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Controlled excitation of selected regions inside dielectric media

J. R. Csesznegqi, B. K. Clark, and R. Grobe
Intense Laser Physics Theory Unit and Department of Physics, lllinois State University, Normal, lllinois 61790-4560
(Received 5 December 1997

We propose an optical scheme to control the degree of excitation of spatially localized regions inside an
absorbing three-level medium using two suitably delayed laser pulses. Only selected localized regions inside
the medium are changed by the pulses, the remaining medium remains unchanged in its ground state. We
present an approximate but analytical theory of the coupled Liouville and Maxwell equations and propose an
experimental verification of this control excitation scheme for potassium vap©050-294{08)02606-1

PACS numbeps): 42.65.Hw, 42.65.Re

[. INTRODUCTION position. In this work we will discuss how a sequence of
appropriately delayed laser pulses can be used to produce
There has been some growing interest in manipulating théhese spatially dependent excitations in a laboratory. We will
quantum-mechanical state of dielectric materials using lasefemonstrate that it is possible to use the laser pulses to con-
light. The challenge of coherent control is to exploit eithertrol the state of specified spatial regions inside an absorbing
(a) tailor-made waves to drive matter to a desired staté)pr medium without affecting the remaining domains. This situ-
certain properties of matter to design wave forms. In the |]as@tion can be achieved if the laser fields are nearly resonant
decade exciting experimental and theoretical progress wakith the same upper atomic state and are injected into the
made in both categories. medium in the counterintuitive order. The two pulses interact
A commonly used laser technique of driving an atom intofully dynamically with the medium and at a predetermined
a desired excited state involves the coherent interaction witRropagation depth one pulse will decay to excite the mate-
a laser field of specified pulse area. Other methods to effitial. This coherent interaction can even be used to control not
ciently excite selected states require a time-dependent detufDly the final population in selected states, but also to gen-
ing (chirped pulses Recently, the application of two or sev- erate_ specific phase relations between the corresponding state
eral laser pulses has been proposed to excite selected atorgi@Pplitudes. _ _ _
or molecular states with high efficiency. A good example is Our paper is organized as follows. We first review the
the experimental work of Bergmann and co-worktl in ~ €ssential equations which govern the interaction of a medium
which a sequence of two appropriately delayed resonant laséf three-level atoms or molecules with two nearly resonant
pulses is used to transfer population into a higher lying statdaser fields. This section will also introduce the relevant pa-
The possibility of controlling the quantum-mechanical de-rameters. In the third section we will provide a simplified
gree of coherence of an atom or a molecule has also led @nalytical theory based on temporal adiabaticity and compare
some progress in understanding the optical properties of dReur analytical results with those obtained from the numerical
electric media. Harris’s pioneering wofR] experimentally integration of the full set of equations. In the fourth section
demonstrated that the transmission properties of an atomi¥e discuss the relevant parameters to control the degree of
medium can be changed significantly if a second strong laséxcitations in a potassium vapor. Finally, we conclude with a
field is applied. The theoretical analysis of the fully coupledbrief discussion and a very speculative outlook on possible
interaction of two laser fields with a three-level system isapplications.
very challenging. For a medium that is initially in the ground
state, soliton wave forms have been predicigfiand re- IIl. BASIC EQUATIONS AND PARAMETERS
cently the cloning of wave forms using two-photon coher-
enceg4] has been proposed. Analytical solutions and a bet- In Fig. 1 we have sketched the relevant parameters for the
ter understanding is possible in the regime in which themedium as well as the relevant time scales for the simplest
medium’s response to the fields is temporally adiab@ic ~ case of two incoming laser pulses. We denote Witlthe
Here it is possible to combine the principles of the dark-statdotal length of the materialD, is the penetration depth at
dynamics, counterintuitive pulse sequencing, and two-photowhich we would like to excite the medium into a specified
adiabaticity to derive coupled wave equations which allowmetastable state, and the thickness of this metastable layer is
for fully analytical solutions. Novel solitonic wave forms denoted byD,—D;. The time when the first laser field is
called “adiabatons” have been predicted using this approacinjected into the mediungat z=0) is denoted byt=0. The
[6,7]. In 1995 an experimental observation of adiabaf@)s two input laser pulses can be characterized by their temporal
was reported. duration denoted by¢—t,, and T, and by their mutual de-
In almost all investigations, each of the atoms or mol-lay at turn ont,,. The choice of the penetration depths
ecules of the medium was either the ground state or a coheandD, determines the values fog,, tyf, andT,. The final
ent superpositiof9—13] of states. Recently, the remarkable degree of the excitation as well as its spatial profile is con-
optical properties of a novel medium have been investigatettolled by the laser intensities and the pulse shapes at input.
[14], in which the degree of excitation does depend on the We assume that the optical medium is characterized by
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form in the rotating-wave approximation:
(€)]

