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Molecular p pulses: Population inversion with positively chirped
short pulses

Jianshu Cao,a) Christopher J. Bardeen,b) and Kent R. Wilson
Department of Chemistry and Biochemistry, University of California, San Diego,
La Jolla, California 92093-0339

~Received 26 May 1998; accepted 5 May 2000!

Detailed theoretical analysis and numerical simulation indicate that nearly complete electronic
population inversion of molecular systems can be achieved with intense positively chirped
broadband laser pulses. To provide a simple physical picture, a two-level model is used to examine
the condition for the so-calledp pulses and a four-level model is designed to demonstrate for
molecular systems the correlation between the sign of the chirp and the excited state population. The
proposed molecularp pulse is the combined result of vibrational coherence in the femtosecond
regime and adiabatic inversion in the picosecond regime. Numerical results for a displaced
oscillator, for LiH and for I2 , show that the proposed molecularp pulse scheme is robust with
respect to changes in field parameters such as the linear positive chirp rate, field intensity,
bandwidth, and carrier frequency, and is stable with respect to thermal and condensed phase
conditions including molecular rotation, rovibronic coupling, and electronic dephasing. ©2000
American Institute of Physics.@S0021-9606~00!02129-2#
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I. INTRODUCTION

The production of desired nonequilibrium molecular d
tributions is the ultimate goal of much of chemistry. O
such unusual distribution is a molecular system with popu
tion only on a high-lying electronic excited state inaccessi
by thermal fluctuations. Such an electronically inverted m
lecular system defies the canonical Boltzmann distribut
and formally defines a negative temperature. From
highly nonequilibrium distribution, chemical reactions a
physical processes can proceed with a quantum efficie
impossible to achieve otherwise. Population inversion
well-known as one of the working principles of lasers.

With advances in theoretical understanding and la
technology, selective optical excitation holds great prom
for controlling chemical systems.1–9 In a simplistic picture,
each electronic transition in a molecule is approximated b
two-level system, which can be completely inverted by
resonantp pulse. The canonical solution for a two-level sy
tem interacting with a resonant pulse exhibits the so-ca
Rabi oscillation,10 which is determined by the product o
light-matter coupling strength, pulse duration, and fie
strength. Complete inversion takes place when the puls
on resonance and satisfies a constant area condition, tp
pulse condition. However, multiple optical transitions wi
different coupling strengths and frequencies in real mole
lar systems make it impossible to define a singlep pulse
which is in resonance with all transitions and which sim
taneously satisfies the area condition for each transition.
suming a random distribution of transitions, one is as lik
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to find complete inversion of one transition as to find co
plete back transfer for another transition, as well as any o
probability in between. Consequently, on average, the s
ration for transform-limited pulses consists of half the pro
ability on the ground state and half on the excited sta
resulting in an inversion probability of about 50%. Ther
fore, it is a challenge to find a generalp pulse which com-
pletely inverts molecular systems.

Along with the production of short intense pulses, va
ous techniques have been developed to modulate and
‘‘shape’’ laser pulses. The most exploited feature of mod
lated pulses is the chirp, which describes the temporal va
tion of the carrier frequency.11–16 If the frequency increase
with time, the pulse is positively chirped; if the frequenc
decreases with time, the pulse is negatively chirped. As
become evident, the chirp proves to be crucial in achiev
complete inversion of molecular systems. It is well-know
that complete population inversion can be accomplish
through adiabatic passage, where the laser frequency sw
from and to far off-resonance, i.e., from below to above
from above to below. The technique has been success
applied to three-level systems by Bergmann a
co-workers,11 and to more complicated level systems by K
brak and Rice.16 Using linearly chirped picosecond pulse
Warren and co-workers successfully demonstrated the fe
bility of adiabatic inversion in I2 vapor.13 Meanwhile, in an
early numerical simulation, Ruhman and Kosloff show
that negatively chirped pulses are more efficient than th
unchirped counterparts for generating large-amplitude vib
tional motion on the ground electronic state surface of C
through an effective intrapulse pump–dump mechanism17

Following this numerical study, Cerulloet al.18 observed
strong chirp dependence for high-power femtosecond p
excitation of dye molecules in solution, and found that t
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1899J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Molecular pulses
intrapulse pump–dump process is enhanced by negati
chirped pulses and suppressed by positively chirped pu
In a sense, this intrapulse pump–dump process corresp
exactly to population back transfer, the reverse proces
population inversion. Thus, based on the above two stud
it is reasonable to consider the generality of population c
trol using positively chirped intense laser pulses. In fa
based on the previous studies, we have recently propo
and demonstrated molecularp pulses for complete inversio
of molecular systems.19,9 However, many questions rema
such as to what degree the molecular population is inver
what factors determine the inversion probability, and h
stable and robust is the inversion mechanism. In this pa
we analyze these problems in more depth.

Theoretical aspects of population inversion have b
explored earlier along different lines.20–23Making use of dis-
placed harmonic oscillator potentials, Somloi, Lorincz, a
Rice20,21 obtained the resonance condition for pulses mu
shorter than the time scale of vibrational motion and fou
that in this limit the displaced harmonic oscillator syste
responds to intense laser pulses as a two-level system
relatively longer pulses, the concept of ap pulse is not well
defined and optimal control theory becomes the method
choice for maximizing population inversion. The idea of d
signing an optimal laser field to drive a quantum system t
specific target has stirred a surge of theoretical and exp
mental interest. In practice, the laser fields thus obtained
ten contain complicated phase and amplitude structu
which can only be produced with sophisticated pulse-shap
techniques. Though a powerful mathematical tool, optim
control theory does not necessarily provide a direct route
understanding the general principle of the underlying ph
ics, which can often be interpreted with the help of simp
arguments and pictures. In fact, as demonstrated in this p
and the previous theoretical paper,19 electronic population
inversion turns out to be an advantageous case for w
arguments derived from simple models prove to be suffic
and robust. For other more complicated processes, a ge
approach combining optimal control theory and a feedb
mechanism may provide the ultimate solution.3,9

