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Nonadiabatic wave packet dynamics: Experiment and theory in IBr
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We present an experimental and a theoretical study of nonadiabatic wave packet dynamics in the
intermediate coupling regime as exhibited by the IBr molecule. Using a femtosecond pump—probe
molecular beam technique, we generated a wave packet which evolves on the electronically excited
B3I1,+/Y(0") coupled states. The wave packet dynamics was detected by a time-delayed probe
pulse which induced two photon ionization to the ground state of thé id@r. The study consisted

of a systematic variation of the pump laser wavelength from the crossing point of the two coupled
states to the dissociation limit of the bound diabatic state. The theoretical study is based on the
convolution of the products of the energy resolds ™ —B3[1,+/Y(0") bound—free dipole
matrix elements and the free—bound two-photon ionization amplitic@dsulated exactly using the
artificial channel methodwith the profiles of the pump and probe pulses. The theoretical
calculations reproduce the general decay, recurrence, and revivals observed experimentally. The
importance of treating nonadiabatic dynamics beyond the Landau—Zener approximation, as well as
the utility of femtosecond pump—probe techniques in probing simultaneously short and long lived
resonances is demonstrated. ¥©99 American Institute of Physidss0021-960609)00305-0

I. INTRODUCTION of the coupled problem remain quite challengifgConse-

The nonadiabatic coupling of electronic and nuclear mo_quently, approaches to dealing with this present situation of-

tions lies at the heart of the photochemistry of polyatomicteN 'ely on reduced dimensionality descriptions of the dy-

molecules. These so-called radiationless transitions, such 8&mics in terms of wave packet motion on a limited number
internal conversion, lead to electronic to vibrational energyPf Potential energy surfaces. As a first approximation, the
transfer and are thus often responsible for the ensuing cheri®nadiabatic steps are often treated in terms of one-
istry. In some cases, even “thermal” chemistry may be prof-dimensional surface-hopping models using, for example,
itably thought of from this point of view. The “movement” Landau—Zener theory to calculate the transition probabilities.
of an electron from the bond being broken to the bond being  Time domain studies of isolated molecules can be
formed is induced by a nuclear motion—the collision—andcomplementary to the frequency domain, especially in cases
may be thought of as an electronically nonadiabatic procesgvhere there are broad ranges of photodissociation resonance
The transition state potential extremum may in fact originatdinewidths and may often shed new light on the
from an avoided crossing with a higher lying electronic sur-dynamics®’® Wave packet motion in diatomic molecules
face. Nonadiabatic processes are the rule rather than the esepresents the simplest model system where curve crossing
ception in the spectroscopy and photochemistry of excitednanifests itself and, as such, serves as a basis for understand-
states of polyatomic molecules and underlie important bioing limits to the low-dimensionality approximation often
chemical mechanisms such as vision and photosynthesis. used in polyatomic nonadiabatic dynamics. Nonadiabatic
The Born—Oppenheimer approximation, an adiabatiovave packet studies in diatomic molecules have been carried
separation of electronic from nuclear degrees of freedomput on systems such as Nal, where two diabatic potential
allows us to define one of the most useful concepts irenergy curves are strongly couptéd*3and, in our previous
chemistry—the potential energy surface. It allows us tostudies, on the IBr molecufé=® The latter represents the
“picture” the trajectories and, hence, reaction paths of theinteresting case of intermediate coupling: a complete failure
constituent atoms during a chemical process. The breakdOV\(ﬂ’ the Born_Oppenheimer approximation where the wave
of the approximation due to electron-nuclear coupling leadgacket evolution cannot be described by either the diabatic
to the mixing of electronic and nuclear states and the simpl@yeak  coupling or adiabatic (strong couplingy
concept of a trajectory fails. The multimode dynamics ofgpproximations”® In this article, we present details of a
these systems is inherently complicated and full treatments,mpined experimental-theoretical study of wave packet dy-
namics in IBr. A numerical wave packet calculation, address-
dElectronic mail: albert.stolow@nrc.ca ing the same experiments reported here, is presented by Hus-
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ecule. The diabatic bour®3I1,+ and repulsivey(0*) state
potential energy curves were obtained using parameters of
Guo?® The lower adiabatic curve is unbound at energies
above the crossing point, whereas the upper adiabatic curve
is a bound state which is capable of supporting vibrational
levels. We emphasize that due to the intermediate strength of
the coupling, neither of the solithdiabati¢ nor dasheddi-
abatig curves can be used to completely describe the dynam-
ics. The experiments reported here were carried out at ten
excitation energieg¢ranging from 590 nm near the crossing
region to 547 nm near theHBr* dissociation limi}, as in-
dicated in the figures. The nonadiabatic coupling strength
used by Child,” Shapiroet al,***¢and Gud® was 150-170
cm 1, based upon comparisons with BrfBphotodissocia-
tion branching ratios ak <545 nm and the available spec-
troscopic data.
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-500§ ] The B3[ly+—X13" absorption spectrum of the IBr
: 1+ Br] molecule contains a large number of diffuse bands and there
a0t —— 0 e exist only a limited number of regions where sharp rotational
26 28 30 32 34 36 38 40 structure (due to highJ state$ can be observet??>26 |n
R (Angstrom) seminal studies, Chilét al'"?"?8gave an interpretation to

