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Spontaneous Emission from Tunneling Two-Level Atoms

Y. Japha and G. Kurizki

Department of Chemical Physics, The Weizmann Institute of Science, Rehovot, Israel 76100
(Received 8 July 1996

We put forward a theory of excitation decay in two-level atoms that tunnel through a square potential
barrier while spontaneously emitting photons into an effectively one-dimensional mode continuum. The
resulting decoherence can exponentially enhance the total tunneling probability. This enhancement is
due to atoms whose final kinetic energy is raised above the barrier by the emission of photons detuned
below resonance. [S0031-9007(96)01301-4]

PACS numbers: 03.75.Be, 32.80.Lg, 42.50.—p, 73.40.Gk

The vigorous development of the field of atom opticswaves, so that decoherence should enhance the transmis-
is centered on the interplay between the quantum dynansion [8]. (b) The barrier “filters through” almost entirely
ics of internal and translational atomic degrees of freeground-state (decayed) atoms, which have emitted pho-
dom [1]. A fundamental issue regarding this interplay istons detuned below resonance.
the loss of atomic wave-packet coherence via spontaneousOur model, which is in essence exactly solvable and
photon emission, which has been extensively investigatedxperimentally feasible, involves an atom that is incident
in the context of atomic interferometry and diffraction [2]. in the excited statke) on a square potential barrier, which
By contrast, spontaneous emission in atomic tunneling has the only region where spontaneous emission occurs
been virtually unexplored [3]. Yet, since tunneling is afrom |e) to the ground statgg) into an effectively one-
distinct manifestation of wavelike properties, it is impor- dimensional mode continuum. This model is realizable
tant to raise the basic questions: Can spontaneous decaging excited cold atoms incident on an open high-
of internal excitations in tunneling atoms be viewed as & cavity which is intersected by a nonresonant laser
decoherence process that is analogous to its counterparttieam [Fig. 1(a)]. The laser beam creates a nearly square
diffracted atoms? And if so, how would such decoher-potential barrier by ac Stark shifts [1] d&) and |g)
ence manifest itself? relative to an upper (unpopulated) stdi®, such that

In this Letter we put forward a theory of spontaneousy ~ 8[92/5 + 02/8,], Qq() and sy, being the laser
emission from a two-level atom as it tunnels through aRabi frequency and detuning for thg) — |u) (le) —
square potential barrier. Our theory demonstrates thdi)) transition. The barrier widtth (which is comparable
the emission process is describablel@ss of coherence to the resonance wavelengthl »,,) should exceed the
between interfering classical trajectories in space-time,de Broglie wavelength of the incident atomgyg =
which constitute the atom tunneling motion. The emittedy, /\/2mE, ~ h//2mV, if tunneling effects are to be
photon at each frequency is correlated to particular atomigppreciable. The cavity serves to strongly enhance the
classical trajectories, in a way which makes them measukpontaneous emission at the transition friazinto |g) [9],
ably distinguishable. This distinguishability destroys theirto the extent that the corresponding spontaneous emission
interference [4], as does “which-way” (“Welcher-Weg") outside the cavity (which coincides with the barrier) is
information, which is obtainable from spontaneous emisinsignificant.
sion in diffracted atoms [2,5]. Several major findings fol-
low from the present theory: (a) This loss of coherence (b)
can causexponentially large enhancemeutt the barrier ; ia)
transmission by spontaneously emitting atoms. This re-
sult stands in contrast to WKB predictions of tunneling

e . . . . Au= ,-.;-,med 3
probability suppressionby zero-temperature dissipation 0, %gﬂu i
effects on structureless particles in double-well structures 2y ' 2
[6]. On the other hand, it bears a certain similarity to Lasel t, s "X
predictions of tunneling enhancement due to dissipative ---"‘E”. . 0 L
mixing among many potential-well levels of such parti- A [P %

" . . g B i Y -
cles [7], or to atomic reflection suppression by damped b "‘;
single-mode resonators [3]. The fundamental link be- )
tween wave-packet coherence and transmission probabfl{G- 1. = (@) Two-level atoms tunneling through a laser-
. - . . . induced potential barrier while spontaneously decaying to the
ity rev_ealed here IS akin t_o our findings for optical WaVe 4round state by emission of cavity-mode photons. (b) Diagram
tunneling through dielectric structures: we have descnbeg