The present paper is organized as follows. In Sec. II A
general resonantp pulse condition is derived by adopting th
coordinate-dependent two-level approximation in the sh
pulse limit. In Sec. II B, a novel four-level model is con
structed to show that positively chirped pulses are the m
efficient in population transfer. Then, the vibrational coh
ence induced by a femtosecond laser is explored in Sec.
which leads to the possibility of complete population inve
sion using intense positively chirped broadband pulses
the existence of the optimal intrapulse pump–dump proc
using negatively chirped pulses. Finally, in Sec. II D, con
tions for adiabatic inversion are examined and a combina
of the adiabatic and coherent effects in the picosecond
gime is suggested. In Sec. III, numerical results for a d
placed harmonic oscillator system and for LiH and I2 are
presented, which not only verify the theoretical models p
sented in Sec. II, but also demonstrate the stability
Downloaded 26 Mar 2001 to 18.60.2.110. Redistribution subject
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reliability of complete inversion with positive chirp in man
realistic scenarios. Further discussions in Sec. IV concl
the paper. In the Appendix, we present a simple algorithm
introduce electronic dephasing on the wave function leve

II. ANALYSIS OF MOLECULAR p PULSES

We briefly review the general formalism of a molecul
system interacting with a laser field through a dipole int
action. For simplicity, the molecular system consists of t
electronic states,ug& and ue&, described by two diabatic
nuclear Hamiltonians,Ĥg for the ground state and (Ĥe

1\veg) for the excited state. The electric field is treat
classically ase(t)5E(t)1E* (t)52RE(t), with R indicat-
ing the real part. Within the rotating wave approximation, t
total Hamiltonian is given as

Ĥ~ t !5ĤM1Ĥ int , ~1!

where the molecular term isĤM5Ĥgug&^gu1@Ĥe1veg

2v(t)#ue&^eu, with veg being the transition frequency be
tween the two states, and the interaction term isĤ int

52mE* (t)ug&^eu2mE(t)ue&^gu, with m being the transi-
tion dipole moment.

To facilitate theoretical analysis, we define a Gauss
pulse as

E~ t !5E0 expF2
~ t2t0!2

2t2 2 iv0~ t2t0!2 ic
~ t2t0!2

2 G ,
~2!

whereE0 , v0 , t0 , t, and c are the amplitude, carrier fre
quency, temporal center, temporal width, and linear ch
rate, respectively, and where the complex conjugate par
the field is ignored under the rotating wave approximatio
Taking the Fourier transformation of the field, we obtain t
power spectrum as P(v)5uẼ(v)u25uẼ0u2@2(v
2v0)2/G2#, where the bandwidth is given asG25c2t2

11/t2, andẼ(v) is defined below. Here, by definition, th
pulse duration is related to the full width half maximum
the temporal intensity profile byDtFWHM52tAln 2, and the
bandwidth is related to the full width half maximum of th
power spectrum byDvFWHM52GAln 2. The chirp describes
the correlation between frequency and time, which canno
deduced from the intensity versus time or the intensity ver
frequency, i.e., the power spectrum. The Gaussian puls
Eq. ~2! can also be defined in the frequency domain as

Ẽ~v!5Ẽ0 expF2
~v2w0!2

2G2 2 ic8
~v2w0!2

2 G , ~3!

where c8 is the linear chirp rate in the frequency domai
Fourier transforming the field back to the time domain, w
have the temporal profile of the intensityP(t)5uE0u2

exp@2(t2t0)
2/t2#, where the pulse duration is given ast2

51/G21c82G2. In addition, two identities can be establishe
between the time domain and frequency domain parame
G2c85t2c and GuẼ0u252ptuE0u2. For the theoretical
analysis of intense short pulses, the time domain represe
tion is more convenient, as the so-called Rabi oscillation
observed in real time. However, in a realistic experimen
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1900 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Cao, Bardeen, and Wilson
situation, the chirp is usually adjusted for a fixed spectru
and thereby the frequency domain representation is o
more relevant.

In addition to the Gaussian pulse, another useful fu
tional form is the square pulse, for which the phase a
amplitude in Eq.~1! are defined as

v~ t !5v01c~ t2t/2! ~4!

and

A~ t !5E0@u~ t !2u~ t2t!#, ~5!

whereu(t) is the step function. The square functional for
introduces a sharp rise and fall att50 andt5t, which can
be smoothed out by adding softer boundary conditio
Though in reality laser pulses are neither Gaussian
square, the set of electric field parameters introduced ab
characterizes the basic features of laser fields, and thus
conclusions presented below are valid in general.

The population inversion problem is described as
following: After the excitation by an electric field fulfilling
thep pulse conditions, the population of a molecular syst
initially on the ground electronic state can be complet
transferred to the excited electronic state. The question
will address is what general laser pulse characteristics
lead to optimal population inversion regardless of the det
of the potential energy surfaces or the initial molecu
configuration.19 In particular, effects due to linear chirp ar
examined in detail.

A. Impulsive excitation: Two-level model

Atoms and molecular systems with frozen nuclear c
figurations can be effectively modeled as a two-level sys
~TLS!.24,15For simplicity, consider a two-level atom couple
to a transform limited square pulse as defined in Eqs.~4! and
~5! with c50. Then, the inversion probability, namely th
excited state population, can be expressed in a closed for

Pe5
V0

2

V2 sin2@Vt#, ~6!

whereV0 is the resonant Rabi frequency,V05mE0 /\, and
V is the off-resonant Rabi frequencyV25V0

21(v0

2veg)
2. It then follows that the maximum population tran

fer can be achieved under the constant area condition forp
pulse,Vt5p/2. When on resonance, ap pulse inverts all the
population from the ground state to the excited state.

For a molecular system, the two atomic levels in t
two-level model become two multidimensional electron
potential energy surfaces as described by Eq.~1!. Conse-
quently, there exists a large number of transitions betw
the two electronic manifolds, and a vibronic state on o
electronic surface can be coupled to more than one vibro
state on the other surface. As a result, one cannot defi
simplep pulse condition which is universally satisfied by a
pairs of transitions in a molecular system and, therefore, c
not achieve population inversion based on the simple a
ment developed for two-level systems.

