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In this paper we describe a new semiclassical method for simulating femtosecond pump—probe
photoelectron spectroscopy, and its implementation to study the excited state photodissociation
dynamics of the J anion. Our algorithm involves a forward—backwaeB) semiclassicalSC)

initial value representatiorflVR) method for calculating the time dependent photodetachment
spectrumP(e,At) as a function of the kinetic energyof the photodetached electron and the delay
time At between the pump and probe pulses. We describe the radiation-chromophore interaction
perturbatively to first order in both pulse fields, assuming the Condon approximation for the
electronic transition dipole moments. Our computed spectra are in excellent agreement with full
guantum mechanical simulations. €999 American Institute of Physics.

[S0021-960629)00107-3

I. INTRODUCTION plication of semiclassical initial value representati(8C-

IVR) method4’**to the simulation of ultrafast pump—probe
Ultrafast spectroscopic studies of molecular photo-gpectroscopy.

dissociation® enable detailed experimental observation of Experimental advances in time-resolved pump-—probe

excited state reaction dynamics occurring on a femtoseconghectroscopic techniques have stimulated a rapidly growing
time scale. A large number of experiments implementing ul-ymount of theoretical and computational work, including the
trafast time-resolved spectroscopic technidfieshesides development of classical and semiclassical motfefdone-
various types of transient absorption experiments, have be‘?ﬂmensional quantum wave packet simulatioh$? and

devoted to the study of ultrafast relaxation processes asso‘iﬂ'ensity-matrix formulation&-%2as well as theoretical stud-

ated with extremely short lived excited states of polyatomiGeg ot time resolved pump—probe ionization proce&&e®,
systems. Phenomena such as direct dissociation, intern

. o R ) ) %d the calculation of FPES signals using either approximate
conversion. vibrational energy redistribution and isomeriza-

. . ) H1ethod§7 where as far as the nuclear motion is concerned
tion reactions have been explored in an effort to understan

. . . . classical dynamics was assumed, or full-quantum mechanical
the possible mechanisms responsible for the diffuse appeay; y q

: rmulationst’111268-71Exact quantum mechanical meth-
ance of the absorption spectra and the lack of detectable . ) . L

: 0ds, however, are likely to remain of limited applicability
fluorescence. In particular, femtosecond photoelectron spec-

troscopy(FPES has been applied to detect vibrational wave Ve" tvr\]”th proltﬁcted gdvapcg? n tcct)mputer technol(;)g|es,
packet motiorf2 internal conversiolf and photodissocia- SMc€ ey usually require signiticant storage space and com-

tion dynamics4-1In contrast to most pump—probe experi- putational effort that grows exponentially with the number of
coupled degrees of freedoms. It is, thus, necessary to explore

ments in which only absorption of the probe pulse is moni- ) . ) .
tored, the FPES experiment offers the potential for following2/téative computational methods which may be considered

the dynamics of the entire photoexcited wave packet at eadfitermediate between the full-quantum mechanical and the
delay time without having to change the wavelength of theomPpletely classical mechanical extremes. _ .
probe pulse. However, the interpretation of these highly mul- !N recent years, there has been considerable interest in
tiplexed experiments can be difficult or ambiguous when thétPplications of SC-IVR methods to molecular dynamics
signals result from complicated dynamics involving multiple (MD) simulations, including the computation of threshold
potential energy surfacéPESS. It is essential, therefore, to Photodetachment spectfaising a method specifically devel-
develop rigorous theoretical simulation methods to provide #ped for the calculation of bound—bound Franck—Condon
first principle interpretation of these state-of-the-art experi-spectr&®*® These semiclassical techniques offered a more
ments in terms of a comprehensive understanding of the uriractable alternative to full-quantum mechanical methods for
derlying dynamics. In this paper we report the developmenglynamics calculations in terms of classical mechanics, but
of a semiclassical method for simulating two-color pump—where quantum coherence and even tunneling to some extent
probe experiments of FPES. We explore the capabilities ofre incorporated within the description. In a recent paper
this approach for studying the excited state photodissociatiowe presented an implementation of a SC-IVR meffdéfor
dynamics of theJ anion by comparison with full-quantum simulating nonadiabatic photodissociation dynamics. We
mechanical calculations. This study constitutes the first apfound that our semiclassical results were in good agreement
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with full-quantum mechanical calculations, and they pro- Energy[eV]
vided an intuitive understanding of the most fundamental8 ‘
dynamical features involved in the nonadiabatic process o \
interconversion as well as an interpretation of experimental
studies of the total photoabsorption cross section as a func
tion of the photolysis wavelength. In this article, we address
the more ambitious task of computing specific two-color
pump—probe experimental spectra of time-resolved FPES
We focus on the implementation of a FB/SC-IVR methodol- ¢
ogy for studying the excited state photodissociation dynam-
ics of the |, anion through FPES.

The FPES experiment involves photoexcitation ¢f |
from the groundxX 23/, , electronic state to the dissociative
A’ 21'[1,2‘g PES by a 780 nm pump pulse (FWHMOTSs).

The photoelectron spectrum of the dissociating system is | ™ J
measured at a series of delay times by measuring the kineti 4 [ AT
energy of the photodetached electron when the system i
photoexcited by a 260 nm probe pulse (FWHKIH#00 fs) to
one of the multiple electronic PESs of IThe variation of
the photoelectron spectrum with delay time provides a de-
scription of how the local environment of the excess electron
evolves in time, enabling one to monitor the dissociating
anion from the initial Franck—Condon excitation region out 2 p.
to the asymptotic region.