I 1C < - f a Feynman path(¢), nonclassically criss-crossing the brrier
such tunneling aslestructiveinterference of propagating boundaries (within regiod. = A,3).
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The ensuing analysis rests on two observations: (i) Thé the total time spent in the barrier (interaction region) by
overall duration of the decay process is much longer thaan atom following the path(s).
the inverse transition frequenczy;g1 (see below). This (3) Calculation of the probability amplitud&,, (x;,
allows us to resort to the rotating wave approximationx,¢) to decay to the ground state and emit a photon in
(RWA), which is used in the Wigner-Weisskopf (WW) mode w betweenx, andx,. This calculation involves a
treatment of spontaneous emission [10]. (ii) Nearly allsum over path amplitudes similar to that of step 2 except
of the cavity-enhanced spontaneous emission is funneletiat K,[x(r)], the amplitude to decay to the ground state
into the continuum of nearly resonant modes with waveand emit a photon of frequency along the pathx(z),
vectors q = (w/c)z, which are aligned with the cav- is used instead oK,. This amplitude is given in our
ity axis z, perpendicular to the atomic incidence axisgeneralized WW approach by

x. This allows us to use the dipole approximation, o271 '

sinceq - x = 0, and neglect off-axis photon recoil ef- K,[x(t)] = Aiw D eittieT I Dnm — ],
fects on the atomic wave packet. Hence, the RWA in- il 5

teraction Hamiltonian of the atom with the cavity-mode (2)
continuum becomes effectively one dimensiofdl, =  \whereA = o — . is the detuning (which accounts for

—{(x) [do p(w)[guanle)(gl + H.c]. Herel(x) =1

for 0 = x = L and 0 elsewhere; i.e., the interaction is - : .
confined to the cavity, whoseaxis extent coincides with befoie e?EeI\rlng the barrlfe r for the & Dth pass.age apd
that of the barrier;p(w) is a Lorentzian mode-density 7bj = 2.i=0 f2i+1 iS the time spent in the barrier during

distribution associated with the cavity-mode linewiggh ~ the firstj passages. The sumin Eq. (2) is a result of the
[9]; g, is the coupling of the atom to the cavity mode integration over the atom probability amplitudes to decay

at »; anda,, is the corresponding annihilation operator. {0 the ground level during the odd-numbered intervals
The transition frequencw,, is shifted (renormalized) by fj+1, when the atom is inside the barrier. The two

the difference between the ac Stark shiftsl@fand |g), terms with opposite sig.ns. in square b(ackets correspond
— 102 — 02 to the upper and lower limits of integration over one such
Aac - 4(93/66 Qg/(sg)-

|j]nterval.

Aye), 7j = Z?io t; is the total time spent by the atom

In order to analyze the entanglement of emitted photo . . .
states with the translational degrees of freedom of the (4) Integration ofK.(x;,xo, 1) (introduced in step 2)

tunneling atom, we have developed a theoretical approac Ver all paths. This integration is p(_erformeaj(actly,
which c%mbines the WW trea?ment [10], resulti%% in YSIN9 Eq. (1) and the path decomposition method [12]

exponential decay of the excited state, with the Feynman Is foIIowgd .by the calculation of the Green function
path-integral method, which yields a coherent sum ove «(Ey), which is the Laplace transform of the propagator

the atomic classical trajectories contributing to tunnelingKe(t)’ yielding

[11]. This approach is necessitated by the inadequacy of G, (x,, xo, Ex) = Go(x;, x0, Ex)e *ro(Ex,V — ihl).

the plane-wave expansion for the translational degrees of

freedom of tunneling atoms, which are often described by 3)
"imaginary wave vectors.". The hlghly.lnvolved anaIyS|§ Here G((E;) is the Green function for free propagation
of our model, implementing the outllngd approach, s, o(Ex, V) is the transmission amplitude for a struc-
tractable using Refs. [12]. Its essential steps aré ag,gless particle of kinetic enerds; through a square po-

follows: ; ; ;
(1) Decomposition of each path into + 1 intervals, tential barrier of heighv andklzerfthg, 1
t0, 1,1, . .., 1y, SEparated by events of crossing the barrier (g, v) = |:COSpL RN sian} . @
boundaries ak = 0 or L, so that at odd-numbered time 2kp
intervals the atom is inside the barrier [Fig. 1(b)]. k = 2mE;/li andp = 2Zm(E; — V)/Ji being the cor-

