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Transparency Induced via Decay Interference
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We demonstrate that decay interference from the two upper levels of a four-level system can lead
to loss-free propagation of a single, short laser pulse through an absorbing medium. In contrast to
recent investigations of loss-free propagation in three-level media, no second coupling laser pulse is
required. [S0031-9007(99)08579-8]

PACS numbers: 42.50.Gy, 42.50.Md, 42.65.—k

Dispersion and absorption properties of multilevel me-ing space and time-dependent amplitudgsz, ) (m =
dia can be modified through the introduction of a sec-, 1,2) andc;(z, r) of, respectively, the atomic and vac-
ond, or coupling, laser pulse. The coherent interactiomum amplitudes. The laser pulse is taken to propagate
between the laser fields and the medium can result in phén the z direction. Thenc;x(z,t) is formally eliminated
nomena such as electromagnetically induced transpareneyd the Weisskopf-Wigner theory of spontaneous emis-
and matched pulse propagation [1] and the creation ansion applied. The result is the following set of equations
propagation of “adiabatons” [2—4], a general class of soliin the rotating wave and the slowly varying envelope ap-
tonlike pulses that occur in adiabatically evolving systemsproximations (withz = 1):
[5]. Other remarkable properties have also been discussed ac(Z.7)
[6—12]. Experimental investigations of adiabatons have i ————— =H({, 1), 1), 1)
been performed by Harris and co-workers [13]. As dis- T
cussed by Eberly and co-workers [14], many of the above Q afd, 7 _ . (. D)L )
phenomena are related to coherent population trapping : al raLcole, ke, T
and the creation of “dark states” [15]. If the laser fields +iJarazco(d, 1)y (¢, 1), (2)
are applied adiabatically [5], then the medium can, under o
trapping conditions, establish a dark state leading to trandvhere Egs. (1) and (2) are valid in the retarded (local)

parency in the medium. time framg _vvithr =1 —_z/c_ and/ = z. The effective,
In the above mentioned processes it is crucial to hay80n-Hermitian Hamiltonian is

at least two laser pulses as both are used to create 0 Wfg, 7))  Qaf((,7)

the necessary coherence. In this Letter we show thal({,7) = | Qif*({,7) 61 —iyi/2  —iyi2/2

interference between decay channels can make a medium Wof*(&, 1) —iyn/2 8y — iy2/2

transparent to a single, short laser pulse. In this scheme (3)

interference inherent in the decay is exploited so that n?—lere Q T (m = 1,2) is the Rabi frequency
m = T MOm =1,

coupling laser field is required for transparency. This N . .
type of interference was used in the original proposan th_e|0> = |m) trans_ltlon. The corresponding transition
matrix elements, which we take to be real, arg, =

of Harris [16] for lasing without inversion and has "™ =™ ih & being th larizat ¢
attracted much attention with regard to fluorescence;“fo”Eh EI_ ,uqu |\(,jw dEZ‘ slr)g the PO aﬂzallor;'vef(.: Iodr
quenching and related phenomena [17—-20]. As in th@' the 1aser Tield an €ing the peak electric he

theory of adiabatons our scheme also relies on the

adiabatic evolution of a dark state of the system depicted ":\552 12)
in Fig. 1. et
In this Letter we focus on the case of an atomic medium ! j—A—.— 1)
and the decay process we consider is spontaneous emis- "~., ",
sion. It should be emphasized that our analysis can be "~..".‘
equally applied to other systems where such interfer- o,
ence exists. Examples include spontaneous emission in "’g
molecules [21], processes involving autoionizing reso- “ 13)
nances [22], and semiconductor quantum well systems

where the decay occurs via tunneling processes [23,24].

We begin our analysis with the Maxwell-Schrédinger . )
tions of motion for the svstem of Fia. 1. The wav FIG. 1. A schematic diagram of the system under considera-
€qua 4 g. L. €tion. The ground statf)) is coupled to the excited stat¢b

