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High-resolution photoionization spectra following single-photon excitation from the1S0 ground state have
been recorded for the seven most abundant isotopes of xenon in the range between the first2P3/2 and the
second2P1/2 ionization thresholds. Accurate values for the ionization energiesVions

2P1/2d and isotope shifts
have been derived enabling the determination of the spin-orbit splitting in Xe+ with an unprecedented accuracy.
The narrow bandwidth of the vuv lasers250 MHzd has enabled the resolution of the hyperfine structure of the
autoionizingns8 series of129Xe and131Xe in the range of principal quantum numbern=30–150. Multichannel
quantum defect theorysMQDTd has been extended to treat the hyperfine structure of autoionizing Rydberg
series and to derive the hyperfine structure of the2P1/2 state of the singly charged ion. The MQDT analysis
demonstrates the possibility of producing ions in selected hyperfine states by photoionization and enables the
characterization of the combined effects of the spin-orbit and hyperfine autoionization.
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I. INTRODUCTION

The role of nuclear spin in chemical reactions is well
understood in terms of symmetry selection rulesf1g. In mo-
lecular photoionization, these imply the conservation of
nuclear spin symmetryf2,3g. Further dynamical effects of the
nuclear spins in the photoionization of atoms and molecules
have so far received little attention because the ionization
channels associated with distinct hyperfine levels of the ions
have not been resolved. The progress in high-resolution laser
spectroscopy over the past years has been such that very high
Rydberg statessup to n=200 and beyondd can now be re-
solved even in the extreme ultravioletf4g, where a resolution
of about 250 MHz has been achievedf5g. At this resolution,
the hyperfine structure of Rydberg states can be observed and
represents a valuable source of information on the hyperfine
levels of the ion to which the Rydberg electron is attached
and on the photoionization dynamics. In parallel to the ex-
perimental efforts, multichannel quantum defect theory
sMQDTd f6–9g has been extended to treat the hyperfine
structure of bound atomic and molecular Rydberg states
f10–12g and has provided a theoretical framework to deter-
mine ionic hyperfine structures from extrapolation of Ryd-
berg series. This method has been successfully applied to
derive the hyperfine structure of the ground state of83Kr+

f11g and ortho-H2
+ f12g. The desire to understand the role of

nuclear spin in photoionization and to extend the experimen-
tal and theoretical investigation of the hyperfine structure of
bound Rydberg states to autoionizing states has motivated
the present combined experimental and theoretical analysis
of the Rydberg spectrum of Xe.

In atomic and molecular physics the process of autoion-
ization is classified as electronic, vibrational, spin-orbit, or
rotational according to the type of energy that is transferred
from the ionic core to the Rydberg electronsrather than ac-

cording to the type of interaction responsible for the ioniza-
tiond f13,14g. This nomenclature implies the name “hyperfine
autoionization” for the autoionization process by which the
hyperfine energy of the core is transferred to cause ioniza-
tion. An important goal of the present work was to study this
process of hyperfine autoionization on the basis of hyperfine
resolved spectroscopic data. Figure 1 contrasts spin-orbit
autoionization encountered in theI =0 xenon isotopes and
which leads to the well-known Beutler-Fano profilesf15,16g
of the autoionization region of the xenon spectrum between
the2P3/2 and2P1/2 ionization limitsfFig. 1sbdg with the quali-
tatively different situation that arises in the isotopes of xenon
with I Þ0 f129Xe, I =1/2, seeFig. 1sdd, and131Xe, I =3/2g.

In the I =0 isotopes, autoionization results in a change of
spin-orbit state of the ionic core, whereas in theI Þ0 iso-
topes, the autoionization may involve either a change of
spin-orbit core state, hyperfine core state, or both. The auto-
ionization region aroundn=68 depicted in Figs. 1sbd and
1sdd, as obtained in the present study, reveals a completely
different spectral structure for theI Þ0 isotopes. To our
knowledge, this autoionization structure of theI Þ0 isotopes
of xenon has not been observed or discussed in the literature
despite the fact that the spectral resolution required for its
observation would have been available.

In particular we address here the following questions:sid
Is pure hyperfine autoionization, i.e., a process in which the
ionization is solely accompanied by a change of the hyper-
fine state of the ion core, allowed?sii d What are the propen-
sity rules sDJ+,DF+d describing the energy flow between
core and Rydberg electron in the autoionization region of the
I Þ0 isotopes of Xe?siii d Can such propensities, if they ex-
ist, be exploited to prepare ions in selected hyperfine states,
with possible applications in ion-trap loadingf17g and quan-
tum computingf18g?

To answer these questions, we combine high-resolution
spectroscopy and MQDT to describe the influence of the
nuclear spin on the structure and dynamics of the states em-
bedded in the autoionization continuum and to predict the*Author to whom correspondence should be addressed.
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branching ratios for ionization into the fine and hyperfine
structure components accessible at a given photoionization
energy. The MQDT model also enables a discussion and a
characterization of the mechanism responsible for the pro-
cess of hyperfine autoionization.

The autoionization resonances of xenon between its first
s2P3/2d and seconds2P1/2d ionization thresholds have been
observed by Beutlerf15g and understood in the light of a
theoretical contribution by Fanof16g. Since then, this region
of the xenon spectrum has been thoroughly studied both ex-
perimentallyf19–22g and theoreticallyf6,23g. The ab initio
prediction of the line shapes of the lowest autoionizing reso-
nances remains a challenge up to present day and continues
to stimulate theoretical effortsf24,25g. The experimental
methods include energy-loss spectroscopyf19g, single-
photon f20–22g, and three-photon spectroscopyf26g of the
odd paritysJ=1 and 3d series and two-photon excitation ofs
series withJ=0, 1 andd series withJ=1, 2, 3 from meta-
stable levelsf27g. MQDT analyses have been performed for
the bound levels and the first autoionization resonancessodd-
parity,
J=1d f6,19g, for the boundd and autoionizings8 levels
with J=0 f28g, and for the odd-parity bound levels withJ
=0, 2, 3f29g.

