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Vibrational wave packets in thB *TT, andD '3 excited states of Gshave 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. ForBHéj experiments, wave packets were produced by
exciting theB 'S ;X 'X | 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 formal&md explicitly accounting for

laser chirp andAv|>1 coherencesimproved values for the equilibrium internuclear separation
for the Cs(B'Il,) state andT, for the Cs (X) state were determined to b,(B 'I1,)=4.93
+0.03 A andT[Cs; (X)]=29 930+ 100 cm %, respectively. Similar experiments were conducted

for theD 13 state. Wave packets composed of vibrational levels<{40—50) perturbed by the
bound 2%I1,, state were produced on th® X potential surface by driving thé '3
—X13 ! transition in the 575—-610 nm spectral interval. 2000 American Institute of Physics.
[S0021-960600)00248-9

I. INTRODUCTION energies, the photoelectron signal is expettad exhibit

The temporal dynamics of vibrational wave packets hav«a‘SigniﬁC"’“?t modula_tioronly if the potential su_rfaces of the
been studied in several diatomic molecules, including théntermedlate and fingion) molecular states differ apprecia-

alkali dimers (Lp, Nay,..., Cs),* *° Nal ! and b.*?>**Since , o ,

the production of a wave packet entails the coherent excita- . " this papet, similar experiments are reported for the
tion of two or more states, generating a vibrational waveB u and D "% staltes of Cs Two color pump-—probe
packet with a single optical pulse requires that the bandwidti$XPeriments for thes “11, state entailed exciting the mol-

of that pulse exceed the local vibrational state separatiofCU€ in the~740—790 nm region and photoionizing tBe

(=~ we— 20 weX,) for the electronic state under study. Experi- state+at wavglengths between 565 nm and 600 nm. For the
ments to date have been confined to diatomics for which th® "= experiments, the pump wavelength was varied over a
vibrational frequencyw,<200cni® and have generally in- ~35 nm interval(575-610 nm whereas the central probe

volved detecting wave packet motion by combining photo-Wavelength was fixed at 750 nm. Comparison of the experi-
ionization of the molecule with time-of-flight photoelectron Mental data with wave packet transients calculated from the

energy or ion mass spectrometry analysis. density matrix formalisrt? yields improved values for the

Recently, vibrational wave packets in tBe'Il, state of ~ equilibrium internuclear separation for thRe'Il, state and
Cs, were produced and examined by laser pump—probe sped- for the Cs ion ground state.
troscopy experiments in which the temporal history of the ~ TheB andD states of Cgare interesting for wave packet
wave packet was recorded by monitoring the time andexperiments for several reasons. In contrast tg(CsIl,),
energy-integrated photoelectron currdftBecause of the for example, the value dR, for the B 11, state differs from
large difference between the equilibrium internuclear separahat for Cg (X) by <0.4 A*%17Thus, theB state provides
tions for the Cs(C) state and the ground state of the dimeran interesting test of the extent of applicability of the photo-
ion (Re{Cs, (X)} —Rec~0.75A), theC 1, state is photo- electron current wave packet detection technique. The
ionized in a narrow Franck—Condon region located near th® '3 state was first characterized comparatively recently
classical inner turning points for the £&X,v'~65-90) vi- (1982, is known to have an equilibrium internuclear
brational levels. Consequently, wave packets in theseparation intermediate to those for the ground states of the
Cs,(C'11,) state give rise to a photoelectron current that isdimer and dimer ion, andR,p— Rex=1 A. Consequently,
deeply modulated as the time delayt] between the pump producing and detectind state wave packets is complicated
and probe pulses is varied. Since this approach to wavby smallD—-X Franck—Condon factorf$CF9. Furthermore,
packet detection does not rely on resolving electron or iomphotoexcitation ofD 12: from ground at~580-600 nm
populates they'~40-50 vibrational states that are known
dpresent address: Oration, LLC, 7 West 41st Ave., Suite 78, San MateJ,rom high resolution laser spectroscopic experim@ﬁ@to
CA 94403, be strongly perturbed by the bound®H,, state. Blanchet
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et al>® have recently reported producing wave packets in the T | ; ]
Cs,(B) state in single color pump—probe experiments at 768
nm. Because of the pump wavelength and cooling of the &
dimers in a supersonic expansion, B@’'=0,1) states were
the dominant contributors to the wave packet composition.
The experiments described here involve g Gound state
population that is thermalized at 260—300 °C, which results
in wave packets on the intermediate potential surf&cHI

or D13.) comprising at least 15—20 vibrational states. Al-
though such wave packets dephase more quickly than dc
their counterparts consisting of only a few vibrational levels,
combining the density matrix formalism with data acquired -
by varying experimental parametetie pump and probe
wavelengths, in particulamllows one to isolate key spectro-
scopic constants of the intermediate and final electronic
states.
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Il. EXPERIMENT Time Delay (ps)

The experimental arrangement and data acquisition techHG. 1. Dependence of the photoionization current on the time delay (
nigues are similar to those described in detail previ(ftfyy for vibrational wave packets in thg 'T1, state. Three scans, each obtained

and will 0n|y be reviewed here Brieﬂy pulses having tem_for N1=758 nm and\,= 600 nm, are shown to illustrate the reproducibility
) ' of the experiment and the baselines for the traces have been intentionally

poral widths (Se&) of 80—100 fs and energies 0300 e offset for clarity. The heatpipe temperature was fixed at 573 K.
are produced at 30 Hz by a colliding pulse mode-locked

