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Evidence for lifetime enhancement of Rydberg states by interactions with surrounding ions is
obtained from femtosecond pump—probe experiments on the vibrational wave packet dynamics of
the L(B)-state, in which either detection of lions or zero-kinetic energiZEKE) electrons was

used. The use of the ZEKE technique leads to the appearance of new frequency components in the
Fourier transform power spectra of pump—probe time delay scans, as well as the observation of
enhanced peak-to-valley ratios in these scans. These observed frequency components do not
correspond to any energy level spacings in the molecule; they correspond to a sum of two energy
level spacings, suggesting a nonlinear detection mechanism in the ZEKE tectiregumteraction

with ions). Additional evidence for our interpretation is presented through experiments in which
additional ions were formed through nonresonant multiphoton ionization with a picosecond

266 nm laser, as well as experiments in which both the decay time of the ZEKE signal and the
appearance of the pump—probe time delay scans as a function of the pulsed field time delay were
studied. Theoretical wave packet calculations which support the conclusions are preserit@és ©
American Institute of Physics.

I. INTRODUCTION times of the highm Rydberg states might be enhanced by
processes which alter the angular momentum quantum num-

In recent years, there has been considerable interest fL..<| andm of the Rydberg electron, notablymixing in
the lifetimes of high principal quantum number Rydberggmay ge electric fields(which are inevitably present in

states. This interest was caused primarily by numerous ob,c\ experiments and |,m-mixing due to interactions of

servations in zero-kinetic-energyZEKE) photoelectron o pydnerg electron with surrounding ions. In a dc electric
spectroscopy experiments in which the lifetimes of high- field the orbital angular momentumnis no longer a good

Rydberg states were found to be considerably_ longer thaE]uantum number since the spherical symmetry is broken by
what would be expected based upon extrapolation of know e presence of the field. The eigenstates are Stark states,

series.? Considerations of Dot inTamolecular, inermolecy-C1or3ctEr2ed by the cuartum numbessk (i parabolic
lar, and external field effects on high-Rydberg lifetimes quantum.numbe)rand m. When.the Stark states are ex-
have been discussed by several autAoi®. pressed in terms qf the field-free elgenstates characterized by
y n, I, andm, one finds that many different values loton-
Two_quels have be_e n suggested to accognt for the OQFibute to a given Stark state. The decay rate of a Rydberg
served lifetimes of the high-Rydberg states. First, Levine state is determined by close-range interactions of the Ryd-

apd co-workers have suggested _that the lifetimes of th%erg electron with the ionic core. Therefore the decay rate
highn Rydberg states are determined by energy exchang&e

. ds st | the orbital I tuand, f
between the Rydberg electron and the rotational degrees GfPenas strongly on the orbital anguiar momen or
o 10131 molecules, its projection onto the molecular frame. Typically,
freedom of the ionic corg-1%3This energy exchange may

lead both to quenching of the Rydberg states and the Ioncgiecay rates are Iarge_for '°W°rb't"?"s and significantly
. .Smaller for nonpenetrating orbitals with-3. It follows that
term stability of the Rydberg states. The latter case occurs in

articular when the eneray exchanae is associated with when an electric field mixes angular momentum states, the
ipncrease in the an ula?ymomentglln of the Rvdber Atetimes of the Stark states can be longer than the lifetimes
9 Y 9 of the field-free lowt states, since the contribution of these

electron'® and a breakdown of the Born—Oppenheimer ap- o
Jlow-l angular momentum states to the wave function is re-

pro>.<|r.nat|on_ensues. Tr},e d"ynam‘!cs of Ehe Rydberg electrgn Iauced. This is indeed what was observed in recently reported
envisioned in terms of “up” and “down” processes, describ- . 26 S
. . experiments on the NO molecule?® where dc electric field
ing the transfer of the Rydberg electron to higheand . e
; : induced lifetime enhancements of nearly two orders of mag-
lowern Rydberg state This model has been discussed re- . g . .
22 nitude were observed when the rapidly predissociating
cently by other author? ; . . ) .
As an alternate model. Chupka suaaedfatiat the life p-orbital, which dominates in the absorption spectrum, be-
' P 99 comes mixed with the stable hidtstates. It was argued that
under typical ZEKE conditions the stray dc electric fields are
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Theoretical Chemistry, De Boelelaan 1083, 1081 HV, Amsterdam, Thefield ionization ard -mixed Stark states

Netherlands. N .

Ypresent address: Laboratoriurir f0rganische Chemie der ETH deh, If a Rydberg atom or molecule is excited in the presence

Universitastr. 16, CH-8092, Ztich. of a nearby ion, the electrostatic interaction of the Rydberg

