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Vibrational wave packets in the B 1Pu and D 1Su
¿ states of Cs 2:

Determination of improved Cs 2
¿
„X… and Cs 2„B… spectroscopic constants

A. L. Oldenburg, P. C. John,a) and J. G. Eden
Laboratory for Optical Physics and Engineering, Department of Electrical and Computer Engineering,
University of Illinois, Urbana, Illinois 61801

~Received 13 July 2000; accepted 26 September 2000!

Vibrational wave packets in theB 1Pu andD 1Su
1 excited states of Cs2 have been studied on the

;100 fs time scale by pump–probe laser spectroscopy. The temporal behavior of the wave packets
was monitored by photoionizing the electronically excited molecule with a time-delayed probe pulse
and recording the time and energy-integrated photoelectron signal as a function of time delay
between the pump and probe pulses. For theB 1Su

1 experiments, wave packets were produced by
exciting theB 1Su

1←X 1Sg
1 transition in the;740–790 nm region and subsequently detected by

photoionizing the molecule at wavelengths between 565 nm and 600 nm. By simulating the
experimentally observed transients with the density matrix formalism~and explicitly accounting for
laser chirp anduDvu.1 coherences!, improved values for the equilibrium internuclear separation
for the Cs2(B 1Pu) state andTe for the Cs2

1(X) state were determined to beRe(B
1Pu)54.93

60.03 Å andTe@Cs2
1(X)#529 9306100 cm21, respectively. Similar experiments were conducted

for the D 1Su
1 state. Wave packets composed of vibrational levels (v8'40– 50) perturbed by the

bound 23Pou state were produced on theD 1Su
1 potential surface by driving theD 1Su

1

←X 1Sg
1 transition in the 575–610 nm spectral interval. ©2000 American Institute of Physics.
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I. INTRODUCTION

The temporal dynamics of vibrational wave packets ha
been studied in several diatomic molecules, including
alkali dimers (Li2, Na2,..., Cs2),

1–10 NaI,11 and I2.
12,13 Since

the production of a wave packet entails the coherent exc
tion of two or more states, generating a vibrational wa
packet with a single optical pulse requires that the bandw
of that pulse exceed the local vibrational state separa
('ve22vvexe) for the electronic state under study. Expe
ments to date have been confined to diatomics for which
vibrational frequencyve,200 cm21 and have generally in
volved detecting wave packet motion by combining pho
ionization of the molecule with time-of-flight photoelectro
energy or ion mass spectrometry analysis.

Recently, vibrational wave packets in theC 1Pu state of
Cs2 were produced and examined by laser pump–probe s
troscopy experiments in which the temporal history of t
wave packet was recorded by monitoring the time a
energy-integrated photoelectron current.3,4 Because of the
large difference between the equilibrium internuclear sep
tions for the Cs2(C) state and the ground state of the dim
ion (Re$Cs2

1(X)%2ReC'0.75 Å), theC 1Pu state is photo-
ionized in a narrow Franck–Condon region located near
classical inner turning points for the Cs2

1(X,v8'65– 90) vi-
brational levels. Consequently, wave packets in
Cs2(C 1Pu) state give rise to a photoelectron current tha
deeply modulated as the time delay (Dt) between the pump
and probe pulses is varied. Since this approach to w
packet detection does not rely on resolving electron or

a!Present address: Oration, LLC, 7 West 41st Ave., Suite 78, San Ma
CA 94403.
11000021-9606/2000/113(24)/11009/10/$17.00
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energies, the photoelectron signal is expected14 to exhibit
significant modulationonly if the potential surfaces of the
intermediate and final~ion! molecular states differ apprecia
bly.

In this paper, similar experiments are reported for t
B 1Pu and D 1Su

1 states of Cs2. Two color pump–probe
experiments for theB 1Pu state entailed exciting the mol
ecule in the;740–790 nm region and photoionizing theB
state at wavelengths between 565 nm and 600 nm. For
D 1Su

1 experiments, the pump wavelength was varied ove
;35 nm interval~575–610 nm! whereas the central prob
wavelength was fixed at 750 nm. Comparison of the exp
mental data with wave packet transients calculated from
density matrix formalism15 yields improved values for the
equilibrium internuclear separation for theB 1Pu state and
Te for the Cs2

1 ion ground state.
TheB andD states of Cs2 are interesting for wave packe

experiments for several reasons. In contrast to Cs2(C 1Pu),
for example, the value ofRe for theB 1Pu state differs from
that for Cs2

1(X) by ,0.4 Å.4,16,17Thus, theB state provides
an interesting test of the extent of applicability of the pho
electron current wave packet detection technique. T
D 1Su

1 state was first characterized comparatively recen
~1982!,18,19 is known to have an equilibrium internuclea
separation intermediate to those for the ground states of
dimer and dimer ion, andReD2ReX.1 Å. Consequently,
producing and detectingD state wave packets is complicate
by smallD –X Franck–Condon factors~FCFs!. Furthermore,
photoexcitation ofD 1Su

1 from ground at;580–600 nm
populates thev8'40– 50 vibrational states that are know
from high resolution laser spectroscopic experiments20–23 to
be strongly perturbed by the bound 23Pou state. Blanchet

o,
9 © 2000 American Institute of Physics
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et al.5,6 have recently reported producing wave packets in
Cs2(B) state in single color pump–probe experiments at 7
nm. Because of the pump wavelength and cooling of
dimers in a supersonic expansion, theB(v850,1) states were
the dominant contributors to the wave packet compositi
The experiments described here involve a Cs2 ground state
population that is thermalized at 260–300 °C, which resu
in wave packets on the intermediate potential surface~B 1Pu

or D 1Su
1! comprising at least 15–20 vibrational states. A

though such wave packets dephase more quickly than
their counterparts consisting of only a few vibrational leve
combining the density matrix formalism with data acquir
by varying experimental parameters~the pump and probe
wavelengths, in particular! allows one to isolate key spectro
scopic constants of the intermediate and final electro
states.

