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Applying femtosecond pump-probe spectroscopy, we investigated via three-photon ionization~3PI! and high
mass selection the vibrational dynamics of the potassium dimer’s electronicA 1S u

1 state separately for two of
its isotopoes,39,39K2 and

39,41K2. The fast oscillation withTA5500 fs, observed for both isotopes, reflects the
wave-packet propagation prepared on the potential-energy surface of theA state. The long-time dynamics,
however, of the isotopes is totally different. While for39,39K2 a beat structure withTBS510 ps is superimposed,
for 39,41K2 a rather fast decay and revivals at 38 ps, 60 ps, and 82 ps could be resolved. A detailed Fourier
analysis of the 200-ps scans with a resolution of 0.1 cm21 enables the identification of the excited vibrational
levels of theA state in detail, including their energetic shifts due to spin-orbit coupling with the crossingb3Pu

state. Theoretical simulations of the pump-probe spectra on the basis of fully quantum-dynamical calculations
reproduce well the experimental data. The reason for the slight differences can be identified as deviations
between the real potential-energy surfaces and theab initio data, used for the simulations and demonstrates the
very high sensitivity of the femtosecond spectroscopy to investigate vibrational states and their perturbation.
Furthermore, the theoretical investigations reveal the details of the ultrafast intersystem crossing process in real
time. @S1050-2947~96!00607-5#

PACS number~s!: 33.20.Tp, 42.50.Hz, 82.20.Tr, 36.40.2c

I. INTRODUCTION

In recent years the dynamics of several dimers have been
studied with femtosecond pump-probe techniques. These
techniques opened the possibility to directly observe the vi-
brations and rotational revivals@1–4# of the excited mol-
ecules. The time scale for the vibrations lies in the sub-1 ps
range, whereas the rotational revivals are observable after
hundreds of picoseconds; e.g., in case of I2 the revival of the
rotation dynamics appeared after more than 600 ps@2#.

Although the spectral width of ultrashort laser pulses is
fairly broad, detailed spectral information could as well be
deduced from the time-resolved pump-probe spectra@2,5,6#.
With femtosecond multiphoton ionization spectroscopy it
was possible to investigate the wave-packet dynamics in dif-
ferent excited states combined with different ionization path-
ways in Na2 and Li2 @4,7–9#. To simulate the ultrafast mo-
lecular dynamics in pump-probe experiments for alkali-
metal-atom dimers, quantum-dynamical methods were
proved to be a powerful tool@10–13#. The laser peak power
dependence of the creation of wave packets on different
potential-energy surfaces could be demonstrated in pump-
probe experiments in K2 @14#. For another alkali-metal-atom
dimer, Cs2, the interference of laser-induced wave packets
was observable by pump,~phase! control-probe experiments
@15#.

From the viewpoint of classical spectroscopic experimen-
tal techniques the electronicA 1S u

1 state of39,39K2 has been
studied, e.g., by laser-induced fluorescence, optical-optical
double resonance, and Fourier-transform spectroscopy@16–
18#. Rovibrational levels could be identified and the spectro-
scopic constants were calculated by a Dunham fit. A
Rydberg-Klein-Rees~RKR! analysis was used to deduce the
potential-energy curves. A strong spin-orbit coupling be-
tween theA 1S u

1 state and theb 3Pu state was observed

aroundv512 @16,18#. In 39,41K2 a couple of fluorescence
lines could be identified@19#. The influence of intersystem
crossing ~ISC! processes on the molecular dynamics has
been pointed out theoretically for some examples@20–23#.

Our special interest was focused on the intersection of the
intersystem crossing of the K2 A

1S u
1 state with theb 3Pu

state. Applying one-color pump-probe spectroscopy with a
wave length of 833.7 nm, we studied the wave-packet dy-
namics directly aroundv512 in 39,39K2. The isotope-
selective detection allowed us to compare the results with the
heavier isotopoe39,41K2. With quantum-dynamical simula-
tions we were able to simulate the results and to discuss the
mechanism of the perturbation by a3Pu state. We will prove
that the temporal evolution of the wave-packet dynamics is
strongly influenced by an ISC process.

