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The lifetime of an unstable atom can be extended by watching it closely, i.e., illuminating it with an intense
electromagnetic field of appropriate frequency. This is an example of “dominated evolution” and is closely
related to the so-called “quantum Zeno effect.” For a metastable atom bathed in a laser beam at the frequency
of anotherof its transitions, we obtain an expression for the modified lifetime as a function of beam intensity.
This provides an example of the quantum Zeno effect trnlg decayingsystem, and also should be useful for
probing short distance features of atomic wave functipg$050-294707)00807-X]

PACS numbgs): 03.65.Bz, 42.50.VK, 42.50.Hz

[. INTRODUCTION decay. Breaking the time interval into subintervals of de-
creasing size will not be necessasp we have other priori-

This paper has two parallel goakd) calculating the re- ties than Zenp a steady gaze is sufficient. We will hie more
sults of quantum decagnondecay, actuallythat would al- closely to the original paradox, however, in that it is decay
low observation of the so-called quantum Zeno effect in itsthat is prevented, rather than Rabi oscillat[@n7].
most dramatic fornj1-5], and(2) removing from that cal- In the usual description of QZE one notes that for a de-
culation undefined concepts such as ‘“quantum measuresaying quantum system, although tiphase changes by
ments,” that tend to obscure both the ordinary nature of thi<O(dt)as it begins to move out of its metastable state, its
quantum phenomenon and the significantly nonclassical barorm only changes b@(dt?). In this way, if the system is
havior that is predicted. A by-product of the second aspect iSmeasured” N times during a fixed time interval its norm
that there is no need for pulsed laser illumination for theonly changes byN/N?, which goes to zero all—0. This
demonstration of the effeg6,7]. We will also show how the business of ‘N measurements” has introduced two confus-
experiments we do propose can provide a probe of atomiing issues: first, it was felt that one needed to pulse whatever
wave functions at small distance scales. external apparatus was doing the “measurement”; and sec-

The temporal evolution of quantum-mechanical system®nd, questions were raised about how this might differ from
[8] has a number of subtle and surprising properties; in par-looking closely” at a system—steady observation, say by
ticular, the short-time behavior and its apparently paradoxiphotons. How bright must the light be before QZE stopped
cal consequencd®] have attracted the attention of several decay?Or should a nucleus not decay because it is embed-
researchers. However, the quantum Zeno eft@ZE) can ded in a solid? And then, if you could answer that, you
be given a purely dynamical explanatipt0] that does not might still seek an intuitive idea of just how a bright light
rely upon the idea of quantum measurement. might stop decay.

As we will show, the phrase “dominated time evolution” In this article we get away from the notion of a “mea-
[11] more accurately describes what is generally known asurement” as a separate kind of natural phenomenon. We
the quantum Zeno effect, both because the systambe treat QZE as the interaction of our measured system with a
constrained to movEL2], not only to stand still, and because larger world, a world that is nevertheless fully quantum me-
once one brings the measurement apparatus into the systentitanical. Our metastable system also possesses a third, short-
is clear that the prevention of decdgr whatever is the lived, level. The “measurement” consists of having a strong
consequence of the domination of the smaller systentaser beam at the excitation frequency of the short transition.
through its interaction with the larger apparatus—itself con-Thus as soon as our system would decay to the ground state
sidered to be a quantum system. However, in this article wé& would be snatched away and put in the third state. So it
will use the acronym “QZE" to refer to the phenomenon. does not decay to the ground state. This is the “steady gaze”

The system we study is an atom in a relatively long-livedand for this system it is enough.
metastable state. Following Zeno, we will show that looking We will also study the intermediate case, where the light
closely at it holds it in its original state, never permitting is strong, but not strong enough to stop decay. In this case,
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the reduced decay rate depends on the atomic wave functions 3
at large momentuntin the momentum representatjorwe
expect this to provide a probe of these wave functions.
Before making further comment we will present our cal- 2
culation. In the last section we will review our experimental
predictions(including quantitative estimategnd also dis-
cuss the conceptual issues raised by our results.

