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Femtosecond stimulated emission pumping: Characterization
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Femtosecond stimulated emission pumping in combination with femtosecond photoelectron
spectroscopy is used to characterize the potential energy function qf(ﬁiélj ) ground state up

to vibrational energies within 2% of the dissociation limit. The frequency and anharmonicity of this
state are measured at a series of vibrational energies up to 0.993 eV by coherently populating a
superposition of ground state vibrational levels using femtosecond stimulated emission pumping,
and monitoring the resulting wave packet oscillations with femtosecond photoelectron spectroscopy.
The dissociative;(ﬂ’ 2Hg,m) state is used for intermediate population transfer, allowing efficient
population transfer to all ground state levels. Using the measured frequencies and anharmonicities,
theXZEJ state has been fit to a modified Morse potential with fparameter expanded in a
Taylor series, and the bond length, well depth, asdD—1 fundamental frequency set equal to our
previously determined Morse potentigl. Chem. Phys107, 7613 (1997]. At high vibrational
energies, the modified potential deviates significantly from the previously determined potential.
© 2000 American Institute of Physids$0021-960680)01720-7

I. INTRODUCTION Our previous repotf on the ground state of Irelied on
conventional, high-resolution photoelectron spectra to deter-
mine the equilibrium bond lengt{8.205 A) and well depth
1.014 eV of |, . To determine thev=0-1 vibrational fre-
uency, resonance impulsive stimulated Raman scattering
RISRS was used to create ground state motion near the
ttom of the well. The Fourier transform of the oscillations

The photodissociation of,1in size selected;l(CO,),,
I, (Ar), clusterd=® and bulk polar solvent§~**has become
a model system for the study of caging, recombination, an
vibrational relaxation. In these systems, the strong solven
solute effects inherent to negatively charged species indu

rapid energy transfgr that depends S.E”S“‘V?'Y on the §hape Sgserved in the FPE spectra gave the fundamental frequency
the ground and excited state potentidts® This is especially with wave number accuracy (13 cm-3), and from these

true for the ground state potential near the dissociation Iimi%hree arameters. a Morse botential was determined. Our re-
where energy transfer is much more rapid than at low vibra- b ’ P Y

fional quanta. For instance, Barbara and co-worlafs® sults differed substantially from previous semiempirita*

- ot -25
have shown that within 300 fs of photodissociation, the | andab initio determination§™=of the ground state. Thab

o ; 14,15 :
chromophore recombines and relaxes to the lower 25% ogglsoerp:tfggz:e?% v'\\//ilt%Slc?unrQSt SI' scalri]r?s tggenotirr?tlija%htg Ipetoro-
the ground state potential in liquid water and ethanol. The 9 y 9 P b

remaining relaxation occurs over2 ps. Hence, interpreta- duce our expe.rimental well depth. However,. the ground state
tion of the data and quantitative theoretical modeling repotentlal remains largely unknown at energies above the po-

quires accurate excited and ground state potentials to amcou‘i‘f‘tm'lal m|dn|mtum.h terize th tential at hiah .
for the dissociation and vibrational relaxation processes, re- r:_lpr erto Ch aracferlzte € p(()j eSnEllg ta "ﬁ er eﬂnergles
spectively. We have previously reported ground and excite € utlize gas phase, lemtosecon 0 conherently popu-

state potentials based on a series of frequency and time d ate vibrational levels to within 2% of the dissociation limit.

main negative ion photoelectron SpectroscopRES Our method is an extension of conventional SEefs. 26,

experiments®~1® However, the ground state potential was 27) in which a narrow band pump laser populates a single

only characterized near the bottom of the well. In this paperyibrational eigenstate in an excited electronic state. A sec-

we use femtosecond photoelectron spectrosd@iBES in ond, dump pulsg then transfers populgtion back to the ground
conjunction with stimulated emission pumpinGEP to state and into eigenstates resonant with the dump frequency.

characterize the,l ground state potential to within 2% of the Hence, by scanning the dump laser wavelength and monitor-

dissociation limit. ing the fluorescence depletion, for example, the energies of

the ground state levels can be measured and an accurate po-

tential determined. In contrast to conventional SEP, our

dCurrent address: Department of Chemistry, University of Pennsylvaniaimmementation of SEP utilizes femtosecond pump and dump
Philadelphia, Pennsylvania 19104. . .