.0 1 )
= p11(Z,7)=— > (Q3 p12— Qap21) +iA1p20,

(2.19
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FIG. 1. The relevant parameters(@ The medium’s length (2.19

scalesD;, D,, andL. (b) The time scales for the two input pulses
at the entry surface of the mediufy, t,,, andty . N 1 . .
= p(2,7)= 5 [Qa (P11~ P22 + Qg pai
three atomic or molecular energy levels. We describe the . .
state of each atom or molecule by nine matrix elements of ~H(Bat T =ila)par, (2.19
the density operatop;; . Each matrix element is a function 9 1
of time and space. The ground state is denotefiognd the i — =_T10Q* — *
; o p23(2,7)= 5 [Q (p3s—p22) + (27 p13)]
metastable state which we want to excite is denotedBpy gr % A e alits
We assume that both states are dipole coupled to a common : ;
) : : . : —i +T—iA , 2.1
upper statg2). For the numerical simulations discussed in (Bas b)P23 219
Sec. Ill, we have assumed various kinds of irreversible 1
mechanisms that are relevant to a vapor of potassium moli — p4(z,7)= 5 [Qpp21— Q7 p3)] — (I va1+ Ap— A pas.
ecules, for which we propose an experiment. It 01
In Fig. 2 we show a typical energy scheme of a three-level (2.19

A systzm with the m(()jst rerllevant couplings. The parfametirqrhe phenomenological constanf&5] which account for
Az andAg; correspond to the spontaneous emission from they, 1 5ing have been defined @s.=0.5(A-.+ A2 + v and
upper level into stateld) and|3), and we have also included stfpo-g(Azﬁ Asr)+ Vas. e Aot Azd vz

the dipole dephasing between levéls and|2), [2) and |3), The laser field is a sum of two laser pulses
and |1) and |3) with the decay ratesy;,, v,3, and s,

respectively. An irreversible decay rate of the upper state due E(z,t)=E,(z,t)expliw,(t—2z/c)}
to ionization or coupling to other levels that are not included _
in the model is denoted by. We have also allowed for +Ep(zt)expliwp(t—2/c)}+c.c., (2.2

detunings A,=(E,—E))/h—w,, and A,=(E,—Ej3)/ ) , ,

#,— wy,, whereE; are the energies of the relevant levels andWith the two near resonant optical frequencies and wy, .

w, p, denote the respective laser frequencies. The two components can have sufficiently different frequen-
a’,:or simplicity we have transformed the space and timeEies such that each of them is coupled only to one transition,

variables to a coordinate system moving with the speed of-2 (for Ez) and 2-3(for E,). We use the slowly varying

light c: 7=t—2z/c, where 7 denotes a delayed time. The envelope approximation so that the temporal and spatial evo-

equations for the density matrix elements take the followingution of each field amplitude is governed by a reduced wave
equation. We neglect transverse propagation effects. The no-

tation is simplified if we replace the electric field amplitudes
/ r by Rabi frequencies vi& ,=2d,E, /% and Q,=2d,E,/#,

12> whered is the dipole moment between the relevant levels.

A

Jd
o7 Qa(Z 1) =ipafdAapiAZ,7)0a(A),  (2.33

b

J
My V23 77 Co(Z, 7)=ippfdApp3AZ,7)9p(Ap).  (2.3D

J The coupling coefficients, , are related to the number den-
Yz1 13> sity of atoms\ via Ma,bEng,bwa,b/SoﬁC- The function
! Al g(A) is the inhomogeneous linewidth of the medium due to
the velocity distribution of the atoms in the vapor.
In order to test the regime of validity of our analytical
FIG. 2. Energy level scheme of a three-lewebtom or mol-  theory presented below, we have solved the fully coupled
ecule. Liouville-Maxwell equationg2.1) and(2.3) on a spatial-time

A

11>
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grid. For the total interaction time, we have used abouttate of the medium after the two pulses have passed is de-
20 000 grid points and, for the spatial grid, 40 000. Thetermined by the following relation:

coupled equations have been solved using a standard Runge-

Kutta fourth-order algorithm for the integrationintime and & G(z)=p,y(z, 7— ) = |Q4(z, 7— ) /Q(z, 7—)|2.

simple Euler algorithm for the integration in space. To test (3.2

the numerical accuracy we reduced the grid points in each

direction by a factor of 2 and found that the results Wererp o |imit 7o is meant in a physicalnot mathematical

unchanged. sense. It is clear that if both pulsésr the corresponding
area$ are too small, the actual population in stiecannot
IIl. THEORETICAL ANALYSIS OF THE SPATIAL be changed.

