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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 I2(B)-state, in which either detection of I2

1 ions or zero-kinetic energy~ZEKE! 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 technique~i.e., interaction
with ions!. Additional evidence for our interpretation is presented through experiments in which
additional ions were formed through nonresonant multiphoton ionization of I2 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 presented. ©1995
American Institute of Physics.
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I. INTRODUCTION

In recent years, there has been considerable intere
the lifetimes of high principal quantum number Rydbe
states. This interest was caused primarily by numerous
servations in zero-kinetic-energy~ZEKE! photoelectron
spectroscopy experiments in which the lifetimes of hign
Rydberg states were found to be considerably longer
what would be expected based upon extrapolation of kn
lifetimes from low-n members of the relevant Rydbe
series.1,2 Considerations of both intramolecular, intermole
lar, and external field effects on high-n Rydberg lifetimes
have been discussed by several authors.3–36

Two models have been suggested to account for the
served lifetimes of the high-n Rydberg states. First, Levin
and co-workers have suggested that the lifetimes of
high-n Rydberg states are determined by energy excha
between the Rydberg electron and the rotational degree
freedom of the ionic core.5–10,13This energy exchange ma
lead both to quenching of the Rydberg states and the
term stability of the Rydberg states. The latter case occu
particular when the energy exchange is associated wit
increase in the angular momentuml of the Rydberg
electron,13 and a breakdown of the Born–Oppenheimer
proximation ensues. The dynamics of the Rydberg electro
envisioned in terms of ‘‘up’’ and ‘‘down’’ processes, descr
ing the transfer of the Rydberg electron to higher-n and
lower-n Rydberg states.6 This model has been discussed
cently by other authors.4,22

As an alternate model, Chupka suggested3,4 that the life-
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times of the high-n Rydberg states might be enhanced
processes which alter the angular momentum quantum n
bers l andm of the Rydberg electron, notablyl -mixing in
small dc electric fields~which are inevitably present in
ZEKE experiments! and l ,m-mixing due to interactions of
the Rydberg electron with surrounding ions. In a dc elect
field the orbital angular momentuml is no longer a good
quantum number since the spherical symmetry is broken
the presence of the field. The eigenstates are Stark st
characterized by the quantum numbersn, k ~the parabolic
quantum number! andm.37–39When the Stark states are ex
pressed in terms of the field-free eigenstates characterize
n, l , andm, one finds that many different values ofl con-
tribute to a given Stark state. The decay rate of a Rydb
state is determined by close-range interactions of the R
berg electron with the ionic core. Therefore the decay r
depends strongly on the orbital angular momentuml and, for
molecules, its projection onto the molecular frame. Typica
decay rates are large for low-l orbitals and significantly
smaller for nonpenetrating orbitals withl.3. It follows that
when an electric field mixes angular momentum states,
lifetimes of the Stark states can be longer than the lifetim
of the field-free low-l states, since the contribution of thes
low-l angular momentum states to the wave function is
duced. This is indeed what was observed in recently repo
experiments on the NO molecule,25,26where dc electric field
induced lifetime enhancements of nearly two orders of m
nitude were observed when the rapidly predissociat
p-orbital, which dominates in the absorption spectrum, b
comes mixed with the stable high-l states. It was argued tha
under typical ZEKE conditions the stray dc electric fields a
such that the Rydberg states which are detected by pu
field ionization arel -mixed Stark states.

If a Rydberg atom or molecule is excited in the presen
of a nearby ion, the electrostatic interaction of the Rydbe

l &
he
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4539Vrakking et al.: Collisional enhancement of Rydberg lifetimes
electron with the ion also causesl -mixing, similar to the case
of an externally applied dc electric field. If the Rydberg ato
or molecule experiences an electrostatic interaction fr
multiple surrounding charges, or the combined interact
from a nearby ion and a small stray dc electric field,20 as
discussed above, then both the spherical and the cylindr
symmetry of the electric field are broken. In this case neith
the orbital angular momentuml ~or its body-fixed projec-
tion!, nor the magnetic quantum numberm is a good quan-
tum number.37,40–43Compared with the case of purel -mixing
considered in the previous paragraph, the lifetime of Rydb
states is further enhanced due to the~2l11!-fold
m-degeneracy of thel -states, favoring high-l components in
the electronic wave functions over low-l components. Evi-
dence for an ion-Rydberg mechanism was obtained in
cently reported experiments on the lifetimes of autoionizi
Rydberg states of the Xe atom.27 It was observed that all the
observable pulsed field ionization signals showed a ne
quadratic dependence on the Xe pressure, i.e., the detec
probability of the Xe Rydberg states was near-linear in t
density of surrounding Xe1 ions. The experiments on Xe
showed clear evidence that an interplay can exist between
electric field effects and ‘‘collisional’’ effects in ZEKE.
While all the autoionizing Xe Rydberg states required~l ,m!-
mixing by surrounding ions in order to be detected, the p
cess was aided considerably whenl -mixing was introduced
at the outset using a small dc electric field.

The influence of Rydberg–ion interactions has been
ferred by a number of other authors.15,19,24,36 In measure-
ments of lifetimes of predissociating Rydberg states of N
~Ref. 15! by Pratt and of autoionizing Rydberg states of A
~Ref. 19! by Merkt, it was concluded that the observed life
time enhancements with respect to extrapolated field-f
lifetimes could only be obtained by invoking a mechanis
which involved bothl - andm-mixing. In recent experiments
on Rydberg states of the HD molecule, Zare and co-work
observed that the magnitude of pulsed field ionization sign
was increased by the addition of extra ions.36 Zhanget al.
concluded that the lifetimes of high-n Rydberg states of sty-
rene, phenol, phenanthrene, and iron were reduced by c
sional ionization through Rydberg–Rydberg or Rydberg–i
interactions.24 Bahattet al. looked for collisional effects in
studies of lifetimes of Rydberg states of phenanthrene, bu
effect was observed.5 Schlag and co-workers have recent
investigated the role of Rydberg–ion interactions on lif
times of Rydberg states of normal and perdeutera
benzene.35 They looked for changes in the ZEKE spect
when a controlled number of ions was introduced in the
teraction region, without seeing any effect. In compari
their results to the aforementioned Xe results,27 they sug-
gested that there may be a fundamental difference betw
small atomic and large molecular systems, with respect to
production of Rydberg-ZEKE states.