function of the system is first expanded in terms ofand|2) by a laser field. The excited states decay to a common
the field-free atomic states multiplied by the correspondstate|3).
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strength of the laser field. The laser detuning from
resonance with the staten) is 8,, = wuo — @ (m =
1,2), wherew,, is the transition frequency between the
ground state and the excited stéte). The spontaneous
decay rate of staté¢m) is vy,,, and interference occurs
through the termy;, = vy = p./yiy2, Where p =
s - 3/l sz denotes the alignment of the two 0.0
spontaneous emission dipole matrix elements. If these =
matrix elements are parallel, thgn= 1 and the system £
exhibits maximum quantum interference, whilepif= 0, 0.9990
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no interference occurs. The pulse envelopefig, r) «_ 0.0005F 0.0005 o
and a,, = 27N ud,w/c (m = 1,2) is the absorption = £
coefficient of the medium having atomic density. In 0.0000 0.0000
the derivation of Eq. (2) we assume thab; - fiy = S 0.0001F 10.0001 %
o1 Moo, 1.€., that these two matrix elements are parallel. = - £

The conditions for trapping in this four-level system 0.0000 : 1('30 ' 0 = 1(')0\" 2000000
have been recently discussed by Zhu and Scully [17] Time (7) Time (r)

(see also [20]). By searching for a zero root of the _
characteristic equation d (£, 7) they showed that steady FIG. 2. The magnitude squared of the pulse envelope and the

; ; ; atomic populations as a function effor different values ofZ,
state population trapping can occur if with ¢ = 0 (solid curves), = {n.x/2 = 25 (dotted curves),
8103 + 6,02 =0, (4) and{ = fni = 50 (broken curves). For clarity the = 25

results have been omitted in the population plots. The left-hand
5 ” plots are forp = 1 while on the rightp = 0. The initial pulse
Y207 + y1Q5 = 2p/y1y2 01 Q2 = 0. (5)  was taken to bef({ = 0,7) = sir(w7/7,), with 7, being
the pulse duration. The parameters used, in unityofwere

Equations (4) and (5) are satisfied when [25] as follows:r, = 200, O = 1/5, Oy = 2/5, y, = 4, a; = 1,
p = 1, \/%Q] _ \/WQZ, (6) ar = 4, wy = 40, and61 = —8.

and the laser frequency is tuned such that We show in Fig. 2 the magnitude squared of the
pulse envelope at different positions in the medium as a

5 = — Y121 @ function of 7, and the corresponding populations of the

(y1 + y2)’ field-free atomic states. The results were obtained by

with @y = 8, — 8,. The eigenstate corresponding to solving numerically Egs. (1) and (2) for an adiabatically
the zero eigenvalue d(Z, 7) is applied laser pulse. For the results on the left, the trapping

conditions given by Egs. (6) and (7) are fulfilled. In the
_ VY1Y2 @21 % upper left-hand plot, it can be seen that the propagation
ak (&, 7)) = , X220y + Q ,7) |1 : . . .
lhaarc (€, 7)) = N(& T)|: Vi + o 1) 27D 1) of the pulse is both loss- and dispersion-free, as predicted.
To demonstrate explicitly the effect of interference caused
B " by the decay of the stated) and |2), we show on
Q 2 8
AU >] ® the right in Fig. 2, the evolution of the system when

. o . p = 0, for the same atomic parameters. Evidently, the
whereN (£, 7) is the normalization factor. This eigenstate : ; :
is adiabatically connected to the ground state. If the Iase'?ljlse 's strongly attenuated by the medium and will

. : . . . .~ “ultimately be completely absorbed. The transparency
pulse is applied adiabatically and the population trappln%f the medium to the laser field does not rely on
conditions (6) and (7) are fulfilled, then

approximations regarding the laser intensity. A strong

Cl(ga T) QZ
c2({,7) O © 1oF - 1.0
Using the general relation; /a> = Q7/Q3 together with N \ N
the above result, Eq. (9), in Eq. (2) for the pulse envelope  © Jos &
! »> 0.5F 1 S
we find that = <« o
2
af(d,7) v
fT =0, (10) ool L T\ |,
0 100 0 100 200
with the consequence thaf (£, 7)1> = | £(0, 7)|? for all Time (1) Time (1)

