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Analysis of dynamical suppression of spontaneous emission
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It has been shown recenfgee, for example, S.-Y. Zhu and M. O. Scully, Phys. Rev. [#§t388(1996]
that a dynamical suppression of spontaneous emission can occur in a three-level system when an external field
drives transitions between a metastable statetandiecaying states. What is unusual in the decay scheme is
that the decaying states are coupled directly by the vacuum radiation field. It is shown that the decay dynamics
required for total suppression of spontaneous emission necessarily implies that the level scheme is isomorphic
to a three-levelA system, in which the lower two levels abmth metastable and each is coupled to the
decaying state. As such, the total suppression of spontaneous emission can be explained in terms of conven-
tional dark states and coherent population trappigd.050-294®8)00812-9

PACS numbdrs): 42.50.Gy, 42.50-p, 32.80-t

[. INTRODUCTION Fig. 1 is isomorphic to a three-leval system. The lower two
levels of the A system areboth metastable and each is

Following the work of Fontana and Srivasta\d, Agar-  coupled to the decaying state. As such, the total suppression
wal [2], Cardimona, Raymer, and Stro(i8], and Zhu and ©of spontaneous emission can be explained in terms of con-
Scully [4], a number of articles have appeared containing’entional dark states and coherent population trappldd
proposals for suppressing spontaneous emis[ge.rj_Z]_ In The experiment of Xiaet al. [13] will also be discussed.
contrast to the suppression of spontaneous emission that oMéhile the level scheme they study is relevant to this class of
can achieve by placing an atom in a cavity whose radiatioproblems, the results they obtained cannot be classified as a
modes differ from those of free space, it is suggested in thesguppression of spontaneous emission.
articles that spontaneous emission in free space can be sup-
pressed by applying an external radiation field to an atom
having a specified level scheme. This is a rather remarkable
result since one might imagine that, owing to the very short |n the absence of the driving field, the equations for the

correlation time of the vacuum field, such modification of eyolution of the state amplitudes andag given by Zhu and
spontaneous emission rates would be strictly forbidden. Ascully [4] are

prototypical level scheme that leads to suppression of spon-
taneous emission is that of Zhu and ScUly (see Fig. 1 _
Two excited statef2) and|3) are separated in frequency by a;=i(wg)2)ay— y28,~ 383, (1a)
w3,. These states decay to the ground st@jewith ratesI’,
and T3, respectively. What makes the decay scheme some-
what unusual is that staté2) and|3) are coupled directly
by the vacuum fieldAn external radiation field couples an
auxiliary, metastablestate|1) to both state$2) and|3). For
certain values of the field strength and atom-field detunings,
it is found that one can have a nonvanishing, significant,
steady-state probability for the atom to be in std@s or
|3). As such, spontaneous emission from these levels is sup-
pressed by the presence of the driving field. ¥taal. [13]
claim to have observed this effect in an experiment on so-
dium dimers.

The suppression of spontaneous emission has been ex- I'>
plained in terms of a dressed state of the atom-field system
that is decoupled from the vacuum radiation field
[3,4,8,10,11,18 How is this decoupling accomplished? Is
there any underlying structure in the proposed level schemes
Fhat can help one to _unde_rstand this most surprising rpsult? It 10> vy
is the purpose of this article to address these questions. By

considering a model problem | will show that stajg$ and FIG. 1. Level scheme proposed by Zhu and Sc(glye Ref[4])

|3) can be viewed as superpositions of two state®e of o observe total suppression of spontaneous emission. The driving
which is metastablélt is this metastable state that is neces-field having frequency) couples statél) to both state$2) and|3).

sary for the total suppression of spontaneous emissiorspontaneous emission is totally suppressed if3,+A’x3,=0,
Moreover, the decay dynamics required for total suppressiowhere y,; and x5, are the Rabi frequencies associated with the 1-2
of spontaneous emission implies that the level scheme adnd 1-3 transitions, respectively, afes Q—w,; andA’'= Q—wg; .