(CPM) oscillator and a four stage dye amplifier system
driven by a frequency-doubled Nd:YAG laser. Supercon-s)\1s763 nm. For pump wavelengtha.{) beyond~765

tinua are produced by focusing the pulses into water anchm, signal quality degraded and wave packet dephasing ac-

after dividing each pulse into two with a beamsplitter, one 'Scelerated. This is to be expected for two reasons. As a result

tlme-de?yed with respect to th(lal (()jther bly a retroreﬂ?ctorof the B—X FCFs® and the concomitanB«— X absorption
mounte .onto a computer-controlled translation stage. nterépectrum(cf. Fig. 3, a substantial fraction of th8 state
ference filters remove-10 nm (FWHM) spectral segments

; . opulation produced by the pump pulse resides g 20
from each pulse and both are focused into a heatpipe co tates. As an example, Fig. 4 illustrates the vibrational dis-

taining Cs vapor at pressures ranging from 10 to 100 ToMibuti f the Cs(B d Cs(X lati forT
(1.5x10'<[Cs]=1.2x10®¥cm 3. A cylindrical diode fibution of the Cs(B) an £(X) populations for

(proportional counterinstalled in the heatpipe allows for the

time and energy-integrated photoelectron current to be mea- — T : , , ,
sured. Care must be taken to ensure that the proportione - Csz(BIHu) 1
counter is not saturated. 2, =600 nm

IIl. RESULTS AND DISCUSSION

A. Temporal domain data

ty

1

Experiments were carried out for several values of the:-
central pump wavelength\¢) while the probe wavelength
(\,) and Cs number density in the heat pipe were held con-
stant. Representative results for vibrational wave packets
produced in the G¢B 'I1,) state are presented in Fig. 1
which shows the variation of the total photoelectron current
with At. Three traces obtained fax;=758nm and\,
=600nm are shown to illustrate the reproducibility of the
experiments. The periodicity of the oscillations in the photo-
electron signa(~1 p9 is in agreement with thB state clas-
sical vibrational period, dw,) ~1=0.97 ps[where the vibra-
tional frequency for thd state,w,, is 34.3 cm! (Refs. 16,
24)], as well as the results of Ref. 6. Figure 2 presents date
representative of that acquired for nine valuea pbetween
751 and 771 nm, withx , again fixed at 600 nm. Notice that Time Delay (ps)
dephasing of the vibrational wave packet occurs within FIG. 2. Comparison of th& I, photoionization traces acquired for sev-

56 ps and photoionizatio_n traces having the hig_heSt SIN ragra) values of the central wavelength with \, fixed at 600 nm. The
tios and largest modulation depths were obtained for 75heatpipe temperature for each data set is either 533 K or 573 K.
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FIG. 3. Stick absorption spectrum calculated for Bie X transition of Cs

from the Franck—Condon factof§CF9 of Ref. 16 and assuming a tem-
perature of 600 K. The envelope is in agreement with experiment.

Delay Time (ps)

FIG. 5. Scans of photoelectron current as a functior bffor vibrational

wave packets in the G ) state. The probe wavelength is fixed at 750
=573K, calculated from the G$X and B) and Csg (X) nm and data for central pump wavelengths ) between 577 and 600 nm
spectroscopic constants to be discussed in Sec. IlIB1, arge shown.

the measured pump and probe spectra. Second, the anhar-

monic constanivx, for the B 11, state is~0.08 cm* (cf. ) .

Dunham coefficients of Ref. 16vhich is roughly a factor of ~ 1he data of Figs. 1 and 2 differ from those of Refs. 5 and
2 larger than that for the 11, state (oox.=0.042 cnt?). 18 6 in two respects. Because the wave packets in the experi-
Since wave packet dephasing is dependent on both the afents of Blanchet gnd go—workers Were'composed primarily
harmonic constant for the state under study and the numb&f the B(v"=0,1) vibrational wave functiongdue to cool-

of vibrational levels in the excited state ensemble fromiNg Of Cs in a supersonic expansion and th“X FCFs,
which the wave packets are produced, one would expect tH@€y dephased slowly and oscillations in the, Gsn signal
greater anharmonicity of the 11, state to lead to faster OWing to motion of theB state wave packet persist for tens of
dephasing of the wave packet. This is consistent with ouPS- I the present experlm'ents,'5|gn|f|cant contrlbut!ons from
observation ofB state wave packet dephasing+6 ps, in  More than 20 B state vibrational levels result in much

contrast to wave packets produced in @state which have quicker dephasing of the wave packet, although excited state
been showh? to dephase in 10—15 ps. vibrational levels higher than those accessed in Refs. 5 and 6

are populated and probed. Also, the tunability of the pump
(\1) and photoionizationX,) pulses permits one to observe
the wavelength dependence of the temporal and spectral
1 % =763 nm characteristics of the wave packet transients, in addition to
Csy(B TI) oM o N . )
%r=600 nm o 756 nm optimizing the Cg(B,v’) ionization probability. Previous

751 nm experiment$ examining theC I1,, state of Cs have shown
g the latter to be a key factor in determining the detectability of
_§ the wave packet.
& Photoionization data similar to those of Fig. 2 but for
% TS rovibrational wave packets generated in Dé3 | state of
-_5 Cs, are illustrated in Fig. 5. For these experiments, the cen-
E tral probe wavelength\,) was fixed at 750 nnfwith a 25
Z nm FWHM bandpass filt¢rwhile A; was varied over the

575-610 nm region. FoAt<<0, no signal is generally de-
tected(as one expects since the probe precedes the pump
g L except when the pump wavelength is also suitable for pho-
0 10 20 30 40 50 toionizing the B state. In such a casé\;=600nm, \,
=750 nm, for example, cf. Fig.)2B state wave packets are
observed forAt<0 andD state wave packets whext>0.

