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In this paper we report femtosecond studies of the influence of rare-gas collisions on the dissociation reaction
of Nal molecules by investigating the coherent wave packet motion in Nal at a temperature % &nd

rare-gas pressures ranging from 0 to 1000 bar. The photodissociation dynamics of Nal is influenced by the
interaction between the excited covalent and the ionic ground state potential energy surfaces, which cross at
a certain internuclear separation. Due to the adiabaticity of the so formed potential, studies of the elementary
nuclear motion and reaction dynamics along the covalent{N@ and the ionic (N& + I~) channels are
possible. The probing is made for the transition-state complex-{jf&. Even at low rare-gas pressures a
considerable influence of collisions on the wave packet motion within the adiabatic potential well is found.
Only few collisions between Nal molecules and surrounding rare-gas atoms result in fast vibrational relaxation
and loss of coherence. Furthermore, a stabilization of the transition state is observed due to the decrease of
the Landau-Zener escape probability. The reaction cross section for the interaction of the transition state
molecules with helium atoms is found to be smaller than for the interaction with argon atoms. The intensity
of the detected laser-induced fluorescence arising from the transition- Nia* decreases with increasing
rare-gas pressure. Here, the effect for argon atoms is smaller than for helium atoms.

1. Introduction the dynamics of the isolated molecules have been contrasted
with those of high-pressure gase¥and in clusters with rare-

Electronic curve-crossing processes in solution are an im- gas atomd718 |n a series of papersSpbation Ultrafast

B e e eacio K715 DyamceofResctonsee sricie 1 e 19, hy clucidt
Y the real-time elementary dynamics of reactions in solutions. Very

frg?gggfiég th_?hgotpeﬁéltz;l dfsgirggt;l:]rfiﬁeisogigviérizgeggt'gnrecentIy, three _papers_in thi_s _series reported _stuo_lies of femto-

prototype }eaction for the investigation of sokolvent secor_ld dynaml_c_s of dissociation and recomblnatlor_l processes

interactions since the early work of Franck and Rabinowdtth of Iz in supercritical rare-gas solverffs** By changing the .

Their main interest was focused on ttage effectwhich results * solvent pressure fr(_)m 0 to about 30(_)0 b_ar, the effect _of solvation

in a geminate recombination of the fragments. First experi- on reaction dyn_am_lcs_, could_be StUd'.e.d In & systematic way_from
- ideal gas to liquidlike fluid conditions. The results give

tmhggtzltiég\llzsr:!jggogfin:)gntzzilmsrpuedrirgs?n ar:gnN?Zgzggfr:edrou Sinteresting details of the changes of the reaction trajectories that
. P y 9roUPScan be compared to results obtained from femtosecond experi-
(for a review see ref 6).

N o . . . ments in solution by Scheret al,?3 in rare-gas clusters by
First investigations of the fast reaction dynamics disturbed Zewail's group?* and in argon matrices by Apkarian and co-
by solute-solvent interaction were performed by Chuatgl’ '

) ) . i C TS workers?526

In this work picosecond time-resolved studies on |od|n(_e insCCl In this paper we present results of femtosecond experiments
i‘ionudn : fxiiﬁznsi;\g;plrgZirgici'ooﬁgmwm;']r t;]r:nfggttg dthe%erformed on Nal molecules in supercritical rare-gas solvents.

di o d : p I bi y d The dissociation of Nal in real time has been studied extensively,
to predissoclation and caging, respectively. Nesbitt an I-?_ynes both experimentally and theoreticafl§:32 In contrast to purely
as well as Wilson and co-workérshowed that the dynamics dissociative reactions. the reaction (‘)f Nal
on the time scale o100 ps is due to relatively slow vibrational '
relaxation within the electronic ground X state. In their .
experiments, Kellewt al1® were able to demonstrate that also  Nal* — [Nar--1} ™ —
the excited A and Astates play an important role in the Na@Sy,) + 1(3Psn) (for Q = 0*, 1)
recombination reaction. A more detailed picture of the involved Na* (1) + 1-('Sy) (for @ = 0°)

reaction dynamics could be given by Harris and co-worke¥s.
9 affected by a non-BorrOppenheimer coupling of the ionic