Il. EQUATIONS OF MOTION

(1b)
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where [d> —
\%
Y2o=T1212, y3=T'3/2, y3,=\727s (2 |lo>

_|_V
The first question we must ask is whether or not these equa- .

tions correctly describe the interaction of an atom with the

vacuum radiation field. The answer to this question is not

obvious. If we consider the energy levels shown in Fig. 1 to Iy
be those of an isolated atom in free space, we immediately

run into some problems. From the dipole selection rules, it is

easy to show that the vacuum coupling from stabeto state

|3) must conserve orbital, spin-orbit, and total angular mo-

mentaL, J, andF, as well as the component of total angu- 0>
lar momentum. As a consequence, std@sand|3) must

belong to different electronic state manifaldBhis in turn ~ FIG. 2. Level scheme equivalent to that in Fig. 1 under condi-
implies thatwa, corresponds to a frequency that is orders oftions of total suppression of spont_a_neogs emission. A static Veld
magnitude larger than the decay ratés and T's, respec- couples statefh) and|d) and a driving field having frequency
tively. The rapid oscillation of state amplitudes anda,  COUPIes statel) to statelb) only, with associated Rabi frequency
with frequencyws, brings into question the validity of the )i Sponta_neous emlss_lon is totally suppressed if the detuéiing
Weisskopf-Wigner approximation used for the derivation of 7 @n=wgp andly=0.
Egs. (1). There is perhaps a more subtle point involved.
Starting from statg2), one can emit a photon taking the
atom to statd0), reabsorb this photon taking the atom to
virtual state|3), reemit a photon taking the atom to state
|0), and reabsorb this photon returning the atom to g&jte

|1>

Yy |O’>

level scheme of Fig. 2, a level scheme exhibiting conven-
tional decay dynamics, can be mapped onto that of Fig. 1, a
level scheme exhibiting somewhat unconventional decay dy-
namics. Thus the suppression of spontaneous emission can
This overall process constitutes art (Rydberg contribu- gqually well be analyzed using the Igvel schemes of Fig. 1 or

. It will be seen that the suppression of spontaneous emis-

tion to the Lamb shift of staté2). Consequently, if the = . . .
X . . - .. .Sion can be explained in terms of conventional dark states
atomic states are renormalized to include the Lamb shift, it i$

guestionable as to whether the vacuum coupling betwee\{ﬁ\m(:“n ﬂ;]e Ieve: scr|1emhe of Flg' 2 ;]S. uszdt.) T.Ze mapping be-
states|2) and|3) should be included in Eq€l) [15]. ween the two level schemes is achieved by identifying states

It thus appears unlikely that one can achieve the vacuu 2) and|3), appearing in Fig. 1, as eigenstates of the unper-

coupling indicated in Eqs(l) if these states correspond to urbed Hamiltonian associated with Fig. 2, plus the potential
eigenstates of a free, isolated atom, dressed by the vacuum
field. On the other hand, i$ possible to achieve this vacuum
coupling if stateg2) and|3) correspond to eigenstates of an
atom plus some external field or, in some cases, to the stat
of a molecule[15]. The most obvious atom candidate is a
hydrogen atom in a static electric field6]. States|2) and

In the absence of decay, the effective Hamiltonian for the
level scheme of Fig. 2, in the rotating wave approximation,
in an interaction representation, and with the energy of level
Btaken equal to zero, can be written [4S]

|3) could then be chosen as linear combinations of 2Be o x 0
and 3P states of hydrogen. The idea of using a hydrogen Ho=h| x 0 V|, ®)
atom in a static electric field to modify the spontaneous 0oV &

emission spectrum is not new. Zhu and Scully mention it in

their 1996 articld4] and Fontana and Srivastava gave a de- : ; ———
tailed analysis of the decay in their 1973 articld. Alterna- where the order of the states|t) [b),|d), x is a Rabi fre
; o guency(taken to be rea) and[16]

tively, one could use a level scheme similar to that used by
Xia et al.[13], in which state$2) and|3) are superposition

of singlet and triplet states in a molecule. | will return to the

experiment of Xiaet al. in Sec. IIl.

In order to gain additional insight into this problem,
consider the level scheme shown in Fig. 2. Sta@s|0'),
|b), |d), and|1) are eigenstates of an unperturbed Hamil-9Y
tonian. Statesb) and |d) have opposite parity and are
coupled by a constant potenti&V [16]. An external radia-
tion field, having frequency), couples statél), which is
assumed to be metastable, to stdte only. Stategb) and
|d) decay to statef0) and|0’) with ratesI'y, and Ty, re-
spectively.(Note that this level scheme could correspond to
hydrogen with statdb) corresponding ton=2,L=1m,
=0), state|d) to |[n=2,L=0,m,=0), and state$0), |0'), |3)=cld)+s]b), (5b)
and|1) to [n=1,L=0,m,=0) [17]. In this case]'4=0 for
the 2S state.) The goal of this calculation is to show that thewhere