Nevertheless, if the pulse duration is sufficiently shor
than the characteristic vibrational period on the electro
surfaces, the nuclear motion of a molecular system can
Downloaded 26 Mar 2001 to 18.60.2.110. Redistribution subject
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considered frozen during the process. This approach ign
the kinetic energy operator in Eq.~1! and leads to a
coordinate-dependent two-level model. Recently, we exa
ined the validity of the assumption and subsequently
tended the model to a nonstationary wave packet in pum
probe and multiphoton experiments.15,25 By virtue of this
approximation, the excited population can be written as

Pe5K V0
2

V2~x!
sin2@V~x!t#L

g

, ~7!

where^¯&g denotes an average over the ground-state dis
bution rg(x) and V(x) denotes the coordinate-depende
Rabi frequency defined asV2(x)5V0

21@v02veg(x)#2,
with the vertical transition frequencyv(x)5veg1@Ve(x)
2Vg(x)#/\. The time-dependent factor in the integrand
Eq. ~7! can be expanded as

sin2@V~x!t#5sin2~V0t!1sin~2V0t!@V~x!2V0#t1¯,
~8!

which converges if

^@V~x!2V0#&gt<1, ~9!

indicating an upper bound for the pulse duration. The lead
term in Eq.~9! is ^veg

2 (x)&g5V0
2, which leads to the reso

nance condition for the molecular system, i.e.,

v05veg1
Ve~x0!2Ve~x0!

\
, ~10!

where the ground-state distribution is assumed to peak atx0 .
As expected, the resonant frequency is exactly the vert
transition frequency in the Franck–Condon regime. Then
short intensep pulse which satisfies

V0t5
p

2
~11!

can invert most of the ground-state population, implying ap
pulse behavior for the molecular system in the short-ti
regime.20,21

In addition to the short pulse and resonance conditio
the high intensity of ap pulse is necessary to reduce th
coordinate dependence in the time series of Eq.~8! and to
maximize the prefactorV0 /V(x) in Eq. ~7!, thus increasing
the overall efficiency of population inversion. Since ap
pulse is constrained by the area relation in Eq.~10!, the short
pulse duration and high field strength constitute a pair
consistent and correlated conditions for inverting molecu
systems. To estimate the pulse duration, or equivalently
field strength, we expand the right-hand side of Eq.~9! and
obtain the leading order correction to ap pulse as

Ga
2t<V0 , ~12!

where the resonant condition in Eq.~10! is applied. Here,Ga

is roughly the bandwidth of the absorption spectrum, exp
itly expressed asGa

25^@veg(x0)2veg(x)#2&g , which is gen-
erally temperature dependent. Further, by use of the a
relation in Eq.~11! for a p pulse andG51/t for a transform-
limited pulse, Eq.~12! is simplified to

G>Ga , ~13!
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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implying a broad bandwidth comparable to the absorpt
spectrum. Based on this relationship, for a typicalp pulse to
invert molecular systems, the bandwidth is hundreds of w
numbers, the duration is a few femtoseconds, and the in
sity is 1013– 1015W/cm2. In this intensity range, the devia
tion from the two-electron-state model may become obse
able and hence population inversion may be complicated
other competitive processes such as multiphoton excita
and ionization, which are not desirable for population inv
sion.

As will be verified later on, we argue that the prereq
site for population inversion is the bandwidth requiremen
Eq. ~13! rather than the area relation in Eq.~11!, which is
valid only for short transform-limited pulses. Consequen
one way to avoid the relatively high intensity is to stretch t
pulse duration by chirping, which according to the relatio
for the Gaussian pulses significantly reduces the fi
strength by increasing the pulse duration but still mainta
the same power spectrum required by Eq.~13!. In fact, by
incorporating linear chirp, one introduces some exciting n
physics unexpected from transform-limited pulses, wh
will be demonstrated in the following sections.

B. Coherent effect: Four-level model

The difficulty associated with two-level models for th
optical excitation of a molecular system by a non-transfor
limited pulse is twofold. First, there are no closed-form s
lutions for the two-level model in the presence of line
chirp. Second, the frozen wave packet approximation
cussed earlier does not describe the coherent effect ind
by the chirp of an optical pulse.

In order to understand the essence of the physics
simple manner, we construct a novel model consisting o
four-level molecule interacting with a three-segment squ
pulse. Two vibronic eigenstates,u1& and u2&, on the ground
electronic surface, and similarly two vibronic eigenstates,u3&
and u4&, on the excited electronic surface, are included
describe the molecular system. Thus, there are three reso
frequencies~see Fig. 1!: v2 for the transition betweenu2&
andu3&; v1 for the transition betweenu1& andu4&; andv0 for
the transitions betweenu1& and u3& and betweenu2& and u4&,
assuming the energy gaps on the ground and excited e

FIG. 1. Illustration of the four-level model discussed in Sec. II B. There
two vibronic levels on each of the ground and excited electronic sta
Under the assumption that the energy gaps on the ground and excited
faces are the same, there are three distinct transition frequenciesv2 , v0 ,
andv1 . The electric field is represented by a square pulse divided equ
into three segments with the carrier frequencies assigned to each seg
according to the chirp.
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tronic surfaces are the same. To represent a chirp, we di
a square pulse of duration 3t equally into three segments
each of durationt but with a different carrier frequency. Fo
positive chirp, the sequence of the three segments
$v2 ,v0 ,v1%; for zero chirp, the sequence is$v0 ,v0 ,v0%;
for negative chirp, the sequence is$v1 ,v0 ,v2%. To sim-
plify the analysis, we assume that the system is initia
populated on theu1& state. Then, depending on the sign of t
chirp, the three-segment pulse will be in resonance with v
ous transitions in a specific order, shown schematically
Fig. 1. The sequence and order clearly demonstrate the
herent interplay between the phase coherence of light fi
and molecular dynamics.

A general four-level system is a formidable problem
solve analytically. Fortunately, for the particular model d
scribed above, each segment of the pulse is resonant
one pair or two distinct pairs of transitions, so that the fo
level problem can be decomposed into a sequence of t
level transitions if we ignore the contribution from of
resonant transitions. The wave function on the four lev
can be followed by applying two-level propagation thr
times for each pulse section. Consequently, the excited s
population can be evaluated, giving for a positive chirp

P15sin2~f!1cos2~f!sin2~f!, ~14!

for the zero chirp

P05sin2~3f!, ~15!

and for a negative chirp

P25sin2~f!cos2~f!1sin2~f!cos2~2f!, ~16!

with f5tV0 . Evidently, for any pulse duration, a positiv
chirp can always invert more population than a negat
chirp. Averaging over a broad distribution of Rabi freque
cies in a realistic molecular system, we obtain

P1 :P0 :P25 5
8:

4
8:

3
8, ~17!

which clearly favors using an optical pulse of a positi
chirp for population inversion. This conclusion remains t
same when the energy gaps on the ground and excited s
are different.