Schlag and co-workers have also recently discussed
possible role of electron-transfer processes in ZEK
experiments.11,14 They observed the formation of long-lived
Rydberg states formed by charge transfer between the hign
Rydberg state and a nearby ionic core. They concluded
at typical laser intensities the electron transfer represen
J. Chem. Phys., Vol. 103, N
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minor channel, although they expected that this will chan
at high laser intensities.11 While the occurrence of such pro-
cesses certainly is possible, we do not believe that cha
transfer plays a significant role in our I2 experiments, to be
discussed below. The onset for charge transfer between
n5100 Rydberg state and a neighboring ion takes place a
internuclear distance of approximately 6n253.2 mm.14,33

The onset forl ,m-mixing Rydberg–ion interactions for an
n5100 Rydberg is at an internuclear distance of appro
mately 50 mm.20,27 Therefore it is anticipated thatl ,m-
mixing will become important at significantly lower densitie
than charge transfer. Typical ion densities in the I2 experi-
ments to be reported below were 106–107 cm23, where
charge transfer ought to be a minor channel.

In this paper, results are presented for a femtoseco
pump–probe experiment which provides considerable furth
evidence for the lifetime enhancement of Rydberg states d
to interactions with the surrounding ions. The vibration
wave packet dynamics of the I2 molecule in theB-state was
studied44,45 by detecting, as a function of the time delay be
tween the femtosecond preparation and femtosecond prob
of theB-state, either prompt I2

1 ions or electrons formed by
pulsed field ionization of high-n Rydberg states~i.e., ZEKE!,
both produced via~112! multiphoton excitation. The experi-
ments using the ZEKE technique provide evidence for lif
time enhancement of the I2 Rydberg states due to the
presence of surrounding I2

1 and I1 ions. This lifetime en-
hancement leads to the observation of an increase in
peak-to-valley ratio in the pump–probe time delay scan
This is the case because, as with the Rydberg states th
selves, the density of the I2

1 and I1 ions which enhance the
Rydberg lifetimes, also depends on the time delay betwe
the pump and probe lasers. It will be demonstrated that
dependence of the ion and Rydberg densities on the pum
probe time delay is described by a small set of frequenc
which relate to energy differences between vibrational eige
states in the I2(B) molecule and that the lifetime enhance
ment of the Rydberg states introduces new frequency co
ponents in the time dependence of the ZEKE signal whi
do not correspond to any energy difference between eige
states of the molecule. The observation of these new f
quency components, which arise as cross-terms between
frequencies describing the production of Rydberg states a
ions, respectively, is a general indicator of a nonlinear det
tion mechanism. Additional evidence for the Rydberg–io
interactions, illustrating our ability to amplify the pump–
probe ZEKE signal by the introduction of ions in the inte
action region, and a simple theoretical model are presen
to support these conclusions.

Briefly returning to the issue of charge transfer, we no
that in these experiments approximately equal amounts of1

and I2
1 ions were produced. Therefore charge transfer sho

lead to the formation of significant numbers of atomic Ryd
berg states, with anticipated lifetimes of many microsecon
These lifetimes are incommensurate with the lifetimes of t
Rydberg states which were experimentally observed. In o
experiments no ZEKE signals could be observed beyo
pulsed field delay times of approximately 2–3ms, in agree-
ment with recent nanosecond ZEKE experiments on I2 by
o. 11, 15 September 1995
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4540 Vrakking et al.: Collisional enhancement of Rydberg lifetimes
Donovan and co-workers.46 We also note that this lifetime
~2–3 ms! is much shorter than the measured ‘‘lifetime’’ o
ions in the viewing region of our spectrometer—which w
significantly greater than 10ms—and therefore our pulsed
field signals cannot be due to kinetic electrons trapped
plasma effects. Therefore, in the remainder of this paper,
will discuss the influence of the surrounding I1 and I2

1 ions
on the lifetime of the I2 Rydberg states in terms ofl ,m-
mixing.

II. EXPERIMENT

A comprehensive description of the experimental app
ratus is presented elsewhere45,47 and therefore we will only
discuss the most important features here. Briefly, in a m
lecular beam ZEKE photoelectron spectrometer, the I2(B)
state is populated using a 90 fs pump pulse tuned near
nm. The pump laser is based on three-stage dye amplifica
of a selected part of a white light continuum, generated wh
part of an amplified Tsunami Ti:Sapphire laser is focus
into a quartz flat. A similar dye amplifier is used to genera
the probe pulse; a 130 fs pulse is generated near 690 nm
is frequency-doubled in a 0.1 mm BBO crystal. The 345 n
pulse produced is used to excite I2 to the ionization con-
tinuum and to the high-n Rydberg states, through a two
photon absorption from theB-state. The observations consi
of monitoring either the I2

1 signal or the ZEKE signal as a
function of the time delay between the 580 nm pump a
345 nm probe lasers, as discussed below. It is importan
note that the ion detection scheme uses a dc extraction fi
~i.e., all the ions are prompt!, while the ZEKE measuremen
is sensitive only to the delayed pulsed field ionization
Rydberg states.

In order to vary the time delay between the pump a
probe lasers, the 580 nm laser is retroreflected using a c
puter controlled motorized delay stage, prior to entering
molecular beam chamber. The 580 nm and 345 nm pulses
combined on a dichroic beamsplitter, transmitting the visib
beam and reflecting the ultraviolet beam, and are focu
into the molecular beam apparatus using a 400 mm lens
sitioned such that the focus of the 345 nm pulse is close
the molecular beam axis and the spot size of the 580
pulse is reduced to about 1 mm. Typical energies of
pump and probe lasers were about 10mJ/pulse each. The
pump and probe lasers have parallel polarizations. At
lens, the diameter of the 345 nm beam is approximately
mm, and thus the spot size of the 345 nm laser at the m
lecular beam is expected to be about 100mm. The width of
the molecular beam in the interaction region is about 3 m
and therefore the volume of the interaction region is appro
mately 331025 cm23. In typical ion detection experiments
the number of I2

1 and I1 ions produced was estimated to b
102, in approximately equal amounts. Therefore, assumin
homogeneous ion distribution within the detection volum
ion densities on the order of 33106 cm23 were produced.
Under these conditions the ZEKE signal was less than
counts per laser shot. As will be discussed in detail belo
the ZEKE signal could be enhanced substantially by creat
additional ions. Therefore, typical ZEKE experiments we
carried out at ion densities on the order of 107 cm23, yielding
J. Chem. Phys., Vol. 103, N
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a ZEKE signal of 10–102 electrons per laser shot. This cor
responds to a density of detectable Rydberg states
33105–33106 cm23.