5=Q—wb1, 5,Ea)db. (4)

| States|0) and|0’) have not been included in E) since

they are not needed for the present discussion of the decay
namics of the excited states.
The Hamiltonian(3) can be diagonalized without much
difficulty; however, the desired comparison between the
level schemes of Figs. 1 and 2 is achieved by diagonalizing
the (b,d) subspace only. The new eigenstates are given by

|2)=c|b)—s|d), (58
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1 5 , ¥3,2=V7Y27V3- (11)
c=co99= > 1+ —|, s=sing,
Ra It follows from Eqgs.(10) that the only way this equation can
be satisfied is to havgy=0. In other words, the form of the
tan20=2V/5', Rp=V\ 54 4Vv2, (50  vacuum coupling given in Eqgl) for the level scheme of

Fig. 1 in theories of total suppression of spontaneous emis-
In terms of these eigenstates, the transformed Hamiltoniagion necessarily implies that statd) of the equivalent level
takes the form scheme of Fig. 2 must be metastable
Since both statefd) and|1) are metastable and do not
undergo spontaneous emission in the isolated atom, it is rea-

!

6= 5 Cx  Sx sonable to ask whether or not the level scheme of Fig. 1
legitimately qualifies to be labeled as one in which sponta-
, —Ra neous emission has been suppressed. In order to determine if
Ho=f| Cx > 0 ' ®  the driving field suppresses spontaneous emission, one must
first establish that spontaneous emission of s{@&eand|3)
Ra always occurs in thabsenceof the driving field. Settingy
SX 0 Py =0 in Egs.(9), one finds that the only steady-state solution

is a,=az=0. Any initial-state population in statdg) and
where the order of the states |it),[2),/3) and a constant |3) decays if the driving field is absent. This is easily under-

energy% 8'/2 has been subtracted from the energy of eaci$tood in terms of the origingb),|d) basis; although state

state. The equations of motion for the state amplitudes areld) is metastable, it is coupled to the decaying stafeby
the potentiali V. No matter how weak the coupling strength

_ ' V, any initial population in statéd) eventually leaks out via
a1=—i(6— —)al—icxaz—isxag, (78 state|b).
2 Does the presence of the driving field suppress this spon-
taneous emission? The answer to this question is affirmative

a,=i(Ra/2)ay—icxay, (70 if the initial state is an arbitrary superposition of staf2}
] and |3) and their remains population trapped in sta2s
ag=—i(Ra/2)ag—isya;. (79 and|3) as the time approaches infinity. An initial condition

i ) i ) in which the atom is in statfl), corresponding to the initial
It is now a simple matter to include decay into these equaggndition in the experiment of Xiat al.[13], cannot be used
tions. Since spontaneous decay is governe@dby — y,ap directly to establish total suppression of spontaneous emis-

anday= — y4a4, Where sion, but can provide indirect evidence for this effect, as
discussed in Sec. Il below.
=12, v4=T4l/2, )] Having established that stajd) must be metastable to

) . satisfy the requirements for spontaneous emission suppres-
and sincea,=ca,—say andaz=cay+sa, it follows that  gjon, it is now an easy matter to understand the total suppres-
Egs.(7), including decay, can be written as sion of spontaneous emission by returning to the original
Hamiltonian (3). An inspection of this Hamiltonian reveals
that it is identical to a Hamiltonian, written in a field inter-
action representatiofl8], that characterizes a three-level
atom in aA scheme driven by two fields. The field having
(9b) Rabi _f_requench ar_1d detun_ingﬁ=(2_—wb1 drives the 1b
transition and the field having Rabi frequen¢yand detun-
ing 8’ = wpq drives theb-d transition[16]. Total suppression
of spontaneous emission occurs if one can find an eigenstate

. o'
a1=—i(5— E)al—icxaz—isxag, (99

ay=— Yoy~ y3.83+i(w3zl2)a—icxay,

A3=— ysd3— V2.8, — i (wzf2)az—isyay, (90

where consisting of a superposition of state amplitudgsand ay
that is decoupled from state amplitudg. This dark state
Y2=C?yp+ %Yy, (109  [14] does not decay since it is a superposition of nondecay-
ing states. In other words, we seek valuesaofind B8 for
Y3=C%y4+S%yp, (10 which the superposition of state amplitudes of the form
¥3,.2= ¥2,35= S Yo~ Yd)» (109 a,=aa,;+ Bay (12)
®32=Ra. (10d  satisfies the equation of motion