EXCITATION PROCESS The central goal of this work is to find the temporal char-
acteristics of two input pulses that can generate the final state
of the medium in accordance to a chosen excitation function
Th_e physics of the excitation process can be qualitative_I)G(Z)_ The difficulty in evaluating the expression E@.2)
described as follows. One long and one short pulse are ingrises because both pulses interact nonperturbatively with the
pulse,()y,, is injected into the medium first as shown in Fig. the medium. In the adiabatic regime, however, the temporal
1(b). The short pulse),, exchanges its energy with the and spatial evolution of both laser pulses can be found ana-
medium when the front edge of the pulse is absorbed by thgtically. The evolution of the two pulses is characterized by

medium and the same amount of energy is then transferrehe following set of nonlinearly coupled wave equatif@k
back into the trailing edge of the same pulse. The medium

left behind is in the ground state. This exchange mechanism

A. Analytical theory based on adiabaticity

d 2, 9 Qg

requires the presence of both fields and effectively slows — Q= == (3.33

down pulseQ,. The larger is theQ), pulse intensity, the 9z Q 7 Q

more the(), pulse velocity is reduced. This means that its

trailing edge comes closer to the trailing edge(bf pulse 9 2up 9 Qp

that moves with the speedl The trailing edge of),, is not Zh= "0 s (3.3b

slowed down as the medium is left behind in the ground

state, becausé€),, does not couple directly to the ground o i

state. As the decay of puls€), is important with respect to the
After a characteristic propagation distance, tfast trail- final excitation of the medium, we will first discuss how the

ing edge of2,, has caught up with the edge 6f,. AsQis ~ number of photons and the energy of the pulbg change
turned off, the medium cannot return the energy back intdVith increasing propagation distance. The total electromag-
pulseQ), andQ, begins to decay. Part of its energy remainsn€tic field energy per unit area of each pulse that passes
in the medium and part of it is converted to the energy ofthrough positionz can be obtained dlrectI%/ from the Rabi
pulseQ,,. When pulse, has decayed a layer of excitation frequency viaw,=eqch?/d7|Qa(z,7)|?/(2d7). If we mul-
is left behind. tiply both sides of Eq.(3.33 with ), and integrate with
Below we will derive ana|ytica| formulas for the degree respect tor, we find the fOlIOWing relation between the final
of energy conversion, the Spatia| prof”es of the |ayers ofpopulation in the excited state and the Spatial variation of the
excitation, and the requirements on the laser pulses to prdime-integrated squared Rabi frequency.
duce specific spatial excitation patterns. Our theory is based
on the theory of adiabatons as first introduced in R&f. In g 1 o )
the adiabatic regime, the time evolution follows one eigen- 92 20, fo drQa(z,7)|*=—psdz,7=>), (3.9
vector, the so-called trapped stafié]. This state relates the a
state populations of the atom to the Rabi frequencigs: o .
=104 /Q|? and pgzz=|Q,/Q|? where the two-photon Rabi Where we have used the initial conditipgy(z, 7=0)=0 and
frequency is denoted b@2=|Q,|2+|Q,|2. In order to ex- the trapped-state relatiorpss=[Q,/Q|*. The integral
clusively excite the trapped state, the laser fiflg that is  (1/2u,)[d7/Qa(z,7)[?=[W./(hw,) /N has a direct inter-
coupled to the initially “empty” transition(2-3) has to be pretation: it is the ratio of the total number of the photons
turned on before the pul€®,, which couples to the initially ~passing througfz and the number of atoms per unit length.
populated ground stafd7]. A generalization to “hot” me- This ratio does not depend on the dipole moment. The “con-
dia with a thermally populated 5tahﬁ> is discussed in Sec. servation” law of Eq.(3.4) shows that the field cannot lose
IV. In order to guarantee that the other eigenstates remai@ny energy at those locatioasat which the medium is left
practically decoupled from the dynamics, the two Rabi fre-behind in the ground stafgs3(z, 7=)=0]. For the simple
guencies have to satisfy the well-known condit[d8] situation sketched in Fig. 1 this is required for short propa-
gation distanceg<<D; and also forz>D,. For short dis-

d d VI tancez<D, the(fas trailing edge of(}, cannot reach the
Qa 77 Qo= Qp 7 Qg < V[ Q+ O] @D (slow) trailing edge of(),. As both pulses interact strongly
even forz<Dj, the conservation law does not guarantee
Inequality (3.1) is more easily satisfied for stronger fields. If shape-invariant propagation. If we integrate E8.4) over
this condition of temporal adiabaticitis] holds the final the distance and multiply with A/, we obtain
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1 £ 1 o It is interesting to note that, although the fielti, experi-
NZ_ J dr]Q,(z= 0,7')|2—N2— J dr|Q,(z=L,7)|? ences some significant reshaping as it propagates through the
Ha JO Ha Jo medium, its output shape is practically identical to its shape
L at input with the only exception of those timesvhere both
:NJ dzpsy(z,7=). (3.9  pulses overlapped at input. It is also remarkable that, even
0 though the entire temporal and spatial evolution depends on

. L L u, the final output pulse shape does not.
This relation illustrates how the electromagnetic field “en-" " The final state of the fields can be used to complete

ergy” of the pulse can be converted into the atomic excita-or energy analysis for the excitation process. Recalling
tion energy. Each term on the left-hand side is the total nuUMg o gefinition of the electromagnetic field energy per
ber of photons in the pulse that has passed through positiqhit area that has passed through a positian
z. The difference between the two terms is the number o b=e0Ch2/d7]Q, p|2/(2d2), and using the relations Eq.
photons that were used to excite the atoms. The right-han a’8) we find for thg electroarr;agnetic field energy, at out-
side is.the number of metastable atoms in the entire mediu u.t 2>2)
per unit area.