Our SC-IVR method for simulating the FPES signal uti-
lizes a standard second order perturbation treatment of th
two-photon pump—probe process. The second order ampli
tude (first order in each of the pump and probe pu)sies
volves matrix elements of three successive time evolution
operators; propagation forward in time on the excited 0
potential energy surfacé®ES of the I,, propagation for a
transient time on a neutral PES of land then propagation [I-I] Bond Length[A]
backward in time on theA’ PES of . The forward— ' _

FIG. 1. Potential energy curves as a function of the |-I bond length for the

backward (FB) aspect of the approach combines all three \ , ,
time evolution operators into one overall SC propagation—6 low-lying Hund'’s casdc) molecular ;tates of | anq the 23 Hu_nd s case
. . ©(c) covalent molecular states of, lobtained from various experiments and
simply by changing the PES suddenly at each appropriatgaiculations as described in the text. Each manifold of states is labeled
time—thus involving only a single phase space average oveiccording to their different total angular moment dissociation products. Ver-
initial conditions(rather than a threefold phase space averagécaéarrozvsggdicate elxperirTnﬁntal enelrgbiels ;orb theI pumE: ybs? nm) and .
f the SC-IVR were used separately for each time evolutioroe 25011 flses. e cunve abeled b plus syl coresponc
operatoy. One may think of this as a more rigorous semi-
classical version of the “mixed-state propagation” method
used by Loringet al. in their SC-IVR calculation of photon lating the total photodetachment spectrutfe,At) as a
echoes? and a fully semiclassical treatment of the forward—function of the kinetic energy of the photodetached elec-
backward idea introduced by Makri and Thompson for influ-tron and the delay timat between pump and probe pulses.
ence functionalé? The final result for the total photodetach- Its implementation according to a “direct” FB/SC-IVR
ment spectrum is obtained by summing the SC amplitudénethod is described in Secs. IIB and Il E, while the corre-
over all intermediate neutral PESs gfdnd integrating over sponding SC methodology for calculating the intermediate
the transient times. excited state wave function is described in Sec. Il C. Finally,
The paper is organized as follows. In Sec. I, we firstSec. Il D describes the full quantum mechanical approach we
outline the semiclassical approach for simulating FPES anblave implemented for calculating the exact photodetachment
its implementation to study the excited state photodissociaspectrum, in order to demonstrate the accuracy and reliability
tion dynamics of theJ anion. Section Ill then describes our of the SC results.
results and compares them with the results of full-quantum
mechanical calculations. Section IV summarizes and conA. Time dependent photodetachment spectrum
cludes.

§ e+ ICBY+ICR)

B, 1,04

¥; e+ 10y + 1Ry
—_—

. "x 12;(12)

260 nm

1CRp) + [(Sg)

Time-dependent photodetachment involves the two-
photon pump-probe process depicted in Fig. 1; the pump
Il. METHODS pulse excitesj from its groundX state to theA’ excited

The methodology is presented in four subsections. Secstate, and the time-delayed probe pulse photoionize® |
tion Il A presents the derivation of the expression for calcu-l,(K) +e™ (¢€) for various final electronic statds§ of I.
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Second order time-dependent perturbation theory givethe photodetached electron and nuclear coording@esdon
the probability of the two-photon transition as a function of approximation. Explicitly squaring the matrix element and
time t;, using the close relation

AWK b (IhER " —(IR)E(t"—t) _ a—(i17)H(t"—1)
Pe. g (t)= (_ g) J',wdtf,wdt e!"™END[H4 (1) f dEx|xe N xele K T=e K,
(2.6
. 2
x e~ (MRt (/)| D, )e~ (WEY whereH, is the nuclear Hamiltonian for electronic statef
l,, givesP(¢) as

2.1

] o t t//
~ — -4 ” ' 7 .
whereH is the (electronic and nucleaHamiltonian for the P(e) ; h f_mdtf_wdt f_wdt f_wdt (pcn - £(1))
quantized molecular system, aft}(t)=— - &(t) the per-

turbation which couples it to the classical radiation fie{t) X(parg &) (pcar 8(1) (par g &(17))

(Wlthln the StandE’l\rd dlpOIe apprOXimatbdq)O and |(I)f> ><e(i/ﬁ)e(t,t”)e,(i/ﬁ)Eg(t’,t’”)<Xg|e,(i/ﬁ)ﬁA,(t”’,tH)
are eigenstates dfl; with eigenvalues; and E;, respec- i i

tively. ><e_(i/ﬁ)HK(t"_t)e_(i/ﬁ)HA’(t_tl)|Xg>_ (2.7

For the present application the initial state is ) . )
Equation(2.7) can also be written in terms of the trace of

[P =[dg)|xg) (2.2 four successive time evolution operators

where|¢,) is the groundX) electronic state of,l and| ) W[ =t e
the ground nucleafi.e., vibrationa) state for this electronic P(6)=; f f_wdtJ_wdt J_wdt J_wdt (m,ar - &(1))
state. Final states are of the form

