A,]Qy[?=0, (93 +gice el ot eneta) (bt He,,  (1D)
0, 1 where V; describes the interaction with vacuum modes.
Pa,~ V5, (p==1). (9b) g1, are the coupling constants betwegn ,) and |b). In

spite of the fact that basic physics of spontaneous emission

For Eqg.(9b) to be true, one needs=1 if ); andQ), have cancellation can be understood even if we consider the driv-
the same sign, gp=—1 when{}; and(), have the opposite ing field classically, here we quantize it since we are going to
signs. use the formulas of this section later, when this quantization

Now, in steady state, the probability amplitu@g() of  will be necessary. Sa (a') is the annihilation(creation
the atom being in the lower level with one photon emitted ispperator for the one-mode driving field. Diagonaliziivg
given by[see Eq(A9)] which corresponds to the interaction of the atom with the
driving field, we arrive at the characteristic equation

L i@ tg®B)
CK(OO)=_Z N Lily — : (10) 32 2 2
=1 =N Filve— (wpctvo) ] X3—X3(A1+An) —x[g2(n+1)+g3(n+1)— A A,]
Since the spontaneous emission spectrum is proportional to +Alg§(n+ 1)+Azg§(n+ 1)=0. (12

|C(t=22)|%, one might expect that there would be three

peaks jn the spectrum co.rre.sponding to the three resonaftye assume, for simplicity, that

denominators in Eq10). This is the case ip=0. However,

if [p|=1 and conditiong9a) and(9b) are fulfilled, the spec- A2+ A g2=0 13
trum can have only two peaks. Mathematically this simply 1027 220175, (13
follows from the fact that under conditiori8a) and(9b) one ) L B ,
of the three numerators in EG10) is identically zeroat €N there is one trivial eigenvalug=0 and we find the

arbitrary initial state of the atomThe physical reason for the €igenstates such as

spectral line elimination is the quantum interference of the
g2vn+1la;,n)—givn+1faz,n)

two spontaneous transitiofa;)—|c) and|a,)—|c). 0,0)=N
’ —INO,n

Ill. PHYSICS OF THE EFFECT VIA DRESSED STATES

In Sec. Il and Ref[11] it was shown that the general —%A1|b,n+l>
three-peak spontaneous emission spectrum, typical for such a 91
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[+, + 1) for arbitrary mode of the vacuum field. Since, by definition,
|0,n+1)
- 1 = o
=t 1) g &
@ = (19
g .
— |+ k Mac &
o)) ——— —— .
|a > ’ |->m) (whereg, is the unit polarization vector of thieth radiation
2 mode and,&jc's are the matrix elements of the dipole mo-
l+n—1) ments of the two transitionsthe parallel matrix elements of
. '0’"‘11> the two dipole moments are needed for vanishing/g.,
|b> = =1 for arbitrary polarization of the vacuum field, assuming that
L g, andg, have the same sign. In the case wlgnandg,
have opposite signs, matrix eleméh¥) can be zero for each
vacuum mode, if the dipole moments are antiparallel.
An explicit expression for the decay rate from the dressed
state|0,n) to the statgc,n) can be obtained as
d i [t 2
A - _ ! )
P |c,n) 70;n dt < ﬁfodt VC,O,H
d t t
FIG. 5. Atomic transitions in view of dressed states. = aNSnE f dt'f dt"[gg(n%— 1)
% Jo 0
w : — )t —t"
|i,n>=Ni,n[g1\/n+1 ,ui712 la;,n) xgHge e 1 gln+ 1)
os xgi7'gil’e T —{g,g,(n+1)
+g2 \/n+1 M‘FT |a21n> Xgf(l)gf(z)ei(’/kiV)(trit”)—‘,—C.C_}]’ (20)

' (14)  Wherev=uvq+wp.. Replacing the summation overby an
integration and using the Weisskopf-Wigner approximation
[14], we have

+(g2+g3)(n+1)|b,n+1)

where
oin= Né,n[ y105(n+ 1)+ y,02(n+1)

2
w
K= \/gf(n+l)+g§(n+1)+le, (15 —2pVy172929:1(n+ 1) ]. 21

w1,= w1 — wo IS the spacing between two upper levels, andSimilarly, we can find the decay rates from the other dressed

Non andN.. , are the normalization constants. Correspond-States:
ing eigenvalues are

