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Characteristics of correlation satellites below 25 eV in xenon probed
by pulsed-field-ionization–zero-kinetic-energy photoelectron spectroscopy
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The technique of pulsed-field-ionization–zero-kinetic-energy photoelectron spectroscopy, typically applied
to the investigation of ionic states of atoms and molecules resulting from single electron excitation, has been
used to probe all known correlation ionic states of xenon up to 25 eV. The high-resolution~1 meV! spectra that
result show the formation of satellite states clearly resolved from their neighbors. Their intensities are com-
parable to that of the 5s5p6 2S1/2 main line ionic state and for a given multiplet are relatively independent of
the total angular momentum of the ionic state formed. The Rydberg states converging onto different ionic
limits demonstrate effective lifetimes that are related to the excitation of the associated ionic core. These
spectra allow the determination of relative intensities, and from them, the partial cross sections for the forma-
tion of each state at threshold. This supplements the existing intensity studies from the near-threshold to the
x-ray region and increases our understanding of the dominant correlation processes within this atom as a
function of photon energy.@S1050-2947~99!04804-0#

PACS number~s!: 32.80.Rm, 33.80.Rv, 32.80.Fb
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I. INTRODUCTION

Probing the formation and characteristics of ionic sta
within atoms and molecules is the primary aim of photoel
tron spectroscopy. Above the lowest ionization energy
these species irradiation with light can result in the format
of single-hole ionic states with the ejection of one electron~a
‘‘main line’’ peak in a photoelectron spectrum! or ‘‘satel-
lite’’ ionic states in which one electron is ejected and a s
ond excited from the neutral configuration. Each of the
ionic thresholds has a series of neutral singly excited or d
bly excited Rydberg states converging onto them, resp
tively, and these may decay to lower-lying ionic stat
through the process of autoionization. The observation
main line peaks in photoelectron spectra or the neutral st
associated with them may be understood by invoking
single-particle model while formation of the remaining sta
is forbidden within this approximation and is solely the res
of the correlated motions of electrons within the species. T
propensity for formation of each ionic state as a function
photon energy reflects the change in the dominant corr
tions and it is therefore useful to compare sets of such da
different photon energies.

In order to obtain partial cross sections at threshold us
photoelectron spectroscopy, static electric fields are tr
tionally employed to allow the selective detection of tho
electrons formed with near-zero kinetic energy as the pho
energy is scanned over the thresholds for formation of e
cationic state@1#. Satellite states can be difficult to prob
using this technique; in general such states are forme
high photon energies, they produce low signal intensit
and they contribute to a highly congested spectrum. Furt
in order to discriminate against the observation of tho
states formed through nearby autoionizing resonances
PRA 591050-2947/99/59~4!/2903~7!/$15.00
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result in low kinetic energy electrons there is a need fo
high degree of rejection of such electrons, and the effect
ness with which this is accomplished depends upon the e
tron optical properties of the analyzer, lenses, and electr
surfaces. The separation between high-energy and thres
contributions to the observed signal at each ionic thresh
can be difficult to achieve, and requires a highly select
experimental technique. The introduction of pulsed-fie
ionization–zero-kinetic-energy~PFI-ZEKE! photoelectron
spectroscopy in recent years@2# has largely overcome this
problem and enabled a high-resolution spectroscopic pr
of ionic states formed by excitation and subsequent field i
ization.