_ X(#ar g €(t)) (pic,ar- (1) (par g- €(17))
|q)f>_|¢K,e>|XEK>v (2.3 i i
(ilh)e(t—t") — (i) Hy(t" —t") o= (i1h)H ar (1" —t")
where| ¢ ) is the electronic stat& of I, with an ionized xe <X9|e X € .
electron of kinetic energy, and|xg,) is the nuclear wave Xef(i/ﬁ)l:iK(t”ft)ef(i/ﬁ)l:|A,(t—t’)|Xg>. 2.9
function for this state of} the corresponding initial and . _
final energies are This would be useful if one wants to performBaltzmann
averageover initial vibrational stateg,xq)—|xg,,), giving
E=E,,
: g _4 o0 ] t t”
Ei—Ecte pe=3 [ at| ar | av[" dun

Since we consider only one intermediate electronic state of

_ . . . . . -g(t g E(t - e(t” -
I,, the A’ excited state, the intermediate time evolution op- (0 (Bar, g €(U)) (i - €(1)) (g~ £(17))

erator in the matrix element of ER.1) is Xe(i/ﬁ)e(tft”)Q;ltr[efﬁHXef(i/ﬁ)Hx(t’7t”’)
e_(i/ﬁ)Ho(t—tl):|¢A,>e_(i/ﬁ)HA'(t—t’)<¢A,|’ (24) ><e—(i/fi)l"]Af(tm—I//)e—(i/ﬁ)ﬂK(I//—t)e—(i/fl)lqAr(I—t/)]’
where|¢a/) is the electronic wave function for stafe of (2.9

I,, andH ,, the nuclear Hamiltonian for this electronic state. ol

The probability distribution of electronic kinetic energyn ~ Where =1kgT, Qy=tfe #"x], and the traces are over
the long time limit, i.e., the photodetachment spectrum, ighe nuclear degrees of freedom. Equati@®) thus allows
given by the sum of the above transition probability over allon€ to simulate the temperature dependence of pump—probe
final electronic stateK of I, integrated over all final nuclear ionization processes as an alternative to other density-matrix

states|xe, ), formulations?® If desirable, this can also be written as

P(e)= lim ; jdEKPEK+e<—Eg(tf) P(€)=f_wdte'ftC(t), (2.10

tg—oo
12 e . where the functionC(t) is readily identifiable from Egs.
( — f_L) f dtf dt’ (e ar - £(1)) (2.7 and(2.9). ' .
o J-w In the pump—probe experiment the time-dependent elec-
tric field g(t) is the sum of the two pulses,

-3 | o=

X(”A’,g' E(tr))e(i/ﬁ)(EKJre)t

2 S(t):b‘o]_Fl(t)eiiwlt"‘ 802F2(I_At)eiiw2(t7At)+C.C.,
. (29 (2.19)
where gy; and g, are constant vectors, whilg,(t) and

where it has been assumed that the transition dipole momeni,(t— At) describe the pump and probe pulse shapes, re-
Mk e = M A are independent of both the kinetic energy of spectively. We have used ségprofiles, i.e.,

« e—(i/h)Egt’<XE |e—(i/h)ﬁA,(t—t’)|Xg>
K
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F;(t)~sectit/(f5;)), (2.12 [the first term in Eq.2.11)]. The full guantum mechanical
calculations described in Sec. 11 D below, and to which we
. i compare our semiclassical calculations in Sec. Ill, have in
maximum(FWHM), which we have chosen @:go.fs and fact used this approach, employing a second order differenc-
52:10(.”3 for the pump and probe pulses, respectivktyis ing (SOD) scheme to solve the &lectroni¢ state Schro

the variable delay time between pump and probe pulse inger equation with a grid to describe the nuclédbra-
Since the pump pulse is the one approximately resonant WitBonal) degree of freedom. As will be seen by the

the A’—X transition, and the probe pulse with thi { ¢) comparisons in Sec. lll, the perturbative treatment of the

, . S .
«—A’ transition, one can tq a good approxmgtlon retain onlypulse is completely adequate even when the pump field de-
the near resonant terms in E@.7) (the rotating wave ap-

A herebvP(e) b pletes a significant amount of the total ground state popula-
proximatior), wherebyP(e) becomes tion. In other systems, of course, this might not be true.

where 1f =2 sech{?2), and §; define the full-widths at half-

P(E,At)zﬁ%(ﬂA',g'ﬁoﬂZ; (ILK,A"£02)ZJ7 dt

B. Semiclassical approach

*® t t” : ”
" ’ ma(ilh)(e—ho -
Xﬁmdt fﬁwdt fﬁwdt el 2 The semiclassical calculations of the photodetachment
spectrumP(e,At) are based on a FB/SC-IVR implementa-
x eI/ (Egtho)(t"—tE (tYE,(t— At)F (1) tion of Eqg.(2.13, which can be written as
: ¥ m_n : ¥ ” © © t ”
X Fo(t" = At)(xgle” 1/MHa (== (HK(=D P(e,At)~J dtJ dt"J dt’Jt dt”F,(t—At)
X @ (HHAT=t)] ) (213 .
n I 14
where we have explicitly indicated the dependenc® @ X F(t —At)exp(%e(t—t ))
the delay timeAt.
Finally, we note that Eq(2.13, or (2.7), can also be XFE ()L (") Lo pr—t =t s (2.17

written in the equivalent form whereF(t) andF,(t—At) are the temporal shapes of the

i pump and probe classical radiation pulses as defined by Eq.
P(G’At):t“m > (xdeAttlydedtty). (214 (2.11. The survival amplitudel,_ ., 1, introduced by Eq.
. (2.17), is defined as
where

Syt 1, = ; VI 802)2<)(g|e‘("h)(HA’""“’1‘E@ﬂt3

i t
|xk(e,Atte))=— 7 (B €02) f_ dt’'Fo(t' —At)
A @ (I1H)(Hg=h(w1+0) ~Eglt,
X elith et glilmHk=hopt' |y (47,