2 2 wi)? 2
L A+A, 7+,n:N+,n[7191(n+1) pE—- +7205(n+1)
xX0=0, xg=—z "= (16)
? w12 2 — wiz
—__ ¢ 2_ _ <
Once we have a “dressed”-state description of the two X\ m 2 +2pV7172820:(n+1) 4 H
upper levelda, ), |a,) connected tdb) by the driving field, 22)

we can describe spontaneous emission from the upper levels
in terms of decay from the atom—driving-field combined sys-
tem (see Fig. 5 For the matrix element of the atom-—
vacuum-field interaction between the staf&n) and the
ground statec,n), we have

Vc,O;n(t):(Can|<1k|vl|01n>|{0}> %=p ﬁ, (23
92 Y2
=Non[7igpyn+1gi"
together with Eq(13). We will call |p|=1 and Eqgs(13) and

2D1aivita—i(vot+ o . .. . ... '
—figyn+1g]e ke 0t endt  (17) (23) the trapping conditions “Trapping conditions” simply
mean that atom—vacuum-field interaction does not couple the

One can see that, can be zero only ifp|=1 (parallel or
antiparallel case Then the condition for zero transition rate
is

This matrix element vanishes if transition between the dressed std@n) and the state
(1) |c,n). Note here that if we introduce the Rabi frequencies of

%: 9 (18)  the driving field such a$); ;=g;,yn+1 (n is the number

g 92 of photons in the one-mode driving figJdhen the trapping
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conditions will exactly coincide with the conditiori8a) and
(9b) obtained in the preceding section with classical driving
field.

Assume thaty; andg, have the same sign. Thern=1 is
required for destructive interference in spontaneous emission
from the dressed stat@) and for suppression of the corre-
sponding peak in spectrum. However, a constructive interfer-
ence is also possible. From E1) one can see that for
p=-—1, the decay ratey, increases. In particular, if
0:=0, and p=—1, y, becomes twice greater than in the
case when interference of spontaneous transitions is absen
(p=0). Thus, for the central peak we have destructive inter-
ference ifp=1 and constructive interferencepf= —1.

On the contrary, for the two side peaks, we have construc-
tive interference ifp=1 and destructive interference if
p=—1. This is indicated by the increase of the widths of the
side peaks for the cage=1 (which means the increase of

4

S(w)

FIG. 6. Spontaneous emission spectra fas,=27y,,

the decay rates from the dressed stdtesn)) and by the
decrease of these widths for the cgse —1. It can be
shown that the decay rates. are not equal to zero for any

Q,=Qy=y,=A;=7v,, and(d) p=0 and(b) p=1. The atom is
initially in level |a,) [11].

p, therefore two side peaks cannot be eliminated for arbitrary  |f the trapping conditions are fulfilled, then the population

initial state of the atom.

Consider a simple particular case:g;Vyn+1
=g,yn+1=A;=—A,=v. [If we additionally require Eq.
(23), the trapping conditions will be fulfilled Then three
dressed states read

|0,n>=ﬁﬂal,n)—|a2,n>—|b,n+1>],

! [\/§i1 J371

|_’n>_ﬁ —lanm+ —5—laz.n)
*+|b,n+1)|. (249

Corresponding energies axg=0,* V37. Now if the initial
atomic state iga,), it can be rewritten as

1
Imﬁv=57§nJ§+1M+Jv—<¢§—1ﬂ—Jw+a0nﬂ
(25)

Then we expect that the spontaneous emission spectrum wi
have three peaks centered-at/3y, 0, andy/3y which cor-
respond to the three dressed stdte$, |0), and|+). For
p=1, however, there is no coupling betwe¢dn) and
|c,n) [see Eq.(17)]. The entire initial population if0,n)

trapped in the upper levels can be calculated as a portion of
the state |O,n) in the initial state. For example, at
g1Vn+1=g,yn+1=0Q, andA;=—A,= w2, state|a;)

can be rewritten in terms of the dressed states as

w12

K=

w
pt |1+ n)+ |—,n)

_ 1
|al,”>—m

+20,/0,n) (26)

with u=202+ w2J4. Hence for the atom initially pre-
pared in the statéa,), we can find that trapped populations
are

4
_ n

2_ 2_ on
|A1()[*=]Ay()] (89ﬁ+w§2)2'

2 2
_ n®12

B(oo)|[2=—— 2
B =Gazrwzy

(27)

Here we can see that even if two upper levels are well sepa-
rated, a significant amount of population can be trapped in
the upper levels provided that the driving field is strong
enough.