FIG. 4. Cs(B) and C§(X) vibrational population distributions for a tem- Because of the FCFs for tH2« X transition of C§ (to be
perature of 573 K, calculated for three values of the central pump wave- - - . .
length (\,) and \, set at 600 nm. Also, the calculations adopted the addressed in Sec. III)CD(_X absorptlon IS apprOXImater

Cs,(B,X) spectroscopic data of Ref. 16 and the; @sound state constants tWO orders of magnitUde_ W_ea_‘ker than that for _(he_X tra_n-
given in Sec. 1B 1. sition. Note that the periodicity of the signals in Fig. 542

Vibrational Quantum Number
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ps which implies araverage local vibrational state energy Turning now to the final state for the wave packet pro-
spacing in theD 'Y state of 16.7cm'<wep (~19.3  duction and detection sequen@s; (X23,)], a source of
cm '—Refs. 20—23 corresponding ta G in the vicinity of  uncertainty in the calculations is the absence in the literature
v'=36. However, as will be discussed later, De X FCFs  of measured spectroscopic constants for the dimer ion
favor transitions td (v’ ~40-50), vibrational levels whose ground staté. Pseudopotential and effective core potential
positions have been shown to be perturbed through the integz)culations for C§(X) predict Rg(X)=5.25+0.05A and
action of D 137 with the bound 2I1,, state. The latter is w.=34+3 cm ! (Refs. 17, 28-3Dbut recent simulations by
correlatezd, in the separated atom limit, with C8t®32)  Braunet al®! of the C 'I1,, wave packet experiments of Ref.
+Cs(65°S,) (Refs. 22, 23, 2band shifts the 35v'<58 3 ggqgest revising[ Cs; (X)] down by 6% to 4.97 A. Since
states by as much as 0.7 C*L”(R‘;;-_ZZ)- From rotational y, Cs(X?%,) state is not well-characterized, in all of the
Ilnewldth measuremelnti, K:am al. ’mferred the predisso- calculations to follow its potential is approximated by a
ciation rates for thé "3, (v’ =46, )’ =30-70) states to be Morse potential for which the larger value f&;,(5.25A)

10°s™. In light of these comments, it is interesting to note was adopted and the vibrational frequency was taken to be

that dephasing of the wave packets in Fig. 5 occurs mor ) ) . 20
slowly (~7-9 ps than is observed for th8 state experi- 34 cm ™ .On the basis O.f g(ezveral theoretlp al "‘f"ﬁﬁeg and
n experimental lower limit? D, for the dimer ion ground

ments, a result that is partially attributable to the fact thaf® e 1 . .
wXe(D)<weXe(B). The irregularity of theD state rovibra- state '+S initially taken to be _51053800 cm = \_Nh_'Ch yields
tional spacing in this region might otherwise be expected td el €% (X)]=30000=800cm = if the dissociation energy

lead to more rapid dephasing of the wave packet than thdPr the neutral dimer ground stat {24 ) is assumed to be
characteristic of th& state. D.=3649.5cm ™% It is not expected that the description of

the Cs (X) state by a Morse potential introduces significant
error into the calculations because the FCFs for the ioniza-
B. Analysis of B II, wave packets tion of the B!, state[Cs; (X)«+Cs,(B)] strongly favor
1. Density matrix theory transitions terminating on the lowest vibrational levels of the
X 2?3 state(cf. Fig. 4.

Numerical calculations of the temporal behavior of vi- Rotationless wave functions for the.O&andB states as
brational wave packets in thB (and D) states have been L6

carried out according to the density matrix approach de'Vell @s the ground state of Cawere calculated by the Nu-
scribed in Ref. 15 and applied in Ref. 4 to the,@3'11,) ~ Merov method. FCFs for the g8« X) and Cs(X)
state. The potential adopted for the'S; state was gener- «—Cs(B) transitions were then computed. From the mea-

ated by the IPA(nverted perturbation approaéfibased on Sured pump and probe laser spectra, the calculated FCFs, and

the lowest 138 vibrational levels. Th !II, vibrational ~ Population, the experimentally determined photoelectron
eigenenergies, which have been measured up’ t020 by current-time delay 4t) scans were simulated by the density
Doppler-free polarization spectroscoffywere extrapolated Matrix technique proposed by Gruebele and Zewaflince

to v’ =50 by a polynomialDunham-typg expansion, where the ionization signal reflects the probability of finding a mol-
G(v’ =50)=1520 cni’t, which is still well below theB state  ecule in the fina[ Cs; (X)] state for a given value aft, the
dissociation energy~2338 cm1).® The BII, potential wave packet transient can be expressed as the sum of vibra-

was then constructed by the IPA. tional and rotational terms:
|
I(At > 2 2mCAt-AGyp) + b At sin(2mcAt-AG
oC —_— . .
(AY) < 1+b§2(At)2[COE( 7C 12) T hAt sin(27rc 12)]

!
vy ,v2<vl

1
+5 2 (1= b2 (At)?)cog 2mcAL- AGyp)e PholdD’

Ul,l}z

X2 F("w)F (0" v5)Ep(@y— 0y Ep(@y—0y1) 2 F(u,0)F(v,0)EL(w,—,)EL(w,—w,)e” %, (1)
" v

v

where v, v’, andv” represent Gsground (X '), intermediate
2malkT (B'I, or D'X), and ion[Cs; (X)] vibrational states, re-
12=W(vi—v§), (2)  spectively B, is theX '3 ; rotational constant, whilg, and
e

a/, are rotational constants for the intermediate stafé?
ckT F(v,,vp) is the FCF associated with the transition between
bro=4mBe \/ 5 - (3 the indicated vibrational and electronic stat€s(w) and

e
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Ep(w) are the pump and probe laser spectra, respectively Y ]
AG=E(v},J'=0)—E(v},J'=0) is the difference in the 3 Csy (B'ILy)
energies of the two intermediate state vibrational levgls i
andv,, andE, (which appears in the Boltzmann teria the

—O— Experiment

Theory
energy of theX 12; (v,J=0) level. Although Eq(1) does r —&- R4.858 ]
not explicitly sum over all, it is valid for the experiments --e- R~4934

reported here because the ground state rotational temperatu
(~vapor temperatujeallows for the sum oved to be ap-
proximated as an integril. One simplification, however,
that wasnot made® in these calculations was to restric
—v, to be solely+1. The bandwidth of the amplified CPM
laser pulses compels us to consider higher order coherence
(2, =£3,..).

