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Computer simulations are presented to show that frequency-chirped ultrashort pulses, when properly employed,
may be more effective than their compressed analogs for generating large-amplitude vibrational coherence in
molecular systems. A one-dimensional model, which was used previously to simulate impulsive optical excita-
tion of CsI, is used [Chem. Phys. Lett. 158, 238 (1988)]. A negatively chirped pulse (for which the light is red-
shifted with time) is devised to excite the population initially onto the excited surface. As this population
propagates in the repulsive upper state, the later red-shifted portions of the pulse follow the change in the reso-
nance conditions and effectively dump the population back down into excited vibrational states of the ground
surface. These results are compared with the dynamics simulated with the compressed and positively chirped
analogs, and the experimental realization of this scheme is discussed.

1. INTRODUCTION
Molecular vibrational phase coherence, its generation, and
its application to the study of molecular dynamics have
been the subjects of numerous studies.'-7 In particular,
the use of vibrational coherence to obtain chemical selec-
tivity has been promoted by various groups.8 9 Two ap-
proaches to this problem have been proposed, one based on
cw photoexcitation with phase-coherent laser beams of
different frequencies' and the other utilizing the relative
timing of consecutive ultrashort excitation pulses.9 While
the second of these approaches may be easier to visualize,
both schemes are aimed at using the favorable interfer-
ence of material waves, which are induced by the coher-
ence properties of the exciting fields, on the reactive
surface in order to increase the throughput into the pre-
ferred reaction channel.

More detailed scrutiny of this problem reveals weak-
nesses in the orthodox implementation of either of these
schemes. For example, after impulsive photoexcitation of
a molecular ensemble onto an excited electronic surface,
the nuclear wave packet will evolve according to the topol-
ogy of this surface; while we may choose the stage at
which to intervene with a dumping pulse, the shape of the
nuclear wave packet at this intermediate stage is deter-
mined solely by the form of the excited surface. Improve-
ment of excitation selectivity may be obtained by using
time-sequenced or single pulses that are not transform
limited, and therefore are not the shortest pulses that
could be produced with the available bandwidth, but
where both the relative timing of the sequenced pulses
and the detailed time dependence of the fields contribute
to the molding and focusing of the material wave packet.'
These methods combine both relative timing of multiple
pulses and/or the details of field phase and amplitude varia-
tions as control parameters of the evolution of the sample.

The shapes of the pulses that are found to lead to opti-
mal photochemical selectivity are rather intricate in both
time and frequency. Nonetheless, impressive experimen-
tal methods have been devised to permit shaping of laser
pulses." Through dispersion of ultrashort pulses, their
propagation through phase delay masks, and recombina-
tion of the frequency components, a large variety of pulse
shapes have been demonstrated. This technique is, how-
ever, not widely available nor rapidly adaptable at the
present time to the changing requirements for pulse
shapes in the laboratory.

In contrast, chirping of ultrashort laser pulses, i.e., the
linear separation in time of the frequency components,
is not only a simple coherent manipulation of the field but
in is fact an inevitable consequence of pulse propagation
through matter. In general, group-velocity dispersion
(GVD) will lead to positive chirping in which the pulse is
broadened and the leading edge is red-shifted relative to
the trailing portion of the pulse'2 (see Fig. 1). Negative
chirping, or correction of the above-mentioned spreading,
is routinely performed by using a dispersion grating or
prism pairs.' 3 While chirping of ultrashort pulses before
amplification in preparation for subsequent compression
has been used to reduce intensities in the amplifying
medium,' 4 in general the effects of GVD are regarded by
ultrashort pulse researchers as a nuisance, and chirped
pulses as a limitation of time resolution in experimental
systems.

In this paper we will demonstrate by computer simula-
tion that chirping of pulses may be put to positive use in
shaping nuclear wave packets. In a previous publication
computer simulations indicated that, after impulsive exci-
tation of a one-dimensional model of CsI with 60-fsec
laser pulses, considerable coherent excitation of the popu-
lation that remains in the ground state may result.'5 A
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Fig. 1. Functional form of negatively chirped Gaussian pulse
generated by using Eq. (2.2) with parameters used in chirped ex-
citation pulses for the simulation. The only variation is in the
central frequency, which has been reduced for graphical clarity.

key aspect of this outcome was the fact that the spectral
width of the exciting pulses was only a fraction of the
transition bandwidth. Here we will show that a detuned
and negatively chirped 4-fsec pulse can initially excite and
consequently stimulate emission in the same molecular
model. A single chirped pulse constitutes a complete
pump and dump sequence.