The interaction region of the experiment is shown in Fi
1. The crossing point of the laser beams and the pulsed m
lecular beam is located between two extraction meshes@la-
beled~1! and~3!#, which are separated by 2 cm. These for
the entrance to two time-of-flight spectrometers@labeled~4!
and~5!#, one for the detection of ions and one for the dete
tion of electrons@two guard rings, labelled~2!, serve to im-
prove the homogeneity of the extraction fields#. When de-
tecting I2

1 , a 1500 V dc voltage is applied to electrode~3!,
while electrode~1! is held at ground~i.e., the extraction field
is 250 V/cm!. When detecting ZEKE electrons, all extractio
electrodes are at ground potential when the laser beams p
through the apparatus, and a small voltage pulse~typically
28 V, 5 ns rise time, 1ms duration, i.e., the extraction field
is 4 V/cm! is applied to electrode~1! after a delay of 100
ns–1 ms. This voltage pulse ionizes the surviving high-n
Rydberg molecules and accelerates the ZEKE electrons
wards the microchannel plate detector. The electron sp
trometer sits inside a thick-walledm-metal tube@labeled~6!#,
reducing the earth’s magnetic field by measured factors
500 in the axial direction and 1000 in the radial direction.
is well known that stray electric fields can play a conside
able role in ZEKE experiments.3,10,15,19,25,26The absolute
magnitude of the stray electric field could not be determin
in the current experiment, however, the fact that ZEKE si

FIG. 1. Schematic of the interaction region of the experiment. The tw
extraction grids~1! and~3! are separated by 2 cm, and form the entrance
two time-of-flight spectrometers@labeled~4! and~5!#, one for the detection
of ions and one for the detection of electrons. In addition to the meshes,
guard rings, labeled~2!, improve the homogeneity of the extraction fields
The electron spectrometer is surrounded by a thick-walledm-metal tube~6!.
o. 11, 15 September 1995
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FIG. 2. Comparison of the experimental I2~B! pump–probe time delay scans and corresponding Fourier transforms when using I2
1 detection and ZEKE

detection. The scan given in frame~a! shows the I2
1 signal as a function of the delay between the 580 nm pump laser and the 345 nm probe laser. The F

transform power spectrum~FT! of this scan is shown in frame~b!. The scan given in frame~c! shows the ZEKE signal as a function of the delay betwee
the two lasers. The ZEKE signal was collected by applying a 4 V/cm electric field after a 1ms delay. The FT of the ZEKE spectrum is shown in frame~d!,
and shows a substantial 2v contribution, as discussed in the text.
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nals could be recorded efficiently with extraction pulses
small as 1 V suggests that the stray electric fields were w
below 500 mV/cm. Since all electrodes consist of chemica
cleaned molybdenum and the base pressure of the vac
chamber is 2310210 Torr, we expect the actual stray fields
be on the order of 10–20 mV/cm.

III. RESULTS AND DISCUSSION

A. Wave packet dynamics of I 2

There have been several pump–probe experiments
vibrational wave packet dynamics of diatomic molecules
ing ultrafast lasers.48,49Therefore we will refrain from a de
tailed discussion, introducing only the features essentia
this work.

We consider first the preparation of a coherent wa
packet in the I2(B) state. In our experiments, I2 is excited
using a femtosecond laser at 580 nm. This laser prepar
coherent superposition of vibrational eigenstates in
B-state centered aroundv'15, in other words, a vibrationa
wave packet. The different eigenstates each evolve in t
according to their individual quantum phase facto
exp@2i2pcEv(B)t], where Ev(B) is the vibrational term
value ~in cm21!, and as a result the wave packet starts
J. Chem. Phys., Vol. 103, N
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move. Specifically, the wave packet moves back and for
between the inner and outer turning point of theB-state po-
tential well with a period given by theaveragevibrational
level spacing of the prepared vibrational levels. Forv'15,
the period of the wave packet oscillation is approximatel
340 fs. Due to anharmonicity in the interatomic potential, th
vibrational level spacing changes as a function of vibrationa
level. Consequently, a phase mismatch accumulates betwe
the phase factors of the individual vibrational levels, and th
wave packet dephases after a number of oscillations. Ho
ever, since the evolution of the individual eigenstates is co
herent, at a later time the wave packet rephases. Forv'15,
this rephasing occurs after a time delay of about 18 ps.

Next we consider the probing of the wave packet. Th
signal which is measured upon excitation with the 345 nm
laser depends on the overlap of the wave packet with th
energetically accessible ionic states. As the wave pack
moves back and forth in theB-state potential well, it alter-
nately passes through regions of more and less favorab
overlap. As a result, the pump–probe time delay scans d
play modulations which reflect the motion of the wave
packet in theB-state potential well. An example is given in
Fig. 2~a!, showing the I2

1 signal which is detected as a func-
o. 11, 15 September 1995
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4542 Vrakking et al.: Collisional enhancement of Rydberg lifetimes
tion of the delay between the pump and probe pulses.
measurement reflects all the features of the wave packet
lution in theB-state which were described above. Initial
340 fs modulations are seen, reflecting the oscillation of
wave packet in theB-state potential well. The modulation
disappear when the wave packet dephases, until, at a
delay of about 18 ps, the wave packet rephases. For a
tailed account on the simulation of I2~B! pump–probe time
delay scans including rotational effects as well as a disc
sion of the information which can be obtained from such
analysis, the reader is referred to the article of Gruebele
Zewail.50

The pump–probe experiment can also be described
ing an eigenstate picture. Since the I2(B) state vibrational
levels are populated coherently, the transition amplitu
must be added up and squared afterwards, in order to ge
transition probability. In this picture, the modulations in t
time delay scan arise from interferences between transit
from different vibrational levels in theB-state to the same
ionic/Rydberg final state. Pairwise interferences between
ferent vibrational levels in theB-state result in contributions
to the time dependence of the signal at frequencies co
sponding to the energy difference between the two state
question. A FT of the experimental results in Fig. 2~a! is
shown in Fig. 2~b! and reveals the frequency content of t
pump–probe time delay scan. It is observed that the I2

1 scan
is almost exclusively the result of a series of neare
neighbor coherences between levels@v& and @v11& ~subse-
quently referred to asv components!. While nearest-
neighbor coherences often dominate in wave pac
dynamics experiments, it should be noted that this is by
means required. In a full discussion of our I2 experiments,

45

results will be presented where, after changing the wa
length of the probe laser, substantial next-nearest-neigh
coherences~i.e., coherences between@v& and@v12&, subse-
quently referred to as 2v components! are observed. Thes
are associated with changes in the optimum point of ove
~the Condon point! between theB-state and the ionic
Rydberg states.