II. EXPERIMENT

The experimental arrangement and data acquisition te
niques are similar to those described in detail previousl3,4

and will only be reviewed here. Briefly, pulses having te
poral widths (sech2) of 80–100 fs and energies of;300 mJ
are produced at 30 Hz by a colliding pulse mode-lock
~CPM! oscillator and a four stage dye amplifier syste
driven by a frequency-doubled Nd:YAG laser. Superco
tinua are produced by focusing the pulses into water a
after dividing each pulse into two with a beamsplitter, one
time-delayed with respect to the other by a retroreflec
mounted onto a computer-controlled translation stage. In
ference filters remove;10 nm ~FWHM! spectral segment
from each pulse and both are focused into a heatpipe
taining Cs vapor at pressures ranging from 10 to 100 T
(1.531017&@Cs#&1.231018cm23). A cylindrical diode
~proportional counter! installed in the heatpipe allows for th
time and energy-integrated photoelectron current to be m
sured. Care must be taken to ensure that the proporti
counter is not saturated.

III. RESULTS AND DISCUSSION

A. Temporal domain data

Experiments were carried out for several values of
central pump wavelength (l1) while the probe wavelength
(l2) and Cs number density in the heat pipe were held c
stant. Representative results for vibrational wave pack
produced in the Cs2(B 1Pu) state are presented in Fig.
which shows the variation of the total photoelectron curr
with Dt. Three traces obtained forl15758 nm andl2

5600 nm are shown to illustrate the reproducibility of t
experiments. The periodicity of the oscillations in the pho
electron signal~;1 ps! is in agreement with theB state clas-
sical vibrational period, (cve)

21>0.97 ps@where the vibra-
tional frequency for theB state,ve , is 34.3 cm21 ~Refs. 16,
24!#, as well as the results of Ref. 6. Figure 2 presents d
representative of that acquired for nine values ofl1 between
751 and 771 nm, withl2 again fixed at 600 nm. Notice tha
dephasing of the vibrational wave packet occurs withinDt
'6 ps and photoionization traces having the highest S/N
tios and largest modulation depths were obtained for
Downloaded 17 Oct 2002 to 130.126.123.73. Redistribution subject to A
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&l1&763 nm. For pump wavelengths (l1) beyond;765
nm, signal quality degraded and wave packet dephasing
celerated. This is to be expected for two reasons. As a re
of the B–X FCFs16 and the concomitantB←X absorption
spectrum~cf. Fig. 3!, a substantial fraction of theB state
population produced by the pump pulse resides inv8>20
states. As an example, Fig. 4 illustrates the vibrational d
tribution of the Cs2(B) and Cs2

1(X) populations for T

FIG. 2. Comparison of theB 1Pu photoionization traces acquired for sev
eral values of the central wavelengthl1 with l2 fixed at 600 nm. The
heatpipe temperature for each data set is either 533 K or 573 K.

FIG. 1. Dependence of the photoionization current on the time delay (Dt)
for vibrational wave packets in theB 1Pu state. Three scans, each obtain
for l15758 nm andl25600 nm, are shown to illustrate the reproducibili
of the experiment and the baselines for the traces have been intentio
offset for clarity. The heatpipe temperature was fixed at 573 K.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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11011J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Vibrational wavepackets in Cs2
5573 K, calculated from the Cs2 ~X and B! and Cs2
1(X)

spectroscopic constants to be discussed in Sec. III B 1,
the measured pump and probe spectra. Second, the a
monic constantvexe for the B 1Pu state is;0.08 cm21 ~cf.
Dunham coefficients of Ref. 16! which is roughly a factor of
2 larger than that for theC 1Pu state (vexe50.042 cm21).18

Since wave packet dephasing is dependent on both the
harmonic constant for the state under study and the num
of vibrational levels in the excited state ensemble fro
which the wave packets are produced, one would expec
greater anharmonicity of theB 1Pu state to lead to faste
dephasing of the wave packet. This is consistent with
observation ofB state wave packet dephasing in;6 ps, in
contrast to wave packets produced in theC state which have
been shown3,4 to dephase in 10–15 ps.

FIG. 4. Cs2(B) and Cs2
1(X) vibrational population distributions for a tem

perature of 573 K, calculated for three values of the central pump wa
length (l1) and l2 set at 600 nm. Also, the calculations adopted t
Cs2(B,X) spectroscopic data of Ref. 16 and the Cs2

1 ground state constant
given in Sec. III B 1.