The hyperfine structure and isotope shifts of bound levels
of xenon have been studied to characterize the multipole mo-
ments of the hyperfine interaction and the nuclear structure
f30–33g. The hyperfine structure of several excited states of
Xe+ has also been studied experimentallyssee, e.g., Ref.f34g
and references thereind and theoreticallyf35g but, to our
knowledge, the hyperfine structure of the two spin-orbit
components of its2P ground state has not been determined.

Xenon represents an ideal model system for the investi-
gation of the hyperfine structure in the autoionization con-
tinuum becausesid the magnetic dipole hyperfine constants
A1/2 of the 2P1/2 state of129Xe+ and131Xe+ are large,sii d the
spectrum of the isotopes with zero nuclear spin has been
analyzed in detail by MQDT, andsiii d two isotopes with
different nuclear spin are observable in a single experiment.
In addition, a measurement of the hyperfine structure of the
2P1/2 level can be used to derive an improved value of the
spin-orbit splitting in the2P ground state of Xe+.

This paper is structured as follows: Sec. II provides a
short description of the experimental procedure. The MQDT
formalism describing the hyperfine structure of bound Ryd-
berg states is briefly reviewed and extended to describe the
autoionizing region of the spectrum in Sec. III. Section IV
provides an analysis of the spectra of the isotopes with zero
nuclear spin, which enabled the derivation of an accurate
value of the spin-orbit splitting in Xe+. It also summarizes
the analysis of the hyperfine structure in the spectra of129Xe
and131Xe from which values for the magnetic dipole hyper-
fine constantsA1/2 for 129Xe+ and131Xe+ could be derived. In
Sec. V, the results are discussed and predictions are made
concerning the production of ions in selected hyperfine states
by photoionization. Finally, the mechanism underlying the
phenomenon of hyperfine autoionization is discussed and
shown to be analogous to that responsible for spin-orbit auto-
ionization.

II. EXPERIMENT

The spectra have been recorded using a narrow bandwidth
s250 MHzd tunable vuv laser system coupled to a photoion/
photoelectron time-of-flightsTOFd mass spectrometer. The
main aspects of our experimental procedure have been de-
scribed in detail earlierf5,36g and are only briefly summa-
rized here.

vuv radiation is generated by two-photon resonance-
enhanced sum-frequency mixingsnvuv=2n1+n2d in Kr using
the s4pd55pf1/2g0← s4pd61S0 two-photon resonance at 2ñ1

=94 092.9 cm−1. To achieve a near-Fourier-transform-
limited vuv bandwidth, two pulsed-amplified cw ring dye
lasers are used as input beams to the nonlinear frequency
up-conversion process. The vuv radiation is separated from
the fundamental beams in a vacuum monochromator. The
separation is achieved by a toroidal dispersion grating which
also recollimates the diverging vuv beam and redirects it
towards a photoexcitation-photoionization chamber equipped
with a linear TOF mass spectrometer. The vuv wave number
is calibrated to an absolute accuracy of 0.016 cm−1 following
the procedure described in Ref.f36g which involves the sta-
bilization of the wave number of the first laser. The wave

FIG. 1. Schematic energy-level diagram of the autoionizing
Rydberg series of132Xe sad and129Xe scd. The full arrows represent
the process of spin-orbit autoionization that leads in both cases to
an ion in the2P3/2 state. The dotted arrows in panelscd represent
hyperfine autoionization processes. Panelssbd andsdd show the ob-
served photoionization spectra of132Xe sbd and 129Xe sdd in the
region aroundn=68. Panelsbd shows the well-known Beutler-Fano
profiles, whereas the spectrum in panelsdd is qualitatively different,
because of additional interactions with the nuclear spinsI =1/2 of
129Xed.
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number of the second laser is calibrated by recording absorp-
tion spectra of molecular iodine in an oven heated to 600 °C
and comparing them to spectra simulated with the program
IODINESPECf37g.

Xenon gassPangas, spectroscopic grade purityd is used
without further purification and is introduced into the spec-
trometer in a pulsed skimmed supersonic expansion. The xe-
non gas jet is crossed at a right angle by the vuv laser beam
in the middle of an array of resistively coupled cylindrical
extraction plates. The photoexcitation region and the TOF
mass spectrometer are surrounded by a double layer of Mu-
metal shielding. Under the experimental conditions used to
record the photoionization spectra of the high Rydberg states
of xenon, dc and ac Stark shifts are negligible for the Ryd-
berg states with principal quantum number between 30 and
150 used in the MQDT analysis.

Spectra of the autoionizing Rydberg states located below
the 2P1/2 ionization threshold were recorded by monitoring
the photoionization yield as a function of the vuv wave num-
ber. The ions were extracted towards a microchannel plate
detector located at the end of the TOF tube by a pulsed
electric field of 88 V/cm amplitude and 1ms duration which
was applied 1ms after the vuv laser pulse so that photoex-
citation could take place under field-free conditions. Spectra
of the different isotopes were obtained by placing temporal
gates at the corresponding positions in the TOF spectrum.
Photoionization spectra with a satisfactory signal-to-noise ra-
tio could be obtained for the isotopes128-132,134,136Xe but not
for 124Xe and 126Xe. The wave-number range covered in
these experiments extends from 108 275 cm−1 to
108 371 cm−1. A low efficiency in the resonance-enhanced
sum-frequency mixing prevented the recording of spectra in
the region between 108 315 cm−1 and 108 340 cm−1.