FIG. 1. Intermediate case coupling in IBr. The dashed lines represent th;[ahe spectrum: the Iarge majority of rovibrational states rap-

diabatic boundB state, leading to excited state products, and the dissociativddly predissociate via coupling to the repulsivé0 ™) state,

Y state, leading to ground state products. The solid lines represent the adiwhich intersects th@® 3I1,+ state above’'=5. Sharp lines

batic potentials calculated using &independent coupling strength of 90 jn the absorption spectrum arise from a near resonance be-

cm™L. For details, see the text. In intermediate case coupling, neither th . . . . :

solid nor the dashed lines fully represent the dynamics. The experimenti\’\“:"(:"n,rOVIbr"’ltl(),rmI levels in th,e bound dlabﬂlél_[m _State,

were performed with ten pump wavelengths ranging from 590 to 547 nm, afotential well (Fig. 1; dotted ling and the upper adiabatic

shown by the arrows. potential well(Fig. 1; upper solid ling The onset for rapid
predissociation is at the crossing point between the two di-
abatic curvedadiabatic-like behavigr whereas photodisso-

sain and RobertéHR) in the following article. ciation at excitation energies above the dissociation threshold

The low resolution absorption spectrum of 1Bhas two ~ for formation of HBr*(*Py,) leads predominantly to the
broad features with maxima at 500 and 270 nm, respectivelproduction of HBr*(°Py;) rather than +Br(*Ps,)

The visible band has two open channels: (diabatic-like behavigr This evidence suggested that the
(2Pyy) + Br(?Pay) dissociation dynamics involves a mixture of the diabatic and
IBr+hv— 20 NG (1)  adiabatic pictures, i.e., the intermediate case. In support of
1(“P3i2) + Br* (“Pyjp). this, the(few) observed rotational constants are found to be

The main oscillator strength is carried by a bound stite  intermediate between those expected based on the energy
B3I1,+ statd which correlates with RP5,)+Br*(°P,,)  minima of either the diabatic or adiabatic potential wells.
products. The ground state’Rs,) + Br(?P3,) products are The resonance Raman spectrum of IBr was recorded and
formed by predissociation due to a curve crossing with dheoretically modeleld both above and below thB-state
repulsive stat¢the Y(0") statd. In the present work, with dissociation threshold, showing clearly effects due to curve
wavelengths greater that 545 nm, we are concerned onlgrossing.
with the predissociation channel to the ground state products. In our earlier study of rotationally cold IBr wave packet

The X137 electronic ground state of IBr has the con- dynamic$* we presented results from pump-probe ionization
figuration o?7*7*¢®. One excited configuration, experiments for two pump wavelengths: 569 and 551 nm.
a?miatot, having 3I1,+ symmetry, is dissociativdthe  The probing of the wave packet motion was achieved via
Y(0") statd and correlates with groundHBr(2P5,) chan-  two-photon ionization with mass spectrometric detection. At
nel. Another excited configurationr?m*#3c?, also with 569 nm the wave packet decayed within ten vibrational pe-
%I1,+ symmetry, is boundthe B state correlates with the riods. By contrast, at 551 nm, long-time oscillations of the
I+Br* (P,,,) channel. As these states have the same symwave packet were observed in complete contradiction of the
metry, they exhibit an avoided crossing. Early photodissociakandau—Zener picture. These oscillations were attributed to
tion studied® on IBr at visible photon energies above the interference between diabatic and adiabatic wave packet evo-
I+Br* (P,,,) threshold revealed the curve crossing inhereniution and are characteristic of the intermediate coupling re-
to the problent’ Subsequent tunable and ultraviolétV) gime. These regions of relative stabilitye., the narrowest
laser studies expanded on these results and added details msonanceswere correctly predicted by a simple weak cou-
the potential$!-24 pling model(based on the Wentzel-Fermi golden jule

