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A framework for understanding impulsively photoinduced vibrational coherent motion on the 
ground electronic surface is presented. In particular strong resonant excitation to a directly 
dissociative electronic surface is considered. Three distinct approaches are employed. A two surface 
Fourier wavepacket method explicitly including the field explores this process in isolated molecules. 
A coordinate dependent two-level system is employed to develop a novel analytical approximation 
to the photoinduced quantum dynamics. The negligible computational requirements make it a 
powerful interactive tool for reconstructing the impUlsive photoexcitation stage. Its analytical nature 
provides closed form expressions for the photoinduced changes in the material. Finally the full 
simulation of the process including the solvent effects is carried out by a numerical propagation of 
the density operator. In all three techniques the excitation field is treated to all orders, allowing an 
analysis of current experiments using strong fields, resulting in substantial photoconversion. The 
emerging picture is that the impulsive excitation carves a coherent dynamical "hole" out of the 
ground surface density. A rigorous definition of the dynamical "hole" is constructed and used to 
define a measure of its coherence. In particular all photoinduced time dependence in the system can 
be directly related to the dynamical "hole." All three techniques are used to simulate the pump 
probe experiment on the symmetric stretch mode of 13, including electronic and vibrational 
dephasing. 

I. INTRODUCTION 

Impulsive photoexcitation has distinguished itself as a 
unique tool for unraveling intramolecular dynamics in real 
time. Through this method, using ultrafast pulses, transient 
molecular ensembles which are localized in phase space are 
generated. Such states of matter are constructed by the inter
ference of material waves within the energy bandwidth of the 
excitation pulse. 1,2 When performed on resonance with a 
transition to an electronically excited state, impulsive excita
tion builds up an evolving wavepacket on the excited sur
face. This comprises the closest experimental realization of a 
"classical trajectory" on a molecular potential. The method 
is in principle an unconventional way of conducting photo
chemistry, and has been used to "time resolve" the course of 
photochemical rearrangement, otherwise induced by continu
ous irradiation. This capacity has been exploited both in the 
gas phase1,3-5 and in condensed phases.4- 13 

Numerous studies have pointed out that along with co
herence generated in the excited state, resonant impulsive 
excitation will also instill coherence amongst ground state 
vibronic levels, through the resonant impulsive stimulated 
Raman scattering process (RISRS). The ensuing vibrational 
motions have been detected in various schemes as periodical 
modulations in transient scattering or transmission of ul
trafast delayed probe pulses.8- l0,14 

In the present study, and also in previous ones,15-19 at
tention has been focused specifically on the coherent evolu
tion in the ground electronic state following impulsive pho
toexcitation. This paper presents a comprehensive 
description of this aspect of impulsive excitation, including 
the effects of changing pulse power, duration and frequency. 

It also considers the interactions with a solvent. The motiva
tion for continuation of this effort stems from a number of 
considerations. To begin with, a quantitative understanding 
of all aspects of impulsive light matter interaction are con
sidered essential if femtosecond spectroscopic experiments 
are to be analyzed and translated into a model for the under
lying molecular and chemical dynamics. Another consider
ation is the aspiration of gaining control over intramolecular 
vibrational dynamics.z°-24 Before a desired coherent molecu
lar ensemble can be molded on the ground potential surface, 
a detailed appreciation of the mechanisms active in impul
sive photoexcitation is necessary. 

Another specific motivation for the present study should 
also be mentioned. The theoretical framework developed 
here was inspired by the liquid phase experimental work on 
the photodissociation of 13 - to 12 - + 1.8 In this experiment 
the first pump pulse excites 13 - to a dissociative electronic 
surface. Anti-phased modulations in the transient transmis
sion of the nascent I; were interpreted to indicate that the 
diiodide fragments are formed in a partially coherently vi
brating state, with considerable excess vibrational energy. 
When the probe wavelength is tuned into the 13 absorption 
band, modulation related to coherent motion along the triio
dide symmetric stretch are detected, and associated with the 
RISRS process.8 

In recent impulsive pump probe experiments on relaxing 
nascent diiodide ions in solution, spectral oscillations mirror
ing the ground state phase coherent nuclear motions have 
been used as a novel transient vibrational spectroscopy. In 
essence, a RISRS pulse sequence of pump (or push) and 
probe is introduced at various delay times following the ini
tiation of impulsive photodissociation at time zero. The 
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modulations in the transient transmission induced by the 
push interaction mirror the initial incoherent distribution at 
the push instant. This spectroscopy has been coined transient 
RISRS or the TRISRS method. 17.1& As the population vibra
tionally relaxes, the average frequency and dephasing times 
of the induced coherence can be retrieved through the result
ing spectral modulations. Through a comprehensive theoreti
cal modeling of the results using the tools described here, a 
detailed picture of vibrational phase and population relax
ation of the diatomic ions will be obtained, including inter
actions of the transition dipole with the solvent surroundings. 

An appropriate theory of impulsive photoexcitation, en
visions the dynamics of the molecule taking place on a set of 
potential energy surfaces. Transitions between these surfaces 
are induced by the radiation through electronic transition di
pole matrix elements. A simplifying assumption is to use a 
semiclassical description of the radiation field which is jus
tified for the strong radiation fields considered here. Under 
this assumption, the dynamics of the system can be treated 
by using a time dependent Hamiltonian. For isolated gas 
phase molecules, a theoretical framework requires the 
knowledge of the ground and at least one excited potential 
energy surface. In order to model the photoexcitation, the 
transition dipole function must also be known. The task of 
simulating the photoexcited dynamics involves solution of 
the time dependent Schrodinger equation, including the ra
diative coupling using a time dependent Hamiitonian.15.25-28 

In the most general case, as in the 13" photodissociation 
experiment, the absorbing chromophore is immersed in a 
multi-mode solvent. A complete analysis of molecules in a 
condensed phase environment requires a full description of 
the combined system with all the molecular and solvent de
grees of freedom. Since this task is extremely difficult, the 
dynamical theory is based on a reduction scheme in which 
the molecular degrees of freedom are treated explicitly and 
the bath is considered implicitly through a finite set of 
parameters.29

-
31 Reduction schemes based on the weak cou

pling limit32
-

36 and on the singular bath Iimit30 have been 
developed. These reduction schemes lead to a Markovian 
description of the molecular dynamics, in the form of optical 
Bloch equations which represent the material system in the 
form of a density matrix. 

Descriptions of impulsive pump-probe spectroscopy of 
molecular systems, using density matrix formalism is not 
new, as demonstrated in the works of Mukame1,12,37-40 
Mathies,6 Chesnoi and Mokhtary,9 Fain,41 Domcke,42 and 
others.43 These treatments describe the change in the density 
matrix as a perturbation series in powers of the field, and are 
based on frequency domain formulations of the nonlinear 
optical susceptibility introduced by Bloembergen and 
co-workers.44 When the emphasis is on the accurate descrip
tion of significant changes taking place in the material sys
tem upon resonant optical excitation, a different approach 
has to be employed for describing the molecular system be
yond the limits of the perturbative regime. 

The study presented here, involves exact methods of so
lution which directly simulate the interaction between the 
matter and the optical fields to all orders, and represent the 
material system either as a wave function or a density in 

coordinate space. The model simulations focuses on ground 
state coherent evolution. The ambiguities introduced by si
multaneous prolonged evolution in both the ground and ex
cited surfaces are intentionally circumvented by simulating a 
two surface model, where direct dissociation rapidly elimi
nates the excited population, and the transition dipole. 

Three tiers of simulation techniques are employed in this 
study, increasing in their level of complexity and require
ments of CPU time. The first approach, coined the coordinate 
dependent two-level approximation, introduced here, essen
tially resolves the problem of wavefunction simulation upon 
both optically coupled surfaces, into an ordered set of locally 
independent two level systems in coordinate space. In this 
approach the excitation is assumed to be nearly impulsive, 
i.e., the light pulse is much shorter than the vibrational pe
riod. This allows to obtain a complete analytical description 
of the photoinduced dynamics, for arbitrary field intensities 
and potential topologies. This scheme is introduced here in 
order to derive analytical expressions for the changes which 
take place in energy, norm, momentum, etc., upon impulsive 
optical excitation, as a function of various experimental pa
rameters such as pulse intensity, duration and frequency. It 
provides a powerful and interactive tool for appreciating im
pulsive photoinduced quantum evolution. 

The Fourier propagation technique, previously used to 
simulate impulsive photoexcitation and generation of vibra
tional coherence in CsI,15 is used here in order to explore the 
range of pulse durations over which the coordinate depen
dent two-level approximation is valid, and to extend wave
function simulations outside this range. These calculations, 
allow exact simulation for a broad range of excitation param
eters. 

Finally, a recently introduced method for direct integra
tion of the Liouville van Neumann equation will be used to 
simulate the optical excitation of the model system under the 
influence of solvent interactions.46

-
48 As in the previous 

cases no recourse is made to perturbation approx,imations, 
and interactions with the field are included to aU levels. This 
technique is however taxing in CPU capabilities. 

Using all three methods, a unified picture emerges for 
the evolution of the material system under the inl1uence of an 
intense resonant and ultrashort laser pulse. The effect is to 
generate a dynamical "hole" in the phase space distribution 
of the molecules on the ground electronic surface. A rigorous 
definition of this coherent "hole," and a measure of its co
herence are described. Following the pump pulse, the "hole" 
interrogates the ground surface, and after a preset time delay 
is detected by the probe pulse. The full pump and probe 
sequence will be simulated using all three techniques. Major 
emphasis will be put on simulating excitation processes that 
extend beyond the regime effectively covered using pertur
bation techniques. 

The study begins from a wavefunction time dependent 
formulation of the impulsive radiation matter interaction. 
The coordinate dependent two level approximation for the 
excitation process is developed, and compared to a numerical 
solution for a wavefunction formulation in Sec. II, and for a 
density formulation in Sec. III B. The interaction with the 
solvent is discussed in Sec. III, where the Liouville space 
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FIG. 1. Schematic representation of the RISRS process. The pump pulse 
creates a nonstationary state on the ground potential energy surface; the 
dynamics of which is studied by a delayed probe pulse. 

formulation describing the matter-radiation interaction is 
summarized. A rigorous definition of the dynamical "hole" 
and a measure of coherence is described in Sec. IV. A simu
lation of the pump probe experiment in Liouville space is 
described in Sec. V. Finally, a discussion and summary are 
presented in Sec. VI. 