(2.15

Xe—(i/h)(l:iAr—hwl—Eg)tl|Xg>, (2.18

and the “forward—backwardFB)” aspect of the present
semiclassical approach is to treat the product of the three
N t' At time evolution operators in E42.18 asonetime evolution
[xar(t')= g(/‘A',g' €01) fﬁmd“:l(t)e A operator with the potential energy surface changing instanta-
o neously fromVl(/f’) to VI to Vl(/f’) at the appropriate times
X U/M(Ha —fioy =Bg)t| 5 ) (2.16 L 2 2 2 a7
g (vide infra). Thus with the HK SC-IVR approximatiéh?” it
State|xa+(t)), EQ. (2.16), is the nuclear wave function for becomes
electronic staté\’ of |, and is the result of the pump pulse

with

~ N o ©
yvhich ph_otoexcitesgl fo_rm its ground electronic state to the :40:2 (_Zlﬁ) f dpof droCe(Po.ro)
intermediate A’ excited states PES, while state K T —oo —o
|xk(€,At,t)), Eq. (2.19, is the result of the probe pulse LK) N
1% ,
excitation from the intermediat&’ excited state to the final X eSS Pof0w 9 (1 p)W(rg,po),  (2.19

ionized stateA(K)+e (e). P(e,At) is the norm of this lat-  where the indeX specifies theZ optically active electronic
ter state in the long time limit, summed over all final elec-state is the global time determined by the time intervals
tronic stateX. If the pump pulse were so strong as to invali- t, and t, introduced by Eq.(2.18, while ¥9(r,p) is the

date its treatment by perturbation theory—but thecoherent state transform of the initial nuclear wave function
perturbative treatment of the probe pulse still valid—then<r| Xo)»

Egs. (2.14 and (2.15 above would still apply, but with

|xas(t)) computed nonperturbatively, e.g., by numerically WO(r,p)=(Jp.rlxg)- (2.20
solving the Schrdinger equation which couples the ground | the present casii=1 and defines the number of nuclear
XandA’ excited states of] with the time-dependent Hamil- coordinates. The formulation is presented, however, in mul-
tonian F(t)=H— u- £,(t), whereg,(t) is the pump pulse tidimensional notation for systems with an arbitrary number
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of nuclear coordinates. The nuclear wave function that repwhere M is a linear combination of components of the
resents the initial population in tB€PES of [, is assumed to monodromy matrix,

be its ground vibrational state, .
1(aryk)  y(j) apk) 1 dpek)

1/4 M(j, k)— + Y .
<r|Xg>:(%) exr{_%(r_req)z), 229 21 arg(i) ~ ¥(K) apo(i) 2ihy(K) arg(j)

ary(k)

wherer is the |- bond length, and,, its equilibrium value, apo(j)]’

. Lo . Poll
a=kulh?, wherex is the vibrational harmonic constant of _ _ _
the molecule in its ground electronic state, ands the re-  Wherey(j) are the constant parameters in the Gaussian wave
duced mass. This initial wave function is constructed on thg®ackets of Eq(2.22. The various time dependent partial
basis of the low temperature approximation’ i_e_, assumingenvauves are obtained by numerical |ntegrat|0n of the fol-
that contributions from anharmonicity and higher vibrationallowing equations for the stability matrix,
levels can be neglected. The functia(m{sgrt ) are Gaussian N

L . ap:(l
wave packetgminimum uncertainty wave packets, or coher- dt( Pl )>

—2ity(j) —— (2.27

PPHS) (py,re,t) apy(l)

ent states 9z(] =1\ apar(i)  9z(j)
<r|grt,pt>=grt,pt(r) + [?ZH(K)(ptvrt !t) ﬁrt(l))
N arylyar(i)y az(j))’
(2 _ y
_11;[1 T g(ﬁrt(|))=+z PH O (py,re.t) apy(l)
az(j) =1\ ap(D)ap(i)  az(j)

xXe~ V(J')[f(i)*rt(j)]2+(i/h)pt(i)[r(i)*rt(j)],

(2.22

where y(j) are constant parameters. The integration vari- h
ables py,ro) in Eq.(2.19 are the initial conditions for clas- WN€r€Z=Po O lo.

sical trajectories of the time-evolved coordinates and mo- Trajectories are initialized in our simulations through
menta, r.=r(po.fo) and p=pi(Po.fs), Obtained by MC sampling of coordinates and momenta according to lo-

integrating the usual classical equations of motion. calized phase space distributions determined by the coherent
SﬁK)(po,ro) is the classical action along this trajectory, ob- state transforms of excited state populations defined by Eq.

; ; ; ; . 2.20. The partial contribution of a single trajectory to the
tained by integrating the following equation: (
Y g g 9ed photodetachment spectruf{e,At) requires forward propa-

dSK) gation on theA’ excited state PES of,|form the initial

——=p-t—H®(py,r 1), (2.23  phase point §o,r) to the resulting phase point(,p; ) at
timet,=t—t’, then—with the trajectory being continuous at

for the global time range defined by the forwaid transient  the transition—propagation for a timg=t"—t on the K
t, and backwardt; time increments. The Hamiltonian excited state PES ol and finally propagation for a time

H® ) (p;.re,t) in Eq. (2.23 above, is the time dependent t,—t” —t" once again on th&’ PES of . The time inter-

(92H(K)(ptvrt1t) é’rt(l))
ary()ap(i)  az(j) )’

Hamiltonian for nuclear coordinates and momenta, vals that make the most important contribution to the overall
2 integral are selected through MC sampling of times, t”,
H® (r,,p; )= p_‘+V(K)(r t) (2.24 ~ andt”, according to the distributions determined by the in-
tyMto 2m to ] .

tensity profiled=, andF, characterizing the pump and probe
laser fields. This importance sampling technique is ideally
suited for calculating high-dimensional integrals.