1)

Predissociation processes faster than 2 ps had to be assumed ¢

explain their findings. , , o ground state [X{=*)] and the lowest excited covalent state

_Therefore, in order to gain a microscopic picture of the [a+) Hund’s case c coupling]. Due to this avoided crossing,
dissociation and recombination dynamics of iodine, spectroscopy e A(0) covalent state and the ionic ground state interact at
on a femtosecond time scale had to be applied. The pioneeringi,eir crossing poinR, (6.9 A). The femtosecond experiments
work of Zewail and co-workers demonstrated the femtosecond p5ve explored the resonant wave packet motion of the-[i&
dynamics of 4 in a gas cell and in a molecular bedfi* Also, transition stat@”-31 In Figure 1 the experimental scheme and
the involved potential curvés33 are shown. A femtosecond

. ;;I;hésc)&agﬁirilzgedicated to Professor Ahmed H. Zewail on the occasion pump pulse prepares the system on the repulsive branch of the
o Author to Who% correspondence should be addressed. repulsive A(0") state. The subsequent nuclear motion is probed

€ Abstract published ilAdvance ACS Abstractdune 15, 1997. by absorption [C(0) — A(0™)] of a second femtosecond pulse,
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Using two four-path OPGs (optical parametric generators, Light
~ 50} Conversion), two independent wavelengths could be chosen.
g " The laser pulses in the visible spectral range were produced
S 40 | " Na + I using sum frequency generation between signal and idler output
= P ONa+ I of the OPG as well as second harmonic generation of either
> 30 L Na + I* the signal or the idler light. The pulses were finally compressed
%‘J Na + I in double-pass two-prism arrangements resulting in temporal
[_g 20 L . pulse widths of about 70 fs (assuming Gaussian pulse profiles).
= ,  crossmg The 320 nm pump pulse was generated by frequency doubling
g in a thin, phase-matched BBO crystal. The spectral widths of
5’-»; 10 ¢ the pulses were about 10 nm for both pump and probe laser.
~ The pump and the probe pulses were delayed in time relative

0 0 2 4 é é 1'0 1'2 1'4 1'6 1'8 to one another in a Michelson interferometer arrangement. The

beams were collinearly recombined by means of a dielectric
beam splitter and were focused into the high-pressure cell. Laser-
induced fluorescence (LIF) was collected orthogonal to the
coincident laser beams. After suppressing unshifted stray light
of the lasers by means of a computer-controlled 50 cm
monochromator (Acton SpectraPro-500), the signal was detected
with a fast photomultiplier tube (RCA C31024 A) as a function
of delay time. The signal-to-noise ratio was enhanced by use
delayed in time relatively to the first. The wavelength of the of 3 boxcar integrator (EG&G model 4121B) in gated-integrator
second pulse determines at what reaction coordinate themode, as well as by numerical averaging of several pulses. The
dynamics are probei:3> On-resonanceprobing ¢, in Figure relative timing between the two pulses was varied with a
1) is resonant with the Na D-line transitions and, therefore, yields computer-controlled actuator that allowed for optical delays up
the stepwise buildup of free Na atoms. If the probe is tuned to 3 ns with a minimal step size of 6 fs. Two hundred data
away from the atomic resonance, the resulting transient corre-points were accumulated at each actuator position.
sponds to the dynamics of the wave packet oscillating inside  The sample (Nal) was put into a high-pressure cell specially
the adiabatic welldff-resonancerobing,Z5: in Figure 1). Due designed for these experiments (see Figure 3). The high-
to the nonadiabatic curve crossing, the wave packet leakspressure cell was built from a heat-treated nietabalt alloy
through the LandatiZene?® coupled region with a certain  (RGT 601) with a tensile strength of about 1000 N/Aup to
escape probabilityx10% for Ap, = 310 nm). This results in  temperatures 0&700°C. Four optical sapphire windows(
a vanishingly signal intensity for longer delay times80 ps 10 mm, free aperture 6 mm, thickness 6 mm) allowed for two
for Zpu = 310 nm). optical transmission axes being orthogonal to each other. In
In the following (section 2), a brief description of the order to allow high pressures at high temperatures, special gold
experimental setup is provided for both the high-temperature/ seals had to be used for the windows. The total cell volume
high-pressure apparatus and the femtosecond laser system. liyas about 1 cfh Such a small cell volume was essential in
section 3, we present experimental results obtained from pump  order to reach high pressures (up to 3.5 kbar) using manually
probe experiments on Nal molecules in rare-gas solvents atoperated, screw-type pressure generators. The starting pressure
different pressures. Emphasis is put on the role of the avoided (~300 bar) was supplied by a pressure pump (Hofer model
crossing. Experimental problems are discussed as well. Finally, 52HK25). Pressure inside the cell was monitored using a
concluding remarks are given in section 4. precision strain gauge pressure transducer. The cell showed
no change in gas pressure during the course of an experiment.
The pressure chamber was placed in an oven. During the
experiments the temperature was maintained at approximately
670°C. The vapor pressure of the sample was estimated to be
about 106-200 mTorr, corresponding to a number density of