II. AN ILLUSTRATIVE WAVEFUNCTION MODEL 

A conceptual representation of the experiment is de
picted in Fig. 1 and consists of dynamical evolution on a 
ground and excited potential energy surfaces coupled by ra
diation. To facilitate the understanding of the system, com
plications due to solvent dynamics are postponed to Sec. III. 
This simplification allows the use of a wavepacket frame
work. The molecule is excited by a pulse described by a time 
dependent semiclassical electromagnetic field. The wave
function of the system is described by a vector designated by 
the surface index {g, e}: 

(2.1) 

The Hamiltonian of the system contains the zero order part 
and a time dependent interaction part: 

H=Ho+Vt, 
where 

(2.2) 

(2.3) 

where E=E(t) is the time dependent field and fl the dipole 
operator. Hg/e are the surface Hamiltonians: H(=p2/2M + \\. 
The evolution of the state is generated by the time dependent 
Schrodinger equation: 

al/J A 

iii at = HI/!. (2.4) 

In the IJ pump probe experiment the signals depict the 
integrated transition of the probe pulse as a function of the 
relative time delay between the pump and probe. The simu
lated power observable allows theoretical reconstruction of 
the experimental measurement. With the time dependent 
Hamiltonian, Eq. (2.3), the power or change in energy 
becomes:24 

(2.5) 

To simplify the presentation and to save computation time, it 
is convenient to use the rotating wave approximation (RWA) 
where E becomes: 

(2.6) 

E(t) is a slowly changing envelope function and Wo is the 
central carrier frequency. The validity of the RWA approxi
mation was checked numerically for parameters resembling 
the experimental conditions. The accuracy of the RWA was 
found to be excellent. Under the given conditions the power 
is linearly proportional to the change in population:24,46 

dNg 

9=-hw°Tt· . (2.7) 

As stated above, the experimental observable is the inte
grated power per pulse which is the total energy absorbed 
from the pulse. This quantity can be related to the change in 
population: 

AE= !:90dt l =-liwANg • (2.8) 

To demonstrate these concepts, a series of numerical simula
tions was carried out. Triiodide is a collinear molecule and 
the electronic transition leading to the photodissociation is 
strongly coupled to the symmetric stretch mode as observed 
in the resonance Raman spectra.49 Since the study focuses on 
the ground state dynamics a one dimensional model includ
ing two electronic :surfaces was used. The excited surface 
potential was designed to fit the high energy band of the 
thermal absorption spectrum of r; in solution. 50 The dipole 
moment was estimated from the experimental oscillator 
strength. 

Effective numerical methods to solve the time dependent 
Schrodinger equation have been developed.25- 27,45 The Fou
rier method with a polynomial approximation for the evolu
tion operator is used in this study.z5 Table I summarizes the 
potential and propagation parameters for the calculation de
signed to simulate the I; RISRS experiment. 
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TABLE 1. Typical parameters of propagation in a.u. 

Potential 
Ground surface w=112.0 cm- f 

Potential 
Excited surface 

V,,(r)=De-/lir- r,) + V ~ 
D=0.7 eV /3=3. A-I r,=2.95 A V,,=3.55 eV 

Dipole function 

Propagation 
Grid 
mass 
without dissipation 
with dissipation 
Tolerance 
Dissipation 

Field 
Pump field 
Probe field 
Dispersed probe 

------- ·50 fsec 
......... Ofsec 
-- 25fsec 
_ ... - SOfsec 

5.6 6 

:\ : , , , 
!f\ \ 
i \ \ 
i i \ 
( \ \ 

ax= 1.92 X 10-2 

m=~ 127. a.m.u. 
at= 100 a.u. 

at=l 
10-6 

y.=0.05a.u. 

E=1.25XIO-4 a.u. 
E=2.5X 10-5 a.u. 
E=2.5X 10-5 a.u. 

------- Initial 'f' 

......... -25 fsec 

25 fsec 

50 fsec 

• \1 
\\ 
" " "~ 

6.8 
r [A] 

sym 

a=3.7 a.u. 

Nx =128 

N,=IOO 
N,=IOOOO 

1'0=100 a.u. 

E(t) = Ee -i2 In 21,21«- '0)2 

j=4.4XI09 W/cm2 

7=6 fs 

Order=64 
Order=64 

7=60 fs 
7=60 fs 

Figure 2 shows successive snapshots of the wavefunc
tion within the time duration of the pump pulse which illus
trate the creation of a dynamical "hq~f!" in the ground sur
face wavefunction of I;. This dynamic:ll "hole" will be the 
focus of this study. A rigorous definition of the "hole" in
volves a density operator theory which is presented in Sees. 
III and IV. In Fig. 3, the wavepacket dynamics after the pulse 
is displayed, clearly showing the coherent motion of the 
wavepacket. The simulated experimental signal which is the 
transient absorption of a probe pulse is'shown in Fig. 4. The 
oscillations in the power absorbed by the probe pulse reflect 
the ground surface dynamics as can also be seen in Fig. 4 by 

700 fsec 1-------

620 fsec 1------

540 fsec 1-----

460 fsec 1-----

380 fsec 1-----"" 

300 fsec 1-----

220 fsecl----

140 fsec 1-----

4.9 5.4 5.9 6.4 6.9 

f gym [A] 

FIG. 2. The creation of a dynamical "hole." The initial state is u = 2 for a 
Gaussian pulse of 60 fs FWHM. The central frequency of the pump pulse is 
308 nm, the position of the resonance is designated by the arrow. The upper 
panel shows the evolution of the excited dissociative wavefunction. 

FIG. 3. The dynamics Qf the ground state wavefunction after the pump pulse 
is turned off. The final state of Fig. 2 is propagated. 
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FIG. 4. The calculated transient absorption of a probe pulse as a function of 
delay time between pump and probe for the Ii system with a probe pulse of 
60 fs and central frequency of 278 nm (solid) and 308 nm (dashed). These 
frequencies are at the two sides of the absorption band. Also shown is the 
average position of the symmetric stretch coordinate (top, right axis). 

comparing the transient absorption signal to the mean posi
tion of the wavefunction. 

Already this simplified model contains the essence of the 
phenomena. At this point one should ask: (a) What experi
mental parameters mold the dynamical "hole" ? (b) What 
type of dynamics is probed by the "hole" ? (c) How to 
optimize the extraction of dynamical information by the 
probe. (d) How will the observations be influenced by solva
tion? 

Before these questions are addressed, it is appropriate to 
develop a unifying language which describes the state of the 
molecule after the excitation pulse. The language is based on 
the two-level coordinate dependent approximation developed 
in the next subsection. 

A. The two level coordinate dependent approximation 

The two level system coupled by radiation is one of the 
comer stones of light-matter fonnalism. 51 Approximating the 
molecular radiation interaction within the two level formal
ism enables the analysis of a very complicated molecular 
encounter in terms of a well understood model. This recast
ing is possible by identifying a smallness parameter which 
can be used for a perturbation expansion. For a short enough 
pulse the nuclear motion is frozen. This fact points to the 
choice of the inverse mass 1/ M as a perturbation parameter 
meaning that during the pulse the kinetic energy operator can 
be considered as a perturbation. The details of the approxi
mation are laid out in the following subsections. 

1. Approximating the propagator for an excitation 
pulse 

The perturbation analysis is based on approximating the 
evolution operator which propagates the wavefunction from 
t = 0 to a time t f after the pulse is turned off. The first step is 
to rewrite the Hamiltonian of Eq. (2.3): 

H=(Hg ? )+(Ve- Vg -€[J,) 
o Hg -€*[J, 0 . 

(2.9) 

Within the RWA approximation Eq. (2.6), an effective 
Hamiltonian can be defined:52 

-ep,) 
o ' (2.10) 

where 2'&(r)=Vir)-Vg(r)-wo. In the analy~is, it will be 
shown that the coordinate dependent detuning a(r), plays a 
crucial role. The use of the effective Hamiltonian (2.10) is 
accompanied by the transformation of the excited surface 
wavefunction i}e= ifJ.e iwo/. When the time dependent transi
tion operator W= - ep, is defined, the effective Hamiltonian 
becomes: 

(2.11) 

This is the basis for the definition: 

Herr= H3+ H2+ Hl> (2.12) 

where using spin notation of Sec. III: 

H1=Hg®1, H2=A(r)®I 

and 

The original Hamiltonian has been partitioned into a direct 
product of spatially dependent operators and spin operators. 

The partitioning of the Hamiltonian is the basis for ap
proximating the evolution operator which propagates the 
wavefunction for a pulse duration tf' as a product of terms: 

D(t f) = e -(illi)Hewl=e -U/Ii)H3tle -(illi)H1tle -(illi)H1tl. 

(2.13) 

The approximation is based on the Trotter formula.53 Its use 
is well known in the split operator propagation method for 
the time dependent Schrodinger equation introduced by Fiet 
and Fleck.54 The error in the propagator is proportional to: 

2 
1 ~ ~ 2 ~2 h tf 

Error ex P' [Hg,a]tf=[p ,a]2Mn2 (2.14) 

or Error = ( lin 2) [Hg ,H 3] t}, which is of the same order as 
Eq. (2.14). The error term is proportional to the mass factor 
11M and the squared duration of the pulse t /. Analysis of 
the error shows that for short enough pulses or for heavy 
masses the approximation becomes exact. 

A second order approximation also can be constructed: 

D( t f) = e -(illi}fi II"'" e -(illi)H3tj2e -U/Ii)Hltle - iH2tle -(ilIi)H3t/2, 

(2.15) 

where the error terms are of the order: 

Error 
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Since the use of the split operator approximation is for inter
pretation, the first order formula Eq. (2.13) will be the basis 
of the analysis. Its validity will be checked with respect to 
converged numerical results. 

