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We investigate the steady-state spontaneous emission of a V-type three-level atom, with the coherence
between the two upper levels modified and controlled via incoherent pumping to a fourth auxiliary level. The
external pumping gives us an easily controllable handle in manipulating the spontaneous emission to such an
extent that, under certain conditions, complete quenching of spontaneous emission is possible. We also show
that even the interference between the decay channels, which is considered a key requirement in spontaneous
emission quenching through quantum interference, is not essential to achieve near 100% trapping and almost
complete suppression of spontaneous emission. Thus we provide a scheme for spontaneous emission quench-
ing which can be easily realized experimentally.
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[. INTRODUCTION through external parameters that can be manipulated with
ease.

Atomic coherence plays a crucial role in modifying spec- In this paper, we utilize interference of incoherent pump
tral properties of a multilevel atomic system. The novel ef-processes on the same lines as in R&0], to introduce
fects possible through generation of atomic coherence amormpherence between the decaying doublet. We insert an aux-
atomic levels include correlated spontaneous emission lasdrary level at an energy above the doublet and allow it to
[1], absorption cancellatiorfor lasing without inversion couple to the decaying doublet by interfering incoherent
[2—4], electromagnetically induced transparend], and pump processes. These pump processes provide an extra
spontaneous emission reduction and cancellaf6—8. handle on the fluorescence and a means of controlling the
The generation of atomic coherence is usually achieved bgmount of coherent population trapping. Moreover, we main-
application of strong coherent field tuned to an atomic traniain the advantage that the levels can be well separated by
sition of a multilevel atomic systei®] leading to coherently coupling the decaying doublet to the ground level through a
generated Autler-Townes doublet. Atomic coherence pecoherent flelq. Wg observe that by pontrollmg the parameters
tween two close lying levels can also be achieved througl®f the pumping fields, we can achieve further quenching of

quantum interference of processes such as coupling of theSBONtaneous emission than the simple case of interfering de-
levels to identical modes of a reservdB], or pumpings cay channels. We also observe that in certain range of values

; o . o
from them to a single upper lying atomic lef&l0]. Interfer- of the_ pumping parameters it is possible to ha.ve.near 100%
ing spontaneous decay channels have also been showntaIpplng in the decaying QOgbIet, thus,. achlevmg almost

. . . X X . 8mplete spontaneous emission quenching even in the ab-
facilitate continuous wave lasing without inversiphl]. A

: . ticl d that . sence of interference between the decay channels. To note,
nice review article appeared recenfly2] that summarizes _experimental work on quenching of spontaneous emission

the_qL_lantum inte_rference e_ffects in optical fields and atom"fhrough quantum interference of two spontaneous decay
radiation. The art_lcle_ also discusses the problem of control ofhannels has proved extremely difficult, with only one ex-
spontaneous emission through quantum interference eﬁeCtﬁeriment so faf13], nevertheless, with criticisiii4], due to

In the simplest scheme, spontaneous emission cancellghe inherent uncontrollable nature of spontaneous emission
tion due to quantum interference of spontaneous tranSitiOﬂﬁrocesses_ Our scheme Suggests a poss|b|||ty of achieving
from two upper levels to a lower lying third level is possible complete control over the total decay from a doublet through
only if the upper levels are closely spaced. The proximity ofa very simple scheme which could be easily employed ex-
the levels is essential to ensure the existence of coherengerimentally.
and sufficient coupling between the two decaying channels. The article is organized as follows: In Sec. Il, we discuss
This limitation is overcome in Ref$6,7] by introducing an  the essential ingredients of the model, discuss the Hamil-
auxiliary fourth level and coupling it to the two upper levels tonian, and give the complete set of density-matrix equations
by a coherent field. Thus, spontaneous emission control ifor the atomic system. We provide a dressed-state picture of
possible for arbitrarily spaced energy levels decaying to @ahe model in Sec. Ill to allow for physical intuition of the
common lower level by varying the parameters of the coherresults obtained by solving the density-matrix equation. In
ent field. In this setup, the auxiliary fourth level needs to beSec. IV, we summarize various results obtained through the
of lower energy than the doublet to maintain the quantunsolution of density-matrix equations. We study the time de-
interference. We, however, wish to achieve even more conpendent behavior of the populations of the atomic states and
trol over the total spontaneous emission from the atonshow the existence of coherent population trapping under
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|C> Vo=—12, giPe”"ay)(b|bi+g(Pe""ay)
K
X (b|b,+H.c., 4
|a1)
Va=—pi&plc)(as| — p2&plc)(az] +H.c., (5

|ag)

where(); and (), are the Rabi frequencies of the coherent
driving field of frequencyv corresponding to the two transi-
" tions from|a;) and|a,) to |b), respectively;g{*? are the

coupling constants between theh vacuum mode of fre-

72

|b> quency v, and the atomic transition frorfa,) and|a,) to
|b), respectively, angh, and p, are the dipole moments of
FIG. 1. The level scheme. We are interested in controlling thethe atomic transitions corre'sponding. to the pumpi'ngs from
spontaneous emission from the doutjef) and|a,) to level|b).  |81) and|ay) to [c), respectively. To illustrate, the interac-
Level|c) is the auxiliary level coupled to the doublet via incoherent tion term V, describes coupling of statés;) and |a,) to
pumpingsr, andr . state|b) through identical vacuum modes. Thus, there is a