B. Experimental differences in time delay scans
using ion and ZEKE detection

In Fig. 2~c!, a pump–probe time delay scan, obtain
when using the ZEKE technique, is presented. The sig
were collected with a 1ms delay between the probe las
excitation and the pulsed field ionization and extraction.
in the ion detection results of Fig. 2~a!, the ZEKE detection
experiment shows the 340 fs oscillation of the wave pac
in the B-state potential well, as well as its dephasing a
subsequent rephasing after about 18 ps. This is to be
pected because, with the ZEKE detection, we are obser
thesame B-state wave packet with adifferentdetection tech-
nique. A striking difference between the ion and ZEKE r
sults shown in Figs. 2~a! and 2~c! is in the modulation depth
defined as

Modulation depth5~ I peak2I valley!/~ I peak1I valley!3100.
~1!
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In the I2
1 scan of Fig. 2~a!, at short time delays, the modula-

tion depth is 54%, and after the wave packet dephases,
signal drops to about one-half of the peak signal. By co
trast, in the ZEKE scan@Fig. 2~c!# at short time delays, the
modulation depth is 91% and after the wave pack
dephases, the signal drops to no more than 10% of the pe
signal.

The difference between the I2
1 scan and the ZEKE scan

is also reflected in the FTs. The FT of the ZEKE scan, Fi
1~d!, shows a significant 2v contribution which is nearly
absent in the I2

1 results. The FTs of the I2
1 and ZEKE scans

are compared in detail in Figs. 3 and 4. Assignments of pea
A–G in Fig. 3 and peaks H–O in Fig. 4 are given in Table
and will be discussed below. As seen in Fig. 3, the neare
neighbor coherences appear with comparable strength in
I2
1 scan and the ZEKE scan. In Fig. 4, however, the situatio
is very different for the 2v components. The 2v components
are significantly stronger in the ZEKE scan, and furthermor
there are some 2v components which appear in the FT of the
ZEKE scan, andnot in that of the I2

1 scan~those marked by
a * in Fig. 4!. In the I2

1 scan no more than three small peaks

FIG. 3. Comparison of the experimentally observed nearest-neighbor coh
ences~calledv components! at frequencies near 100 cm21, when recording
pump–probe time delay scans using I2

1 detection and ZEKE detection. The
assignments are given in Table I.

FIG. 4. Comparison of the experimentally observed 2v frequency compo-
nents when recording pump–probe time delay scans using I2

1 detection and
ZEKE detection. The peaks labeled by a* do not correspond to energy level
spacings in the isolated molecule and arise from interactions between
Rydberg molecules and surrounding ions, which enhance the Rydberg l
times ~see text for details!. Assignments are given in Table I.
o. 11, 15 September 1995
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TABLE I. Observed frequency components in the Fourier transform power spectra of the I2
1 and ZEKE time

delay scans, with assignments in terms of I2~B! vibrational level spacings.

v component
I2
1scan

~cm21!
ZEKE scan

~cm21!
Nearest-neighbor

coherence

A 93.16 93.15 DE1~18!
B 94.88 95.02 DE1~17!
C 96.90 96.91 DE1~16!
D 98.89 98.85 DE1~15!
E 100.76 100.79 DE1~14!
F 102.74 102.71 DE1~13!
G 104.56 104.50 DE1~12!

2v component
I2
1 scan
~cm21!

ZEKE scan
~cm21!

Next-nearest
neighbor
coherence

Combination of
nearest-neighbor coherences

H ••• 191.67 DE2~16! DE1~15!1DE1~18!
I ••• 193.77 2DE1~16!, DE1~15!1DE1~17!
J 196.07 195.82 DE2~15! DE1~14!1DE1~17!
K ••• 197.71 2DE1~15!, DE1~14!1DE1~16!
L 199.17 199.60 DE2~14! DE1~13!1DE1~16!
M ••• 201.47 2DE1~14!, DE1~13!1DE1~15!
N 203.00 203.36 DE2~13! DE1~12!1DE1~15!
O ••• 205.31 2DE1~13!, DE1~12!1DE1~14!
n
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separated by nearly 4 cm21, can confidently be assigned. I
the ZEKE scan eight peaks are seen, separated by nea
cm21. In what follows, we will argue that the peaks whic
are weakly observed in the FT of the I2

1 scan are the one
which are expected from next-nearest-neighbor cohere
~i.e., coherences between vibrational levels@v& and @v12&!.
The narrowly spaced 2v components in the ZEKE scan
however, point to a nonlinear aspect of the ZEKE detect
scheme.

We emphasize that differences between the I2
1 and the

ZEKE scans are due to a difference in the detection sch
employed and not an aspect of the pump–probe experim
itself. In femtosecond pump–probe experiments laser in
sities are typically in a regime of 1010–1012 W/cm2, where
nonlinear interactions of the lasers with the molecules n
to be considered. Phenomena such as population-cyc
~i.e., Rabi oscillation! and alteration of the potential curve
of the molecule in the laser field can occur. In the curr
experiments, however, since the conditions for the I2

1 scan
and the ZEKE scan were similar, any laser intensity effe
must appear in both the I2

1 and the ZEKE results. We spe
cifically checked that the appearance of the I2

1 pump–probe
time delay scans was independent of the pump and p
laser intensities used in these experiments. In our exp
ments, it is only afterwards, when we choose to detect ei
I2
1 ions or ZEKE electrons, that a difference is observ
Thus this difference reflects a difference in the detect
mechanism and is not an aspect of the pump–probe ex
ment itself.

C. Analysis of observed v and 2v components using
I2
1 detection and ZEKE detection

The vibrational energy levels of a diatomic molecule a
given to second order by

E~v !5ve~v11/2!2vexe~v11/2!2. ~2!
J. Chem. Phys., Vol. 103, N
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Consequently, as illustrated in Fig. 5, the energy differenc
between levels@v& and @v11& ~i.e., nearest neighbors! is
given by

DE1~v !5E~v11!2E~v !5ve2vexe~2v12! ~3!

and the energy difference between@v& and@v12& ~i.e., next-
nearest neighbors! is given by

DE2~v !5E~v12!2E~v !52ve2vexe~4v16!. ~4!

