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Recall and Creation of Spatial Excitation Distributions in Dielectric Media
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We present an analytical theory for the optical properties of a novel three-level medium for which
the degree of its initial excitation is a function of the position. The spatial distribution of the excitation
can be imaged on the temporal profile of an electromagnetic signal that is created inside the medium
when traversed by a cw-laser field. We propose an experimental scheme to generate arbitrary spatial
excitations. [S0031-9007(97)04439-6]

PACS numbers: 42.65.Hw, 42.65.Re

In recent years there has been a growing interest iexception of a spatial regime in which some of the popu-
exploring the unusual optical propagation properties ofation is also in the metastable std#, p;,(z,t = 0) =
dielectric media that are coupled coherently to one ol — |G(z)|? andps3(z,t = 0) = |G(z)|*>. The excitation
several laser fields. The dielectric material is typicallydistribution G(z) is an arbitrary function of the position
initially in its lowest energetically possible state. How- z with |G(z)|> = 1. The initial off-diagonal coherence
ever, recently, the optical transmission properties of amps;(z,7 = 0) is related here to the diagonal density ma-
unusual medium—so-called phaseonium—have been infix elements vialp;z| = A+/[p11p33] where0 < |[A| <
vestigated [1-4]. Phaseonium is a dielectric medium that. The complex parametex is identical to zero for ther-
has been prepared in a coherent superposition of two emaally populated levels anjd\| = 1 for perfect atomic co-
ergy eigenstates. This nontraditional medium is the keyerence.
element in recent proposals to use laser light for coherent The electromagnetic wave can be expressed in terms of
guantum control of molecular reactions and various otheits complex amplitude, where we assume that the recall
processes [5]. The mechanism for electromagnetically infield Ex as well as the signal fields are practically
duced transparency, pioneered by Harris and co-workemsionochromatic:

[6], is also related to coherent excitations that are main- — s . _
tained by external fields. Various types of solitary wave E(z,1) = REg(z,1) exdiog(t — z/c)]
forms have been found for phaseonium [7], and it has + JEs(z,t) exdiws(t — z/c)] + cc., (1)

been demonstrated [8] that this medium can allow for th&yith the two resonant optical frequencieg (transition
formation of shape-invariant pulse pairs called adiabatons ., 3) and ws (transition1 < 2). We use the slowly

from arbitrary input fields. _ _varying envelope approximation such that the temporal
In this Letter we report the first results for an optical 5 spatial evolution of each amplitude is governed by the

medium in which the quantum mechanical state of thQNeII-known reduced wave equation. Fo§(z, r) we have
medium depends on the position. The degree of initial ex- 5 L s

citation of the medium bgcomes anew variable d.epending <_ + = —>Es(z, ) =i 2 Ps(z,1), (2)

on space. The information contained in the spatial modu- 9z c ot

lation of the excitation can be either an analog signal oand a similar equation for the recall fiekk(z,7). The

a digital sequence of binaries. In the following, we will polarization depends on the medium’s microscopic dipole

present a fully analytical theory for the optical properties ofmomentP(z,1) = N tr[p(z, t)d], where " denotes the

such a medium. If the space dependent excitation (SDEJensity of atoms and/ the slowly varying part of the

is partially coherent, a laser field can be injected into thecorresponding atomic dipole operator. The notation is

medium to “recall” this excitation. This recall field trig- simplified if we replace the electric field amplitud&s

gers the formation of a second laser pulse (called the signahd Ex by Rabi frequencies vid = 2dsEs/h andR =

field) with a different carrier frequency whosemporal 2dgrEr/h where d is the dipole moment between the

envelope is an inverted mirror symmetric replica of therelevant levels. The propagation constants are related

medium’s originalspatial excitation distribution. Below to the density of atoms vias = 47 N diws/fic and

we first discuss the physical mechanism for the informasimilarly for wz. To obtain fully analytical solutions,

tion recall from an SDE medium and then we show howwe assume equal oscillator strengthh = wg for both

the information contained in an amplitude-modulated op+transitions.