Let us now solve the adiabatic wave equations, E3)8), ©
and present the solution fdR,(z=L,7). Although these wb(z>Z)=wb(z=0)+—bwa(z=0). (3.9
equations are coupled through the two-photon fi€ld @Wa

=]0,%+|Q,|? the spatial and temporal evolution of the . :
: ; - ... In other words, a fraction of the energy of the input pulse
fields can be expressed analytically for any arbitrary initial. used to increase the energy of the filigat output by the

fields. It is easy to see that these equations can be written i

a fully integrable form if we assume equal oscillator strengthamoun;f %}’b/wag{va(zio)' If we assumg thﬁt thi grour|1d
for both transitions f&,=up) and introduce the nonlinear state of the medium has zero energy ¢ ) ), then t e total
variableX(7): excitation energy contained in the medium per unit area is

Whed 7) =N (wa— wp) [dzpss(z,7). 1t follows directly

1 (- from relation Eq.(3.5 that the remaining fraction of the

x(T)Ez_ J’ d7'|Q(z=0,7")|% (3.6) input fie_ld _energ;[l—(cub/wa)]wa_(z=0) is C(_)nverted into
2 the excitation energy of the medium according to

The analytical solution of Eq3.3) can be expressed directly
as a function of theéarbitrary) input laser pulses a=0: Wined 7=2) = Mi(wa = wp) | dZpgy(z,7=0)
Q. ,[2=0X"H(X(7)—2)] = (1~ wp/ wa)W,(2=0). (3.10
Qa,b(za 7-): Q‘ —OX71 X _ Q(Z:O,T),
[z=0X"(X(7)—2)] As a next step we investigate how the medium’s excita-

(37 tion evolves under the two pulses. Assuming that the me-

4 ) . . dium remains in the trapped state throughout the evolution
where X" (') denotes the inverse function to the integral e find from Eq.(3.7)

X(7). If the total Rabi frequency¥)(z=0,7) happens to be

time independent after a suitable turn on, the flelgz, 7) is Q. (z=0X"1(X(7)— z))‘ 2

only a function ofX(7) —z and can propagate with invariant pas(Z,7)= QZ=0X X(7-2)) | ° (3.1
shape after a characteristic propagation distance. These '

shape-invariant solutions are called adiabatons. AdiabatonfshiS expression shows that, after the medium has been
are solitonlike pulse pairs that are formed by an absorbing,., 4kt into its metastable state, the excitations can travel

medium and can propagate in a medium without significan{hrou ; ; ;

4 gh the medium with a velocity (d/97) p33/(9/IZ) p33
loss. Reference@,?] have ShOV.V” th"?“ Eq3.7) describes . =022y in the moving coordinate frame or, equivalently,
the spatial and temporal evolution with a remarkable preci-

. e : . ith locity — =2 2u+cQ?) i
sion, if dissipative mechanisms that are not directly related tt\?ﬁz I:b\(/)er;[glrt;/ fréfézt)pgg,/(&/(ﬂ)p:gg pel(Zpt ) in
state|2) are negligible and inequalit{3.1) is satisfied. '

For th " K d i ire the f i f The main goal of the present work is to investigate how
or the present work we do not require ,e ormation oty input pulses can be employed to excite the medium at a
any shape-invariant solutions. If the medium’s total lerigth

< ; " . specified depth. After both pulses have passed through the
exceedsX(Ty)=Z, the fields can propagate a sufficient dis- e 4iym, the final spatial distribution of the population in the
tance such that part of the energy of the pulsg can be

metastable statg) is given b
converted into that of the other pul€®,. The temporal Bisg y

shapes of the output pulses follow immediately from the so- Qa(zzoyx—l(z_z))‘ 2
lution Eq. (3.7), usingX~1(0)=0 andQ,(z=0, 7=0)=0. pax(z,7—2)=G(z)= — .
We obtain interesting pulse shapes for Z: 2(z=0X (Z_Z))‘ (3.12
Qy(z2>2,7)=0, (383 |f we assume that the input puls, is practically nonzero
for t,;=<t<t,s as shown in Fig. 1, then it follows that the
Qp(z>Z,7)=\[Q4(z=0,1)°+Q(z=0,1)?]. final population in statg¢3) pss(z,7—) is nonzero at re-