PFI-ZEKE photoelectron spectroscopy exploits the lo
lifetimes of high-n Rydberg states converging to each ion
threshold in a species. With the use of a pulsed light sou
these long lifetimes enable the selective detection of elec
field ionized electrons from these states while maintain
successful discrimination against prompt electrons relea
in conjunction with the formation of lower-lying ionic state
A schematic of this process is displayed in Fig. 1, where
excitation energy is scanned across two ionization thre
olds, u1& and u2&, and the resulting peaks in the spectru
correspond to pulsed excitation and subsequent field ion
tion of the manifold of high-lying Rydberg states below ea
threshold. This technique has the added advantage that i
probe the lifetimes of Rydberg states converging upon e
ionic limit by changing the delay between the light excitati
and field ionizing pulses and subsequent comparison of
corded intensities@3,4#. In conjunction with laser source
with light pulses repeated every several milliseconds
more, a delay between the excitation light pulse and the i
ization electric-field pulse of typically a fewms is used, re-
sulting in selective observation of the cation state of intere
With such light sources, the practical energy range is limi
2903 ©1999 The American Physical Society
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2904 PRA 59SHIELL, EVANS, STIMSON, HSU, NG, AND HEPBURN
up to just above 19 eV@5,6# and thus only the formation o
cations in their lower electronic states is detected. A sp
trometer at BESSY has recently been developed with wh
the formation of satellite states in nitrogen from 23–26
@7# and argon from 41–45 eV@8# with resolutions of 10 and
40 meV, respectively, have been detected using pulsed fie
We have previously reported the use of a high-resolut
spectrometer at the Chemical Dynamics Beamline@9# at the
Advanced Light Source~ALS! to detect the 5s main line
state and seven satellite states of xenon and obtain their
tive intensities for formation with a precision of'25% @10#.
The present results show these ionic states formed with
eral orders of magnitude improved signal to noise ratio,
tend these measurements to include three states not p
ously observed below 25 eV and demonstrate, thro
modifying the delay between excitation and field ionizatio
effective lifetimes of the Rydberg manifolds below ea
ionic limit that are dependent upon the state of the ionic co

The xenon satellite spectrum has been measured ov
wide incident photon energy range from the near-thresh
@11# to the x-ray @12# regions and the partial strengths
various ionic states have been obtained. The resolution
which low-lying satellite states have been observed is ty
cally 50 meV at photon energies of 40.8 eV@13#, 130 meV at
energies less than 100 eV@14#, and 300 meV at 1.487 keV
@12#. In the region containing the lowest-lying satellite sta
of xenon 10 ionic states are known to exist from 23.6–2
eV, with some separated by an energy as small as 5 m
@15#. Obtaining the partial cross sections of each ionic st
at any photon energy is therefore often complicated by
fact that there are many unresolved satellite states belon
to different symmetry manifolds within the spectrum and it
for this reason that at threshold the high-resolution P
ZEKE technique is particularly suited to the study of the
states.

FIG. 1. A schematic illustration of the PFI-ZEKE process. A
the incident photon energy is scanned across each ionic limi
which Rydberg series converge, a manifold of these high Rydb
~long-lived! states can be formed, which may then be field ioniz
The resulting electrons are selectively detected with effective
crimination against any electrons released in conjunction with
formation of lower-lying ionic states.
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II. EXPERIMENTAL DETAILS

The spectrometer has been discussed in detail elsew
@9# and so only an outline will be given here. An atom
beam of 99.999%~research grade! xenon effused through a
metal nozzle of 0.5 mm diameter at 298 K and intersec
the photon beam 0.5 cm from the nozzle. This resulted in
increase in the number density of atoms in the interact
region compared to that of our previous study@10# by two
orders of magnitude, with a concomitant increase in result
signal to noise ratio for each peak. The interaction volum
lying between two electrodes across which the ionizing el
tric pulse was applied, formed the center of the accepta
region of a tandem steradiancy-hemispherical analyzer. T
region presented an estimated active area of 7.1 mm2 to the
analyzer system, with the result that atoms drifted out of
detection volume in'6 ms.

The ALS was operated in multibunch mode, with 27
light micropulses~separated by 2 ns!, one dark gap of length
81 ns, one additional light micropulse, and a 33-ns dark
all within one ring period~656 ns!. As the photon energy
was scanned across high-lying states that converge to
ionic state, Rydberg states of xenon containing one hig
excited electron were formed. Below the threshold for t
5s21 state at 23.397 eV these Rydberg states were sin
excited and below each threshold for satellite formation~e.g.,
the 5s25p4(3P)6s 4P5/2 ion state at 23.669 eV! they were
doubly excited states with one electron in a high-n state.
During the 80-ns dark gap a 40-ns pulsed electric field
0.67 V/cm was applied to the interaction region, field ion
ing those states lying within'4 cm21 ~0.5 meV! of an ionic
limit @16#, and accelerating the resulting near-threshold el
trons towards the analyzer for selective detection. The res
ing spectrum shows the~unresolved! manifold of high Ryd-
berg states converging towards each~resolved! ionic limit,
with the intensity of each peak reflecting state-dependent
citation and decay probabilities.