possibility of quantum interference between the two decay
certain conditions. We also explore the effect of the energynodes. The interaction terid; describes coupling of states
spacing between two atomic levels on the coherence genef@a;) and|a,) to |c) through a single electric field, , which
ated between them. Furthermore, we investigate the effect @¢$ taken to be complex to include the frequency dependent
guantum interference on the coherent population trappinghase factor.
and the spontaneous emission spectrum of the system. We The dipole momentg, and p, corresponding to transi-
review a similar model considered earlier in Rgf] in Sec.  tions from|a,) and|a,) to |c) can, in principle, have differ-
V and compare their results with our findings. In Sec. VI, weent directions. However, the electric fiedg can be chosen in
state our conclusions. Various calculational details such as polarization mode such that it couples to both the transi-
the occurrence of quantum interference in the decay and th®ns. Moreover, the electric field is required to have a broad
pump channels and the determination of spontaneous emifrequency spectrum or effectiv@like correlation, i.e.,
sion spectrum are considered in Appendixes A, B, and C.

(E (&) =Tp8(t—t"). (6)
IIl. THE MODEL AND THE DENSITY-MATRIX

EQUATIONS The effect ofV; can be summarized through the pumping

We consider a level scheme depicted in Fig. 1. The sponParameters, ;=2 (Pizlﬁz).rp as discussed in Appendix B.
taneous decay rates froja,) and|a,) to |b) are denoted by We can treat the interaction terms separately to obtain the
y! andy}, respectively. Incoherent pump processesnd corresp'ondlng terms in the densny-_matrlx equations to arrive
r, couple|a;) and|ay) to an auxiliary statéc). A coherent at the final form. The effect of th_e mt_eractlon potentla_lls, as
field is set to coupldb) to both the statefa,) and|a,) by well as the free payt of thg Hamlltqnla)fb on the .denS|ty—
choosing a frequency tuned halfway between the two. yvdnatrix can be obtained using the Liouville equation
also include decays from stafte) to all the lower levels.

There are three major dynamical processes occurring in: 1,3 l_ (0123
the system(i) interaction of the atomic system with the co- ” T [Vo124Y).p (0]
herent field,(ii) incoherent pump processes throughand
r,, and(iii) interaction with the reservoir governing the de-
cay processes from statfss ) and|a,) to the ground level.
We describe these processes by interaction té4ms/’,, and
V3, respectively. Thus, including the free-energy terms, the
total Hamiltonian is

- fli_[Vo,l,z,:(t)Po'l'z’g)(t) —p0123t)Vy 12 41)].
(7)

Here, the complete density-matrix has been reduced to dif-

H=Vy+ Vi + Vot V5. (1)  ferent parts as
Th_e detailed form of these terms in the Hamiltonian can be p=pO+pW 4 p@ 4 ,(3) (8)
written as
Vo=t 1 DYl + 7 w,|a ) a.| +hwala:)a coupling only to the cqrresponding part of the Hgmilt(_)nian.
o=hwi|b){b]+#woaz) (@, +hwslas)al The terms corresponding %4, andV; can be obtained in a
+hoglc)c|, (2)  straightforward manner. However, calculation of the interfer-

. A ence effect due td), and Vs is little more involved. We
Vi=—1Q.e7""a)(b| -7 Qe ""a)(b|+H.c., (3) discuss the details of the appearance of decay and pump
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interference terms in Appendixes A and B. Next we trans-Hamiltonian does not explicitly include the decay terms and
form, thus, obtained equations to rotated frame and includéhey are to be included in the density-matrix equation by
all the atomic decays as shown in Fig. 1 through the usudbollowing the usual procedurésee, for example, Ref15]).
procedure. A word of caution is necessary at this point, théThe resulting set of equations is

Pba,™

1 ) - 1 — ~ )
- E(r2+ 7&)+|A2}Pba2_ E(p Vrara+p'y 7172)Pba1+'[Qz(zpaza2+9a1al+90c_ 1)+Q’Ipa1a2]a

Poa, =

1 ] - 1 — ~ )
- E(r1+ 'yi)"HAl}Pbal_ E(p Vrara+p’y 7’172)Pba2+'[QI(Zpalal_"Pazaz"_Pcc_ 1)+Q;pa2al]a

~ 1 ] - ] - -
Pbc:[_z(rl+r2+ Yot y1+ ¥2) +i(A1+61) |ppcti(Q3 pact QI pac),

) ’ 1 ’ r H -~ *~
Paya,™ —(ro+ 72)Pa2a2+ (rotv2)pec— E(p Vot P’y 7172)(Pa2a1+Pa1a2) +1 (szbaz_ﬂz pazb)r

1
Paya, — E(p VIl +p'y 'Yi'yé)(Pazaz"' Palal)

1 .
- 5("1‘”2+ yitys) —i(Ay—Ay)

Paja, ™

+PVriropecti (szbal_ QI pazb)y

1 L1 -
Pazc:[_z(r1+2r2+7’o+71+ Yot ¥2) T8, Paye™ 5 (PVralat P'VY1¥2)PayctiQaphc,

. 1 ) ~ ~
Paja,™ — (ry+ 71)Pa1a1+ (ri+v1)pec— E(p Vrara+p'y 'Vi'yé)(Pazal"' palaz) +1 (lebal_QIPalb)y