tical beam can be converted into the space-dependent ex-To present our theory first for the simplest possible

citation of a medium that is initially in the ground state. case, we begin with a SDE medium with a fully es-
The two lowest lying stated) and |3) of the medium tablished atomic coherend¢a = 1) such that each atom

are assumed to be dipole coupled to the same upper levean be described by state amplitudgdz, 1) wherej =

[2). The SDE medium is in its ground stdte® with the 1,2,3. We assume that the response of the medium to

TwWws
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the field is temporally adiabatic leading to the trapped-distances. In this example, the excitation functi®mnvas
state conditior§(z, 1) = —C3(z, 1)\[R(z,1)? + S(z,7)2].  chosen to be a doubly peaked Gaussian (Fig. 2). The
If we assume that the input fieR is slowly varying, this  scaled propagation distanZe= z/L is in units ofL such
approximation is quite reasonable if the excitation functhat G # 0 if Z € [0,1]. It follows thatZ =1 is the

tion G(z) does not change very rapidly: minimum propagation distance required to read off
9 N 2u R the excitation functionG(Z). When the wave front of
a_ZG(Z) [1 = 1G] < = T () the recall field reaches the regime in which(z) is

Even though this inequality containsspacederivative, nonzero, the signal is created. For distanees> 1,
it follows directly from thetemporally adiabatic atomic the recall is completed and the (two-peak) signal pulse
dynamics which guarantee that the evolution followspropagates shape invariant through the medium with
closely the instantaneous eigenvectors of the system. reduced speed and without significant attenuation.

The trapped-state condition applied to Eq. (2) together In Fig. 2 we show the “energy” of the signa}(Z) =
with a correction due to nonadiabaticity leads to a non-/ dt’ [S(Z,#')|> as a function of the propagation distance.

linear wave equation [8] for the amplitude of st The energy growth rate depends @nshown by the bro-
9 1 2u 9 ken line. For larger distances > 1 the energy remains
[a_z + <? + R(z.1)? + S(z t)z> E}Q(Z’t) =0, practically constant, indicating the shape-invariant propa-

(4) gation of the signal. In the figure we also show the energy

which needs to be solved under the initial condition of the®! the recall fieldeg(2) = [dr'|R(Z,¢')|*. The decrease

mediumcCs(z, 7 = 0) = G(z) and the boundary condition at Z E'[O.z, 0.8] shows that some of the energy of the
given by the two fields: R(z = 0,7) = R(s) and S(z = recall field has been converted to create the signal. The

0,7) = 0. The denominator in Eq. (4) is proportional to total electromagnetic ener@y + ey is conserved, which

the sum of the intensities and satisfies a simple lineaflémonstrates that the stored energy of the medium due to

wave equation such that its evolution is simply givenpopulation in level|3) is not used for the signal. This
by R(z,1)? + S(z,1)> = R(t — z/¢)? [8,9]. The general physical mechanism is obviously different from the opera-