PPermanent address: Laboratoire de Photophysiquéduisliee du CNRS, pulses to coherently populate mul_tlple excited and ground
Batiment 210, UniversitéParis Sud, 91405 Orsay, France. state levels of], respectively. In this case, the pump pulse
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population grating in the ground electronic state. Instead of
5.0f N [+ monitoring the ground state motion by photodetachment, a
B third pulse is resonantly scattered from the oscillating polar-
a0k A 1+ ization. Such methods are suitable for studying species that
% % can be created with high number densities. The method de-
\3 sok Probe ] scribed here is far more sensitive, and can be used to study
G size-selected molecular anions, as we demonstrate in this re-
= Probe -/% In this paper, we coherently populate vibrational states
g ol | Pump P | ANy [+ up to 0.993 eV on the,(X23}) ground state D,
o /ﬁ?"’/— =1.014eV) and use FPES to monitor the resulting oscilla-
0.0 X Zu\/\ , , tory motion. In this manner, we determine the potential fre-
20 30 40 50 60 quency and anharmonicity as a function of vibrational en-
Internuclear Distance / A ergy, and by modeling our results at successively higher

FIG. 1. Schematic of the SEP-FPES technique and relegaand L, po-  Vibrational energies_, we have developed a quantitative
tential energy curves. The SEP process is illustrated using solid curves tfground state potential. We also demonstrate that the use of
represent the excited and ground state wave packets created by the PURRe dissociativer](A’ 2Hg,l/2) electronic state for intermedi-

and dump pulses, respectively, delay®et] with respect to each other. De- lati f I £ fici . I
tachment by the probe pulse is shown for two arbitrary delay times, wherfit€ population transter allows for efficient pumping to a

the ground state wave packétashedl is located at the inner and outer ground state levels.
turning points.

II. EXPERIMENT

creates an excited state wave packet for which the Franck— The FPES negative ion photoelectron spectrometer and
Condon overlap with the ground state vibrational levels conhigh-repetition rate femtosecond laser have been described in
stantly evolves with time. With proper timing of the dump detail elsewheré’*®* A brief summary follows, highlighting
pulse, population is coherently transferred back to the grounghe modifications made to incorporate an addition dump
state, creating a wave packet that oscillates with the frequerpulse.
cies determined by the populated vibrational levels. Hence, The photoelectron spectrometer consists of an ion source
by following the wave packet motion in real time, we deter-region, time-of-flight(TOF) mass spectrometer, and a high
mine the | ground state vibrational frequency and anharmo-collection efficiency TOF photoelectron spectrometgrid
nicity as a function of pump and dump wavelengths. produced when argon carrier g&k0 psig is passed over
The technique we use to monitor the SEP signal is femcrystalline iodine, supersonically expanded into the source
tosecond photoelectron spectrosc¢BRES,'"**and our ap-  chamber through a pulsed nozzle operating at 500 Hz, and
proach to create and monitor ground state vibrational motiogrossed wi a 1 keV electron beam. Thg is isolated from
is illustrated in Fig. 1. In these experiments, a femtoseconghe other anions and clusters formed in the expansion by
pump pulse, centered at795 nm, excites,l from its ground  injection into a Wiley—McLaren TOF mass spectrométer
7(223 state to the dissociativa’ 2Hg,1,2 potential. After a  using pulsed extraction and acceleration fields perpendicular
delay time of 50-150 fs, a second, femtosecond dump puls® the molecular beam apparatus. After passing through sev-
transfers a fraction of the evolving excited state wave funceral differentially pumped chambers, the ions enter the pho-
tion back to the ground state and into vibrational levels withtoelectron spectrometer and interact with the pump, dump,
energy equal to the difference between the pump and dumand probe laser pulses. The detached electrons are collected
laser pulse energieghereafter referred to as the excitation with high efficiency using a magnetic botfléand the 500
energy. The vibrationally excited ground state wave packetHz repetition rate allows for rapid data collection. Although
then oscillates with frequencies characteristic of the energye often decelerate the ions prior to detachment to improve
level spacings that comprise the vibrational distribution. Thethe photoelectron energy resolutibite*°in these experi-
ensuing dynamics of the depleteet 0 ground state, excited ments this is not necessary; as a result the resolutierB0
state dynamics, and dump induced ground state motion ameV at 1.7 eV electron kinetic enerdgKE) and degrades
all monitored by photodetachment with a femtosecond probepproximately as (eKE.
pulse at a series of delay times resulting in time-dependent The pump, dump, and probe pulses are obtained from
photoelectron spectra. The dynamics of the deplated  the fundamental of a Clark-MXR regeneratively amplified
ground state and evolving excited state wave functions havéi:sapphire laser system that generates pulses75 nm
been reported previoush:'” In this article we focus on the (1.56 eV} with 1 mJ of energy and 80 fsecH) width. About
dynamics induced by the dump puleashed wave packets 40 wJ of this is used as the pump pulse and pJ0s used to
Our technique is similar in some respects to femtosecongump a Light Conversion optical parametric amplifiePA)
four wave mixing(FWM) technique® ! including femto-  that generates infrared dump pulses from 950 to 2150 nm
second coherent anti-Raman scatterf@ARS) (Refs. 32, with an average of 4Q.J energy and 80 fs width. The re-
33) and two dimensional time delayed femtosecond CARS. maining fundamental is frequency tripled to make 265 nm
In these experiments two resonant laser pulses, similar to thd.68 eV}, 20 nJ, and 130 fs probe pulses. In order to deter-
pump and dump pulses used in our experiment, create @ine the exact excitation energy, the bandwidths of the
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pump and dump pulses are measured with a monochromator 300
prior to each experiment. The relative timing between the