The vibrational transient, described by the first two ) : : : :
terms of Eq.(1), is expressed in terms of a sinusoid of fre- 745 750 755 760 765 770 775
quencyw, and a rotational dephasing timbl_zl, which is
%%1 ps (considering onlyAuv”==1 COher_enCeSfor the FIG. 6. Dependence of the experimentally observed and calculated
Bl state of Cs For theB State e)_(p,e“ments reported Csy(B 1,) wave packet modulation depth on the pump wavelength
here, however, a key factor in determining the wave packe{o) measured values foF=533K and\, fixed at 600 nm;(A) values
dephasing time is the anharmonic coefficiesftx, which  calculated from the density matrix model and spectroscopic constants de-
causes dephasing on the time Sca|eae§(4wéxé. n-c)*l, scribed in Sec. 1l B 1, includinds(B 1Hu):‘1_'-85A: (@) theoretical re-
wheren is the number oB 1. state vibrational levels com- sult_s forRe(B)=4.E_)3A(aII other spectroscoplc constants unchaagéde

. u . estimated uncertainty=1 o) in each experimental measurement is also
posing the wave packet. Far=15 (cf. Fig. 4, t4=7pPS  shown.
which is consistent with experimental observations.

The term in Eq.(1) involving b, constitutes the rota-

tional transient that dephases on a time scalebgf  predictions is the transient's modulation depth. Somewhat

=1.4ps. Because of its small magnitude, the rotational trangpitrarily defined as the difference between the magnitude
sient has the primary effect of increasing the amplitude of thgf e photoelectron current peakt=0 and the first local
first two oscillations in the photoelectron current veraus  minimum in the signal, the modulation depth is a rapidly
data scangFigs. 1, 2,andb _ varying function of the central pump wavelength. An
For experimental situations in which the laser chirp can-eyamination of Fig. 2 suggests, and the open cir¢®)sof
not be. neglectedi:e., the change_ in_ phase over lthe laserrig. 6 confirm, that the modulation depth of the,(&I1,)
bandW|dth_|s>7r), it can be explicitly incorporated into EQ. transients peaks for;~ 751 nm when the probe wavelength
(1) by adding (\,) is fixed at 600 nm. In contrast, numerical simulations of
AO=06(v,v})— (v, v+ 6(v),v")— (vh,v") (4)  the vibrational-rotational transient, based on the density ma-
) ) ) trix model and spectroscopic constants of Sec. IlIB 1, show
to the argument of each sinusoidal function, whefe. ,v,)  quite different behavior, predicting that the maximum modu-
is the spectral phase of the pump or probe laser pulse at thgtion depth of the transients will be observed at longer
frequency corresponding to the energy difference betwgen wavelengths X ;= 760 nm.
andvy,. _When the c_hlrp is linear, for exam;z)le, this phase  Ag one might expect, the calculated modulation depth is
factor will be proportional to (¢,,~ @, )~ ®o)", Wherewo  found to be relatively insensitive to the £spectroscopic
is the center frequency of the laser pulse. Unfortunately, acconstants. Varying the G$X) spectroscopic constants,
counting for chirp in the calculations complicates the sepaand R, by more than one standard deviatitm) results in

Relative Modulation Depth

Pump Wavelength Ay (nm)

ration of the four-dimensional sum over v, v, andv”  only a negligible change in the value f describing the fit
into sets of lower-order sums as indicated in E). The  of the theoretical transient to the experimental data. Specifi-
result is a drastic increase in computational time. cally, A y><3% per=o. Furthermore, a sensitivity analysis

with respect toT[Cs; (X)] shows the assumed value (3
x 10t cm™1) to actually yield thebestfit (i.e., minimumy?)
between theory and experiment.

Simulating the experimentally observe®Il, vibra- All of the remaining constants required by the calcula-
tional transients with the density matrix formalism offers thetions have been measured, directly or indirectly, by laser
opportunity to isolate particular @spectroscopic constants. spectroscopy, and the ground state constéDtmham coef-

In particular, optimizing the fit between simulations and ex-ficient9 have been determined to high precision. Despite the
perimental data with respect to specific temporal and spectraxcellent experiments by Diemeet al,® however, the
characteristics of the transient allows for the values forBhe B I, constants are not known to the same degree of preci-
state equilibrium internuclear separatidR.f and T, for the  sion. The equilibrium internuclear separatioR.), for ex-

Cs, ground state to be improved. ample, was determined in Ref. 16 by constructingBHéI,,

One characteristic or observable of the,@8 and D)  potential from the Dunham coefficients by the RKR and IPA
wave packet transient that serves as a test of the theoreticalethods and, subsequently, calculating the rotational con-