II. EXPERIMENT

Femtosecond laser pulses of 90 fs duration@full width at
half maximum~FWHM!, assuming sech2 pulse shape# were
generated in an argon-ion laser-pumped regeneratively tita-
nium: sapphire laser~Spectra Physics model 2080, all lines
visible, 8 W, and model 3960!. The spectral width of the
femtosecond pulse spectrum at the wave length 833.7 nm
was measured, covering 190 cm21 ~FWHM!, so the pulses
reached 1.6 times the Fourier limit~see Fig. 1!. The pulse
repetition rate was about 80 MHz. A Michelson-like arrange-
ment was used to split the laser beam and to realign it col-
linearly with the same polarization, using single stack dielec-
tric beam splitters. The length of one of the Michelson
branches was controlled by a computer-driven dc-motor
translation stage. Its position defined the delay timeDt be-
tween pump and probe pulse and was read out by an optical
encoder. The resolution of the delay timeDt was about 0.1 fs
and the minimal step width amounted to 0.3 fs. Each of the
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laser pulse trains had an average power of about 200 mW.
In order to produce a molecular beam of high stability,

pure potassium was evaporated at a temperature of 850 K in
a TZM ~titanium-zirconium-molybdenum! oven. The alkali-
metal vapor was coexpanded with an inert carrier gas
through a 70-mm nozzle. In this continuous supersonic beam
source the rotational and vibrational temperatures amounted
to about 10 and 50 K, respectively. Therefore, the K2 mol-
ecules, arriving from the oven, were in the ground state
X 1S g

1. Their vibrational quantum number wasv50 and
their rotational quantum number isJ'20.

The laser beams were focused on the molecular beam by
means of a 400-mm quartz lens. Each pulse reached a peak
power of about 0.5 GW cm22. Photoionized potassium
dimers were mass-selectively detected by a quadrupole mass
spectrometer with a resolution ofm/Dm.240, being suffi-
cient to distinguish between39,39K2 and the heavier39,41K2
isotopoe. The amount of each isotope ion was continuously
recorded as a function of the delay time between pump and
probe pulse. The result is a so-called real-time or pump-
probe spectrumI (Dt) of the three-photon ionization~3PI!
process.

We chose a typical time step for the pump-probe experi-
ments for K2 of Dtstep550 fs. For this step width the Nyquist
critical frequencyvc51/2Dtstepc5333 cm21 is even larger
than four times the expected frequencyv0'65 cm21. There-
fore, an aliasing of realistic frequency components larger
thanvc is not expected in a Fourier analysis. The time to
record a transient spectrum up to 200 ps was about 2 h, a
time where the molecular beam is nota priori stable. While
in our experiments the intensity of the laser was stable within
3% of the Langmuir-Taylor detector controlled intensity of
the molecular beam varied over a range of about620%.
Therefore, we normalized the transient data to obtain data
points oscillating around the zero line to perform a correct
real Fourier analysis.

III. THEORETICAL CONSIDERATIONS

In the present studies of the molecular dynamics in the K2
A 1S u

1 state, spin-orbit interaction effects become important.
They enable the intersystem crossing process between the
two crossing potential-energy surfaces~PES! A 1S u

1 and
b 3Pu ~see Fig. 2!. During the pump-probe process a wave
packet is prepared in theA state. According to the electronic
state selection rules, theb state is dark during femtosecond

FIG. 1. Laser pulse parameters of the laser used in the experiments represented by a typical spectrum~a!, and by an autocorrelation trace
~b! being recorded with a second harmonic generation medium. Part~c! displays an autocorrelation trace directly recorded at the place of the
laser’s interaction with the molecular beam. Here, as in a common pump-probe experiment, the ion signal~K2

1! is plotted as a function of
the delay time.