The relation betweenDE1(v) andDE2(v) is given by

DE2~v !5DE1~v !1DE1~v11!. ~5!

FIG. 5. Schematic vibrational energy level diagram of a diatomic molecule
illustrating the possible energy differences between vibrational states th
can give rise tov and 2v frequency components in the FT power spectra o
the pump–probe time delay scans.
o. 11, 15 September 1995
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4544 Vrakking et al.: Collisional enhancement of Rydberg lifetimes
Vibrational assignments for the nearest-neighbor coheren
follow from the detailed analysis by Gruebele and Zewail50

and are given in Table I. Gruebele and Zewail fit Dunha
expansion parameters to a large number of observ
vibrational energy differences and determined th
Y205vexe50.825~35! cm21. The average spacing betwee
the peaks in Fig. 3 is 1.87 cm21, which, according to Eq.~3!
represents the average energy difference between
DE1~v)2DE1~v11)52vexe in the spectral region of inter-
est. Therefore, if we use the expansion truncated to sec
order given in Eq.~2!, we need to takevexe'1.87/250.935
cm21. This is in reasonable agreement with the precise va
of Gruebele and Zewail, theirs resulting from the use of a
expansion of the vibrational term value to sixth order.

The spacing between successive 2v components is given
by the energy difference betweenDE2~v! andDE2(v11),
which according to Eq.~4! is given by 4vexe'3.74 cm21.
Indeed, this is the approximate spacing which is observed
the very weak 2v components in the I2

1 scan and thus these
peaks can readily be assigned in terms of energy differen
between vibrational states@v& and@v12& @see Table I, where
assignments are given for peaks J, L, and N in terms of
next-nearest-neighbor energy differencesDE2(v)]. By con-
trast, the average spacing between the significantly stron
2v components in the ZEKE scan is only 1.95 cm21, i.e.,
approximately one-half of the expected spacing. Cons
quently, half of the observed 2v components, namely the
ones labeled* in Fig. 4, cannotbe related to energy differ-
ences between pairs of vibrational levels in theB-state of I2.
They cannot, therefore, originate from theisolatedmolecule.
For example, with reference to Fig. 5, we would anticipate
2v component at successive energies of 2ve2vexe~4v16!
and 2ve2aexe@4~v21!16#52ve2vexe~4v12!. We should
not be able to detect a 2v component halfway between thes
two frequencies, at 2ve2vexe~4v14!; a simple picture in-
terpreting the 2v components in terms of coherences b
tween vibrational levels@v& and @v12& cannot explain the
data. We can, however, assign all the observed lines, as
cussed below.

While the observed 2v components cannot be related t
energy differences in the I2 molecule, the regularity of the
frequencies which appear in the ZEKE scan suggests that
2v components are still related to energy differences in t
molecule. For example, the large peak labeled K appears
the frequency corresponding to 2DE1 ~15! and/or
DE~14!1DE1~16!. In fact, all of the ‘‘forbidden’’ lines I, K,
M, and O can be assigned as the sum of two nearest-neigh
frequencies, as shown in Table I. We suggest that the mec
nism which causes the new frequencies consists of a lifeti
enhancement of the Rydberg states under the influence
surrounding I1/I2

1 ions, as discussed in detail below.
With this mechanism, the observations of an enhanc

modulation depth in the ZEKE scans and the appearance
additional 2v components in the FT of the ZEKE time dela
scan can be rationalized in the following way. First, lifetim
enhancement of the Rydberg states due to the presenc
surrounding ions will have an impact on the modulatio
depth since not only the concentration of Rydberg molecu
J. Chem. Phys., Vol. 103, N
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but also the concentration of the surrounding I1/I2
1 ions is

modulated. When the overlap of the wave packet with th
ionic/Rydberg state is favorable, a large number of Rydber
states is produced and these Rydberg states are detected
ficiently since, as can be seen from Fig. 2~a!, they are em-
bedded in a large number of surrounding I1/I2

1 ions. On the
other hand, when the overlap of the wave packet with th
ionic/Rydberg state is poor, the number of Rydberg states
reduced and furthermore these Rydberg states are not d
tected as efficiently, since fewer I1/I2

1 ions are produced as
well. As a result, an increased modulation depth of the ZEKE
signal is expected, similar to what is seen in Fig. 2~c!. It is
possible in principle that an enhanced modulation depth
due to the final state selectivity of the ZEKE technique. Tha
is to say, ZEKE is a differential as opposed to integrated
detection technique for femtosecond pump–probe exper
ments, as discussed in Ref. 44. However, in Sec. III D w
present further experimental evidence that the surroundin
ions significantly affect the modulation depths.

Let SION ~Dt) be the number of ions produced at pump–
probe time delayDt, as in Fig. 2~a!. If we assume that the
ion–Rydberg interaction can be characterized by binary in
teractions, then the probability that a Rydberg molecule wil
undergo a lifetime enhancement, allowing for detection, i
proportional toSION~Dt!. This assumption is supported by
the recently reported experiments on lifetime enhanceme
of autoionizing Xe Rydberg states through ion–Rydberg in
teractions in which the pulsed field ionization signal was
found to be approximately quadratic in the Xe pressure,27 as
well as experimental observations to be discussed in Se
III D. Therefore we assume that the detection probability o
the Rydberg molecules has the same modulation as the i
signal in Fig. 2~a!. Similar to the ion production, the number
of Rydberg molecules produced is proportional toSION~Dt!.
The ZEKE signalSZEKE~Dt! is given as the product of the
number of Rydberg molecules produced@;SION~Dt!# and the
detection probability of the Rydberg molecules@;SION~Dt)#,
hence

SZEKE~Dt !;@SION~Dt !#2. ~6!