The photon energy was scanned across the 5s main line
state and nine of its correlation satellite states from 23
24.9 eV in steps of 0.5 meV with a photon bandpass of
meV. Once detected, each individual line was repeate
sampled with steps of 0.2 meV and a photon bandpass o
meV. By calibrating the photon energy scale using the io
ization onsets of neon and helium, the positions of the lin
were found to be at their expected positions within expe
mental uncertainty~'0.5 meV!. A more exact energy cali-
bration was done by comparison with the known optical d
@15#.

The timing structure of the experiment was modified
investigate the effective lifetimes of the Rydberg states t
converge to the different ionic limits in xenon. Below ea
threshold, at a particular photon energy, the number of R
berg states formed during each period due to the 273 mi
pulses of light is assumed to be constant for all periods
comparison of the intensity of the signals obtained when
pulsed electric field is applied after various numbers of r
periods provides an effective lifetime for each manifold
Rydberg states. With the electric field pulse applied ev
ring period a signal is observed that reflects the format
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FIG. 2. A split-energy spectrum with consistent energy scale, normalized by photon flux, of the ionic states in xenon observed
PFI-ZEKE photoelectron spectroscopy, with the pulsed field applied once every synchrotron period. The main line state at 23.3
shown and ten correlation satellites. The position of each peak is calibrated from the analysis by Hansen and Persson@15# and labeled with
LS notation, see text.
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and decrease in the number of detectable Rydberg stat
the time up to 616 ns before the 40-ns pulse. Convers
with the electric field pulse applied every three periods
signal is obtained that is dependent upon the formation
decrease in number of states up to 1.928ms before this pulse
In both cases the total light flux, and therefore the numbe
Rydberg states created per second, is the same. The d
ence between the observed signals is therefore caused b
decrease in the number of Rydberg states in the detec
volume due to both their finite lifetime and the original dr
velocity of the atomic beam. Scans were taken across eac
the ionic state thresholds in xenon with the pulsed field
plied every 1 and 3 periods. Under the assumption that e
manifold of Rydberg states converging to an ionic limit c
be modeled by a single effective lifetimet, these were de-
termined by a similar method to that used in Ref.@17#, and
described below.

When the electric field pulse is applied once every r
period, the number of Rydberg states detected per sec
~i.e., those that are created and survive until the applica
of each electric field pulse! may be written asI (1). Similarly
the number of counts per second when the electric field p
is applied every three periods reflects the possible deca
the Rydberg states during either the first or second ring
riods and is given by

I ~3!5
I ~1!

3
~11e2tp /t1e22tp /t!, ~1!

wheretp is the time period of the ring~656 ns!. The ratio of
the signals,I (1)/I (3), allows a calculation of the effective
lifetime t for the Rydberg states converging to each io
limit, within the approximation that the decay may be rep
sented by one constant.

For those signals that demonstrated an effective lifet
of .6 ms by which time the original drift velocity of the
atoms is expected to dominate the loss in signal, no valu
effective lifetime is recorded. As can be seen below, a c
siderable range of lifetimes was nonetheless observed
different ionic states to which the Rydberg series converg
in
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III. RESULTS

Figure 2 shows a split energy scale spectrum of the
served ionic states formed due to PFI-ZEKE in xeno
Within the energy range sampled the 5s main line peak~the
5s5p6 2S1/2 state! and the ten known satellite peaks we
easily resolved. In our previous study we attempted to
serve, but did not detect, the 5s25p45d 4F9/2 state@10# and
concluded that its intensity was less than that of
5s25p45d 4DJ states; this is confirmed by the present wo
Additionally, we observe the 5s25p45d 2F7/2 and the
5s25p46s 4P3/2 ionic states formed through the PFI-ZEK
process. The states are labeled with the more familiarLS
designations although it is noted that one could alternativ
usejK designations. Hansen and Persson have calculated
purity of these ionic states under both coupling schemes@15#
and the average purities do not differ significantly.