Il. THE MODEL HAMILTONIAN 1

We base our analysis on the following Hamiltoniéh

_1); FIG. 1. Energy-level diagram. State 1 is the ground state. State

2 is a long-lived metastable state and state 3 is a short-lived meta-
stable state. The system is illuminated by an intense laser beam at
E; O O the 1-3 frequency Qo). The 1-2 frequency isg. Coefficients for

_ + + occupancy of state 3 are denotear «, for state 2y or 8 and for
H=|0 E, O + ; wyyay+ Zk QkAkAk state 1z or .
0O 0 E

A. Energy eigenvalues

+; (¢>kal(h+H-C-)+; (D ALT_+H.c), The eigenstates of the total systéatom plus photons
have the structure

(2.1
_ _ . > 3.5, No—1)
where the first term is the free Hamiltonian of the three-level k
atom, the second and third terms are the free Hamiltonians of W)= ]2,0No) (2.5)
the photons associated with the-2 and %-3 transitions, ' '
respectively p,~E,—E; andQ,~E;—E,), and the fourth E v 1,3 ,No)
and fifth terms are the interaction Hamiltonians describing, K e

in the rotating-wave approximation, the-R and X-3 tran-
sitions, respectively. The operatoag and A, obey boson  where oy ,8,y, are numerical coefficients>(|a/%+|3|?

commutation relations +3dwl?=1), |j.1«.M) denotes a state in which the atom
is in levelj (j=1,2,3, and there aré wy-photon numbers
[ak,al/]=5kkn [AkAlf]:ékk': (2.2 andM Qg- photon numbers. An unsubscripted “0” in the

second position means there are ngphotons in the state.
We focus on the cadg=0,1, Ny>1. In our calculation we
only take into account the mod@,, where Q,=E;—E;.
This is because the operatdkg andAI give rise to roughly
VN, for the modeQ,, and to unity for nearby modeéin-

0 1 cluding these other modes would only allow the atom to
ILy=( 0|, [2)=| 1], |3)=|0]. (2.3 decay from state 3 to state 1. This is insignificant by com-
1 0

and thec numbers¢, ,®, are matrix elements between the
different atomic states

parison with theNy-enhanced return to state) 1A diagram
of the atomic energy levels together with indications of our
] o . notation are shown in Fig. 1.
The matricesr.. ,7.., are raising and lowering operators  gor convenience we se,+NyQ,=0. The stationary

acting on the atomic states. Thus Schralinger equatioHW =EW reads
000 000 Eay= via+ VNo®@2 i, (2.6
o.=[0 0 0|, =[0 0 0]. (24
0 1 0 1 00 E,BZEK & Ve 2.7

We will solve both the time-independent and time-dependent
Schralinger equations, drawing appropriate information Evi=meyit diB+ VNo@ oy, 2.9
from each development. In the first case, the energy-level

structure will be shown to be significantly affected by the
field. In the second caséor which the formal steps are
similar), it is the modified—severely reduced—decay rate
that we will evaluate. This will be done using Laplace trans-
forms, a la Weisskopf and Wignef13] (see alsd14] and

[15]). The results in the two cases will corroborate the point E:E Ik E— vk
of view expressed in the Introduction. X (E—ry)°—B?’

wherev = w— wg, we=E,—E;. Solve forayin Eq. (2.6),
substitute in Eq.(2.8), solve for y,, and finally plug the
result into Eq.(2.7), to get

BZE|(I)0|2N0. (29)
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E>wv),) outside these bands. However, level 2, whose en-
ergy is stillE,, has no continuum to which to decay.
What is happening is the following: If the pumping field
between levels 1 and 3 is very intense, thal®5;| v/, VK,
level 2 becomes quasistable, in the sense that it becomes
energetically isolated and ceases to belong to a continuum.
Notice that this is not “metastability” in the ordinary sense,
for it essentially depends on the state of the pumping field
In practice, although the coefficients, will be reduced
for large vy, they are not zero. The calculation of this will
occupy us below and will provide estimates of the residual
decay even in the presence of a large field.