FIG. 2. Perturbation region of the K2 A 1S u
1 state with the

b 3Pu state. Potential-energy curves and vibrational levels@16# are
compared with the spectral position of the excitation laser.
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pulse excitation. From theA state the system can evolve to
the b state via spin-orbit coupling~SOC!. Photoionization
out of theb well is negligible, because the resonant interme-
diate state~2! 1Pg @13# is again a singlet state. A two-photon
ionization to a K2

1 triplet state is not probable, because the
energy of the ionic triplet states is too high. The ISC process
indicates the limits of the Born-Oppenheimer approximation.
Two basic approaches can be used to describe these elec-
tronic transitions, i.e., the adiabatic and diabatic representa-
tions @24#. In the present case the spin-orbit coupling be-
tween theA and theb states is rather weak~18.6 cm21! @18#
and we can use the diabatic representation. This formalism
can be verified ideally in the matrix formalism, which was
already used to simulate the pump-probe ionization process
in the absence of ISC effects@13#. Basically, the original
PES, obtained without spin-orbit coupling, are used as elec-
tronic basis functions. The molecular HamiltonianH is ex-
pressed as

H~Q,r !5Tnuc~Q!1Hel~r ,Q!

with Hel~r ,Q!5Hnr~r ,Q!1Hso~r ,Q! ~1!

whereTnuc5P2/2m is the nuclear kinetic energy operator.
The electronic HamiltonianHel consists of the nonrelativistic
electrostatic HamiltonianHnr and the spin-orbit-coupling op-
eratorHso. The argumentsQ andr represent the nuclear and
electronic coordinates.

The first-order spin-orbit interaction splits theb 3Pu state
into itsmj components62,61,06 and mainly causes a small
energy shift of the couplingb 3Pu component with respect to
the A state. Therefore, theb 3Pu state is prediagonalized,
including first-order spin-orbit effects@16# only. According
to the selection rules of Hso, only themj501 component of
b 3Pu couples to theA state by second-order interaction and
is included explicitly in the subsequent theoretical quantum-
dynamical treatment. The resulting vibronic functions are
linear combinations ofA andb vibronic functionsfel,AFA
andfel,bFb , wherefel are the electronic andF the nuclear
eigenfunctions of theA andb state, respectively. The mixing

coefficients are given by (a^fel,AFAuHsoufel,bFb&/
`uEfel,AFA

2Efel,bFb
u). The influence of the rotational mo-

tion @Trot'18 ps, rotational revivalTrot,rev.500 ps~estimated
from @17#!# can be neglected in the simulation, because we
concentrate our investigations on the short-time dynamics of
the ISC process immediately after pump pulse excitation.
The time-dependent evolution of the wave packets is evalu-
ated by solving a set of coupled time-dependent Schro¨dinger
equations:
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with initial conditionsCX(Q,t50)5FX(Q,v50).
The nuclear wave functionsCi are the projections of the

total wave functions on the involved electronic PES. They
depend on the nuclear coordinateQ and on the timet. FX
is the initial vibrational statev50 of the ground state. The

FIG. 3. Temporal evolution of
the 3PI signal for the two K2 iso-
topomers: transient evolution for
39,39K2 ~a! and39,41K2 ~b!.
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matrix elements of the Hamiltonian@see Eq.~2!#, describing
the neutral molecular states, are given byHii5Tnuc1Vi ,
where Vi represent the potential-energy surfacesVi
5^feluHnr(Q)1Hso(Q) ufel&r .

The time-dependent off-diagonal elements describe the
interaction with the laser field in the dipole approximation
and are given byHi j (t)52m i j E(t) with the dipole transi-
tion moments mi j . The electromagnetic fieldE(t) is
expressed by E(t)5Epump(t)1Eprobe(t1Dt) with
Epump/probe(t)5E0cos(vt)s(t). E0 is the amplitude of the
electromagnetic field,v the laser frequency, ands(t) a shape
function. Gaussian functions are chosen as adequate shape
functions for both pump and probe pulse. For the time-
independent off-diagonal elementŝb 3PuuHsouA

1S u
1& a

constant value of 18.6 cm21 is taken from Ref.@18#.
Due to the ejection of the electron by the probe laser

pulse, a continuum is superimposed on the ion ground state.
The interval of the total continuum is@0,0.38 eV#. Different
methods of discretizing the electronic continua have been
successfully employed in theoretical studies of ultrafast ion-
ization processes@25–27#. Here, the continuum is simulated
by discretizing the corresponding energy range by a suffi-
cient numberN of electronic states@27#. The matrix ele-
ments, representing the continuous part of the Hamiltonian,
are given by HIkk5^f I ,kuHI uf I ,k& and HIki
5^f I ,kum I(Ek)E(t)uf i& with electronic basis functions of
the continuumfI ,k and the electronic wave functions of the
neutral statefi .