An expanded view of the observed 5s25p45d 4D5/2 and
4D7/2 states with the pulsed field applied every one, tw
three, and five ring periods is given in Fig. 3, and each sp
trum, with a consistent intensity scale, shifted vertically f
clarity. These spectra demonstrate a full width at ha
maximum~FWHM! of 0.9 meV and show the shorter effec
tive lifetime of those Rydberg states converging to the4D7/2
state relative to those associated with the4D5/2 state. The
intensities of all peaks were calculated by computing
areas under the peaks after subtraction of the backgro
level. Values for the effective lifetimes were calculated
described above by a comparison ofI (1) andI (3), and the
absolute value recorded in Table I if they were less tha
ms. Those states that showed a negligible decrease in in
sity ~less than 10%! between the electric pulse being applie
every one and three ring periods were labeled with a lifeti
of .6 ms. The relative intensities at threshold for each i
state were then found by extrapolating the decay curve
zero time and displayed in Table I relative to that of thes
main line state with magnitude 100. The experimental er
in each calculated intensity, due to variations in conditio
and statistical fluctuations, is estimated to be approxima
5%, and slightly more for the less intense peaks. For co
parison the reported relative peak heights of these sate
states formed from unpolarized HeII a light at 40.8 eV@13#
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2906 PRA 59SHIELL, EVANS, STIMSON, HSU, NG, AND HEPBURN
and polarized synchrotron light at 63.5 eV@18# are shown in
Table I. It should be noted that the former is not taken at
magic angle with respect to the beam~see@14# for details!
and thus could show a maximum difference by a factor
four from the true relative cross sections of some states.
asymmetry parameter of the 5s21 peak has been well studie

FIG. 3. An expanded view of the observed 5s25p45d 4D5/2 and
4D7/2 states with the pulsed field applied every~a! one,~b! two, ~c!
three, and~d! five ring periods~one ring period is 656 ns!. These
spectra demonstrate a full width at half-maximum~FWHM! of 0.9
meV and show the shorter effective lifetime of those Rydberg st
converging to the higher ionic threshold. The spectra have con
tent intensity scale and have been shifted vertically for clarity.
e

f
he

and is observed to have ab of '1.8 at 40.8 eV approaching
a value of 2 at higher energies@1#, as expected by a nonre
ativistic single-electron model. At 72 eV the asymmetry p
rameter for the 5s25p46s 2P3/2 state is known to be strongly
negative and for the 5s25p46s 4P1/2 state to be 1.98, bu
little else is known about the angular distributions of ele
trons after formation of these states at incident photon e
gies below 30 eV or the other ionic states in this region@14#.
Inclusion of configuration interaction with the 5s5p6 2S1/2
ionic state results inb→2, although mixing with other state
tends to reduce this value@19#.

Also shown in Table I are the absolute partial ionizati
cross sections of the satellites, calculated from our inten
data. These were obtained by scaling the 5s photoionization
cross-section data of Samson and Gardner@20#, which were
recorded at photon energies down to 23.55 eV and sho
leveling off towards threshold of 0.5 Mb. A recent theore
cal and high-resolution experimental study of the fluor
cence from the 5s5p6 2S1/2 ionic state by Schmoranzeret al.
@21#, scaled to the cross section of Samson and Gardne
23.74 eV, demonstrates several resonances within this
gion, but does indicate the validity of using the 0.5-Mb val
for direct ionization at threshold.