1 e 1 .
Palc:[_i(r2+2r1+ Yot yat ¥2t ¥1) T181|pac™ 5 (PVIr2t P/ VY172) Paycti Qipe,

pec= —(ri+ra+yo+ y1+¥2)pect rlpa1a1+ rzpa2a2+ p Vrlrz(pala2+paza1)- 9

Here, we have introduced parametp@ndp’ to incorporate  coherent fields, respectively. It will be apparent later that the
the fact that the dipole moments for the corresponding traninterference of the two incoherent pump processes and the
sitions may not be exactly parallel to each other. For extwo decay processes among themselves are very important
ample,p=1 andp=0 correspond to the case of dipole mo- for quenching of spontaneous emission and is governed by
ments of the transitionga,)—|c) and |a;)—|c) being the \Jrir, and the\y; v, terms in the density-matrix equa-
parallel and perpendicular, respectively. Similaply corre-  tions, respectively.

sponds to the transitions frofay,), |a;) to |b). Thus, these

parameters are t_he measure of the relative orientation of t_he IIl. DRESSED-STATE ANALYSIS
corresponding dipole moments. The actual form of them is
given later. For most part, we use the valuep ahdp’ from Although, the interference terms can be clearly seen in the

the set of{0,1} corresponding to the extremes of parallel anddensity-matrix equationg®) they still have a formidable ap-
orthogonal dipole moments to study the effect of the absencpearance. It is very difficult to extract useful physical insight
or the presence of the interference terms on the behavior é¢fbout the system from such a set of coupled equations even
the system. The detuning&; = w, p— v, A= wa,p— v, & in steady state. However, atom-field combined dressed states
provide a useful tool to acquire physical insight in such a
complicated multilevel atomic system interacting with vari-
ous electromagnetic fields and/or a reseryd@]. In the cur-
rent situation, it is instructive to dress the atom with the
coherent field and see the effect and interaction of the
wherev and v, are the frequencies of the coherent and in-vacuum and pumpings fields on such dressed states. In this

= wca,~ Vp, and 02= wea,~ Vp APpEAr in the above equa-
tions as we are in the rotated frames defined by

—iv t™

p=e"'"e "', (10
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section, we first determine the form of the dressed states and |c, n)
then consider the effect of the vacuum and pumping interac-
tions in the dressed-state picture. Incoherent

pumpings

A. Determination of the combined atom-field dressed states

We start with defining the atom-field combined dressed

states for the system. To incorporate the coherent light field |+a n}
in the state representation, we quantize it and resort to the |0 n)
number state representation of the same. The effect of the / ’
free energies and the coherent coupling can be summarized : |—, n)
through the existence of the dressed states obtained by di- [
agonalizing the corresponding Hamiltonian. For simplicity, | :
we consider a slightly different representation for the Hamil- y
tonian than the one considered in previous sections. L f L |+, n— 1)
The atom-field combined states for the model of Fig. 1 Y Y 0 1
can be taken to b, ,n), |a,,n), |b,n), and|c,n) wheren Y 0,2 —1)
denotes the number of photons in the coherent-field coupling |—, n— 1)
state|b) to |a;) and|a,). The atom-field dressed states are
just the eigenstates of the coherent-field coupling part of the
Hamiltonian, namely);. To start with, we rewrite); and e | P
the free-energy part of Hamiltonian in the interaction picture el e
as
Q
V=1A4|b)(b|+7A,|az){(a,| — (hgi|a;)(bla+fg,lay) _ .
FIG. 2. Dressed-state representation of the level scheme. A typi-
X(bla+H.c), (11)  cal spectrum is shown at the bottom of the figure, along with the
corresponding spontaneous transitions introduced by the interaction
whereg; , are the coupling constants between ,) and|b). with the vacuum field. Incoherent pumpings couple dressed states to

Here, we have also introduced the annihilation and creatiothe statec,n) as discussed in the text.

operators denoted by anda’, respectively, to achieve the

quantized description of the coherent field. The correspondwhereN,,, andN.. , are the normalization constants and
ing characteristic equation is ' ’

2
NBNZ(A 4+ Ay~ A [g2(n+1)+gi(n+1)—A A = /o2 2 P12
n n 1 2 n gl(n ) gz(n ) 1 2] M= 91(n+1)+92(n+1)+ 4" (16)
+A,03(n+1)+A,g%(n+1)=0. (12)
S with w,= Wa b~ Wayb being the spacing between the two
For simplicity, we assume that upper levels. The corresponding eigenvalues are
M= a7

leading to a trivial solutiomﬁ°)=0 for the eigenvalue. The

corresponding eigenstate is ] ) S
In Fig. 2, we show a set of two eigenstates differing in the

photon number by one, thus, they differ in their energy by
[On)y= NO,n[ goVn+1la;,n)—g;yn+1la,,n) hv corresponding to the energy carried by single photon.
The figure also shows that the adjacent set of dressed-

states couple with each other through spontaneous transitions

. 14 and a given set of states couples to the stafe) through

the incoherent pumpings. However, only some of these cou-

plings are possible and some are forbidden. We discuss these

details in forthcoming sections.