Functions in Equation (2.10)

B. Temporal evolution

This calculation parallels that given above, withre-

FIG. 2. Energy levels for a level interacting with a continuum. placed byi d/dt. In this context, however, one must deal with
Energy levels are solutions of E.10. The crosses on theaxis ~ boundary conditions and features of the complex energy
are the unperturbed energy levels. The positive-slope straight line iglane. Again, the state of the total system is written as
the left-hand side of this equation while the curved vertical lines are
the right-hand side. Intersections are the energy levels. All but two =Xk 3,4, No— 1)
lie between unperturbed levels.

|¥)= y|2,0.No) : (2.11)
WhenB=0, the above result leads to the familiar coupling 2z 1% ,No)
of a single levelnumber 2, in o casdo & continuum. Let - org 2. |y[2.3,172=1 and the notation is the
' same as in Eq(2.5). We prepare our system in the state
M
1
E=2 [dd*g=, (2.10 0
- k W)= 120Np) | ©y(0)=1, x(0)=2(0)=0 Vk,
where the frequencies, form a quasicontinuum. There are 0
M+ lenergy levels: one between each pair of frequencies (2.12

v, Y1 (K=1,... M), and two levels outside thg band.
See Fig. 2. This is a familiar situation in a variety of physical
problems.

Now consider the case th& is large and assume that

and solve the time-dependent Satirger equatiori oW/ at
=HW¥. The equations of motion readf+NyQy=0, v
=wy— 0y, wg=E;—E,)

{v} has a finite t_)andwidth, smaller thd@ that is, ¢, =0 X = vX \/N_oq’ézk, (2.13

for v ,>B. See Fig. 3. There appear two separated bands

{v} £B. There is still one energy level between each pair of -

frequenciesy, , v.1 and three level¢at E=0, E<w), and |y=; bk Zi» (2.14
2= v+ iy + VNg@ Xy . (2.19

The Laplace transform and its inverse are given by

L f(s)=f:e‘5tf(t)dt, f(t)=2i7_rif:::ce5tf(s)ds.

(2.19

We first Laplace transform E¢2.13), incorporating the rel-
evant boundary data. Then substitute the solutiorxfdnto

the Laplace transform of Ed2.15. Finally, we plug the
solution forz, into the Laplace transform of E¢2.14 and

take the inverse transform. The result is

Functions in Equation (2.9)

s -1 0.5 0 0.5 1 15

E 1 (e+i» gSt

o yO=55 L_im sTa(s) 9 (217
FIG. 3. Energy levels for largB are found as described in Fig.

2, except that now Eq(2.9) is used. The band is doubled and

displaced away fronE=0, which with our conventions is the en- Q(S)EE |¢k|2

ergy of the original decaying state. K

S+in
(s+iv)’+B?%

(2.18
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We now look for the poles of the integrand. where the integration range is essentially the whole real axis
As before, we first consider the situati@=0. We have (neglecting the effects of a lower cutoff, as in the Breit-
to find the zeros of the denominator Wigner method 13,17,1§). We rewrite Eq.(2.26) as
OO pomst S bl ———0. (219 —fx dE o) —p =19
sTQ(S)]s=o=5+2 [ 577,-=0. (219 Qe)=)  dBEIB g e
This leads us back to Eq2.10 with E=is, as expected. [~ —iE
This is also the first step in a derivation of Fermi’'s golden I dE 9(E) EZ2_B2_2iEs’ (2.27

rule. We will carry out this derivation since it will be ex-
tended below. In the continuum limit, where, as indicated; is small. This gives rise to two poles,
Eo,=*B+is. Notice that both have a small positive imagi-

nw—E, nary part, in the comple€ plane.
The integral in Eq(2.27) has a singular part. Its calcula-
> |¢k|2ﬂf dE p(E)|¢(E)|ZEJ dE g(E), tion is straightforward:
k

(220 Q(s) fo dE g(E) I
s)= g — —
wherep is the density of stateg(E) are the scaled matrix * (E=B)(E+B~—is)