Internuclear Separation / A

Figure 1. Relevant potential energy curves for the dissociation reaction
on Nal. The labels at right correspond to the diabatic potential curves.
The pump pulsé,,, prepares the system on the excited A(Burface.

The probe pulse monitors either the transition-state redighdr the
produced Na atomsi]).

2. Experimental Section

The experiments described in this paper were performed using
two ultrashort laser pulses centered at 320 and 620 nm for
pumping and probing, respectively. The pulses were about 70

fs long and had energies between 0.5 apd 1 The setup used
for the pump-probe experiment is shown in Figure 2.

The laser system is based on a Ti:Sapphire oscillator
(Coherent MIRA) pumped by the multiline output of an*Ar

(5—10) x 10 molecules/crifor the Nal3?

3. Results and Discussion

In this section, we present the results obtained from a series

ion laser (Coherent Innova 310) running at about 8 W. The of experiments in compressed supercritical argon or helium gas
pulses were produced by the oscillator at a repetition rate of 76 at a temperature of 6 AT and pressure ranging from 0 to 1000
MHz having temporal pulse widths of about 100 fs. The pulse bar. Ground state Nal molecules were excited with pump pulses
energy was less than 10 nJ, and the pulses were centered ahat were centered at 320 nm and had a temporal pulse width
about 800 nm having a spectral width (fwhm) of 14 nm. For of about 70 fs. Absorption of the pump photon by the molecules
the amplification of the pulses a regenerative Ti:sapphire is associated with a vertical transition from the ionic to the
amplifier system (Clark-MXR) was used. The pulses were covalent surfaces [A(Q1) — X(1=*)]. The width of the wave
stretched to a duration of 200 ps before amplification. The packet atAt = 0 is determined by the temporal and spectral
regenerative Ti:sapphire amplifier was pumped by a frequency- width of the optical pump pulse as well as the shape of the
doubled Nd:YAG laser at a repetition rate of 1 kHz. After excited potential curve. Using pulses centered at 620 nm for
recompression the pulses had energieshb mJ and temporal  probing gives the dynamics of the wave packet moving
widths of less than 100 fs. periodically within the adiabatic potential well formed by the
In order to have two different colors available, the 800 nm interaction of ground Xg™) and excited A(0) states ¢ff-
pulse train was split into two parts by means of a beam splitter. resonanceprobing in Figure 15731 The probe laser is absorbed
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Figure 3. Schematic of the high-pressure system. For further details, see text.