In Fig. 1 both diabati¢dashed linesand adiabati¢solid We note that the dissociation of molecules in strong
lines) potential energy curves are shown for the IBr mol- (nonperturbativelaser fields is also related to the problem of
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fs Ti:Sa dye chains. The central pump wavelength and bandwidth

were variable but the latter was set to yield measured pulse

durations of 90 fs. For the probe laser, light around a central

EZQZ::Y::; wavelength of 580 nm was selected and frequency doubled
- AMP- in a 0.1 mm BBO crystal, giving a 100 fs pulse centered

80MHz
SYNCHR
PLL

T around 290 nm. Note that in our previous communication,
AMPLIFIER CHAIN A—N\ this probe laser wavelength was incorrectly reported as 340
Alt nm. The pump and probe lasers were attenuated to approxi-

1 mately 25 and 1QJ/pulse, respectively, and combined using

' » a dichroic beam splitter. The collinear, copropagating lasers

fs PUMP
were then focused into the molecular beam photoion/

1 | photoelectron spectrometer. Care was taken to locate the foci
s PROBE \ of the visible and UV laser beams away from the molecular
o beam axis so that neither the visible pump nor the two-

ION photon ultraviolet probe transitions were saturated. Thus, the
TIME-OF-FLIGHT intensities of the pump and probe lasers were arourtd 10

and 16*Wicn?, respectively.

In these experiments, rotationally cold IBr molecules
were excited from the ground state,& 2.47 A) to the inner
turning point of the diabati® 3I1,+ state potential well us-
ing the tunable pump pulse. The ensuing wave packet evo-
lution was monitored by measuring the return of the wave
packet to the inner turning point of the *IT,+ potential
using two-photon ionization with the probe pulse.

IBr* ions (m/e= 206, corresponding t&l "Br) formed
ELECTRON by the probe step were f:ollected in_the time-of-flight mass
v TIME-OF-FLIGHT spectrometer as a function of the time delay between the

pump and probe lasers, which was varied between 0 and 30

FIG. 2. Experimental setup for pump—probe experiments. A fs Ti:Sa laser iPS u-smg a motorized delay stage in Fhe pum-p laser path. The

amplified in a dye chain by a high power ps pulse. Continuum is generatefartial pressure of the IBr samplaldrich), which was used

and reamplified in two subsequent dye chains, providing the fs pump goewvithout further purification, was controlled to 20 Torr and

(590-547 nmand probe(fixed 290 nm pulses. A pulsed molecular beam ha |Br was rotationally cooled by seeding in 1 atmosphere

into the interaction region of a photoion/photoelectron spectrometer. Thef He. W h he i led IB likel

total IBr cation signal was collected as a function of the time delay. or He. e e'XpeCt that the jet COO? ; r was most likely
5-10 K rotationally and 80—100 K vibrationally. No clusters
were observed in the pulsed valve expansion. Care was taken

interference in nonadiabatic wave packets because lasew shield the IBr sample and the gas lines connecting the

induced avoided crossings exhibit many of the same charagample to the molecular beam apparatus from ambient room

teristics as the usual avoided crossifgt fact, the notion  light and a fresh sample was used on a daily basis.

of laser induced molecular stabilizatfdris based upon the

interference between diabatic and adiabatic wave packet evo-

lution on the dressed potentials, analogous to the phenom-

enon seen in IBr at specific energfés®2®

In the following sections, we discuss the experimental”" THEORY
method in more detail gnd present femtosecfstipump-— The process we wish to explore is the wave packet dy-
probe scans as a function of the ten pump laser wavelength. . : L

. =~ namics resulting from the excitation of the IBr molecule
We then go on to discuss the exact fully quantum mechanlc%rf I 4 - :
. - . rom the X3 " state to the a superposition of continuum
formalism used for describing the dynamics and present the . 3 n ) .