Though based on an oversimplified model of a molecu
system interacting with a chirped optical pulse, the conc
sion thus drawn has general implications: As long as
eigenenergy spectrum is bounded from below and the in
configuration assumes a normal distribution on the grou
electronic surface, a positive-chirp pulse is more efficient
population inversion than a transform-limited or negativ
chirp pulse.

C. Femtosecond pulses: Wave packet picture

Though the four-level model is valid qualitatively, th
large number of vibronic eigenstates in realistic molecu
systems makes it impractical to analyze such systems q
titatively from the eigenstate picture. Because a subpicos
ond laser pulse induces a vibrational wave packet as a re
of the coherent superposition of vibrational eigenstates
classical-like wave packet picture is more convenient for
scribing molecular chirp effects. As illustrated in Fig. 2,
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short pulse couples to the part of the wave function loca
in a window where the vertical transition is resonant with t
instantaneous frequency composition of the pulse. Since
ground-state distribution is in thermal equilibrium, th
Franck–Condon region is relatively flat on the ground s
face and steep on the excited surface. Thus, a positive c
can always be in resonance with a wave packet moving
ward on the excited surface and a negative chirp is reso
with a wave packet moving downward. Meanwhile, beca
of the nonstationary nature of the excited-state wave fu
tion, the initially excited wave packet gains momentum a
accelerates downward. Consequently, by the time the R
oscillation starts to recycle the excited population back to
ground surface, a short laser pulse of sufficiently large p
tive chirp has become off-resonant with the moving wa
packet. On the contrary, a negative chirp can follow the m
tion of the wave packet and hence recycle the excited e
tronic population back to the ground electronic state. The
fore, a positive chirp exploits the first phase of the Ra
oscillation to invert the population but avoids the seco
phase when the population is back transferred. Conseque
as the pulse duration increases, the excited-state popul
reaches a plateau instead of exhibiting a Rabi oscillation
then follows from Eq.~13! that complete inversion requires
broad spectrum with sufficient intensity.

As indicated earlier, a negative chirp is effective
transferring the excited wave function back to the grou
state, thus inducing wave packet motion in the initially s
tionary ground-state distribution. Here, we present a sim
analysis to reveal the existence of an optimal linear chirp
for transferring population back to the ground surface. Fo
short period of timet, the excited wave packet has moved
a distance ofdx}t2f /m, with f the force andm the mass.
During the same period, the central frequency has shi
dv5ct which, by virtue of the coordinate-dependent tw
level approximation, is proportional to the displacement
the wave function coupled to the pulse. The optimal ch
rate which follows the motion of the wave packet can
determined by dv52 f dx/\, equivalently copt}
2 f 2t/(m\). Because back transfer becomes significant
the excitation process reaches maximum, a reasonable ch

FIG. 2. Illustration of wave packet motion induced by a femtosecond p
and its coupling to the chirped laser field. Optimal electronic state inver
occurs when the instantaneous peak photon energy is increasing with
~positive chirp,c8.0! while the resonant frequency (Ve2Vg)/\ for the
molecular wave packet is decreasing. The inset is a schematic posit
chirped electric field.
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for t is taken from thep pulse condition in Eq.~11!, which
then leads to an estimate for the optimal linear chirp rate

copt}2
f 2

mE0
. ~18!

Though the situation is more complicated in reality, t
above analysis provides a simple physical picture for
optimal negative chirp. In fact, the search for the optim
chirp can be posed as a strong field optimization probl
and Eq.~18! can be verified numerically.

We can summarize pictorially, by thinking of how th
color dynamics~how different colors follow one another in
time! of the driving light pulse match or fail to match th
color dynamics of the frequency receptivity of the drive
molecular system. If they move in step, as with a negat
chirp, we can pump up to the excited state and back dow
the ground state. If they are out of step, as with a nega
chirp, we can pump up, but not back down.

D. Picosecond pulses: Adiabatic inversion by
frequency sweeping

In the above discussion, we have left out another imp
tant chirp effect: adiabatic population inversion, which b
comes substantial in the picosecond time domain. An a
batic process, by definition, involves a dynamical varia
which changes sufficiently slowly compared to other tim
scales so that the system evolves according to an effec
Hamiltonian in which the slowly varying variable is treate
as a time-dependent parameter rather than as a dynam
variable. As an example, if the chirp-induced sweep is sl
in comparison with the Rabi oscillation, the instantaneo
frequencyv(t) can be considered as an adiabatic variab
Consequently, if the frequency sweep is far off resona
from one limit to the other, the adiabatic passage can sw
the electronic states, giving rise to complete population
version.

To be specific, consider a two-level atom coupled to
chirped square pulse, which under the rotating wave appr
mation can be described by Eqs.~1!, ~4!, and ~5! with con-
stant HamiltoniansĤe and Ĥg and with the Rabi frequency
V05Em/\. If the initial optical frequency is far below reso
nance, i.e.,veg2v(0)@V0 , the initial adiabatic states o
the interaction Hamiltonian in Eq.~1! are $ue&,ug&% in the
order of descending eigenvalues. Likewise, if the final op
cal frequency is far below resonance, i.e.,v(t)2veg@V0 ,
the final adiabatic states of the interaction Hamiltonian in E
~1! are$ug&,ue&% in the order of descending eigenvalues. F
the linear chirp defined by Eq.~4!, the far-off resonance con
dition can be expressed as

ct.V0 . ~19!

Note that, under this condition, the initial and final adiaba
states are the same as the electronic eigenstates but
orders are exchanged. To lock the eigenstates adiabatic
the change in the adiabatic eigenstates due to the frequ
sweeping is smaller than the Rabi oscillation, i.e.,c
,V2/V0 , which imposes an upper bound for the line
chirp rate,
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V0
2.c. ~20!