Modulations in SION~Dt) will lead to more pronounced
modulations inSZEKE~Dt!. We note that in these experiments
the I1 ions were formed through dissociation of I2

1, and thus
the time dependence of the I1 concentration closely re-
sembles that of the I2

1 concentration.
Secondly, lifetime enhancement of the Rydberg state

due to the presence of surrounding ions will lead to the
introduction of new frequencies in the FT of the ZEKE
signal. When the ZEKE spectrum is measured accordin
to Eq. ~6!, cross-terms arise between the various frequenc
components inSION~Dt), and it is possible to form 2v
combinations from thev components inSION~Dt!. These
new 2v combinations are separated by 2vexe , the frequency
difference between thev components. To illustrate this,
consider again the 2v component at frequency
2ve2vexe~4v14!. While this frequency does not correspond
to an existing difference between the energy of two eigen
states, wecan, for example, obtain this frequency as the
second harmonic of the next-neighbor coherenc
o. 11, 15 September 1995
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4545Vrakking et al.: Collisional enhancement of Rydberg lifetimes
DE1~v!5ve2vexe~2v12!, or as the sum-frequency of th
two next-neighbor coherencesDE1~v21!5ve2vexe~2v!
andDE1~v11!5ve2vexe~2v14!. Although, with our reso-
lution, we cannot determine uniquely which nearest-neigh
coherences are responsible for the 2v components observed
in the ZEKE scan, the tentative assignments given in Tab
illustrate that for all the peaks observed, likely candida
can readily be found. All these assignments correspond
sum of the frequencies oftwo nearest-neighbor coherence
where, in our interpretation, one frequency is due to t
pump–probe delay time dependence of the Rydberg pop
tion and the other arises from the pump–probe delay ti
dependence of the concentration of the surrounding I1/I2

1

ions. A simple theoretical model illustrating the above co
clusions is presented in Sec. III E.

D. Additional experimental evidence for lifetime
enhancement through Rydberg–ion interactions.

There are a number of additional experimental obser
tions associated with our ZEKE experiments which supp
the hypothesis that the difference between the modulat
depths in the time delay scans and the frequencies in the
of the I2

1 and ZEKE scans arises from lifetime enhanceme
of the Rydberg states due to the influence of Rydberg–
interactions. There are several qualitative observations wh
led us to investigate the role of Rydberg lifetimes in the
experiments. First, it was noticed that the ZEKE signal a
ms extraction delay depended nonlinearly on the pump la
power; when the I2

1 , I1, and ZEKE signals were monitored
as a function of the pump laser power, it was observed t
the ion signals scaled linearly with laser power, whereas
ZEKE signal scaled at least quadratically with the total nu
ber of ions ~within the range of laser powers used in ou
ZEKE experiments!. Large ZEKE signals could be observe
at lower pump laser powers, provided that the pulsed fi
time delay was reduced to about 100 ns. When using a
ns pulsed field time delay the modulation depth decrease
80%, as shown in Fig. 6. A decrease in the modulation de
in the ZEKE scan is expected if there is a contribution to t
ZEKE signal which does not require a lifetime enhanceme
As will be illustrated below, the ‘‘half-life’’ of the high-n I2
Rydberg states is of the order of 100 ns. In order to recor
ZEKE signal at a 1ms pulsed field time delay, this lifetime
needs to be enhanced. We suggest that this is accompli
by introducingl ,m- mixing interactions due to the surround
ing I1/I2

1 ions. At a pulsed field time delay of 100 ns,
mixture of Rydberg states will be detected which may or m
not have undergone a lifetime enhancement and, thus,
80% modulation depth is intermediate between the 54
modulation depth of the I2

1 scan and the 91% modulation
depth of the ZEKE scan at a 1ms pulsed field time delay.

Two further experiments were performed. If the Rydbe
states can be stabilized through interactions with surround
ions, then it should not matter how these ions were origina
produced. In order to test this idea, a 400mJ pulse of
frequency-quadrupled light~from a picosecond Nd:YAG la-
ser! was introduced into the interaction region, about 40
before the arrival of the femtosecond pulses. This 266 nm,
ps pulse nonresonantly ionized I2, producing excess ions
J. Chem. Phys., Vol. 103, N
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namely, a measured tenfold increase over the number of io
produced in the pump–probe experiment itself. This implie
an average ion density in the detection volume of up
33107 cm23, depending on how well the volume in which
the additional ions were produced matched the detection v
ume of the pump–probe experiment. We note that there w
no evidence that this laser produced significant numbers
Rydberg states.

In the first experiment we considered the effect of th
266 nm laser on the magnitude of the ZEKE signal and th
modulation depths in the scan. If the presence of excess io
leads to an enhancement of the Rydberg lifetimes, then
expect that the pump–probe ZEKE signal should increas
Furthermore, because the density of the excess ions is in
pendent of the pump–probe time delay, a smaller modulati
depth ~i.e., closer to the 54% modulation depth of the I2

1

scan! is expected. Indeed, as shown in Fig. 7, it was expe
mentally observed that the pump–probe ZEKE signal at 1ms
increased about sixfold under these conditions~i.e., the 266
nm laser acted as an ‘‘amplifier’’ of the ZEKE signal!, and
furthermore, in the ZEKE scan the modulation depth de
creased to 68%, in agreement with our expectations. We n
that the sixfold ZEKE signal enhancement mentioned abo
was observed under the condition where the results of Figs
and 7~middle! were recorded. As discussed in the Introduc
tion to this paragraph, in order to obtain these results it w
necessary to increase the pump laser power beyond the m
mum level required in an ion detection experiment. Alterna

FIG. 6. Comparison between the pump–probe time delay scan record
using ZEKE detection, when the 4 V/cm ionization field is turned on afte
~top! 100 ns and~bottom! 1 ms. The measurement at 1ms displays a greater
modulation depth, as well as a smaller dc component at longer time dela
when the wave packet has dephased.
o. 11, 15 September 1995
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4546 Vrakking et al.: Collisional enhancement of Rydberg lifetimes
tively, in the presence of the ions produced by the 266
laser, it was possible to obtain adequate ZEKE signals at
ms time delay at pump laser powers at or below the lev
used in the ion detection experiments. In this latter case
was possible to achieve a situation where the actual enha
ment of the ZEKE signal through the presence of ions p
duced by the 266 nm laser was almost two orders of mag
tude, since very few ions were produced by the pump a
probe lasers.