. . . : States in theB °I1;+ and Y(0™) electronic manifolds. The

detailed simulations of the experimental data. : . ol o
dissociation due to the excitation puls# electric field am-

plitude &;(t)] is monitored by a two-photon ionization in-

duced by the probe pulgef electric field&,(t)]. One infers

We briefly review the experimental method which is de-the wave packet dynamics in the dissociative states by moni-
scribed in detail elsewher@3! A schematic view of the ex- toring the ion concentration as a function of a variable time
periment is shown in Fig. 2. A fs Ti—sapphire oscillator atdelay r between the two pulses. We here assume a combined
765 nm was amplified in a three-stage prism dye cell amplimass of 207 amu, the average of the two isotopes of IBr
fier by a synchronized ps Nd:YAG pulse itself amplified in a (natural abundance: 48% with 206 amu, 52% with 208 )amu
high power regenerative cavitg.The amplified Ti:Sa pulse Assuming that both pulses are sufficiently weak, we can
was split and used to generate two white light continua fronwrite the amplitude for exciting a given continuum state of
which the required colors for each of the pump and probeenergyE in the B3I+ /Y(0") excited states by the first
lasers were selected and reamplified in two separate prispulse at timet as,

SUPERSONIC _J %”3:
MOLECULAR —
=

BEAM SOURCE

Il. EXPERIMENT
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i t
AED= 5 (0 Blumlve) [ dvewextioed).
@

whereyy is the initial bound vibrational statef energyE,),
¢~ (E) is an intermediate continuum stdt@ energyE), u,
is the transition-dipole operator between %é3* ground
electronic state and the intermedi@&éll,+ state, andog o
=(E—Ep)/h.

With view to thet— limit, we write Eq.(2) as

AE.D= 7 ex(we ) CelU (B)] sl vo), €

whereeq(w) is the Fourier transform of the first pulse,

€(w)= % f:dt’gl(t’)exp(iwt’) (4
andcg(t) are “preparation” coefficients, defined as,

ce(t)= ﬁ ﬁwdt’gl(t’)exp(in,ot’). (5)
Clearly, ast— o, cg(t)— 2.

For a Gaussian pulse of the form,

&)= Flzzexp{—(t/za)tiwlt], (6)
for which

ex(w) =& exfl — a?(wg o~ w1)°], M
ce(t) is giverf* as

ce(t)={1+sgr(t)(1—exd BA(E.1)]

XW[sgr(t) B(E,t) ]}, tS)

where sgrnf)=1 for t=0, sgnf)=—1 for t<0. W[ Zz] is the
complex error functiotf whose argument is given in terms
of

B(E,t)=a(wgo— wy) +it2a. (9)

As a result of the absorption of the first photon, the

\Ir(t)=f dEA(E,t) ¢ (E)exp—(iEt/#), (10)

wave packet is formed on the coupl8dIly++Y(0") ex-
cited states.
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FIG. 3. Calculated absorption spectrum using the ACM method. For a dis-
cussion, see the text.

_ Mﬂkxkhh
Talw —ZK fiwo—E(+E’

(12)
and w; g=(E®—E)/%. P(7), the probability for producing
ions in all states is therefore given, using E(®.and (11),
as,

4172 w;
P(r)=2] ‘?f dEcE<r>e1<wE,o>e§(%E)

2
Wi E

><<wi|Tz(7)|w‘<E)><w-(E>|m|¢o>e“Ef’ﬁ

(13

All the computations reported in this article are based on
Eqg. (13). The bound-free matrix elementss™ (E)|u4| o)
and(¢;|T,(w; /2)|~ (E)) were calculated using the artifi-
cial channel methodACM).%® We have used th¥ '3 ", the
B3Ily+, and Y(0") potentials and the coupling between
them as parametrized previousRt® save for the
B3I1y+/Y(0") coupling matrix element which was reduced
to 90 cm %, as discussed in detail below.