2. Propagation of the wavefunction during the pulse 

The approximate evolution operator (2.13) is used to 
propagate an initial wavefunction which is exclusively on the 
ground surface, for a pulse duration t f: 

'VCr,O) = ( o/g (:, 0 )) . (2.17) 

A simple ca~e is of an initially stationary wavefunction at 
t=O, i.e., Hg'{lgCr,O) = Ego/g(r,O). The operation of the 

propagator e- iHlt on '1'(0) will lead to a global phase shift: 

'l't = e -'UlkiH\ti'l'(O) = e --iEh'l'(O). (2.18) 

The next step is to propagate with e-(UiilH2tf: 

'I' = e -(illi)H2 tf'l' = e -iEglf ( . ' ° ) 
2 J e-(lili) Alto/ir,O) . 

(2.19) 

The operator e-(ilkl ~r)tJ causes a momentum change in 
o/g' since '&'(r) is a function of r. 

'. The fInal step is to operate with e - (ilfi)H3 If on '1'..,. Since 
If3 is not diagonal in the g/ e representation, H3 is iliagonal
ized for each position r. At this point it is assumed that the 
field envelope E is constant. This amount'l to a square pulse 
shape. For a non square pulse W(r,t) is approximated as: 
\V=fl(lItf) f&E(t')dt,.5J Closed form expressions can be 
obtained also for €(t) = E sech(t)/r.2lI The eigenvalue equa
tion of the Hamiltonian "3 becomes: (A.+A)(A.-A)-W2= 0 
leading to: 

(2.20) 

The diagonalization matrix.es can be described as a rotation 
matrix for each position r:52 

. . . . ~ (cos 0/2 - sin 8/2) S( r) = e'- ,8(r)Sy= 
. sin 012 cos 0/2 ' 

(2.21) 

where tanO(r) = I (V\lLi . With this form the propagator for 
each spatial point r becomes: 

e-(iI~) A2tf)S(r). 

(2.22) 

For convenience the spatial dependent Rabi frequency is de
fined: 

and also the angles 

A 
cos 0= ~ ~ A?' 

W~+L.l-

(2.23) 

(2.24) 

Combining the successive contributions of the propaga
tor (2.13) onto the initial wavefunction leads to the wave
function at t= tf after the pulse. On the ground surface it 
becomes: 

I/Ig(r,tf)=e-Wh ) Eg tfe-(ilfil iltl{COs(f!tf) 

+ i cos e sin( .ott) }o/g(r,O) 

and on the excited surface: 

(2.25) 

o/e(r,tf)=e-(ilfi) <pe-(iifi) AI/{ sin e sin(!1tr)}o/g(r,O), 
(2.26) 

where 1>= (liw+ Eg)I/+ '11'/2. 
Equation (2.25) is used as the main interpretive tool of 

the RISRS pump probe experiment. Analysis of the expres
sion, shows that it consists of a coordinate dependent term 
mUltiplying the original ground surface wavefunction. The 
part in the curly brackets resembles the two level Rabi solu
tion but f) and f! are coordinate dependent. The new wave
function is created only in the regions in coordinate space 
where o/g(r,O) had amplitude to begin with. 

The multiplying factor of the initial wavefunction in Eq. 
(2.25) has both amplitude and phase in coordinate space: 
o/g(r,t f) = A(r)ei<f.>gir) o/g(r,O). The amplitude part becomes: 

(2.27) 

and is always smaller than one. This leads to the interpreta
tion that. the pulse carves out of the original ground surface 
wavefunction a piece which is eliminated via the excited 
surface. The missing piece on the ground surface is the dy
namical "hole." For short pulses and f!t< '11' the maximum 
effect is obtained at the point of resonance rh where 
A(r)=O. The position of this point can be controlled by 
tuning the carrier frequency of the pulse Wo. This parameter 
enters Eq. (2.25) through A and n. Figure 5 shows the coor
dinate dependent detuning A as a function of internuclear 
distance r. A change in Wo causes a vertical shift in A deter
mining the position rh where A(rh)=O. Since this point is 
the center of the dynamical "hole," Wo becomes a very use
ful control parameter. Figure 6 shows the ground surface 
wavefunctions after excitation with pulses of different dura
tions for u = 2 as the initial state. The carving of the "hole" 
from the initial wavefunction is clearly demonstrated. The 
resonance position is chosen in Fig. 6 such that only the lobe 
of extended nuclear distance is effected. The maximum ef
fect is obtained for '11' pulse conditions; ~ Wtj = '11'. For 2'11' 

conditions the "hole" is refilled. In the rest of the paper the 
term N 7f will refer to the amount of cycling at the point of 
resonance. 

On the excited surface, the amplitude of the multiplying 
factor B2(r) = sin2e sin2atf is simply the complement of the 
one on the ground surt'ace: A 2(r) + B 2(r) =: 1. This leads to 
the picture that after the pulse, the original amplitude is 
shared by the ground and excited surface. This conclusion 
has been also obtained by Suominen et al.28 which used the 
Rosen Zener curve crossing result55 to obtain explicit expres
sions for a Gaussian initial state and a sech pulse shape. The 
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expressions obtained share the norm conserving property ob
tained by the classical Frank approximation derived for weak 
fields by Smith, Ungar, and Cina.56,57 

The validity of the approximate wavefunction, Eq. 
(2.27), is demonstrated in Fig. 6 for different pulse durations 
and shapes, and in Fig. 7 for different intensities, by compar
ing it to a converged numerical calculation. As expected, for 
short pulses of 10 fs the approximation is very good. It de
teriorates for longer pulses since the impulsive approxima
tion no longer holds. For 60 fs pulses the shape of the dy
namical "hole" has only qualitative resemblance to the 
impulsive approximation. Nevertheless, the total power ab
sorption by the system is within a few percent of the two
level impulsive approximation. The effect of a non square 
pulse has been checked numerically by comparing the results 
of Eq. (2.27) to a Gaussian shaped pulse. For short pulses, 
the "hole" created by the Gaussian pulse is more localized 
representing the smaller spread in frequencies. This effect is 
reduced when the pulse becomes longer (cf. Fig 6). 

The momentum shift induced by the pulse, is caused by 
a coordinate dependent change in phase of the wavefunction 
(2.25): 

I 1 
If>g= - h Eg tf- h dtf+arctan[cos O(r) tanC!2C r )tf)] 

(2.28) 

and 

(2.29) 

On the excited surface, the wave function gains momentum 
linearly in time due to the coordinate dependent phase 
If> ~(r). Since for most photodissociation situations afj./ ar is 
negative (cf. Fig. 5), the momentum kick bP is positive. 
Therefore, using the semiclassical approximation, 
{JP=n (alf>lar), the gain in momentum is positive and leads 
to bond extension. The momentum change is a pure quantum 
interference effect which is created by the phase modulation 
of the coordinate dependent detuning d(r). Attempts to in
terpret this effect by using semiclassical arguments based on 
applying forces on the molecule, are bound to faiL 

A more involved situation exists on the ground surface. 
For short times the change in momentum is zero since the 
positive momentum change of the term linear in d in Eq. 
(2.28) is exactly compensated by the next term. This is in 
accordance with the Frank Condon picture that the momen
tum of the ground surface is not affected by transfer of popu
lation to the excited surface. The asymptotic short time term 
becomes: IimHolf>g(r)=W2t3d(r)/3fi3, which causes a 
negative momentum change. This change is due to interfer
ence between the ground surface wavefunction and the am
plitude which cycles back from the excited surface. 

Far from resonance, the coordinate dependent Rabi fre
quency !2 becomes very large leading to rapid cycling. This 
rapidly changes the direction of the momentum· shift from 
negative to positive leading to the average asymptotic mo
mentum shift of 
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FIG. 5. The detuning function Ll, for Wo = 308 nm, as a function of position. 
Also shown are the model potentials for the symmetric stretch mode of 
I; . 

(2.30) 

This expression is identical to that obtained by Cina and 
Smith, 57 using the classical Frank approximation, within a 
numerical factor of [;12. This means that the validity of this 
expressions can be extended beyond the weak field which 
was assumed in their derivation. Detuned from resonance, 
this momentum shift provides the excitation interaction for 
impulsive stimulated Raman scattering (ISRS).2 An intuitive 
appreciation of this term can be obtained as follows. The 
light-matter interaction energy is the scalar product of the 
excitation field and the induced polarization. The Raman 
term is proportional to the field strength squared multiplied 
by the polarizability. The force exerted on the Raman active 
vibration is in tum proportional to the gradient of this energy 
with respect to r. Finally the momentum kick in the impul
sive limit is the time integral of this force, in agreement with 
Eq. (2.30). Accordingly the differential polarizability 
to be associated with the active mode becomes: 
aoc(aMar) (1I2d2

). 

On resonance, the cycling is slower and can lead first to 
a significant negative momentum shift. A semiclassical esti
mation of the momentum kick becomes: 

a If> I (tan(wtj ). ) ad(r)1 OP=n- = -tf ' 
Br W ar 

~ ~ 

(2.31) 

which maximizes just short of a 7T pulse, where it changes 
sign. This momentum kick causes the "hole" to move in the 
positive direction of bond extension. The weak field limit of 
the semiclassical approximations (2.31) is similar to the one 
obtained by Smith and Cina57 using the classical Frank ap
proximation. On resonance, for integrated phase larger than 
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FIG. 6. The ground surface wavefunction after the pulse. The initial wavefunction (shaded) is v =2 for an excitation wavelength of 308 nm. The solid line 
shows the numerical solution for a square pulse. The impulsive approximation for a square pulse is shown as a dashed line and for a Gaussian pulse as a dotted 
line. (a) for a pulse of 10 fs, (b) for a pulse of 30 fs. (e) a pulse of 60 fs for integrated phase of '1r at resonance, (d) a 30 fs pulse with integrated phase of 
2'1r. 

'TT, the momentum change becomes positive. An interesting 
effect is obtained for a 2'TT pulse, where the "hole" in coor
dinate space fills up (cf. Fig. 7), and a significant positive 
momentum change is acquired by the ground surface wave
function. This effect has also been described by Cina 
et a1.56

,57 Figure 8 shows the momentum distributio~ of the 
wavefunction before and after the pulse. For pulses that are 
less than 'TT condition, the negative momentum change is ob
tained by reducing the positive lobe of the momentum dis
tribution. This effect is more than compensated for, with 
stronger pulses where a growth of amplitude at high momen
tum values is apparent. For 2'TT conditions the momentum 
distribution is altered considerably with a significant shift to 
the positive values. 

