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The time-dependent tracking inversion method is studied to extract the potential energy surface of the electronic
excited state in the photodissociation of triatomic molecules. Based on the relay of the regularized inversion
procedure and time-dependent wave packet propagation, the algorithm extracts the underlying potential energy
surface piece by piece by tracking the time-dependent data, which can be synthesized from Raman excitation
profiles. We have demonstrated the algorithm to extract the potential energy surface of electronic excited state
for NO, molecule where the wave packet split on a saddle-shaped surface. Finally, we describe the merits of
the time-dependent tracking inversion method compared with the time-independent inversion method and dis-
cussed several extensions of the algorithm.

Keywords : Potential energy surface, Wave packet propagation, Inversion method, Photodissociation dyna-
mics, Raman spectra.

Introduction breakup into three atoms. Thus, the exact information of the
PES is important to the study of dissociation dynamidse
The dissociation of molecules through the absorption ofletermination of PES has been studied for many years by
UV photons is the most fundamental problem of photochemtwo different approachés. One approach is to perforab
istry and chemical processes. This phenomenon is welhitio calculation’s within the Born-Oppenheimer approxi-
suited for the study of intra- and intermolecular dynamicsmation® which is a forward method, and the other, which is an
coupling among different bonds, energy transfer from onenverse methofi®is to perform inversion of experimental data.
mode to the others, the breaking of bonds and the formation In recent yearsab initio calculations have been very
of new ones. During the last two decades, the improvingadvanced but still limited to relatively small systems and
state of the art of crossed-beam technigues in combinatidiacking the accuracy demanded by quantitative dynamical
with ultrashort laser pulses and high-resolution spectroealculation. Most of existing numerical procedures to extract
scopic technigues has provided details of photodissociatioRES from laboratory data use a traditional least-squares fit-
processes in polyatomic molecules. Complete identificationting methods$, but these methods have the drawback of con-
of the initial state in the ground state and dynamics calculastraining PES’s to follow a fixed function form, making
tions for the excited state surfaces enable researchers good fits difficult to obtain. Without the assumption of any
obtain a sequence of snapshots of a molecular system froRES form, a direct inversion method is available for the sim-
its preparation all the way through to the product. ple case of diatomic molecules. It is known as the semi-clas-
Using highly successful modern experimental techniquessical Rydberg-Klein-Rees (RKR) methfdhlthough the RKR
theoreticians have greatly advanced computational methodsethod has been used successfully to determine of one-
to treat photodissociation processes. The power of moderimensional PES, it cannot be applied to replusive PES's and
computers allows access to the dissociation dynamics of trio a PES with more than one minimdin.
atomic molecules by exact quantum mechanical methods Recently, a regularized inversion method was developed
without any approximation. In the field of photodissociation, within the framework of the Tikhonov regularization proce-
the close interplay between experiment and theory has comure!® The method is related to the iterative inversion algo-
tributed greatly to the understanding of photochemical profithm, which extracts the underlying PES, based on the func-
cesses. tional derivatives of the experimental data with respect to the
However, the potential energy surface (PES) of triatomidPES. One important aspect of this method is that it allows
molecules has complicated topology, especially for excitedhe value of the PES at every point in space to vary indepen-
electronic states. Avoiding crossings of the PES of intereslently compared with the parameter-fitting methods. Because
with the PES’s of other electronic states can lead to potentidhere are more discretization points for PES than data points
barriers or potential wells. Also, in addition to the unique(i.e., ill-posedness of the inversiit9, reasonable regulari-
dissociation channel, there are other channels, including theation constraints have to be included for the stability of the
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solution, e.g., smoothness of the potential. 4
In general, experimental data can be obtained from eithe

stationary (frequency-domaiid) or time-dependent experi- t=0 >0

ments. The latter just recently became available as excitin ABC N /\E=<‘I’IH (L) > 3

real-time dynamical experiments, such as femtosecond trai V]

sition-state spectroscopy (FT'S¥2 Both frequency-domain w(t)

and time-dependent measurements can reflect the sar

basic information about the molecules invol¥&@&ruebele

et al?! have reported on the use of FTS to yield accuratt

spectral information (vibrational and rotational) via Fourier

transformation and to directly invert to the PES, using the

semiclassical RKR methodls(, frequency-domain inversiof?). \ -
In the present study, we expand our earlier time-dependel — | = V= Or

tracking inversion method to systems with more than one O Ei

internal degree of freedom. This method applies to the tri O,

atomic system to extract PES of the electronic excited stal -

from tracking the time-dependent dfAta.e. the correlation dissociation coodinate R

function) which can be synthesized from frequency-domairrigure 1. The UV photodissociation of triatomic molecule ABC

measurements, such as the Raman excitation profile (RElinto products A+BC. The electronic excitation occurs from the

in photodissociation processes. The merits of the timemolecule in a particular initial statg; P> in the ground electronic

dependent tracking inversion metfbdre as following; state &) to the excited singlet electronic stedg.(The corresponding