IV. DISCUSSION

A. Cross sections at threshold

In order to understand correlation effects within mul
electron species, they are addressed by either of two form
equivalent methods: configuration interaction~CI! or many-
body perturbation theory~MBPT!. To a first approximation
the dominant processes can be separated into ‘‘intrins
those that exist in the absence of a photon, or ‘‘dynami
which show a significant dependence upon the kinetic ene
of the outgoing electron@22#. The former include ground-
and final-state correlations and are included within the

s
is-
with
TABLE I. Characteristics of Rydberg states converging towards 11 of the ionic states of xenon
binding energies below 25 eV observed at their respective thresholds, at 40.8 and 63.5 eV.

Ion statea

Energy
~eV!

~Ref. @15#!

Lifetime
~ms!
~this

work!

Relative Intensitiesb Cross
section at
thresholdd

~Mb!

At threshold
~this work!

At 40.8 eVc

~Ref. @13#!
At 63.5 eV
~Ref. @18#!

5s5p6(2S1/2) 23.3967 .6 100 100 100 0.50
(3P)6s(4P5/2) 23.6689 .6 60 0.21 0.30
(3P)6s(2P3/2) 23.9164 .6 55 0.76 0.2 0.28
(3P)5d(4D5/2) 23.9576 .6 15 0.52 0.08
(3P)5d(4D7/2) 23.9627 1.2 22 0.09 0.11
(3P)5d(4D3/2) 24.0366 4 9.4 0.58 0.05
(3P)5d(4D1/2) 24.1388 2.3 13 0.23 0.06
(3P)5d(4F9/2) 24.4546 0.8 3.1 0.74 0.2 0.02
(3P)6s(4P1/2) 24.6719 .6 45 2.4 4.8 0.23
(3P)5d(2F7/2) 24.7188 1.2 9.6 1.4 0.05
(3P)6s(4P3/2) 24.8754 .6 16 0.43 0.1 0.08

aStates given inLS notation. The parental configuration of the satellite states is 5s25p4(3P).
bThe intensity for the 5s21 main line is arbitrarily normalized to 100.
cData not taken at the magic angle, see text.
dScaled from the data for threshold formation of the 5s21 state from Samson and Gardner, Ref.@20#.
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PRA 59 2907CHARACTERISTICS OF CORRELATION SATELLITES . . .
model by initial and final ionic state configuration interacti
~ISCI and FISCI! calculations. The dynamic correlation e
fects may be modeled by the inclusion of continuum st
configuration interaction, or more generally interchan
coupling, within the CI picture, corresponding to relaxati
or shake up, conjugate shake up and inelastic scatte
within the MBPT calculation. Generally all of the possib
effects will be present but the dominant ones change w
photon energy: e.g., shake up dominates at high kinetic
ergy and inelastic scattering shows an enhancement
threshold.

The results that are reported above reflect either singl
double excitation to a Rydberg state and subsequent rem
of the Rydberg electron by the pulsed electric field. Due
the continuity of oscillator strength the cross section per u
energy for excitation and subsequent removal of the o
electron below threshold is expected to develop smoo
into the partial ionization cross section above threshold
there is no resonant enhancement of the initial~singly ex-
cited at 23.397 eV and doubly excited at the other energ!
Rydberg states, then the relative intensities of the PFI-ZE
peaks with a specific time delay between light excitation a
field ionization will reflect the relative partial cross sectio
for direct formation of the corresponding ionic states
threshold together with any state dependent decay or sta
zation mechanisms. The thresholds for the satellite states
at least 20 meV from known resonances and equally dist
uted between sharp and diffuse resonances@23#. For the case
of the 2S1/2 main line state, however, there is an observ
unassigned resonance 1 meV below the 5s21 ionic state~line
61 in @23#! and an assigned (3P)5d 4D1/28p3/2 doubly ex-
cited resonance 3 meV above this state@21#. In the PFI-
ZEKE spectrum at 23.397 eV we observe no second p
corresponding to the detection of energetic electrons fr
the decay of either resonance, but cannot state with certa
that they do not make a contribution to the absolute par
cross section for formation of this state. The photoion yi
curve obtained over the energy range of the satellite st
shows a steady decrease and little variation at the thresh
for each ionic state@24#, implying little resonant contribution
to the displayed cross-sections.