(3.8b gionsz,
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D,=Z—X(to)=2=Z— X(t,n)=D>. (3.13 Tb>(2,u/Bz)D2. The deeper the layer to be excited inside
the medium is, the longer the pulses must be chosen. Or,
This relation defines implicitly the required turn-on and turn-equivalently, if both pulses are less intense, they must have a
off parameters as a function of the chosen lenddhsand larger duration. Equation3.13 also relates the chosen
D,. length parameters to the required turn-on and-off times of
Unfortunately, Eq{3.12 is an implicit relation to deter- pulseQ,(z=0,7):
mine the two laser pulse shapes from a chosen function

G(2). To find the characteristics of the input laser pulses as 2u
a direct function of arbitrary spatial excitation profilégz) ton=Tp— B2 D2, (3.163
is a quite interesting mathematical problem, perhaps it is not
even solvable in full generality unless numerical techniques 2
are applied. to=To~ 5z D1 (3.16h
B. Two analytically solvable cases This example shows that the pulse duration of the pulse

It might be illustrative, however, to examine two special a(z=0,7), which istet—ton=(2u/B?)(D,—D;), can be
cases of input pulse shapes, for which relationBdl2 can ~ chosen arbitrarily short iB is large and the pulse is suffi-
be inverted. In the first one, we restrict the envelopes of botigiently intense.

pulses to take constant amplitude®;(z=0,7)=A for t,, The two example_s above demonstrate that there_are many
<7<ty and Q,(z=0,7)=B for 0O<7<T,. For this case Pulse pair combinations that lead to the same spatial excita-
we find for the pulse delay parameters tion profile. If, however, the shape of one of the pulses is
specified, then the other is directly determinedGz). The
2u A% 2u question arises whether the two pulées and(}, can have

ton=Tob— A2 B2 Da— BZ A2+ B2 Dy, (148  jgentical envelopes and different amplitudes. Equat®h2
suggests that in order to excite a localized regime inside the
21 medium, the envelopes should be different.

toff:Tb_ 82 Dl' (314b

C. Comparison of the theory with numerical results

The spatial excitation distributiofs(z) would be equal to This section serves the purpose to compare our analytical

Az/(AZ“'BZ) for D;<2z=<D and zero outside. The requ;red results based on adiabaticity with the exact numerical solu-
dur521t|on of the input pulseQ, is tor—ton=[2u/(A°  {ion of the Liouville-Maxwell equations and to graphically
+B9)](D2—D,). Note that in this example it is impossible jjjystrate the spatially and temporally resolved interaction of
to transfer all the population into the metastable stat® if (he fields with the medium. We assume that the medium is
<A. ) o . initially entirely in its ground state. The relevant parameters
For the second analytical example, it is possible to exyre given in the figure captions. The figures on top are the
press both pulses directly as a function of an arbitrary excizyact data and should be compared directly with those at the
tation profile G(z). Let us assume that both input pulsespottom that were obtained by graphing the corresponding
have “antimatched” envelopes such thadd,(z=0,7)2 analytical solutions.
+Q,(z=0,7r)>=B? is a square pulse for07<T, and zero In Figs. 3a) and 3b) we display snapshots of the tempo-
otherwise. This, of course, does not necessarily imply thaga| profiles of two pulses taken at various propagation dis-
Q, and Qp are constant. In this case, the characteristiqgnces. At input £=0) the field 0, was chosen to be a
propagation distance i€=(B%*2u)T, and the integral simple Gaussian whereas the fieftl, was practically a
X(7)=(B?2p)[ 7— (7= Tp) 9(7—Tp)], where §() is the  square pulse between short turn-on and -off times. It is ap-
Heaviside unit step function. Its inverse functio *(X)  parent that both pulses change their shapes significantly as
=(2u/B?)x for 0=x<Z and it has a singularity at=Z. If ~ they penetrate the medium. The trailing edge of fiflg
we insert this into Eq(3.12 and solve fol), ,(z=0,7), we  [right side of graphb), at 60< r<80] travels with speed.
obtain the shapes of the input pulses as a function of thehe pulse(),, however, travels with a reduced velocity. At
given excitation profile5(2): a certain propagation length= 2000 the fast trailing edge of
12 ), has reached theslow) trailing edge of(), and the pulse
(3.153 ), starts to decay. This decay is accompanied by an increase
of the amplitude of fieldQ,,. After pulse(), has decayed
completely, the final form of), is practically indistinguish-
B B _B? 2 able with the analytical predictions given by HG.8b.
Qp(2=027)=B|1-G| 2= 57 (To=7) In Fig. 4 we display the population probabilipgs(z, 7) as
(3.15h  afunction of the positioz at various times. We see that—
after its formation—the spatial excitation profile propagates
In this case, the required input pulse shapeﬂkﬁris just a  through the medium as well. The spatial distributions for
mirror symmetric replica of the spatial excitation profile. Let 70< 7 becomes “frozen” and represents the final excitation
us assumes(z) is practically nonzero for the distand®;,  function G(z). The data on the bottom correspond to the
<z<D,. It follows immediately that the total pulse duration analytical prediction of Eq(3.11). The agreement is again
T, has to be sufficiently long for a given pulse energy,very good. The small superimposed oscillations present in