4538 J. Chem. Phys. 103 (11), 15 September 1995 0021-9606/95/103(11)/4538/13/$6.00 © 1995 American Institute of Physics



Vrakking et al.: Collisional enhancement of Rydberg lifetimes 4539

electron with the ion also causksnixing, similar to the case minor channel, although they expected that this will change
of an externally applied dc electric field. If the Rydberg atomat high laser intensities. While the occurrence of such pro-
or molecule experiences an electrostatic interaction frontesses certainly is possible, we do not believe that charge
multiple surrounding charges, or the combined interactiortransfer plays a significant role in ou éxperiments, to be
from a nearby ion and a small stray dc electric fi@fldss  discussed below. The onset for charge transfer between an
discussed above, then both the spherical and the cylindrica=100 Rydberg state and a neighboring ion takes place at an
symmetry of the electric field are broken. In this case neithemternuclear distance of approximatelyn%=3.2 um.1433
the orbital angular momenturh (or its body-fixed projec- The onset forl,m-mixing Rydberg—ion interactions for an
tion), nor the magnetic quantum numhberis a good quan- n=100 Rydberg is at an internuclear distance of approxi-
tum number”4°~*3Compared with the case of purenixing  mately 50 um.2%27 Therefore it is anticipated thak,m-
considered in the previous paragraph, the lifetime of Rydbergnixing will become important at significantly lower densities
states is further enhanced due to th@l+1)-fold than charge transfer. Typical ion densities in theexperi-
m-degeneracy of thestates, favoring high-components in ments to be reported below were 200’ cm™3, where
the electronic wave functions over loweomponents. Evi- charge transfer ought to be a minor channel.
dence for an ion-Rydberg mechanism was obtained in re- In this paper, results are presented for a femtosecond
cently reported experiments on the lifetimes of autoionizingpump—probe experiment which provides considerable further
Rydberg states of the Xe atofhlt was observed that all the evidence for the lifetime enhancement of Rydberg states due
observable pulsed field ionization signals showed a nearto interactions with the surrounding ions. The vibrational
guadratic dependence on the Xe pressure, i.e., the detectiorave packet dynamics of thg inolecule in theB-state was
probability of the Xe Rydberg states was near-linear in thestudied**° by detecting, as a function of the time delay be-
density of surrounding Xe ions. The experiments on Xe tween the femtosecond preparation and femtosecond probing
showed clear evidence that an interplay can exist between dif the B-state, either prompglions or electrons formed by
electric field effects and “collisional” effects in ZEKE. pulsed field ionization of higlt Rydberg state§.e., ZEKE),
While all the autoionizing Xe Rydberg states requitkdn)- both produced vi&l+2) multiphoton excitation. The experi-
mixing by surrounding ions in order to be detected, the proiments using the ZEKE technique provide evidence for life-
cess was aided considerably whemixing was introduced time enhancement of the, IRydberg states due to the
at the outset using a small dc electric field. presence of surrounding land I ions. This lifetime en-
The influence of Rydberg—ion interactions has been inhancement leads to the observation of an increase in the
ferred by a number of other authdrst®?4%6|n measure- peak-to-valley ratio in the pump—probe time delay scans.
ments of lifetimes of predissociating Rydberg states of NOThis is the case because, as with the Rydberg states them-
(Ref. 15 by Pratt and of autoionizing Rydberg states of Ar selves, the density of thg land [" ions which enhance the
(Ref. 19 by Merkt, it was concluded that the observed life- Rydberg lifetimes, also depends on the time delay between
time enhancements with respect to extrapolated field-frethe pump and probe lasers. It will be demonstrated that the
lifetimes could only be obtained by invoking a mechanismdependence of the ion and Rydberg densities on the pump—
which involved botH - andm-mixing. In recent experiments probe time delay is described by a small set of frequencies
on Rydberg states of the HD molecule, Zare and co-workersvhich relate to energy differences between vibrational eigen-
observed that the magnitude of pulsed field ionization signalstates in the B) molecule and that the lifetime enhance-
was increased by the addition of extra idiZhanget al.  ment of the Rydberg states introduces new frequency com-
concluded that the lifetimes of high-Rydberg states of sty- ponents in the time dependence of the ZEKE signal which
rene, phenol, phenanthrene, and iron were reduced by colldo notcorrespond to any energy difference between eigen-
sional ionization through Rydberg—Rydberg or Rydberg—iorstates of the molecule. The observation of these new fre-
interactions®* Bahattet al. looked for collisional effects in  quency components, which arise as cross-terms between the
studies of lifetimes of Rydberg states of phenanthrene, but nfsequencies describing the production of Rydberg states and
effect was observed Schlag and co-workers have recently ions, respectively, is a general indicator of a nonlinear detec-
investigated the role of Rydberg—ion interactions on life-tion mechanism. Additional evidence for the Rydberg—ion
times of Rydberg states of normal and perdeuterateéhteractions, illustrating our ability to amplify the pump-—
benzene® They looked for changes in the ZEKE spectraprobe ZEKE signal by the introduction of ions in the inter-
when a controlled number of ions was introduced in the in-action region, and a simple theoretical model are presented
teraction region, without seeing any effect. In comparingto support these conclusions.
their results to the aforementioned Xe reséitshey sug- Briefly returning to the issue of charge transfer, we note
gested that there may be a fundamental difference betweehat in these experiments approximately equal amount$ of |
small atomic and large molecular systems, with respect to thand | ions were produced. Therefore charge transfer should
production of Rydberg-ZEKE states. lead to the formation of significant numbers of atomic Ryd-
Schlag and co-workers have also recently discussed thgerg states, with anticipated lifetimes of many microseconds.
possible role of electron-transfer processes in ZEKEThese lifetimes are incommensurate with the lifetimes of the
experiments** They observed the formation of long-lived Rydberg states which were experimentally observed. In our
Rydberg states formed by charge transfer between therhigh-experiments no ZEKE signals could be observed beyond
Rydberg state and a nearby ionic core. They concluded thatulsed field delay times of approximately 243, in agree-
at typical laser intensities the electron transfer represents ment with recent nanosecond ZEKE experiments oyl
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Donovan and co-workef$.We also note that this lifetime

(2—3 us) is much shorter than the measured “lifetime” of i ION
ions in the viewing region of our spectrometer—which was
significantly greater than 1@ds—and therefore our pulsed- M*

field signals cannot be due to kinetic electrons trapped by
plasma effects. Therefore, in the remainder of this paper, we
will discuss the influence of the surrounding and § ions

on the lifetime of the J Rydberg states in terms dfm-
mixing.

Il. EXPERIMENT

\

A comprehensive description of the experimental appa- —
ratus is presented elsewh&®& and therefore we will only MOLECOAR —»
discuss the most important features here. Briefly, in a mo- """
lecular beam ZEKE photoelectron spectrometer, ${8)
state is populated using a 90 fs pump pulse tuned near 580
nm. The pump laser is based on three-stage dye amplification
of a selected part of a white light continuum, generated when l

7

N A WM

part of an amplified Tsunami Ti:Sapphire laser is focused
into a quartz flat. A similar dye amplifier is used to generate
the probe pulse; a 130 fs pulse is generated near 690 nm and
is frequency-doubled in a 0.1 mm BBO crystal. The 345 nm - ZEKE

pulse produced is used to excitg tb the ionization con-

tinuum and to the higm Rydberg states, through a two- , _ _ _ _

. o . ., FIG. 1. Schematic of the interaction region of the experiment. The two
photon _ab§orpt|pn from th'.State' The Observatl(.)ns consist extraction gridg1) and(3) are separated by 2 cm, and form the entrance to
of monitoring either the,l signal or the ZEKE signal as a two time-of-flight spectrometerabeled(4) and (5)], one for the detection
function of the time delay between the 580 nm pump anabf ions and one for the detection of electrons. In addition to the meshes, two