The theoreticaB 3IIy+ /Y(0")«—X '3 * photodissocia-
tion cross section, calculated by the ACM, which is related
to the basic bound-free amplitudes of Eg) as,

47w
C

E.0

o(E)= (o™ (E)|peal )|, (14)

The pump-—probe ionization signal required to make
comparisons with the experimental results is calculated ai shown in Fig. 3. It can be seen that there are both broad
follows. If the center of the second pulse is delayed by timeand narrow resonances as a function of energy in the
7 relative to the that of the first pulse, the amplitude of ob-16 500—18400 cfit (606—543 nm range. These suggest
serving ast—o the ith ionic vibrational state, due to the that there should be regions of relative stability for the di-

action of the second pulse, is given as, abaticB state.
The free—ionic two-photon transitions were also calcu-

lated with the ACM, assuming the ionization potential of
9.79 eV derived by Higginsogt al2® and the ground IBF
. Morse potential of Masoet al.

XAE, T)exp(—iE/h), (11 The experimental method is based on two-photon ioniza-
where y; are the final bound states of the ion afig{w) is  tion of the coupled 3I1,+/Y(0") states in which interme-
the two-photon transition operator in second order perturbadiate state resonances could potentially play a role. For ex-
tion theory, ample, the ion paiE state, could be resonant with the first

Bi(7)=

472 2 _
. f dE€3(w; £/2) (W] To(, £/2)| 4~ (E))
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FIG. 4. Pump—probe scans with ion detection/é=206) for pump wave-  FIG. 5. Pump—probe scans with ion detection/é=206) for pump wave-

lengths ranging from 590 to 569 nm. The decay is very rapitew vibra- lengths ranging from 564 to 547 nm. The excited state lifetime is seen to

tions) at longer wavelengths, becoming longer lived at 569 nm. vary strongly with excitation energy. At 551 nm, long oscillations are seen
out to beyond 30 ps, in complete violation of the Landau—Zener picture. At
547 nm, the decay is once again very rapid.

probe photon. In the article following this one, HR investi-
gated the effects of intermediate resonance by explicitly in- . . )
cluding wave packet evolution on the intermedi&estate Wave packets evolving on single bound anharmonic po-
during the probe laser pulse. They found that the form of thdentials exhibit oscillation at the classical frequency followed
total IBr* ion signal was not significantly affected by inclu- Py dephasing and finally revival, as the initial set of phases is
sion of theE state. Hence our treatment of the two-photon€ventually reproduced. The revival time is inversely propor-
ionization as a nonresonant process is justified. tional to the product of the anharmonicity and frequeftty.
Due to the short lifetimes of the resonances involved, the
signal decays on a short time scale compared to the revival
IV. RESULTS AND DISCUSSION time and, hence, no wave packet revivals are seen. For the
wavelengths 559, 555, and 551 nm, the decay rates decrease
dramatically and oscillations can be seen beyond 30 ps. Fur-
In Figs. 4 and 5, the detected IBsignal is shown as a thermore, changing periods of oscillation and revival struc-
function of the time delay between the pump and probe lature can be seen. For example, at 551 nm, the maximum at
sers for pump central wavelengths in the range of 590-56%ero delay has followed very fast oscillations in the 0-5 ps
and 564-547 nm, respectively. The signals contain a largeange. The oscillation period increases in the 5-8 ps range
number of reproducible oscillations and generally show arand increases yet again beyond 8 ps. This oscillatory behav-
overall decay, reflecting the predissociation of the excitedor persists on a significantly longer time scale than predicted
state. For the wavelengths 590, 586, and 581 nm, the signaly/ simple Landau—Zener calculatiofi., about 40% of the
show a sharp maximum at zero delay followed by very rapidoopulation dissociates per vibrational pepioffor a wave
decay in one or two oscillationdor this reason, these data packet excited to diabatiB-state vibrational levels in the
are shown only over the range of 0—10.p&t 572 and 569 rangev’'=25-30(i.e., 551 nn), a revival time of about 25
nm oscillations extending to 10 ps are observed, indicating @s is expected. This can be seen weakly in the 551 nm data
decrease in decay rate. At 564 nm, however, fewer oscillaef Fig. 5. At the shortest pump wavelength of 547 nm, where
tions are seen and the decay rate seems to increase agagart of the wave packet is above theBr* dissociation
This illustrates a general observation that the decay rate ithreshold, the signal shows only several very fast oscillations
fact oscillates as a function of excitation energy. in the 0-5 ps range, essentially disappearing by about 7 ps.