FIG. 3. Stick absorption spectrum calculated for theB←X transition of Cs2
from the Franck–Condon factors~FCFs! of Ref. 16 and assuming a tem
perature of 600 K. The envelope is in agreement with experiment.
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The data of Figs. 1 and 2 differ from those of Refs. 5 a
6 in two respects. Because the wave packets in the exp
ments of Blanchet and co-workers were composed prima
of the B(v850,1) vibrational wave functions~due to cool-
ing of Cs2 in a supersonic expansion and theB–X FCFs!,
they dephased slowly and oscillations in the Cs2

1 ion signal
owing to motion of theB state wave packet persist for tens
ps. In the present experiments, significant contributions fr
more than 20 B state vibrational levels result in mu
quicker dephasing of the wave packet, although excited s
vibrational levels higher than those accessed in Refs. 5 a
are populated and probed. Also, the tunability of the pu
(l1) and photoionization (l2) pulses permits one to observ
the wavelength dependence of the temporal and spe
characteristics of the wave packet transients, in addition
optimizing the Cs2(B,v8) ionization probability. Previous
experiments4 examining theC 1Pu state of Cs2 have shown
the latter to be a key factor in determining the detectability
the wave packet.

Photoionization data similar to those of Fig. 2 but f
rovibrational wave packets generated in theD 1Su

1 state of
Cs2 are illustrated in Fig. 5. For these experiments, the c
tral probe wavelength (l2) was fixed at 750 nm~with a 25
nm FWHM bandpass filter! while l1 was varied over the
575–610 nm region. ForDt,0, no signal is generally de
tected~as one expects since the probe precedes the pu!,
except when the pump wavelength is also suitable for p
toionizing the B state. In such a case~l15600 nm, l2

5750 nm, for example, cf. Fig. 2!, B state wave packets ar
observed forDt,0 andD state wave packets whenDt.0.
Because of the FCFs for theD←X transition of Cs2 ~to be
addressed in Sec. III C!, D←X absorption is approximately
two orders of magnitude weaker than that for theC←X tran-
sition. Note that the periodicity of the signals in Fig. 5 is'2

e-

FIG. 5. Scans of photoelectron current as a function ofDt for vibrational
wave packets in the Cs2(D

1Su
1) state. The probe wavelength is fixed at 75

nm and data for central pump wavelengths (l1) between 577 and 600 nm
are shown.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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11012 J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Oldenburg, John, and Eden
ps which implies anaverage, local vibrational state energ
spacing in theD 1Su

1 state of 16.7 cm21,veD ~;19.3
cm21—Refs. 20–23!, corresponding toDG in the vicinity of
v8536. However, as will be discussed later, theD –X FCFs
favor transitions toD(v8'40– 50), vibrational levels whos
positions have been shown to be perturbed through the in
action of D 1Su

1 with the bound 23Pou state. The latter is
correlated, in the separated atom limit, with Cs(5d 2D3/2)
1Cs(6s 2S1/2) ~Refs. 22, 23, 25! and shifts the 35<v8<58
states by as much as 0.7 cm21 ~Ref. 22!. From rotational
linewidth measurements, Katoˆ et al.22 inferred the predisso
ciation rates for theD 1Su

1(v8546,J8530– 70) states to be
109 s21. In light of these comments, it is interesting to no
that dephasing of the wave packets in Fig. 5 occurs m
slowly ~;7–9 ps! than is observed for theB state experi-
ments, a result that is partially attributable to the fact t
vexe(D),vexe(B). The irregularity of theD state rovibra-
tional spacing in this region might otherwise be expected
lead to more rapid dephasing of the wave packet than
characteristic of theB state.

B. Analysis of B 1Pu wave packets

1. Density matrix theory

Numerical calculations of the temporal behavior of v
brational wave packets in theB ~and D! states have bee
carried out according to the density matrix approach
scribed in Ref. 15 and applied in Ref. 4 to the Cs2(C 1Pu)
state. The potential adopted for theX 1Sg

1 state was gener
ated by the IPA~inverted perturbation approach!26 based on
the eigenenergies, measured by Weickenmeieret al.,27 for
the lowest 138 vibrational levels. TheB 1Pu vibrational
eigenenergies, which have been measured up tov8520 by
Doppler-free polarization spectroscopy,16 were extrapolated
to v8550 by a polynomial~Dunham-type! expansion, where
G(v8550)51520 cm21, which is still well below theB state
dissociation energy~;2338 cm21!.16 The B 1Pu potential
was then constructed by the IPA.
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Turning now to the final state for the wave packet pr
duction and detection sequence@Cs2

1(X 2Sg
1)#, a source of

uncertainty in the calculations is the absence in the litera
of measured spectroscopic constants for the dimer
ground state.4 Pseudopotential and effective core potent
calculations for Cs2

1(X) predict Re(X)55.2560.05 Å and
ve53463 cm21 ~Refs. 17, 28–30! but recent simulations by
Braunet al.31 of theC 1Pu wave packet experiments of Re
3 suggest revisingRe@Cs2

1(X)# down by 6% to 4.97 Å. Since
the Cs2

1(X 2Sg
1) state is not well-characterized, in all of th

calculations to follow its potential is approximated by
Morse potential for which the larger value forRe (5.25 Å)
was adopted and the vibrational frequency was taken to
34 cm21. On the basis of several theoretical values28–30 and
an experimental lower limit,32 De for the dimer ion ground
state is initially taken to be 50606800 cm21, which yields
Te@Cs2