; e i uard rings, labeled?), improve the homogeneity of the extraction fields.
ii?e r;rr?atp{r?STOfZeertse’Cﬁindfé;#esr?_leeduzgso\g C:;[: I:xltr:]ar():(:iginftiet%]e electron spectrometer is surrounded by a thick-walledetal tube(6).
(i.e., all the ions are promptwhile the ZEKE measurement
is sensitive only to the delayed pulsed field ionization of
Rydberg states. a ZEKE signal of 10—19electrons per laser shot. This cor-

In order to vary the time delay between the pump andesponds to a density of detectable Rydberg states of

probe lasers, the 580 nm laser is retroreflected using a con3x10°—3x10° cm™3,
puter controlled motorized delay stage, prior to entering the  The interaction region of the experiment is shown in Fig.
molecular beam chamber. The 580 nm and 345 nm pulses afie The crossing point of the laser beams and the pulsed mo-
combined on a dichroic beamsplitter, transmitting the visiblelecular beam is located between two extraction meglaes
beam and reflecting the ultraviolet beam, and are focuseteled(1) and(3)], which are separated by 2 cm. These form
into the molecular beam apparatus using a 400 mm lens pdhe entrance to two time-of-flight spectrometfebeled(4)
sitioned such that the focus of the 345 nm pulse is close tand(5)], one for the detection of ions and one for the detec-
the molecular beam axis and the spot size of the 580 nrtion of electrongtwo guard rings, labelle®), serve to im-
pulse is reduced to about 1 mm. Typical energies of theprove the homogeneity of the extraction figdldgvhen de-
pump and probe lasers were about A0/pulse each. The tecting b, a +500 V dc voltage is applied to electrod®),
pump and probe lasers have parallel polarizations. At thevhile electrodgl) is held at groundi.e., the extraction field
lens, the diameter of the 345 nm beam is approximately 2s 250 V/cm). When detecting ZEKE electrons, all extraction
mm, and thus the spot size of the 345 nm laser at the maelectrodes are at ground potential when the laser beams pass
lecular beam is expected to be about }0@. The width of  through the apparatus, and a small voltage puiggically
the molecular beam in the interaction region is about 3 mm~8V, 5 ns rise time, Jus duration, i.e., the extraction field
and therefore the volume of the interaction region is approxiis 4 V/cm) is applied to electrod€l) after a delay of 100
mately 3x107° cm™>. In typical ion detection experiments, ns—1 us. This voltage pulse ionizes the surviving high-
the number of J and I ions produced was estimated to be Rydberg molecules and accelerates the ZEKE electrons to-
10%, in approximately equal amounts. Therefore, assuming &vards the microchannel plate detector. The electron spec-
homogeneous ion distribution within the detection volume trometer sits inside a thick-walleg-metal tubd labeled(6)],
ion densities on the order of<AL0° cm 2 were produced. reducing the earth’s magnetic field by measured factors of
Under these conditions the ZEKE signal was less than 1600 in the axial direction and 1000 in the radial direction. It
counts per laser shot. As will be discussed in detail belowis well known that stray electric fields can play a consider-
the ZEKE signal could be enhanced substantially by creatingble role in ZEKE experimentsi®%192526The absolute
additional ions. Therefore, typical ZEKE experiments weremagnitude of the stray electric field could not be determined
carried out at ion densities on the order of &th 3, yielding  in the current experiment, however, the fact that ZEKE sig-

e
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FIG. 2. Comparison of the experimenta(B) pump—probe time delay scans and corresponding Fourier transforms when figiegettion and ZEKE
detection. The scan given in frant@ shows the ] signal as a function of the delay between the 580 nm pump laser and the 345 nm probe laser. The Fourier
transform power spectruitiT) of this scan is shown in framg). The scan given in framé) shows the ZEKE signal as a function of the delay between

the two lasers. The ZEKE signal was collected by applying a 4 V/cm electric field aftexrsadelay. The FT of the ZEKE spectrum is shown in frafdg

and shows a substantiabZontribution, as discussed in the text.

nals could be recorded efficiently with extraction pulses asnove. Specifically, the wave packet moves back and forth
small as 1 V suggests that the stray electric fields were welbbetween the inner and outer turning point of Bestate po-
below 500 mV/cm. Since all electrodes consist of chemicallytential well with a period given by thaveragevibrational
cleaned molybdenum and the base pressure of the vacuu@vel spacing of the prepared vibrational levels. ber15,
chamber is X10~*° Torr, we expect the actual stray fields to the period of the wave packet oscillation is approximately
be on the order of 10-20 mV/cm. 340 fs. Due to anharmonicity in the interatomic potential, the
vibrational level spacing changes as a function of vibrational
1. RESULTS AND DISCUSSION level. Consequently, a phase mismatch accumulates between
A. Wave packet dynamics of | the phase factors of the individual vibrational levels, and the
. wave packet dephases after a number of oscillations. How-
There have been several pump—probe experiments on

Lo ; . . ever, since the evolution of the individual eigenstates is co-
vibrational wave packet dynamics of diatomic molecules us-

ing ultrafast laser$®4° Therefore we will refrain from a de- herent, at a later time the wave packet rephasesyFaro,

tailed discussion, introducing only the features essential t(Bh'S rephasing ocqurs after a tu_ne delay of about 18 ps.
this work. Next we consider the probing of the wave packet. The

We consider first the preparation of a coherent wavesignal which is measured upon excitation with the 34_5 nm
packet in the J(B) state. In our experiments; Is excited |2Ser depends on the overlap of the wave packet with the
using a femtosecond laser at 580 nm. This laser preparese&lergetlcally accessible ionic states. As the wave packet
coherent superposition of vibrational eigenstates in thdnoves back and forth in thB-state potential well, it alter-
B-state centered around~15, in other words, a vibrational nately passes through regions of more and less favorable
wave packet. The different eigenstates each evolve in timeverlap. As a result, the pump—probe time delay scans dis-
according to their individual quantum phase factorsplay modulations which reflect the motion of the wave
exd—i2mwcE,(B)t], where E, (B) is the vibrational term packet in theB-state potential well. An example is given in
value (in cm™1), and as a result the wave packet starts toFig. 2(@), showing the § signal which is detected as a func-
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tion of the delay between the pump and probe pulses. The — : : :
measurement reflects all the features of the wave packet evo- D —
lution in the B-state which were described above. Initially A e ZEKE |
340 fs modulations are seen, reflecting the oscillation of the
wave packet in thé3-state potential well. The modulations
disappear when the wave packet dephases, until, at a time
delay of about 18 ps, the wave packet rephases. For a de-
tailed account on the simulation of(B) pump—probe time
delay scans including rotational effects as well as a discus-
sion of the information which can be obtained from such an S\ | -
analysis, the reader is referred to the article of Gruebele and kool ' VIRV IR S (AT
Zewail 2° 85 90 95 100 105 110
The pump—probe experiment can also be described us- Frequency (cm")

ing an eigenstate picture. Since th#B) state vibrational _ , .