IV. MASTER EQUATION APPROACH

will stay there and give no contribution to the spontaneous In the preceding section the decays along the driven tran-
emission. That is why we have the central peak eliminateditions|a,)— |b) and|a,)—|b) were not taken into account
from the spectrum(Fig. 6). (Note that under the trapping and, to have population trapped in the upper levels, the atom
conditions there will be no central peak in the spectrum fowas assumed to be initially prepared in a speciflark

any initial state of the atom.If the atomic state ig0,n) state. To describe more realistic situations one needs to in-
initially, one can clearly see the difference betwpen0 and  clude the decays from upper levés) and|a,) to |b), see
p=1 cases. Ip=0, we simply expect one peak at the centerFig. 7. In other words, levelk,) and|a,) are coupled by
since it is the dressed std@&n) which is responsible for the the same vacuum modes also to the ld®8l (these modes
central peak. On the other hand, there is no spontaneowse supposed to be different from those relevant to the tran-
emission at all fop=1 and the entire population is trapped sitions from|a,) and|a,) to|c)). For this purpose, it is more

in the state|O,n). In this last case spontaneous emission isconvenient to describe the system by standard density matrix
completely canceled. formalism, and the spontaneous emission spectrum can be
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the total interaction Hamiltonian in this case can be written
as

V=hA|a)(a;| +7A;|a)(a,|
+ (11Q4]a)(b| + 7 Q,a){b| +H.c)+ V;+)),,
(29)

V=12, gile el ot @ndta, )(c|by
3
+gPe el Mot endt| g ) (c|by+ H.c.,

vf@ g (Pelrom ' ay)(bla,

+§ (Pelro )l ay)(blag+H.c.,

FIG. 7. Atomic level scheme including all the decay and inco- . . . .
herent pumping processes. The incoherent pumpjtsyare sup- where (), a_nd ), are Rabi frqugnmes of the driving field
posed to be in both directions. corresponding to the two transitions from,) and |a,) to

|b), respectivelyg{~? are coupling constants between the

calculated with use of the quantum regression theorem. I1§th vacuum mode and the atomic transitions fréam ;) to
the following we will treat the driving field classically. It is [b) (for simplicity they are assumed to be real, (ag) is
difficult to obtain simple analytical expressions in the masterthe annihilation(creation operator for thegth vacuum mode
equation approach, therefore we find the populations andith frequencyy, . In the following the Rabi frequencies are
spectrum numerically. Since we are now interested in assumed to be real and positisghich corresponds to the
steady-state solution, we also include the incoherent pumpease of positive coupling constargsg, in Sec. I).
ing from level|c) to levels|a;) and|a,). Using a Weisskopf-Wigner approximation in the general-
Including the interaction of the atom and the vacuumized reservoir theor15], we derive the equations of motion
modes which couple the transitions betwgan,) and|b),  for the atomic density matrix elements which @ié]

1 .
Pajc™ E(p VY1Y2t+ P’V 'yi’)’é)Pazc_lnlpbc’

. 1 .
Pac= " 5(71+71+r1+r)+'A1
. 1 ’ ’ : 1 ’ r H
Paja,=— 5(71"'71+72+72+r1+r2)+|(A1_A2) Palaz_z(p\/')’l'yz"'p \/7172)(Palal+l)a2a2)+'(szalb_ﬂlpbaz)a
) ’ 1 ’ r H
Paja; = —(y1tvit r1)Pa1al_ E(p VY1Y2+P 7172)(Pa1a2+l)a2a1)+ l1Pcc™ 'Ql(Pbal_Palb)a

1 . .
Pab™ E(p\/ Y1¥2+ P’y ')’i'yé)l)azb_ i1Q9(ppp— Palal) +1 QZPalazv

. 1 ,
Pa,b™ _{5(’}’1+ YiT Yo+l rp) Tidy

1 .
Pa,c™ E(p VY1Y2tp'y 717£)Palc_ i1Qoppe,

. 1
Pa,c™ _{5(724‘ Yo+ It ) +iA,y
(29

. 1 .
Paja,™ — (y2+ ')’é"' rZ)Pazaz_ E(p VY1Y2t+p' v 7175)(Pa2a1+Palaz) tropec— |92(pba2_Pa2b)u