[C(0) < A(0T)] by the [Na--I]** transition state molecules,
which finally results in excited sodium atoms [N&P(; 3]
giving rise to fluorescence. The fluorescence signal (Na D-line

molecules by Zewail and co-worket28

Knopp et al.

of 0 bar be comparable to transients found for free Nal

In Figure 4, a pumpprobe transient taken from free Na (

transitions at 589.0 and 589.6 nm) as a function of delay time = 0 bar) in the high-pressure cell is shown. The transient
between pump and probe pulse should for rare-gas pressuresbserved displays the oscillatory behavior of the wave packet
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Figure 5. Pump—probe transients taken from Nal in the high-pressure
0 cell for different helium gas pressures. (a) Unperturbed gase0

20 2 A e R 0117 16 18 bar; flttmg of the smglg exponential expression (()eq 3) to the
. experimental data results in a Landafener lifetime ofr , ~ 12 ps.

Delay Time / ps (b) p = 50 bar and (cp = 100 bar; the decay behavior changes due

to vibrational relaxation and can no longer be described by a single-

Figure 4. Pump-probe transient taken from free Nal (rare-gas pressure . N ‘
9 p-p ( gas p exponential function. For details, see text.

p = 0 bar) in the high-pressure cell. (Also valid for all other transients
shown in this paper: The sample was heated te 670 °C in order

to have sufficient vapor pressure. The probe wavelength Afias: of the total energ¥ as well as the rotational quantum number
620 nm monitoring the wave packet within the adiabatic@otential J. This predissociation results in a decay of the overall intensity
well.) of the detected fluorescence, which can be described using a

single-exponential ansatz
within the adiabatic potential well. The repetition rate of the
observed signal maximum is the frequency of the wave packet _ t
in the potential well. The Fourier transform of the modulated Al) = AO'eX;{_ TT) 3)
transient shows frequency components which correspond to the Lz
energy differenceE(vi+1) — E(v;) between adjacent vibrational
eigenstates of the adiabatic A{Ostate. For the pump wave-
length chosen in our experimeri,( = 320 nm), we determined
a wavenumber difference ¢£27.5 cntl. This correlates to
an oscillation time oflf ~ 1.2 ps, which is in good agreement
with the findings of Conget al3!

The observed damping of the transient is due to three
processed’28(i) The wave packet prepared on the A(1) excited
state escapes within very short time as the potential curve is
purely repulsive. A contribution to the light-induced fluores-
cence (LIF) signal therefore only can be seen at the position of — *-+ .
the first maximum of the transient. (ii) The decay of the overall  G0ing to higher rare-gas pressurgs X 50 bar), several
signal intensity reflects the population loss in the originally changes could be observed: (i) The intensity of the LIF
excited adiabatic A(0) state, due to the predissociation, caused d€creases with increasing rare-gas density. (i) As the pressure
by the non-Bora-Oppenheimer coupling of the XZ;) and becomes higher, the decay behawor of the overalll signal
the A(0') state of the Nal molecule. The production of Na intensity changes; a constant residual fluorescence signal can

atoms can be detected bg-resonancerobing (compare Figure tc):e r? bserve?ff(z_r the \évhole accessible rtarllge O_Ihd_elay “”.‘es- (i)
1). (iii) The even faster decreasing of the oscillation amplitudes onerence reimes decrease exponentially with Increasing rare-

is due to a dephasing of the wave packet. gas pressure. These points are discussed in detail in the
The avoided crossing can be described using the Landau follpwmg. . . .
Zener formalisn?® (i) The decrease of the LIF signal with increasing rare gas
density caused considerable experimental difficulties. Only
) V2 transients up to a pressure of abgut 1000 bar could be
p_ = __ 4 01 ) obtained. Therefore, the signal-to-noise ratio decreased drasti-
Lz hy,(E, J) QIV V| cally for high-pressure transients. The reason for this effect
dr "0 11 can be easily understood if one considers the interaction of the
rare-gas atoms with the excited CjGstate as well as with the
Here, P z describes the dissociation probability of the Nal excited Na*EPy, 3;) atoms. Several processes may contribute
molecule as a function of the relative velocity of the particles to a reduction of the number of fluorescence transitions.