elements, and we defirgg= p| ¢|?. The pole conditior{2.19

o —iE
becomes +fo dE g(E)(E+B)(E—B—is)
=i
s+f dE g(E) =——=0. (2.21) _ fo E . 9(=B)
E- -
is i|P . dE g(E)EZ_Bz+|7T 5
Sinces, due to Eq.(2.17), is almost purely imaginary and
has a small negative real part, the above equation yields +p f“’ dE o(E) E2E82 +i7Tg(2|3)
: 9(E) .
s—i|P dE—E +img(0)|=0. (2.22 _PJ'OO 4E 4 —iE . g(B)+g(—B)
I I e == 2 ‘
By settin
Y g (2.28
s=—9yl2+iAE (y,AEeR) (2.23 . o .
Observe that both singular contributions @are positive,
one gets due to the causality requirements for the inverse Laplace
transform(2.17) [causality is reflected in the well-known for-
B g(E) mula 1/k=ie)=P(1/x)*iwd(x)]. The poles in Eq(2.17)
AE=P dE E are the solution of the equation
y=2mg(0)=2mp(0)| ¢(0)|2, (2.24 s+Q(s)=0. (2.29
which is Fermi's “golden rule”[16]. Substitution in Eq. BY Setting, as usual,
(2.17 yields the exponential decay law: s=—y'[2+iAE’  (y',AE'eR) (2.30
— a(—Y2+iAEM
y(t)=e" : (2.29 we obtain
Consider now the cadg+ 0. If the band of energy levels has E
been split, as in Fig. 3, then for finite times there can be AE'=P f dE 9(E) z2—52:
some transitions, although for large times energy conserva- E°-B
tion will prevent them. In any case this is nothing like an .
exponential decay and the Laplace transform formalism is y' =m[g(B)+9(-B)]
not useful for this casg¢Below we also check that the inte- —7[p(B)|o(B)|2+p(—B)|o(—B)[?]. (2.3D

gral predicts infinite lifetime in this cageHowever, cutting

off the band in this way does not describe the physics. Folhis result is to be compared with E(.24. The presence
these electromagnetic transitions there is some nonzero maf the ® field (which is associated with the-13 transition
trix element, although, as we indicate below, it is small. Formodifies the lifetime of level 2. In particular,

this case, we proceed as we did in the “golden rule” deri-

vation; take the continuum limit and look for poles with Y 2p(0)[¢(0)[?

smalls. In the continuum limit, 7_ p(B)|go(B)|2+p(—B)|<p(—B)|2' (2.32

_ s+iE A guantitative estimate of the above ratio requires evaluation
Q(S)_f dE o(B) (s+iE)?+B?’ 228 ot the matrix elementsg and the phase-space faciarWe



56 HINDERED DECAY: QUANTUM ZENO EFFEQ ... 29
will treat this in the next section. However, one obviously tions of the integrand. This is because laRjémplies large
expects thaty’ <y, asB becomes large. energy displacement, which translates to lakgarough the

It is interesting to remark that, unlike the usual QZE relation wpneo=CK. This should be contrasted to the usual
analysis, we did not consider the solution for very shortsituation where exjKx) is expanded in powers &f because
times(yielding a vanishing derivative for the “survival prob- of the long wavelength of light on the atomic scale. As we
ability” of the initial statg). By contrast, we investigated the will see, aside from the issue of dominat@wn)decay this
temporal behavior of our systeafter it settled into its ex- should be a useful probe of atomic matrix elements for in-
ponential regime. This is the “dominated temporal evolu-termediate values d8.

tion” to which we referred[11]. It is a purely dynamical By taking the ratios of density of states and transition
effect, and does not involve hypothetical constructs such amatrix elements aE= *=B there is sufficient information
projection operators or quantum measurements. (using the lifetimg to get the suppressed lifetime in the pres-

In the above derivation, which follows the Breit-Wigner ence of strong fields. From E2.32), the typical term we
method, it is assumed thatis “small” in order to extracta require is ko= wq/C,kg satisfies wy = B)
singular contribution from the relevant integrals. However,
one could also obtain the same result in a way that takes into p(kg)| (Kg)|?
account the lower boundedness of the spectrum. It is not p(ko)| p(ko)|?’
difficult to show thaty’, in Eq.(2.31), arises from a discon-
tinuity of Q(s) in the complexs plane. Indeed, iE, and  Which is to say the nontrivial part i8(kg)/ ¢(Ko). (Note that
E, are the initial energy of our total system and the groundve now usek as argument for botp and ¢.) We useq for
state of the Hamiltonian, respectively, the cut in the complexhe momentum variable of the electron coordinate and for
s plane runs fromi (Eq— Eg) to i%. Across this cut one has #(ko) use an expansion in which the wavelength of the light
Q(e)—Q(—e€)=7", in full agreement with Eq(2.31). is considered long. Laep represent a momentum space wave