- %Al|b,n+ 1)
01

The other eigenstates can be shown to be

W12
|£,n)=N. /g;yn+1 I“iT |as,n) B. Coupled decay channels and dressed-state transitions
® The decays from the upper-level doublet to the ground
tgontl| pF—=2 lay,n) level in the bare basis amount to decays between two sets of
2 the dressed states differing in the photon number by one. As

discussed above the interaction Hamiltonian for these transi-

*(gf+gd)(n+1)|b,n+1)|, (15)  tions is given by
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(1) oeint R under the above condition, the dressed statgscan decay
Wacuunt= —ﬁEK g e " lag)(b|by into the dressed stat@), but not vice versa. The condition
(21) can be rewritten as

+gPe " a,)(b|b+H.c., (18 ,
9., 7

where vy corresponds to the frequency of thth mode of g__ p — (23
emitted field. It can be shown that the decay interaction in- 2 Y2

troduces transitions among the dressed states associated witn h grfjl) da® in £ th
different number of photons. For example, the matrix elg-VNEre WE have express andg, - m (,arms ot the cor
ment for the transition from the dressed sthten+1) to  'eSPonding radiative decay rateg, and y;, as defined in
the statdO,n) can be written as the Appendix A andp’ is the alignment of the dipole mo-

ments corresponding to the driven transitions,
\/O,t,n(t):<01n|<]-k|Vvacuun'li N+ 1>|{0}> > >
Ma; b Ma,,b

=NoaN= 0+ 1(0N|[29Vg1 Vn+ 20151 0(7g, VRN AT (24)
: May bllMa, b
X \n+2u,]el ot n+1) e
g With the introduction of the Rabi frequencie$), ,
= No,nN+,n+1( - 9—2A1>[ﬁgf})gl n+2u, =g, /n+1 the trapping condition becomes
1
+hgPgo\n+2u,]e 0, (19 o \/£ (25)
2, " Ny

whereu;=u=* w52 andu,= u+ w1,/2. On the other hand,
matrix elements of elements of the transitions frd@m

: The Fig. 2 takes into account these selection rules when the
+1) to |*,n) are given by

trapping condition(25) is satisfied and gives a typical spon-

_ _ taneous emission spectrum with appropriate relative heights
Vi on(O)=(x,n|{L|V 0O,n+1)|{0})=Nx N . .
= 0n(0 = ({1 Vvacuund JHOE =N nNop 4| of the peaks. It, however, does not include the influence of
+,0[%gMg,n+2 the incoherent pumpings on the spectrum.
2 i(v,—v
~hg{Pg;Vn+2]e' ko) b,n+ 1) C. Dressed states and incoherent pumping fields
=N Nopsa[ = (g5+g3)(n+1)]e! (o)t The incoherent pumping interaction
x[hgilgaVn+2-fglPgsn+2]. (20 Vi=—pi&le)(ail —pagrle)(ag +He.  (26)
It is clear that the matrix elemei(20) is zero when couples the dressed states to stat@). Matrix element of
L the incoherent pumping interaction between stéte) and
%_ 91 (21) the statgc,n) can be shown to be
g 92

Veon= (c,n|<{0}|V3|O,n>|{O}>
=Nonl7ig2Vn+1p1E,—igiVn+1pEp].  (27)

We can see that this matrix element vanishes if

for the arbitrary mode of the vacuum field. Since, by defini-
tion,

g(kl) l:al,b'éx (22)
g(kz) ,L:az,b-Aek' &:p\ﬁ:%:&_ (28
P2 rz 92
vyherfaQ( is the unlt. vector of thekth ra'dlatlon mode and Here, we have expressax and p, in terms of the corre-
Ka b'S are the matrix elements of the dipole moments of thesponding pumping rates, andr,, as defined in the Appen-

two transitions, the parallel matrix elements of the two di-dix B. Moreover,p corresponds to the relative orientations of

pole moments are needed for vanishing,, of Eq.(20) for  the corresponding dipole moments
arbitrary polarization of the vacuum field, assuming that

andg, have the same sign. In the case wiggrandg, have

opposite signs, matrix eleme20) will be zero for each p=— _ .

vacuum mode, if the dipole moments are antiparallel. |Mal,c||Ma2,c|
Thus, we can have no decay frd@n+1) to |=,n) un-

der the condition(21). On the other hand, under the sameUnder the condition(28) it can be easily verified that the

condition the matrix elemer{Ll9) is maximal, and the decay other matrix element corresponding to transition from state

rates from|=,n+1) to the|0,n) do not vanish. Therefore, |=+,n) to state|c,n) does not vanish. Thus, there are certain

Ma, ¢ Ma,,c

(29
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1 - - : - nisms like the decays to stafe) and pumpings to state).
Once such coherent population trapping is achieved there is
08 no spontaneous emission from the system.
0.6 H ) Another important observation is the dependence of the
amount of trapping on the energy spacing between the states
04 | o Pay a2 Paya, 1 |a;) and|a,). We observe that the amount of trapping de-
creases with the increase in the energy spacing between the
02 1 Do ] states|a;) and|a,). Although, there is a possibility of in-
0 , . creasing the Rabi frequency of the driving field in order to
0 10 20 30 40 50 increase the trapped fraction. This is depicted in Fig. 4,
v where we plot the populations of the two upper-levels as a

function of the Rabi frequency for different upper-level sepa-
FIG. 3. Time evolution of populations fok. . =0.2y, A1 rations. Larger upper level separation needs larger Rabi fre-
=0=—A;=-6;=0.1y, 0;=Q=7v, y1=7,=7=0.5y, and  quency for the driving field to achieve the same fraction of
Y1=Y2= Y- population in the trapping states.