The computational task is thus reduced to the evaluation

where the time dependent potent\{®)(r,,t) for the FB
trajectory is given explicitly by

v®(r, . t) of a multidimensional integral whose dimension grows only
linearly with the number of coupled degrees of freedom.
Vfé’)(rt)_ﬁwl_Egv 0<t<t, This integral results from substituting E.19 into Eq.
2 (2.17, and is evaluated for the whole range of electronic
= V,<2K>(rt)—h(wl+ wy) —Ey, 4<t<ty+t, kinetic energies values (0 e¥%<3eV), at each delay time
, At. Since this calculation involves a single phase space in-
Vfg )(rt)—ﬁwl—Eg, ttt<t<t;t+t,+ts, tegral over initial conditions, and the action integral is ob-

(2.25 tained from integrating Eq2.23 according to a forward and

backward time increment associated with dynamics inthe

Wherevl(/f and V(K) are the indicated Born—Oppenheimer electronic echlted state of I[with a transient propagation in

PESS 0f2£ and b, respectlvely. The pre-exponential factor in the neutral\/( ) state PE$ the oscillatory character of the
the integrand of Eq(2.19 is given by integrand is expected to be much less than for a triple phase
space integral defined by three separate time evolution op-
Ci(pg,ro)=vdefM], (2.26 erators. For the same reason, the pre-exponential factor is
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also expected to be better behaved, defining a SC integratiafe distributionsW9(r,p) and F(t’), respectively. Indi-

scheme that is probably as simple and efficient as one cajidual trajectories propagate from their initial phase points
expect. The final FPES signals are calculated from the conqp,,r,) to the resulting phase points,(,p,), at timet’,

volution of P(e,At) with the instrument resolution function, according to the shifted PES(r, D) =V-(r) —fiwy— Ey.
. . 2
obtained from the experimental lphotoelectron spectrum. This initial propagation period is then followed by the evo-

Trajectories are independent of each other and, thergysion of the system for a time’, according to the unshifted
fore, computed in parallel. This computation is performEdPESV(rt,t)=V,—(rt), with (r, ,p,/) being continuous at the
with the same programming model as described in our pre- 2

vious work®” according to a portable single program mul- fansition.

tiple data stream&éSPMD) code that runs under the message This semmlasspal wave funCt'd'%’). gertalnly incor-
passing interfacéMPI) environment and is optimized for porates the dynamical effects of the finite pulse duration

nodes that are relatively powerful. At the hardware level we>'nce the 90 fs pump pulse is long in comparison to the

thus have coarse-grained parallelism, allowing us to allocatgxc'ted state photodissociation dynamics, which proceeds

hundreds or thousands of trajectories per node, minimizin ithin tr_\is time scale while popula_tion s still peing fed into
communication costs on the parallel architecture. This trivial € e.)éf'tzd statg F;Eﬁ Htowiyer:, It d(lntefs no;r:ncorpiorgtef the
parallelization strategy exploits the benefit of having initial possible dynamical eflects which result from the perturbation

states described by localized phase space distributions 8&_ the ground state wave function by the pump pulse. In

well as perturbation pulse fields of ultrafast femtoseconommc'ple’ these_effect_s can be important whe_n t_h_e Intensity
spectroscopy that are localized in time of the perturbational field is so large that a significant frac-

tion of the population is transferred to the excited state. The
comparison presented in Sec. lll, between the semiclassical
C. Semiclassical excited state wave function wave function|s/) and the exact full-quantum mechanical
The FB/SC-IVR method for computing the time depen-reSUItS’. proyldes a useful test of both the perturbation theory
approximations made for the calculation of the complete

dent photodetachment spectrum, described in Sec. II B, is .
direct approach based on standard time-dependent perturb?:pomdetaChment spectra and the ability of our SC approach

tion theory (first order in both pulse fieldsvhich does not or modeling excited state photodissociation dynamics.
require the computation of tha’ excited state wave func-

tion |¢a/). This quantity, however, can also be obtained atp. Full-quantum mechanical implementation

the same level of theory through the implementation of Eq.

; ; ; Full-quantum mechanical calculations of the photode-
(2.16 according to the SC-IVR methodology described in :
this section. This equation can be written as tachment spectrd(e,At) are based on Eq2.14. This
equation can be written as a double space integral

[ t _
<r|XAr(t”)>:_%(MAI’Q'801)f_ocdt,Fl(t,)®tl‘tn(r), P(G,At):h 4(”‘A’,g'£01)2
(22& XE (MK,A"SOZ)ZJ ‘ dt/J dt//eie(t’_t/,)/h
wherer are the nuclear coordinates aRg(t’) is the sech K — —

temporal profile of the pump pulse, introduced by Eqj11).
0O, (r) is defined as

0, t,,(r)=(r|e‘(”ﬁ)'qA""e(”h)“qA’"“”l‘Eg)"|Xg), ><<)(A/(t//)|ei(HK*ﬁw2)(t —t )/ﬁle,(t/», (2.31)
(2.29  and evaluated as the one-dimensional Fourier transform
and with the HK SC-IVR approximatiéh?’ becomes

l N o ©
ﬁ) ledeJ;wdrOCt(pOer)

xeMSPorog, o (r)W(rg-py), (230

X Fo(t"— At)Fo(t' — At)