From Table I it is apparent that satellite states with hig
and low-J values are formed at threshold with equal pref
ence. All such states have intensities comparable to tha
the main line peak with those containing the same ionic c
having similar intensities. These characteristics are not
able in the lower resolution threshold spectrum of Hallet al.
@11#, and the trends of the two spectra are in agreem
More quantitative comparisons with their work are not po
sible due to a number of unresolved states within their sp
trum and possible contributions from the decay of neu
resonances to lower lying ionic states, resulting in energ
electrons that are not fully discriminated against in thresh
photoelectron spectroscopy employing static fields.

The trend from low to high photon energies, with th
dominant correlations expected to change, can be cle
seen in Table I. All the observed satellites apart from t
have a total angular momentumJ.1/2, and so cannot be
formed through FISCI with the parent 5s5p6 2S1/2 ionic
state@25#. The formation of these satellites are expected
be due to continuum channel coupling and the calculation
e
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Lagutinet al. @14# predict oscillations inb~v! from 40 to 150
eV for these states due to the interference of several chan
with different orbital momenta of the residual ion as well
of the photoelectron. The results at 40.8 and 63.5 eV
expected to be intermediate between the two extrem
where most states have not reached their high energy li
and others have already subsided in intensity from th
threshold values. Indeed, by 72 eV, data presented by La
tin et al. @14# show that the majority of states observed w
binding energy 23–34 eV correspond toJ51/2 andb'2,
indicating a strong contribution from the 5s21 main line. This
becomes more extreme at still higher photon energies, an
the x-ray region states withJ5 1

2 are exclusively observed
@12#.

Calculations beyond the single-particle approximation
xenon that predict satellite positions and intensities are p
ticularly challenging due to large relativistic effects an
strong mixing between configurations. Pioneering calcu
tions by Adamet al. @26# considered the formation of sate
lites due to FISCI in the high energy limit; these were e
panded upon by Dyall and Larkins@27# and Hansen and
Persson@15#, and later treated on a relativistic footing b
Kheifets and Amusia@28#. Tulkki @29# performed multichan-
nel multi-configurational Dirac-Fock~MMCDF! calculations
resulting in cross sections that start 4.31 eV above thes
threshold forJ5 1

2 states. The CI-perturbation theory a
proach of Lagutinet al. @14# predicts the intensity of the
5s25p46s 4P1/2 state to be'7% of the main line peak a
their respective thresholds, and the cross sections for b
states to vary with energy quite dramatically in this range
contrast to the data of Samson and Gardner@20# for the 5s21

state. We observe a relative intensity of 45% for the4P1/2

state relative to the main line peak, and it is our hope that
results presented here will initiate more quantitative stud
in the low-energy region.

B. State-dependent lifetimes

In considering possible state-dependent decay or sta
zation effects, it is noted that the lifetimes of Rydberg sta
are in general influenced both by core interactions~leading to
the emission of radiation, autoionization, etc.! and external
perturbations~such as collisional ionization and the lengt
ening of the lifetimes attributed tol andm mixing by electric
fields and surrounding ions@30#!. Within 4 cm21 of an ion-
ization limit the principal quantum number of a Rydbe
electron is*165 and the radiative lifetime for singly excite
Rydberg states with these values ofn is expected to be in the
millisecond range@16#, significantly longer than the maxi
mum delay time between ionizing pulses in this experim
~3.24 ms!. Within this waiting period, treating the Rydber
electron as a spectator and employing the electric dipole
lection rules for parity that only even↔odd and for angular
momentum thatDJ50,61, and the ionic cores with the ex
ception of the 5s25p45d 4D7/2, 5s25p45d 4F9/2, and the
5s25p45d 2F7/2 will fluoresce to the 5s25p5 2P1/2,3/2 ionic
states. These three states exhibit the shortest effective
times of the observed states and suggest the core remai
an excited state for several microseconds, during which t
there is an increased probability of autoionization, the res
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2908 PRA 59SHIELL, EVANS, STIMSON, HSU, NG, AND HEPBURN
of which is observed as a decrease in Rydberg state pop
tion. It is unlikely that the emission of radiation due
an electric-dipole forbidden transition within these ion
cores perturbs their Rydberg electrons, causing an observ
decay of Rydberg states, as fluorescence of the ionic
has been shown to have little effect in other species on
detection of high principal quantum number states@31#. Ad-
ditionally we expect the other ionic cores to fluoresce,
only difference being a significantly shorter time scale. T
effect of collisional ionization is expected to be largely ind
pendent of the particular state formed and in this experim
the density of background gas is the same at the thresh
for all ionic states. Studies on argon have demonstrated
ticeable ion density effects, showing a decay of states w
high n and a stabilization of states with lown for spectra
taken at high ion densities relative to those obtained at lo
densities@32#. The ion density in our experiment is approx
mately 200 cm23, lower by 105 than those investigated b
Martin et al. @32#. To investigate any effect due to surroun
ing ions or Rydberg atoms, scans of the 5s25p45d 4D5/2 and
4D7/2 states were taken while varying the background pr
sure in the chamber over a factor of 5, with results shown
Fig. 4. The ratio of the observed signals for each st
is essentially constant as the gas flow into the cham
is reduced, down to a background pressure as low
2.131026 Torr.