III. MQDT OF THE HYPERFINE STRUCTURE OF
AUTOIONIZING RYDBERG STATES OF XENON

In a previous publication, an MQDT model was devel-
oped to analyze the hyperfine structure of bound Rydberg
states of the rare-gas atoms and used to quantitatively ac-
count for the Rydberg spectrum of83Kr below the2P3/2 ion-
ization limit and determine the hyperfine structure of83Kr+ in
its 2P3/2 ground statef11g. In the following, this formalism is
briefly reviewed and extended to treat the hyperfine structure
of autoionizing Rydberg states of the rare-gas atoms.

MQDT relies on a partitioning of space into two regions.
At short electron-core distances, the so-called close-coupling
region, the interactions between the ion core and the Rydberg
electron are dominated by electrostaticsincluding exchanged
interactions. The following angular momentum coupling hi-
erarchy provides an adequate description of the close-
coupling eigenchannelsf6g:

LW+ + ,W = LW ; SW+ + sW = SW ; LW + SW = JW,JW + IW = FW , s1d

whereLW+ andSW+ represent the orbital and spin angular mo-

menta of the ionic core,,W and sW the corresponding angular

momenta of the Rydberg electron, andIW the nuclear spin. The
parameters characterizing the interactions in the close-

coupling region are the eigenquantum defectsma which are
assumed to be unaffected by the hyperfine interactions and
can thus be taken from an analysis of theI =0 isotopesf11g.
The choice of this coupling scheme for the description of the
close-coupling channels is equivalent to a neglect of the
spin-orbit and hyperfine interactions in the core. This choice
is further discussed in Sec. V.

At large electron-core distances, the electron interacts
only weakly with the core. In this region, the dissociation
channels can be described by the following angular momen-
tum coupling scheme:

LW+ + SW+ = JW+, JW+ + IW = FW +; ,W + sW = jW, FW + + jW = FW , s2d

whereJW+ and FW + represent the electronic and total angular
momenta of the ionic core, respectively. The dominant inter-
action in the ionic core is the spin-orbit coupling which leads
to an energy splitting between the2P3/2 and2P1/2 levels, that
is several orders of magnitude larger than the splittings in-
duced by the hyperfine interactions. Under the assumption
that the mixing of the2P3/2 and2P1/2 spin-orbit components
of the ion by the hyperfine interactions is negligible, the
hyperfine structure of the two spin-orbit components can be
treated separately and expressed as a function of the mag-
netic dipole and electric quadrupole hyperfine coupling con-
stantsAJ+ and BJ+ f38g sBJ+=1/2=0 for the 2P1/2 spin-orbit
leveld:

ñsJ+,F+d = ñJ+ + AJ+
C

2
+ BJ+

3

4
CsC + 1d − IsI + 1dJ+sJ+ + 1d

2Is2I − 1dJ+s2J+ − 1d
,

s3d

where

C = F+sF+ + 1d − IsI + 1d − J+sJ+ + 1d. s4d

In Eq. s3d, ñJ+ represents the wave number of the photoion-
ization transition to the center of gravity of the hyperfine
structure for each of the two spin-orbit2PJ+ components
sJ+=1/2, 3/2d. The dissociation channels are hence charac-
terized by a pair of intermediate quantum numbersJ+ andF+

designating each ionization threshold.
The parameter characterizing a closed dissociation chan-

nel i built on an ionic core with intermediate quantum num-
bersJ+ andF+ is the effective quantum number

ni =Î RM

ñJ+F+ − ñ
. s5d

The analytical frame transformation

Uia = kLSJFuJ+F+jFl s6d

between the bases of theLSJF-coupled eigenchannels and
the J+F+jF-coupled dissociation channels was derived using
angular momentum algebrafsee Eq.s17d of Ref. f11gg.
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If the total energy of the system lies below the lowest
ionization energy, all channels are closed and the positions of
bound Rydberg states are obtained by requiring the wave
functions to vanish at an infinite ion-electron distancer. This
condition translates into the equation

o
a

Uiasinfpsma + nidgAa = 0, s7d

where theAa are the expansion coefficients of the radial part
of the Rydberg electron wave function in the basis of the
close-coupling eigenchannels. This equation has nontrivial
solutions when

detuUiasinfpsma + nidgu = 0. s8d

If the total energy lies between the lowest and the highest
ionization energy included in the MQDT model, some disso-
ciation channels are closed. The ensemble of closed channels
is denotedQ whereas the ensemble of open channels is la-
beledP. In this region of the spectrum, the boundary condi-
tion requires that the closed-channel wave functions remain
finite for r →` and that the open-channel wave functions
behave at larger as collision eigenfunctions of the open
channels, labeledr, with a phase shifttr. The following set
of equations is obtained from these boundary conditions:

o
a

Uiasinfpsma + nidgAa = 0 for i P Q, s9d

o
a

Uiasinfps− tr + nidgAa = 0 for i P P, s10d

and the corresponding compatibility condition is solved in
the form of a generalized eigenvalue problemf39g.