| | lated h | h L. litud IG. 3. Comparison of the experimentally observed nearest-neighbor coher-
evels are populated coherently, the transition amplitudegncegcalledw componentsat frequencies near 100 cth when recording
must be added up and squared afterwards, in order to get th@mp—probe time delay scans usirgdetection and ZEKE detection. The
transition probability. In this picture, the modulations in the assignments are given in Table I.

time delay scan arise from interferences between transitions

from different vibrational levels in th@-state to the same | .. I scan of Fig. 2a), at short time delays, the modula-

|on|c/R¥dberg final state: Pairwise mterfere'nces bgtwgen d'ffion depth is 54%, and after the wave packet dephases, the
ferent vibrational levels in thB-state result in contributions

. . : signal drops to about one-half of the peak signal. By con-
to the_tlme dependence _of the signal at frequencies Corr(_JtFast, in the ZEKE scaffig. )] at short time delays, the
sponcﬁng to the energy d|ffer_ence between the tv_vo st_ates 'Modulation depth is 91% and after the wave packet
questpn. A FT of the experimental results in Figapis dephases, the signal drops to no more than 10% of the peak
shown in Fig. 2Zb) and reveals the frequency content of the

; ) signal.
pump—probe time delay scan. It is observed that fhedan The difference between thg lscan and the ZEKE scan
is almost exclusively the result of a series of nearest:

. is also reflected in the FTs. The FT of the ZEKE scan, Fig.
neighbor coherences between leviel and [UJ.F1> (subse- 1(d), shows a significant @ contribution which is nearly
quently referred to asw components While nearest-

iahb h ten dominate | K absent in the]l results. The FTs of thejland ZEKE scans
neighbor - conerences - often - dominate  in - wave - pac eére compared in detail in Figs. 3 and 4. Assignments of peaks

dynamics experiments, it should be noted that this is by N9\ _Gin Fig. 3 and peaks H—O in Fig. 4 are given in Table |

means required. In a full discussion of ogrekperiments; and will be discussed below. As seen in Fig. 3, the nearest-

lresug]s V]\c"ltlhbe prgselnted Whiri’ atft(alr ch?ngmg t?e Wahvt?ﬁeighbor coherences appear with comparable strength in the
ength of the probe laser, substantial next-nearest-neig ?5 scan and the ZEKE scan. In Fig. 4, however, the situation

cohe:lencefﬂ.e.,dc:nhereogces betweé:n) and[t:) + 2>,dsu_|l:_)§e— is very different for the @ components. The@ components
quently referred to asa2 componentsare observed. These are significantly stronger in the ZEKE scan, and furthermore,

are associated with changes in the optimum point of overla ere are someacomponents which appear in the FT of the

gh(;bCondto? point between theB-state and the ionic/ ZEKE scan, andhot in that of the § scan(those marked by
ydberg states. a* in Fig. 4). In the | scan no more than three small peaks,

I," and ZEKE Fourier Transforms

B. Experimental differences in time delay scans T ' ' '
using ion and ZEKE detection

In Fig. 2(c), a pump—probe time delay scan, obtained
when using the ZEKE technique, is presented. The signals
were collected with a Ius delay between the probe laser
excitation and the pulsed field ionization and extraction. As
in the ion detection results of Fig(d&, the ZEKE detection
experiment shows the 340 fs oscillation of the wave packet
in the B-state potential well, as well as its dephasing and
subsequent rephasing after about 18 ps. This is to be ex- - Y
pected because, with the ZEKE detection, we are observing 185 190 195 200 205 210
the same Bstate wave packet with differentdetection tech- Frequency (cm™)
nigque. A striking difference between the ion and ZEKE re-

: : [ : FIG. 4. Comparison of the experimentally observed flequency compo-
ZZ?‘?]:QZV;” In FIgS.(a) and Zc) is in the modulation depth, nents when recording pump—probe time delay scans ugingtection and

ZEKE detection. The peaks labeled b¥ do not correspond to energy level

. spacings in the isolated molecule and arise from interactions between the

Modulation depthe (I eak— I vaitey)/ (I peart vaiiey) X 100. Rydberg molecules and surrounding ions, which enhance the Rydberg life-
1 times (see text for detai)s Assignments are given in Table I.

I,* and ZEKE Fourier Transforms

J. Chem. Phys., Vol. 103, No. 11, 15 September 1995



Vrakking et al.: Collisional enhancement of Rydberg lifetimes 4543

TABLE |. Observed frequency components in the Fourier transform power spectra ¢f tred IZEKE time
delay scans, with assignments in terms £B) vibrational level spacings.

I53scan ZEKE scan Nearest-neighbor
» component (cm™ (cm™) coherence
A 93.16 93.15 AE,(18)
B 94.88 95.02 AE,(17)
C 96.90 96.91 AE,(16)
D 98.89 98.85 AE,(15)
E 100.76 100.79 AE,(14)
F 102.74 102.71 AE,(13)
G 104.56 104.50 AE;(12)
Next-nearest
I; scan ZEKE scan neighbor Combination of
2w component (cm™ (cm™) coherence nearest-neighbor coherences

H 191.67 AE,(16) AE;(15)+AE4(18)
| 193.77 AE,(16), AE;(15)+AE,(17)
J 196.07 195.82 AE,(15) AE;(14)+AE,(17)
K 197.71 AE,(15), AE,(14)+AE,(16)
L 199.17 199.60 AE,(149) AE;(13)+AE,(16)
M 201.47 AE,(14), AE,(13)+AE,(15)
N 203.00 203.36 AE,(13) AE;(12+AE,(15)
(0] 205.31 2AE;(13), AE;(12)+AE4(14)

separated by nearly 4 ¢ can confidently be assigned. In Consequently, as illustrated in Fig. 5, the energy difference
the ZEKE scan eight peaks are seen, separated by nearlyb2tween leveldv) and [v+1) (i.e., nearest neighbdrss
cm L. In what follows, we will argue that the peaks which given by
are weakly observed in the FT of thg kcan are the ones
which are expected from next-nearest-neighbor coherences AE;(v)=E(v+1)—E(v)=ws— wXs(20 +2) 3
(i.e., coherences between vibrational levels and[v +2)).
The narrowly spaced «2 components in the ZEKE scan, and the energy difference betwelery and[v +2) (i.e., next-
however, point to a nonlinear aspect of the ZEKE detectiomearest neighboyss given by
scheme.