1 . .
Pa,b™ E(p VY1Y2t P’V 71')’2)Pa1b_ i1Qo(ppp— Pazaz) +1 leazalv

. 1 .
Pah= —[5(7’2+ Yot Yot ratry) Tid,

. 1 . .
Poc=" 5 (Vo ToF1)poc=1Qopa,c~1Q1pasc,
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Pob=—(¥bTTp)Pppt 'y]’.pa1a1+ yépa2a2+ MpPect P’V yi'yé(Palaz'l' pazal) - iQZ(PaZb_ pbaz) —i Ql(palb_ Pbal)v

1= Pa1a1+ pa2a2+ Pbbt Pecs

where 'yj' is the decay rate from Ievéhj> to |b) and the of very large intensity of the driving field, whefl;> w,,
level |b) decays tdc) (due to collisions, for examplavith ~ both levels|b) and |c) are not populated and the whole
a decay ratey,. p stands for the alignment of the dipole population is distributed between only two upper levels
moments along the transitions from levéds) and|a,) to  |a;) and|ay). Actually, in this limit the steady state of the
|c) as in Eq.(6) and, similarly,p’ denotes the alignment of atomic system is the antisymmetric combination of these two
the dipole moments along the transitions frday) and  upper levels.
|a,) to |b). We assume the incoherent pumping to be in both Figures 8 and 9 are the main result of the present paper.
directions; the pumping rate from the leve) to level|a,) ~ They show that for the proposed scheffég. 4) under the
(laz)) and back is denoted by (r,). For generality we also certain trapping conditions specified in Sec. lll, it is possible
include the incoherent pumping from levig) to level |b) to establish the population inversion and hold it up in the
and back (p,), but in our numerical calculations we set it steady state even with a very weak incoherent pumping.
equal to zeror denotes the sum of all three pumping rates: ~Calculation of spontaneous emission spectrum using the
r=r,+r,+ry,. The atom is assumed to be a closed systemguantum regression theorem is described in detail in Appen-
therefore the total population is conserved. dix B. The spectrum of radiation, spontaneously emitted by
Solving Eq.(29), we can obtain the time evolution of the the transitions froma;) and |a,) to [c), is given by Eq.
populations and the steady state population in each leve{B14). As we expect from the discussion of the previous
Thus we can define how much population inversion we willsections, we have a three-peak spectrum forp’=0
have in the steady state with a certain incoherent pumping. 16217 0,£2,7#0) as shown in Fig. 1@). Now compare two
Fig. 8 we plot the time evolution of the population in eachcasesp=—1p’=1 andp=p’'=1. First, as shown in Fig.
level under the trapping conditions. &t 0, a weak incoher- 10(b), for the case ofp=—1p’'=1, the central peak is
ent pumping is switched on r{=r,=0.01y;); at broadened while the two side peaks are narrowed. A broad-
t=500/y,, the system almost reaches steady state. In theéning (or narrowing of the peak means an increae de-
steady state we have 80% of population trapped in the twéreasg of the corresponding dressed-state decay rate. There-
upper levels, with the lower level having only 0.2% of the fore we have decay rate enhancement for the dressed state
total population. In Fig. 9 we plot the population inversion corresponding to the central peak at the expense of decay

(Paja,+ Paja,~ Pcc) @s a function of the Rabi frequency for rate decrease for the states corresponding to the side peaks.

different upper level separations. Larger upper level separa-l:here is no population trapping in the upper levels for the

tion needs a larger Rabi frequency for the driving field incasep=—l, p'=1, and the steady-state populations are

order to get the same amount of inversion in the steady stat@" slig_htly diiferent from those .Of the cage= P, =0 cor-
For a quite large separation,,=20y,, we need Rabi fre- responding to the absence of interference in spontaneous

quency of~21, to have an inversion. Note that in the limit €Mission. However, in the case jpf-p’=1 we have almost

1 T . . r

| o

0.8 I p ce QO
'

\."\_‘. o

o6 ] g
\\ Q

N Parars Pagaz +

04 N by
Qg

02t

o
0 N /m

Mt

FIG. 9. Population inversionp(alal+ pazaz—pcc) vs Rabi fre-

FIG. 8. Time evolution of the populations fav,,=2vy;, A, quency ;. Aj=—A,=w)2, Y=y,  y1=7¥,=0.5y,