1(X)#530 0006800 cm21 if the dissociation energy
for the neutral dimer ground state (X 1Sg

1) is assumed to be
De53649.5 cm21.27 It is not expected that the description o
the Cs2

1(X) state by a Morse potential introduces significa
error into the calculations because the FCFs for the ion
tion of the B 1Pu state @Cs2

1(X)←Cs2(B)# strongly favor
transitions terminating on the lowest vibrational levels of t
X 2Sg

1 state~cf. Fig. 4!.
Rotationless wave functions for the Cs2 X andB states as

well as the ground state of Cs2
1 were calculated by the Nu

merov method. FCFs for the Cs2(B←X) and Cs2
1(X)

←Cs2(B) transitions were then computed. From the me
sured pump and probe laser spectra, the calculated FCFs
an assumed Boltzmann distribution for the Cs2 ground state
population, the experimentally determined photoelect
current-time delay (Dt) scans were simulated by the dens
matrix technique proposed by Gruebele and Zewail.15 Since
the ionization signal reflects the probability of finding a mo
ecule in the final@Cs2

1(X)# state for a given value ofDt, the
wave packet transient can be expressed as the sum of v
tional and rotational terms:
I ~Dt !}F (
v18 ,v28,v18

2

11b12
2 ~Dt !2 @cos~2pcDt•DG12!1b12Dt sin~2pcDt•DG12!#

1
1

2 (
v18 ,v28

~12brot
2 ~Dt !2!cos~2pcDt•DG12!e

2brot
2

~Dt !2G
3(

v9
F~v9,v18!F~v9,v28!EP~vv92vv18

!EP~vv92vv28
!(

v
F~v18 ,v !F~v28 ,v !EL~vv18

2vv!EL~vv28
2vv!e2Ev /kT, ~1!
en
where

b125
2pae8kT

Be8h
~v182v28!, ~2!

brot54pBe8AckT

Beh
, ~3!
v, v8, and v9 represent Cs2 ground (X 1Sg
1), intermediate

(B 1Pu or D 1Sg
1!, and ion@Cs2

1(X)# vibrational states, re-
spectively,Be is theX 1Sg

1 rotational constant, whileBe8 and
ae8 are rotational constants for the intermediate state,16,22,23

F(va ,vb) is the FCF associated with the transition betwe
the indicated vibrational and electronic states,EL(v) and
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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11013J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Vibrational wavepackets in Cs2
EP(v) are the pump and probe laser spectra, respectiv
DG12[E(v18 ,J850)2E(v28 ,J850) is the difference in the
energies of the two intermediate state vibrational levelsv18
andv28 , andEv ~which appears in the Boltzmann term! is the
energy of theX 1Sg

1 (v,J50) level. Although Eq.~1! does
not explicitly sum over allJ, it is valid for the experiments
reported here because the ground state rotational temper
~'vapor temperature! allows for the sum overJ to be ap-
proximated as an integral.15 One simplification, however
that wasnot made15 in these calculations was to restrictv18
2v28 to be solely61. The bandwidth of the amplified CPM
laser pulses compels us to consider higher order cohere
~62, 63,...!.

The vibrational transient, described by the first tw
terms of Eq.~1!, is expressed in terms of a sinusoid of fr
quencyve8 and a rotational dephasing time,b12

21, which is
'21 ps ~considering onlyDv8561 coherences! for the
B 1Pu state of Cs2. For the B state experiments reporte
here, however, a key factor in determining the wave pac
dephasing time is the anharmonic coefficientve8xe8 which
causes dephasing on the time scale oftd'(4ve8xe8•n•c)21,
wheren is the number ofB 1Pu state vibrational levels com
posing the wave packet. Forn515 ~cf. Fig. 4!, td>7 ps
which is consistent with experimental observations.

The term in Eq.~1! involving brot constitutes the rota
tional transient that dephases on a time scale ofbrot

21

>1.4 ps. Because of its small magnitude, the rotational tr
sient has the primary effect of increasing the amplitude of
first two oscillations in the photoelectron current versusDt
data scans~Figs. 1, 2, and 5!.

For experimental situations in which the laser chirp ca
not be neglected~i.e., the change in phase over the las
bandwidth is>p!, it can be explicitly incorporated into Eq
~1! by adding

Du[u~v,v18!2u~v,v28!1u~v18 ,v9!2u~v28 ,v9! ~4!

to the argument of each sinusoidal function, whereu(va ,vb)
is the spectral phase of the pump or probe laser pulse a
frequency corresponding to the energy difference betweeva

and vb . When the chirp is linear, for example, this pha
factor will be proportional to ((vvb

2vva
)2v0)2, wherev0

is the center frequency of the laser pulse. Unfortunately,
counting for chirp in the calculations complicates the se
ration of the four-dimensional sum overv, v18 , v28 , andv9
into sets of lower-order sums as indicated in Eq.~1!. The
result is a drastic increase in computational time.