We emphasize that differences between theahd the AE,(v)=E(v+2)—E(v)=2w,— wX(4v+6). (4
ZEKE scans are due to a difference in the detection scheme
employed and not an aspect of the pump—probe experimerithe relation betweeAE (v) andAE,(v) is given by
itself. In femtosecond pump—probe experiments laser inten-
sities are typically in a regime of %10 Wicn?, where AE,(v)=AE;(v)+AE;(v+1). (5)
nonlinear interactions of the lasers with the molecules need
to be considered. Phenomena such as population-cycling
(i.e., Rabi oscillatioh and alteration of the potential curves
of the molecule in the laser field can occur. In the current w2
experiments, however, since the conditions for thestan [v+1>
and the ZEKE scan were similar, any laser intensity effects
must appear in both the land the ZEKE results. We spe-
cifically checked that the appearance of tiepump—probe v-1>
time delay scans was independent of the pump and probe 00X (2-2}+2)
laser intensities used in these experiments. In our experi- .o, X
ments, it is only afterwards, when we choose to detect either
I; ions or ZEKE electrons, that a difference is observed. _f;“’;xe_
Thus this difference reflects a difference in the detection '

) 00X (2{v+1}+2) 200,00, {4v+6)

! 0,-0X(242) 2005w, Xo(4{v-1}+6)
[V> () e’e’

60X (2{v-1}+2
O 2112) 200,-0,X,(4{v-2}+6)

. . . 4
mechanism and is not an aspect of the pump—probe experi- e
ment itself. | I : l
C. Analysis of observed w and 2@ components using I | ] I Ly
|3' detection and ZEKE detection ® coherences (Av=1) 2w coherences (Av=2)
The vibrational energy levels of a diatomic molecule areric. 5. Schematic vibrational energy level diagram of a diatomic molecule,
given to second order by illustrating the possible energy differences between vibrational states that
can give rise tav and 2o frequency components in the FT power spectra of
E(v)=w(v+1/2)— wXs(v+1/2)2. (2)  the pump—probe time delay scans.
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Vibrational assignments for the nearest-neighbor coherencdsit also the concentration of the surroundindl] ions is
follow from the detailed analysis by Gruebele and ZeWail modulated. When the overlap of the wave packet with the
and are given in Table I. Gruebele and Zewail fit Dunhamionic/Rydberg state is favorable, a large number of Rydberg
expansion parameters to a large number of observestates is produced and these Rydberg states are detected ef-
vibrational energy differences and determined thafficiently since, as can be seen from Figa)2 they are em-
Y,0=weX,=0.82535) cm™ L. The average spacing between bedded in a large number of surroundinigl} ions. On the

the peaks in Fig. 3 is 1.87 cm, which, according to Eq3)  other hand, when the overlap of the wave packet with the
represents the average energy difference between ionic/Rydberg state is poor, the number of Rydberg states is
AE;(v) —AE; (v +1)=2wX, in the spectral region of inter- reduced and furthermore these Rydberg states are not de-

est. Therefore, if we use the expansion truncated to secorigcted as efficiently, since fewef/I; ions are produced as
order given in Eq(2), we need to takex,~1.87/2=0.935 well. As a result, an increased modulation depth of the ZEKE
cm™L This is in reasonable agreement with the precise valugignal is expected, similar to what is seen in Fic)2ltis
of Gruebele and Zewail, theirs resulting from the use of arP0SSible in principle that an enhanced modulation depth is
expansion of the vibrational term value to sixth order. due to the final state selectivity of the ZEKE technique. That
The spacing between successive@mponents is given 'S 10 Say, ZEKE is a differential as opposed to integrated
by the energy difference betweeE,(v) and AE,(v+1), detection technique for femtosecond pump-—probe experi-
which according to Eq(4) is given by 4o.x,~3.74 cm 't ments, as discussed in Ref. 44. However, in Sec. Il D we
ete " "

Indeed, this is the approximate spacing which is observed fgpresent further experimental evidence that the surrounding

the very weak @ components in thejl scan and thus these |onsLS|tgglflcezzttly sﬁfﬁt t:emrrl;ocriulfiu%n dt:p;hs. d at bum
peaks can readily be assigned in terms of energy differences et Soy (At) be the number of jons produced at pump-

between vibrational stat¢s) and[v +2) [see Table |, where probe time de_la;At, as n Fig. 2a). If we assume th‘?‘t the_
. ) : ion—Rydberg interaction can be characterized by binary in-
assignments are given for peaks J, L, and N in terms of th

next-nearest-neighbor energy differendes,(v)]. By con- ?eractlons, then the probability that a Rydberg molecule will

. ervlo undergo a lifetime enhancement, allowing for detection, is
trast, the average spacing between the significantly Strong%rroportional t0S,on(At). This assumption is supported by
2w components in the ZEKE scan is only 1.95 chi.e.,

the recently reported experiments on lifetime enhancement

approximately one-half of the expected spacing. Conseys o 45ionizing Xe Rydberg states through ion—Rydberg in-

quently, half of the observedu2components, namely the tgractions in which the pulsed field ionization signal was

ones labeled in Fig. 4, cannotbe related to energy differ- found to be approximately quadratic in the Xe pres$ims
ences between pairs of vibrational levels in Bistate of b.  \ye|| as experimental observations to be discussed in Sec.
They cannot, therefore, originate from tiselatedmolecule. || p, Therefore we assume that the detection probability of
For example, with reference to Fig. 5, we would anticipate &he Rydberg molecules has the same modulation as the ion
2w component at successive energies ot 2weXe(4v+6)  signal in Fig. 2a). Similar to the ion production, the number
and 2o~ aeX[4(V—1)+6]=2we— weXc(4v +2). We should  of Rydberg molecules produced is proportionalSigy(At).
notbe able to detect as2component halfway between these The ZEKE signalS,gcc(At) is given as the product of the
two frequencies, at d.—weX¢(4v +4); a simple picture in-  number of Rydberg molecules produdedS,oy(At)] and the
terpreting the & components in terms of coherences be-detection probability of the Rydberg molecu[esS,oy(At)],
tween vibrational level$v) and[v +2) cannot explain the hence

data. We can, however, assign all the observed lines, as dis-

cussed below. Szeke(At) ~[Son(AD)]%. (6)