(2) Calculation of the Feynmann propagatft(xi.  responding wave vectors outside and inside the barrier, re-

xo, 1) which represents the probability amplitude that angpecively. The effect of spontaneous emission is to shift
incident atom initially excited at = x¢ < 0 will remain the effective potentiaV by —iiT" (see below).

excited atr, > L after a timer. This propagator is given (5) Calculation of the Laplace transform of
by the integraIfD_[x(t)]Ke.[x(t)] expiS[x(r)]} over all K, (x;,x0,7), which is somewhat more complicated
pathsx(s) connectingx; with xo, where S[x(1)] is the  yhan the former, but can also be performed exactly. This
action along the path and.[x(r)] is the amplitude for yie|4s the following Green's function for an atom incident
the atom to remain excited along the path). By our o, the parrier with momenturitk = /2mE; and exiting

generalized WW ansatz this amplitude has the form  he parrier after having emitted a photon of frequency

Rx()] = expg(~T'7p), 1) @ @e + A, with nlomentumlixw = 2m(Ey — hA)

_ — 8o M il—kxotr,(x,—L)]
wherel’ = v + iA; is the sum of cavity-enhanced decay Go(Ex = fiA) A+l ik© 7o (B V).
ratey and Lamb shiftA;, while 7,[x(¢)] = Z?f(fl 1j+1 (5)
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This Green'’s function is proportional to the atomic trans-

1: 4 !
mission function associated witta-frequency emission, aash ;
which is found to have the cumbersome form !
027
k :
0u(Er,V) = — u(ko/k,Ex,V — iil)o(Ex — hA,V) o1sh
K P
- /L(k/Kw,Ek - hAv V)O-(Ek?v - lhr)v (6) 0.1r
where 0051
1
WOLEV) =1 = 2 (1= )) bs
| — mV sinpL FIG. 2. The energy spectrum of transmitted ground-state
X ik hip o(E,V) |, atoms: Solid curve: transmission probabili, [Eq. (9)] (in
. . units of i/V) for E,/V = 08, L = 2508 (E/V = 1), y =
with A standing fork/«,, or k., /k. 0.05V/h, w, = 100V/h as a function of kinetic energy

The above analysis allows us to write the completefollowing emission. Dashed curve: spontaneous line shape.
solution for theentanglecbtatellp)E{F associated with the Inset: Idem, on a small scale. Dotted curve: cavity line shape.
transmitted atom at > L and the cavity field, taking the
state of the eXCited incident plane-Wave atom with kinetic In order to gain more |ns|ght into the above general re-
energyE; to be (¢’**/v/2k)|e) and the cavity field to be sylts, we shall henceforth assume that the cavity linewidth

initially in the vacuum stat¢0) n andE; satisfy the following inequalities:
)i = o(Ep, V — ikiT) (e 71 /3/2k) |e, 0) |Ex — VI < g < Ex < hwe, vy <m. (10)
. The spectrum of spontaneous emission is then limited to
do 8, \/Eo.w (Er, V) |A| < E; and becomes Lorentzian in this range(w) =
V2o A +il'V k L,(A), since the spectral variation ¢f(») and |g,,|?
eiko—L) is slow, p(w)|ge|> = 27y, in accordance with the WW
X W lg, @), (7) approximation. Equation (6) can now be simplified, since
_ . Eg. (10) implies thak, /k = 1 andu = 1, yielding
where the stategg, w), corresponding to an atom in
state|g) and an emitted photon with frequeney, are 0o, (E, V)= o(Ey — hA, V) — o(E,,V — ikl).