We now discuss the importance of the incoherent pump-
selection rules for transitions from the dressed states to thiggs and the interference terms between them as well as the
state|c,n), provided the trapping conditions are satisfied. interference between the decay channels. We carefully study

The dressed-state picture gives a good physical idea of thige effect of these terms on the population trapping in the
effect of the pumpings and vacuum coupling on the systengoublet [a;) and |a,) for various relative values of the
as discussed above. However, a complete analysis of the sysumping and the decay parameters, while keeping all the
tem in the dressed-state picture could get extremely compliother parameters fixed. The results are summarized in Fig. 5.
cated. Therefore, to clarify these effects further, we study th&ve observe that the process of generating coherence between
complete numerical solution and so obtained results in thehe decaying doublet through interference of incoherent

following section. pumpings is effective when the pumping parametegsr()
are at least three orders of magnitude larger than the decay
IV. RESULTS AND DISCUSSION parametersy;,vys). In this case, we observe that even in the

absence of interference between the decay channels there is

The set of density-matrix equation®) can be easily near 100% trapping and, thus, almost complete spontaneous
solved to obtain the time evolution of populations and coheremission quenching in the steady state.
ences as well as their steady-state behavior. The parametersThjs situation is particularly of interest as it implies that
chosen in all the figures satisfy the trapping conditi@S  one can achieve tremendous control over the spontaneous
and(28). emission from the decaying doublet even in the absence of

We summarize a typical result in Fig. 3 for the time de-the interference between the decay channels. In real life situ-
pendence of the populations for all the four states. We staritions one does not have any control over the spontaneous
with all the population in stat¢h) at imet=0, and it all  decay properties of the atomic system let alone ensuring the
ends up in statel®;) and|ay) in the steady state. Some of it presence of interference between two decay channels in or-
is transferred to stafe) because of the presence of the drive der to quench the spontaneous emission. The first plot of Fig.
and the pump fields but it soon decays and we get almog clearly illustrates that our model removes this stringent
100% trapping in statg®,) and|a,). Thus, we observe that requirement on the decay properties of the system and im-
there is a possibility of trapping all the population in statesparts an easily controllable handle through the incoherent
la;) and|a,) even in the presence of apparent loss mechapumping parameters. Thus it could be easily implemented
experimentally.

Observing part 2 and 3 of Fig. 5 illustrates that the above
mentioned advantage is lost when the pumping parameters
become comparable to or smaller than the decay parameters.
When the pumping parameter values are comparable to those
of the decay parameters the results obtained in the case of
absence of either of the interference term are very close to
each other as expected. However, a point to be noted is that
still the precedence taken by the pump interference over the
decay interference is clear in part 2 of Fig. 5. In the case
where the pumpings are small compared to the decay param-
eters(part 3, we observe a role reversal and the influence of

ok decay interference is larger compared to the pump interfer-
ence as can be expected. Nevertheless, in all the cases when

FIG. 4. Populations of the trapping states versus Rabi frequencyoth the interference terms are present in the system, we
r=ry=7y, A1=—A;=-8=0,=050s,, and y;=y,=v have 100% trapping and complete spontaneous emission
=yi=y,=7. quenching.
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1 TT T T T T T T T TTT within the vicinity of the frequency of the driving field; the
08 part 1 ngmber of peaks can be easily explained in the dressed-state
¢ picture.
S 06 1 The total spontaneous emission in all the modes from
s oa statesla;) and|a,) is governed by the area under the spec-
& tral curve. We can easily see that the presence or absence of
0.2 : the interference terms in the decay and pump channels is of
0 . . . utmost importance in governing the total emission from the
0 5 10 15 20 atom in the two decay channels. The presence of both the
on interference between the pump procesges 1) and decay
. processesf{’ =1) gives the spectrum with almost zero area
under the curve. Thus, one can achieve complete spontane-
08 t Part2 ous emission quenching.
c_z“o.e- (feepRaAaRaaB0BEES
+€ 04 b V. REVIEW OF THE MODEL CONSIDERED IN REF. [7]
a AND ITS COMPARISON WITH THE PRESENT
0.2 1 ONE
0 ; : ' So far, we have discussed the present model in its com-
0 5 10 15 20 . . . .
on pletg detal_ls and we have_ discussed the results in precgdmg
section. It is more instructive to compare the results obtained
e T here with a model previously considered in the literature to
08 | Part3 | throw more light on the problem of spontaneous emission
$ control and manipulation.
§ 06 ] A scheme considered Rdf7] is particularly of interest,
§ 04l ] due to its similarity to the current model. The system consists
< of a four-level atom very similar to the one considered here
02 1 and is depicted in Fig. 7. Leaving aside the incoherent pump-
0 , , ings in this model, as there are no interference terms associ-
0 5 10 15 20 ated with them, the essential elements consist of a coherent
QA field and interfering decay channels. Unlike the current

FIG. 5. Amount of trapping fa a, + pa,a,) Versus Rabi fre- model, this model achieves coherence between the decaying
quency)/y of the coherent field. In all the three parts of the figure doublet through a coherent-field coupling with an outside
thin line corresponds to cage=0, p’ =0, i.e., the absence of both level which has to lie below the doublet. Thus, a typical
the interference terms; squares for 0, p’ =1, i.e., the presence of spontaneous emission spectrum consists of three distinct
interference in the decay channels only; circles et 1, p’ =0, peaks as opposed to five in the present model. Another es-
i.e., interference in the pumpings only; and thick line for 1, p’  sential ingredient is the interference required among the de-
=1, i.e., the presence of both the interference terms. The commogays from levelga,) and|a,) to level|b).
parameters are the level spacing ,,=2y, other decay ratey, The presence of the coherent field assures that the decay-
=7v,=17,=0.1y, and the decay rates of intereg{=y,=0.00ly.  ing doublet does not have to lie very close to each other. This
Part 1 corresponds to the case of large pumping parameters comspect is essentially the same as in our model. Since the level
pared to the decay parameters, irg=r,=10y. Here, we observe |p) in the model of Fig. 7 is lying lower than the decaying
that in the absence of both the interference terms, there is only 50%gble there is extra set of spontaneous decay channels. It is
trapping as one.would expe(;t. However, the highlight is t.hat evenihown in Ref.[7] interference is required on these decay
the at_asence of interference in the decay channels there is near 10Q%annels too. This conditions is fairly stringent and can be
trapping. Part 2 corresponds t@=r,=y;=7,=0.00ly. In this oy difficult to meet in real life situations.
case, the results for the the case of either interference term being The model of this papefFig. 1), does not impose any