. . . PES areVy and Ve, respectively.o.ndW) and gii(w) denote the
Flrst,.there IS o nee.d to assign energy Ie\{e! 'ab‘?'s- In poI)absorptiong cross esecti(?n and ¥heabéa2nan scgl(tte)ring cross section,
atomic molecules, this task is notoriously difficult in the fre- regpectively:
guency-domain inversion approach. However, the assignme. ..
problem is completely avoided in the tracking algorithm,bility of absorbing a photon with specific frequency irrespective
since the time ordering of data does the assigning. Secondf the fate of the excited molecule. It depends primarily on
compared with the iterative inversion method in frequencythe shape of the PES in the Franck-Condon (FC) region. The
domain, the proposed inversion algorithm is direct and comvast majority of excited molecules dissociate without any
putationally efficient because it solves the inversion problermremitted radiation. A very small fraction will exchange one of
at each time step extracting the PES piece by piece. the incident photone for one of a different wavelengta,

In the following section, we outline the time-dependentthereby returning to a different vibrational level of the
inversion method based on the Tikhonov regularization proground electronic state p>. Because the lifetime of the dis-
cedure to extract the PES from the correlation functionsociating molecule is usually less than the order of picosec-
Next, we simulate the inversion of the PES of the excitecbnds and much shorter than the lifetime for spontaneous
electronic state of NQvhere the wave packet split on a sad- emission, which is of the order of hanoseconds, the intensity
dle-shaped surface from the REP in photodissociation prosf the emitted light is extremely low. Nevertheless, it can be
cesses. This is followed by discussions on possible applicaneasured with sensitive detectors, and its intensity is given
tions of the inversion method to problems involving theby the Raman scattering cross-sectigw).
dipole function and the PES, simultaneously.

AN

Vg

hes ha'

potential energy

oi(w) = ww*ay(w)|*, 1)
Theory
wherew andd« are the incident frequency and the scattered
Figure 1 shows the photodissociation of a triatomic molefrequency, respectively.
cule ABC into productsA and BC. Before the absorption The dependence of the cross-section for a given transition
process, the molecule is assumed to be in a particular initialpon the excitation frequenay will be referred to as the
vibrational stategf> in the ground electronic stafg)( Absorp-  Raman excitation profile (REP). It reflects the motion of the
tion of a photon promotes a molecule to the excited elecdissociating complex in the excited electronic state and is
tronic state &) on which the initial wave packap(0)>is  used to extract information aboMt. Because the REP
propagated, according to the time-dependent schr dingeriavolves the overlap of the wave function in the upper elec-
equation. The corresponding PES'’s will be denoted/py tronic state with the excited vibrational states in the ground
and Ve, respectively. If the upper-state potential is purelyelectronic state, it is sensitive to a wider region of the upper
repulsive along the dissociation coordinRehe molecule  PES than the absorption spectrams(w). aq(w) in Eq. (1)
dissociates immediately into the fragmeitBC. If, on the is the polarizability appropriate to this transition and
other hand\. has a barrier that blocks direct dissociation, expressed as
the bond dissociation will be delayed. o i@rE/hein
When molecules are excited to a photodissociative conti- ai(w) = J’O dte’
nuum, the absorption spectrum,{w) measures the proba-

Si(D), ()
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wherekE; is the energy of the initial vibrational state dni$ Then, this piece of potential’ is used to propagate the
the usual phenomenological damping parameter, (he  wave functiony;(0) to the next timej(t), according to the
inverse of the lifetime)Si(t) is the correlation function defined time-dependent schr dinger equation by the split operator
as method of Feit and Fleck.The wave function at the next

o time step can be expressed as

S.(t) = malue ™" g0y )

—iHet/h

Wi(t)C=e |y (0)T
whereHc is the nuclear Hamiltonian in the excited electronic _
state, angli represents the transition dipole moment. =g Vg g T2y (o) (9)