A. Experimental results
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FIG. 6. Fourier transform power spectra of the pump—probe from Fig. 4.FIG. 7. Fourier transform power spectra of the pump—probe from Fig. 5. At
When two neighboring resonances are both long lived, they beat again&§64—551 nm, two groups of narrow resonances may be seen, around 30 and
each other to produce a sharp line in the power spectrum. At 572 and 5680 cmi L. A second order coherendeext-nearest neighbgrgan also be

nm, two such levels with a frequency spacing around 50’cmay be seen.  seen near 60 cnt. For a discussion, see the text.

For the resonances which endure on longer timescales, The pump laser excites a wave packet which consists of
one expects the Fourier transfor(lAaT) power spectrum to a coherent superposition of resonances with varying widths.
show the presence of sharp frequency components corrét short times(0—5 ps the wave packet consists of a larger
sponding to energy differences between any two pairs ofhumber of these and the pump-probe signal rapidly becomes
resonances in the coherent superposition. In these expesiery complicated. At longer times, a significant number of
ments, the bandwidth of the pump laser was sufficient taesonances in the coherent superposition have decayed and
coherently excite six to eight vibrational levels, dependingonly a few levels have any significant residual population,
upon the excitation wavelength. The FTs of the time delayresulting in a simplified beat structure, as seen in the 551 nm
scans of Fig. 4 are shown in Fig. 6, whereas the FTs of thelata of Fig. 5. In the time domain picture, the signal becomes
data of Fig. 5 are shown in Fig. 7. Nearest-neighbor cohereomplicated because twice per vibrational period the wave
ences at 28.7, 31.3, and 33.9 chare observable in scans packet moves through the crossing region and splits into two
with pump wavelengths between 551 and 564 nm. By comsmaller wave packets which can interfere with each other.
parison with the data of Eberhard and Sulli8mwe assign ~ With reference to Fig. 1, the initial state is a diabaBistate
these (using the corrected numbering system of Chitd  wave packet which splits into two at the crossing region. A
nearest neighbor coherence$=31—-30, v'=30—-29 and fraction, say 40%, dissociatéadiabatic behavigrto 1+Br
v'=29-28, respectively. We note that the assignments usegdroducts while the rest of the wave packet “hop@&liabatic
by Selin and by Eberhard and Sullivan has all quanta rebehavioj to the upper adiabatic curve and continues out to
duced by three, as compared with Child. The second ordahe outer turning point. It subsequently reverses and passes
(next-nearest neighbpcoherencege.g.,v’=31-29) can be  through the crossing point again, splitting a second time. One
seen close to 60 cnt in the 551 nm FT data. A nearest- part continues diabatically by hopping back to tRestate
neighbor coherence at 48.2 chis observable in scans at potential. The other part remains for the moment on the up-
pump wavelengths between 559 and 572 nm and correper adiabatic curve. Thus, we have two wave packets, both
sponds to the vibrational’ =23—22, based on recent mea- of which can hop: a diabatic motion following the dashed
surements of the absorption spectrum in a cold moleculaB-state curve and an adiabatic motion on the upper solid
beam®® The FT data show clearly that the resonance life-curve in Fig. 1. These two wave packets are strongly coupled
times oscillate as a function of energy. by the curve crossing and therefore as they hop they will



J. Chem. Phys., Vol. 110, No. 5, 1 February 1999 Shapiro, Vrakking, and Stolow 2471

interfere with each other. As the classical periods of oscilla-
tion will vary with energy for both the diabatic and adiabatic
wave packets, we expect this interference to depend strongly
on energy. One could imagine, for example, that at charac-
teristic energies the diabatic-adiabatic interference was such
that they nearly cancel destructively in theBr exit chan-

0,41 A =590 nm

ot h

nel. This situation would lead to states which are relatively 08r
stable against dissociation. Their continued interference \ - 586
should eventually lead to “standing waves” across both po- 0.4r = >senm
tentials and would in fact represent the narrow scattering 00 N
resonances involved. Conversely, a narrow scattering reso- § ‘
nance can be thought of as originating from an interference @ 08¢
between diabatic and adiabatic wave packet evolution. @
- 04 A =581 nm
[0
B. Theoretical results ks JU
. ) 3 00f . . . . .
The calculations presented here used the potential pa- «
16 . . . . O 0,8-
rameters of Levyet al.”” with an R-independent nonadiabatic

coupling strength ofV;,=90cm % The energy resolved

N
AF A =572
(¢~ (E)| pa| o) amplitudes, which generat@ccording to 04 W"’W““ s7znm
Eqg. (14)] the cross section shown in Fig. 3, were calculated 0.0[

with the ACM. Using these amplitudes, the pump-—probe '
time-resolved spectra were obtained via B@), basically as 0.8
a Fourier transform of the convolution of the one- and two-