wherer?, is a measure for the lifetime of the wave packet on
the adiabatic potential surface. As a result of eq 2 this lifetime
should increase with decreasing recoil velocityE, J) or
equivalent with decreasing total enerBy

By fitting the single-exponential expression (eq 3) to our
experimental data, we obtained for the unperturbed gase (
0 bar) r(L’Z ~ 12 ps (see Figure 5a). This corresponds to a
Landau-Zener escape probability & 7 ~ 0.10, which is in a
good agrement with the value determined by Reisal ?° (P,
0.11).

at the crossing point (for Nal at the internuclear distaRce Comparing the results for helium and argon gases, we found
6.9 A). Vo is the coupling energy between the two potential that the LIF signal decreases faster for helium than for argon.
surfacesVyp andVy; at this point, which is about 370 crhin Transients could be taken for helium environments at pressures

our case’® The derivative gives the difference in slopes of the up to about 400 bar while a signal at 1000 bar for argon gas
surfaces, andy(E, J) is the recoil velocity which is a function  still could be detected (see Figures 6 and 7, respectively). In
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Figure 6. Pump-probe transients taken from Nal in the high-pressure Figure 7. Pump-probe transients taken from Nal in the high-pressure
cell for different helium gas pressures. Transients could be taken for cell for different argon gas pressures. Transients could be taken for

helium environments at pressures up to about 400 bar. argon environments at pressures up to about 1000 bar.
the following we discuss three possibilities: caging, quenching, )
and vibrational relaxation within the C(D state. 300 | ,
First of all, it seems that the decrease of the LIF intensity ;

depends on the frequency of collisions between the Nal //
molecules and the surrounding rare-gas atoms. For simplicity, 250 | ;
we assume a hard-sphere model, where the collision frequency © //
is given by B Y

< 200} /

12 ] /
Zai-re ~ Tha_ro (J&) NaP = Onai-rg ¥ Nap % /
UNal-RG @) g /

§ 150 | v ©
Here, the collision diametaiya-rc (M) is taken as the mean é’ /
value of the Lennard-Jones diameters of the rare-gas atom and S 100} / @
the Nal moIecuIedNa|_RG = (dLJ(NaI) + dLJ(RG))/Z. HUNal-RG // - -
is the reduced mass of the collision complé¥, is Avogadro’s / -7
number ang the macroscopic solvent density (mol/Lyna—rc 50 | 7/ -7 ©
is the cross section #nandz the mean thermal velocity (m/s) / g
of the collision pair. In the limit of low-pressure gass p/RT. // s @_® |
Using this simple model we can approximate the number of Oler o o e e = = — 7
collisions as a function of time and pressure of the rare-gas 0 25 50 76 100 1256 150
which is shown in Figure 8 for helium and argon gas. The Time / ps
c:_alculated ”“f“ber of collisions per molecule is about 2.3 times Figure 8. Number of Nat-solution collisions as a function of time
higher for helium than for argon. and of pressure of rare gas for helium (dashed lines) and argon gas

The cage effect, which means the recombination of the (full lines) calculated using a simple hard-sphere model (eq 4). (a) Ar,
dissociation fragments due to collisions with the surrounding p = 10 bar; (b) Hep = 10 bar; (c) Ar,p 100 bar; (d) Hep = 100 bar;

solvent atoms, is more effective for higher masses and larger(€) Ar, p = 300 bar; (f) He,p = 300 bar.
diameters of the cage ator#fs.If caging would be the main
process responsible for the decrease of fluorescence intensity,

one would expect argon to be more efficiéht. Therefore, Ar), the Q is given by?