For simplicity, we assume that the ground electronic state
is understood so well that its vibrational eigenfunctions and With the knowng: and yi(t) [i.e., using the correlation
energies are available. Then, with the knowledge of thdunction Si(t)], Eq. (6) gives the next piece of the potential
excited electronic state’s PES, and the transition dipole V&l With Vi!, the wave function at the next time sig(®t)
momenty, it is straightforward to calculate the REP for can be obtained by propagation, and wave functgrasd
every possible transition given in Egs (2) and (3). Howevery;(2t) allow obtainingve? from Eqg. (8), etc. The relay of the
is it possible to get the information abdufrom the REP’s.  inversion process and the wave packet propagation continue

With the known initial wave packet and the correlationuntil the wave functions have sampled all dynamically
function, which can be obtained from the REP, we want taccessible regions of the PES. Finally, the potential is the
extract the PES of the excited electronic state on which theum of these pieced,.
wave packet is propagated. In the limit of the Condon In general, with the known PES’s, the correlation function
approximation (to ignore dependence of the transitiorcan be calculated from Eq. (4), because this forward prob-
moments on internal nuclear coordinates), the initial noniem is usually well-posed problem and it has a unique solu-
stationary wave packet on the excited PES in the FC regiotion. However, the inverse problem of extracting PES from
can be prepared ag b =|yi(0)>, and the initial wave experimental data is ill-posed problem because it corre-
packet is propagated on the excited PES according to treponds to the determination of the continuous PES from a
time-dependent Schrodinger’s equation. The solution can bgiven set of discrete data (observable measurements). A rea-
expressed as™"" ¢|(0) > = |yi(t) >. Then, Eq. (3) can be sonable regularization constraint, e.g. smoothness of PES, is
rewritten as following needed to solve Eq. (7). For this, Eq. (7) can be transformed,
via integration by parts as

Su(t) = Li|wi(H0. (4)

o = [[dRKI(R)(R), (10)
Further differentiatingsi(t) with respect td, the PES of
the excited state can be related to it as where
int2 u;q‘m ‘w(t)u KI'(R) = —fdR K" (R), andf "(R) = dHR).
t dR
= [Tt 0+ Dl Ve Wi ()G (6)

Here we have taken into account the fact that the potential,
n,
where the Hamiltonian of the excited electronic state is partlas well s its derivativa(™(R), usually approach zero quickly
as the dissociation coordinate becomes infinite. Then, the

tioned into kinetic and potential operatdfs=T+Ve. The
. - X ) .~ .. regularized solution in Eq. (10) is achieved by minimizing
time derivative of the correlation function and the kinetic : !

the following functiondl

energy operator is known and the potentigt is what we
want to extract. Rearranging Eq. (5) gives the Fredholm

A gl = 5| dRKPRIOR) - gf |
integral equation of the first kind as =y Z 0 f

> > 2 22 © D ()22
IOdRKf(R, DfF(R)R = gi(t), (6) + aIO dR[f(R)] . (11
where the known termg(t) and the kernd{,-(fz, t) in Eq. (6) The regularization parametem denotes the tradeoff
are between reproducing the data and obtaining a smooth solu-
d S (t) tiqn. If we choose too small am value, PES is overfitted
gi(t) = ih—— — Op|TIw;(1)3 f(R) (7)  with the data and lose smoothness. On the other hand, the
resolution of PES may be very poor if we try to oversuppress
Kf(R, ) = @(R)ljJi(R, t)/R . (8) the smoothness of PES by choosing too larger aalue.

Consequently, it is necessary to properly choose aalue
If we putt=0 in Eq. (5), the solution of the integral equa- for Eq. (11) to yield an adequate PES. The solution of Eq.
tion gives the local excited potenti’, where the initial  (11) can be obtained by a singular value decomposition
non-stationary stateg(0) are localized in the FC region. method as
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.
f(n) - Z (U' gf) WV(_R))
W ra
whereu;, vi(R) are the singular function for the kerrgl
andK;, with singular valuesgy

ZKi[n](h))uj,p = vap(ﬁ) (13)

P S T >
[, dRK(R)Vp(R) = Wy (14)
For a more detailed derivation, see Ref. 12.