2. Comparison of theory with experiment
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FIG. 7. (O): Variation of y?/N-2 (describing the difference between the
modulation depths of experimental transients for £47<771 nm and
their theoretical counterpajtsvith the assumed values dR. for the o .
Cs,(B 1I1,) state. For these dathl (the number of values of, for which FIG. 8.. Data similar to thoge of Fig. 7 byf for two separate observables
experiments and simulations were condugtisdsix. (®): Dependence of IS NOW |Ilustr_atgd as a funct_lon df, for the Cg ground state. Together the
¥?N-2 on R, when the predicted vibrational frequency of the simulated WO curves indicate thal lies between~29 830 and 30 030 cnt. The
transients is compared with that for the experimentally measured wavdertical arrow indicates the value 3, (30 000 cm1*) originally adopted in

packet transient. For both curves showf<1 for 4.91<R,(B)=<4.96 A. the wave packet simulation modef. Sec. 11l B ). For details regarding the
experimental conditions associated with the data for each curve, please refer

to the text.

T, [Csy"(X)] (10° cm™)

StantSBU from the vibrational wave functions for the state. In above iS provided by an examination of the frequency com-
this way, R, was estimated to be 4.85 A. Utilizing a relativ- position of the experimental and calculated wave packet
istic effective core potential, Jeurey al** calculatedRo(B)  transients. Fourier transforfor Maximum Entropy Method,
to be 4.86 A. MEM)*® frequency spectra of the experimental data of Fig.
Simulations show that the quality of the fit between thep, for example, show a dominant peak at 31018 cni * for
theoretical and experimentBlstate transients is quite sensi- \ , =751 nm and\,=600 nm, where the uncertainty repre-
tive to the assumed value & . Consider, for example, Fig. sents one standard deviation. When is increased to 768
7. Vibrational transients were calculated for 17 values ofym (with X\, held fixed at 600 ni the peak response in the
Re(B) ranging from 4.83 A to 5.0 A and six values 8% frequency spectrum shifts to 33.8 ¢ These results are to
(747§)\1$ 771 nm, W|th)\2 held constant at 600 n)‘.nFOI’ a be expected becaugee(B 1Hu):343 Cm71 (Ref 16 and
given value ofR, the modulation depth associated with 31 4 cm* corresponds to thaG value for theB state in the
each theoretical transient was compared with the experimem,icinity of v/ =18, which is approximatelyv’)(=16) for
tal result andy? was then calculated by summing the squareshe B 11, population distribution produced by the pump
of the differences between theory and experimenty,=751nm, cf. Fig. 4 As \, is increased, however, the
over all six\; studied for that value oR.. That is, ¥’  B_X FCFs favor excitation of lower-lying state vibrational
=3 {diexp—dimem}zai;fﬁ whered represents the modulation |evels ((v')=14 and 12 for\;=756 and 763 nm, respec-
depth for a specific transient. As illustrated by the opentively) and, hence, thA G value reflected in the wave packet
circles of Fig. 7, increasing, from 4.85 A results in a rapid motion rises.
drop in x? and x?/(N—2) [where N=6] <1 for 4.91 In an effort to evaluate from a different perspective the
=R.(B)=<4.96 A. An uncertainty for the value d®, pre- value of Ry(B*I1,) presented earlier, the frequency spectra
sented in Ref. 16 was not given and, on the basis of extersf 20 wave packet transients, acquired experimentally for
sive comparisons of experiment with theory, it is proposedvarious values of\{,\, and temperature, were calculated.
here that a more precise value for tBeI, equilibrium  For each transient, the experimentally determined fundamen-
internuclear separation is 4.9®.03A. Returning now to tal frequency was compared with that resulting from the
Fig. 6, the solid dots depict the dependence of the calculatesimulations and the results are displayed in Fig. 7 by the
modulation depth on, if R,=4.93A. As a check on this solid circles. In this casey? for the observabléwave packet
revised value, the variation of?> with changes in the fundamental frequengyexhibits a broad minimum iR, and
Cs, (X) constants was revisited, now assumiRgB I1,) falls below one forR,=4.86 A. This result provides further
to be 4.93 A. As before, the fluctuations ¥ were found to  support for the conclusion th&.(B I1,) is slightly larger
be negligible for variations exceedingo in eitherw, or R than the value estimated in Ref. 16.
A key result of this work, then, is that ultrafast experiments A similar process was then used to re-evaluate thg Cs
conducted in the temporal domain are able, by varying thground state constants. TakiRy(B) now to be 4.93 A, the
pump and probe spectra and computational analysis of th€s, spectroscopic constante., R,, andT,) were altered
resulting rovibrational transients, to determine molecularfrom the values of Sec. llIB 1 and, as shown in Fig. 8, the
spectroscopic constants or, potentially, improve upon thoseost striking results were obtained fog. The experimental
measured in the frequency domain. data from which these results were calculated were those
Further confirmation for the increase y(B) proposed described earlier in connection with the study of the modu-
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lation depth(six sets: various\;, \,=600nm, T=533K) CL T T T Tt T ]
and vibrational frequenc{20 sets: various ;, A,, andT) of - A=751nm, 2,=600nm (@)
the transients. Two curves are given in Fig. 8, both of which - , —:
illustrate the dependence gf on the assumed value af, i L T kL i ‘
for the C§ ground state. The open circles represgff(N o R LR e L
—2) associated with the modulation depths of the simulated — —
and experimental wavepacket transients. As noted eagfer,
for this particular observable takes on its minimum value in
the vicinity of the value ofT4(30000cm?) adopted origi-
nally in the model and denoted by the vertical arrow. For
29900sT,=30100cm?, x? is essentially flat but increases
rapidly for values ofT, below ~29 850 cn®. In particular,

x? rises above one fol,<29830cm? (indicated by the
left dashed vertical line in Fig.)8 When monitoring the
(fundamental vibrational frequency of the wavepacket data
(denoted in Fig. 8 by the solid dotshowever,y? changes
relatively slowly until T, is increased beyond 30000 ch