solution for the signal field(z, ) can be found analytically tON Process of a standard light amplification in which the
and requires the inversion of an integral [10]. Ifwe assum&?&in is paid for by atomic excitation energy.
that the recall field is zero far < 0 the solution is We now turn to an interesting superposition law for non-
| 1—z/c linear propagation. Even though the interaction between
S(z,t) = —R(t — z/c)G|:z - —f dt’R(t’)z] the medium and the fields is highly nonperturbative as the
2p Jo excitation of the medium evolves in space and time, the
5) trapped-state relation betwe€nr(z, ) andS(z, ¢) indicates
This expression shows that an electromagnetic signdhat the “operator” that relates the input da&z), G(z)]
S(z,t) is created inside the medium as soon as the fronto the output fieldS(z, ) is linear with respect t6G:(z). To
edge of the recall field reaches that spatial domain inllustrate this “linear” relation between the spatial distribu-
which G(z) is nonzero. The maximum signal amplitude tion G(z) and the temporal profile of the generated signal
can approach that of the recall field if there are regiondield, we have prepared the medium’s degree of excita-
in the medium in which the population is entirely in the tion G(z) as a three-peaked function of space as shown in
metastable stat¢|G| = 1). We discuss here the case
which is of most practical importance. It corresponds
to a recall field that has a constant amplitude after its \\\
turn-on. If the total length of the medium is larger than \\\
the domain in whichG(z) is nonzero, the created signal
does not get attenuated or distorted and travels with
invariant shape. The propagation velocity of the signal
is Vs =c(1 + 2ucR™2)~! and can be much smaller
thanc, which indicates that the signal and the recall field
interact strongly with the medium. As soon as the SDE
information has been recalled, the medium passed by the
signal is left behind in the ground state. As an interesting 0 95 50 75 100
redundancy one should note that the recall field at output
obtains some of the SDE information, but in inverted T
form. The spatial length of the emitted signal is identicalFIG. 1. The generation and propagation of the signal field
to that of G(z), which we denote by.. The temporal S(Z,7) inside the medium. The retarded tine = (r —

; ith i g i i z/c)R/10 is measured in units oR~!, whereR denotes the
\fllvé(lj(;hTT § ijeLC (rle a:e;ﬂvggfyy/cgeasmg intensity of the reCa”Rabi frequency of the recall field. The created doubly peaked
i) S - N

. signal travels shape invariant with reduced speedZor 1.
To demonstrate the recall process graphically, we showhe initial excitation functionG(Z) is shown in Fig. 2. [The
in Fig. 1 temporal snapshots of the signal taken at variouparameters ar& = 10, u = 1, L = 3000, andA = —1.]
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recall field ezx(Z) = [dt'|R(Z,t)|> into that of the signal
es(Z). The broken line shows the excitation functici(Z).
Note thaterp + es is conserved. [Same parameters as in
Fig. 1.]
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Fig. 3(a). InFig. 3(b) we show the temporal profile of the 0 20 40 60 80T100
re_sulting Signal._ AS expecte(_i, thi_s p_rofille Is inverted ar]dFIG. 3. Superposition law for nonlinear pulse propagation.
mirror symmetric to the spatial distribution ¢f(z) and Relation between the spatial profile of excitatich(Z) and

every detail contained in the spatial gxcitation informationthe temporal profile of the generated signal fiedz, 7).
has been transferred to the signal field. We present th@) The medium’s initial excitation distributior(Z) with
real part of the amplitude in the figure to show that everperfect coherencéA = 1). (b) The temporal profile of the
the phase o6 (z) is mapped on the signal. signal field (in units ofR) after it has been created by the

; . medium. Th n rve is the prediction rdin

To check our approximate a_naly_t|cal form_ula we hav_ethgdel;(act nurﬁeﬁgglosglu%gn %f tshet goupplee?jcltllcz;xwaecllcfﬁiguv?lleto
also solved the Maxwell and Liouville equations numeri-equations. The atomic relaxation times due to the dissipative
cally using a modified Runge-Kutta-Euler algorithm to processes mentioned in the text were chosen to be equal to the
solve the corresponding eleven coupled partial differentiapulse duration of the generated signal pulse. The two curves
equations in space and time. We have included spontde Practically indistinguishable.R[= 10, x = 1, L = 4000.]
neous emission from level 2, collisional broadening be-
tween each of the lower states and the upper state, as well The curve labeleg. corresponds to the case of unequal
as an irreversible decay from the upper level. The exadgropagation coefficients.. Even though the energy
numerical solution is also displayed in Fig. 3(b) and thegrowth pattern of the signal is similar to that for the case
two curves are practically indistinguishable. This excel-0f equal couplings, no form-invariant propagation is found
lent agreement is typical for all of our calculations as longfor Z > 1. The shape of the signal amplitude (not shown)
as the relaxation rates for dissipative processes mentiongtisplays fast oscillations that are a typical signature of
above are smaller than the Rabi frequeftyf the recall nonadiabaticity in pulse propagation.
field. Even if the relaxation rates are comparablRtthe Let us now demonstrate the generation of a position
amplitude of the signal field was compressed by only 50%dependent excitation inside a medium that is initially