caging seems not to be the only process responsible for the

decrease in the LIF intensity. Q= znigi@f)m (5)
I

Collisional quenching effects also would result in a decrease
of the detected LIF arising from the Na Na* transition. If
we assume that the quenching r&tés only a function of the Taking n; = p/kT and z‘;iz = 3kT/m, wherep; is the partial
temperaturel, the number of moles;, the mean velocity;, pressure andy the mass of the particles, and introducing the
and the cross sectian of the collision partners (e.g. Nal and total massmy = Yim and the total pressurp: = Yipi, the
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quenching rate can be written as

3 my B 3
_Ptz __Gi:”_pta (6)
mKT 4 m p mkT

whereg ;= ¥;(my/m)¥A(pi/p) is the mean cross sectihwhich

Q

is assumed to be independent of the molecular quantum state.

From eq 6 we get a quenching rate for argon whickk4
times higher than that for helium. Similar to the caging, argon
gas should result in a more effective reduction of the fluores-
cence signal by the quenching process than helium gas. This
is in agreement with the observations made for iodine. Capelle
and Broid&® measured cross sections for the electronic quench-
ing of iodine of 1.4 and 17.6 Afor helium and argon,
respectively.

The C(0") state can be described by a shallow Morse potentia
having a dissociation energy between about 500 and 2000
cm~1314041 Ag the probe pulse prepares the €(@tate near
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Figure 9. Pump-probe transients taken from Nal in the high-pressure

| cell for different argon gas pressures. The LIF signal from off-resonance
probing at pressures higher than about 50 bar stays at a constant level
within the range of accessible delay timesl(ns).

its dissociation limit, vibrational relaxation due to collisions with expressed by a cross section for vibrational relaxatigg

rare-gas atoms might stabilize the Nal molecules below the
dissociation limit. Again, argon atoms should result in a larger
momentum transfer than helium atoms. If, however, only one
collision is sufficient to reduce the energy of Nal below the
dissociation energy, then the number of collisions is relevant.
In this case, helium would result in a more efficient termination
of the fluorescence signal arising from the NaNa* transition
(compare with results given in Figure 8). At the same time
one would expect fluorescence from the €))0 state?04!

Ovr
Pur = (8)
VR Onai-re
Using eq 4 in the low-pressure limit then results in:
_ oyrUNAP
kyr = OyrUNAp = T RT 9)

However, as the stray light from the probe laser has about the AS Zyai-He > Zai-ar, OUr experiments result ibyr(He) <
same wavelength as the emitted fluorescence, the detection oPvr(Ar), which is analogous to the findings from experiments

this emission is rather difficult. Further experiments will be
performed to elucidate this topic.

Due to the described experimental problem,

on iodine in high-pressure rare ga3es?
In the course of vibrational relaxation the total eneEypf

it was not the wave packet within the adiabatic A{Opotential declines.

possible to observe the influence of caging processes on the!

he energyE is an important parameter for the dissociation

first excited state. Other, fluorescence-free probe mechanismgProbability due to the LandatZener curve crossing (see eq

have to be applied in order to receive detailed transients even
at high pressures. Experiments making use of nonlinear four-
wave-mixing processé&s*3 for probing are in progress.

(i) The change of the decay behavior of the overall signal
intensity also means that the decay of the fluorescence signal
can no longer be described by a simple exponential fit. This is
shown in Figure 5b,c for helium pressurespof 50 bar and
= 100 bar, respectively. Due to the Nedolvent collisions,
the energy of the wave packet propagating within the adiabatic
A(0") potential well decreases steadily. The vibrational relax-
ation process is a function of both the rare-gas density and the
mass and size of the solvent atoms. Due to the considerabl

decrease in signal intensity for higher rare-gas pressures, only,

an estimation can be given for the dependence of vibrational
relaxation times on gas densities. It was found that the change
of the vibrational relaxation rate is about linearly correlated to
the density (pressure) of the rare-gas atoms. This proportionality
between rates and density indicates the applicability of isolated
binary collision models to the reaction dynamics of the
considered system that is reasonable for the pressures used i
the experiments. This confirms previous results obtained for
iodine in high-pressure rare gagés?? The reaction rate for
vibrational relaxationkyr is proportional to the collision
frequencyzya-re.**

kvk = Pyr*Zyai-rc (7)