At ~30300 cm? (indicated by the second dashed vertical
line, at righd, x? surpasses one and rises rapidly. On the
basis of these results, we propose the revised value o L L S A EL
29930-100cm* for T, of Cs;(X?%), for which the
lower limit of the constant is defined by the modulation
depth data of Fig. 8 while the upper limit is set by the com-
parison between the vibrational frequencies of the experi-
mental and theoretical wavepacket data. Revisiigalso
implies thatD[Cs, (X)] is now 5130-100 cmi * which is

dl lik

Relative Photocurrent

~
o +
~

§

I

1

in agreement with the lower limit of 0.590.06 eV estab- 0 2 4 6 8 10 12
lished by Helm and Miter®? from photodissociation experi- .
ments. Time Delay (ps)

This 5U9_9_eSted value fdfe is only slightly smaller than FIG. 9. Comparison of experimental and calculatedy(BSII,) wave
the value originally adopted for the computer model but theyacket data fok ;=751 nm anch,= 600 nm: (a) experimental scan of pho-
comparison between simulation and experiment has permitecurrent vsAt; (b) simulation of the data in which onlgv =+ 1 coher-
ted the estimated uncertainty in the constant to be reducegfices are considered, along with pump and probe pulse ¢birgimulation
considerably. However, it should also be mentioned thaf a1 both hater rier coherences (- and eser el
TelCs, (X)]=29930cm* as proposed here is considerably have been intentionally offset for clarity.
larger than calculations would sugge$29 200-29 400
cm 1).28-3%Fjnally, analyses similar to that of Fig. 8 far,
andR, of the Cg ground state yield weak variations jff
(i.e., A x? changes by< +10% pero) when either constant is ser pulse chirp is clear from pang@) of Fig. 9 which illus-
altered from its assumed valuéw,=34cm ! and R, trates the transient calculated whighv|=1 coherences are
=5.25A). incorporated into the calculations but chirp is neglected. A
Before leaving this section, the potential contribution of similar comparison between experiment and simulations is
higher-order coherence@nteractions between nonadjacent presented in Fig. 10 fax; =762 nm and\,=580 nm. MEM
vibrational level$ and laser chirp t® state wave packet data frequency spectra of the eight wave packet transients of Figs.
(e.g., Figs. 1 and)2should be considered. Figures 9 and 109 and 10 are shown in Fig. 11. Comparing the three figures,
show the results of simulating wave packet transients proit is obvious that higher-order coherences manifest them-
duced by pump wavelengths of 751 nm and 762 nm andelves in the frequency domain as harmonics of the funda-
N,=600 and 580 nm, respectively. For both experimentaimental vibrational frequency. In the temporal domain, how-
scans(photocurrent as a function dft), three simulations ever, the|Av|>1 coherences have the effect of narrowing
are given. The firspart (b)] of Figs. 9 and 10 includes both the peaks in the transientsf. panel(d) of Figs. 9 and 1() a
Av==1 coherences and the chirp of the pump and probeesult that is at odds with experiment. Accounting for the
pulses. Specifically, based on spectral and cross-correlatiarhirp of the pump and probe laser pulses ameliorates both of
measurements, a linear positive chirp, corresponding to ththese effects. For all of the data obtained to date, the ampli-
broadening of nearly transform-limited pump and probetude of theAv’=2 peak in the frequency domain, for ex-
pulses to~180 fs at the heatpipe, was incorporated into theample, is consistently=5% of that for the fundamental. As
simulations. Doing so improves the fit of all of the calculatedillustrated in part€d) and(h) of Fig. 11, the simulations are
transients to the data. If higher-orddAg|>1) coherences unable to account for this fact if the chirp of the laser pulse is
are now also incorporated into the calculations, tragae-  ignored. If, however, the linear chirp is now imposed onto
sults. The beneficial impact of accounting for the known la-the pump and probe pulses, the amplitudes of the second
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FIG. 10. Data(a) and calculated transienité)—(d)] similar to those of Fig.

9 but for A ;=762 nm and\,=580 nm.

(Av=2) and higher harmonic frequency components areepulsivec 3| potential.
suppressed with respect to the fundameffd. 11(c) and

@)].

gratifying since normal dispersiom{(\)>0) in conven-

ments of laser pulse phase, most aspects of the wave packgedominantly v’'~10-20

scribed adequately by including onlyv = =1 coherences.

C. Wave packets in the DY} state

TheD '3 state of Cghas been studied extensively by presumably due to the involvement of=40 states.

8
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11. Frequency spectra, calculated by the Maximum Entropy Method
(Ref. 15, of the wavepacket signals of Fig.[Shown in panelga)—(d) and
those of Fig. 1Qright side,(e)—(h)]. Spectraa) and(e) were calculated for
250 poles whereas the others involved adding a weak noise backgitidnd

of the maximum signal valyeo the theoretical transient and assuming 30
poles.

cluding Fourier transform spectroscopy and Doppler-free po-
larization spectroscopy:?*~>* As noted earlierD '3} vi-
brational levels above’~30 are perturbed by the bound
2311, level and energy shifts exceeding 0.1 thwere
measured by Kia et al? for 14D 3 vibrational states in
the 30<v’<58 interval. Predissociation @ '3/ also oc-
curs through two mechanisms: spin-orbit interaction with
2°311,,, andL-uncoupling between the 1, state and the