The organization of the paper is as follows: A brief
outline of the simulation technique will be presented in
Section 2. The results of positive chirping along with the
negative analog and excitation with compact 4-fsec pulses
will be demonstrated in Section 3. In particular, conclu-
sive evidence of the specific effectiveness of properly
chirped pulses for producing large-amplitude ground-state
vibrational coherence will be presented. The implication
of these results and the prospect of experimental realiza-
tion will also be discussed in Section 3.

2. METHOD OF CALCULATION
The basic method of calculation is similar to the one used
in a previous paper. 5 The same excited- and ground-
potential energy surfaces were used. The next step was
to calculate the ground-state eigenfunctions. The relax-
ation method was used, which is based on propagating an
initial guess for the ground state in imaginary time. Ex-
cited states are obtained by filtering out the previously cal-
culated states and propagating in imaginary time until
convergence is obtained.

The two-surface dynamics was calculated, using a semi-
classical approximation for the electromagnetic field.9

This leads to the coupled time-dependent Schrodinger
equation:

ih a /f. = H. V, ) ( , 

a t ` k V., H, \, 
(2.1)

where qi. is the projection of the wave function on the
upper surface, ig is the projection of the wave function on
the ground surface, and Hi is the upper/lower surface

Hamiltonian; Hi = Ti + Vi, where Ti = P2/2m is the
kinetic energy operator and Vi is the upper/lower poten-
tial energy surface. Vug is the interaction potential,
Vug = -AugE(t), where L,ug is the dipole operator, and E(t)
represents the amplitude of a semiclassical electromag-
netic field. The simulated experiment follows the evolu-
tion of the system subject to the following form of the
chirped field:'2

E(x,t) = Re Ao(a - iwt)`V2 exp- (X i t) + t
4(a - iwt) j

(2.2)

This is the form of a Gaussian light pulse as it traverses a
medium of nonzero GVD, where w is the GVD, u is the
central group velocity, x is the thickness of the dispersive
slab, and fl is the central frequency. Negative and posi-
tive dispersion can be obtained by changing the sign of w.
In principle the true value of w is irrelevant: the time-
dependence of the field will be determined by the product
of wt. Aside from the time-varying frequency of the field,

Table 1. Parameters of Potentials and Grid
Used in Simulation of CsI Dynamics

Ground Potential Excited Potential

Vg = a exp(-,r) - V = exp[-d(r - re)] - )6

+ v.

a = 131.569 a.u. d = 2.57102 a.u.
,6 = 1.37042 a.u. re = 4.20 a.u.
r= 0.893631 a.u. C6 = 10.0 a.u.

rO2 = 1.88972 a.u.
1.= 0.3 a.u. V = -0.02939921 a.u.

Masses
mc8 = 132.909 amu
m= 126.904 amu

Grid
N = 256 Ar = 0.0042
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Fig. 2. Initial conditions for optical excitation simulations.
The vibrational ground state is populated exclusively, and the
upper and lower electronic states are plotted according to the
energy scale in electron volts that is shown to the left.
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the propagating pulse is broadened by a factor [a 2 +
(wt)2]05. The propagation method has been described in
a previous paper.'" The parameters are summarized in
Table 1.

3. RESULTS AND DISCUSSION
Using the method described above, the time evolution of
the CsI model was simulated by employing three different
excitation pulses. First, pulses with an intensity of 4 fsec
full width at half-maximum, which were red-shifted by
-2000 wave numbers from the resonance frequency of
3.7 eV, were tried. Under these conditions the half-width
of the frequency spectrum extends to 3.7 eV. The initial
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state for the simulation, i.e., the vibrational ground state,
is shown along with the two potential surfaces in Fig. 2.
Next, simulations were carried out using both positively
and negatively chirped analogs of these pulses, with tem-
poral envelopes broadened to 88 fsec and identical initial
conditions. The results for the first 200 fsec for these
three cases are depicted in Fig. 3, where we show a layout
of the evolving wave functions in both electronic states at
four selected stages during the process of excitation.

In all cases the excitation pulses are centered at zero
time. On the left-hand side are the results for positive
chirping. Transfer of population onto the excited surface
is substantial only at later times, since in this case fre-
quency components that fulfill the initial resonance condi-

time= -95

norml= 0.9997

norm2= 0.00046

time= -5

norml= 0.978

norm2= 0.0401:

Ad_-___x. -

1 ,,,, /\~~~~~~~~~~~~~.. .... .... ..
.....................

time= -95

norml= 1.0

norm2= 0

. .... ..

time= -5

norml 1.0

norm2= 2.9e-05

..... ..................... L = ........................