2. Comparison of theory with experiment

Simulating the experimentally observedB 1Pu vibra-
tional transients with the density matrix formalism offers t
opportunity to isolate particular Cs2 spectroscopic constants
In particular, optimizing the fit between simulations and e
perimental data with respect to specific temporal and spe
characteristics of the transient allows for the values for thB
state equilibrium internuclear separation (Re) andTe for the
Cs2

1 ground state to be improved.
One characteristic or observable of the Cs2 ~B and D!

wave packet transient that serves as a test of the theore
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predictions is the transient’s modulation depth. Somew
arbitrarily defined as the difference between the magnit
of the photoelectron current peak atDt50 and the first local
minimum in the signal, the modulation depth is a rapid
varying function of the central pump wavelengthl1 . An
examination of Fig. 2 suggests, and the open circles~s! of
Fig. 6 confirm, that the modulation depth of the Cs2(B 1Pu)
transients peaks forl1;751 nm when the probe waveleng
(l2) is fixed at 600 nm. In contrast, numerical simulations
the vibrational-rotational transient, based on the density m
trix model and spectroscopic constants of Sec. III B 1, sh
quite different behavior, predicting that the maximum mod
lation depth of the transients will be observed at long
wavelengths (l1>760 nm!.

As one might expect, the calculated modulation depth
found to be relatively insensitive to the Cs2

1 spectroscopic
constants. Varying the Cs2

1(X) spectroscopic constantsve

and Re by more than one standard deviation~s! results in
only a negligible change in the value ofx2 describing the fit
of the theoretical transient to the experimental data. Spe
cally, Dx2<3% per6s. Furthermore, a sensitivity analys
with respect toTe@Cs2

1(X)# shows the assumed value (
3104 cm21) to actually yield thebestfit ~i.e., minimumx2!
between theory and experiment.

All of the remaining constants required by the calcu
tions have been measured, directly or indirectly, by la
spectroscopy, and the ground state constants~Dunham coef-
ficients! have been determined to high precision. Despite
excellent experiments by Diemeret al.,16 however, the
B 1Pu constants are not known to the same degree of pr
sion. The equilibrium internuclear separation (Re), for ex-
ample, was determined in Ref. 16 by constructing theB 1Pu

potential from the Dunham coefficients by the RKR and IP
methods and, subsequently, calculating the rotational c

FIG. 6. Dependence of the experimentally observed and calcul
Cs2(B

1Pu) wave packet modulation depth on the pump wavelengthl1 :
~s! measured values forT5533 K andl2 fixed at 600 nm;~m! values
calculated from the density matrix model and spectroscopic constants
scribed in Sec. III B 1, includingRe(B

1Pu)54.85 Å; ~d! theoretical re-
sults forRe(B)54.93 Å ~all other spectroscopic constants unchanged!. The
estimated uncertainty~61 s! in each experimental measurement is al
shown.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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11014 J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Oldenburg, John, and Eden
stantsBv from the vibrational wave functions for the state.
this way,Re was estimated to be 4.85 Å. Utilizing a relativ
istic effective core potential, Jeunget al.33 calculatedRe(B)
to be 4.86 Å.

Simulations show that the quality of the fit between t
theoretical and experimentalB state transients is quite sens
tive to the assumed value ofRe . Consider, for example, Fig
7. Vibrational transients were calculated for 17 values
Re(B) ranging from 4.83 Å to 5.0 Å and six values ofl1

(747<l1<771 nm, withl2 held constant at 600 nm!. For a
given value ofRe , the modulation depth associated wi
each theoretical transient was compared with the experim
tal result andx2 was then calculated by summing the squa
of the differences between theory and experim
over all six l1 studied for that value ofRe . That is, x2

5(i $di exp
2ditheory

%2s i exp

22 , whered represents the modulatio

depth for a specific transient. As illustrated by the op
circles of Fig. 7, increasingRe from 4.85 Å results in a rapid
drop in x2 and x2/(N22) @where N56# ,1 for 4.91
&Re(B)&4.96 Å. An uncertainty for the value ofRe pre-
sented in Ref. 16 was not given and, on the basis of ex
sive comparisons of experiment with theory, it is propos
here that a more precise value for theB 1Pu equilibrium
internuclear separation is 4.9360.03 Å. Returning now to
Fig. 6, the solid dots depict the dependence of the calcul
modulation depth onl1 if Re54.93 Å. As a check on this
revised value, the variation ofx2 with changes in the
Cs2

1(X) constants was revisited, now assumingRe(B
1Pu)

to be 4.93 Å. As before, the fluctuations inx2 were found to
be negligible for variations exceeding6s in eitherve or Re .
A key result of this work, then, is that ultrafast experimen
conducted in the temporal domain are able, by varying
pump and probe spectra and computational analysis of
resulting rovibrational transients, to determine molecu
spectroscopic constants or, potentially, improve upon th
measured in the frequency domain.