Calculations
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—-a(ry—r

V(ry,ry) = D[1-e

—a(ry—ry),2

1 +D[1-e "1 (@8)

and the corresponding ground state gaussian wave functions
are given as

%l,nz(rlr r2) = Pnl(rl)Pnz(rZ)

P(r) = [n!ath—Zn— 12}

(19a)

x Xt—n—UZLit—Zn—l(X)e—x/Z ’

M(2t—n
( ) (19b)
whereLq(X) is a Laguerre polynomial,
x = 2te " (19¢)
t = (2uD)"*/ha . (19d)

In our previous numerical study, a simple diatomic-like
model was used to demonstrate the applicability of the timernese parameters in atomic uril, (., a) = (0.2953, 2.27,
dependent tracking inversion method to absorption spectra. 3164) can be found in Ref. 36.
In the present paper, we expand this method to systems withTg perform the wave packet dynamics calculation, the
more than one internal degree of freedom. Our target moleyround state wave function was first computed orgitseir-

cule is NO,.28%¢ The coordinates,, r, and 8 define the

dynamics foNO,, wherer; andr, denote the distances from

N to each of th® atoms. The coordinai is the bending

angle between the two radidO directions. In these coordi-

nates, the two-dimensional Hamiltonian ¥, is defined by

1Di+ig cosf &

H=— _
2ulye2 g2l my oryor,

+V(ry, 1, 60), (15)

wherepy™ = mp™ + my™ andmo andmy are the masses of

the oxygen and nitrogen, respectively.
The time-dependent study &fO, photodissociation is

defined by two PESSY andS, corresponding to the elec-

tronic ground and excited states, respectitelhe S sur-

face typically has a pronounced well leading to the presen
of bound states. Th&, surface may have a shallow well,

which may not be able to support bound states.J lseir-

face is based on thab initio data. The original expression

given by Hirsch and Buenk&ras
V(ry, 13 8) = Vo, (1) + Vo, (r2) +[1—Qu(rs)]

X [1-Qq(r2)] z kamQa(rl)kQa(rZ)lQb( 0", (16)
where
Qa(r) = 1—exp[-B(r —reg)] (17a)

Qu(6) = 011(8—6eq) + 02(6— 6e))” + Us(8—Beg)* (17h)
Vo) = :Qa(r)" +asQa(r)’ +a,Qu(r)".  (17¢)
All parameters are given in Ref. 31.

face. This ground state wave functionvext-|was vertically
shifted to theS, surface to provide the initial wave packet
propagated on the excited PES. Starting at an N-O distance
of 1.6 a.u., 256 grid points were placed every 0.05 a.u. in
each coordinate. It should be pointed out that in all calcula-
tions presented here the vibronic coupling betweerSthe
and theS surface is neglected. However, the dynamics on
the isolated diabati&, surface ofNO, gives reasonable
spectroscopic data and provides a significant test for the fea-
sibility of the time-dependent tracking inversion method.

Figure 2 shows the wave packetvei(t]> as a function of
the symmetric stretch coordinatet r, and the asymmetric
stretch coordinate —r; at 0, 12, 24, 48 and 120 fs. The cor-
responding PES V{, r,, 6g) of the S, state is given for a

dixed value6eq= 133.89, which is the equilibrium bending
angle in the ground state. It has been found that the wave
packet spreads along the dissociation coordinate during the
propagation. Initially, the compact wave packet moves in the
direction of the symmetric stretch coordinate- r,. Since
the motion occurs on the saddle of the PES, strong spreading
of the wave packet in the direction of the asymmetric stretch
coordinater; —r, was found. After about 24 fs, the turning
point of the symmetric stretch motion is reached. The wave
packet becomes extremely broad and starts moving toward
the potential valleys.

The amplitude of the correlation function is shown in Fig-
ure 3. Two recurrences are apparent, one at approximately
48 fs and the other at 120 fs. The first recurrence corresponds to
the symmetric stretch resonance that occurs because some
portion of the wave packet is reflected from the symmetric
stretch barrier and returns to the FC region. Another portion
is reflected from the barrier toward the repulsive wall to the

The ground PES is used for determining the ground statgissociation valleys. Because of the geometry of the PES,
wave function to be used as the initial wave packet o&ithe some portion is reflected back toward the barrier and then

surface. For simplicity, the bending andlds frozen at a

selected equilibrium valuésq. Using the equilibrium value

re=2.27a.u, forr, rp, the ground Morse PES is given as

redirected back to the FC region at approximately 120 fs.
The REPgri(E) is obtained from Eg. (1) and (2) as the
Fourier transform of the correlation function. This is shown
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Figure 2. the wave packetvett(t) > as a function of the symmetric stretch coordinater, and asymmetric stretch coordinater; at (a) O,
(b) 12, (c) 24, (d) 48 and (e) 120 B+ 133.89).