Then, adopting the adiabatic approximation and treat
v(t) as a parameter, the ground eigenstate can be adia
cally switched to the excited eigenstate and vice versa. C
sequently, the population on the ground electronic stat
completely transferred to the excited electronic state. T
equalities in Eqs.~19! and ~20! can be combined to give
V0 /t,c,V0

2, or

V0t.1, ~21!

which is related to thep pulse condition in Eq.~11!. Because
of the symmetry between the ground and excited states f
two-level atom, adiabatic inversion is independent of
sign of the chirp. For comparison, the coherent effect
pends crucially on the sign of chirp, as previously demo
strated. Therefore, in principle, the two effects can be dis
guished by changing the sign of chirp.

As pointed out earlier, a two-electronic-state molec
corresponds to a coupled multilevel system instead of a
of independent two-level systems. As a result, freque
sweeping can invert the population but can subseque
transfer the population back to the ground state through
other transition. To invert population effectively, a large fr
quency sweep is required to satisfy the far-off-resona
condition to ensure adiabatic inversion, but at the same t
a narrow spectral width is preferred to prevent back trans
Therefore, the choice of the central frequency and the
quency sweep range becomes a subtle system-depende
sue in adiabatic inversion, as discussed by Warren
co-workers.13

From a different point of view, a two-electronic-sta
system can be treated as a generalized two-level prob
with molecular HamiltoniansĤe and Ĥg as in Eq.~1!. Fol-
lowing this line, we argue that if the energy gap between
vibronic eigenstates is considerably smaller than the e
tronic transition frequencies, and if the frequency swe
from far below the lowest possible electronic transition to
above the highest possible electronic transition, the adiab
eigenstates of the initial and final interaction Hamiltonian
Eq. ~1! coincide with the molecular eigenstates and the
version will be complete. In other words, if the electron
energy gap and the off-resonant sweep are large, the
electronic-state molecule system becomes equivalent to
effective two-level atom. However, in theory, such a swe
is impossible because the vibronic transition frequency is
bounded from above. In practice, this implies that compl
inversion requires a frequency sweep, typically on the or
of the absorption spectral width, as indicated in Eq.~13!. A
more practical approach is to use positively chirped pulse
the intermediate regime from a few hundred femtosecond
a few picoseconds, thus combining the advantages of a
batic and coherent inversion. In this regime, positive
chirped pulses remain the most favorable, whereas n
tively chirped pulses become more effective than transfo
limited pulses.
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III. RESULTS

The theoretical analysis presented in the last section
clearly demonstrated the possibility of inverting molecu
systems with positively chirped broadband laser puls
Though simple analytical models such as the coordina
dependent two-level approximation and the four-level m
ecule model reveal the underlying physics of population
version, molecular systems in reality are complicated
numerous effects, including rovibronic coupling, selecti
rules for rotational levels, thermal population distributio
and electronic dephasing, and thereby can be fully inve
gated only through detailed numerical calculations. In ad
tion, the calculated population inversion probability can
directly compared to experimental measurements, thus
viding the ultimate test for our predictions based on simp
fied models. In the following, we present several exam
numerical results of strong-field nonperturbative quant
mechanics to confirm the molecularp pulse prediction.

A. Displaced harmonic oscillators

As the first example, the ground and excited electro
potentials are displaced harmonic oscillators described
Vg(x)5mv2x2/2 andVe(x)5mv2(x2d)2/2, wherev, m, d
are the frequency, mass, and displacement of the oscilla
respectively. For this model Hamiltonian, we assign dime
sionless values for all parameters:m51, \51, m51, v51,
andd52. Gaussian pulses as defined in Eqs.~2! and~3! are
used with dimensionless units. To ensure accuracy, the w
function is represented on a fine spatial grid of 256 w
cutoffs at uxumax56 and is propagated via the fast Fouri
transform at a time step of 0.02. The most important sim
fication involved in this model system is the assumption
harmonicity for the nuclear degree of freedom. Because
previous analysis does not invoke the harmonicity assu
tion, we do not expect anharmonicity to play a significa
role in population inversion and therefore the results o
tained from this model are generally applicable to anh
monic potential surfaces. In fact, exactly the same model
been used in two earlier studies of population inversion.20,21

The results presented below represent an extensive inv
gation of this model and firmly establish the critical role
the chirp in population inversion.

Based on the analysis presented in the last section,
carrier frequency of laser pulses is set atv052 according to
the resonance condition in Eq.~10!, and a bandwidth ofG53
is set to match the absorption spectrum. Since most exp
mental measurements are recorded for a given pulse spe
shape, it is reasonable to evaluate the population inver
probability as a function of linear frequency chirp ratec8 and
frequency domain field strengthẼ0 of the Gaussian pulse
defined by Eq.~3!. The inversion probability is the probabil
ity for the initially ground electronic state system to be
the excited electronic state after the pulse. The numer
results thus obtained are shown as a two-dimensional c
tour plot in Fig. 3. In the left end of the plot where the fie
is weak, straight vertical contour lines indicates chirp ind
pendence in the weak-response limit. As the field stren
increases, the straight contour lines are deformed into dif
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ent geometries. The rectangular domain in the upper pa
the plot provides solid evidence of complete population
version with positively chirped laser pulses and of the
bustness of the solution with respect to a range of value
positive chirp and electric field strength. The two conto
curves corresponding to 0.9 and 0.99 inversion probabili
strongly indicate that complete population inversion is u
versally accomplished once the field strength and posi
chirp rate reach their critical values. Along the zero-ch
domain, three equally spaced valleys clearly show the w
known Rabi-oscillation behavior for transform-limited las
fields. The small islands in the lower part of the contour
the analog of the Rabi oscillation for negatively chirp
pulses. The average inversion probability in this domain
below one half. The prominent peak of the curve along
field strength of aboutẼ051.0 is the indication of the opti-
mal intrapulse pump–dump process described approxima
by Eq.~18!, which induces maximum wave packet motion
the ground electronic state.

Next, we shall study the effect on population inversi
of off-resonant detuning of the laser pulse. In Fig. 4, t

FIG. 3. Contour plot of inversion probability of the displaced harmo
oscillator defined in the text, as a function of linear frequency chirp rate
frequency domain peak electric field strength for a fixed bandwidth ofG53.