In this context, it is also worth noting that B were function. This gives
outside the range of the integration domain in E427) (i.e.,

(3.3

if the energy band were split, as in Fig, ®ne would obtain d(kg) \/w_ko [ dq E’{ (q)qex;{kB(d/dq)]Ez(q)
~iE (ko) \Juy, S da % (@)qexiTko(d/da)]va(a)
Q(S): ffinite rangedE g(E) m’ (2.33) (34)

Since state 2 is long lived, presumably the dipole expansion
would be inappropriate in the denominator. However, some
low power ofkyd/dq should suffice, and as usual the coor-

which is not a singular integral, and yields a purely imagi-
nary result. In this case, by settirg=—y'/2+iAE’ one

gets dinate representation should prove more useful. On the other
g(E) hand, for the numerator, we can write @kgtd/dd)]y(q)
f dE EZ—-B?" —¢(q+kB) For idealized hydrogenic wave functions of an-
(2.34 gular momentum, z// drops off for largekg askg''. This,
y'=0. together with theékg built into the normalization of the vector

potential[cf. the \/w_ in Eqg.(3.2)] overwhelms the density-

of-states factor, so thai(kg)| ¢(kg)|? will in fact go to zero
with increasingB, providing the dominated evolution that
we seek. Note that the above formula neglects possible

For physical prediction we require several quantities. Thechanges in the wave functions due to the strong field itself.
matrix elementsp, are essentially This will be discussed in our final section.

The atom does not decay.

Ill. MATRIX ELEMENTS OF THE HAMILTONIAN

5. A To compute the relevant ratiey(kg)/ ¢(ko), we look at
~(n|p-Algr), (3.1 P a(ks)/ (ko)

with ¢; the atomic wave functions arAlthe electromagnetic f(k)sf dq E{(q)q exd k(d/dg)]y(q). (3.5
vector potential. Thep, (or more precisely their continuum

limits) are related to théusua) lifetime and density of states  Gijven the asymptotic forms qf, this will drop roughly as

by Liry=y=2m|¢|?p=2mg, as shown above. What we k-(4+) for largek, and be(comparatively near to unity for
need now is the wag(E) behaves far fronk,. The impor-  small k, i.e., ko. Thus, up to factors of order 1,

tant dependence is the dependence. For larg8, v,=wy f(kB)/f(kO)ng(‘H'l)_ If B is taken to have energy units, the

—wo will be large. This means that the integral value ofkg is approximatelykg~ B/7%c. Collecting terms,

”<'/’1|5'A|'r/f2> 'Y_INP(kB)|QD(kB)|2~P(kB)k0|f(kB)|2 (3.6)

1 1d Y P(k0)|<P(ko)|2 P(ko)kB|f(k0|2 ’ .
—_— 3 * o ;
\/w_k f d™ g1 (x) i dxexp(|kx) Yo (32 which is in turn approximately
' 2 2(4+1) -7-2

(where the /o, factor is due to the normalization of the Y_NMN(@) 3.7
vector potentiglwill go to zero because of the rapid oscilla- Y koksO(1) Ko
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With kgoB this will give rapid decline withB. has an energy of aboutx110™ 8 J, there will be about five
An estimate of reasonabl® values in terms of experi- photons in each such volume. There are also more powerful
mental data involves quantities for the-3 transition. The lasers with considerably higher-energy density. Thus a
typical photon occupation number (y’) depends on the Cr*:Al,O; laser has energy 50 J in one pulse, wavelength
strength of the laser field. Although one often expresses thiabout 700 nm, and a pulse width of 3 ps. With this laser, the
in terms of a coherent state label, since we are contemplatingnergy found in our previous calculation would be about 10
only large fields there should not be too much of a distinc-eV. (Note that our proposal doemtinvolve pulsing. We are
tion. This is because with a large field the relative size ofonly giving these examples to get a feeling for the numbers.
fluctuations, hence the distinction between various character- Finally we point out that foB values insufficient to halt
izations of the field, will be small. decay there will nevertheless be an extension of thel?2
An important potential limitation of our method is that for lifetime. A measurement of this lifetime would provide in-
sufficiently largeB, there can be a significant effect on the formation about atomic wave functions through expressions
atom being studied. This effect can be anything from distortinvolving the functionf(k) defined in Eq.(3.5). In particu-
ing the atomic wave function to completely destroying thelar, largekg would give information at small distance scales.
atom. Recall that larg® means large photon number, im-

plying, for example, large electric field§. If d,; is the

dipole moment for the 43 transition, then we have roughly IV. COMMENTS AND OUTLOOK