Examining the breakdown of the impulsive approxima
tion, it is obvious that the reason is motion during the pulse. 
For long pulse duration it can be seen in Fig. 6 that the 
"hole" propagates by the acquired momentum during the 
pulse. Equation (2.31) can be used to estimate the error in the 
propagation [cf. Eq. (2.14)]. 

B. The creation of the "hole" 

The perturbation due to the pulse, changes what was 
initially a stationary wavefunction into a nonstationary one. 

2.0 I---------~-------__j 

1.5 

~ 1.0 

0.5 

0.01----"" 
5.0 6.0 

r [.A] 
7.0 

FIG. 7. The ground surface wavefunction after excitation with different 
pump intensities. The initial state is v = 2 (shaded) and a pulse of 10 fs with 
wavelength of 273.5 nm is used. The shape of the dynamical "hole" is 
influenced by the Rabi cycling. The intensities correspond to 113 '1r (solid 
line), 2/3 '1r (dotted line), 'IT (dashed), and 2'1r (dot dashed), pulses. 
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First, this happens because a non uniform part was "eaten 
away" from the wavefunction and second, because a nonzero 
momentum shift was added to the wavefunction. To assess 
these effects, a phase space picture has to be adopted. The 
precise definition of the "hole" is postponed to Sec. IV, 
where a quantitative measure of the amount of "coherence" 
induced by the pulse is defined. Using the tools of Sec. IV it 
can be concluded that for weak pulses defined by a fraction 
of a 7T pulse at resonance, the main contribution to the hole is 
in position space. For a stronger pulse, above the 7T pulse 
conditions, the main contribution to the "hole" becomes mo
mentum. For the 27T pulse, the momentum contribution is 
almost exclusive. 

As shown in subsection II A 2, the created "hole" is 
sensitive to the carrier frequency Wo which determines the 
resonance point. The shape and momentum kick of the hole 
depend on the gradient of the detuning Ll, i.e., aLllar. As 
demonstrated in Fig. 5, the gradient increases when the in
ternuclear distance is compressed. This means that when tun
ing to the same vibrational energy band, a more concentrated 
"hole" is obtained by tuning the pulse to the blue of the peak 
of the absorption band. The other two control parameters are 
the field amplitude E, and the pulse duration t f. The main 
effect of the amplitude on the "hole," is by a combination of 
these control parameter which determine the amount of Rabi 
cycling fl(r)tf127T. Since fl increases with Ll, the amount 
of Rabi cycling increases as the distance from resonance 
Ir-r,,1 grows. As Ir-r"l-+oo, the asymptotic amplitude be
comes A 2(r) = 1 - (W21 Ll 2)sin2(flt) which means that the in
fluence of the pulse diminishes asymptotically as 11 Ll 2• 

It is illuminating to decompose the wavefunction into its 
projections on the ground surface. Figure 9 shows such a 
distribution for the symmetric stretch of 13 with v = 0 and 
v = 4 as the initial states. This distribution demonstrates the 
multilevel nature of the process. It should be noticed that for 
weak excitations the largest projection is on the initial eigen
function. The width of the distribution increases with the 
pulse intensity. 

C. The probe pulse 

After the excitation process is completed, the ground 
surface wavefunction evolves under the influence of the time 
independent Hamiltonian Hg for a period tpro and is probed 
by a second pulse with duration Tpr. The amount of power 
that is absorbed by the probe pulse can be calculated by the 
change of norm on the ground surface [cf. Eq. (2.7)] which is 
equal to the accumulated norm on the excited surface. Within 
the framework of the coordinate dependent two level model, 
this change is approximated in a similar way to Eq. (2.25) 
leading to 

LlE= -hwLlNg= -hw I 9P~r,Tpr)1 o/g(r,tpr)i2dr, 

(2.32) 

where a window function 

'nV(r, Tpr) = sin2( (J(r) )sin2(fl(r) Tpr) (2.33) 

is defined. o/g(r,tpr) is the ground surface wavefunction at 
the peak of the probing pulse t=tpr- Tpr is the width of the 

probing pulse. The window function 9'f/" determines the re
gions of coordinate sensitivity of the probe pulse. By tuning 
the probe frequency wpro the dynamical "hole" can be moni
tored during its full vibrational cycle. This effect has been 
used experimentally for the I; system where the two extreme 
phases of the vibrational motion were probed.8 For most 
cases a weak probe pulse is used, for which W < < Ll leading 
to an asymptotic expansion of W: 

2( sine Ll (r) "Tprlh») 2 
'J¥\r,Tpr)= (hWTpr) Ll(r) Tprlh (2.34) 

In this region the power absorption is linear in intensity. The 
window function W can be identified as a transition prob
ability function "wrapped" onto the coordinate space. 

The sensitivity of the probe to the position of the tran
sient wavefunction is determined by the width of the window 
function (2.34): 

(2.35) 

Two conflicting effects influence the resolution by which the 
density can be determined by the probe interaction. Length
ening the duration of the probe pulse will reduce its spectral 
width allowing a more precise determination of the reso
nance position. Hqwever it will also allow a more substantial 
evolution during the pulse effectively reducing the resolu
tion. The main forces responsible for filling up the "hole" 
are dispersion forces originating from the uncertainty prin
ciple. This dispersion is proportional to the momentum width 
LlP=hI8 W/ and will cause spreading of the "hole" by the 
amount: 8rdis""'LlPTprIM=(aLllar) ~/M. The result is a 
competition between the creation of a narrow "hole" where 
its width decreases with time, and dispersion forces which 
tend to fill it up as time progresses. Thus, there is an opti
mum pulse duration defined by: 

( 
MIL ) 1/3 

~~t= (aLlI ar )2 . (2.36) 

which defines the optimum resolution as: 

8W""opt= (M (!~~ ar) ) 113 (2.37) 

For the symmetric stretch mode of 13 the optimal probe 
pulse is calculated to be ~~t=1O fs leading to a resolution in 
position of W/opt=O.1 A. 

Figure 10 shows the window function for a 15 fs pulse 
and compares Eq. (2.34) to a numerical simulation. Due to 
motion during the pulse, for longer pulses the coordinate 
dependent window function has only qualitative significance. 

In summary, the probe pulse is sensitive to the wave
function amplitude in a region centered at resonance position 
r" with a width 8W/. 

III. THE INTERACTION WITH THE SOLVENT: A 
DENSITY OPERATOR FORMULATION 

A detailed understanding of condensed phase RISRS ex
periments is possible only in a density operator formulation 
since relaxation effects are an essential part of the dynamics. 
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FIG. S. The momentum distribution of the wavefunction after the pulse with the same parameters as in Fig. 6. The solid line shows the numerical solution and 
the dashed line shows the impulsive approximation. The shaded area shows the initial wavefunction .p/O). (a) For a pulse of 10 [s, (b) for a pulse of 30 [s, 
(c) a pulse of 60 fs for conditions of a 7T pulse at resonance. (d) A 30 fs pulse for a 2'1T pulse. 

Tn this system the solvent induced relaxation is on the same 
time-scale as the internal molecular dynamics. A quantum 
Liouville picture was previously used in the perturbative de
scription of the pump probe experimentsy,7.9-12 The follow
ing section supplies a brief summary of the main concepts 
used to analyze the dynamics which are applicable in the non 
perturbative limit. 

For the molecule embedded in a solvent, the state is 
defined by the matrix density operator: 

(3.1) 

The molecules either reside on the ground electronic surface 
or on the excited electronic surface. A projection operator 
Pg and its inverse Qe=i-Pg so that Pg+Qe=i define this 
quantity. Using a two level system algebra, the density op
erator describing the state of the combined ensemble can also 
be written as: 

(3.2) 

where the tensor pro~uct of the internal space and the surface 
designation is used. PI are projection operators on the surface 
I, and S± are the raising and lowering operators from one 

~urface }o the other. The algebraic relations of the operators 
PI and S± can be calculated from the equivalent relations of 
the 2X2 Pauli matrixes. 

The evolution is described by the Liouville von Neu
mann equation:58 

(3.3) 

where the first term represents the dynamics generated by the 
Hamiltonian, and the second term represents the dynamics 
generated by the dissipation. This equation is valid for the 
dynamics of an open quantum mechanical system under the 
restriction of a dynamical semi-group evolution.29

-
32 Alter

natively to Eq. (3.3), the Heisenberg equations of motion can 
be used to calculate the change in time of an explicitly time 
dependent operator: 

dA aA i ~ ~ A 

Tt= Tt+ h"[H,A] + "Z[j(A) , (3.4) 

where the first term represents the explicit time dependence 
of the operator, the second term the Hamiltonian evolution, 
and the third term the dissipation which is the Heisenberg 
version of the dissipative super-operator in Eq. (3.3). By re-
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FIG. 9. Projection of the ground surface wavefunction after the pulse 
"'s(tl) onto the eigenfunction of Hg • The initial vibrational states are u=O 
and u =4 for pulse intensity corresponding to 113 7T (circles), 213 
7T(squares), 7T (diamonds), and 27T (triangles), pulses. A square pulse with 
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placing the operator A with the Hamiltonian H, 
derivative of the change in total energy is obtained: 

d<E> (aH) ~ 
dt at + (2t(H», 

the time 

(3.5) 

where the second term of Eq. (3.4) is zero, since the Hamil
tonian commutes with itself. This equation can be interpreted 
as the time derivative of the first law of thermodynamics46 

with the identification of power as: 

(aH) (~ae) :7>= at = - 2 Real (,u® S+)· at ' (3.6) 

which is the time derivative of the work. The power can be 
compared to the change in population: 

dNg d(Pg) i ~ ~ ~ 
dt"= ---;[t= X([VbPg])+(~(Pg». (3.7) 

If dissipative non-radiative couplings between the ground 
and excited surfaces are not important, Le., ~(Pg) = 0, then 
the ground surface population change for the model of Sec. 
n becomes: 
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FIG. 10. The window function Was a function of the internuclear distance 
r for a weak probe pulse of 15 fs, and wo=300 nm. The solid line displays 
Eq. (2.32) and the dashed line the numerical calculation without dephasing. 
The dotted line shows the influence of the electronic dephasing y z = 0.005 
a.u. 

dNg i ~ ~ 2 ~ 
dt"= -X(,u®(S+e-S_e*»= h Imag«,u®S+)e). 