The effective lifetimes of the 5s5p6 (2S1/2) nl and all
5s25p46s (2S11LJ) nl states are observed to be greater th
6 ms, in contrast to the majority of manifolds of Rydbe
states that converge onto the 5s25p45d (2S11LJ) core. With
the exception of the4D5/2 state, all the remaining observe

FIG. 4. The results of a pressure study on the obser
5s25p(3P)5d 4D5/2 and 4D7/2 intensities taken with the pulse
field applied every two ring periods. As the background pressur
the chamber was reduced through 1.431025, 131025, 7.4
31026, 4.831026, and 2.131026 Torr, the intensities of both
peaks decreased monotonically, with the ratio of the peaks rem
ing unchanged.
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Rydberg states that are associated with this ionic core s
effective lifetimes in the range from 0.8–4ms. From Fig. 4
we conclude that these are insensitive to the backgro
pressure in the chamber and the density of ions in the in
action volume, implying a selectiveintra-atomic phenom-
enon is being observed—that of an interaction between
Rydberg electron and the ionic core. Those states assoc
with a core of largestJ exhibit the shortest lifetimes and th
two states withJ5 7

2 show very similar values. It is not pos
sible to conclusively deduce the exact mechanism behind
different decay rates observed, but a decrease in signal d
interaction of the Rydberg electron with an excited ionic co
is generally consistent with the results. The 5s25p45d states
are expected to have an outer electron which is on ave
more distant from the nucleus and therefore more likely
interact with the high-lying Rydberg electron, resulting in
loss of high Rydberg states through autoionization. In
meantime, the emission of radiation from the ionic co
could be investigated by more extended fluorescence exp
ments at this energy range. Emision from the eight io
states with electric dipole allowed transitions to the 5s25p5

spin-orbit states within our energy range has been obse
under discharge conditions@15# but more quantitative work
remains to be done.

V. CONCLUSIONS

We have verified the positions and determined the rela
intensities for formation of ten xenon correlation satellit
formed at threshold 23.6–24.9 eV, both increasing the nu
ber of observed states from our previously published res
@10# and obtaining effective lifetimes for the manifold o
Rydberg states converging to each of these limits. The h
resolution technique of PFI-ZEKE photoelectron spectr
copy has allowed determination of the partial cross secti
at threshold and provides a stringent test for the compar
of theoretical predictions. The effective lifetimes are seen
be independent of pressure but depend upon the quan
state of the ionic core, with five of the six manifolds o
Rydberg states associated with the 5s25p45d core having a
shorter lifetime than those converging onto the 5s25p46s
core. Those cores withJ5 5

2 and 7
2 are not allowed to relax

by an electric dipole transition and exhibit the shortest li
times, suggesting an increased decay of Rydberg popula
through autoionization. We expect to extend these studie
other atomic systems, and to higher-lying satellite states
the near future.
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