- - We have provided an explicit calculation showing how
®p~dy3E. 3.9 staring very hard at a metastable state can keep it from de-
- P caying. There was no need to invoke special notions of quan-
Thus largeB means largéE| . On the other hand, dly3-Eis  tym “measurements,” and to the extent that one might wish
larger thani{), or fiwo (namely, about 1 eV, for optical o think in those terms the intense laser field with which one
transition3, one must be concerned about possible ionizationstares” can be considered a fully quantum model of a mea-
of the atom being studiefll9]. However, once the atom is syrement apparatg1]. This is an example of dominated
successfully placed in state 2, the disruptive effects of strongyo|ytion, a general concept going back to von Neumann
(), irradiation(i.e., the 1-3 frequency should be less. This that includes what is often called the quantum Zeno effect.
issue will depend on experimental details as well as on relag jke QZE our experimental proposal calls for stopping an
tive bandWidthihence required values ﬁ) for the transi- atom from decaying; unlike QZE there is no need for pu's-

tions being studied. ing. It will be interesting to see the relation between the two
We now turn to the evaluation ofB.” Consider approaches: we expect that a characteristic time associated
with our external field will correspond to the pulsing interval
BZENO|¢O|2:@ i (3.9 that often is useq in discussiqns of Q_ZE. We_ mention too
27p 713 that we are certainly not the first to raise the issue of con-

tinuous versus pulsed measurement for QZE. An elegant and
with p the density of states for the 1-3 transition, and theextreme example of the halting of transitions by continuous
correct power ofi has been inserted to gii@ the dimen-  gpservation is the explanation [@2] of the chiral nature of
sions of energy. The density of states, integrated over angl@ertain molecules that might have been expected to appear in

is [20] their nonchiral theoretical ground state. It is the continuous
monitoring by the environment, a phenomenon that Harris
_ v 02 (3.10 and co-worker$22] explicitly relate to the QZE, that main-
P=2m?hc3™ o ' tains them in their chiral state.
Although a sufficiently strong field can substantially stop
with V volume. Inserting this above we have the decay, in fact our formula covers weaker fields in which
the lifetime is simply extended. Since the formula in turn
2:i Noi o 3£ (3.1 depends on atomic wave functions at small distances, the
8m?| V 073’ ' lifetime measurements we propose could provide a probe of
those wave functions.
where\o=2mc/(), is the wavelength for the-31 transi- We expect that actual experimental implementation of our
tion. proposal could involve relatively large numbers of atoms,

For orientation purposes we provide an estimate of chariitially excited to the level that we have been calling “2”
acteristic values taken by the quantit:” In this case we (see Fig. L This could be accomplished by a laser pulse at
will treat the quantityNy% (), /V as energy per unit volume. frequencywg, a pulse much briefer than the-2 lifetime.
Note, however, that this is only a rough estimate and may norhe subsequenthindered decay would be monitored by
reflect the actual quantum number associated with the stateoking for isotropic radiation at the frequenay.
in Eqg. (2.5). For the correcNy we expect that the coherence  We emphasize that our proposal is a direct test of QZE on
length of the laser would enter the calculation. a truly decaying system. This is to be contrasted to previous

For a typical excimer ArF laser, the energy in one pulse isvork [6,7,10,23. Moreover, our proposal prevents repopula-
about 500 mJ and the pulse width is about 100 ns. The waveion effects that affect experiments performed on oscillating
length is roughly 200 nm and the beam diameter about 2wo-level system$5].