(3.8) 

Under the conditions of the RWA approximation Eq. (2.6), 
and also provided that the dissipation does not induce popu
lation transfer, then:.9= -liw(dNgldt). The heat flow from 
the molecule to the solvent can also be calculated: 

Q=(~(H». (3.9) 

This term is responsible for equilibrating the energy. 

A. The diSSipative evolution 

The most general description of the dynamics of a mol
ecule embedded in its solvent is by the combined Hamil
tonian dynamics: 

(3.10) 

where Hs is the molecular Hamiltonian, Hb the solvent or 
bath Hamiltonian, and VSb is the interaction. Since the com
bined dynamics is overwhelmingly complicated, many at
tempts have been made to reduce it to the dynamics of the 
system alone. For certain models, in particular under the 
weak coupling limit, explicit reduction schemes have been 
obtained.31

- 33,35 However, for the purpose of analyzing an 
experiment with a realistic solvent, the restrictions imposed 
by such a derivation are too severe to be useful. An alterna
tive approach would be to solve for the dynamics of the 
solvent by classical mechanics MD techniques;59 The mol
ecule could still be treated quantum mechanically which 
would lead to a mixed quantum classical calculation.60

•
61 

Formally, such an approach belongs to the family of time 
dependent mean field approximation (TDSCF) which is 
based on writing the combined density operator as a product: 
Psb= Pb® Ps· Due to the complications induced by motion 
on more than one potential energy surface, one product term 
would not be enough and a multi-configuration approach 
would have to be adopted.62 The consequences would be that 
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more than one MD bath would have to be propagated simul
taneously with the quantum dynamics. This route has not 
been tried yet and is not used in this work. 

Since there is no satisfactory quantum reduction scheme 
for realistic solvents, a pragmatic approach is adopted in this 
paper in which a set of axioms is imposed on the dynamics. 
Within this scheme, the solvent induced dynamics are in
cluded phenomenologically by a number of dissipative 
mechanisms. This approach is used as a basis for classifying 
the relaxation mechanism since the influence of each term 
can be analyzed separately. The semi-group schoot29- 31 pro
vides the basis for a generalized approach towards the de
scription of non-Hamiltonian dynamics. The semi-group 
condition, i.e., that the evolution will keep the density matrix 
completely positive and that the evolution will be Markovian 
is then axiomatically imposed. 

It has been shown that there is a universal form of the 
generator for all the possible dynamical semi_groups.29-31 
Thus, the semi-group approach provides the most general 
form of the quantum master equation which is given by 

£7jJ _ i [H~ '] C[ (A) -;---}; ,P+LDP, 
(It fl, 

(3.11) 

where 

(3.12) 

where {A,B}=AiHJ1.i. The operators Va' V~" iI, and p 
are defined in the Hilbert space of the system. H is the ef
fective Hamiltonian of the system when coupled to the res
ervoir. It may be substituted by the Hamiltonian of the iso
lated system in the limit of weak coupling. The operators 
Va and V;, are hermitian conjugates, and like iI in the theory 
of Hamiltonian dynamics, are not determined by the theory. 
The coefficients { Y a} are positive rate coefficients. 

Within the universal form of the evolution operator Eqs. 
(3.11) and (3.12), explicit mechanisms for dissipation can be 
classified. Each choice of dissipative mechanism is uniquely 
defined by the choice of operators V" in Eq. (3.12). For the 
molecule in the solvent the following dissipative mechanism 
are considered. 

(l) A solvated molecule will obviously relax to thermal 
equilibrium. On the ground surface, the vibrational dissipa
tion leading to thennal eqUilibrium can be described by 

(3.13) 

where Pij=! <Pi)< <Pj! and <Pk are the vibrational eigenfunc
tion. r is the relaxation matrix which obeys detailed balance: 
r ij lI'ji= exp( - j3(E;-E). Explicit expressions for the coef
ficients in the relaxation matrix can be obtained in the limit 
of weak coupling.31.33.36 Such a reduction scheme relates the 
rate coefficients to the Fourier Laplace transforms of auto
correlation functions of the bath variables coupled to the 
system.34 An extension of this approach is to obtain the au
tocorrelation functions from an MD simulation of the solvent 
motion.63 For the solvent studied here, the r matrix will be 

determined phenomenologically by comparing it to the ex
periment. This approach can be used to shed light on the 
specific bath dynamics. 

(2) Another obvious relaxation mechanism describes the 
finite lifetime of the molecules on the excited electronic sur
face as mostly due to radiationless transitions and spontane
ous emission. The dissipative terms can be described bv Eq. 
(3.13) with Pjj=S+ and Pjj=S_. . 

(3) One of the characteristics of a heavy molecule in a 
much lighter solvent, is that the heavy molecule is subject 
during its dynamics to many uncorrelated collisions from the 
lighter solvent molecules. This scenario can be described by 
a Gaussian random process. These mechanisms are charac
terized by the operator Va being Hermitian.29

,M Pure vibra
tional dephasing on the ground electronic surface: 

(3.14) 

and on the excited electronic sUiface are such processes: 

(3.15) 

Since these terms commute with the surface Hamiltonian, 
their only influence is on the phase or nondiagonal terms in 
the energy representation of Pgle. The Hamiltonian operators 
in Eqs. (3.14) and (3.15) can be replaced with any analytic 
function of the Hamiltonian feR), creating a family of pure 
dephasing dissipative mechanisms. 

(4) The same type of Gaussian random process can lead 
to electronic dephasing with the dissipative operator: 

(3.16) 

This operator represents decay of the correlation between the 
two electronic surfaces without any population transfer 
Zo;(Pg) =0. These terms can be interpreted as generated by 

solvent induced fluctuations in the transition frequency. This 
is the most simple Markovian assumption. The total physical 
construction of a direct product between a nuclear vibra
tional mode and the electronic surfaces resembles the 
Brownian oscillator model ll

,65 with the difference that the 
upper surface is dissociative and the semiclassical approxi
mation is not used. 

(5) A Gaussian random process can also describe phase 
fluctuation in the excitation light. If phase fluctuations are 
the dominant source of noise in the field it has been shown 
by Agarwal66 that such a dissipative process can be described 
as an additional contribution to the rate coefficient Yz in Eq. 
(3.l6), i.e., Yz = 'Yz + y",. To this term the amplitude tluctua
tion term can be added: 

(3.17) 

The influence of the lield fluctuations on the process for 
short pulses is an import,mt one, and the brief discussion 
here does not address the problem of "colored" noise which 
has an influence on the outcome of the experiment. 

Within the impulsive excitation limit, during the pulse 
only the electronic dephasing terms are important. After the 
pulse is over, the other dissipation terms contribute to the 
dynamics. 
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B. The two level approximation within the density 
operator picture 

The impulsive approximation can be cast into the 
Liouville-von Neumann formulation of density operators. 
The approximation is based on the product of the Liouville 
propagator in analogy to Eq. (2.13): 

PCtr) = eZtfp(O)_eZ3tfeZ2tfe Z'\tfp(O) , 

where 

i i A 

$l(P)= - ~[Hl ,P]+$D:(p)= - ~[Hg®I,p] 

(3.18) 

+ 2!DP(P) , (3.19) 
g 

and 

i ,....... i.......... 
$3(P) = - ~[2Sz®A(r),p]- ~[2Sx® W(r),p] 

- Yz[Sz[Sz,p]]- t?yx[Sx,[Sx,p]]. (3.21) 

The propagator (3.18) is applied to a thermal initial state: 

Po = P g® e - f3H,. Then for the first of the product terms one 
obtains: 

(3.22) 

This result is obtained because the equilibrium state is sta
tionary under the propagation of $1 . 

The operation generated by $2 becomes: 

P2 = e -Ulh)"Atfp(O)e(ilh) "Atf 

= P ® e -(i/M Atfe - (3Hge(iln)"Atf g 

_P ®e- f3Hge(ilh) (f3tfI2M)[f2,A] 
g , (3.23) 

where the approximation eA+B=eAeBe-(l/2)[A.BJ is used. 
Propagating with .%3: First consider the non-dissipative 

case where Yx=O and yz=O. The operation can be visual
ized as first a rotation by () to the frame where H3 is diago
nal. Then a rotation by 2flt f around the new z axis, and then 
a counter rotation back to the original frame: 

(3.24) 

Finally, combining all the products of the propagator, the 
density operator after the pulse becomes: 

hSin 2 () sin2
flt+i sin () sin 2flt)P2) . 

(cos2flt+cos20 sin2flt)p2 
(3.25) 

The ground surface density can be obtained by multiplying 
Eq. (3.25) by the projection operator Pg . This leads to results 
similar to Eq. (2.25). The general solution including dissipa
tion can still be obtained in closed form but is very 
complicated.36,5l Equation (3.25) is too involved to be used 
directly as an interpretive tool. Instead, a numerical diago
nalization procedure for the operation of $3 including the 
dephasing terms is used which allows to obtain semi-analytic 
results. 

Several general trends concerning the influence of dissi
pation can be drawn on the creation of the "hole." Figure 11 
shows this effect for a 7T pulse. 1\vo mechanisms are consid
ered: electronic dephasing and amplitude fluctuations in the 
field. Because of separation of timescales, vibrational 
dephasing has only a minor effect during the pulse. As could 
be expected, the dissipative terms fill up the "hole" and de
crease the localization of the "hole" in phase space. A quan
titative measure of this decrease in coherence will be given 
in Sec. IV. 