=—A0=7=71, ¥1=72=05y1, Q1=0,=15y;, %,=10 *y,, Y=10"%y;, 1;=r,=0.0ly;, and Q,=0Q;, (@ wp=27;, (b)
andl’1=r2=0.01yl. [OF P 10’}/1 and (C) [OF P 20’)’1
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©

2x10°5

FIG. 10. Spontaneous emis-
0.02 : ' ' ' 1x10°5 sion spectra for wi,=27y,
A== A== 71, 0,=Q,
S(w) =15y;, ¥1=7%=05y1, %
=10 *y,, r;=0.01y,;, and(a) p
=p’ =0, with steady-state popu-
lation Paa,=0.010,  pana,
=0.010, ppp,=0.012, and p¢c
=0.969, () p=—1p’'=1, with
steady-state  population Paja,
20017, pa2a2:0.017, Pbb
=0.024, andp..=0.941; and(c)
p=p’=1, with steady-state popu-
lation Paja,=0.408,  pana,
=0.408, p,,=0.181, and
pcc=0.002.

0.01 |

(w—=v)/m

zero emission from levelg;) and|a,) to level|b) [the area Vo= :n(t) =014/ Vo] =,n+1)[{0})
under the spectrum curve is almost zero, as shown in Fig.

10(c)], which indicates almost complete cancellation of the ~ 1)y 15
spontaneous emissiofiThe fact that very weak emission is fg g g1n+2
still present in this last case is only due to both two-way

incoherent pumping and small decay rate frid to |c). If +#g Pg Jn+2

. . q 2

we used one-way upward pumping with no decay along

|b)—|c) transition, there would be no emission at all in the

steady state, and the population of the lej@l would be =Ng,N- n+1< - %Al)[}i’g’ Dg,n+2
identically zero) e 91 a

w
=N0,nN:,n+1<0:n Mile)

w .
MITQ) e'*a= 7 p n+ 1>

@12} | =@ Jnt2
V. THE EFFECT OF UPPER LEVEL DECAYS X(MiT +hG g gaVn+2
ALONG THE DRIVEN TRANSITIONS
. . . _ W12} .,
In the preceding section we have shown that even if we X ,u+7> e'tvg=volt, (32

include the decays of the upper levels to the lgl the
effect of spontaneous emission cancellation is not destroye®n the other hand, matrix elements of the transitions from
Moreover, these decays make it possible to have populatiofo,n+1) to |+,n) are given by

inversion in the steady state, independently of the initial state

of the system at very low incoherent pumping rates. We now .. o.,(t)=(=,n[(14/V,|0,n+1)[{0})

discuss, in more detail, how these decays actually work. To ~ (1)

do this in the simplest way we again switch to the quantized =N nNoa+ 2(*,N|[AG 4"g2Vn+2

description of the driving field. A very clear picture can 3= (D [T 91 (vg— vt

again be provided in terms of the dressed states introduced in CERE n+2]eta*e|b,n+1)

Sec. lil. _ =N Nops1[ £ (g3 +03)(n+ )]G (Pgon+2
Let us consider mutual decays between the dressed states _ _
due to the upper level decays to the lejie) (Fig. 5). The —4g Pgpn+2eram o, (32)
interaction Hamiltonian for these transitions is giveniiyin
:Eq (28)I roni S sitions is giverby One can see that matrix elemei@32) can be zero and the
' ' condition for this is similar to Eq(18):
- ) ~ 5 (1
V,= ﬁz g9 gl)el(V0*Vq)t|al><b|aq E_qzz % (33
d 9y 9
+§ Pel*om " a,)(blag+adj. (300 Hence we can have no decay fr¢én+1) to|+,n). On the

other hand, under the conditid83) the matrix elemen(31)
The matrix element of the transition from the dressed statés maximal, and the decay rates from stdtesn+1) to the
|+,n+1) to the statg0,n) can be written as state|0,n) are not zero. Therefore if E§33) is valid, dressed
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states| +) can decay into the dressed stfd¢, but not vice and
versa[4]. By analogy with Eq.(23), condition (33) can be

rewritten - —i - —i -
e tten as |Ck(t):A1(t)g|((1)e i(wyC Vk)I+A2(t)g(k2)e i(woC Vk)t.