three pulses is controlled by two translation stages, and the

beams are collinearly recombined prior to entering the 200
vacuum chamber. Because the entrance window affects the
timing between the three pulses, above threshold detachment
of 1™ is used to determine the absolute zero-of-time inside

(a)

©» 100t
the spectrometer; when any two pulses are temporally over- €
; " >
lapped in the chamber, additional peaks are observed for 5
which the time-dependent intensity gives the cross- & 0
correlation of the respective puls&s! < 40
Two procedures were used to normalize the spectra of § (b)
different pump—dump—probe delay times. When the SEP g

signal is large, a phase-locked chopper is used to perform E \
shot-to-shot background subtraction by alternately collecting 0 i =
signal with and without the dump pulse to create a difference
spectrum. The total background signal is also recorded

Pump-probe delay time

i — 1600 fs
(pump—probe only which is constant after 300 fs since the '.' ---1700 fs
excited state dynamics are complete, and thus can be used to v 1800 fs
normalize the difference spectra. When the signal is low, as -400_0 o 55 30 70

it is for dump frequencies near 1067 nm due to low OPA

conversion efficiency, shot-to-shot background is inefficient

case, all spectra are collected with the dump pulse active, aridashed and pump, dump, and probe pulgestted, with a dump wave-

the spectra are normalized by their integrated intensities é@ngth of 1450 nm(b) Spectra taken with shot-to-shot background subtrac-
. . . . tion active(Sec. 1) at three pump—probe delay times.

each delay time. This is a reliable normalization method be-

cause the SEP signal is less than 10% of the total intensity.