time= -95

norml= 0.8869

norm2= 0.1121

~~~~~~~~~~~~~.. .. .... .... .. ..... .. .. ... ,.

time= -5

norml= 0.6329

norm2= 0.3763

/__> - \ f X..... .............. .....

,,~~~~~~~~~~~~~~........ .............

time= 85

norml= 0.4562

.... ,....norm2= 0.5646

.

__ ...... S 

time= 85

norml= 0.8773

norm2= 0.1569

.____ "' " -.....".,,, ... .....

time= 190

norml= 0.2266

norm2= 0.3865

|---- - -- _ -- _ _ W are:< ~~~~.... .... 

1..
_-' 4 '''''''''

time= 190

norml= 0.8479

norm2= 0.03836

time= 190

norml= 0.5316

norm2= 0.1779

_____ _ _ " - - ................ !._

Fig. 3. Overlays of ground- and oxcitod-Rtato vibrational wave functiong at selected stages of evolution duphig and after optical excilta-
tion of molecules in = 0, with pulses either positively chirped (on the left), negatively chirped (on the right), or unchirped (in the center).
See text for details.
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Fig. 4. Projections of asymptotic ground-state nuclear wave
function after excitation onto the vibrational eigenstates. The
solid, dashed, and dashed-dotted curves depict results for nega-
tive chirp, positive chirp, and nonchirped excitation pulses,
respectively.

tions are incident only -40 fsec after t = 0. Nonetheless,
the end result is transfer of more than 70% of the ground-
state population onto the upper surface. The reduction of
the probability or norm in the excited state at long times
is due to the absorbing boundary conditions at high r.
The wave function on the ground state at later times
(190 fsec) is not observably different from that before the
excitation. This point will be addressed more quantita-
tively below.

The center sequence of Fig. 3 depicts the case of ex-
citation with an unchirped pulse. Here the process of
coupling between the surfaces takes place nearly instanta-
neously, projecting the initial wave function into the
excited state. The Gaussian wave packet then travels
compactly through dissociation. As before, no observable
variation in the wave function on the lower surface is
found. For negative chirping, however, this is not the
case. The transfer of population begins early, since the
resonant blue components of the pulse precede the red-
shifted portion. As the initially excited population under-
goes dissociation, the field red shifts and continues to be
nearly resonant with the transition, thereby effectively
dumping probability density back down to the lower sur-
face, but at considerably larger internuclear distances.
This is not only graphically observed but is attested to by
the fact that the ground-state norm is not monotonically
varying as it changes from 1 to the final value greater
than 0.5. The lower wave function is visibly changed.

The extent to which the population that remains on the
lower surface is hotter may be gauged by resolving the
wave function into vibrational eigenstates. The results
of this procedure are presented for the three cases in
Fig. 4. While positive or no chirping results in an almost
vibrationless state, negative chirping produces substantial
vibrational excitation. But this in itself is not sufficient
to demonstrate that the necessarily coherent superposi-
tion rendered is vibrating in the classical sense of the
word. This is demonstrated by calculating the time de-
pendence of the average internuclear distance and observ-

ing the variation of the lower wave packet after excitation
is completed. The average internuclear distance oscil-
lates periodically between 3.22 and 3.41 A. The situ-
ation near the turning points, along with one intermediate
case, is shown in Fig. 5. We see that although the wave
packet is not completely compact it remains reasonably
focused. Figures 4 and 5 demonstrate conclusively that
the negatively chirped pulse has indeed acted effectively as
a combined pump and dump sequence, resulting in large-
amplitude ground-state vibrational coherent motion.

The degree to which the computational method is appro-
priate, given the large probability of excitation and ex-
tremely strong fields, has been discussed in our previous
paper' and will not be dealt with here. There are two
points that deserve further attention: the degree to
which the chosen excitation parameters are optimal and
the prospects of experimental realization. In our calcula-
tions little effort was invested in optimizing the negatively
chirped excitation. After following the time dependence
of wave packet propagation on the upper surface after im-
pulsive excitation, we set the duration of the chirped pulse
to compensate roughly for the variation of the resonance
frequency. No fine tuning was attempted, and therefore
further work will be required to determine whether im-
provement is possible. With the present functional form
of the field, the available parameters are the pulse band-
width, its duration, its central frequency, and its intensity.
Other pulse profiles, such as the top hat resulting from
pulse propagation through optical fibers, could also im-
prove excitation results by eliminating the continued exci-
tation at longer times by the pulse wings. 4 "6 This
excitation seems to contribute destructively to the con-
certed vibrational motion.
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Fig. 5. Overlay of ground-state vibrational wave functions at
three stages of evolution after excitation with negatively chirped
pulses. The depicted frames show effective turning points, with
the intermediate situation interposed.
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