in Figure 4 as the solid line fdr=(0,0). When the final dure and the wave packet propagation to extract the underlying

vibrational statd” is the same as the initial state, the correla-PES piece by piece. Comparisons of the inverted potentials

tion function becomes the auto-correlation function and thevith the exact one, according to the time evolution of the

REP becomes the absorption spectrum. The overall envaevave packet, are shown in Figure 5. In Figure 5(a), the com-

lope of the absorption spectrum is controlled by the width oparison is shown along at the fixed equilibrium position

the correlation functions and small spikes can be explaineff, = 2.4125 a.u.) of5 surface. Figure 5(b) displays along

by the oscillation period of the symmetric stretch resonancéhe symmetric stretch coordinate € r2) at a fixed asym-

and the hyperspherical resonance. metric stretch coordinate (i.e1=ry). We found that the
From differentiatingS;i(t) with respect ta@ and initial con-  inversion algorithm extracts the potential beyond the FC region

ditions, we have performed the relay of the inversion procefunction, and that the inverted potential closely resembles
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: rium position, the amplitude of the correlation function

T :EE decays quickly in exit channels. Extraction of the PES along
il (0 the entire dissociation channel may be accomplished by using
| “- WU the PES of another known electronic state for the final state

. \ AN with shallow well. Another way to extract the PES along the
; '.I ; | IRV, dissociation coordinate is to use the measured mean position

; ,-\\ﬂ ! of atoms in the molecules by ultrafast x-ray or electron dif-

UATAd BFSE fraction.

= 1 o

EY AT Discussion

- T The time-dependent inversion method has been applied to
extract the PES of the excited electronic state from tracking
. y , the time-dependent datee( the correlation function), which
f - e o can be synthesized from the Raman excitation profile (REP)
0 in the photodissociation process. To demonstrate the feasi-
bility of the time-dependent inversion algorithm, we have

simulated the inversion of the PES of 46, molecule in
the exact one until the wave packet reaches the turning poittte UV photodissociation process. Using the inversion

in the symmetric coordinate. Beyond the turning point, therelgorithm and the wave packet propagation by turns, we
is a sizable difference from the exact ones at the large distave demonstrated that this algorithm extracts underlying
tance where the wave packet cannot reach. PES piece by piece.

Table 1 presents the FC region and inverted PES region. The results show that we can obtain the excited electronic
The data show that the time-dependent inversion algorithrPES along the dissociation path from the FC region to the
can extract the excited electronic PES beyond the FC regicexit channel as far as the propagated wave packet on the
until the wave packet reaches the turning point. excited PES overlaps with excited vibrational states in the

The FC region of th& surface of theNO, molecule is  ground electronic state. This numerical experiment should
inverted exactly because it has two kinds of resonances ari regarded as extremely encouraging for extracting the
is trapped temporarily in the resonance before the dissocialetailed structure of non-FC regions from frequency mea-
tion. However, th&, surface has a pronounced well and thesurement. Because the inverse algorithm included the
ground state wave functions are localized around the equilicasymptotic condition of the exit channels in Eq. (10), it can

Figure 3. The amplitude of the correlation functiohi= 133.89).
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Figure 4. Raman Excitiation Profilegs(E). f = (0,0), (0,1), (1,0), (1,1)4= 133.89).
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Figure 5. The comparison of the inverted potentials at a certain /-
evolution time (0, 10, 20, 30, 40, 50 fs) with the exact one according to8.
the wave packet propagation. (a) for a fixed vahre2.4125 a.u.

at the equilibrium position o8, surface §=133.89). (b) for a 9.
fixed value symmetric coordinate-r, = 0. 10.

Table 1 FC region and Inverted PES region 1.

FC region Inverted PES region 12
Symmetric coordinate 4.2-5 4.-5.4 13
ri (fixedr, =2.4125 a.u.) 2.3-2.65 2.1-31 14

Bull. Korean Chetf0$ool. 22, No. 5 461

since the time carries out the assigning.
Also, the proposed tracking inversion method is a quite
different approach from the fitting methods. Usually, the
deviation of the fitted from the exact potentials becomes
| larger as the dissociation coordinates move further from the
| ! equilibrium position. But, the tracking algorithm automati-
\ cally satisfies the boundary condition, avoiding the discre-
Y e pancy far from the equilibrium position.
Moreover, we note that the proposed approach can be
e extended to extract the underlying PES and dipole functions
simultaneously from tracking the mean position of wave
packets. Most of the PES's can be obtained by the control of
the wave packet trajectories.
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Science & Engineering Foundation.
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