Finally, we want to show that the information transfer entirely in the ground state. We will show below that
efficiency is reduced if the off-diagonal coherence between
levels|1) and|3) is imperfec{|A| # 1]. We have repeated 2000 ———— —
our exact numerical simulation of the coupled Maxwell- [
Liouville equations for the same excitation functictiz) | Energy of the Signal
shown in Fig. 3(a) but for various degrees of coherence i
A. The growth pattern of the signal energy is illustrated
in Fig. 4. As expected the transfer is reduced. On the
other hand, the curve for = 0.25 shows that a medium
with only 25% coherence is still suitable to generate a
significant signal, merely with a smaller amplitude. The
practically zero slope of the energy for sufficiently large i S
distances indicates that perfect coherence is not necessary 0 025 05 0795 1 5 1.25
for the loss-free propagation. The signal pulse width (not . . o
shown) decreases with decreasingut the basic temporal FIG. 4. The energy of the signal field for the same excitation
(three-peak) structure is qualitatively maintained even for];tJ nction G(Z) as shown in Fig. 3 but for various degrees of

. ~atomic coherenca. All the parameters are as in Fig. 3. The

A as low as 025, which SuggeStS that the recall effect |§raph denoted Wlthu is for perfect coherencéA = 1) but
relatively robust. unequal propagation constanss(= 1.3 and uz = 1).
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this can be accomplished using two amplitude-modulated Our theoretical predictions can be tested experimentally
optical pulses of different carrier frequency. Consider thain the optical regime. Harris’ group [12] has provided the
the ground-state medium is subjected to two resonant lasérst experimental evidence for adiabatons [8]. A similar
pulses,Q); pumping the 1-2 transition anf; coupling optical scheme could be used to first generate a SDE
the levels 3 and 2. If the two fields are turned on in themedium with two pulses and then to recall the excitation
counterintuitive sequenceg enters the medium before distribution with a single field. A sequence of experiments
), then the trapped-state condition indicates that thevith variable timing of the recall field delay would show
final state of the medium depends only on the details ofhe lifetime of the SDE coherence. Haketaal. [13] have
how the pulses are turned off [11]: recently demonstrated experimentally that solid hydrogen
. Q,(z.7) can provide an ideal material to study coherences.
C;(z,0) = —lim : ) (6) We thank B.K. Clark, J.H. Eberly, K. Hakuta, S.E.
T \/le(z,r) + Q3. 7) Harris, A. Merriam, G.H. Rutherford, and Q. Su for

The final excitation at the entry surface of the mediumuseful discussions. This Letter was partially supporteq by
(z = 0) is determined by the input pulse shapes of theVSF Grarjt No. PHY-96.3124.5, by Research Corporation,
fields. Inside the mediurty > 0), however, the dynamics and by lllinois State University. J.R.C. thanks the ISU-
are more complicated as both pulses can change thdjfonors program for support of her undergraduate research
shapes and the trailing edge of the fields can propagat¥orK-
with different velocities.
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the space- and time-dependent amplitudes of two resona ] S.E. Harris Phys. Rev. LetZ0, 552 (1993).
laser pulses that are injected in the counterintuitive time 3] 3 4. Eberly, A. Rahman, and R. Grobe, Phys. Rev. Lett.
sequence into a three-level medium initially in its ground 76, 3687 (1996).
state. Applied to our situation it predicts the final medium [4] G. Vemuri, K.V. Vasada, and G.S. Agarwal, Phys. Rev.
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