0 5

: 10 15 20 25 30
tion probabilities to the separate open ionic vibrational states Time Delay (ps)
V\{ere the.n In.COh(.:"rently summed to Obt.aln the mtegrated IOIlfllG. 8. Calculated pump—probe spectra in the range of 590-569 nm, based
yield which is directly comparable, with the experimental on the artificial channel method using the potentials of Fig. 1. The essential
data. physics of the problem, when compared with Fig. 4, is shown in these
In Figs. 8 and 9, we show the calculated pump-probesalculations. The excited state lifetime increases with decreasing wave-
signal (integrated ion yield for pump laser wavelengths in length.
the ranges 590-569 and 564—-547 nm, respectively. At the
longest wavelengths, 590 and 581 nm, there are but a few
oscillations before the wave packet decays. At the shortedong oscillations and revival structures near 13 and 25 ps. In
wavelengths, at 547 nm near the Br* dissociation limit, the 555 nm experimental results, a high frequency oscillation
the behavior is more complex, but the decay is still fairlyis seen near 6 to 7 ps which shows up only weakly and at
rapid. At intermediate energies, the calculations show interearlier times3 to 4 pg in the calculations. The experimental
ference between diabatic and adiabatic evolution which leadsesults at 551 nm show features similar to those at 555 nm,
to long lifetimes and revival-like features in the pump—probeonly more clearly and dramatically, indicating strong
spectra, seen for example in the 559 and 555 nm plots. Thusdjabatic-adiabatic wave packet interference. We note that the
the essential physics of nhonadiabatic wave packet dynamictheory results for 555 nm seem closer to the experimental
seen in the experimental results of Figs. 4 and 5, is captureeesults at 551 nm. The calculation at 551 nm shows a rapid
nicely in the theoretical results of Figs. 8 and 9. and complex decay, quite similar in appearance to the ex-
There are, however, noticeable deviations between thperimental results for 547 nm. The theoretical results at 547
calculations and the experimental results. At 590 and 586im show broad irregular features not seen in the experi-
nm, the calculations reproduce the very fast deceyy 2—3  ments.
recurrences are in evidencguite well. At 581 nm, the ex- In general, the calculations reproduce the experimental
perimental results look quite similar to those at 586 nmresults most quantitatively at low energies near the crossing
whereas in the calculations the decay is sloweto 5 recur-  point. As the energy is increased, experiment and theory
rences are exhibitgdAt 572 and 569 nm, the calculations show similar features, buti) the theoretical plots generally
reproduce the experiments fairly well, including weak re-show faster decays than the experimental ones(ahdhe
vival structure seen near 6 ps in the 569 nm results. Thealculations show effects that generally appear at higher en-
overall decay at 572 and 569 nm, is, however, faster in thergies in the experimert.e., the 555 nm theoretical curve
calculations than in the experiments. At 564 nm, the wavdooks like the 551 nm experimental one; the 551 nm theoret-
packets again decay quickly, although now somewhat fastdcal curve looks like the 547 nm experimental ¢ne
in the calculations than in experiment. This detailed comparison of experiment with theory sug-
At 559 and 555 nm, both experiment and theory showgests to us that the form of the potentials and, particularly,
the clear effect of diabatic-adiabatic interference, leading tdhe coupling strengt,, may be in need of some modifica-

photon bound-free matrix elements and the pump and probe 04t A=569nm
laser pulses. A pump laser bandwidth of 160 ¢rwas as- 00
sumed(i.e., Gaussian transform limit of 90)fsThe ioniza- '



2472 J. Chem. Phys., Vol. 110, No. 5, 1 February 1999 Shapiro, Vrakking, and Stolow

branching ratios used by Chfitlin determining his analysis.