P(e,At)=Fi *(par g- 501)2; (pi.ar- €02)°
0;'°(r)=

* . tmax
xf dTéfT’ﬁ“ dt"F,(t"— At)
— t

min

wheret is the global time determined by the time intervéls
andt”, introduced by Eq(2.29, andN defines the number
of nuclear coordinatesP'9(r,p) is the coherent state trans-

XFa(TH"= A Qe (U, T) xar (1 +T)) |,

form of the initial nuclear wave functiofr|y,), defined ac- i (2:32
cording to Eq.(2.20), while grtlm(r) are the minimum un-  whereT=t’ —t” and | xx(t", T))=e Hk= 7o Th |y (t7)),
certainty wave packets defined by Eg8.22. while t,;, andt, . replace the infinite integral limits daf' in

Following the methodology presented in Sec. Il B, theEq.(2.3]) since, in general, dynamics needs to be propagated
excited state wave functiofr|xa/(t”)) is computed at time only for a finite time rangel.x /) is obtained according to a
t” by combining the two time evolution operators of Eq. grid based second-order differencing sche(8©D),” by
(2.29 into a single phase space integral described by Eqsiumerically integrating the Schdmger equation with a time
(2.30 and(2.28. Initial phase pointsf,,ry) and propaga- dependent perturbation fiele(t) defined according to the
tion timest’ are selected through MC sampling, according torotating wave approximatiofRWA), e(t) = e,,F,(t)e~ 1,
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and a value for dipole moment of transitipny o adjusted to X ground state PES are reported from experiments that in-
approximately match the experimentally observed depletiowolve a combination of conventional and femtosecond pho-
of ground electronic state population. Most of the computatoelectron spectroscopic techniques.

tional effort involves propagation the nuclear wave function  Figure 1 shows the PESs involved in our simulations
|xk) on the neutralJ excited state PES labeled by indi&x  (solid curves including the ground stat¥ and excited state
which is computed concurrently witlya/). The overlap in- A’ PESs within the manifold of 6 low-lying Hund's caég
tegralsO(t”,T) =(xk(t",T)|xa/(t"+T)) are stored over the molecular states of,l, as well as the 23 Hund’s cage)
course of the anion excited state propagation as a function aovalent molecular states of bbtained from experimental

t”, for only the 0-nd, range of T (with n~3), minimizing  studies>~*° or approximate theoretical calculatiois®* as

the computational effort and storage space requirements dgnctions of the I-I bond length. The manifolds of states are
an improved version of previous full-quantum mechanicallabeled by their atomic dissociation states, and the final en-
simulations'’” These matrix element©(t”,T) are subse- ergy E(e)zvl('z‘)+e is represented by the curve labeled by
quently used for evaluating the integral o¥€rin Eq.(2.32  plys symbols. Figure 2 shows, as a rotated plot, the possible
and the Fourier transform ovér for calculating the entire . I (A"

photoelectron spectrum at arbitrary delay tihe Perhaps values of electronic kinetic energ)ezvlg (r) +hws
the most important advantage of this particular full-quantum— V,(f)(rt) as a function of the I1-1 bond length, assuming
mechanical implementation method is the significant optimi-

zation in storage space requirements relative to other tech-

niques that might require storage space for the excited state

wave function, scaling with the size of the grid and the di- '
mensionality of the configurational space. The same compu-
tational approach also allows for simulating full quantum-
dynamics in the weak-field limit, by propagating the excited 1578 .
state wave function component with the constraint of station- i alfs
ary state character for the ground wave function component.}- =
0fs
E. Potential energy surfaces i
-38fs
The ground electronic state of is described according _116 fs
to Ref. 8, while the excited state PESs gf dre described
according to the empirical PESs of Ref. 76. These approxi-
mate excited state PESs are constructed from an assortmens 4 5 P = 3

of experimental data including Raman spectroscopy in ma- (I-I) bond length, [A]
trices, electronic spectroscopy in crystals and gas-phase dis- _ o
sociative attachment experiments. A discussion of other pod.C: 3- Gomparison of the real pagolid lines and modulugshort dashes

. . . . irida1™ or th tical®-82 |- of the semiclassical excited state wave funct(mmm,_ with the corre-
sible choices, including empiri or theoretic 2 sponding real partiong dashesand modulugdots obtained according to

PESs is presented in Ref. 8, where accurate corrections to th@-quantum mechanical calculations.



J. Chem. Phys., Vol. 110, No. 8, 22 February 1999 Batista et al. 3743

a classical description for the nuclear motion, and the : . ,
Franck—Condon approximation.