FIG. 4. Plot of the inversion probability of the displaced harmonic osci
tor, defined in the text, as a function of central carrier frequency foE
51.0, t52, andc561.0.
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inversion probability is plotted versus central frequency fo
Gaussian pulse ofE051.0,c561.0, andt52.0. The carrier
frequency is varied over roughly the bandwidth of the tra
sition frequencies. Clearly, the large inversion probability
positively chirped pulses shows little response to the va
tion of the central frequency, whereas the negative chir
pulses appear to be more sensitive.

B. LiH

In this subsection, we study theX(S1)→A(S1) transi-
tion of LiH. The relatively light LiH system has appreciab
quantum effects in nuclear motion and only a small num
of rotational levels are thermally occupied with negligib
population on the vibrational excited states at or below ro
temperature. We useab initio data for theX andA potential
energy surfaces and the transition dipole moment coup
them.26 The LiH wave function is expanded asSJMRJYJM ,
where theYJM are spherical harmonics and theRJ are the
associated radial parts. Since each electronic transi
changes fromJ to J61, the final range of the angular mo
mentum distribution resulting form an initially pureJ0 state
measures the degree of electronic excitation. In the sim
tion, J is truncated fromJ0210 to J0110 with J0 being the
initial J number. IfJ is smaller than 10, the range is adjust
to J50 to J521 so that the total number of theJ states is
always 21. The radial part of the wave functionRJ is repre-
sented on a spatial grid of 256 points evenly spaced from
to 15.0 atomic units. Rotational effects including the ro
bronic coupling are taken into full consideration and a
treated exactly by nonperturbative quantum mechanics
time step of 0.1 fs is used to propagate the wave funct
through the fast Fourier transformation method.

Here again, the laser field is described by the Gauss
form of Eq. ~2! or equivalently Eq.~3!. The central fre-
quency v0 is fixed at v0529 027 cm21 according to the
resonance condition in Eq.~10!. A transform-limited pulse of
10 fs defines a bandwidth of 500 cm21, which is on the order
of the absorption bandwidth as required by Eq.~13!. By
chirping the pulse, we can stretch the pulse duration
consequently reduce the peak intensity. To match the exp
mental conditions,c8 is varied for a fixed power spectrum
For the given bandwidthG, by chirping the pulse, we in-
crease the pulse duration according tot251/G21G2c82,
change the temporal linear chirp rate byc5c8G2/t2, and
decrease the peak intensity, because the integrated inte
I 05tE0

2 is a conserved quantity. For example, whenc8
560.4 fs/cm21,27 the t510 fs transform-limited pulse is
stretched to a chirpedt5200 fs pulse and accordingly th
peak intensity is reduced by a factor of 20. In Fig. 5, t
pulse durationt ~fs! and intensityE0

2 (W/cm22) are plotted
as functions of linear frequency chirp ratec8, assuming a
peak intensity of about 1012W/cm22 for the 10 fs pulse.

The resulting inversion probability for LiH molecules
plotted in Fig. 6 as a function ofc8 for two values of peak
intensity, 131011W/cm22 and 531011W/cm22, respec-
tively. For simplicity, the initial state is assumed to be t
ground vibrational, rotational, and electronic state, that
n5M5J50. As will be seen later on, the results rema

d
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essentially the same when the system starts from diffe
initial states. Similarly for the case of displaced harmo
oscillators, positive chirp consistently leads to high invers
probabilities, with complete inversion of over 99% for th
higher intensity curve. As expected, the curve ofI 051
31011W/cm22 is relatively flat and the curve ofI 055
31011W/cm22 exhibits a sharp increase as a function
linear chirp ratec8. The first dip on the negative half of th
plot can be interpreted as the optimal intrapulse pump–du
as explained in Sec. II C.

One challenge for inverting molecular systems is
thermal distribution on the ground electronic state surfa
which gives rise to a broad distribution of Rabi frequen
and transition frequency for inverting particular rovibron
pairs. Due to the relatively light mass of LiH, only a fe
vibrational and rotational levels on the ground electronic s
face are accessible. The large value of the rotational cons
B for LiH results in inhomogeneous broadening of thep
pulse condition in Eq.~13!. The effect due to the broadenin
of the Rabi frequency can be separated by studying thM

FIG. 5. Plot of the pulse durationt ~fs! and peak intensityI 0 (W/cm22) as
functions of linear frequency chirp ratec8 (fs/cm21) for a fixed power spec-
trum of G5500 cm21, v0529 027 cm21, andP05tE0

2 510 mJ/cm2.

FIG. 6. Plot of the inversion probability of LiH as a function of linea
frequency chirp rate for peak intensityI 05131011 W/cm22 and I 055
31011 W/cm22. The peak intensity is labeled for the60.4 fs/cm21 linear
frequency chirp rate and varies with the chirp rate as shown in Fig. 5.
Downloaded 26 Mar 2001 to 18.60.2.110. Redistribution subject
nt
c
n

f

p

e
e,

r-
nt

dependence of the inversion probability for the sameJ quan-
tum number, because the eigenenergy is independent oM,
whereas the effective electronic dipole coupling varies w
M. In Fig. 7, the inversion probability is plotted as a functio
of M for three values ofJ under the constraintM<J. The
pulse parameters are taken asE052.53107 W/cm22, I 0

58.331011W/cm22, t5100 fs, and c855 fs/cm21.
Clearly, complete inversion is sustained for allM numbers
except for the case ofM5J, for which the coupling drops
significantly. Nevertheless, considering the range of inv
sion probability, a few percent change for a substate will
spoil the overall performance of the molecularp pulse. This
statement is then verified by Fig. 8, where the invers
probability averaged over the possible 2J11 values ofM is
plotted as a function ofJ for the ground and first excited
vibrational states. Overall high inversion probability is mai
tained for all J numbers, though there is a slight decrea
near J57 for v51. This is caused by the large transitio
frequency which approaches the edge of the chosen p
spectrum. Since complete inversion takes place alm
equally for each eigenstate, and the thermal rate is an
semble average of eigenstates according to the Boltzm

FIG. 7. Plot of LiH inversion probability as a function ofM for J52, 4, 6
under the constraintM<J. The Gaussian pulse parameters are taken
E052.53107 V/cm, I 058.331011 W/cm22, t5100 fs, and c8
55 fs/cm21.