The lifetimes of the Rydberg states were also explici
studied by measuring the ZEKE signal as a function of t
pulsed field time delay, with and without the additional ion
produced by the 266 nm laser. In order to get the clear
assessment of the role of surrounding ions on the lifetime
the Rydberg states, these measurements were performed
the pump laser power reduced to 20% of that used in
measurements discussed above. In this case, the numb
ions produced by the pump and probe lasers alone was o
2% of the number of ions produced by the 266 nm laser. T
results are shown in Fig. 8. It is observed that without t
266 nm laser, the ZEKE signal drops to nearly zero in ab
200–300 ns. By contrast, with the 266 nm laser, the decay
the Rydberg population is significantly slower. At a delay
1 ms, where the experiments shown in Fig. 2~bottom! were

FIG. 7. Comparison of pump–probe time delays using~top! I2
1 detection;

~middle! ZEKE detection at a 1ms time delay for the 4 V/cm ionization
field; ~bottom! ZEKE detection at a 1ms time delay for the 4 V/cm ioniza-
tion field when additional ions have been produced with a 400mJ 80 ps 266
nm laser pulse. The introduction of the 266 nm laser led to a sixfold
hancement in the ZEKE signal@for comparison, the ZEKE spectrum withou
the 266 nm laser~middle! is reproduced to scale in~bottom!# as well as a
reduction in the modulation depth of the ZEKE signal and an increase in
signal level at long time delays when the wave packet has dephased.
J. Chem. Phys., Vol. 103, N
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performed, the ZEKE signal is still at almost 20% of the ze
pulsed field time delay signal level. In fact, pump–prob
time delay scans can readily be performed at pulsed fi
time delays of several microseconds. The observation of
hanced Rydberg lifetimes under the influence of the ions p
duced by the 266 nm laser~Fig. 8! supports our interpreta-
tion of the sixfold signal enhancement observed in Fig. 7
terms of an ion-induced lifetime enhancement.

We point out that the observed lifetime enhancement
the presence of the 266 nm laser supports the identificat
of the I2

1 and I1 ions as the species which are responsible f
the Rydberg lifetime enhancement. In principle, one mig
anticipate that electrons which are formed along with the2

1

and I1 ions could also be instrumental in changing the ang
lar momentum quantum numbers of the Rydberg electro
However, electrons formed by the 266 nm laser pulse lea
the interaction region during the 40 ns interval between t
266 nm laser pulse and the arrival of the fs pump- and prob
pulses. After the 40 ns interval the only charged species
behind which can influence the I2 Rydberg molecules are the
I2
1 and I1 ions produced by the 266 nm laser.

E. Theoretical calculations of I 2
1 and ZEKE spectra

In this section, calculations are presented which supp
the interpretation of the ZEKE time delay scan and FT
terms of an ion-induced lifetime enhancement. Simple wa
packet calculations are presented to describe the I2

1 signal as
a function of the delay between the pump and probe lase
Using the assumptions~1! that the population of the I2 Ryd-
berg states follows the production of the I2

1 ions and~2! that
the probability of the detection of the Rydberg states sca
linearly with the number of ions produced@Eq. ~6!#, the FT
of the ZEKE signal is presented, and an assessment is m
of the presence of 2v components in this FT.

We stress the fact that assumption~2! is an approxima-
tion which is not expected to be valid over a wide range
ion densities. For example, at larger ion densities than
ones quoted in this paper, we do not expect a binary inter
tion approximation to be valid. Once all the Rydberg stat
that are excited have undergone a lifetime enhancement
increase in the ion density will not enhance the signal a
further. As another example, as discussed in the Introducti
in the absence ofl-mixing by stray dc electric fields, the
lifetime enhancement by surrounding ions may involv
three-body interactions. Also, as discussed in the introdu
tion, mechanisms have been suggested which do not invo
Rydberg–ion interactions.5–10,13A number of ZEKE experi-
ments are known to us in which the authors observed that
detection probability of the Rydberg statesdid not scale lin-
early with the pressure or the number of ions.5,24,35 In our
experiments it was observed that the detection probability
the Rydberg states depended on the number of I2

1 and I1 ions
in a near-linear fashion. The purpose of the current section
mainly to illustrate that our lifetime enhancement model pr
duces the right order of magnitude of 2v Fourier intensities
when using assumption~2!.

Initially, an I2
1 pump–probe time delay scan was calcu

lated by evaluating the time-dependence of the overlap of
B-state wave packet with the lowest vibrational states of t

n-

he
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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 presence of 400mJ of a 80 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 de
1 ms time delay. The signals have been scaled such that the signal levels at the shortest time delay are approximately equal~N.B. at the 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 the 266 nm!.
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I2
1 ion. In this calculation vibrational wave functions in th
I2(B)-state and in the I2

1 ground state were computed usin
the algorithm developed by Cooley,51 consisting of the appli-
cation of 6th order Numerov integration in a predicto
corrector method. Morse potentials were used to repres
both the I2(B)-state and the I2

1 ground state. In the case o
the I2(B)-state, we started with the constants given
Herzberg52 and adjusted the force constant to obtain agre
ment with the experimental vibrational level spacings. Mor
parameters for the I2

1 ground state were determined from a fi
to recent ZEKE spectra.53 The calculation assumed an instan
taneous preparation of theB-state with a 580 nm centra
wavelength and an 8 nm bandwidth. The probing was a
calculated assuming instantaneous excitation with a 345
central wavelength and a 5 nmbandwidth. Rotation of the I2
molecule was neglected in all calculations, justified by t
fact that rotations occur on a much longer time scale th
vibrations.50,54

A more realistic simulation of the I2
1 pump–probe time

delay scan was obtained when the calculated time delay s
was convoluted with a Gaussian function representing
experimental time-resolution of approximately 150 fs. A F
of the calculated I2

1 pump–probe time delay scan reveale
dominantv-components as well as smaller 2v components,
similar to the FT of the experimental results@Fig. 2~a!#. The
simulated I2

1 scan was filtered in order to remove the 2v
components altogether. The advantage of this complete
moval of the 2v components is that it facilitates discussio
of the appearance of new 2v components in the ZEKE scan
J. Chem. Phys., Vol. 103, N
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If the FT of the I2
1 scan already contains a 2v component,

then the ZEKE scan will contain a superposition of this 2v
component and the new 2v components which arise as a
result of the lifetime enhancement. In this sense, our expe
mental observation of an I2

1 scan with virtually no 2v com-
ponent was fortunate, since it presented a situation where
contrast between the 2v components in the I2

1 and ZEKE
results was very dramatic.