IV. THE DYNAMICAL "HOLE" 

Understanding the full versatility of the pump-probe ex
periment, is assisted by characterizing the coherence created 

on the ground surface. This characterization can be accom
plished by an orthogonal decomposition of the ground sur
face density p (t f) into a static part and into a dynamical part: 

(4.1) 

where ps=e-{3Hg is the equilibrium stationary density opera
tor, and the scalar product between operators is defined: 
(.A.B)=tr{AtB}. This definition casts the full dynamics of 
the density operator including the dissipative relaxation lead
ing to full thermal equilibrium. For the RISRS experiment 
this is usually the initial density operator Po. The decompo
sition can be done by requiring that the dynamical part Pd is 
orthogonal to the stationary density Ps. This leads to the 
overlap functional: 

(4.2) 

Such a decomposition defines Pd as the dynamical "hole" 
created by the pulse. Since the decomposition of Eq. (4.1) is 
linear, all the dynamical observations depend only on Pd the 
"hole" density. 

It is important to prove that the dynamical "hole" is not 
a pure state even when wavefunction dynamics apply, i.e., 
for an initially pure state Po=/t/tg(O»(t/tg(O)j, and for a 
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non-dissipative evolution. In this particular case, the overlap 
function becomes: c=(o/g(tj)lo/g(O). Then the dynamical 
"hole" becomes: 

Pd"" Io/g(t f»( o/gCt 1)1 

-I{ o/gltf) 100g(0) Wlo/g(O) >( o/g(O) I, (4.3) 

which is not a pure state since it is not a projection: 

p3= jJ t + ('4 Po - c310/g{t f) >( o/g(O) 1 

- c2c*lo/g(O) >( o/g(tj) 1=1= Pd' 

This then shows that the concepts of an "anti-wavepacket" 
or "pure-hole" created on the ground surface by the impul
sive excitation are misleading. 

When a vibrational period is a small fraction of Tl a 
more illuminating decomposition of the density operator than 
Eq. (4.1) is appropriate. This amounts to eliminating all the 
invariants of the Hamiltonian from Pt: 

(4.4) 

where Pn= 10/,,>< 0/,,1 and 0/" are the energy eigenfunction. 
For this decomposition, p~ has no diagonal elements in the 
energy representation, and is therefore traceless. In the cal
culations on 13' it was found that practically, the differences 
between the two definitions of the dynamical "hole" are not 
large. TI1e implication of this is that the observable changes 
in the transient absorption are due mainly to the 1ight in
duced coherence, and not to redistribution of populations be
tween vibrational levels. It should be emphasized that this 
scenario need not apply for a cold or narrow initial vibra
tional distribution. In such a case substantial differences be
tween the two definitions Pd and p~ will exist. In particular 
Pd represents all differential transition changes which arise 
from dissipation to the asymptotic thermal ensemble. 

A quantitative measure of the created coherence is an 
impoltant tool in the analysis. The integrated square density 
of the dynamical "hole" creates a natural definition of this 
measure: 

(4.5) 

The Joss of coherence can be compared to the spreading 
of the amplitude in phase space due to dephasing, by observ
ing the autocorrelation function: 

, tr{Pd(t)Pd(O)} 
. "6U) = tr{p3(t)} . (4.6) 

For an harmonic system without dissipation, the autocorrela
tion function will reconstruct every period. For anharmonic 
systems, the cycle of revival can go through many vibra
tional periods. 

The orthogonal decomposition defining the dynamical 
"hole" Pd creates a different operator than that obtained 
from the perturbation expansion op.57 As a simple example 
examining Eq. (2.25) one observes that o/g(tf) is not or
thogonal to o/g(O) even for weak fields. The dynamisal 
"hole" Pd is also different from the doorway operator D g 
defined by Van and Mukamel. ll ,12 This state is derived 
through a second order perturbation expansion in the field, 
and is not orthogonal to p(O). 

v. FULL SIMULATION OF A PUMP-PROBE 
EXPERIMENT 

The combination of a general theory which i.dentifies the 
generators of the dynamics, of interpretive tools, and of the 
ability to numericaIly solve the Liouville von Neumann 
equation, makes it possible to simulate the pump-probe ex
periment. The use of the numerical scheme allows a com
plete simulation of the pump~probe experiment given the 
potentials, the pulse shape, and the relaxation scheme. One 
can then compare the integrated power absorption by the 
system to the experimental signal. 

A numerical scheme has been developed for solving the 
time dependent Liouville equation fo~ a time dependent 
Hamiltonian with dissipative temls.4

6,41 In this study, the 
same method is used with the modification of the rotating 
wave approximation. This modification allows an increase in 
the time step without loss of accuracy. The propagation in 
time employed a polynomial expansion of the super
evolution equation. A different expansion was used when the 
interaction with the radiation was turned on. The expansion 
was cast as a Newton interpolation polynomial. The sam
pling points when the tleld was on were based on a uniform 
approximation in the complex eigenvalue space.48 For the 
dark propagation, the sampling points were calculated by 
finding the eigenvalues of a truncated Krylov space of order 
10. The results of both methods converged to an accuracy of 
10- 6• In the calculation, both electronic Eq. (3.16) and vi
brational dissipation Eq. (3.14) are operative. The time scale 
for the electronic relaxation parameter was chosen as 5 1'8 
and for the vibrational dissipative dephasing 930 fs. The 
choice of relaxation parameter is too short as compared to 
the limitations imposed by the absorption linewidth. 60 f8 
Gaussian pump and probe pulses were used. 'DJC initial den
sity wa<; a mLxed state describing a thermal ensemble of mol
ecules at 300 K. The parameters of the calculation are sum
marized in Table 1. The concept" of the dynamical hole and 

2.0 t---------'------~ 
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HG. 11. The probability density in coordinate space for a '1i' pulSe with and 
without electronic dephasing. The gray background shows the probahility 
density before the pulse. The solid line is without dephasing. The dashed 
line above is with pure electronic dephasing and the dotted Hne represents 
amplitUde fluctuations in the field. (v=2, ,,=308 nm, T'= 10 fs, 
1',=y,=O.OOI a.u.). 
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the coherence measure defined in the previous section will be 
demonstrated in the simulation. 

A. The pump pulse 

The formation of the "hole" during the pump pulse is 
shown for example in Fig. 2. The creation of ground surface 
vibrational coherence induced by the pump pulse is accom
panied by a buildup of the coherence measure as demon
strated by the initial rise of W in Fig 12. The pump field 
amplitude used in the simulation corresponds to 1.1 l' pulse 
conditions on resonance for the 60 fs pulse. The total deple
tion of the ground surface population in these conditions is 
8%. 

Electronic dissipating terms effect the creation of the 
dynamical "hole" Pd' This effect can only be calculated by 
solving for the density operator. The filling of the "hole" 
leads to a more diffuse distribution in phase space (cf. Fig. 
11). The coherence measure quantifies this effect. Figure 13 
shows the dependence of the W on the inverse rate of 'elec
tronic dephasing l/'Y~. A monotonic increase to the dissipa
tionless asymptotic value is observed. 

The influence of the pulse energy on the induced coher
ence has been studied. In the impulsive limit, the effect of 
the pulse energy on the coherence measure starting from 
v = 2 is shown in Fig. 14. The coherence measure increases 
monotonically up to values of integrated phase of 21'. A 
study of intensity effects on the RlSRS process for short 
pulses has been published elsewhere.67 

B. Dissipative dynamics 

The dynamics of the "hole" Pd can be studied directly. 
Figure 15 shows phase space snapshots of the dynamical 
"hole" at different time delays after the pump pulse. Note 
that the phase space distribution consists of balanced positive 
and negative parts since the integrated phase space volume 
of the "hole" is zero [Eq. (4.4) P~ is traceless]. The dynam
ics are influenced by the ground surface Hamiltonian and the 
vibrational dissipation. The ground surface Hamiltonian ro
tates the distribution in phase space, a full cycle corresponds 
to one vibrational period (frames b-f of Fig. 15). The dissi
pative terms eliminate the "hole" by smoothing it out. In the 
present case, having induced the dynamical "hole" in a ther
mal stationary state, the major effect of dissipation is vibra
tional dephasing which manifests itself in ablatering the lobe 
and anti-lobe of the dynamical "hole" while they undergo 
circular motion in phase space. Had the dynamical "hole" 
been induced in a highly vibrationally excited and nonequi
librium state, as in the TRISRS experimentI7

•
18 the lobes 

would spiral towards the origin due to efficient energy dissi
pation to the solvent. For the parameters chosen to simulate 
the symmetric stretch of 13', due to vibrational dissipation the 
hole is eliminated almost completely after a few vibrational 
periods. 

In Fig. 12 the decrease in the coherence measure during 
this period is apparent. The decay of ~5tr{p~} is then fit to 
a single exponential with a time constant 1'g=930 fs. This is 
the time constant of vibrational dephasing used in the simu
lation cf. Eq. (3.14). The coherence measure is directly a 
functional of the dynamical hole and is able to capture the 

essence of the relaxation phenomena filtering out the vibra
tional modulation. This demonstrates the quantitative rel
evance of the coherence measure to the actual dynamics. 

C. The probe pulse 

The experimental observable for the probe pulse is the 
total amount of power absorbed. This observable can be re
lated to a window function in a similar fashion to Eq. (2.33): 

(5.1) 

Since Eq. (5.1) is linear, the experimental observable which 
is the transient absorption can be calculated directly from the 
"hole" density Pd' In the impulsive limit without dissipa
tion, this becomes Eq. (2.34). For weak probe pulses the 
window function 9T can be related to the window operator 
of Yan and Mukamel. Il.I2 Figure 10 compares the window 
function with electronic dissipation to the one without dissi
pation using impulsive conditions. The figure clearly shows 
that the dissipation reduces the sensitivity of the experiment 
by decreasing the resolution in coordinate space. 

A full simulation of the probe signal in a pump-probe 
absorption experiment is shown in Fig. 12. The modulations 
are fit to an exponentially decaying sin function. The decay 
time, 960 fs, agrees with the decay time of the coherence 
measure. This again demonstrates the utility of this quantity. 
It is important to stress that the ability to directly measure the 
rate of vibrational dephasing from the decay of oscillations 
in optical density is not at all trivial. 