For each value of the total energy in the autoionization
region there are as many solutionstr and associated vectors
of expansion coefficientsAr as open channels. These coeffi-
cients are obtained in a single step by solving the equation

GAr = tansptrdLAr, s11d

where

Gia = HUiasinfpsni + madg for i P Q

Uiasinspmad for i P P,
J s12d

Lia = H0 for i P Q

Uiacosspmad for i P P.
J s13d

The single-photon excitation to a dissociation channeli is
described as the excitation into eigenchannelsa, followed by
an expansion in a basis of collision eigenfunctionsr, which
are projected onto the dissociation channelsi. The partial
photoionization cross sections are obtained as a coherent
sum over contributions from the collision eigenfunctionsr of
all open channels. Each contribution is the product of an
excitation amplitude, which depends on the close-coupling
eigenchannel characterAa

r of r, a phase factor which con-
tains the Coulomb phase and the phase shift of the collision
function tr, and the projectionki url of the collision eigen-
functionr onto the dissociation channeli. The partial photo-
ionization cross section into a particular channel thus de-

pends on sid the importance of excitable close-coupling
eigenchannel in the collision function,sii d the strength of the
channel coupling given byki url, andsiii d the collision phase
shifts tr. The partial photoionization cross section for the
generation of an ion in the state labeled by the quantum
numbersJ+ andF+ is given byf40g

sJ+F+ ~ vo
F

WF o
iPPJ+F+

uDsi,Fdu2, s14d

wherev is the energy of the incident photon andDsi ,Fd is
the reduced dipole matrix element for the photoionization
from the ground state.WF is a weighting factor that accounts
for the multiplicity of the levels accessed by photoexcitation
from the1S0 ground statef41g,

WF =
2F + 1

2I + 1
. s15d

The total photoionization cross section is given by

stot = o
J+F+

sJ+F+. s16d

The reduced dipole matrix element can be expressed as a
function of the MQDT parametersf40g,

Dsi,Fd = o
r

eissi−p,i/2dki urleiptro
a

Aa
rDa

Nr

, s17d

wheresi ,ki url andNr are defined as

si = argFGS,i + 1 − iÎ RM

ñ − ñi
DG , s18d

ki url =

o
a

Uiacosfps− tr + madgAa
r

Nr

, s19d

Nr
2 = o

iPP
So

a

Uiacosfps− tr + madgAa
rD2

. s20d

The electric dipole transition amplitudesDa were taken from
Ref. f6g to be Dsp5dd1P1

/Dsp5sd1P1
=5 andDa=0 for all other

channels, independently of the value ofF.

IV. RESULTS

A. Photoionization spectra of the xenon isotopes with zero
nuclear spin

The photoionization spectra of the xenon isotopes with
zero nuclear spin are characterized by two seriesns8f1/2g1

andnd8f3/2g1 converging to the2P1/2 state of the ion. These
spectra are usually analyzed with the effective two-channel
formalism derived from MQDTf42g, which represents the
photoionization spectrum by the expression

s = sas
ses + qsd2

ses
2 + 1d

+ sad
sed + qdd2

sed
2 + 1d

+ sb, s21d

where
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e, =
tanfpsnJ+ + m,dg

W,

. s22d

In Eq. s21d, sa, andsb are the resonant and nonresonant
contributions to the photoionization cross section,m, ,q,, and
W, are the quantum defect, the quality factor, and the line-
width parameter for then,8 resonances, andnJ+ is the effec-
tive quantum number with respect to the2PJ+ threshold.

The photoionization spectra of128Xe,130Xe,132Xe,134Xe,
and 136Xe were analyzed by numerically fitting Eq.s21d to
the experimental photoionization spectra in the rangen1/2
<33–42 andn1/2<60–92 to extract accurate ionization en-
ergies2P1/2 for the five xenon isotopes as well as line-shape
parameters for thend8f3/2g1 resonances. The experimental
spectra were recorded with a step size of 100 MHz and all
points were used in the fitting procedure. Unambiguous line-
shape parameters for thens8f1/2g1 resonances could not be
obtained because the bandwidth of the laser and residual
Doppler broadeningstogether about 0.01 cm−1d contribute
significantly to the spectral linewidth at the highn values of
interest in the present study.

The value of the ionization energies were also derived
independently by determining the central position of everys8
and d8 resonance in the rangen1/2<33–42 and n1/2
<60–110 and extrapolating the series to infinity using Ryd-
berg’s formula. The values obtained in both procedures
agreed within the statistical uncertainties of the fitss1s

=0.002 cm−1d. The ionization potential2P1/2 and the line-
shape parameters of thed8 resonances for132Xe are listed in
Table I. Table II summarizes the isotopic shifts of the ioniza-
tion energy for all other isotopes relative to that of132Xe as
obtained in the procedure described above.

The value ofs108 370.668±0.016d cm−1 for the2P1/2 ion-
ization energy derived in this study is in agreement with the
value ofs108 370.8±0.2d cm−1 obtained by Yoshinof21g but
not with the more recent value ofs108 370.82±0.05d cm−1

determined by Kortynaet al. f22g. The accuracy of the iso-
tope shifts of the ionization energy is limited by the statisti-
cal uncertaintys1s=0.002 cm−1d of the fitting procedure.
These isotope shifts agree, within the uncertainties of the
respective determinations, with the values determined for the
2P3/2 ionization energy by Brandiet al. f33g. The present
results enable a determination of the spin-orbit splitting in
Xe+ to s10 536.879±0.019d cm−1, which is isotope indepen-
dent within the precision of our measurements. This value is
compatible with the previous result of Yoshino and Freeman
f21g but is an order of magnitude more precise.

B. Photoionization spectra of129Xe and 131Xe

This subsection describes the experimental spectra of the
xenon isotopes withI Þ0 and their assignment. The assign-
ments were made on the basis of MQDT simulations in an
iterative procedure in which the MQDT parameters were re-
fined and the assignments improved until a fully satisfactory
agreement between MQDT predictions and experimental re-
sults was reached. The optimal MQDT simulations are al-
ready presented here together with the experimental results
in the figures and, when necessary, also used to explain the
experimental observations, although the fitting of the MQDT
parameters is only discussed in the next subsectionsSec.
IV Cd.

129Xe has a nuclear spinI =1/2. A total of 6 s and 11d
channels withF=1/2 or F=3/2 are accessible following
single-photon excitation from the1S0 ground state. Because
of J mixing induced by the hyperfine interaction, the eigen-
channels withJ=0, 1, or 2 are required for the description of

TABLE I. 2P1/2 ionization energyEions
2P1/2d, quantum defects,

and line-shape parameters ford8 resonances obtained from numeri-
cal fits of Eq.s21d to the photoionization spectrum of132Xe in the
rangesn1/2<33–42 and 65–92.