absent are close to each other. Other results are similar to the Ong?ringent requirements. Our results even relax the require-

in part 1. It is clear that the effect of interference due to the inco- . .
. o ment of interference among the decay channels by choosing
herent pumpings is little more compared to the same due to the

decay channels. Part 3, here, the pumping parameters are muapproprlate \_/alues. for the pumplng pqramgters. ACh'eV'n.g
smaller compared to the decay parameters ri;e-f ,= 10"y, and interference in the '|nc0herent pumping is fairly easy experi-
we observe a role reversal among the two interference terms. Thug_?enta”y by tweaking the polarization of the applied light

there is a swapping between the circles and squares compared to thgld- Moreover, we observe that one can obtain more control
corresponding case of part 1. over the spontaneous emission through the present scheme.

Under similar conditions one obtains much less emission in
In Fig. 6, we plot the spontaneous emission spectrum oéll the modes in the present scheme compared to the one in
radiation emitted by the transitiong,)—|b) and |a,) Fig. 7. Thus, the present scheme can be more easily em-
—|b). The details of the spectrum calculations are given inployed in experimental situations and gives more control
Appendix C. As we can see it is a spectrum with five peak®ver the amount of spontaneous emission from the system.
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FIG. 6. Spontaneous emission spectrum. Parameter values for(alets); wa,a, =20y, V1= Vo= Y1=Y2= Yo=Y, Q1= Q»,=10y,r,
=r,=10y. Left: Spontaneous emission spectrum for four different cases of the valugesod p’ corresponding to the parallel and
perpendicular directions of the corresponding dipole moments. The four different cases possible are defattee pi=0, (b) p=0,
p'=1,(c) p=1,p’'=0, and(d) p=p’'=1. Plot(e) corresponds to the parameter values of Part 1 of Fig. 5putll, p’ =0. Observe that
in this scale the cas@l) lies on the zero line. Moreover, in the caseis very close to the zero line illustrating the control one can achieve
over spontaneous emission even in the absence of coupling in the decay channels. Right: The magnification of the zero line in the left part
of the figure. The shape of the spectrum is preserved but the emission is negligibleAHdr@~ v) in the units ofy.

VI. CONCLUSIONS QuIST, TAMU Telecommunications and Informatics Task

We have shown that atomic coherence can be generateFcPrce(TITF) Initiative, and the Robert Welch Foundation.

through the interference of incoherent pump processes. This
imparts an easily controllable handle for manipulating the

spontaneous emission properties of three-level V-type sys-
tem. Whereas, the interference between the decay channels isye discuss the effect af, on the density-matrix elements

essential for complete quenching of spontaneous emissiofh this appendix. We consider all the four levels without the

the nature does not give us any control over the characteristigresence of the pumping terms and decays from $tatéo

decays of any given system. In such a situation, being able 1 ) and |a,). Even though there is no direct coupling to

modify the coherence through the interference of externakiate|c), as it will be evident later some coherence terms

pumping fields, offers more control in achieving the right inyoving statefc) are still present and do get affected by the

amount of trapping and fluorescence as needed. We have al§ferference of the decay processes.

shown that, under certain conditions, complete spontaneous The coupling of the atomic system to the vacuum reser-

emission quenching is possible in all the modes of the radiay;r is described through

tion field. We have also shown that with a certain choice of

parameters it is possible to obtain near 100% trapping and » R »

almost complete quenching of spontaneous emission froma V2= _ﬁ; gkVe™ " dlag)(b| by +giPe " az)

doublet even without the stringent requirement of the exis-

tence of interference in the decay channels. Our scheme can % (b|b,+H.c., (A1)

be very easily implemented experimentally as it works

around the difficulty of finding the right kind of system with as mentioned earlier. The Liouville equation for the total

interfering decay channels. density operatop of the “atom + reservoir” system in the
interaction representation is

APPENDIX A: INTERFERENCE TERM FOR THE
DECAY CHANNELS

ACKNOWLEDGMENTS
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Force Research Laboratorié€Rome, New York, DARPA-
Integrating the above equation once and substituting the re-

sult in it, we obtain

pr=—+1Va(0),pr(0)]

+

i\ ot
Py Jodt'[Vz(t),[Vz(t'),pT(t')]], (A3)

with the initial conditions given by

FIG. 7. Level scheme of Ref7]. p1r(0)=p(0)pe, pr=({0}|[{0}), (A4)
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where,p(®(0) denotes the atomic density operatotat0, On carrying out the integration, we obtain
pe the field density operator, ari¢l0,}) corresponds to the

vacuum state. We now assume, as usually done when the : 1 1
- g ' (2) — (2) _ — (2) (A11)
system of interest is weakly coupled to a large reservoir, that Pba,= ~ 5 V2Pba,” 5 Y172 Pba,
the total density operator factorizes into the form
@ where y;=27D(w)g'M?, y,=27D(w)g'?2. Here, we
pr=p""(Vpe (A5)  have assumed both coupllng constants to be positive. Similar

calculations lead to the equations for the remaining indepen-

for any t>0; in addition, we calculate the partial trace of 4o+ \otix elements

above equation over the field degrees of freedom. Thus, from

straightforward calculations, it follows that the atomic den- . 1 1
sity matrix eIemen';oE,Za)2 satisfies the equation of motion pE,Za)f 5 ?’ipﬁz) > 7’17’2/3%)2
dtz H2exp] —in(t—t")]pfR (1) 2 2 2 2
f g exil —in(t=t) Jpgg Pl =— Vép(az?az— Vrivs (p2h 402,

1
2) _ 2 2 2
ph = —5(rnty; pézél— —\/ Y1v2(Ph P L))

(A12)

fdt > gMgPexd —int+ivt’ ]p(z) t').