The resulting simulation of the I2
1 scan after all harmonic

components were removed is shown in Fig. 9~a!. Compari-
son of this simulated I2

1 scan with the experimental I2
1 scan

of Fig. 2~a! shows reasonable agreement. The main diffe
ence between the simulated scan and the theoretical sca
the magnitude of the recursion at 18 ps. This difference
largely due to the neglect of rotational effects in the simul
tion. In addition, the modulation depth in the experiment
spectrum is somewhat smaller than in the simulation. Th
difference is at least partially due to the fact that the expe
mental I2

1 may contain background contributions from highe
order pump-processes, which do not yield a clear modulat
pattern. In fact, when the probe laser was tuned below
ionization potential of I2 a very small signal without pro-
nounced modulation could be observed

In Fig. 9~b! the FT of the simulated I2
1 scan is shown. As

a result of the filtering procedure described above, this
shows exclusivelyv components, unlike the FT of the ex
perimental I2

1 scan, which contains some very small 2v con-
tributions. However, these small 2v components do not sig-
o. 11, 15 September 1995



in frame
uare of

4548 Vrakking et al.: Collisional enhancement of Rydberg lifetimes
FIG. 9. Comparison of the simulated pump–probe time delay spectra and corresponding FTs when using I2
1 detection and ZEKE detection. The scan given

in frame~a! shows the I2
1 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

~b!. The scan given in frame~c! shows the ZEKE signal as a function of the delay between the two lasers. The ZEKE scan was calculated as the sq
the I2

1 spectrum according to Eq.~6!. The FT of the ZEKE scan is shown in frame~d!, and shows a substantial 2v contribution, with a spacing between the
2v components which is one-half of that expected for the isolated molecule.
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nificantly affect the appearance of the pump–probe tim
delay scan.

In Fig. 9~c! a ZEKE time delay scan is shown, whic
was calculated from the simulated I2

1 scan using Eq.~6!, i.e.,
under the assumption that detection probability of the Ry
berg state scales with the number of I1/I2

1 ions. In other
words, the calculated ZEKE time delay scan is the square
the calculated I2

1 time delay scan. Due to the ion-induce
lifetime enhancement, the ZEKE time delay scan show
larger modulation depth than the I2

1 scan, in agreement with
our experimental results. The modulation depth is not qu
as pronounced as in the experimental ZEKE time delay s
@Fig. 2~c!#. Two possible reasons can be given for this. Fi
of all, the use of the simple model implied by Eq.~6! is an
approximation which need not be valid at all ion densities,
discussed above. Furthermore, as discussed above, the
perimental I2

1 scan may contain a small ‘‘near-dc’’ compo
nent involving higher-order probe processes, which aid in
lifetime enhancement of the Rydberg states but do not p
duce Rydberg states.

The FT of the simulated ZEKE scan is shown in Fi
9~d!. In contrast to the FT of the simulated I2

1 scan @Fig.
9~b!#, the FT of the simulated ZEKE scan shows the appe
ance of 2v components, which are separated by appro
J. Chem. Phys., Vol. 103, No
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mately 2 cm21, in agreement with the FT of the experimenta
ZEKE scan of Fig. 4. Thus the simulations demonstrate th
ion-induced lifetime enhancement is a mechanism which c
introduce narrowly-spaced 2v components into the FT,in-
cluding2v components which do not correspond to existin
energy level spacings in the molecule. The reasonable agr
ment between the absolute magnitudes of the 2v components
in the FTs of the experimental and simulated ZEKE sca
and the near-absence of 2v components in the experimenta
I2
1 scan lead us to conclude that the 2v components in the
experimental ZEKE FT are almost exclusively due to th
lifetime enhancement mechanism discussed in this paper.

IV. CONCLUSION

In this paper we have compared femtosecond pump
probe experiments on the I2(B)-state employing detection of
either I2

1 or ZEKE electrons produced by REMPI. We have
shown that the Rydberg states which are probed in the ZEK
experiments undergo a lifetime enhancement due to inter
tions with surrounding ions which manifests itself in the tim
delay scans through the introduction of new frequencies
the Fourier transform power spectrum of the ZEKE scan a
the observation of an increased modulation depth. The obs
. 11, 15 September 1995
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vation of narrowly spaced 2v combination in the experimen-
tal ZEKE scan provides perhaps the clearest and most dir
indication of the presence of anintermolecularaspect to the
experiment. Without any prior knowledge about the actu
conditions in the experiment, the observation of these 2v
frequency combinations, which do not correspond to any e
ergy difference between molecular eigenstates, provides
indication that the experiment involves a nonlinearity in th
detection, leading to a ‘‘sum-frequency mixing’’ of the fre
quencies which legitimately arise from nearest-neighbor c
herences. In our experiments, the observation of an enhan
modulation depth as well as a number of additional expe
mental observations allowed us to determine that the non
ear detection is due to a lifetime enhancement of the Rydb
states through interactions with surrounding ions.

Our experiments on lifetime enhancement in Rydbe
states of I2 through Rydberg– ion interactions reach conclu
sions similar to the experiments on NO by Pratt,15 the ex-
periments on Ar by Merkt,19 the experiments on NO and Xe
by Vrakking and Lee,26,27 and the experiments on HD by
Zare and co-workers.36 These observations contrast with th
studies by Bahattet al. on phenanthrene,5 and those of Alt
et al.on benzene,35 in which no influence of the presence o
ions on Rydberg lifetimes was observed. They also contr
with the studies of Zhanget al., in which the lifetimes of
Rydberg states of styrene, phenol, phenanthrene, and
were reduced by the presence of ions.24 Alt et al. have sug-
gested that there may be a fundamental difference betw
the lifetimes of Rydberg states of small atomic~or molecu-
lar! systems and those of large molecular systems.35 In order
to determine whether or not this suggestion is correct, the
is a clear need for experiments which explicitly investiga
the transition in the lifetime dependence on external pert
bations, as one goes from the atomic/small molecule limit
the large molecule limit.

Finally, we summarize the evidence for the lifetime en
hancement of the I2 Rydberg states throughl ,m-mixing
caused by surrounding ions. We have presented six differ
arguments which support this interpretation. In our pump
probe time delay experiments we found~1! an increased
modulation depth in the ZEKE scans and~2! the appearance
of additional frequencies in the Fourier transform pow
spectra of the ZEKE scans.~3! We found that the ZEKE
signal scaled nonlinearly with the number of I1/I2

1 ions pro-
duced in the detection volume.~4! The ZEKE signal could
be enhanced significantly when additional ions were ind
pendently produced with the 4th harmonic of a picoseco
Nd:YAG laser and~5! under these conditions, the modulatio
depth in the ZEKE scan decreased.~6! Furthermore, a mea-
surement of the average lifetime of the Rydberg stat
showed the presence of a long-lived component with
halflife of several hundred ns, which was absent without t
additional ions produced by the Nd:YAG laser.
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