This work Literature

Eions
2P1/2d / shc cm−1d 108 370.668±0.016 108 370.8s2d f21g

md 0.333s5d 0.323–0.335f20g
Wd 0.28s3d 0.245–0.260f20g
qd 1.38s10d 1.40–1.53f20g

TABLE II. Isotope shifts of the2P1/2 ionization energy relative to the position of the most abundant
isotope132Xe. The ionization energies of the even mass number isotopes were derived in a least-squares
fitting procedure of Eq.s21d to the photoionization spectra, and those for the odd mass number isotopes from
the MQDT fit. These isotope shifts are compared to those determined at the2P3/2 threshold by Brandiet al.
f33g.

A fEions
2P1/2ds

AXed−Eions
2P1/2ds

132Xedg / shc cm−1da fEions
2P3/2ds

AXed−Eions
2P3/2ds

132Xedg / shc cm−1db

128 −0.0110s20d −0.0134s30d
129 −0.0094s30dc −0.0122s30d
130 −0.0057s20d −0.0062s30d
131 −0.0030s30dc −0.0067s30d
132 0 0

134 +0.0055s20d +0.0060s30d
136 +0.0121s20d +0.0150s30d
aThis work.
bSee Ref.f33g.
cFrom MQDT analysis.
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the spectrum of129Xe. The fine and hyperfine structure of
129Xe+ as it was determined from the analysis of the Rydberg
spectrumssee belowd is shown schematically on the left side
of Fig. 2sad which also lists all possible values of the
J+,F+,,, and j quantum numbers of the optically accessible
dissociation channels. There are 3s series and 4d series
converging to the2P1/2, F+=0, 1 ionic states instead of 1s
and 1d series in the case of the isotopes with zero nuclear
spin.

The situation is more complex in131Xe sI =3/2d, where a
total of 10s and 29d channels withF=1/2, 3/2, or 5/2 are
needed to describe the photoionization spectra obtained fol-
lowing single-photon excitation from the1S0 ground state.
Close-coupling eigenchannels withJ=0, 1, 2, 3, and 4 con-
tribute to the spectrum, and 4s and 11d series converge to
the 2P1/2, F+=1, 2 ionic states. The ionic level structure is
shown schematically in Fig. 2sbd together with the quantum
numbers of all dissociation channels.

The low-lying Rydberg states 5øn1/2ø30 are split by the
hyperfine interactions but the observed resonances can still
be classified in the extendedjK-coupling schemefEq. s23dg
in analogy to the situation encountered in the isotopes of
zero nuclear spin,

LW+ + SW+ = JW+,JW+ + ,W = KW ;KW + sW = JW,JW + IW = FW . s23d

Accordingly, the low-lying Rydberg states can be labeled
in n,8fKgJsFd notation. In the high Rydberg states withn1/2

ù65, the Rydberg electron angular momentum,W is decou-

pled from the core electronic angular momentumJW +. In this
range, the Rydberg series are characterized by a well defined
ionic hyperfine state. The coupling scheme appropriate for
this situation is given in Eq.s2d and is the one that was
chosen for the dissociation channels.

The photoionization spectra of132Xe sad, 131Xe sbd, and
129Xe scd in the region of effective principal quantum number
n1/2<37 are displayed in Fig. 3. The spectrum of132Xe sad
consists of the characteristic and well-known broad
39d8f3/2g1 and sharp 41s8f1/2g1 resonances. The spectra of
the Fermionic isotopes reveal additional features that have
their origin in hyperfine interactions. Two sharp resonances
are observed in both spectra that can be assigned with the
help of the MQDT simulation to distinct hyperfine compo-
nents ofs8 resonancesssee belowd. In the spectrum of131Xe,
the lower sharp line consists of two overlappings8 reso-

FIG. 2. Schematic energy-level diagram of the2P ground state
of 129Xe+ sad and131Xe+ sbd. The wave numbers given on the left of
the diagram correspond to the2P1/2←1S0 ionization energies and
the wave numbers on the right represent the spin-orbit and hyper-
fine splittings determined in the present study. The tables list the
total angular momentum quantum numberF of all s and d disso-
ciation channels associated with the2PJ+,F+ ionic states.

FIG. 3. Experimental relative photoionization cross section of
xenon in the region of the 39d8f3/2g1 state ssolid lined and its
MQDT simulation sdotted lined for sad 132Xe, sbd 131Xe, and scd
129Xe.
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nances withF=3/2 and 1/2,that belong to series converg-
ing on the2P1/2, F+=1 ionic level, whereas the higher sharp
line corresponds tos8 resonances withF=3/2 and 5/2 be-
longing to series converging on the2P1/2, F+=2 ionic level.
The situation is similar for129Xe where the lower line is a
superposition of twos8 resonances withF=3/2 and 1/2that
belong to series converging on the2P1/2, F+=1 level of
129Xe+ and the higher line is a singles8 resonance belonging
to a series that converges on the2P1/2, F+=0 ionic level.

The photoionization spectra of131Xe and 129Xe also re-
veal a secondd8 resonance on the low wave-number side of
the maind8 line. This second line, assigned to the transition
to the 39d8f3/2g2 level, originates from the relaxation of the
selection rule onDJ resulting from the fact that the total

angular momentumFW is the conserved quantity in the pres-
ence of nuclear spin.