Further confirmation for the increase inRe(B) proposed

FIG. 7. ~s!: Variation of x2/N-2 ~describing the difference between th
modulation depths of experimental transients for 747<l1<771 nm and
their theoretical counterparts! with the assumed values ofRe for the
Cs2(B

1Pu) state. For these data,N ~the number of values ofl1 for which
experiments and simulations were conducted! is six. ~d!: Dependence of
x2/N-2 on Re when the predicted vibrational frequency of the simulat
transients is compared with that for the experimentally measured w
packet transient. For both curves shown,x2,1 for 4.91&Re(B)&4.96 Å.
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above is provided by an examination of the frequency co
position of the experimental and calculated wave pac
transients. Fourier transform~or Maximum Entropy Method,
MEM!15 frequency spectra of the experimental data of F
2, for example, show a dominant peak at 31.460.8 cm21 for
l15751 nm andl25600 nm, where the uncertainty repre
sents one standard deviation. Whenl1 is increased to 768
nm ~with l2 held fixed at 600 nm!, the peak response in th
frequency spectrum shifts to 33.8 cm21. These results are to
be expected becauseve(B

1Pu)534.3 cm21 ~Ref. 16! and
31.4 cm21 corresponds to theDG value for theB state in the
vicinity of v8518, which is approximatelŷv8&(>16) for
the B 1Pu population distribution produced by the pum
~l15751 nm, cf. Fig. 4!. As l1 is increased, however, th
B–X FCFs favor excitation of lower-lyingB state vibrational
levels ~^v8&>14 and 12 forl15756 and 763 nm, respec
tively! and, hence, theDG value reflected in the wave packe
motion rises.

In an effort to evaluate from a different perspective t
value ofRe(B

1Pu) presented earlier, the frequency spec
of 20 wave packet transients, acquired experimentally
various values ofl1 ,l2 and temperature, were calculate
For each transient, the experimentally determined fundam
tal frequency was compared with that resulting from t
simulations and the results are displayed in Fig. 7 by
solid circles. In this case,x2 for the observable~wave packet
fundamental frequency! exhibits a broad minimum inRe and
falls below one forRe*4.86 Å. This result provides furthe
support for the conclusion thatRe(B

1Pu) is slightly larger
than the value estimated in Ref. 16.

A similar process was then used to re-evaluate the C2
1

ground state constants. TakingRe(B) now to be 4.93 Å, the
Cs2

1 spectroscopic constants~ve , Re , andTe! were altered
from the values of Sec. III B 1 and, as shown in Fig. 8, t
most striking results were obtained forTe . The experimental
data from which these results were calculated were th
described earlier in connection with the study of the mod

FIG. 8. Data similar to those of Fig. 7 butx2 for two separate observable
is now illustrated as a function ofTe for the Cs2

1 ground state. Together the
two curves indicate thatTe lies between;29 830 and 30 030 cm21. The
vertical arrow indicates the value forTe ~30 000 cm21! originally adopted in
the wave packet simulation model~cf. Sec. III B 1!. For details regarding the
experimental conditions associated with the data for each curve, please
to the text.

ve
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lation depth~six sets: variousl1 , l25600 nm, T5533 K!

and vibrational frequency~20 sets: variousl1 , l2 , andT! of
the transients. Two curves are given in Fig. 8, both of wh
illustrate the dependence ofx2 on the assumed value ofTe

for the Cs2
1 ground state. The open circles representx2/(N

22) associated with the modulation depths of the simula
and experimental wavepacket transients. As noted earlierx2

for this particular observable takes on its minimum value
the vicinity of the value ofTe(30 000 cm21) adopted origi-
nally in the model and denoted by the vertical arrow. F
29 900&Te&30 100 cm21, x2 is essentially flat but increase
rapidly for values ofTe below ;29 850 cm21. In particular,
x2 rises above one forTe&29 830 cm21 ~indicated by the
left dashed vertical line in Fig. 8!. When monitoring the
~fundamental! vibrational frequency of the wavepacket da
~denoted in Fig. 8 by the solid dots!, however,x2 changes
relatively slowly untilTe is increased beyond 30 000 cm21.
At ;30 300 cm21 ~indicated by the second dashed vertic
line, at right!, x2 surpasses one and rises rapidly. On
basis of these results, we propose the revised value
29 9306100 cm21 for Te of Cs2

1(X 2Sg
1), for which the

lower limit of the constant is defined by the modulatio
depth data of Fig. 8 while the upper limit is set by the co
parison between the vibrational frequencies of the exp
mental and theoretical wavepacket data. RevisingTe also
implies thatDe@Cs2

1(X)# is now 51306100 cm21 which is
in agreement with the lower limit of 0.5960.06 eV estab-
lished by Helm and Mo¨ller32 from photodissociation experi
ments.

This suggested value forTe is only slightly smaller than
the value originally adopted for the computer model but
comparison between simulation and experiment has per
ted the estimated uncertainty in the constant to be redu
considerably. However, it should also be mentioned t
Te@Cs2

1(X)#529 930 cm21 as proposed here is considerab
larger than calculations would suggest~29 200–29 400
cm21!.28–30 Finally, analyses similar to that of Fig. 8 forve

andRe of the Cs2
1 ground state yield weak variations inx2

~i.e.,Dx2 changes by,610% pers! when either constant is
altered from its assumed value~ve534 cm21 and Re