In calculating theD —X FCFs shown in the upper portion

of Fig. 12, theX state potential generated from the IPA data
The fact that including a positive linear chirp into the of Ref. 18 and thd® 3| state RKR potential of Ref. 2@or
wave packet simulations is necessary to explain the data is'<58) as well as the'=59-65 state energies of Ref. 23
were used. For higher vibrational states, Ehstate potential
tional optical elements produces positive chirp at the leadingvas approximated by the Morse function. The lower half of
edge of a transform-limited pulse. Furthermore, self-phasé&ig. 12 displays théD X absorption spectrum, calculated
modulation, the driving mechanism of continuum generationpy weighting the FCFs with theX state vibrational state
produces a nonlinear chirp that can be approximated as population distribution afl =600 K. Because of the large
positive linear chirp? It is interesting to note that if the sign difference betweerR, for the ground andD states AR,
of the chirp is reversed, the simulated transients are moreR.p[5.71A, Ref. 22 —R.x [4.65 A, Refs. 18,2]&=1A),
narrow than those resulting from not considering chirp at allmaximum absorption occurs in the 570-580 nm region
Therefore, improvement in the simulation of experi- which arises predominantly from transitions #6~30—-50
ments is achieved by incorporatingv|>1 coherences and states. A comparison of the experimental photoelectron
laser chirp into the calculations and, to our knowledge, theseurrentAt scans foix ;=577 nm and 600 nm with the results
are the first simulations to do so. Considering higher-ordepf numerical calculations are illustrated in Fig. 13. For vibra-
contributions to the laser chirp may well improve further thetional wave packets composed of lower-lyibgstate vibra-
agreement between theory and experiment. However, thigonal levels, the simulations match the data reasonably well.
gains are modest and, in the absence of detailed measurétheni ;=600 nm, for exampleD < X transitions populate
are well-
transient’s frequency and temporal characteristics are desharacterized and essentially free of perturbations. Near the
peak of theD — X absorption bandN;=577 nm), however,
a discrepancy between the experimental curve and the theo-
retical prediction(upper panel, Fig. )3becomes noticeable,

several high resolution laser spectroscopic techniques, in-

states

which
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FIG. 12. Calculatedd—X Franck—Condon factor@op) and D« X absorp-
tion spectrum at 600 K.

and calculated wave packet transients kgr=600nm are

also in excellent agreement. The experimental profile is
broader than the simulated version but otherwise the theory

matches the data remarkably well. Both the peak-a¥.0
cm ! and the weak pedestal lying at14 cm ! are repro-
duced by the calculations. Wheny =577 nm, on the other
hand, the theoretical spectrum is shifte6.7 cm * to lower

energy with respect to the experimental curve. This discrep-

Vibrational wavepackets in Cs, 11017

IV. CONCLUSIONS

The temporal behavior of vibrational wave packets pro-
duced in theB 1T, andD '3 | states of Cghas been studied
by pump—probe laser spectroscopy on th&00 fs time
scale. TheC 11, state was chosen in Refs. 3 and 4 for initial
experiments in this molecule for several reasofis: the
large differencg~0.75 A) betweenR, for the C state rela-
tive to that for C$(X), which results in photoionization of
C I, in a narrow corridor near the classical inner turning
points for the Cs (v*=65-90) vibrational levefsand a
large modulation depth of the photoionization sigrid); de-
spite being weakly predissociate@ 11, is relatively unper-
turbed and has been thoroughly characterized by high reso-
lution laser spectroscopy; an@) the C—X transition is
conveniently situated for excitation by a CPM system. In
contrast, the equilibrium internuclear separations for the
B!, andD '3, states differ from that for the Gsground
state by~0.38 A and~0.43 A, respectively, or roughly half
that for theC state. Also,R.g— Re(Cs;)<0 whereasR,p
—R.(Cs;)>0. Consequently, the g8 andD states afford
an opportunity to evaluate the wave packet detection ap-
proach introduced in Ref. 3—namely, monitoring the time
and energy-integrated photoelectron current. As expected,

T ] T ! T | T | T
A1 =577 nm
Ay =750 nm |

Relative Intensity

ancy appears to be directly attributable to the perturbation of
the D '3 state discussed earlier. The near reproduction of
the experimental data by the simulations is actually remark-
able when one considers that tie state wave packet is

Delay Time (ps)

composed of a minimum of 20 vibrational states, and is

IG. 13. Experimental and calculated traces of the relative photoelectron
urrent as a function of time delay for vibrational wave packets in the

reflection of the precision of the experiments in Refs. 20-23, s state and\;=577 nm and 600 nm. In both portions of the figure,

and 27.

Np,=750 nm.
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~ * The frequency composition of thB state vibrational

- A1 =577 nm wave packets is in accord with potentials and spectroscopic
Ay =750 nm constants determined by laser spectroscopy in the frequency
domain. It also appears that vibrational wave packets in the
D state provide a tool for observing thie!s —23I1,, in-

L Experiment teraction.

— ACKNOWLEDGMENTS

__ h The technical assistance of K. Collier and K. Kuehl is
2 cory gratefully acknowledged. This work was supported by the
2 [ U.S. Air Force Office of Scientific Research.
g‘ clc e e b b oy b )
< [ A L A R L L R 1T. Baumert, B. Bhler, R. Thalweiser, and G. Gerber, Phys. Rev. L.

- A1 = 600 nm 733(1990.
2 I 1 - 27, Baumert, V. Engel, C. Rtgermann, W. T. Strunz, and G. Gerber,
E B Ay =750 nm | Chem. Phys. Lett191, 639 (1992.

3G. Rodriguez and J. G. Eden, Chem. Phys. 1206, 371 (1993.