At higher values of the principal quantum number, the
spectra of129Xe and131Xe begin to differ markedly from the
spectrum of132Xe and from each other as illustrated in Fig. 4
where the spectra of132Xe sad, 131Xe sbd, and 129Xe scd
aroundn1/2<65 are compared. The reason for this behavior

is thatJ mixing is almost complete aroundn1/2<65, so that
thend8f3/2g2 resonances become as intense as thend8f3/2g1
resonances. In Fig. 4, the resonances are labeled by the, and
F values of the most significant contribution according to the
MQDT simulations.

The nuclear spins have the following effects on the photo-
ionization spectra of129Xe and 131Xe as compared to the

isotopes with zero nuclear spin: First,FW and notJW is the
constant of motion in the presence of nuclear spin, and there-
fore additionalnd8 resonances are observed aboven1/2<30
that can be assigned toJ=2 with a weakJ=3 contribution
fsee, e.g., Fig. 3sbdg. Aroundn1/2<65, J mixing is complete
and nearly equally intensed8 resonances are observed for
both J=1 andJ=2 sFig. 4d. The integrated intensity of the
nd8f3/2g2 resonances, however, is weaker in the case of
131Xe than it is in129Xe, reflecting the weaker hyperfine in-
teraction in the ionssee Table IV belowd. Second, the uncou-
pling of the Rydberg electron from the core leads to the
observation of series that converge on different hyperfine
states of the ion. Strong perturbations of line positions and
intensities arise when Rydberg states converging on different
ionic states become nearly degenerate. The hyperfine inter-
action between quasibound states of the same total angular
momentumF but different principal quantum numbers then
induces a strong mixing of these states that causes intensity
alterations in the spectrum.

These effects are illustrated by the MQDT calculations
presented in Fig. 5, which displays the predicted photoion-
ization cross section associated with theF=3/2 channels of
129Xe fFig. 5sadg and the fractional part of the effective quan-
tum numbernJ+=1/2,F+=1 fFig. 5sbdg of thes8 and the threed8
quasibound levels plotted againstn1/2,1. Thes8 series and two
of thed8 series have a constant quantum defect and therefore
correspond to channels that are built on a2P1/2, F+=1 core.
The remainingd8 series converges to the higher2P1/2, F+

=0 state of the ion and therefore regularly traverses the other
series, leading to a series of avoided crossings. In order to
understand the intensity distribution in the spectrum, the se-
ries must be correlated with close-coupling channels at low
values of the effective quantum number 5ønJ+=1/2,F+=1ø30.
Figure 5 reveals that thed8 series converging to the higher
2P1/2, F+=0 state of the ion carries the intensity in the low-
energy part of the spectrum. Indeed this series correlates at
low n with the p5d,1P1 channel, which is the onlyd channel
carrying intensityfsee the left-hand side of Fig. 5sbdg. A very
similar situation is also encountered for the131Xe isotope
ssee discussion of Fig. 6 belowd.

As a consequence of the angular momentum uncoupling
that takes place at highern values, the intensity spreads from
the J=1 d8 series into the lower of the twod8 series associ-
ated with aJ=2 close-coupling channelfsee Fig. 5sbdg. As
observed experimentallyssee Fig. 6d, the intensity of thed8
series converging on the2P1/2, F+=1 level vanishes at the
position of the avoided crossings because the hyperfine in-
teraction between the series leads to a very smallp5d 1P1
character.

In the photoionization spectrum of129Xe fsee Fig. 6sadg,
two strongd8 seriessnd8f3/2g1 andnd8f3/2g2d are observed,
the former converging to theF+=0, the latter to theF+=1

FIG. 4. Experimental relative photoionization cross section of
xenon in the region of the 66d8f3/2g1 state ssolid lined and its
MQDT simulation sdotted lined for sad 132Xe, sbd 131Xe, and scd
129Xe.
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FIG. 5. MQDT simulation of
the contribution to the photoion-
ization cross section of129Xe from
s8 and d8 series withF=3/2 sad
and effective quantum numbers
nJ+=1/2,F+=1smod 1d of the quasi-
bound states corresponding to the
four F=3/2 seriessbd. The dots
lying on a line on top ofsbd cor-
respond to thes8 series, while the
others belong to thed8 series. The
abscissa is the effective quantum
numbern1/2,1.

FIG. 6. Experimental relative
photoionization cross sectionsup-
per traced and its MQDT simula-
tion slower traced of 129Xe sad and
131Xe sbd, in the region of effec-
tive quantum number n1/2

=100–150. The photoionization
profiles calculated by MQDT have
been convoluted with a Gaussian
of full width at half maximum
0.011 cm−1 in order to account for
the finite bandwidth of the vuv
laser.
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ionic hyperfine levels. The intensity of the second series van-
ishes at the positions where its members become degenerate
with members of the first series. This is the case when the
hyperfine splitting of two ionic levelsDEF+,F++1 becomes
equal to the spacing between the Rydberg statesn andn+k
f43g, a condition that can be expressed as

DEF+,F++1 < k
2RM

n3 , s24d

with F+=0 for the2P1/2 ionization limit of 129Xe. Successive
positions of near degeneracy and the correspondingk values
are indicated by vertical arrows in Fig. 6. In the spectra of
129Xe fFig. 6sadg, thesen-mixing perturbations induced by
the hyperfine interactions are observed up tok=5. They are
more sparse in the spectrum of131Xe because of the smaller
splitting between theF+=1 and 2 hyperfine levels of131Xe+

and occur only fork=2 and 3 in the spectrum of Fig. 6sbd.
Comparable intensity alterations have also been observed in
the spectrum of the high bound Rydberg states of83Krsn
ù100d f11g. The effects discussed above can be understood
in a simple physical picture: At the position where the effec-
tive quantum numbers are related bynF++1=nF++k with k
integer, the Rydberg electron orbital period is equal tok

times the precession period ofF+W aroundJ+W which implies
that the Rydberg electron “sees” a core with vanishing hy-
perfine structure. The analogous situation for a rotating mo-
lecular core was described by Labastieet al. f44g

C. Numerical fitting of the MQDT parameters

The adjustable parameters needed for the MQDT simula-
tion of the photoionization spectra are the eigenquantum de-
fectsma, which are assumed to be unaffected by the hyper-
fine interaction, the value of thescenter of gravityd ionization
energies corresponding to the formation of the2P3/2 and
2P1/2 ionic states, the magnetic dipole hyperfine coupling
constants of129Xe+ and 131Xe+, and the electric quadrupole
hyperfine coupling constant of131Xe+. The magnetic octu-
pole hyperfine coupling of131Xe+ is negligible in the present
context.