This form of the equations iglmostidentical to that used .
in theories of suppression of spontaneous dgcaynpare a=—lwa. (13
with Eqg. (1)] based on the level scheme of Fig. 1. For the
equations to bédenticaland for the level schemes of Figs. 1 From Schrdinger's equation with the Hamiltonia@) it fol-
and 2 to be isomorphic, one must require that lows that



PRA 58 ANALYSIS OF DYNAMICAL SUPPRESSION @& . . . 4889

a,=aa, + Bag=—i(ax+BV)a,—i(ada,+ B6'ay). |ap()[>=5ag(=)|
(14 2 \2
1= || 2 fagorr
Equation(13) can be satisfied only if 2 Voi, +av2] | V24 2 d ’
ay+ V=0, (15) (219
aa(0)|2=c2la.(e)|?
S 5= 1 I=cag)] 2
e B | ago)?
which implies thatw, = §. The driving field must be tuned to ) [0 +aV2] | V24 12 d '
the frequency that would correspond to a “hole” in the @db X
emission spectrum from the 2-3 state manifpld Thus, if (21e
5= wpy there always exists a dark state amplitude of the
system where Eqs(4), (5¢), and(18) were used. Thus we see that
population is always trapped in stai®y and|3).
_ Equations(21) for the probabilities|a,()|?, |a,()|?,
Va;— xay > ; X .
a=——"-—, (17) and |ag(«)|* can be written in terms of the couplings
Rs and detunings in thél),|2),|3) basis. Referring to Eq6)
and using Egs.(4), (5¢), (10d), (16), and (18), one
where finds the appropriate relationships,wq,=(A+A"),
V=\=AA", x®=x5t+ x5, ag=Cas—Sa, c=\Alwgy,
Rg=VZ+ x?, (18) ands=\—A'/w3, subject to the constraimk y3,+A’ x5,

=0. Under conditions of total suppression of spontaneous
which does not decay. The other eigenstate amplitudes ~ emission, the field is tuned to the energy of the metastable
level d, that is,A=wy>>0 andA’' = wy3<0.

Y1~ (Ro+ 812)a, + Vag As an aside, | note that the results can be reinterpreted as

a = ' (199 a suppression of absorptip®,19] if one starts with all popu-
V(Rp+ 812)%+ RZB lation initially in state |1), for which a(t)
~(V/IRg)a,(0)e ' ast~=. In the absence of the coupling
_ potential #V, the steady-state populatida,(>)|?> would
ay, :Xa1+(RD 5/2)ab+Vad, (19p  Vanish, but it does not vanish in the presence of this cou-

V(Rp+ 812)2+ Ré pling. In this sense, it is closely related to electromagneti-
cally induced transparend0].

where
I1l. DISCUSSION

— /RZ2 52
Rp=VRg+(4/2)%, (20 It has been shown that the origin of the suppression of

spontaneous emission proposed by Zhu and S¢dllyand
contain an admixture of state amplitudg and decay a$  others[7,8,10—12 can be traced to a metastable state that is
~% . As a consequence, any initial condition for which “hidden” in their calculations. Once this hidden state is re-
a,(0)#0 has a metastable component that does not decay &galed, the suppression of spontaneous emission can be un-
the time approaches infinity. derstood in terms of a conventional dark state and coherent
It remains only to establish that an initial condition of the population trapping14] that can arise when an atom having
form [(0)) =a,(0)|2) +a3(0)|3) leads to a final state that a three-level\ scheme is driven by two fields. The dark state
has some population trapped in staf@y and [3) (or, in this instance is a superposition of two metastable states
equivalently, in statéd)). Ast~o, the solution for the total and so is itself metastable. The dynamical suppression of
dressed-state amplitudes ,a, ,a;;, is a,(t)~a,(0)e %, spontaneous emission is a real effect. If the external driving
a;(t)~0, anday, (t)~0, which when reexpressed in terms field y were not present, the two state manifold consisting of
of the bare-state initial conditior{svith a;(0)=0] is a,(t)  states|2) and|3) would always decay. In some sense, the
~ —(x/Rg)ag(0)e~'?. The final-state populations are driving field allows one to access the metastable ldugl
contained in both statg®) and|3). This type of dynamical
2 suppression could be used, for example, to reduce spontane-
) lag(0)|?, (219 ous emission in the 2P manifold of hydrogen resulting
from stray fields that couple th8 state to theP state. It
would be necessary to drive th&2P transition using a rf
|ay()|?=0, (21  field and the B-2P with an uv field having frequenc{)
= w515~ Q¢ [16].
’ )2 The use of the equivalent),|b),|d) basis rather than the
)2,

xV
V24 XZ

lay()|?=

lag(0 (219 |1),12),|3) basis greatly simplifies the interpretation of the
results. From the analysis of Sec. Il it is clear that the final-