FIG. 8. Plot of LiH inversion probability averaged over the possibleJ
11 values ofM as a function ofJ for the ground and first excited vibra
tional states with the same Gaussian pulse as in Fig. 7.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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distribution, population inversion can be achieved ove
wide range of temperatures. In the study of population inv
sion of I2 gas below, we also find the inversion probability
stable with respect to changes in the vibrational quan
number.

To account for condensed phase environments, we
include electronic dephasing in the calculation. Electro
dephasing describes the fluctuations of the electronic tra
tion frequency which varies on a time scale determined
the dephasing timeT2 . In the Appendix, we introduce a
numerical method to reproduce electronic dephasing on
wave function level. Since the dephasing process repres
the fastest relaxation mechanism in a condensed phase
ronment, it is the most likely to have a significant effect
population transfer. In Fig. 9, the inversion probability
given as a function ofT2 for positive, zero, and negativ
chirp. No substantial loss of excited state population is
served until the dephasing time becomes smaller than
pulse duration. This result suggests that population invers
should be accomplished before phase coherence is lost.

C. I2

As the final example, we study theX→B transition of
gas phase I2 molecules. In contrast to LiH, the heavier I2 has
a broad distribution of rotational states and can easily ac
vibrationally excited states at room temperature. Thus, it
better example to study the effect of thermal distribution
population inversion. The disadvantage of I2 is the relatively
small transition dipole moment in comparison to LiH, whic
requires a considerably higher field intensity to achieve co
plete inversion even when a moderate positive chirp is
plied. Consequently, to avoid various higher order opti
processes induced by intense laser fields, large linear c
rates are used to stretch the pulse duration close to the p
second regime, such that the adiabatic mechanism discu
in Sec. II D become substantial. As a result, gas phase I2 is a

FIG. 9. Plot of the inversion probability for LiH as a function of electron
dephasing timeT2 . The three curves are the results for pulses of the sa
bandwidth but witht550 fs, c850.05 fs/cm21, E0543107 V/cm for the
positive chirp curve;t55 fs, c850 fs/cm21, E0512.63107 V/cm for the
zero chirp curve;t550 fs, c8520.05 fs/cm21, E0543107 V/cm for
the negative chirp curve.
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good example for studying various population inversi
mechanisms ranging from impulsive excitation, to vibr
tional motion, to adiabatic passage.

To model gas phase I2 , Morse potentials are used t
describe theX andB state surfaces28 and the transition dipole
is taken as a constantm50.181 atomic units. Similarly, the
rotational quantum numberJ is truncated fromJ0210 to
J0110 with J0 being the initialJ number. IfJ is smaller than
10, the range is adjusted toJ50 to J521 so that the total
number of theJ states remains 21. The radial part of th
wave function is represented on a spatial grid of 256 po
evenly spaced from 4 to 10 atomic units. A time step of 0
fs was used to propagate the wave function through the
Fourier transform method. The Gaussian functional form
Eq. ~2! is assumed with the central frequency atv519 383
cm21 and with a bandwidth of 500 cm21, which corresponds
to a 10 fs pulse transform-limited pulse. The pulse durat
described increases from 10 fs for transform-limited pul
to 0.4 ps with a linear chirp rate of60.8 fs/cm21.

In Fig. 10, the inversion probability is plotted as a fun
tion of the frequency chirpc8 at three different peak inten
sities of 531012, 131012, and 531010W/cm22, respec-
tively. For simplicity, the initial state is assumed to beJ
5M50 of the ground vibration level on the ground ele
tronic surface. As will become clear later, the assumpt
does not change the conclusions in a qualitative fashion.
expected, the positive chirp consistently leads to stable
version probability which is considerably higher than f
zero or negative chirp. Complete inversion is accomplish
at the highest intensity with a rate of 98%. Surprisingly,
the linear frequency chirp ratec8 becomes negative, the in
version probability increases to a value comparable to
rate on the positive chirp side. This new feature is clearly d
to adiabatic inversion, which has noticeable effects on po
lation inversion at large pulse duration and which is indep
dent of the sign of the chirp. It is conceivable that as
extend the pulse duration further into the picosecond regi
the positive and negative chirps may lead to similar invers

e
FIG. 10. Plot of the inversion probability ofI 2 as a function of linear
frequency chirp rate for a fixed power spectrum with 531010, 131012, and
531012 W/cm22, respectively. The peak intensity is labeled for the60.8
fs/cm-1 linear frequency chirp rate and varies with the chirp rate.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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probability as the adiabatic effect dominates. In contrast
the small chirp regime, vibrational coherence is the domin
effect. The large valley in the negative chirp regime clea
indicates intrapulse pump–dump mechanics. Also noticea
is the increase of the depth of the valley with field intensi
which indicates an increasingly efficient back transfer.

The absorption spectrum of I2 spreads over more tha
one thousand wave numbers, which is larger than the ba
width of the laser field used in this study. Consequently
thermal distribution poses a major challenge to the comp
inversion of I2 with the chosen pulse bandwidth of 50
cm21. We examine in Fig. 11 the rotational number depe
dence of the inversion probability and find similar behav
to LiH. In fact, our results show that the inversion probab
ity remains almost constant fromJ50 to J5100.

Finally, the inversion probability is given in Fig. 12 as
function of temperature from 250 to 650 K for pulses
different durations. The chirps of these pulses are posi
but with different values such that the pulse durations
200, 300, and 400 fs for the given bandwidth of 500 cm21.
Here, thermal distributions of vibrational and rotation
states are included in the calculation through sampling of
initial states. Though there is a slight decrease in invers

FIG. 11. Plot of the inversion probability ofI 2 as a function of rotational
quantum numberJ for t5100 fs,E0519.5 V/cm, and6c855 fs/cm21.

FIG. 12. Plot of the inversion probability ofI 2 as a function of temperature
for pulses oft5100, 200, and 400 fs with a fixed bandwidth ofG5500
cm21.
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probability as temperature increases, this dependenc
rather weak and the probability remains nearly constant
the longest pulse duration of 400 fs. In comparison, the lo
est pulse is more sensitive to electronic dephasing.