mm. We require the energy in a volumé which is about This article focuses on QZE, and the external electromag-
5x10 17 J. It follows thatB~1 meV. Since each photon netic field plays the role of a measurement device. Neverthe-
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less, our calculation also provides an example of a light-atonever, there may be changes in the atomic wave functions or
interaction that is similar to some of the interesting and atonization-inducing multiphoton processes that result from
times dramatic effects that have been discussed in the recetfite strong field.
literature.Induced transparencigs one such effect, in which A theoretical point of some interest concerns the pre-
intense irradiation prevents absorption by an af@d—26. exponential time regime that is an essential feature in many
This phenomenon can be considered inverse to our effect, idiscussions of QZE. In such presentations, the nonexponen-
the sense that we speak of the suppression of emission, thégl “1 —O(t?)” early-time behavior plays a central role.
of absorption. As for the theoretical description of inducedThis is not our approach. We are thus relieved of certain
transparency, our Sec. Il A can be thought of as describingroblems associated with that meth@ithough this was not
“dressed” states that are no longer receptive to the usuabur primary gogl. For example, we do not have to confront
quantum transition. It is not clear at present how far thethe critical issue of deciding the exact initial moment of ex-
analogy can be pushed, since our effect seems to requikgtation nor the yet more subtle question of defining the
rather strong fields(in particular, the fields involved in metastable state.
“quantum jump” experimentd27] did not seem to change  How then does our approach relate to the more usual one?
the lifetime significantly. It will be interesting to apply our  aAg remarked above, we are including the “apparatus” in our
method to the already well-understood induced tra”Spare”Cd’escription. The “projection” that conventionally takes
phenome_npn. , place in QZE descriptions, and which represents a kind of
In addmon.to induced transparency, other “?CG”“y €XWeus ex machindor us is an intrinsic part of ordinary quan-
plqred atom-light phenomena are worth recalling at th'.stum evolution. Thus in our setup the virtual emission of a
) photon is followed by an immediate transition of the

accumulated echain which echo effects can be discerned : . . . .
through what might have appeared to be rather indirect, muatom to itsother excited state. Without the intense laser field

tilevel processef28]. Other fascinating quantum-optical ef- such virtual emission represents a gradual passage of ampli-
fects for which our methods may be relevant are nonlineaf!de 10 thel1,1 state, a passage that leaves this state coher-
effects close to resonanf29] and the recently reported ex- €Nty connected with the original one, and allows gradual
perimental observation of laser oscillations without popula-decay. It is our expectatiofias yet not rigorously estab-
tion inversion[30,25. Finally, a recent calculation suggest- lished that the time scale for the usual pre-exponential re-
ing routes to extremely short and intense laser pulses may K#mMe corresponds in our system to a characteristic time for
relevant to variations of our approach in which high-intensitythe 1—3 transition, which in turn should relate fo*' B"'.
laser light, in short pulses, might be ugex]. This expectation is supported by the fact that gradual inten-
We comment on various technical points and caveats. sifying of B plays the same role as increase of the frequency
(1) In our matrix element estimates we have not includedof measurement@rojection$ in the usual QZE description.
second-order terms in the electromagnetic fiefh?. These  (Of course, since some of our results are derived by a pole
represent two-photon processes and are pretty much irrelpproximation to a Laplace transform, there will be a pre-
evant for our story. Although such terms might access othegxponential regime for that as well. We expect this to be
levels of the atom, that would not interfere with the suppres-much shorter, corresponding to a shrunken version of the
sion of the 2-1 decay unless there were other levels of the1.,3 pre-exponential time scale—shrunk because ofithe
atom (accessed by the’A termg accidentally sensitive 10 enhancement. This time scale does not play a role in our

this effect. _ description and should be shorter than anything relevant to
(2) Since we do not look at the extreme early times, we dQne |sual description as well.

not need to contend with the lower bound of energy nor with It should also be clear that our proposal is not in its gen-

%ral principles confined to atomic decay phenomenon, nor
does the level “1” need to be the ground state. Any system

with the same three-level structure that has been so rich in
T), we do not encounter conceptual difficulties related to theatomIC SftUd'eS mf;;y bde g(iid' _It may eV?rlhturn outtthat btﬁ
impossibility (in principle and in practice of taking the ~©3US€ O harfow bandwidihs in some of these Systems the
N— oo limit [32]. effect would be easier to observe.

form inversion when one looks at those times.
(3) Since we do not consider experiments involving puls-
ing (performingMN measurements in a finite time interval

(4) The use of photon occupation-number eigenstates,
rather than coherent states of the electromagnetic field,
should not affect our results. This is because for such strong
fields the spread in photon number implicit in the coherent ACKNOWLEDGMENTS
state is small relative to the average photon number.
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