(A2)

, (34 By formal integration of Eq(A2), the probability amplitude
Y Cy(t) can be written as

where y; and y; are the radiative decay rates from the two Y A T

upper levels to the levéb) andp’ was defined in the pre- Cu(t)=—igy jodt Aq(t))e e

ceding section as the alignment of the dipole moments cor-

responding to the driven transitions. Now one can see that if T A TP

the trapping conditiongspecified in Sec. 1)l are fulfilled 19k fodt Aq(the et (A3)
together with Eq(34), then for any initial state of the atom

and arbitrarily small incoherent pumping rates from level ) _ ) _ )

the level|b) eventually put the atom into a coherent super-We find

position state, which is nothing but the nondecaying state
|0,n). The atom stays in this dark state as long as the driving
field is turned on. . ) t ) ,
Al(t): _Zk g(kl)el(wl—vk)t( gf(l)f dtrAl(t/)e—l(wl— vt
VI. CONCLUSION 0

t
In this paper we have presented the physical origin of the +g§(2>f dt’ A,(t")e (@2~ Vk>t’) —iB(t)Q e,
cancellation of spontaneous emission in terms of the atom- 0
field dressed states. One of the dressed states can be a non- (A4)

decaying one under certain conditions, and it is therefore
possible to hold the population in the upper levels even for ) )
the case when the two bare states are well separated. THEE Now in a usual manner replace the summation &vey
spontaneous emission processes along the driven transitiof8 intégration, which gives

can make this effect even more pronounced. These additional

decays add population to the nondecaying state and conse- \% )

qguently we can have complete cancellation of spontaneousﬁl(t)= - (277)3] kzdkj d¢ sing d02

emission together with population inversion in steady state. 7
This effect could be potentially useful for high frequency and

high power laser systems. X

t : ’
g(kl)g(kl)f dt/Al(t/)efl(wlcka)(tft )
0
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APPENDIX A: DERIVATION OF EQ. (7) =- (ZT)J P dka d¢ sing d6| | ——>—
The Schrdinger equation with the Hamiltonian given by . ;
Eq. (1) reads K j AL (e~ (01— md(t—t')
q X ZPRY; 0dt Aq(t")e
AL (D)= 2 CD)g e (1o B() Qe | al| ol pSiFRO\ | Fuwy
- 72 ZPRY,
i/ = (2) pi (wpc— i)t iAot t
1A(t) Ek Cu(t)g, e 2" Wi+ B(t)()€'72, XJ dtrAz(tr)e—i(wlc—Vk)(t—t')eiwlztﬂ
0

iB(1)=A (1) Qe M1+ A(1)QFe 22, (A1) —iB(1)Q,ed1, (A5)



55

where the factors of sfi# come from the summation over the
polarization vectors, and the cross term has the factgr, of
given by Eq.(6). Integration overg and 6 gives

|M1|2f deVE

. 1
Aslt)=~ —2—§< ]

677 eohc
t ) )
Xf dt’Al(t’)e_'(wlc—Vk)(t—t)
0
+¢M1HMADJ;dVUmJ;dVAgtU

X ei(‘”lc”k”“')e“”lzt') —iB(t)Q €'t

1 23 7
= e | 4] @3¢ 7ochk

t
Xf dt’ Ay (t')e (@ mt=t)
0
3 [ t
Hullualpod | dn [ avaye)

X e‘”‘"lc‘”k”“‘/)e“"lzt/) —iB(t)Q,e'21,

(AB)

where we have used the Weisskopf-Wigner approximation i

the last step. Hence we have
. 1 , 3 [
Al(t)Z—GWTOﬁCs(Mﬂ wlcfodt Ay(t)2ms(t—t")

t o
+ |,u1||,u2|pwfcfodt’Az(t’)Zw&t—t’)e""th

—iB(1)Q et
~ %Al(t) - p—”zmAz(t)eiwlz‘— i,B(t)e'dt,

(A7)

[We replaced |(uy]|po|03c)/(37eofic®) by \y17,, using
the assumption that the upper level separatign is much
smaller than the optical frequencies. andw, .| Similarly,
we obtain

VY17Y2

Ag(t)e 1ot~ %Az(t)— i0,B(t)eld,
(A8)

After transformingAj(t)=aj(t)e‘AJt we arrive at Eq.(4).
Now, substituting Eqs(7) into Eq. (A3), in the steady state

we find

(gl +9i'8))

Ck(m):j:l —)\j+i[Vk_((1)bc+ VO)] .