IV. CONCLUSIONS

As a result of the analysis and calculations presen
above, we have come to the intriguing conclusion that co
plete electronic state inversion of molecular systems can
achieved and sustained by virtue of introducing positive f
quency modulation in intense broadband ultrafast lig
pulses. In summary, we rephrase the major findings from
previous sections.

~1! The prerequisite for complete population inversion is
broad pulse bandwidth comparable to the range of
absorption spectrum of interest, as required by Eq.~13!.
As suggested by the area relation for a transform-limi
p pulse, we conclude that complete inversion requi
intense femtosecond pulses, which may also induce m
tiphoton processes. Chirped pulses of the same ba
width can significantly reduce the peak intensity
stretching the pulse duration, thus avoiding complic
tions due to other possible high-intensity optical pr
cesses.

~2! Because of the vibrational coherence induced by fem
second pulses, a positive chirp enhances popula
transfer by avoiding de-excitation, whereas a negat
chirp suppresses population inversion by an intrapu
pump–dump mechanism, returning population to t
ground state. With a sufficiently large positive chirp, t
excited state population reaches saturation without R
oscillation. The saturation depends on the power sp
trum; beyond a critical intensity, the inversion probab
ity reaches a value of 99%, indicating complete inve
sion. Once beyond these critical values, the state
complete inversion is stable with respect to variations
pulse parameters such as the intensity, pulse dura
linear chirp rate, higher order frequency modulati
~e.g., cubic and higher order chirps!, and frequency off-
set within the absorption spectrum. Further, by taki
account of rotational effects and thermal distribution, w
find the above mechanism extremely robust for realis
molecular systems. Even in condensed phases, high
version probabilities are sustained as long as the p
duration does not substantially exceed the shortest re
ation time scale.

~3! At longer pulse durations, a different mechanism term
adiabatic frequency sweeping becomes important
population inversion. The adiabatic condition requir
that the rate of sweeping, or equivalently the linear ch
rate, is sufficiently small compared to the Rabi fr
quency. Furthermore, complete inversion is only po
sible if the range of frequency sweep covers the en
frequency spectrum involved. Since the adiabatic eff
is independent of the sign of the chirp, the negative ch
pulses become more effective than transform-limit
pulses when the adiabatic effect overwhelms the vib
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tional coherence effect. Therefore, we havePe(c.0)
.Pe(c50).Pe(c,0) for femtosecond pulses an
Pe(c.0).Pe(c,0).Pe(c50) for picosecond pulses
~Pe is the inversion probability defined as the excit
electronic state population after the excitation of an i
tially ground state system.! In any case, a positively
chirped pulse is always preferred.

As evident in this paper, as in other studies, freque
modulated laser pulses induce remarkable dynamic effec
molecular systems, which are impossible for transfor
limited pulses. Even in the weak-response limit, the sign
the chirp proves crucial in wave packet focusing a
defocusing.28 In pump–dump and pump–probe experimen
the chirp of the second pulse can be optimized to follow
motion of the wave packet induced by the first laser pu
and thus improve the quantum yield substantially.29,15 The
chirp also proves important for understanding intrapulse
namics present in two-photon, three-photon, and multipho
processes.30,25 It has also been suggested that a chirped
frared laser may be used to transfer population to high vib
tional overtones.12 In the present study, we find that a pos
tive chirp can significantly enhance population inversion a
leads to essentially complete inversion. In conclusion, ch
dependent effects allow us to explore the coherence betw
laser fields and molecular systems, especially in high-or
and multiphoton processes, and to maximize the capabilit
laser-induced chemical selection and control.

With the help of feedback control and pulse shap
techniques, the fluorescence yield of dye molecules in s
tion and thus the population transferred to the excited s
can be optimized automatically with no previous informati
being supplied about the solution.9 The experimental out-
come agrees with the present study and indicates that m
mum excited state population is indeed produced by an
tense, wide bandwidth, positively chirped pulse.

Many applications of molecularp pulses can be envi
sioned, including the preparation of pure samples of e
tronically excited molecules for further spectroscopic, sc
tering, and diffraction experiments,31,32 more effective
pumping of molecular lasers, brighter ultrafast pulse fluor
cence microscopy, and induced transparency of matter.

APPENDIX: STOCHASTIC METHOD FOR SIMULATING
PURE ELECTRONIC DEPHASING

Intuitively, pure electronic dephasing arises from ra
dom fluctuations of the relative phase between electro
surfaces. It then follows that electronic dephasing can
simulated numerically through the introduction of a rando
phase which satisfies certain stochastic conditions.33 To be
specific, consider the equation of motion for a two-state m
lecular system

i\ċe5u~ t !ce1Ĥece2 iV~ t !cg , ~A1!

i\ċg5Ĥgcg2 iV* ~ t !ce , ~A2!

whereV(t)5mE(t)/\ is the Rabi frequency andcg andce
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are the wave functions on the excited and ground surfa
respectively. The random phaseu(t) is a stochastic Gaussia
variable defined by

^u~ t !&50, ~A3!

and

^u~ t !u~ t8!&5
1

T2
d~ t2t8!, ~A4!

whereT2 is the pure dephasing time. Becauseu(t) is not an
operator, it does not appear in the equation of motion for
diagonal termsre and rg . For the off-diagonal term, we
have

reg~ t !5^ce~ t !cg* ~ t !&

5E
0

t K expF i E
t8

t

u~t!dtG L G~ t8!dt8

5E
0

t

e2~ t2t8!/T2G~ t8!dt8, ~A5!

whereG(t)52 i (Ĥereg2regĤg)2 i (Vrg2V* re). The in-
tegral form in Eq.~A5! can be easily reduced to the Bloc
equation for the off-diagonal termreg . Thus, pure dephasing
can be incorporated on the wave function level by introd
ing a random phase variable. This approach reduces the
mensionality required for calculating the density matrix
half via averaging the wave function over the random pha
Furthermore, the proposed numerical method is applicabl
an arbitrary phase correlation function in Eq.~A4!, which
cannot be described by the Bloch equation of motion.
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