There is, however, a considerable degree of uncertainty
in the PESs of this system. The PESs are still the subject
of current investigations and some of thedxcited state
PESs are not well known experimentally, including most of

the states that dissociate t?Rz) +1(?P4,,), and are de- /\\\\ 15715

scribed here by curves obtained from theoretical calcula-
tions. Unfortunately, the dipole operator matrix elements be-

tween the § and I, excited state PESs are also not available. k\\ 0fs .
Having these limitations in the description of the electronic
structure, there is no adequate way of simulating the com-f\\\

plete photodetachment spectrum without relying on approxi- -381fs
mate PESs and a model for the transition dipole moments. Ir , , , _~lefs
order to make a rigorous comparison of our semiclassicaP® 4 5 6 7 8

results with full-quantum mechanical calculations we ana- r(1-) bond length, [A]

lyze first the contribution of a smgle Sta_te Qﬂb the phOtO- FIG. 4. Comparison of the full-quantum mechanical wave functions, ob-
detachment spectra, calculated according to the Condon agined at the first-order perturbation level of thedigng dashesand allow-
proximation_ After demonstrating the accuracy and reliabilitying for 40% depletion of the ground state population as described in the text
of our SC calculations for a single state, we present the S¢s°lid lines.

results for the photodetachment spectra summed over all fi-

nal states ofj obtained according to a simple model for the the corresponding full-quantum mechanical evolution for all

transition dipole moments, which are assumed to be constafit o< as determined by the dissociative character ofthe
and independent of nuclear coordinates and electronic kine“&xcite,d state PES and the sectprofile of the

energy of the photodetached electron. (FWHM=90fs) pump pulse. At the shortest time presented

in this figure = — 116 fs) the excited state wave function is
IIl. RESULTS localized at the FC region with a maximum amplitude at the

We present our results in three subsections. Section |1l ggeometry that satisfies the resonance condition. At longer
presents the comparison between the SC excited state watiges ¢= —38-0fs), it becomes progressively more peaked
functions, obtained according to the methodology presentedt the geometry that satisfies the resonance condition while
in Sec. I1C, and the corresponding full-quantum mechanicaits tail becomes more prominent and extends out to longer
calculations obtained according to the method described ifternuclear distances as the excited state population moves
Sec. IID. Section Il B then compares the SC photodetachfrom the FC region out to the asymptotic region. At early
ment spectrum obtained according to the FB/SC-IVR methpositive times {=41fs), the peak at the resonance condition
odology presented in Sec. Il B with the corresponding resultér ~3.205 A) decreases with the pump pulse intensity, while
obtained according to the full-quantum mechanical approacke tail involves most of the excited state population and
presented in Sec. I D, both for a single state offfinally, ~ continues spreading out. At longer times=(157-234fs),
Sec. Il C presents SC results for the complete photodetacfibe peak at the FC region becomes much smaller, while the
ment spectréi.e., summed over all final states of bbtained ~ €Xcited state wave packet moves towards larger internuclear
according to a simple model for the transition dipole mo-geometries. This almost perfect agreement between the SC
ments. All SC results were converged with less thafi 10and full-quantum mechanical results demonstrates the capa-
trajectories, which were integrated according to a standarilities of the SC approach to provide a tractable alternative
fourth-order Runge—Kutta algorithfi,with a 0.125 fs inte-  to full quantum mechanical techniques, specifically designed
gration Step’ using the para||e| programming mode| deio simulate finite pulse duration effects on the evolution of
scribed in Sec. IIB. The values af(j), introduced by Eq. an excited state wave function undergoing ultrafast relax-
(2.22, were set equal to the values afj), introduced by ation dynamics within the time scale of the pulsewidth.
Eq. (2.21.%7 All forces and second derivatives necessary forHowever, there is the nontrivial question as to how important
integrating the equations of motion were calculated using'e the dynamical effects neglected by a formulation based
finite difference expressions. on first order perturbation theory that might affect the propa-
gation of the excited state wave function when the
(FWHM=90fs) pump pulse is so intense that depletes a
significant amount of the ground state population.

Figure 3 shows the real part and modulus of the semi- Figure 4 shows the comparison of the SC results pre-
classical excited state wave functign|y,:) obtained ac- sented in Fig. 3 with the exact full-quantum mechanical cal-
cording to the methodology presented in Sec. Il C, and theulations obtained by integrating the time dependent Schro
corresponding full-quantum mechanical results obtained adinger equation allowing for an integrated depletion of the
the first-order perturbation level of theory, as described irground electronic state population of about 40%, as sug-
Sec. Il D. This figure shows that the SC propagation of thegested by typical experimental reductions of the integrated
excited state wave function is in excellent agreement withlground electronic state photodetachment intensities in the

A. Comparison between SC and full-quantum
mechanical excited state wave functions
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FIG. 5. SC(solid line) and full-quantum mechanicdlong dashesinte-
grated excited state populations as a function of time relative to the center of \
the pump pulse. Pt nm d o |
presence of the pump pulse. This figure shows that there is -100 fs
only a very small perturbational effect on the dynamics of - '
1.5 2.0 2.5 3.0

the excited state wave function, which involves an approxi-
mately 7 fs time shift, while the overall shape amplitude and electronic Kinetic energy [eV]
phase remain unchan'ged. Itis, thus, r.easonable to eXpeCftt . 6. Comparison between S€olid lineg and full-quantum mechanical
the SC-IVR formulation based on first-order perturbationjong dashesindividual A state component contribution to the photodetach-
theory should be able to describe accurately the complet@ent spectrum, as a function of kinetic enekgyf the photodetached elec-
photodetachment spectra as modulated by the pump arign for delay times\t=—100,-50, 0, 50, 100 fs between pump and probe
probe pulse profiles, even when the pump field is so intensg“ses:
that depletes 40% of the total ground state population. For
the sake of completeness, we present in Fig. 5 the SC and
exact full-quantum mechanical integrated excited state popu-  The first feature to note when comparing our calculated
lations, for the whole range of times. This figure shows thasignals with full-quantum mechanical results is that the over-
except for the approximately 7 fs time shift, there is almostall shapes of the spectra, and the trend in these shapes with
perfect agreement between the SC and full-quantum medelay timeAt is well reproduced by our SC calculations. At
chanical excited state population risetime throughout thdhe longest delay timeXt=100fs), for example, the signals
complete photolysis event. consist of a sharp peak at=1.7 eV, characteristic of the'|
spectrum. This signal corresponds approximately to the pho-
todetachment spectrum at longer times, when dissociation to
I~ +1 is complete and photodetachment takes place from the
free I” ion. At the shortest delay timeA¢=—100fs), the