(A9)
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APPENDIX B: SPONTANEOUS EMISSION SPECTRUM

Spontaneous emission spectrum can be calculated as a
Fourier transform of the two-time correlation function of
electric field intensity:

1 (= .
Si(w)=5—] dre "*(E)(r,t+7)-EF)(rt))+c.c.,
2 0
(B1)
whereE()(r,t) [EC)(r,t)] is the positive(negative part of

the electric field operator at time and positionr. In the
far-zone approximation this operator takes the form

2
w ~ ~
E+(r,t)=ﬁ?nX[nXP(_H(t—r/C)], (BZ)
0

where n is a unit vector in the direction of observation,
P(*) is the positive part of the atomic polarization operator in
the Heisenberg picture. We are interested in the spectrum of
radiation emitted by the transitionga;)—|c) and
|az)—[c) (Fig. 4). In this casewy=(wg,c+ wa,c)/2 and

Pt = pac(a ()M (1) + mac(laz)(ch (1),
PO =[P, (B3)

where superscriptl denotes that the operators are taken in

ﬁhe Heisenberg picture. Note that

Mic" M2c _
MicM2c

(B4)

according to Eq(6). From Eqs(B2) and(B3) it follows that
the spontaneous emission spectrum is proportional to the
Fourier transform of the atomic two-time correlation func-
tion

IO, 7)=(P ) (t+7)- PH(1)). (B5)

Calculation of Eq.(B5) involves a straightforward applica-
tion of the quantum regression theor¢f¥]. This theorem

states that if, for some operat6r

<©i(t+r>>=§ ¢i(t,)(0;(1)), (B6)

where{éj} is a complete set of system operators ajid are
c-number functions of time, then

<©i(t+r>ék<t>>=$cj<t,T><©j<t>ék<t>>. (B7)

Rewrite the equations of motiof29) in the following
vector form:

(B8)
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where . . t .
lﬁ(t):exF[L(t—to)]lﬁ(to)Jrf dt’exgL(t—t")]C,
Pcaz tO
(B10)
Peay )
and the steady-state solution reads
Peb
Paze P(t=o0)=—L"1C. (B11)
Paza; The first step in the application of the regression theorem is
to find the one-time expectation value of the atomic polar-
Pazay ization operator. The expectation values calculated in Schro
p dinger and Heisenberg pictures coincide, therefore
azb
b= pee |, (B9) (PO(t+ )= pal(lan)(ch(t+ )
Paras + tae(([az)(e)"(t+ 7))
Payay = ﬁzlcpgal(t"' 7)+ ﬁz2cp§a2(t+ 7)
Pab :(lzlc¢2+ﬁchl)ei(V0+wbc)(t+T)-
B12
Poe ( )
SuperscriptsH and S stand here for the Heisenberg and
Pba; Schralinger picture, respectively. Now in order to find Eq.
(B5) we need to rewrite this expectation value in terms of the
Pbas system operatordi()(j|)" and carry out the replacement
P DR OY=DGIP ) D).  (B13)

. , o o Taking the Fourier transform of the result, in the limit
andC is the inhomogeneous part arising from elimination oft_, . we find the spontaneous emission spectrum in the
pecc from Egs. (29 by the normalization condition form [6]
2ipii=1. Explicit expressions for the matrix and vector

C are too bulky to be presented here, but they can be easily S(w)= Ref‘<1>(a)|a=iw, (B14)
derived from Eqs(29). The solution of the systertB9) can
be written as where

IO ()= Mn(a')pazaz(oowMlz(a'>pazal<oo>+M13<af>pa2b<oo>+$ N1j<a'>cjpazc<oo>)

+pM2cM1c< Mii(a")pa a)(*) +Mifa')paa, () + M13(a,)Palb(oo)+; Nlj(a')CjPalc(oo))
+pM1cM2c< Mai(a")pa,a,(*) +Mafa')pa,a, () + M23(a')pa2b(00)+; sz(a')CjPazc(w))

+ Mn(a')palaz(oowMzz(a')palal<w>+M23<a'>palb(oo>+§ Nz,-<a'>cjpalc<oo>), (B15)

with a'=a—i(vg+ wp). The matriceM andN are defined as
M(a)=(al—L)"Y, N(a)=L Yal-L)% (B16)

andl is a 15< 15 unit matrix.
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