Equation~2! is then solved without further approximation
including all multiphoton processes. The solution of Eq.~1!
is obtained by the second-order differencing fast-Fourier-
transform~SOD-FFT! method@28–30#. The relevant PES for
the discussed multiphoton ionization process are theX, A, b,
~2! 1Pg , and the ion states. The PES and the transition dipole
moments are obtained fromab initio data@14#.

IV. RESULTS AND DISCUSSION

In this section we will first present the results in the time
domain obtained by pump-probe experiments, as well as by
fully quantum-mechanical simulations. The corresponding

results for the frequency domain, calculated by a Fourier
analysis will be discussed in Sec. IV B. Finally, we will con-
sider the time-dependent mechanism of the perturbation of
theA 1( u

1 state by theb 3Pu state.

A. Time domain

The pump-spectra for39,39K2 and
39,41K2 are recorded for

delay times between25 ps and more than 180 ps. The tem-
poral evolutions of the ion signal’s intensity for both isoto-
poes are shown in Fig. 3 for delay times between 0 and 200
ps. In both pump-probe spectra a fine oscillatory structure
with an oscillation periodTA'500 fs—being the full 2p
oscillation time of the wave packet in theA state—is present
over the whole range. The first maximum of the oscillation
appears at a delay time of 250 fs, being half~p! of the A
state period, such as that of the ionization step that takes
place at the outer turning point@13#. This fine oscillation is
superimposed on a long-time evolution that reveals totally
different features for the two isotopes: the real-time spectrum
of 39,39K2 @Fig. 3~a!# is dominated by a beat structure with a
periodTBS'10 ps. A double structure of the beat oscillation
maxima appears atTBD,1'10 ps and atTBD,2'60 ps. For the
39,41K2 @Fig. 3~b!# the long-time structure includes different
features: A regular dephasing and some fractional revivals
@31# are observed. The main revivals appear at 38, 60, and 82
ps.

Quantum-dynamical calculations of the pump-probe spec-
tra for the two isotopes were performed for delay times up to
40 ps. The comparison of the experimental and theoretical
ionization signals as a function of the delay time is presented
in Fig. 4. In agreement with the experimental data, the short-
time dynamics of the theoretical signal show the 500-fs os-
cillation period of the wave packet prepared in theA 1( u

1

state, and the long-time dynamics reflects the totally different
beat structures of the two isotopes. However, the oscillation
period of the pronounced and regular beat structure of the
isotope39,39K2 @Fig. 4~a!# as well as the faded and irregular
beat structure of the isotope39,41K2 @Fig. 4~b!# are somewhat
shorter for the theoretical signal. In the case of39,39K2, a
period of TBS'7.5 ps, and of about 20 ps in the case of

FIG. 4. Comparison of experimental pump-
probe spectra and quantum-dynamical pump-
probe simulation for39,39K2 ~a! and 39,41K2 ~b!.
Top panels contain experimental and bottom pan-
els theoretical data.
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39,41K2, is found. The double structure observed in the
39,39K2

signal during one beat oscillation period around the delay
timesTBD,1 andTBD,2 @Fig. 3~a!# appears even more strongly
in the simulation~see Fig. 4!.

B. Frequency domain

The frequency components, involved in the transient
spectra, are extracted by a Fourier analysis of the normalized
pump-probe data~see Fig. 5!. Both Fourier spectra are domi-
nated by a group of frequencies aroundv0

~1!'65 cm21. Two
additional frequency groups with lower amplitudes appear at
v0

~2!'130 cm21 and atv0
~3!'195 cm21. An additional peak is

observed atvx'90 cm21, where the relative intensity is
slightly larger in case of the lighter isotopee@Fig. 5~a!#.