BZ
G<Z:ﬂ (Tb_T)>

0,(z=0,r)=B
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FIG. 4. The spatial evolution of the excitation. The top curve
shows the exact data obtained from the numerical solution of Egs.
(2.1) and(2.3); the bottom curve is the prediction according to the
analytical formula Eq(3.11). The spatial distribution of the popu-
lation pss(z,7) in the metastable statf) displayed at timesr
=30, 40, 50, and 70. The dashed line corresponds to the final dis-
tribution for 7>70 (same parameters as in Fig. 3

pulses reshape significantly for distan@es1800, the indi-
vidual “pulse energies” are conserved. The puldgdecays

to zero and its energy is partially converted to that of pulse
Q,, only for 1400<z<3600.

In Fig. 6 we show the breakdown of adiabaticity and that
of our analytical theory. The same parameters as in the pre-
vious figure were chosen but with unequal propagation coef-
ficients which differ by a factor of 3. Compared to the results
for w,=up, the temporal front edge di}, steepens. This
steepening is accompanied with a breakup of the front edge
into several sharp spikes, which can have amplitudes that can
exceed the amplitude of the input fiefdl,. None of these
features can be predicted by a theory that is based on tem-
poral adiabaticity. For completeness we show in Fig) the

FIG. 3. The temporal evolution of the two laser pulses. The topspatial profile of the final excitation function. We found in
curve shows the exact data obtained from the numerical solution of

Egs. (2.1) and (2.3); the bottom curve is the prediction according
to the analytical formula Eq(3.7). (a) The temporal profiles

of the field ),. These were taken at propagation distances

z=0, 1000 (dashed ling 2000, 3000 (dotted ling, and 3500
(smallest amplitude The pulse is vanishingly small for propaga-
tion distancesz>4000. (b) The corresponding evolution for
the field ), at the same distances as (@. (The parameters
were pa=pp=1, Ay=As=y12= ¥23=1'=0.05, A;=Ap=0,
Q,(z=0,7)=A exp{—0.9 (7— 35)/7)?}, and  Qb(z=0,9

=B exp[-0.5(7/1p)2] for 7<4r,; Q,(z=0,7)=B for 4<7/7,
<12 and Qu(z=0,7)=B exp{—0.5(7—127,)/7,]%} for 12
<7l7y, A=10,B=12, 7,=5)

the exact datdtop) could be a manifestation of nonadiaba-

ticity.

10000 ! ) 1 Lo
| o) ‘
50004 L
@
0 T T T
0 2000 4000

Distance z (arb. units)

FIG. 5. The time-integrated squared Rabi frequency of the two
pulsese,(z)=fd7'|Q4(z.7")|? andey(2)=[d7'|Qy(z,7')|? as a

In Fig. 5 we display the time integral of the squared Rabifunction of the propagation distanze(same parameters as in Fig.

frequency as a function of for both pulses. Although both

3.
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FIG. 6. The breakdown of the analytical theory due to very FIG. 7. The generation of a spatially periodic excitation pattern
different propagation coefficients.(a) Temporal profiles of the inside the medium produced by a sequence of four input pulses
field O, taken at propagation distances 0, 500, 1000, and 1500 . (&) The temporal profiles of the two input fieldszat 0. (b)
(dotted ling. (b) The final spatial distribution of the population The final distribution of population in the metastable state after the
psx(z,7) in the metastable statg). (With the exception ofu,  Pulses have left the mediunfThe parameters werg,=up=1,
=1.5 andu,=0.5, all other parameters as in Fig) 3. A= Ag3= y12= ¥23=1'=0.05,1'=0.05, A,= A, =0, Q,(z=0,7)

is a sequence of four pulses of the form,(z=0,7)

f ical simulati hat the breakd o 10 exg—[(7— 7)/2]?} that are centered at =25, 35, 45, and 55.
most of our numerical simulations that the breakdown Otrpe ey input field2,(z=0,7) is identical to the one used in Fig.

adiabaticity is initiated by a steepening of the temporal front3.)
edge.
We conclude this section by demonstrating how a seLl% the B 11, (v =6, J=47) level as statd2), and the
L] u ) 1

guence of several laser pulses can be exploited to generate T4y, _ _
interesting spatially periodic excitation pattern inside the me_metastable levelX 29 (v=13,J .47) as statef3). The
dium. The fieldQ, was chosen to be a sequence of fourquantum numbew denotes the vibrational level, and the