0.8 In the higher energy regime where bothBr and +-Br* are
open channels, we expect the coupling to be around 170

o4 h =864 nm cm L Itis only at lower energies, below the-Br* thresh-

00__UU\’"WW old, that the coupling appears to decrease. If this result is

' ' corroborated by the frequency domain studies, it suggests

0.8¢ that the assumption of aR-independent coupling may be
inappropriate.

0.4 A=559nm We should keep in mind, however, that very quantitative
= Oo__UU\fWWWwWWWNWMWW comparisons of these experiments with theory should con-
s : ' ' ' — sider several ancillary problems. The experiments were per-
& og formed on the molecul®1”®Br with mass 206 amu whereas
@ the calculations assumed an average mass of 207 amu. The
°  04r %= 555 nm frequency domain results from Volkeet al. show in fact
g ] that the mass effect on the detailed position of the narrowest
g 00 ' ' - ' - resonances is small but not insignificant. Furthermore, the
O o8} experiments reported here were based upon fs two-photon

ionization of the wave packet and therefore the potential ef-

0.4 A =551 nm fects of intermediate state resonance, autoionization phenom-

M ena, and slightly nontransform limited laser pulses on the
0,0t - ) . . .

: detailed form of the experimental results might be discerned.

0,8¢
V. CONCLUSION
0,41 A =547 nm ) .
U\WW\/M/\/\MWWMM In this article we have presented results of fs pump—
0,004 \ . . . : probe experiments on nonadiabatic dynamics in the IBr mol-
0 5 25 30 ecule. The observed wave packet dynamics is complicated as

10 15 20
Time Delay (ps) a consequence of the intermediate strength coupling between

FIG. 9. Calculated pump—probe spectra in the range of 564—-547 nm. Agair;[,he (.jlabatICB 3H0.+ anq Y(O+) .St"?‘tes' In 1Br r.]elthe.r a di-
the essential physics of the problem, when compared with Fig. 5, is show@batic nor an adiabatic description of the dissociation dy-
in these calculations. The excited state lifetime varies strongly with excitanamics is appropriate and, as such, it represents the worst
tion energy. case of the breakdown of the Born—Oppenheimer approxi-
mation. Furthermore, the simple Landau—Zener picture of
surface hopping is completely invalid in this case. As exem-
plified by the calculated photodissociation cross sections, the
absorption of one photon to the continuum is characterized
by the existence of both narrow and broad overlapping reso-
’Hi./mces. As a result one observes experimentally fast decay

tion. We began our calculatiori®ot shown hergusing an
R-independent coupling strength of 170 ¢ following
Child,}” Shapiroet al.*>*%and Gua'® We noticed that while
this produced some agreement between experiment a

theory at the higher energi€S55, 551, and 547 nit re- {;gocesses accompanied by long lived tails. This behavior
produced the experiments rather poorly at energies closer (yries quantitatively as a function of excitation energy. The

the crossing region. The choice of Morse parameters for thﬁbility of the pump—probe experiments to monitor both the

diabatic B state, the form of the repulsivestate, and the  gj6, and the fast modes of decay and the recurrence patterns

nonadiabatic coupling strengtivhich may in general b®  generated by the interference between these diverse reso-
dependentare all relevant to the simulation of the available nances provides details of the nonadiabatic dynamics.

experimental data. In particular, the potential functions and  The variation of the excited state lifetime with excitation
coupling must be chosen so as to fit the forms of the pumMPy 55 seen to oscillate as a function of energy. In a time do-
probe signals and their Fourier transforfsving directly  main picture, the regions of “stabilization” are due to inter-
the level spacings involvgdas a function of energy. They ference between diabatic and adiabatic wave packet evolu-
are also required to match the frequency domain data of Sgjyn |n fact, the existence of narrow resonances at

lin and Volkerset al. which are consistent with the time cnaracteristic energies may be generally thought of as arising
domain data reported here. The development%rfa New PoteRom an interference between outgoing and incoming flux.
tial is in progress and will be reported elsewhere. We hope that future studies of nonadiabatic dynamics in

As a simple first step towards the development of new,|yatomic systems will augment the one dimensional results
potentials, we simply varied the coupling strength, keepingy the present study.

all potential parameters unchanged, in order to see if the

agreement could be improved. This itudy suggested that thECKNOWLEDGMENTS
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