While the observed @ components cannot be related to Modulations in Soy(At) will lead to more pronounced

energy d.ifferen-ces in the, _Imolecule, the regularity of the modulations inSyg«e(At). We note that in these experiments
frequencies which appear in the ZEKE scan suggests that tr{ﬁe I" ions were formed through dissociation f, land thus

2w components are still related to energy differences in the[he time dependence of the Iconcentration closely re-
molecule. For example, the large peak labeled K appears @b mples that of thel | concentration.

the frequency corresponding to AE, (15 and/or Secondly, lifetime enhancement of the Rydberg states
AE(14)+AEy(16). In fact, all of the “forbidden”lines I, K, gue to the presence of surrounding ions will lead to the
M, and O can be assigned as the sum of two nearest-neighbpyiroduction of new frequencies in the FT of the ZEKE
frequencies, as shown in Table I. We suggest that the mech@ignal. When the ZEKE spectrum is measured according
nism which causes the new frequencies consists of a lifetimg, Eq. (6), cross-terms arise between the various frequency
enhancement of the Rydberg states under the influence @Bmponents inSon(At), and it is possible to form @
surrounding T/13 ions, as discussed in detail below. combinations from thew components inSy(At). These
With this mechanism, the observations of an enhance@ew 2» combinations are separated by, , the frequency
modulation depth in the ZEKE scans and the appearance efifference between thes components. To illustrate this,
additional 2o components in the FT of the ZEKE time delay consider again the «@ component at frequency
scan can be rationalized in the following way. First, lifetime 2w, — w.X(4v +4). While this frequency does not correspond
enhancement of the Rydberg states due to the presence tof an existing difference between the energy of two eigen-
surrounding ions will have an impact on the modulationstates, wecan, for example, obtain this frequency as the
depth since not only the concentration of Rydberg moleculesecond harmonic of the next-neighbor coherence
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AE;(v)=we—wXs(2v+2), or as the sum-frequency of the
two next-neighbor coherenceAE;(v —1)=we— wXe(20)
andAE; (v + 1) = w,— wX(2v +4). Although, with our reso-
lution, we cannot determine uniquely which nearest-neighbor
coherences are responsible for the @mponents observed

in the ZEKE scan, the tentative assignments given in Table |
illustrate that for all the peaks observed, likely candidates
can readily be found. All these assignments correspond to a
sum of the frequencies dfvo nearest-neighbor coherences
where, in our interpretation, one frequency is due to the
pump—probe delay time dependence of the Rydberg popula-
tion and the other arises from the pump—probe delay time
dependence of the concentration of the surroundini |

4545
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2000
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ions. A simple theoretical model illustrating the above con- L | ‘
. . . usec pulsed field detay

clusions is presented in Sec. Il E.

D. Additional experimental evidence for lifetime

enhancement through Rydberg—ion interactions.

ZEKE signal

There are a number of additional experimental observa-
tions associated with our ZEKE experiments which support
the hypothesis that the difference between the modulation
depths in the time delay scans and the frequencies in the FTs - ) , ! ) A . . .
of the ' and ZEKE scans arises from lifetime enhancement 0 1000 2000 2000 4000 5000
of the Rydberg states due to the influence of Rydberg—ion Pump-probe time delay (fsec)
interactions. There are several qualitative observations which
led us to investigate the role of Rydberg lifetimes in theseric. 6. comparison between the pump—probe time delay scan recorded
experiments. First, it was noticed that the ZEKE signal at lusing ZEKE detection, when the 4 V/cm ionization field is turned on after
us extraction delay depended nonlinearly on the pump las€foP) 100 ns andbottom 1 us. The measurement ayis displays a greater

) + . . modulation depth, as well as a smaller dc component at longer time delays,
power; when thejl, 17, and ZEKE signals were monitored when the wave packet has dephased.
as a function of the pump laser power, it was observed that
the ion signals scaled linearly with laser power, whereas the
ZEKE signal scaled at least quadratically with the total num-namely, a measured tenfold increase over the number of ions
ber of ions(within the range of laser powers used in our produced in the pump—probe experiment itself. This implies
ZEKE experiments Large ZEKE signals could be observed an average ion density in the detection volume of up to
at lower pump laser powers, provided that the pulsed fiel®x10’ cm 3, depending on how well the volume in which
time delay was reduced to about 100 ns. When using a 10the additional ions were produced matched the detection vol-
ns pulsed field time delay the modulation depth decreased tome of the pump—probe experiment. We note that there was
80%, as shown in Fig. 6. A decrease in the modulation deptho evidence that this laser produced significant numbers of
in the ZEKE scan is expected if there is a contribution to theRydberg states.
ZEKE signal which does not require a lifetime enhancement.  In the first experiment we considered the effect of the
As will be illustrated below, the “half-life” of the higha I, 266 nm laser on the magnitude of the ZEKE signal and the
Rydberg states is of the order of 100 ns. In order to record anodulation depths in the scan. If the presence of excess ions
ZEKE signal at a 1us pulsed field time delay, this lifetime leads to an enhancement of the Rydberg lifetimes, then we
needs to be enhanced. We suggest that this is accomplishegpect that the pump—probe ZEKE signal should increase.
by introducingl,m- mixing interactions due to the surround- Furthermore, because the density of the excess ions is inde-
ing 1"/l ions. At a pulsed field time delay of 100 ns, a pendent of the pump—probe time delay, a smaller modulation
mixture of Rydberg states will be detected which may or maydepth (i.e., closer to the 54% modulation depth of the |
not have undergone a lifetime enhancement and, thus, thecan is expected. Indeed, as shown in Fig. 7, it was experi-
80% modulation depth is intermediate between the 54%nentally observed that the pump—probe ZEKE signal as 1
modulation depth of the;l scan and the 91% modulation increased about sixfold under these conditi¢ires, the 266
depth of the ZEKE scan at a/s pulsed field time delay.  nm laser acted as an “amplifier” of the ZEKE sighaand