In the analysis of the spectra the quantum defectsma

available from the literature were adjusted iteratively. First,
an MQDT simulation of the132Xe photoionization spectrum
was undertaken using the different sets of quantum defects
and correspondingUia matrices published in Refs.f6,19,23g,
but none of them reproduced the experimental line shapes in
a fully satisfactory manner, probably because of the energy
dependence of the eigenquantum defects. The only available
channel parameterssJ=1d taking the departure of close-
coupling channels fromLS coupling into account did not
reproduce the spectrum as well as achieved by a simple ad-
justment of the eigenquantum defects inLS representation.
Realizing that too little information is contained in the photo-
ionization spectra alone for a determination of the exact
eigenchannels and eigenquantum defects, we therefore de-
cided to neglect the departure of the close-coupling channels
from LS coupling.

In a first step, the five quantum defectsmasJ=1d were
adjusted manually until a good agreement with the experi-

mental spectra of132Xe was reached. In this adjustment
the ionization energy derived in Sec. IV A was usedssee
Table Id.

With these adjusted eigenquantum defects for theJ=1
channels and initial values for theJ=0 andJ=2 eigenquan-
tum defects estimated from the quantum defect analysis of
Ref. f29g, an MQDT simulation of thens8 photoionization
resonances of129Xe was performed. Thes8 resonances in the
experimental spectra could be assigned on the basis of their
relative intensities and the comparison with the MQDT pre-
dictions. 129Xe possesses twos8 series converging to the
2P1/2, F+=1 ionization limit withF=1/2 andF=3/2 and one
s8 series withF=1/2 converging to the2P1/2, F+=0 level
fsee Fig. 2sadg. The F=3/2 resonances are calculated to be
stronger than those withF=1/2. By inspection of Fig. 3 one
can thus conclude that theF=3/2 levels in 129Xe lie below
theF=1/2 levels. In131Xe, twos8 series converge to each of
the 2P1/2, F+=1 and 2P1/2, F+=2 states with total angular
momentum quantum numbersF=1/2, 3/2 andF=3/2, 5/2,
respectively. The observed intensities indicate that the levels
with F=1/2, 3/2 liebelow those withF=3/2, 5/2.These
observations imply that the magnetic dipole coupling con-
stants of the two isotopes have an opposite sign.

In a nonlinear least-squares fitting procedure of the calcu-
lated positions of theF=3/2 andF=1/2 s8 resonances to
the experimental positions determined in a least-squares fit
using Eq.s21d, a preliminary value of the magnetic dipole
hyperfine coupling constant129A1/2 was derived. In the next
step, the eigenquantum defects of thes channels withJ=0
and J=2 and of thed channels withJ=2 were adjusted
manually in order to reproduce the line shapes and line po-
sitions in the spectrum of129Xe. Finally, the least-squares
fitting procedure of129A1/2 and the ionization energy was
repeated with the improved quantum defects, and a final
value of 129A1/2 f129A1/2=−0.4071s9dcm−1g was derived. At
this stage, a satisfactory agreement between the experimental
spectra and the MQDT simulation was reached, as can be
seen from a comparison of calculated and experimental
traces in Figs. 3, 4, and 6.

A similar procedure was followed to simulate the spectra
of 131Xe where additional eigenquantum defects for theJ
=0, 3, 4d channels were required. It turned out, however,
that theJ=0 andJ=4 eigenquantum defects do not affect the
line shapes and line positions. In fact, no quasiboundd
Rydberg states withJ=0 or J=4 are found between the2P3/2
and 2P1/2 ionic limits, so that theJ=0 and J=4 channels
consist almost exclusively of contributions from open chan-
nels in this region.

The eigenquantum defects obtained in the MQDT analysis
and the values of the magnetic dipole hyperfine constants
A1/2 are listed in Tables III and IV, respectively. The ratio
129A1/2/ 131A1/2 provides a consistency check of the hyperfine
constants. The magnetic dipole constantA1/2 is proportional
to the ratio of the nuclear magnetic momentm and the
nuclear spin quantum numberI, thus 129A1/2/ 131A1/2
=sm129I131d / sm131I129d. The ratio of the constants determined
in this work 129A1/2/ 131A1/2=−3.375s12d corresponds well
to the value 129A1/2/ 131A1/2=−3.373 41 obtained using
the literature values m129=−0.777 977mN and m131

=0.691 861mN from Ref. f45g.