normalized such thaf, wlg, ') = 2wp(w)d(w — w').
This solution yields the probability for an atom incident (11)
as a nearly monochromatic wave packet to be transmitte§ is seen from Egs. (9) and (11) that the dramatic
in the excited state enhancement effects in the tunneling regime are due
PY = |o(Er,V — ikD). (8) to the first term in (11), corresponding to atoms thgt
have decayed to the ground state shortly after entering
Plots of Eq. (8) (Fig. 3) reveal the overall diminishing of the barrier and are subsequently transmitted through the
PY with y in both the tunneling (below-barrier) and al- barrier as unexcited atoms with kinetic energy —
lowed (above-barrier) regimes éf. Also seenin Fig. 3 /A, which can be above the barrieif A < 0. By
is the progressive suppression wighof interference be-
tween multiply reflected excited-atom waves, resulting in
smoothing out ofP" oscillations as a function df;.

=]
7]

The corresponding probabilityy of the transmitted £
ground-state wave packet is an incoherent sum (integral) %M
of partial wave-packet transmission probabilities asso- =
ciated with photon emission at Eoql

P;’,r :ﬁ) dw P,, Fox
A 5 8
P, = Flw)|l - E low (Ex, V)I7, )

FIG. 3. Transmission probabilities for = 0.025V/h, w,., =

where F(w) = p(w)|go|*/(A% + ¥?). The most salient 100V /7, andL[E= Z'S(é\jm((?é)]: ‘I/D) ai é:jfunC\Eign O;rinitial l[(é—
iscion i i etic energy: [Egs. (8)— . Dashed cunz!. in soli
effect of spontaneous emission is seen to be (Figs. ?:urve: P. Thick solid curve:PY,. Dash-dotted curve: cor-

and 3) the_h.u_ge e_nhancement]b;f as a funct.|on ofy responding transmission probability of a structureless particle.
for_atoms initially in the deep tunneling regimel. =  |nset: The last probability anA", on a logarithmic scale in the

J2m(V — E)L/E > 1. tunneling regime.
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contrast, the second term in (11) corresponds to atomg exhibits tunneling, which is a result of interference
that have decayed shortly before exiting the barrier aftebetween many classical trajectories, and is characterized
having effectively been transmitted as excited atom$y exponentially low transmissioR [Eq. (8)]. When
with the initial kinetic energyE;, whence this term is vy is appreciable, the wave packet is dominated by the
exponentially small in the tunneling regime. The use ofportion that has decohered by decay into the field-mode
Eq. (11) in Eq. (9) therefore leads to the enhancement afontinuum and has thereby lost its tunneling properties: its
P, (Fig. 2) andP;" (Fig. 3) due to the possibility to gain energy spread becomes classical (statistical), giving rise
kinetic energy from the broad vacuum field reservoir byto a Lorentzian tail into the above-barrier energy range,
emitting a photon detuned below the resonahae,. In  thereby allowing for enhancement of the transmission
the deep tunneling regime, assuming tha&k (V. — E;), [Egs. (9) and (13)]. The effects of this decoherence on
Egs. (9)—(11) allow us to roughly estimate that the atombarrier traversal times will be discussed elsewhere.

have probability of order The results predicted here can be experimentally real-
£t o ized by a variety of cold atoms. In accord with Eq. (10),
pir ~ f “JE LUE — EN/E] ~ —2 the lifetime of thele) — |g) transition should preferably
8 v Al K/ V — E; be long, abovel0 % sec. A confocal cavity whose fi-

(12) nesse is~10° and subtends a solid angle 6f0.1 sr can

enhance spontaneous emission ratiey a factor of~30.

to jump over the barrier into the allowed energy regimeThe cavity linewidthn should be much larger than i.e.,

by emitting a photon with\ < £, — V < 0 (Fig. 2). preferably above 10 MHz. Correspondingly, the poten-

Under the assumptions leading to Eq. (11), along withijal energyV and the kinetic energy; must be above

the approximation,/1 — iA/E; =~ 1, we can obtain a 0.1 GHz, which requires the laser Rabi frequery,)
simplified expression for the total transmission probabilityand detuning..,) to be well within the GHz range. This
P = Py + P, by extending the integration ové, in  implies that the transition frequeney,, can lie anywhere

Eq. (9) toE;, = . This yields between the GHz and the optical ranges.
PoEY) = [ aar,@lo( - aa VP
= [xdrfmdrle_"h_ﬂ
0 0
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