{. If the atomic medium evolves adiabatically in the laserr|G. 3. The same as in Fig. 2 (with = 1), however, with
field, the pulse propagates without loss or dispersion.  Q; = 8 andQ, = 16.
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laser pulse will also propagate intact in our medium agplication of a dc-electric field (this was demonstrated by
is shown in Fig. 3. Indeed, the adiabaticity requirementddakutaet al. [26] who studied second harmonic genera-
are more readily fulfilled under strong excitation. tion in atomic hydrogen) and by tunneling transitions in
While seeming restrictive, the condition given by semiconductor quantum wells [23,24]. In addition, Hahn
Eqg. (6) can be satisfied for a variety of systems. Thiset al. [22] showed that Eq. (6) is satisfied to good accu-
can be seen as follows: suppose stdlesand |2) are a racy when the upper two levels are autoionizing states
result of an interaction which dresses two “bare” statesin zinc.
If only one of these two bare states is coupled to the Having considered the adiabatic evolution of the sys-
ground state by a dipole allowed transition and the othetem, we now investigate the influence of nonadiabatic ef-
is metastable, then the off-diagonal damping terms ariséects. To obtain an analytic result we assume that the
naturally and Eg. (6) is automatically satisfied. Such daser-atom interaction is weak, so thgfZ, 7) = 1. From
situation occurs in a number of different contexts. Ex-Eq. (1) we derive approximate solutions fery, (<, 7)
perimental investigations of such effects include state$m = 1,2). Keeping terms in the solution up f*/or
mixed by spin-orbit interaction (the interference observedve obtain, under population trapping conditions (6) and
in sodium dimers occurs due to this coupling [21]), the a}p(7),

(yi + v2)Q . (v + v)*' Qs + 2i(y1 + ¥2)*Qaysw IfF

ci({,7) = . , (11)
JrEon T =
+ + )40 — 2i(y; + y2)? *

rlr) = (1 ) I (y1 + 72)" Qs 21(27’13 ¥2) Moyiw it (12)
Y221 2y1y03 a7

We substitute Egs. (11) and (12) into Eq. (2) with thethe population trapping conditions given by Egs. (6) and

result (7). For{ = 0 and using Eq. (8) we have
of(g,7) | 1 af(L,T) _ 0 L @nyiy
ag + N a7 = O, (13) |C0(§ 0,7 )l N4 (71 + 72)4 s (14)
wherev = (yiy2w31)/[a1(y1 + ¥2)’] is the group ve- , 1 03y
locity of the laser pulse in the retarded frame. This means  lc1({ = 0,7 — ©)|* = N (o + o (15)
that as a first correction, nonadiabatic effects lead only to YTy
a reduction in the group velocity. This is illustrated in , 1 03yiQ3
the plots on the left in Fig. 4, obtained by numerical inte- lea(§ = 0,7 — )" = N* (y1 + y2)?” (16)
gration of Egs. (1) and (2). The pulse propagates without
absorption but with a group velocity in the retarded frame
that is in agreement with our analytic result. 1.0 1.0
As nonadiabatic effects become stronger, absorption of
the pulse also occurs. This can be seen in the right- % ‘)‘f
hand plots in Fig. 4. Here the population of the ground 05 | 15 e
state does not return to unity at the end of the pulse. - -
The pulse profile in the upper right-hand plot now ex- /\/\/\(\A
hibits absorption but still propagates for many absorption 0.959 ] 8'880
lengths with a substantial change in its group velocity and ”@ ) N_Uo
width. Whenp = 0 the pulse exhibits almost instanta- - . . . dooss
neous attenuation, with the maximum value of the magni- 0.996 N '
tude squared of the pulse envelope decaying by 1 order of < 0-002F ANRY 109 %
magnitude at’ = 2. As the pulse propagates further into - / \\‘ -
the medium, the rate at which the pulse is absorbed de- ~ 9-099 . ' 1950,
creases and the laser-atom interaction becomes more adi- % %-9093F AN T
abatic. Ultimately, adiabatic evolution is established and 7 \\. . . -
the pulse propagates intact with a reduced group velocity, 0.0000 ===—"—"""50 200 a0l 0
as in the results on the left. This has been verified by nu- Time (7) Time (7)

merical calculations. o
Insight into the nonadiabatic evolution of the systemFlG' 4. The left-hand plots are the same as in Fig. 2, however,

can be obtained by considering the extreme case of t%ﬁhtﬁe:ﬁéh{fﬁénﬁ zs?éél:l_t;[;:sl%(:' i“ﬂ{mﬂ; ::2(5)8'
H y y p y

propagation of a step pulse in the medium. It is nowand ., = 250. The propagating pulse is shown in steps of
possible to obtain the long time solutions of Eq. (1) under,.../5. The amplitudes are shown fgr= 0 and = pax-
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