The frequency group aroundv0
~1! is illustrated in the insets

of Fig. 5 for the case of the studied isotopoes. The inset of
Fig. 5~a! shows the Fourier components in the pump-probe
spectrum of39,39K2. Two main frequencies at 63.8 and 67.2
cm21 dominate this spectrum. The component at 67.2 cm21

seems to be broadened by a component at 66.8 cm21. Further
frequency components can be observed at 64.7, 65.2, 65.6,
and 67.9 cm21. Hence the wave packet consists of a non-

monotonic frequency distribution of the contributing vibra-
tional levels that is manifested as a spectral hole. Instead of
the frequency values, corresponding vibrational level pairs
are given. These pairs of vibrational levels are found by in-
troducing an energetic shift to the RKR levels of Ref.@17#
and by comparing the resulting energy spacings between
neighboring levels with the Fourier analysis data~see Table
I!. Introducing a shift forv512 andv513 of 1.2 and 2.1
cm21, respectively, results in a good agreement. The two
dominant frequencies, observed in the pump-probe spectrum,
can clearly be proved to be responsible for the beat oscilla-
tion period of TBS'10 ps. Overlaying the frequencies
v13,14563.8 cm21 andv12,13567.2 cm21 leads to a period of
TBS59.8 ps. For the isotopoe39,41K2 the spectrum around 65
cm21 is presented in the inset of Fig. 5~b!. We observe five
distinct components in the frequency group at 64.3, 64.7,
65.5, 65.9, and 66.4 cm21. Here, the numbering is not in-
cluded due to missing spectroscopic data for this isotopoe.

The Fourier spectra were calculated as well for the theo-
retical data. Since the simulations were performed up to 40
ps, only, the two main frequenciesvcalc1,2are solely resolved
~see Table I!. The resulting frequenciesvcalc1566.8 and
vcalc 2562.5 cm21 lead to the periodTBS57.8 ps. The dif-
ference between experimental and theoretical findings in the
ion signal originates from the deviation of theab initio PES
from the observable potential~compare with@17,18#!.

Experimental and theoretical Fourier spectra reveal the
effect of the spin-orbit coupling to theb 3Pu state. In the
region of the pump laser pulse the perturbation is most ef-
fective in the isotope39,39K2. Two vibrational levels of the
b 3Pu state~v523,24! are close@16,18#, nearly energetically
degenerated, to the two vibrational levels of theA 1S u

1 state
~v512,13!, and induce the shift of these perturbed vibronic
A state levels@as seen in the inset of Fig. 5~a!#. For 39,41K2
the situation is different. In the excitation range of the pump
pulse no effective perturbation is found. All vibrational lev-
els contributing to in the wave packet are perturbed, but only

FIG. 5. Calculated Fourier analysis of the normalized pump-
probe data for39,39K2 ~a! and for 39,41K2 ~b!. The insets describe
details of the Fourier spectra between 60 and 70 cm21. The inset of
part ~a! contains the vibrational level pairs belonging to the fre-
quency components, while in inset~b! the frequency values are
given.

TABLE I. Vibrational RKR level pairs reached by the excitation
laser and respective energy spacings without and with the energy-
level shifts forv512,13 of 1.2 cm21 and 2.1 cm21, respectively, in
comparison with experimental and theoretical data found for
39,39K2.

v,v11 vRKR ~cm21!a vshift/~cm
21!b vFFT/~cm

21!c vcalc/~cm
21!d

9,10 67.35 e f f

10,11 67.03 e 66.8 f

11,12 66.71 67.91 67.9 f

12,13 66.40 67.30 67.2 66.8
13,14 66.08 63.98 63.8 62.5
14,15 65.76 e 65.6 f

15,16 65.44 e 65.2 f

16,17 65.11 e 64.7 f

17,18 64.47 e f f

aVibronic level spacings of Ref.@17#.
bLevel spacings with introduced shifts forv512,13.
cFourier components of pump-probe data.
dMain Fourier components of theoretical simulation.
eNot changed.
fNot observed.
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to a small amount@see Fig. 5~b!#. The regular pattern of an
unperturbed spectrum~see, e.g.,@2#! is conserved.