55.25 Å!.
Before leaving this section, the potential contribution

higher-order coherences~interactions between nonadjace
vibrational levels! and laser chirp toB state wave packet dat
~e.g., Figs. 1 and 2! should be considered. Figures 9 and
show the results of simulating wave packet transients p
duced by pump wavelengths of 751 nm and 762 nm
l25600 and 580 nm, respectively. For both experimen
scans~photocurrent as a function ofDt!, three simulations
are given. The first@part ~b!# of Figs. 9 and 10 includes bot
Dv561 coherences and the chirp of the pump and pr
pulses. Specifically, based on spectral and cross-correla
measurements, a linear positive chirp, corresponding to
broadening of nearly transform-limited pump and pro
pulses to;180 fs at the heatpipe, was incorporated into
simulations. Doing so improves the fit of all of the calculat
transients to the data. If higher-order (uDvu.1) coherences
are now also incorporated into the calculations, trace~c! re-
sults. The beneficial impact of accounting for the known
Downloaded 17 Oct 2002 to 130.126.123.73. Redistribution subject to A
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ser pulse chirp is clear from panel~d! of Fig. 9 which illus-
trates the transient calculated whenuDvu>1 coherences are
incorporated into the calculations but chirp is neglected
similar comparison between experiment and simulations
presented in Fig. 10 forl15762 nm andl25580 nm. MEM
frequency spectra of the eight wave packet transients of F
9 and 10 are shown in Fig. 11. Comparing the three figu
it is obvious that higher-order coherences manifest the
selves in the frequency domain as harmonics of the fun
mental vibrational frequency. In the temporal domain, ho
ever, theuDvu.1 coherences have the effect of narrowi
the peaks in the transients@cf. panel~d! of Figs. 9 and 10#, a
result that is at odds with experiment. Accounting for t
chirp of the pump and probe laser pulses ameliorates bot
these effects. For all of the data obtained to date, the am
tude of theDv852 peak in the frequency domain, for ex
ample, is consistently<5% of that for the fundamental. As
illustrated in parts~d! and~h! of Fig. 11, the simulations are
unable to account for this fact if the chirp of the laser pulse
ignored. If, however, the linear chirp is now imposed on
the pump and probe pulses, the amplitudes of the sec

FIG. 9. Comparison of experimental and calculated Cs2(B
1Pu) wave

packet data forl15751 nm andl25600 nm:~a! experimental scan of pho-
tocurrent vsDt; ~b! simulation of the data in which onlyDv561 coher-
ences are considered, along with pump and probe pulse chirp;~c! simulation
including both higher order coherences (uDvu.1) and laser chirp;~d! in-
corporating higher-order coherences but not laser chirp. Again, the tr
have been intentionally offset for clarity.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ar

e
ta

in
as
on
s

n
o

al
ri-

es
de
he
t

su
c
d

y
i

po-

d

ith

n
ta

3

of
d

ion

ron
s
a-

ell.

-
the

heo-
,

hod

30

11016 J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Oldenburg, John, and Eden
(Dv52) and higher harmonic frequency components
suppressed with respect to the fundamental@Fig. 11~c! and
~g!#.

The fact that including a positive linear chirp into th
wave packet simulations is necessary to explain the da
gratifying since normal dispersion (n9(l).0) in conven-
tional optical elements produces positive chirp at the lead
edge of a transform-limited pulse. Furthermore, self-ph
modulation, the driving mechanism of continuum generati
produces a nonlinear chirp that can be approximated a
positive linear chirp.34 It is interesting to note that if the sig
of the chirp is reversed, the simulated transients are m
narrow than those resulting from not considering chirp at

Therefore, improvement in the simulation of expe
ments is achieved by incorporatinguDvu.1 coherences and
laser chirp into the calculations and, to our knowledge, th
are the first simulations to do so. Considering higher-or
contributions to the laser chirp may well improve further t
agreement between theory and experiment. However,
gains are modest and, in the absence of detailed mea
ments of laser pulse phase, most aspects of the wave pa
transient’s frequency and temporal characteristics are
scribed adequately by including onlyDv561 coherences.

C. Wave packets in the D 1Su
¿ state

The D 1Su
1 state of Cs2 has been studied extensively b

several high resolution laser spectroscopic techniques,

FIG. 10. Data~a! and calculated transients@~b!–~d!# similar to those of Fig.
9 but for l15762 nm andl25580 nm.
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cluding Fourier transform spectroscopy and Doppler-free
larization spectroscopy.18,20–23 As noted earlier,D 1Su

1 vi-
brational levels abovev8'30 are perturbed by the boun
2 3Pou level and energy shifts exceeding 0.1 cm21 were
measured by Kaˆto et al.22 for 14D 1Su

1 vibrational states in
the 30<v8<58 interval. Predissociation ofD 1Su

1 also oc-
curs through two mechanisms: spin-orbit interaction w
2 3Pou , andL-uncoupling between the 23Pou state and the
repulsivec 3Su

1 potential.
In calculating theD –X FCFs shown in the upper portio

of Fig. 12, theX state potential generated from the IPA da
of Ref. 18 and theD 1Su

1 state RKR potential of Ref. 22~for
v8<58! as well as thev8559– 65 state energies of Ref. 2
were used. For higher vibrational states, theD state potential
was approximated by the Morse function. The lower half
Fig. 12 displays theD←X absorption spectrum, calculate
by weighting the FCFs with theX state vibrational state
population distribution atT5600 K. Because of the large
difference betweenRe for the ground andD states (DRe

5ReD @5.71 Å, Ref. 22# 2ReX @4.65 Å, Refs. 18,27#>1 Å!,
maximum absorption occurs in the 570–580 nm reg
which arises predominantly from transitions tov8'30– 50
states. A comparison of the experimental photoelect
current-Dt scans forl15577 nm and 600 nm with the result
of numerical calculations are illustrated in Fig. 13. For vibr
tional wave packets composed of lower-lyingD state vibra-
tional levels, the simulations match the data reasonably w
Whenl15600 nm, for example,D←X transitions populate
predominantly v8'10– 20 states which are well
characterized and essentially free of perturbations. Near
peak of theD←X absorption band (l15577 nm), however,
a discrepancy between the experimental curve and the t
retical prediction~upper panel, Fig. 13! becomes noticeable
presumably due to the involvement ofv8*40 states.