Pyr gives the probability for reaction per collision and can be

2). The probabilityP z decreases with decreasing vibrational
energy E, proportional to expfa/(E,)Y?d, where a is a
constan* While at p = 0 bar the molecules completely
dissociate within less than 100 ps, for rising rare-gas pressures
a stabilization of the adiabatic state can be found. The LIF

signal from off-resonance probing at pressures higher than about

50 bar stays at a constant level within the range of accessible
delay times ¢ 1 ns). This behavior is demonstrated in Figure
9 for argon gas pressures of 0 and 130 bar.

For an argon gas pressure of 130 bar the fluorescence signal
reaches its constant level after about 50 ps. This corresponds
to about 15 Nat-Ar collisions per Nal molecule (see Figure
). The ratio between signal intensity/st= 0 and the constant
signal intensity for long delay times decreases for higher
pressures as the vibrational relaxation process becomes faster.
Due to the smaller cross section for vibrational relaxation the
stabilization process requires higher pressures for helium gas.
The possibility that due to pressure-induced potential shifts the
probe pulse at,r = 620 nm also probes Na atoms resulting in
a constant signal level could be ruled out. No Na atoms could

Be on-resonantly excited at higher pressures, which points to

an efficient caging process.

(i) From Figures 6 and 7 it is obvious that coherence
lifetimes decrease with increasing rare-gas pressure. We have
monitored the coherent wave packet mation in the A (§ate
over tens of picoseconds. In an isolated Nal molecule, the
femtosecond excitation creates a coherent vibrational wave
packet®® Due to the anharmonicity of the potential, dephasing
and rephasing processes occur, resulting in a modulation of the
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performed in compressed supercritical argon or helium gas at a
40 [ temperature of 670C and pressure ranging from 0 to 1000
bar. Ground-state Nal molecules were excited with femtosecond
pump pulses (320 nm) resulting in a vertical transition from
30[ the ionic to the covalent potential curves [A(Q) — X(!=1)].

By choosing an appropriate wavelength for the femtosecond
probe pulse (620 nm), the wave packet dynamics belonging to
20 L the [Na--I]** transition state could be followed as a function
of delay time between pump and probe pulses.

For free Nal molecules the well-known wave packet dynamics
10+ within the adiabatic potential well formed by the interaction of
ground X{=*) and excited A(0) states could be seen. The

transient displayed the oscillatory behavior of the wave packet
300 400 within the adiabatic A(0) potential. A Fourier transform
calculation resulted in a dominant contribution corresponding
to a wavenumber difference of 27.5 ctbetween adjacent
vibrational eigenstates. The decay of the signal intensity due
to the population loss by predissociation, caused by the non-
Born—Oppenheimer coupling of the ionic and covalent states,
could be simulated using the LandaZiener model for the

about 30-40 ps delay time weak revivals can be found for Nal, @voided crossing. The Landaiener escape probability was
which is consistent with the findings of Coegal# Therefore, ~ found to bePz ~ 0.10. The oscillation amplitudes of the
the coherence lifetime can be estimated to be longer than 40 pdransient signals were modulated due to dephasing and rephasing

for free Nal molecule4® However, even very low pressures Processes, caused by the anharmonicity of the potential.
of rare gas have a considerable effect on the phase of the wavé€Vivals could be detected at about3 ps. These observa-
packet motion. The amplitudes of the oscillations decrease very!ions are consistent with earlier findings (see e.g. ref 45).

fast, and no more rephasing can be found. Assuming the last Upon going to higher rare-gas pressures, several changes
observed oscillation as a crude measure for the coherencecould be observed. Due to collisions with the rare-gas atoms,