C. Mechanism

In this final subsection we will follow the buildup and the
time dependence of the induced electronic population dy-
namics. Subsequently, we will analyze whether, in addition
to the vibrational dynamics, the electronic population dy-
namics is detectable time resolved in the ion signal.

The temporal evolution of the radiationless transition is
illustrated by a sequence of representative wave packets
CA 1S

u
1(Q,t) andCb 3Pu

(Q,t) resulting from the solution of

the coupled Schro¨dinger equation@Eq. ~2!# in the time do-
main 0.1 ps<t<3.0 ps ~Fig. 6!. From CA 1S

u
1(Q,t) and

Cb 3Pu
(Q,t), the total populationP of the electronic states

A 1S u
1 andb 3Pu is derived:

P~A 1Su
1 ,t ![E

Ql

Qu
uCA 1S

u
1~Q,t !CA 1S

u
1~Q,t1Dt !udQ

~3a!

and

P~b 3Pu ,t ![E
Ql

Qu
uCb 3Pu

~Q,t !Cb 3Pu
~Q,t1Dt !udQ,

~3b!

with Ql55.0a0 andQu515.0a0 the lower and upper limits
of the spatial grid. The total populations of both states are
presented for two different time periods, up to 3 ps in Fig. 7
and up to 20~80 ps! in Fig. 8.

First we discuss the ISC process for the more effective
perturbation in the isotope39,39K2. The results, presented in
Figs. 6 and 7, point to the details of how the ISC process is
built up. Figure 6 shows selected snapshots of representative
wave packets during the first oscillation period of the elec-
tronic populationsP(A 1S u

1 ,t) andP(b 3Pu ,t) ~Fig. 7!.
The wave packet is created by the pump laser at the inner

turning point of theA state~first snapshot in Fig. 6!. Ener-
getically, the wave packet is located about 0.1 eV above the
electronic curve crossing. The ISC occurs for the first time at
about 250 fs~second snapshot in Figs. 6 and 7!, when the

center of the wave packetCA 1S
u
1(Q,t) approaches the outer

turning point of theb state~at Q59.5a0!. It is to be noted
that the transitionA 1S u

1→b 3Pu takes place at the outer
turning point of theb state and not at the location of the
curve crossing atQ58.9a0 , contrary to other findings@23#.

As soon as some fraction ofC3Pu
(Q,t) has been created,

the wave packet begins to propagate according to its own
time-dependent phase relation~see Fig. 6!. When the wave

FIG. 6. Snapshots of the ISC
process induced by spin-orbit cou-
pling between theA 1S u

1 state
and theb 3Pu state during and af-
ter pump pulse excitation for se-
lected delay times.

FIG. 7. Electronic population inA 1S u
1 andb 3Pu states during

and after pump pulse excitation for a time period of 3 ps. In panel
~a! the population of theb 3Pu state after pump~—! and after probe
~•••! pulse excitation is presented. The probe pulse intensity is re-
duced by a factor of 10. In panel~b! the population in theA state
after excitation with the pump pulse is shown.

54 311FEMTOSECOND WAVE-PACKET PROPAGATION IN SPIN- . . .



packetCb 3Pu
(Q,t) passes the inner turning point of theA

state ~Q58.22a0!, some fraction ofCb 3Pu
(Q,t) is trans-

ferred back into theA state~see Fig. 6 for the delay times
0.62 and 2.4 ps!. These back and forth transitions give rise to
the fine oscillations superimposed on the low-frequency
beating in the population probabilitiesP(A 1S u

1 ,t) and
P(b 3Pu ,t) ~Figs. 7 and 8!. The oscillation period of 224 fs
corresponds to the vibrations of a wave packet in the corre-
sponding ‘‘adiabatic’’ potential, characterized by the inner
turning point of theA state and the outer turning point of the
b state. Evidently, the vibrational energy transfer in a bound-
state system from one electronic state into another occurs
most probably at the turning point of the actual receiver
state. Possible reasons are, of course, favorable Frank-
Condon~FC! factors of the involved wave packets and the
near zero kinetic energy of the newly prepared portion of the
wave packet.