Two further experiments were performed. If the Rydbergfurthermore, in the ZEKE scan the modulation depth de-
states can be stabilized through interactions with surroundingreased to 68%, in agreement with our expectations. We note
ions, then it should not matter how these ions were originallythat the sixfold ZEKE signal enhancement mentioned above
produced. In order to test this idea, a 4@Qd pulse of was observed under the condition where the results of Figs. 2
frequency-quadrupled lighHfrom a picosecond Nd:YAG la- and {middle) were recorded. As discussed in the Introduc-
sep was introduced into the interaction region, about 40 ndion to this paragraph, in order to obtain these results it was
before the arrival of the femtosecond pulses. This 266 nm, 8@ecessary to increase the pump laser power beyond the mini-
ps pulse nonresonantly ionized, Iproducing excess ions; mum level required in an ion detection experiment. Alterna-
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performed, the ZEKE signal is still at almost 20% of the zero
pulsed field time delay signal level. In fact, pump—probe
time delay scans can readily be performed at pulsed field
time delays of several microseconds. The observation of en-
hanced Rydberg lifetimes under the influence of the ions pro-
duced by the 266 nm laséFig. 8 supports our interpreta-
T tion of the sixfold signal enhancement observed in Fig. 7 in
0 1000 2000 3000 4000 5000 terms of an ion-induced lifetime enhancement.

—— T We point out that the observed lifetime enhancement in
3 ZEKE 1 the presence of the 266 nm laser supports the identification
E of the | and I' ions as the species which are responsible for
3 the Rydberg lifetime enhancement. In principle, one might
= anticipate that electrons which are formed along with the |
and I" ions could also be instrumental in changing the angu-
! i ! : A lar momentum quantum numbers of the Rydberg electrons.
0 1000 2000 3000 4000 5000 However, electrons formed by the 266 nm laser pulse leave
T T L the interaction region during the 40 ns interval between the
lon-enhanced ZEKE ] 266 nm laser pulse and the arrival of the fs pump- and probe-
pulses. After the 40 ns interval the only charged species left
behind which can influence the Rydberg molecules are the
I3 and I" ions produced by the 266 nm laser.

+
|, signal
T

ZEKE signal

with 266 nm

ZEKE signal

NAAN wihout 266 o - - +
E. Theoretical calculations of | 5 and ZEKE spectra
0 1000 2000 3000 4000 5000

Pump-probe time delay (fsec) In this section, calculations are presented which support

the interpretation of the ZEKE time delay scan and FT in
FIG. 7. Comparison of pump—probe time delays us(rtmp) |3’ detection; terms of an ion-induced lifetime enhancement. Slmple wave
(middle) ZEKE detection at a Jus time delay for the 4 V/cm ionization packet calculations are presented to describe;th;ignal as
field; (bottom) ZEKE detection at a Jus time delay for the 4 V/cm ioniza- a function of the delay between the pump and probe lasers.

tion field when additional ions have been produced with a 4080 ps 266 . . .
nm laser pulse. The introduction of the 266 nm laser led to a sixfold en—USlng the assumpﬂor(i) that the populat|on of theZIRyd'

hancement in the ZEKE signkfbr comparison, the ZEKE spectrum without berg states follows the production of theibns and(2) that
the 266 nm lasetmiddle) is reproduced to scale ifbottom] as well as a  the probability of the detection of the Rydberg states scales

rgduction in the modplation depth of the ZEKE signal and an increase in th‘ﬁnearly with the number of ions producé&q. (6)], the FT

signal level at long time delays when the wave packet has dephased. . . .
of the ZEKE signal is presented, and an assessment is made
of the presence ofa components in this FT.

We stress the fact that assumpti@) is an approxima-
tively, in the presence of the ions produced by the 266 nmiion which is not expected to be valid over a wide range of
laser, it was possible to obtain adequate ZEKE signals at a ibn densities. For example, at larger ion densities than the
us time delay at pump laser powers at or below the level®nes quoted in this paper, we do not expect a binary interac-
used in the ion detection experiments. In this latter case ition approximation to be valid. Once all the Rydberg states
was possible to achieve a situation where the actual enhanctrat are excited have undergone a lifetime enhancement, an
ment of the ZEKE signal through the presence of ions proincrease in the ion density will not enhance the signal any
duced by the 266 nm laser was almost two orders of magnifurther. As another example, as discussed in the Introduction,
tude, since very few ions were produced by the pump anéh the absence of-mixing by stray dc electric fields, the
probe lasers. lifetime enhancement by surrounding ions may involve

The lifetimes of the Rydberg states were also explicitlythree-body interactions. Also, as discussed in the introduc-
studied by measuring the ZEKE signal as a function of theion, mechanisms have been suggested which do not involve
pulsed field time delay, with and without the additional ionsRydberg—ion interactiors.2°*3A number of ZEKE experi-
produced by the 266 nm laser. In order to get the cleareshents are known to us in which the authors observed that the
assessment of the role of surrounding ions on the lifetime ofletection probability of the Rydberg statdisl not scale lin-
the Rydberg states, these measurements were performed withrly with the pressure or the number of i0rf§:3° In our
the pump laser power reduced to 20% of that used in thexperiments it was observed that the detection probability of
measurements discussed above. In this case, the numbertb& Rydberg states depended on the numbef ahid I ions
ions produced by the pump and probe lasers alone was onlg a near-linear fashion. The purpose of the current section is
2% of the number of ions produced by the 266 nm laser. Thenainly to illustrate that our lifetime enhancement model pro-
results are shown in Fig. 8. It is observed that without theduces the right order of magnitude ob ZFourier intensities
266 nm laser, the ZEKE signal drops to nearly zero in aboutvhen using assumptiof2).