Although shot-to-shot background subtraction is preferable',ength, the h|gher in energy the intensity extends. These fea-
the pump—probe background spectra can be subtracted afyges are due to photodetachment from high vibrational lev-
later time. els of I,.58
The pump and dump efficiencies can be determined by
comparison of the ground and excited state bleach, respec-
tively, to give an overall efficiency for population transfer to
Ill. RESULTS high vibrational levels of the ground state. From the bleach
. of the probe only spectra, 42% of the ground state population
Figure 2a) presents femtosecond photoelectron spectrgs transferred to the excited state. With addition of the dump

of 1, taken with the probe onlysolid), pump and probe ise, 10% of the excited state wave packet is transferred
(dasheg, and pump, dump, and probe pulses act@tted.  pack to the ground state, as determined from the bleach of

The dump wavelength in this figure is 1450 ih86 eV,  the |~ product. Hence, we achieve 4%-5% SEP efficiency.
the pump—dump delay timét,, is 150 fs, and the pump— Thjs efficiency is typical for all dump wavelengths used in
probe delay timeAt,, is 2200 fs. These spectra have not s report, even for vibrational levels very close to the |
been background subtracted. In the probe only spectra, pealgsociation limit, and is a consequence of using a repulsive
are observed at 0.3, 0.9, and 1.45 @abeledB, A, andX),  giate as the intermediate electronic level in the SEP scheme.
primarily due to detachment to th@°lo+,, A°ll;, and  This point is explored in more detail elsewhéfe.

A’ %I1,,, andX 'S states of §, respectively:®** With in- Features induced by the dump pulse are more apparent
clusion of the pump pulse, a portion of the-0 ground state in the shot-to-shot background subtracted m@8lec. 1)), as
population is transferred to th&’ Il ,,, excited state, re- Shown in Fig. 2b). The depletion of the 1 features now
sulting in a bleach of the probe-only spectra that is typicallysShow up as negative peaks, and the intensity due to detach-
40%. Additional peaks at 0.75 and 1.70 eV also appear dugent of the vibrationally excited levels is easily observable.
to detachment of the | products to the %(?P,,) and AtmosteKEs, the photoelectron spectrum is rather complex.
I(2P4),) spin—orbit states, respectively. Dissociation pfin ~ Between 0.8 and 1.4 eV the photoelectron spegtig 2(b)]

this manner takes on the order of 250'%2€% and in the arise from detachment at both the outer and inner turning
spectra of Fig. @) this process is already complete. With the points of the § ground state potential, and include detach-
addition of the dump pulsédotted, the atomic T features Mment to at least 10 energetically accessiblgdtentials.”**
decrease about 10% in intensity due to the transfer of popudowever, the signal extending to high eKE2.0 eV) is
lation back to the ground state. However, the probe onlyonly due to detachment to the 5(12; state at the inner
features do not increase in intensity. Rather, intensity apturning point of the J vibrational distribution(Fig. 1).** This
pears between the Ifeatures at 1.1 eV as well as at high region of the photoelectron spectrum has previously been
eKE up to~3.1 eV. In general, the longer the dump wave-used to determine the vibrational distribution ¢f products

Electron Kinetic Energy / eV
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FIG. 3. Slices through the SEP signal for three typical excitation energiesFIG. 4. Recurrences of the four highest excitation energies. The recurrences
The period of the oscillations increase with excitation energy, and dephasingppear at increasingly longer delay times, indicating the potential’'s anhar-
occurs by~8 ps. monicity is decreasing with excitation energy.