The development of numerical tools to fully simulate the 
pump probe experiment can be utilized to study specific ef
fects. Figure 16(b) demonstrates the effect of vibrational 
dephasing on the probe signal creating a decay. The elec
tronic dephasing, Fig. 16(a), in contrary to the vibrational 
dephasing, is effective only when the pulse is on since only 
then the two surfaces are coupled. Thus there is a combined 
effect from the influence on both the pump and probe pro
cesses. The result is that the amplitude of the probe signal 
modulations is quenched relative to the signal bleach [cf. 
Fig. 16(a)]. Large electronic dephasing results in a smaller 
amplitUde to bleach ratio in good correlation with the de
crease in the coherence measure g:2 (cf. Fig. 13). 

A different type of probe is obtained, if after the pulse 
propagates through the medium it is dispersed and its spec
trum is compared to the spectrum of a reference pulse.6,7 In 
general this problem is quite difficult since it requires the 
solution of both Maxwell's and Schrodinger's equations si
multaneously. The difficulty is lessened if the absorption pro
cess takes place in a thin sample and the pulse is only 
slightly depleted. Also in accordance with the rest of this 
work, it is assumed that the dipole created by the pump pulse 
has decayed by the time the probe pulse has arrived. In order 
to relate the observation to a molecular property, the ab
sorbed power represented by Eq. (3.6) is integrated. The total 
amount of energy absorbed from the field becomes: 
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FIG. 12. The coherence measure as a function of time (upper panel) for a 
full simulation of the pump-probe experiment. An electronic dephasing 
time of 5 fs and vibrational dephasing time of 960 fs have been used. The 
calculated signal is shown in the bottom panel. The solid line is a fit to an 
exponentially decaying $in function of COv = 112 cm -I and decay time 
T,,=960 fs. 

(5.2) 

Defining the Fourier transforms the instantaneous dipole ex
pectation: 

(5.3) 

and using the Fourier transform of the field €( w), the energy 
absorption can be written asM 

I1Ef = -2 Real( J~""iw<iL®S+)(w)' €*(W)dW). 

(5.4) 

This suggests the decomposition of energy to frequency 
components: 

Normalizing each frequency component to the energy den
sity of the pulse leads to the expression: 

c. I1Ej (w) (C (iL®S+)(W») 
(Ta(W)= II:(w)12 =-2w Imag €(w) /' (5.5) 

This expression resembles the one presented by Pollard and 
Mathies6 and Yan and Mukamel l1 but its derivation is not 
based on a perturbation expansion and therefore it is correct 
for strong fields. The main ingredient of the calculation, the 
instantaneous dipole (jL®S+)(t), is extracted directly from 
the numerical integration of the Liouville von Neumann 
equation. Figure 17 shows an example of the dispersed ab
sorption spectra 11 <T a (0)) of I; as a function of the time 
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FIG. 13. The coherence measure as a function of the inverse electronic 
dephasing. Pulse duration r=60 fs. A thermal 300 K initial density is used. 

delay between the 60 fs pump and a 6 fs probe pulse. The 
calculation includes electronic and vibrational dephasing 
mechanisms with the parameters used to simulate the experi
ment (Table I). The modulation of the signal with the vibra
tional frequency is evident as well as the decay of the signal 
due to vibrational dephasing. 

Another option for probing the transient motion is to 
collect the dispersed emission after the probe has propagated 
through the medium. The emission is a consequence of the 
induced dipole or polarization created by the probe pulse 
which continues to radiate even after the pulse is over. The 
emission is proportional to the acceleration of the dipole ob
servable ()2(fi®S.,,)fBt2.68 This leads to the expression for 
the dispersed emission: 

<Te( w)oc I w2(fi® Sx)( W») \2. (5.6) 
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FlG. 14. The coherence measure as a function of pulse energy measured in 
units of integrated phase W*tfITr. (For tf = 10 f" v=2, and 11.=308 nm.) 
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FIG. 15. The dynamical "hole" Pd in phase space, represented as a Wigner 
distribution function at different time delays after the pump pUlse. Panels a 
and b show two different viewpoints of the "hole" immediately after it was 
created (t=O). Panels b-h show the propagation and dissipation of the dy
namical "hole." The initial density is a Boltzmann distribution at 300 K. 
Pulse duration 60 fs. The propagation parameters are given in Table 1. 

Since interest is in the transient features, the static dispersed 
emission is subtracted from the transient one. Figure 18 
shows Ll<T.,(w) as a function of the time delay between the 
pump and probe pulses with the parameters used to simulate 
the experiment (Table I). The same molecular quantity, the 
instantaneous dipole which governs all light matter interac
tions appears again in Eq. (5.6). Since this quantity is modu
lated by the dynamics of the "hole," all spectroscopic probes 
will show similar behavior.69 

D. Comparison with the experimental results 

Pump probe experiments on I; in various polar solvents 
were carried out using 308 nm pulses. A detailed description 
of the experimental setup and the photodissociation dynam
ics has appeared elsewhere.s Probing at 308 nm is predomi
nately sensitive to the ground surface dynamics of I; . Figure 
19 shows the transient transmission signal for 308 nm pump 
and probe in water and Ethanol solution. Initial optical den
sities of the solutions used for these experiments was ap
proximately 0.7 for water and 0.4 for ethanol at the pump 
frequency. In both solvents, a bleach at time zero is followed 
by decaying modulations with the symmetric stretch fre
quency of I;. The zero of time in these scans was deter
mined as the center of the rise of the signal. The average 
change in the ground surface population induced by the 
pump is estimated from the absolute change in optical den
sity to be 10%. 

Convoluted fits generated by a nonlinear least squares 
method are depicted along with the data. The experimental 
points were fit to the functional form: 

S(t) = J:oot~Ipump(t")G(t' - t")Iprobe(t' - t)dt' dt", 

(5.7) 
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FIG. 16. A simulation of the pump-probe experiment. The calculated ab
sorption as a function of time delay is shown. (a) The influence of electronic 
dephasing on the signal. Solid line without electronic dephasing, dashed 
with electronic dephasing 1'.=0.005 a.u. (b) The influence of vibrational 
dephasing (including electronic dephasing). Solid line with vibrational 
dephasing 'Yg= 100 a.u., dashed without vibrational dephasing. 

where both pump and probe pulses are squared hyperbolic 
secant functions, with 65 fs FWHM. The fitting function is 
given by 

G(t)=A+Be-ft+C sin(wvt+<p)e- tIT
• (5.8) 

The parameters of the decaying sine function are shown in 
Fig. 19. The decay time of the modulations is solvent depen
dent, reflecting different vibrational dissipation times. 

The influence of the pump pulse power on the signal was 
studied experimentally. At low excitation fluencies, the sig
nal was found to depend linearly on this parameter. Typical 
peak power was 2X 1010 W/cm2 which is much below the 
dielectric breakdown. At high excitation fluencies, the signal 
deviates from linearity due to saturation effects. The power 
in these cases is above 7r pulse conditions. This is accompa
nied by a quenching of the amplitude to bleach ratio. The 
results presented in Fig. 19 are on the verge of the linear 
regime of the signal. 

Figure 20 compares the results of the full simulation of 
the pump-probe experiment (Fig. 12) with the experimental 
results in ethanol. The exponentially decaying sine function 
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affords a good fit to both the measured and calculated sig
nals, allowing the extraction of various molecular and sol
vent dependent parameters. The frequency of the experimen
tal and simulated spectral modulation matches the ground 
state symmetric stretch frequency. The absolute phase of the 
spectral modulations reflects the position in phase space of 
the coherent "hole" and is identical within experimental er
ror to the simulations. Finally the decay rate of the spectral 
modulation allows the extraction of a dephasing constant as
sumed in the simulation to be due to purely vibrational 
dephasing. Identifying the decay rate with changes of the 
co!J.erence measure in the molecular system has been verified 
ini Fig. 12. Figure 19 shows that the vibrational dissipative 
dephasing rate of water is faster than for ethanol by almost a 
factor of two. 

The ratio of the modulation amplitude to the bleach, is 
an additional potentially informative experimental observ
able. i\S seen in Fig. 20, the calculated result deviates from 
the experimental one. In the experiments, this ratio is on the 
order of 0.25. In the calculations, an effort was made to 
check the effect of various parameters on this ratio. The 
value obtained without dissipation is on the order of 2. Elec
tronic dephasing quenches this ratio as demonstrated in Fig. 
16. A rapid electronic dephasing time of 3 f8 gives rise to a 
ratio of 0.4. This is still larger than the experimental result. 
Therefore additional mechanisms that will effect this ratio 
have to be considered. Vibrational dephasing also contrib
utes, for 'Yz of 5 fs the ratio is 0.77, adding 'YgUJ~ of 960 fs 
the ratio changes to 0.5. The non-ideality of the laser pulse 
used in the experiment was also considered as the source of 
this discrepancy. The first obvious parameter that effects the 
coherence, is the pulse length. At two different limits the 
coherence is expected to be totally quenched. A weak delta 
function pulse will remove popUlation from all ground state 
configurations homogeneously and will not create a dynamic 
"hole." On the other hand, excitation with a pulse which is 
on the order of the vibrational period leads to substantial 
ground state vibrational motion during the excitation, result
ing in loss of the vibrational coherence. A calculation with 90 
fs pump and probe pulses, and 'Yo of 5 1'8, gives an amplitude 
to bleach ratio of 0.53, still substantially larger then the ex
perimental result. 

As mentioned in Sec. III A (5), phase fluctuations in the 
field also quench the coherence. Theoretically this phenom
ena can be treated in the same manner as electronic dephas
ing. Amplitude fluctuations in the field were simulated ac
cording to Eq. (3.17). The result was over quenching of the 
coherence which gave an amplitude to bleach ratio of 0.02. 
This small value was a result of the fact that amplitude fluc
tuations adti<; white noise to the pulse spectrum. The mea
sured pulse spectrum shows only a 30% increase in compari
son to the transform limited pulse spectrum. This means that 
the noise in the light is not the reason for the discrepancy of 
the amplitude to bleach ratio. 