Gaussian shaped pulses. The fi@ldwas the same as above. duantum numbed denotes the rpFationaI level. The energies
We display th% tw% input pulse Shapes in Figa 7Figure of the|1) to |_21> and|3) to |2) transitions are 15 690.8 crand
7(b) shows an interesting spatially periodic pattern of exci-14 648.7 cm, respectively. The dipole moment of the

1 1< + . . .
tation. A study of the optical diffractive properties of such aB 1lu=X ">4 electronic state transition is 6 deby20].
periodic (index of refraction pattern and its potential appli- '€ Franck-Condon factof21] for the 1) to [2) and|3) to
cations will be discussed elsewhere. |2) transitions are 0.130 and 0.144, respectiy@]. Further,

Honl-London factors decrease the transition intensity by an
additional factor of 2. A gas pressure of 800 Pa corresponds
to a molecular particle density of N=3x10%
molecules/cr (most of the pressure is due to atoniBhese

A possible experimental verification of the excitation of parameters correspond to the propagation coefficientsadf
selected spatial domains inside a dielectric material seems fpproximately 2.% 10 cm tsec? for both transitions.
be quite possible in the optical regime of atomic or molecu-The electronic transitions in Xare characterized by the fol-
lar vapors. In the following we demonstrate how one canlowing dissipative decay rates: The total spontaneous emis-
obtain spatial excitations for a potassium vapor. This vaposion rate from the upper level is 8.830" Hz. The dephas-
has been used recently to study optically pumped I1d4&js  ing rates due to collisions are not so well known, we estimate
electronic transition moments, and collisional relaxationthem equal and to bg,,= y,3=2.4x 10° Hz. The statesl)
rates. As this section is designed as a direct guidance faand|3) are not dipole coupled so one might expect thatis
possible experiments, we have used cgs units. much smaller thany,, [23]. The magnitude of the irrevers-

A vapor containing K molecules, where the vapor is con- ible decay rate of the upper state due to ionization or cou-
tained in a heat-pipe oven, is a possible system to explorpling to other levels denoted Hy depends on the intensity.
three-level physics as appropriate molecular transitions caA rough estimate yield§' to be smaller than the other radia-
have very similar oscillator strengths. We consider the situtive rates.
ation with theX 'S (v=1, J=47) level as the ground state ~ Both  transitons can be resonantly  excited

IV. PREDICTIONS FOR SPATIAL EXCITATIONS
IN A POTASSIUM VAPOR
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(A3=637.3 nm and\,=682.7 nm via radiation from tun- _ 5
able dye lasers, which are in turn pumped by a frequency o 4
doubled Nd: YAG(YAG denotes yttrium aluminum garnet 2 3
(Spectra Physigdaser. The two pulse envelopes can be var- =3 i
ied in temporal length from 3 to 6 nsec. &
The temperature of theJgas in the heat pipe is typically I 2t
around 410 °C, which corresponds to a Doppler width of ;;,1 L

about 1.7 GHz. The adjacent rovibrational levels are suffi- :
ciently far apart that practically no transition becomes dy- 0 5 5 T 20
namically important and we ignore the Doppler effect. The Time 7 (in nsec)

high temperature of the vapor, however, leads to initial ther- —— e .
mal populations in statd3) which can be approximately p,,(z) | Final population in (b)
10%. In the following we assume that the time scale for X!zt (v=13,J=47
thermally exciting the statd3) is longer than the laser- i £
medium interaction time and we therefore neglect the possi-
bility of thermal reexcitation. To reflect an initial thermal

excitation we have repeated the simulations discussed in 0.2

Figs. 3—5 for a non zero but spatially constant initial value of

pa3(z,7=0) and assumed that the initial two-photon coher- oL . ‘ ,
encep5(z,7=0) is zero. Basically, a nonzeres; has two o 1 2 3 4 5 6

implications: First, the front edge of the first injected pulse Distance z (in cm)

Oy that is resonant with the “nonempty” 3-2 transition  FIG. 8. The generation of a spatial excitation pattern inside a
steepens and is being absorbed by the medium. The energsipor of K, molecules. (a) The temporal profiles of the two input
of the pulseQ),, decreases therefore as the pulse propagatdilds atz=0. (b) The final distribution of population in the meta-
even before pulsé€), begins to decay. However, if both stable stateX 'S (v=13, J=47) after the pulses have left the
pulses have comparable Rabi frequencies, the relative spe&tgdium. After 5 cm the final excitation is established and the pulse
at which the location of the front edge moves towards theﬂathss declzayeld(The parirlnetergse_e eq'(ﬁ'l)] vt\:_ere glhosendt'(t)'
; : match as closely as possible experimentally achievable conditions:

ceqter of the-pulse is comparable to the relative speed wnﬁ1 — = 2.73¢ 100 cm i sect T'—100 MHz, A, 10 MHz, A,
which the trailing edge&),, approaches the slow pulge, . ~a _ _ e '
A h f I .. . . f . . d . d | =10 MHZ, A21— 11 MHZ, A22— 12 MHZ, Y12= Y23~ 12 MHZ, Y13

s the .lna rer_nalnlng excitation gnctlon IS gtermlne On,V=1.2 MHz, Q.(z=0,7)=A exg—((7—10.8 nsey(1.67rp))2];
by the interaction of the pulses with the medium at the trail-o ;-0 7)=B exp—[(7—14.4 nse/(3.347,) 12}, 7,=3 nsec, A

ing end, the absorption of the front edge of the pulsgeis =4.13 GHz,B=4.96 GH2.
not so crucial.
Second, only the fractiop;;(z,7=0) of the molecules V. DISCUSSION

can initiglly satisfy the trapped state condition for counterin- In order to obtain fully analytical results, the description
tuitively injected pulses. In other words, one can assume thaf 55 restricted to the case of equal oscillator strengths be-
the number densityV’ (and therefore the propagation con- yyeen the relevant transitions. The larger the ratio between
stant ) is effectively reduced by the factqr;i(z,7=0),  the oscillator strengths, the shorter is the propagation dis-
Mer=pp11- This leads to a faster propagation velocity of tance after which effects due to nonadiabaticity become im-
pulse(), and therefore to a broader final excitation distribu-portant. In most of our numerical simulations we found that
tion. All of our simulations with various values fgr;1(z,7  the breakdown of adiabaticity occurs due to a steepening of
=0) were in good agreement with the analytical estimateshe temporal front edge of pul€®,. This steepening is then
discussed in Sec. Il B with respect to the location and widthaccompanied with a breakup of the front edge into several
of the final excitation function if we used an effectiygy;. sharp spikes, which can have an amplitude that can exceed
In Fig. 8 we show an example for a pair of Gaussian inputhe amplitude of the input fiel@,, by an order of magnitude.
pulses.Q, (Qp) has an intensity widthfull width at half ~ Another measure for the magnitude of effects due to non-
maximum(FWHM)] of 3 nsec(6 nseg¢, a Rabi frequency of adiabaticity is the quantit2/ u,+ Q2/ u, which should not
0.022 cm* (0.026 cm). In Fig. 8b) we display the final change as a function of space if the dynamics is adiabatic
population in levelX lEg(u=13, J=47) as a function of and governed by Eq$3.3). Another source for nonadiaba-
the distance. In order to probe the final excitation distribu-ticity is the collisional broadening between the two-photon
tion, one can inject an additional laser beam at 682.7 nm toesonant ground and metastable states. As the excitation pro-
recall the spatial excitation as outlined in Rgt4]. This  cess relies on the two-photon coherence, this type of relax-
recall field, however, should not be delayed by more than thation has the largest impact on the dynamics. There are still
two-photon coherence decay time,§) 1. More directly, several aspects of a real laboratory experiment which were
one can probe the medium using a tunable dye laser anmabt taken into account in our model; these include possibly
analyzing the associated laser-induced fluorescence. The lathaotic multimode temporal laser envelopes, transverse
ter techniqgue would require a disk-type heat-pipe desigmpropagation effects, quick rethermalization during the inter-
which allows for the injection of probe laser beams perpenaction, the possible interaction of more than three molecular
dicular to the main propagation direction. states with the field, and possible shifts in the lasers’ polar-
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ization direction due to spontaneous emission or collisionsproperties than the same material in its ground state. The
Experimental data would shine some light on the relativeindex of refraction can be controlled using our process to
importance of these effects. “manufacture” the degree of excitation of a material as a
Let us now complete this discussion with a quite specufunction of the position in a desired way. As an example we
lative outlook at possible applications for the proposed excihave shown that a sequence of several puf3gsat input
tation process. In general the key parameter to describe thgenerates a spatially modulated periodic index of refraction
optical properties of any material is the index of refraction.leading to quite interesting refractive properties. The spatial
To generate and to control this index is the goal of manywavelength of this periodic pattern can be controlled directly
manufacturing processes for optical devices such as optichly the repetition rate of the input laser pulses. The lifetime of
fibers, optical instruments such as lenses, or even gases. Ttigs spatial pattern is given by the lifetime of the metastable
control of the optical propagation properties of gases is alsgtate and not by théypically shortey phase relaxation time.
of interest in adaptive optics. It is typical for most manufac-In general, metastable states can have lifetimes that can
turing processes, however, that once an index of refractiorange from nanoseconds to hours, depending on the specific
has been imprinted on a medium, a further modification ofstate.
the index is practically impossible without destroying the
_materlal. This can be costly. In most cases spatl_ally irrevers- ACKNOWLEDGMENTS
ible structures and a permanent index of refraction are quite
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