(AB)

At this point, usually, it is assumed thﬁf) (1) andp(z) (t') oLt @ 1 )

Pa,c™ zyzpazc 2 Y172 Pajc»
are slowly varying functions of time and, therefopéz)(t’)
can be replaced by(®)(t). Thet’ integration in above equa-

tion is then carried out. Here, we follow a different proce- (2 —_ (2 / (2) )
dure. First, we replace the summation okesy an integral, Paja, ™~ MPasa, 7172 (Paa, t Paga,):
ie.,
1 1
(2) — r(2) _ (2)
* p 5 V1P SVY1Y2P
. __>f dka( Vk)' . (A7) a;c 2 a;c 2 axc:
We note that the terms containing the productybfand vy,
where describe quantum interference effects which emerge from the
radiative decay of the upper states to their common lower
D VVk A8 level. In particular, this interference term is responsible for
(v = 723 (A8) establishing the coherence between stpgsand|a,). The

coherencep(?} andp{’) are affected by these interference

represents the density of states. Heves the quantization terms even in the absence of any direct couplinfepfto the
volume. On interchanging the integrations ovgrndt’, we  remaining states.

obtain
APPENDIX B: INTERFERENCE TERM
o2 = - f at’ f A Do g P2 () FOR THE PUMP PROCESSES
In this appendix, we consider the detailed calculation of
xexd —in(t—t")]+gp{A (t)exp —ind) the pump processes described by the Hamiltonian
xexp(—ivgt')}. (A9) Va=—p1&plc)(as] —pa&plc){ay| +H.c. (B1)

Now, we assume that the stateg) and|a,) are close to As discussed in Sec. Il we assume a the two-time correlation
each other. Thus, the density of sta®gr,) and the cou- of the applied electric field to bé-like, i.e.,
pling constantsg(l) and g{» contribute significantly only
around v,= w. We can, therefore, replace, by w in the (& (DE(L))=T"p8(t—t"). (B2)
corresponding terms. Thus,

The Liouville equation for the density-matrix corresponding

to this part of the integration is
(2)__D(w)g(1)f dt’f dndgp2 0 P g
(B — _ _ B)=— 3)_ ()
X exg — i n(t—t')]+gPpl2 (t')expl —ind) P [Vs pN= =5 (Vap™=p™Vs). (B3
xexp(—ivt’)}. (A10)  Expanding the Liouville equation, we arrive at
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- (3) i 3) where we have defined
Ppa,~ — ﬁngppbc )

_ r1=2(p1 ATy (B8)

) [
P = 2 piEonld, i N

1 h Following similar steps for the remaining matrix elements,

we obtain

. [

3 3 3
phe="— gtfﬁ(plpéa)ﬁ P2ba,), 1

. 1
3) _ 3 3
pE)a)I_ - Erl Pgal_ EVrer pE)a)Z'

3 gk 3 3
" (3 3

. i
P, =7 (P26 PR~ P1E D). (B4)

. 1
3) _ 3 3 (3 3
sz)az_ - r29§12)612+ rapte— 2 rer(pgiz?’:ll—’_ Pgl)az),

. i

3) _ S-* 3 3 5-* 3
p(az)c_%[pZ p(p((:c)_pglz)az)_pl ppgz?ﬁll]i 1 1

“(3) _ 3 3 3 3
. Pk = 5(ratra) Pk + POLELE: (202= P, = PEh),

. |

3) _ 3 3
Pglél_%pl(g;pt(:a)l_gppgl)c)' (B9)

" (3) _ (3)_3 (3)_3

[ 3
) Pa,c _rZPazc 2rlpa2c 2 rerP(alz:!
. |
3) _ 3 3 3
péll—g[plé”; (P((:c)_ p.(al?al) - ngg Pglgz]:

. 1
3) _ 3 3 (3 3
Pgl)al— - rlpgl)al"‘ riple— 2 rlrz(sz)eal+ Pgl)azﬁ

. i
p((:?(’:):%{gp( plpg?:“‘ png?;)c) -& (plpg?%*' P2P<(:3a)2)}-

. 1 1
as a starting point. The strategy is to integrate all these equa- sz;z —Iq p(a‘?;— Erz p(a?;— Ex/rlrzp(ai)c,

tions once and then resubstitute the so obtained equations

back into the above equation, much like the method applied

in Appendix A. We consider the evaluation of density-matrix p=—(r1+1) p+r1pSh +12p8)
equation for eIemen,bEf;,)2 in complete details. We need ex- ot 2z

P - . . ; N (3) (3)
pression forp3)(t), which after formal integration op{>) TN1r2(Paja, T Paja,)-

equation from above is
We note that the terms involving products of andr,
it correspond to interference between the pumping processes
pg?:c)(t)z__f dr&s (PP P& (1) + o (7)]. from two lower lying stateda,) and |a,) to upper lying
filo ! 2 stategc). In particular, this interference term affects the co-
(B5)  herence between statggs ) and|a,). Moreover, even in the
absence of any direct coupling with stdte), coherences

. . . " (3) . . ) !
Substituting in thepy, equation, we obtain Pl phe , andpf are influenced by the interference of

pumpings from statela;) and|a,) to state|c).