in photodissociation and cluster recombination ex-fs steps. The optimakt, increased steadily with excitation
periment$® energy, from 40 fs at 0.262 eV to 170 fs at 0.993 eV. This
All of these features exhibit oscillatory time-dependenttrend is consistent with our expectation that the optimal
dynamics. For example, above 2.0 eV and at 1.1 eV thdransfer point is at the internuclear distance where the dump
signal clearly increases between 1600 and 1800 fs, while pulse is in resonance with the energy difference between the
corresponding decrease in intensity is observed at 1.4 eground and excited state potenti&tdzor excitation energies
eKE [Fig. 2b)]. As established above, the signal above 2.0above 0.6 eVAt; must be at least 100 fs to observe any SEP
eV monitors the ground state population near the inner turnsignal.
ing point. Hence, the time-evolution of the spectra in Fig.
2(b) indicate; that the. ground stat'e wave packet_is movingv_ ANALYSIS AND DISCUSSION
towards the inner turning point during this 200 fs time inter-
val. Since the oscillations at 1.1 and 2.0 eV have similar  In this section we develop ag@( 223) potential that is
phases, the inner turning point is also monitored at 1.1 eVaccurate to within our experimental error. To this end, we
albeit by detachment tg ktates other than the ground state. first determine the frequency and anharmonicity of the po-
On the other hand, the oscillations at 1.4 eV must reflectential at a series of excitation energies. We then explain the
wave packet motion at the outer turning point, since they aranalytical potential and the procedure for fitting the mea-
180° out-of-phase with those at 2.0 eV. In principle the wavesured frequencies and anharmonicities. The fit potential is
packet can be monitored at all internuclear distances. Howthen compared to previous ground state potentials.
ever, the large number of neutral states that contribute to thE
signal below 2.0 eV make quantitative analysis of the spectra”
difficult. Hence, in this report, we focus on the portion of the The first step in determining an accurate potential is to
signal above 2.0 eV eKE as this solely monitors wave packegxtract the frequencies and anharmonicities from the experi-
motion near the inner turning point. mental results for each excitation energy. An implicit as-
The frequency of the oscillations decreases with increassumption in this analysis is that the vibrational distribution of
ing excitation energy. This is apparent in Fig. 3, where sliceshe ground state wave packet is centered at the excitation
through the intensity above 2.0 eV are shown as function oénergy, a result demonstrated in simulations that are detailed
delay time for three different excitation energies, 0.262elsewheré? For excitation energies<0.823 eV, Fourier
0.705, and 0.965 eV. The oscillations have periods-860, transforms of the oscillations, shown in Fig. 5, are sufficient
650, and 1500 fs, respectively, and all disappear by roughlyo determine the frequencié$However, the transforms are
8 ps. However, the oscillations reappear for approximatelybtained from the recurrences rather than the initial oscilla-
twice the duration between 40 and 70 ps, depending on théons, because they provide more intense and well-defined
excitation energy; the recurrence time is 42 ps at or belowransforms. This is demonstrated in Fig. 5 for 0.823 eV of
0.676 eV, and becomes increasingly longer for higher exciexcitation energy, where the Fourier transforms of the initial
tation energies. This is illustrated in Fig. 4. For the highesiscillations(dashed and recurrencessolid) are compared.
excitation energy used in our experimeri@®993 eV}, the  Both are centered at the same frequency, but the transform of
oscillations appear near 67 ps and have a period2800 fs.  the recurrences is much more prominent, because the time-
The time delay,At;, between pump and dump pulses envelope in which the recurrences rephase and dephase is
also affects the SEP efficiency. To maximize this, the SERwice as long as the envelope that only includes the initial
signal above 2.0 eV was monitored while scanniig in 25  dephasing. Thus, the frequencies used in this report are the

Determination of frequencies and anharmonicities
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40 Fourier transforms. Generous error bars are assigned to the
0.262 eV 0.400 eV . . . i
frequencies=0.965 eV to account for their semiquantitative
20 nature.
Even though the frequency of the oscillations becomes
2 0758090 700 70 80 90 100 harder to determine with excitation energy, the anharmonic-
2 40 0537 6V 0.676 &V ity can still be accurately established, because it is inversely
z proportional to the rephasing time. That is, the rephasing
= time, 7, is determined by the change in frequency between
2 T~ AN any three adjacent vibrational levels, i.e,'=Av=w,,,
£ 50 6 70 —w,.*® For a Morse potentialA w=_2wy, for any three
- 0.823 eV 0.965 eV adjacent vibrational levels. In this case, rephasing will occur
at the same time for all excitation energies. For the previ-

ously determinedg(i 23 *) Morse potential, the anharmo-
nicity is weye=0.37 cm %, which gives a rephasing time of
7= (2wexe) =45 psi®*In our experiment, the rephasing
times=0.823 eV become longer with excitation enefgg.
FIG. 5. Fourier transforms of the SEP recurrences used to determine thd). Hence, the anharmonicity decreases with excitation en-
ps/te"r‘]ﬁa:f f"?quencyfas a f?“;“?”, _°f| eXCiFI?til?n e”erf]@b'e h. At 0-3[123 ergy, which indicates deviation from a Morse potential. For
Y, e Furer ranlorn of e el =Clatosasheds copared 5 the four highest excitation energies, the anharmornicity is de-
apparent below 20 cht. termined from the center of the rephasing time and error bars
assigned that encompass the edges of the recurrences. The
results are listed in Table I. “
. N . . . . Very recently, Lineberger and co-worketdave mea-
o b o o vt e cohrence o gy excied e o -