Finally three possible reasons for this discrepancy have 
still to be considered: (1) pulse propagation through the me
dium. The dispersive character of the medium and the large 
optical density of the sample make this a possible reason. (2) 
The contribution of additional degrees of freedom. A prelimi-
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FIG. 17. The dispersed absorption as a function of time using a pump pulse 
of 308 nm and 60 fs and a probe pulse of 6 fs centered at 308 nm, for an 
initial thennal state at 300 K. The dissipative parameters are the same as 
Fig. 16. 

nary study shows that the addition of the asymmetric stretch 
mode has a minor influence. (3) Additional electronic transi
tions contributing to the absorption. For example from the 
two known absorption bands of 13 only one was included in 
the calculations. 
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FIG. 18. The dispersed emission ~<T"(w) as a function of time using a 
pump pulse of 60 fs and a probe pulse of 6 fs. Conditions as in Fig. 17. 
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FIG. 19. Transient absorption at 308 nm for 13 in water and ethanol, using 
parallel pump and probe polarizations. The convoluted fit (solid line) is 
shown with the experimental data. 65 fs FWHM pulses were used. The 
physically important fitting parameters are given in the table. The other 
parameters are [cf. Eq. (5.7)], for water: A= 0.4, B= 0.4, C=0.35, f=0.35 
ps-I. For ethanol: A=0.65, B=O.4, C=0.26, f=0.55 pS-I. 

The power effect on the amplitude to bleach ratio was 
also studied in the calculations. Without dissipation, no effect 
was observed. Inclusion of electronic dephasing, has only a 
minor effect on the order of 10%, on the amplitude to bleach 
ratio. Again, additional electronic transitions are known to 
contribute to this effect. The calculations show that observa
tion of more pronounced intensity effects require shorter 
pulses than the 65 fs pulses used in the experiments. 

VI. DISCUSSION 

The purpose of this paper has been to create a consistent 
framework in which ultrafast pump-probe experiments can 
be analyzed. The emphasis has been on coherent motion on 
the ground surface, induced by a strong impulsive pulse, 
where the concept of the dynamical "hole" unifies the pic
ture. The insight in this field, aimed at unraveling the experi
mental opportunities in ultrafast spectroscopy has been based 
on a cumulative effort of many researchers. 

Previous analysis of these phenomena have depended 
heavily on perturbative approaches to the light matter 
interaction.6,7,9-12,41.42 These approaches are adequate when 
the changes induced in the material are small. For short and 
intense pulses it becomes advantageous to describe material 
evolution using a method that naturally spans the gap from 
weak fields to strong photochemical conversion, considering 
all levels of light interaction on equal footing. Such an ap
proach has been ap~ied here based on energy and population 
balance equations. ,46 This is a first principle theory in the 
time domain, and provides a workable tool describing the 
light matter dynamics at all levels of irradiation. 

This potential has been demonstrated in the past by a 
numerical simulation of the ground surface coherent motion 
in the CsI system. IS The phenomena has also been observed 
experimentally and simulated for the Naz system. 16 A similar 
approach was used to simulate pump-probe experiments on 

-0.5 o 0.5 1.5 2 

time (psec) 

FIG. 20. Comparison of the experimental results in ethanol (solid points) 
with the simulation of the pump-probe experiment (open circles). The base
line is identical for both signals. The slow background exponential decay 
obtained from the fit to the experimental data, was added also to the simu
lated result. The frequency, phase and decay time of the simulated signal 
agrees with the experimental data. 

the Iz system. 19 In the present study a comprehensive treat
ment of the experimentally controllable parameters has been 
explored including solvent effects. The idea of an impulsive 
excitation which is short on the time-scale of nuclear motion 
has been central to the thinking of almost all researchers in 
the field. 1,2 The use of this idea to derive a theoretical frame
work has been presented by Cina et at.66,S7 and exploited in 
useful interpretive tools concerning momentum change in 
single and a pulse pair experiment. 

Qualitative understanding of the mechanisms that govern 
impulsive excitation is gained by the construction of the co
ordinate dependent two level approximation. At the expense 
of imposing the impulsive limit, this approach allows one to 
vividly visualize the photoinduced evolution of the complex 
system, on the basis of an analytical solvable elementary 
model. Furthermore the analytical nature of its description 
has enabled the derivation of useful formulas pertaining to 
the multi-level problem under study. 

An important consequence of the model is the prediction 
of intensity dependent Rabi cycling in molecules. The 'IT 

pulse condition creates a dynamical hole in coordinate space 
while the 2'IT pulse cycles the amplitude back to the ground 
surface and creates the hole in momentum space. This phe
nomena is dependent on the impulsive nature of the pulse. 
From calculations on the Ii system for 60 fs pulses the cy
cling effects become important only beyond 3'IT conditions. 
This is because of substantial nuclear dynamics during the 
pulse. For shorter pulses of less than 20 fs the impulsive 
limit is reached and the cycling becomes important for 
smaller intensity ~ 1r pulse conditions. 

The 60-70 fs pulses, used in the experiments on 13 pre
sented here cannot be treated quantitatively with the assump
tion of the impulsive limit. This means that a full numerical 
simulation including dissipative terms have to be conducted, 
and used to fully analyze the underlying dynamics. As dis-
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TABLE II. The timescaJes involved in the pump-probe experiment. 

Physical entity Time scale 

Electronic trdnsition IfW,l 1 fs 

Electronic dephasing Ify, 5-25 fs 
Pulse fluctuations yq, 40 fs 

Pulse duration t f 30-60 fs 

Pump probe delay time tpr 100-4000 fs 
Vibrational period I/w,. 300 fs 
Vibrational dephasing IIw~yu 400-1000 fs 
Vibrational relaxation T) 3-10 ps 

Reorientation TR 10- 100 ps 

cussed above, the cycling effects are not significant in these 
conditions, although ~ 10% -15% of the population is typi
cally excited. While the simulation is consistent with the 
experiment, its main purpose is to provide deeper insight into 
the fine details of the induced dynamics and timescales of the 
system. (See Table II for a summary of the multitude of 
time-scales involved in the 13 dynamics.) This insight can 
then be used as a guide for future experiments employing 
shorter pulses on this system. 

The detailed insight into the creation of the dynamical 
"hole," its motion on the ground electronic surface, and its 
detection by the probe pulse, can be utilized to understand 
and control the evolving chemical system in solution. To be 
more explicit, consider a study of a thermal ensemble of 13 
in solution with the purpose of inferring the interactions of 
the ion with its solvent. The experimental study can be car
ried out by first tuning the frequency of the pump pulse to 
the red or to the blue of the absorption band. In such a 
fashion, a specific energy band of the thennal ensemble can 
be set in motion. This will also effect the phase of the coher
ent motion. Weak excitation pulses are only able to excite 
within the energy band of the original ensemble. A possible 
experiment is to create the "hole" beyond the original en
ergy band. This can be done by using strong impulsive pulses 
with integrated phase above 21T. Such an experiment will 
probe the relaxation of the coherent mole{;ular vibration as a 
function of its excitation energy. Calculations with 15 fs 
pump pulses show that both the phase and frequency com
ponents of the signal change with intensity.6? There is experi
mental evidence from the similar I; system that the rate of 
relaxation is strongly dependent on the vibrational energy 
content of the ion. More energetic molecules!? relax faster. A 
simulation of the TRISRS experiment for the I; system 
studying the evolution of a nascent photochemical distribu
tion has been presented separately.IS 

Considering the experimental handles on the probe 
pulse, tuning the frequency is equivalent to a finite resolution 
position measurement. The resolution is determined by the 
duration of the pulse, the potential difference a, and relax
ation parameters-primarily the electronic dephasing time. 
These factors are quantified in the impulsive limit through 
the window function. In particular, the choice of the probing 
position close to classical turning points can allow probing of 
a particular energy band. Tuning the probe frequency 

through the absorption band will emphasize different har
monics of the fundamental frequency. Positioning the win
dow function between the turning points ensures detection of 
the dynamical hole twice at every period inducing a contri
bution of the second hannonic to the modulation.4•5? Detect
ing this phenomena depends on the width of the window 
function. 

If extremely strong fields are employed, the theoretical 
framework used here is not appropriate. The reason is that 
the field couples the system to the ionization continuum so 
that the base of the theory, the Born Oppenheimer approxi
mation, breaks down. This also leads to the failure of the 
dipole approximation for the coupling between the field and 
the molecule. The study of extremely strong field etlects has 
not been considered in this work.7o This study also ignores 
the existence of other excited electronic surfaces. These sur
faces can create additional "holes" which will interfere with 
the ground surface dynamics described above. Another limi
tation of this study is that it assumes thin samples and there
fore neglects changes in the field due to propagation of the 
pulse in the sample. 

It is appropriate to consider the strategy chosen for in
cluding the solvent effects on the dynamics. It is the view
point of the authors that a full quantum description is essen
tial. In particular such a description for impulsive excitation 
is crucial for describing interference effects which occur 
even for massive molecules such as iodine. For example in
terterence is the source of the momentum shift. Interference 
effects have been observed experimentally on 12 in the 
phase-locked pump probe experiments of Scherer et a1. 22 

This gives further motivation for using a full quantum de
scription difficult as it may be, as a basis for understanding.34 

A great improvement in the present study could be achieved 
if more degrees of freedom such as the asymmetric stretch 
and bending modes of I3 and also cage modes could be 
considered explicitly. If the sole source of electronic dephas
ing is from nuclear dynamics the system studied here would 
resemble a single mode Brownian oscillator model. ll ,65 But 
since the system under study consists of an ion with long 
range interactions excluding direct electronic dephasing 
seem unreasonable. 

VII. CONCLUSIONS 

(a) The impulsive coordinate dependent two level model, 
creates a language by which dynamics on the ground elec
tronic surface investigated by ultrafast pump-probe experi
ments can be analyzed and interpreted in a wide range of 
pulse intensities. 

(b) The influence of almost all molecular and solvent 
parameters have been put into a context which enables the 
designing of experiments aimed at particular experimental 
goals. 

(c) The dynamical "hole" induced by the pump pulse 
has been quantified. The term "anti-wavepacket" should be 
excluded since the "hole" cannot be described as a pure 
state. 

(d) A measure of coherence based on the square norm of 
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the dynamical "hole" has been found to correspond well 
with the decay of the observed probe signal. 
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