4G. Rodriguez, P. C. John, and J. G. Eden, J. Chem. P13&.10473

Experiment (1995.

5V. Blanchet, M. A. Bouchee, O. Cabrol, and B. Girard, Chem. Phys.

Lett. 233 491 (1995.

6V. Blanchet, M. A. Bouchee, and B. Girard, J. Chem. Phyk08 4862

— - (1998.

L Theory ’R. de Vivie-Riedle, B. Reischl, S. Rutz, and E. Schreiber, J. Phys. Chem.
99, 16829(1995.

8S. Rutz, R. de Vivie-Riedle, and E. Schreiber, Phys. Rev54A 306

B (1996.
ol b e e b L by 9J. M. Papanikolas, R. M. Williams, P. D. Kleiber, J. L. Hart, C. Brink, S.
0 5 10 15 20 25 30 35 40 D. Price, and S. R. Leone, J. Chem. Phi@3 7269(1995.

10R. M. Williams, J. M. Papanikolas, J. Rathje, and S. R. Leone, J. Chem.
-1 Phys.106, 8310(1997.
Wavenumbers (cm ) 1T.'S. Rose, M. J. Rosker, and A. H. Zewail, J. Chem. Piggs.6672
(1988.
FIG. 14. Frequency domain representation of the experimental and simi?R. M. Bowman, M. Dantus, and A. H. Zewail, Chem. Phys. L&, 297
latedD '3 7 wave packet transients of Fig. 13. Results are again shown for (1989.
N1=577 and 600 nm for the probe central wavelength) (fixed at 750 nm.  *M. Gruebele, G. Roberts, M. Dantus, R. M. Bowman, and A. H. Zewail,
All spectra shown were calculated by the MEM approach, assuming 200 Chem. Phys. Lett166, 459 (1990.
poles. 14v. Engel, Chem. Phys. Letl78 130 (1997).
15M. Gruebele and A. H. Zewail, J. Chem. Phg8&, 883(1993.
18y. Diemer, R. Duchowicz, M. Ertel, E. Mehdizadeh, and W. Déuitrp
Chem. Phys. Lettl64, 419 (1989.
the smaller values fofRegp—Re(CS)| result in weaker ’L.von Szentply, Chem. Phys. Leti88, 321(1982.

. s by, : .
modulation of the photoelectron curreht- scans than was 4%7%??8@35' Haing, W. Demtraler, and C. R. Vidal, J. Chem. PhyE,
observed in the 11, experiments but the S/N ratio is more 19\1. Raab, H. Weickenmesier, and W. Derides, Chem. Phys. Letg8, 377

than ample, suggesting that this experimental technique is(1982. )
applicable to a wider range of molecular transitions thar’’C. Amiot, W. Demtialer, and C. R. Vidal, J. Chem. Phy8g, 5265

. o (1988.
originally anticipated. 21K. Yokoyama, M. Baba, and H. Katd. Chem. Phys39, 1209(1988.

. . 1 ~
By obtaining B “II, wave packet data for a range of 22 katy T. Kobayashi, M. Chosa, T. Nakahori, T. lida, S. Kasahara, and
pump and probe wavelengths and simulating the experimen-M. Baba, J. Chem. Phy84, 2600(1992).
) . k ' s . . ; . .
tally observed transients with the density matrix formalism I gﬁbayasgI’;éuzsg;’oT(igS;naUChl' M. Baba, K. Ishikawa, and H. Kato
. . o . Chem. Phys98, .
(explicitly account!ng for laser chippimproved values fo_r 2p Kusch and M. M. Hessel, J. Mol. Spectro8g, 181 (1969.
two spectroscopic constants have been determinedsy. katoand K. Yoshihara, J. Chem. Phy&l, 1585(1979.
R Cs,(B)]=4.93+0.03A and Te[CS;(X 229*)]:29 930 %C.R. Vidal and H. Scheingraber, J. Mol. Spectrd38. 46 (1977).
+100cm L. The underlying premise of this work is that 2T\W. Weickenmeier, U. Diemer, M. Wahl, M. Raab, W. Denuteo, and W.
) . . Miiller, J. Chem. Phys82, 5354(1985.
evaluatlng simulated Wa\_/e_paCket_ data with respect to S€Ve|  von Szentply, P. Fuentealba, H. Preuss, and H. Stoll, Chem. Phys.
eral prominent characteristi¢gibrational frequency, modu-  Lett. 93, 555(1982.
lation depth, amplitude of the second harmonic relative tg°G. H. Jeung, J. P. Malrieu, and J. P. Daudey, J. Chem. Piys3571
_ (1982.
the fyn%ament?fl’ e(;):enabfs.mmehcu'ar COnStantSl tobk.)le de 30M. Krauss and W. J. Stevens, J. Chem. PI985.4236(1990.
termined or re ined. Com ining the exp_erlmen_ta ability t0s1y graun, C. Meier, and V. Engel, J. Chem. Ph¢§3 7907 (1995.
vary A1 and\, with computational analysis provides a pow- 3?H. Helm and R. Mtier, Phys. Rev. A27, 2493(1983.
erful tool with which spectroscopic constants, measured’G. H. Jeung, F. Spiegelmann, J. P. Daudey, and J. P. Malrieu, J. Phys. B

. ; ; 16, 2659(1983.
originally in the frequency domain or, perhaps, as yet un-3“See for z(examaple Q. Z. Wang, P. P. Ho, and R. R. Alfand;hie Super-

k_nown- can be determined more precisely by analysis in the continuum Laser Sourcedited by R. R. AlfangSpringer-Verlag, New
time domain. York, 1989, p. 38.

Downloaded 17 Oct 2002 to 130.126.123.73. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