" todissociation of IBy. No rephasing was observed in their

formzorb:z:(glrf‘élOlre]zsin?;%:ﬁeo.?ois tvi\;’ ::aesgr?;rlirir;rtanes\;e r(laxperiments, and this was attributed to the variation of the
- L rephasing time with vibrational ener he di iation
though the SEP efficiency is similar for all excitation ener- ephasing time with vibrational energy as the dissociatio

limit of the IBr~ is approached, combined with a broad vi-

gies, the signal to noise ratio decreases with excitation N3 ational energy distribution for the IBproduct(~0.5 eV).
ergy, because the photoelectron spectra are spread out oyer

" . A our experiment, the,l vibrational distribution i nsid-
an increasingly larger range of eKESec. Ill). Second, the our experiment, the,1 vibrational distribution is consid

. ; ; erably narrower, since it is determined by the convoluted
wave packet frequencies begin to merge with low frequenc){inewidths of the pump and dump pulses0.02 eV, so the
noise present in our experiments below 20 ¢nprimarily X ’

caused by long-term drift in our laser beams. At 0.965 eVvarlatlon of rephasing time is actually observed rather than

the wave packet frequency can still be extracted from thep eing averaged out.

transform by comparison with transforms lacking the ground )
state oscillations, but above 0.965 eV this is no longer thd: 2 ground state potential

case. Nonetheless, the predominant frequency was still esti- |n the previous section we determined the vibrational
mated from the spectra in Fig. 4 using a least-squares fittingtequencies and anharmonicities for excitation energies up to
routine in which three sine waves of adjustable frequencieg 993 ev. In this section, aj Iground state is constructed by
and intensities were fit to each of the rephased oscillationsan iterative fit to the data point§able ). This is done using
The average of the three frequenCieS is listed in Table I. Thg Morse potentia| with th@-parameter expanded ina Tay|or
accuracy of this method was tested for excitation energies dferies, and with the bond length held consfdnt,

0.823 and 0.965 eV, which compare reasonably well with the

7020 30
Frequency / cmi’

V(r)=D1—e Al ]2, 1)
IBZBO+:81(r_re)+ﬂ2(r_re)2+'": 2

TABLE |. Experiment and fit frequencies and anharmonicities. whereD, andr, are the previously determined well depth
o Experimental data Fit potential (1.014 eV and equilibrium internuclear distan¢g.205 A),
Excitation respectivelyt® Equations1) and(2) allow sufficient flexibil-

energyleV  Freglcm®  Anharm/cm?  Freg/lcm®  Anharm/cm? . . . o
it d d ity to adequately fit the data, but only require the equilibrium

0.014 110+2 109.9 internuclear distance. Up to an eighth order expansion of the
(2)'4213(2) 81?45;::1 22-2 B-parameter was usééq. (2)], although it was found going
0537 72-15 727 beyond fourth order did not significantly improve the fit.

0.676 581 59.1 Our procedure for determining the potential is as fol-
0.823 4125  0.354:0.016 427 0.345 lows. First, a reasonable potential is generated with an ap-
0.965 22:4 0.296+0.015 19.0 0.292 propriate choice of3-parameters using Eq&l) and(2). The