Similar findings for coupled bound-state systems were re-
ported for several model studies by Stock and Domcke
@20,21#. For dissipative systems, Zewail and co-workers
@32,33# observed a step function superimposed on an expo-
nential increase, revealing in this case one optimal location
for the non-Born-Oppenheimer transition in one direction
only. In 39,39K2 the low-frequency oscillation period of the
electronic population is proportional to the effective pertur-
bation matrix element~see Sec. III! between them. The first

maximum of theb state population is reached at 1.87 ps~Fig.
7!, which means that theA 1S u

1→b 3Pu ISC occurs within a
time scale oftISC'2 ps. The relative changes of the ampli-
tude ofP(A 1S u

1t) are rather small~about 8%!. The dotted
curve in Fig. 7~a! presents the population in theb state after
probe pulse interaction. Fine oscillations are still recogniz-
able, but evidently the probe laser pulse slightly averages
over the fast oscillations.

The period of the low-frequency beating period is 3.754
ps~Fig. 8!, which corresponds to the average energy splitting
~about 8 cm21! of the two closely spaced pairs ofA andb
vibronic levels. This oscillatory structure remains constant
@see small inset in Fig. 8~a!# and is reflected in the double
peak structure superimposed on the 10-ps beat structure in
the ion signal@Figs. 3~a! and 4#. As pointed out already in
Sec. IV A, the beating periodTBS'10 ps originates from the
shifted vibronic levels in theA 1S u

1 state. For delay times
larger than 80 ps, when the beat structure vanishes in the ion
signal, the fast oscillations on theb 3Pu population also be-
gin to disappear. Both observations are due to the known
spreading of the wave packet in theA state@13#.

For the less perturbed isotope39,41K2, the perturbation is
more delocalized over several vibrational levels. The amount
of population and energy transfer is smaller and slower~Fig.
8!. The resulting time scale of ISC induced by SOC is
tISC'6 ps and the electronic population oscillates with a
longer period of 7 ps. Moreover, the low-frequency beating
loses its pronounced characteristics~Fig. 8! and conse-
quently no structure is superimposed on the ion signal.

V. SUMMARY

We demonstrated experimentally and theoretically, that
the femtosecond pump-probe technique can be used as a
highly sensitive method to study excited vibrational states
and their perturbation due to crossing electronic states. For
our investigations we chose the two isotopes39,39K2 and
39,41K2, and excited them with ultrashort laser pulses of 833
nm in their A state. Two neighboring levels of39,39K2 are
strongly perturbed by the excited electronicb state while
nearly no perturbation for the other isotopoe is observed. It
should be pointed out that under different excitation condi-
tions a similar perturbation might occur in the heavier isoto-
pomer. No perturbation at all was found at 840 nm@13#.

The high stability of our employed molecular beam, as
well as the high repetition laser pulse source, enabled the
scanning of the time evolution of the wave packet prepared
on theA-state PES even for the rather rare isotopoe39,41K2
over 200 ps with high time resolution and an excellent
signal-to-noise ratio. Fourier spectra of better than 0.1 cm21

spectral resolution for both the perturbed and unperturbed
system were obtained. While the perturbed system presents a
fascinating beat structure of high regularity in the time do-
main, the unperturbed system shows up the more regular
Fourier spectra, but besides the fast 500-s oscillation a rather
low temporal structure. By comparison of theoretical simu-
lations and experimental results, the characteristics of the
observed vibrational states are neatly observable and well
understood for both isotopes. It is to be noted that the beat
structure in39,39K2 is due to the spectral hole in the fre-
quency distribution of theA-state wave packet. It is, how-

FIG. 8. Electronic population in theA 1S u
1 and b 3Pu states

during and after pump pulse excitation for the isotopomers39,39K2
~a! and39,41K2 ~b! for a propagation time of 20 ps.
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ever, not related to interferences of wave packets propagat-
ing on different electronic PES as reported for Na2 at 620 nm
@4#. From the theoretical treatment we were able to observe
the buildup of an ISC process that strongly influences the
temporal evolution of the PI signal in the perturbed case.
This analysis revealed that under the given experimental
conditions it was possible to detect the low-frequency mode
of the electronic population dynamics superimposed as a
double peak structure on vibrational dynamics in the 3PI
signal.
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