In order to make a rigorous comparison between SC andemiclassical and quantum mechanical signals again agree
full-quantum mechanical photodetachment spectra, Fig. @vith one another quite accurately and show qualitatively dif-
compares an individuak lelectronic excited state contribu- ferent behavior from that observed at longer. The first
tion to the photodetachment spectrum, obtained according tmajor difference to note is that the sharp peak eat
Eqg. (2.17 where the sum over electronic statess limited ~1.7 eV, characteristic of separated photofragments, is now
to a single termthe A electronic state of,). Figure 7 shows almost completely absent and the spectrum is peaked at
the convoluted signals, according to a typical instrument=2.5eV instead, since photodetachment takes place prima-
resolution function. We focus on the contributions of scatter+ily from the FC region with this predominant kinetic energy
ing events to theA excited state PES of kcalculated within  component. At intermediate delay times the features outlined
the Condon approximation, as described in Secs. |I1B andbove for thee=~1.7 eV band merge continuously from one
1D, for the —100-100 fs range of delay times where extreme to the other, monotonically increasing thesignal
changes of intensities are more significant. In contrast to thevith At, as the J undergoes complete dissociation. On the
analysis of the complete photodetachment spectra, this conother hand, the peak at~2.5eV reaches its maximum at
parison of a single state component allows one to check thAt=0.0fs and gradually dies out at longer delay times.
accuracy and reliability of the FB/SC-IVR method to repro- Hence the distribution of intensities of an individuglstate
duce the exact quantum mechanical contributions of an indicomponent contribution to the total photoelectron spectrum
vidual 1, state to the distribution of intensities in the photo- changes significantly with delay time, and the description of
detachment spectra, as a functionecdind At. these changes given by the FB/SC-IVR method, presented in

B. Comparison between SC and full-quantum
mechanical photodetachment spectra
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FIG. 7. Same as Fig. 6, but convoluted according to a typical instrumeng s g Complete SC photodetachment spectra, convoluted according to a

resolution function. typical instrument resolution function presented at the bottom of the figure
at four different energiegthe convolution function at other energies is ob-
tained by interpolation

Sec. IIB, is in excellent agreement with full-quantum me-

chanical calculations.

the dispersion of electronic states in the low lying manifold
of PESs(see Fig. 2 Furthermore, the low energy band also
Figure 8 presents the complete SC photodetachmertansforms at shorter times from a sharp atomic signal to a
spectra which results from all possible excitations into themuch wider band in the-0.5-1.0 eV range of electronic
optically allowed and energetically accessibl@excited state  kinetic energies, as thB electronic state separates from the
PESs, convoluted according to a typical instrument resoluexcited state manifold of PESs which disperses within this
tion function. The comparison between the complete photo0.5 eV range of kinetic energy values at shorter internuclear
detachment spectra and the corresponding experimental sidistancegsee Fig. 2
nals suggests corrections for possible inaccuracies of the As presented in Sec. IIE, these SC simulations of the
empirical excited state PESs employed in our simulationscomplete photodetachment spectra were performed assuming
However, the presentation in this section concerns only wittihat transitions from thé’ 2111,2g excited electronic state of
a discussion of the SC results, leaving the scomparison with, to all of the |, electronic excited states were allowed with
experimental data as the subject of the following article. Intransition dipole moments that were constant as functions of
analogy to the individual contribution to the photodetach-the I-I bond lengtiCondon approximationand adjusted to
ment spectrum of tha state of } presented in Sec. Il B, the match approximately the relative intensities of &, and
complete photodetachment spectrum at long delay times coP3, experimental bands. The transition dipole moment to
verges asymptotically to the  Iphotodetachment spectrum. the I, ground stateX 'S ; <A’ ?II ;4 was assumed to van-
However, in addition to the~ 1.7 eV band, characteristic of ish because of symmetry. In principle, one could have an
the (3/2,3/2) } ground state dissociation limit, the complete estimate of the relative importance of the different transitions
photodetachment spectrum includes the other atomic band &bm the analysis of the corresponding electronic configura-
e~0.8eV, characteristic of photofragmentation into the ex-tions, defined according to the simplest LCAO approxima-
cited (3/2,1/2) manifold of atomic statdsee Fig. 2 For tion for the valence-shell molecular orbitals in the uncoupled
shorter delay times, these two sharp atomic bands transfornepresentatiof? However, a rigorous model for the actual
into broad and structureless signals characteristic of photdransition dipole moments would necessarily require ab-
detachment to molecular excited state PESs of diverse synmitio or empirical information, since spin—orbit coupling in
metry and topology. This spectroscopic broadening is moré, and |, is so important that the and m quantum numbers
significant for the high energy band which at short delaywhich define the approximate electronic configurations in the
times extends from-1.2 eV to~2.5 eV, as determined by uncoupled representation are actually ill-defined, and the

C. Complete photodetachment spectra
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