HAWA
. [ t
G — 4|~ Zdeé'tS*T &) (7
Pba, ) P2, (1) (7)o, (7) APPENDIX C: CALCULATION OF THE SPONTANEOUS
) t EMISSION SPECTRUM
3 .
+lz PlpzjodTgp(t)gﬁ(T)Pfaa)l( 7). (B6) Spontaneous emission spectrum can be calculated as a

Fourier transform of the two-time correlation function of

Thus, using thes correlation of the pumping fields, we arrive €lectric-field intensity, i.e.,

at

1 (= L L.
S(w)= Zfo dre '(EC)(r t+7)-EM)(r,t))+c.c.,
(CY

: 1 1
phay="— §rzp§)3a)2— VI 1r2pe s (B7)
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whereE(")(r.t) [EC7)(r,t)] is the positive(negative part of R=(pba, Pba, Pbc Pagd Paja, Paja, Pag Payb
the electric field operator at timeand positionr. In the
far-zone approximation this operator takes the form XPaja, Paja, Pac Pcb Pca, Pea, pec),  (C8
2
L o w2 . . o : : i
E(”(r,t):Eg”(r,t)— 0 [ B(t—r/c)], :rus'alltcam?g”to rewrltetthefdenglty matrix equations of mo
AregC2r on in the following matrix form:

(C2

. . . - . R=MR+B, (C9)
wheren is the unit vector in the direction of observation,

5(+) iti i izati L - S
P*"’is the positive part of the atomic polarization operator,,perep js a inhomogeneous part arising from elimination of
in the Heisenberg picture. We are interested in the spectrum

o . » by normalization conditior; — i=1. Explicit
of radiation emitted by the transitiorjgs;)—|b) and |a,) Pbp DY T ror th 0 o i atl,?é,b,cpltl . Fl A
—[b). In this casewo=(w,p+ wap)/2 and expressions for the matriM and vectoB are too bulky to be

presented here. They can be easily obtained from (&q.
The formal solution of the syste€9) can be written as

PO = p(la) (b)) (1) + ap(]a2)(B))H(D), t
R(t)=ex;iM(t—t0)]R(0)+ft dt’'exgM(t—t")]B,
0

POt =[POm]", (3 (€10
and the steady-state solution reads

where superscriptl denotes that the operators are taken in .
the Heisenberg picture. We note that R(t=%)=—M""B. (C1)

. . The first step in the application of the regression theorem is
Mab Ma,b to find the one-time expectation value of the atomic polar-
= TN (C4 ization operator. The expectation values calculated in'Schro
e dinger and Heisenberg pictures coincide, therefore,
denotes the alignment of the dipole moments of the two tran- , = _ -
sitions. From qus(CZ) and(C3),pit follows that the sponta- (POX(t+ 7)) = map((Jar)(bD (4 7))
neous emission spectrum is proportional to the Fourier trans-
form of the atomic two-time correlation function +,&a2b<(|az><b|)H(t+ 7))

_- s > s
rOt,7)=(PO)(t+7)PH(1)). (C5) = ta,bPz b(1+ 7)+ mabpa p(t+7)

) ) ) . _ eva b(t+7')+ - eva b(H'T).
Calculation of Eq.(C5) involves a straightforward applica- Ha;bPa,b®= FragbPayb® 2

tion of the quantum regression theor¢¥]. This theorem

) ~ (C12
states that if, for some operat@; ,

Here, the superscriptd and S stand for the Heisenberg and
Schralinger picture, respectively. Now in order to evaluate

(Oi(t+ 7-)>=2 cj(t,a-)(@j(t)), (C6)  Eq.(C5H), we need to rewrite this expectation value in terms
] of the system operatorsi§(j|)™ and carry out the replace-
ment
Where{éj} is a complete set of system operators af‘siare Wivi |)H(t)>4)<(|i><j|I5(+))H(t)>. (C13

c-number functions of time, then

Taking the Fourier transform of the result, in the lintit
—oo, we find the spontaneous emission spectrum in the form

<©i<t+r)©k<t>>=$c;(t,r><6,-(t>ék<t>>. Ch  [1g]

S(w)=Re'M(2)| =i, (C14

The density-matrix elements can be arranged in a vector
form where
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15

I'(2) :Mglb L21(Z1)Ro() +Lox(Z1)Ryg(@) + Lox(Z1) Ryg() +j21 P2j(z1)BjRg()

+p Mab* Mayb

15
L21(Z1)Rs(0) + Lo Z1)Re() + L o3(Z1) Ry() +j21 P2j(21)B; R4(°°))

TP Kab’ Mba,

15
|—11(21)R9(°°)+|—12(21)R10(°°)+|—13(21)R11(°°)+j21 Plj(zl)BiRB(oo)>

15
+ 15 |—11(21)R5(°°)+|—12(21)R6(°°)+|—13(21)R7(°°)+]§=:1 P1j(21)BjR4() |, (C19
with
L(z))=(z0 =M)7Y, P(z))=M "}zl -M)" L. (C1e
Here, we have used the definition
21=Z—iwp=i(w—wy)=i(w—v)=iA, (C17)

with v being the frequency of the coherent-field tuned to the middle of the two lgaglsand|a,). Thus, using the recipe
discussed in this appendix the spectrum can be calculated numerically for different parameter values.
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