In the frequency domain~cf. Fig. 14!, the experimental

FIG. 11. Frequency spectra, calculated by the Maximum Entropy Met
~Ref. 15!, of the wavepacket signals of Fig. 9@shown in panels~a!–~d! and
those of Fig. 10@right side,~e!–~h!#. Spectra~a! and~e! were calculated for
250 poles whereas the others involved adding a weak noise background~1%
of the maximum signal value! to the theoretical transient and assuming
poles.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and calculated wave packet transients forl15600 nm are
also in excellent agreement. The experimental profile
broader than the simulated version but otherwise the the
matches the data remarkably well. Both the peak at;17.0
cm21 and the weak pedestal lying at;14 cm21 are repro-
duced by the calculations. Whenl15577 nm, on the other
hand, the theoretical spectrum is shifted;0.7 cm21 to lower
energy with respect to the experimental curve. This discr
ancy appears to be directly attributable to the perturbatio
the D 1Su

1 state discussed earlier. The near reproduction
the experimental data by the simulations is actually rema
able when one considers that theD state wave packet is
composed of a minimum of 20 vibrational states, and i
reflection of the precision of the experiments in Refs. 20–
and 27.

FIG. 12. CalculatedD –X Franck–Condon factors~top! andD←X absorp-
tion spectrum at 600 K.
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IV. CONCLUSIONS

The temporal behavior of vibrational wave packets p
duced in theB 1Pu andD 1Su

1 states of Cs2 has been studied
by pump–probe laser spectroscopy on the;100 fs time
scale. TheC 1Pu state was chosen in Refs. 3 and 4 for initi
experiments in this molecule for several reasons:~1! the
large difference~;0.75 Å! betweenRe for the C state rela-
tive to that for Cs2

1(X), which results in photoionization o
C 1Pu in a narrow corridor near the classical inner turni
points for the Cs2

1 (v1565– 90) vibrational levels3 and a
large modulation depth of the photoionization signal;~2! de-
spite being weakly predissociated,C 1Pu is relatively unper-
turbed and has been thoroughly characterized by high r
lution laser spectroscopy; and~3! the C←X transition is
conveniently situated for excitation by a CPM system.
contrast, the equilibrium internuclear separations for
B 1Pu andD 1Su

1 states differ from that for the Cs2
1 ground

state by;0.38 Å and;0.43 Å, respectively, or roughly hal
that for theC state. Also,ReB2Re(Cs2

1),0 whereasReD

2Re(Cs2
1).0. Consequently, the Cs2 B andD states afford

an opportunity to evaluate the wave packet detection
proach introduced in Ref. 3—namely, monitoring the tim
and energy-integrated photoelectron current. As expec

FIG. 13. Experimental and calculated traces of the relative photoelec
current as a function of time delay for vibrational wave packets in
D 1Su

1 state andl15577 nm and 600 nm. In both portions of the figur
l25750 nm.
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the smaller values foruReB,D2Re(Cs2
1)u result in weaker

modulation of the photoelectron current-Dt scans than was
observed in theC 1Pu experiments but the S/N ratio is mor
than ample, suggesting that this experimental techniqu
applicable to a wider range of molecular transitions th
originally anticipated.

By obtaining B 1Pu wave packet data for a range o
pump and probe wavelengths and simulating the experim
tally observed transients with the density matrix formalis
~explicitly accounting for laser chirp!, improved values for
two spectroscopic constants have been determin
Re@Cs2(B)#54.9360.03 Å and Te@Cs2

1(X 2Sg
1)#529 930

6100 cm21. The underlying premise of this work is tha
evaluating simulated wave packet data with respect to s
eral prominent characteristics~vibrational frequency, modu
lation depth, amplitude of the second harmonic relative
the fundamental, etc.! enables molecular constants to be d
termined or refined. Combining the experimental ability
vary l1 andl2 with computational analysis provides a pow
erful tool with which spectroscopic constants, measu
originally in the frequency domain or, perhaps, as yet
known, can be determined more precisely by analysis in
time domain.

FIG. 14. Frequency domain representation of the experimental and s
latedD 1Su

1 wave packet transients of Fig. 13. Results are again shown
l15577 and 600 nm for the probe central wavelength (l2) fixed at 750 nm.
All spectra shown were calculated by the MEM approach, assuming
poles.
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The frequency composition of theD state vibrational
wave packets is in accord with potentials and spectrosco
constants determined by laser spectroscopy in the freque
domain. It also appears that vibrational wave packets in
D state provide a tool for observing theD 1Su

1 – 2 3Pou in-
teraction.
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