0.977 174 0278-0.014 15.6 0.277 vibrational eigenstates are then calculated using a discrete
0.993 13-4 0.249+0.011 10.8 0.249

variable representatiofDVR) code with a Morse oscillator
®Taken from Ref. 16. basis sef® and the frequency and anharmonicity are deter-
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TABLE Il. B-parameters for the fit potential. 0.40
Bo=1.88497 K1 B1=—6.81053K10°2A"2 | -
B,=1.30591% 10 2A~3 B3=—2.957 61K 10 A4
B,=1.94135%10 4A~3 0.35f
‘£
(3]
2
. . . .. . . © F
mined for each excitation energy. A statistical analysis is S 0.30

performed with the calculated values and experimental date
(Table )), andy? is determined. The method is then repeated
with different B-parameters. The entire procedure is auto-
mated using a downhill simplex method to iteratively im-
prove theB-parameters and minimizg?.%® Nonlinear least
squares fitting was not used because of the difficulty in de- ~ 9-20/=5 o5 050 558
termining the first derivative of the fitted points with respect
to the B-parameters. The parameters of the fit potential are
listed in Table II, and the fit frequencies and anharmonicitiegc. 7. Comparison of the experimental anharmonicitigecles to those
are compared to experiment in Table | and in Figs. 6 and 7of the fit potential (solid) and previously determined Morse potential
The agreement is remarkably good; all the calculated fre(dashed, Ref. 16

quencies and anharmonicities fall within the experimental

error bars. The potential itself is shown in Fig. 8. . . .
b 9 and co-worker$#!® For the Morse potential, the vibrational

It should be noted that rotational dynamics have no requency and anharmonicities of the potential at the mea-
been included in the above calculations and discussion, even q y P

though Gruebeleet al>®5! have shown that modeling the sured excitation energies were determined using the DVR

time-dependent rotational and vibrational wave packet dy< ode described above, and the results are compared to the

namics is equivalent to determining the potential using values from experiment and our fit potential in Figs. 6 and 7.

RKR inversion techniaue with freauency resolved ei en(_ﬂl’he potentials are shown in Fig. 8. The vibrational frequen-
4 d y 9 cies from the Morse potential agree with the fit potential

states. The angular distribution of the detached electrons

does rotate with the molecular frame, but we are insensitivé’.ntll 0.2-0.3 eV, above which the Morse potential frequen-

to this variation because we collect nearly all the photoelecs:Ies are noticeably larger. In addition, above 0.8 eV, the

trons in our apparatus. Also, in contrast to absorption experig:onSt"’ml anharmonicity of the Morse potential becomes

ments, the photodetachment probability is independent o§igniﬁcantly larger than the fit and experimental anharmo-
moIeCl'JIar orientatiofi2 Hence. we cannot monitor rotational nicities. The combination of these effects indicates that the

dynamics, which limits our choices for analytical potentials"’V[tr"’mtlve branch of the Morse potential is 00 steep at high

; energy, as can be seen more explicitly by comparing the fit
to forms that have energy independent bond lengths. and Morse potentials in Fig. 8. Overall, the Morse potential

is a good approximation below-0.3 eV. Interestingly,
Morse potentials are overly attractive at large internuclear

In this section we compare our potential to the previousdistances for neutral molecul&bput for I, the Morse po-
Morse*® and scaledb initio potentials developed by Parson

Anharm

0.251

1.00
Excitation Energy / eV

C. Comparison with other potentials

. T T . . T 1OE e e e e cREEEREET
100} .
. 0.8
[
=
- g 06
g 0
> g
@ 5 = 0.4
g g
o [
[0] .
i 0.2
0.0 i oo
0 ) ) . 2 3 4 5 6 7 8 9 10
0.0 0.2 04 0.6 0.8 1.0 Internuclear Distance / A

Excitation Energy / eV
FIG. 8. Comparison of the fit potenti&olid) to the previously determined
FIG. 6. Comparison of experimental frequendieiscles to those of the fit  Morse potential(dashed, Ref. J6and scaledab initio potential (dotted,
potential (solid) and previously determined Morse potentidhshed, Ref.  Refs. 14, 15 The horizontal dotted lines are the excitation energies used to
16). determine the fit potentidiTable ).



J. Chem. Phys., Vol. 112, No. 20, 22 May 2000 Femtosecond stimulated emission pumping 8853

tential is not sufficiently attractive when compared to our “A. Sanov, S. Nandi, and W. C. Lineberger, J. Chem. Phg8 5155
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