200-300 ns. By contrast, with the 266 nm laser, the decay of Initially, an IJ pump—probe time delay scan was calcu-
the Rydberg population is significantly slower. At a delay oflated by evaluating the time-dependence of the overlap of the
1 us, where the experiments shown in Figb@ttom) were  B-state wave packet with the lowest vibrational states of the
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FIG. 8. Comparison of the ZEKE signal as a function of the pulsed field ionization delay time, with and without the presencabb#8®0 ps 266 nm

laser pulse. The decay curves were recorded at a low pump laser energy, chosen such that without the 266 nm laser no ZEKE signal could be detected at a
1 us time delay. The signals have been scaled such that the signal levels at the shortest time delay are approxim@teB. equaé low pump laser power

used in this case, the actual signal with the 266 nm pulse is more than one order of magnitude larger than the signal without yhe 266 nm

I3 ion. In this calculation vibrational wave functions in the If the FT of the § scan already contains av2Zcomponent,
I(B)-state and in the;l ground state were computed using then the ZEKE scan will contain a superposition of this 2
the algorithm developed by Coolédconsisting of the appli- component and the neww2components which arise as a
cation of 6th order Numerov integration in a predictor- result of the lifetime enhancement. In this sense, our experi-
corrector method. Morse potentials were used to represembental observation of ary Iscan with virtually no 2 com-
both the }(B)-state and the;l ground state. In the case of ponent was fortunate, since it presented a situation where the
the L(B)-state, we started with the constants given bycontrast between the«2components in thejl and ZEKE
Herzberg? and adjusted the force constant to obtain agreeragylts was very dramatic.

ment with the experimental vibrational level spacings. Morse ¢ resulting simulation of thef Iscan after all harmonic
parameters for theIground state were determined from a fit components were removed is shown in Figa)9Compari-

to recent ZEKE spectrs The calculation assumed an instan- son of this simulated;] scan with the experimenta Iscan

taneous preparation of thé-state with a 580 nm central of Fig. 2(@) shows reasonable agreement. The main differ-

wavelength and an 8 nm bandwidth. The probing was also . . .
L o . ence between the simulated scan and the theoretical scan is
calculated assuming instantaneous excitation with a 345 n

central wavelength aha 5 nmbandwidth. Rotation of the,| The magnitude of the recursion at 18 ps. This difference is

molecule was neglected in all calculations, justified by theIargely due to the neglect of rotational effects in the simula-

fact that rotations occur on a much longer time scale thaﬁion' In addition, the modulation depth in the experimental

vibrations30:54 spectrum is somewhat smaller than in the simulation. This

A more realistic simulation of the!l pump—probe time difference is at Ieas? partially due to the_ fac_t that the e_xperi—
delay scan was obtained when the calculated time delay sc4Rental b may contain background contributions from higher
was convoluted with a Gaussian function representing ouffder pump-processes, which do not yield a clear modulation
experimental time-resolution of approximately 150 fs. A FTPattern. In fact, when the probe laser was tuned below the
of the calculated ] pump—probe time delay scan revealed ionization potential of § a very small signal without pro-
dominantw-components as well as smallew Zomponents, nounced modulation could be observed
similar to the FT of the experimental resuli&g. 2a)]. The In Fig. 9(b) the FT of the simulated;lscan is shown. As
simulated § scan was filtered in order to remove the 2 a result of the filtering procedure described above, this FT
components altogether. The advantage of this complete rehows exclusivelyw components, unlike the FT of the ex-
moval of the 20 components is that it facilitates discussion perimental § scan, which contains some very smail 2on-
of the appearance of newwZomponents in the ZEKE scan. tributions. However, these smallv2Zzomponents do not sig-
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FIG. 9. Comparison of the simulated pump—probe time delay spectra and corresponding FTs whej detegtion and ZEKE detection. The scan given

in frame(a) shows the 4 signal as a function of the delay between the 580 nm pump laser and the 345 nm probe laser. The FT of this scan is shown in frame
(b). The scan given in framé) shows the ZEKE signal as a function of the delay between the two lasers. The ZEKE scan was calculated as the square of
the lj spectrum according to E@6). The FT of the ZEKE scan is shown in frant@, and shows a substantiab2ontribution, with a spacing between the

2w components which is one-half of that expected for the isolated molecule.

nificantly affect the appearance of the pump—probe timanately 2 cm?, in agreement with the FT of the experimental

delay scan. ZEKE scan of Fig. 4. Thus the simulations demonstrate that
In Fig. 9c) a ZEKE time delay scan is shown, which ion-induced lifetime enhancement is a mechanism which can
was calculated from the simulatefl $can using Eq6), i.e.,  introduce narrowly-spaced«2components into the Fiip-

under the assumption that detection probability of the Ryd<luding 2« components which do not correspond to existing
berg state scales with the number 671} ions. In other energy level spacings in the molecule. The reasonable agree-
words, the calculated ZEKE time delay scan is the square ahent between the absolute magnitudes of the@mponents
the calculated ] time delay scan. Due to the ion-induced in the FTs of the experimental and simulated ZEKE scans
lifetime enhancement, the ZEKE time delay scan shows and the near-absence obZomponents in the experimental
larger modulation depth than thg scan, in agreement with 13 scan lead us to conclude that the omponents in the
our experimental results. The modulation depth is not quiteexperimental ZEKE FT are almost exclusively due to the
as pronounced as in the experimental ZEKE time delay scalifetime enhancement mechanism discussed in this paper.
[Fig. 2(c)]. Two possible reasons can be given for this. First
of all, the use of t.he simple model |mpl|ed by E®) Isan /' cONCLUSION
approximation which need not be valid at all ion densities, as
discussed above. Furthermore, as discussed above, the ex- In this paper we have compared femtosecond pump—
perimental § scan may contain a small “near-dc” compo- probe experiments on thg(B)-state employing detection of
nent involving higher-order probe processes, which aid in thesither | or ZEKE electrons produced by REMPI. We have
lifetime enhancement of the Rydberg states but do not proshown that the Rydberg states which are probed in the ZEKE
duce Rydberg states. experiments undergo a lifetime enhancement due to interac-
The FT of the simulated ZEKE scan is shown in Fig. tions with surrounding ions which manifests itself in the time
9(d). In contrast to the FT of the simulated can[Fig.  delay scans through the introduction of new frequencies in
9(b)], the FT of the simulated ZEKE scan shows the appearthe Fourier transform power spectrum of the ZEKE scan and
ance of 2 components, which are separated by approxithe observation of an increased modulation depth. The obser-
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