"Coherence Lifetime" / ps

0 . . . .
0 100 200

Pressure / bar
Figure 10. Pressure dependence of the “coherence lifetimg; of
the wave packet within the adiabatic A{Opotential well of Nal as a
function of helium gas pressure.

oscillation amplitudes of the transient signal. Ipor O bar, at

lifetime 7o, We find an exponential decay ef;,with pressure.  the intensity of the detected laser-induced fluorescence, arising
This is shown in Figure 10 for helium gas. As for low pressures from the Na— Na* transition, decreases considerably. Only
on the short time intervals considered only few Nablution transients up to 1000 bar for argon gas and 400 bar for helium

collisions take place, single binary collisions are not only gas could be obtained. A simple hard-sphere model gave ca.
responsible for vibrational relaxation but also for fast dephasing 2.3 times higher collision frequencies for helium than for argon.
of the wave packets. However, the efficiency for caging or quenching processes is

For a quantitative evaluation one further observation has to €xpected to be higher for argon than for helium atoms as it was
be taken into account. In the transients taken from Nal in argon 0bserved for similar interactions between iodine molecules and
gas a pulse broadening for increasing pressures is indicated byare-gas atom&223% Therefore, the contribution of a process
the changing rise of the signal near time zero (see e.g. Figurescaling with the collision rate had to be considered. As a
7). Such a broadening is not observed for helium gas, which is Possible explanation a stabilization of the excited Nal molecules
due to its much smaller polarizability. The broadening of the below the dissociation limit of the C{J state is discussed.
pulses also might influence the vibrational coherence loss. For the influence of the rare-gas collisions on the transition
However, comparable experiments performed on iodine in rare- state dynamics of Nal a reversed behavior could be found. Here,
gas environments point to a negligible influence of the broaden- helium gas interacts with a smaller reaction cross section than
ing effect in argon on the molecular dynam#€s?? As the argon gas similar to the findings made for iodine.
broadening is power dependent, experiments using different laser Even for low rare-gas pressures a considerable change of the
powers would help to investigate this effect in more detail. coherent wave packet motion within the adiabatic (0
Recently, it was shown that Nal transients are highly dependent potential well could be found. Only few Nabolution collisions
on the laser intensity if the probe laser is resonant with the Na resulted in fast vibrational relaxation. Due to the energy loss,
— Na* transition (on-resonantf. However, the shape of the  the LandatrZener escape probability decreases in the course
transients probing the transition state (off-resonant) is not of the relaxation process. This results in a stabilization of the
influenced by the change of laser power. Therefore, broadeningtransition state for higher pressures. In the experiments this
effects could be directly seen from the changes in the transientreflects long living 1 ns) constant transient signals. For
shape. Due to the difficulties detecting the LIF signal at higher helium and argon gas the collision-induced vibrational relaxation
rare-gas pressures (see discussion above), a fluorescence fregading to the stabilized state increased nearly linearly with
probe technique has to be applied. Experiments using nonlineardensity (pressure). This indicates the applicability of isolated
four-wave mixing® are in progress. binary collision models to the reaction dynamics influenced by

For a detailed analysis of the experimental results, a high-pressure gases, which is a reasonable assumption for the
reproduction of the data by means of quantum mechanical pressures applied. However, the coherence lifetime of the wave
molecular dynamics simulations is in progress and will be packet was found to decrease exponentially with rare-gas

published in due timé’ pressure. No more coherent wave packet motion could be
_ detected for rare-gas pressures higher than 400 bar.
4. Conclusions A possible influence of pulse broadening in argon gas on

In this study, we have employed femtosecond transition-state the observed coherence lifetime is discussed. In order to clarify
spectroscopy to explore the influence of rare-gas collisions on this issue, further experiments have to be done.
coherent wave packet motion in Nal. The experiments were Due to the quenching of the probe laser-induced fluorescence
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signal, the signal-to-noise ratio was pure for higher pressures.
Therefore, we were not able to observe possible caging processe8
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