V2-1—)(2
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lsi:jjf\ measuringscatteringvia thethree-photorprpqess !n which
L NN DN ) two photons are absorbed from the driving field and a
N e vacuum photon is emitted taking the atom to s{@e (sin-
Feo,” 7 a0 glet channelor |0") (triplet channel. They found that, for a
S /Teg @ o> tuning of the incident field midway between lev¢® and
o> 28~ 4 13), 20 = (w31+ w31)/2, the scattering in the singlet channel

was suppressed and that in the triplet channel was enhanced.
This constitutes strong evidence that stg@sand|3) are
coupled directly by the vacuum field and that the singlet and
triplet states are degenerate in the absence of the spin-orbit
FIG. 3. Level scheme used in the experiment of &ial. (Ref. ~ COUPling i.e.,wq,=0) [21]. Although this experiment is im-
[13)). portant insofar as it provides an example of a system in
which vacuum coupling of two, distinct excited states oc-

state probabilities depend only on the initial-state amplitudé€Urs, it does not demonstrate suppression of spontaneous
a,(0)=[Va;(0)— xa4(0)]/Rs and not on the decay rate if €mission. There will be no steady-state population in states
state|b) decays to statf0) only. If state|b) decays to state |2) and|3). On the other hand, Xiat al. have shown that

1) as well as to staté0) or if states|1) and|0) actually scattering in a specific channel can be §uppressed. _
correspond to the same state, the final-state probabilities are AS Was noted above, total suppression of absorption oc-
modified, but the steady state still corresponds to a dark stafg!'s under the same conditions as total suppression of spon-
for which there is total suppression of absorption. On thd@neous emission, so that the existence of one implies the
other hand, if statél) is not metastable, there cannot be totalOther. Consequently, if one can demonstrate total suppres-

suppression of spontaneous emission since the dark state afion of absorption, the system will also exhibit total suppres-
plitude a,(t)=[Vay(t)— yaqs(t)]/Rs decays to zero as  SION of spontaneous emission. To establish total suppression
~. of absorption, one can eithér) prove that there is no ab-

Finally | should like to discuss the experiment of Xia SCTPtion of the driving field orii) show that there is no
et al.[13], who used the level scheme shown in Fig. 3 cor-Scattered radiation faall polarizations and directions of the
respondiﬁg to molecular states in the sodium dimer. State3cattered field. The existence of scattered radiation in the
|2) and|3) are superpositions of singlet and triplet states thaf/IPI€t channel in the experiment of Xiat al. necessarily
are mixed by a spin-orbit interaction. In the spirit of this MPlies that there isiot total suppression of absorption. On
calculation, one can associate the singlet and triplet statdg€ Other hand, the absorption rate from the ground state is
with stategb) and|d), respectively, in the Hamiltonia(g) ~ 9ecreased by a factoryg/(yq+ yp) relative to that which
and the spin-orbit mixing with the potentiaV/ . Of course, Would have occurred if statd®) and|3) were not coupled
it is not possible to “turn off” the mixing potential in this PY the vacuum field. Consequently, one can say that the
case. The singlet component of sta@s and|3) decays to spontaneous emission rate or the absorption rate is decreased
state|0) and the triplet component of staté®) and |3) in this system ifyq(triplet) <y (single). The data seem to

decays to stat¢0’), while the singlet component of states Indicate thatyy and y, are comparable.
|2) and|3) is driven by a two-photon transition from the
ground state. Sincboth the singlet and triplet components
decay, the conditions for suppression of spontaneous emis- | am pleased to acknowledge helpful discussions with J.
sion are not metrecall that it was necessary that stéde, L. Cohen, B. Dubetsky, P. Milonni, and G. W. Ford. This
which corresponds to the triplet state, be metasjable work was supported by the National Science Foundation un-

In their experiment, Xieet al. are not measuring sponta- der Grant No. PHY-9414020 and the U.S. Office of Army
neous emission, as it is normally defined. Instead, they arResearch under Grant No. DAAG55-97-0113.
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