ROLE OF NUCLEAR SPIN IN PHOTOIONIZATION:… PHYSICAL REVIEW A 71, 052504s2005d

052504-9



An accurate determination of the hyperfine structure of
the 2P3/2 state of129Xe+ and131Xe+ following the procedure
of Ref. f11g requires the analysis of the hyperfine structure in
the bound Rydberg series of these isotopes. Unfortunately,
the hyperfine structure has only been resolved for a few low-
lying states with principal quantum numbersn=5–8. The
description of the absolute position of these states requires
one to take into account at least the energy dependence of the
eigenquantum defects. To estimate the hyperfine structure of
the2P3/2 state, we have chosen the highest Rydberg states for
which the hyperfine structure has been resolved, i.e.,
8df3/2g1 and 8df1/2g1 f33g. A fit of the MQDT model to the
hyperfine structure of these states in129Xe and 131Xe pro-
vides a rough estimate of the electric dipole and magnetic
quadrupole hyperfine coupling constantsA3/2 and B3/2. No
fully satisfactory fit could be reached, however, probably be-

cause of the unsatisfactory description of the energy depen-
dence of the quantum defects and the deviation fromLS
coupling. The relative deviations between measured and cal-
culated hyperfine intervals vary between 6% and 40%. The
hyperfine constants are therefore characterized by large un-
certaintiesssee Table IVd.

The comparison of experimental and simulated spectra in
Figs. 3, 4, and 6 demonstrates that the present MQDT model
provides an adequate description of the line positions, line
intensities and line shapes of bothI =0 andI Þ0 isotopes in
the autoionization regions of Xe. The main deviations be-
tween calculated and experimental spectra occur in thes8
resonances which appear more intense and narrower in the
simulations than in the experimental spectra. These devia-
tions can be fully explained by the limited resolution of the
present experiments as already mentioned above. A weak
shoulder on the high-energy side of thes8 resonances in the
spectra of all isotopesssee Fig. 3d is also not accounted for
satisfactorily by the simulations. At present we have no ex-
planation for this structure, and cannot rule out that it is
caused by asDoppler-broadenedd contribution from the
background gas.

V. DISCUSSION

A. Limitations of the present MQDT model

Multichannel quantum defect theory describes the struc-
ture of Rydberg states with an accuracy comparable to the
highest resolution of current spectroscopic methodsf12g.
This theory relies on the description of the interactions in the
limiting coupling cases where the Rydberg electron is very
close to the ionic coresclose-coupling regiond and very far
from the coresdissociation regiond. The inclusion of the
nuclear spin into the MQDT formalism for the rare-gas at-
oms provides an opportunity to reconsider the description of
both coupling cases and to discuss the major approximations.

In the close-coupling region, the electrostatic interactions
sorbit-orbit and exchanged dominate the level structure. An
adequate description is therefore provided byLS coupling.
The orbit-orbit and exchange interactions translate into dif-
ferences in the values of the eigenquantum defects. This de-
scription neglects all other interactions in the core. As was
pointed out by Luf6g, the spin-orbit ands-d interactions lead
to a mixing of the pureLS-coupled channels and can be
accounted for by modifying the transformation matrix and
the quantum defects. For nuclei withI Þ0, an additional
mixing of the close-coupling channels can in principle be
induced by the hyperfine interactions. However, these inter-
actions are so much weaker, in the rare-gas atoms, than the
spin-orbit and exchange interactions, that they can be ne-
glected in excellent approximation in the description of the
short-range eigenchannelsf11g.

In the dissociation region, the dominant interactions are
those in the ionic core, i.e., the spin-orbit and hyperfine in-
teractions. Since the magnitude of these interactions differs
by roughly four orders of magnitude in the2P ground state of
the singly charged rare-gas cations, the coupling case chosen
in Eq. s2d is easily justifiable. Neglecting the hyperfine in-

TABLE III. Term symbols of allLS coupled eigenchannels in-
cluded in the present MQDT model and eigenquantum defects de-
termined by fitting the MQDT model parameters to the experimen-
tal spectra as explained in the text.

Close-coupling channels ma
a

s 3P0 0.015

s 1P1 −0.022

s 3P1 0.0285

s 3P2 0.030

d 3P0 0.545b

d 1P1 0.140

d 3P1 0.615

d 3D1 0.375

d 3P2 0.615

d 1D2 0.544

d 3D2 0.340

d 3F2 0.475

d 3D3 0.360

d 1F3 0.455

d 3F3 0.475

d 3F4 0.475b

aDetermined in this work.
bUnmodified from Ref.f29g.

TABLE IV. Magnetic dipolesAJ+d and electric quadrupolesBJ+d
hyperfine coupling constants for the2PJ+ states of129Xe+ and
131Xe+. The constants for the2P1/2 states were derived from the
MQDT analysis of the present experimental results, whereas the
2P3/2 constants were derived from an MQDT fit using the hyperfine
structure of low-lying bound Rydberg states as detailed in the text.

Isotope A1/2 scm−1d A3/2 scm−1d B3/2 scm−1d

129Xe −0.4071s9d <−0.054s15d
131Xe 0.1206s3d <0.014s5d <0.006s5d

WÖRNERet al. PHYSICAL REVIEW A 71, 052504s2005d

052504-10



duced mixing of the ionic spin-orbit levels is thus expected
to be an excellent approximation.

An exact description ofNs close-couplings and Nd d
channels of the same total angular momentum requires the
determination ofsNs+NddsNs+Nd−1d /2 independent matrix
elements or generalized Euler anglesf6g and their energy
dependence. If thes-d interaction is neglected, this number
reduces toNssNs−1d /2+NdsNd−1d /2. Given that the hyper-
fine induced mixing of the eigenchannels can be neglected
ssee aboved, this number is further reduced because only
close-coupling channels with the same quantum numberJ
are allowed to interact. It is, however, knownf6g that the
numerical fitting of the MQDT parameters to photoionization
spectra does not provide sufficient information to derive a
complete description of the eigenchannels. Indeed, when
several series converge onto a common ionization threshold,
the spectra of Rydberg states alone are insufficient for the
derivation of unambiguous channel parameters, and addi-
tional information snot currently availabled on the wave
functions of the considered states is required.

To alleviate some of these difficulties we chose, in the
present analysis, to approximate the close-coupling channels
by pureLScoupled channels, and to adjust the corresponding
quantum defects. This approximation implies that autoioniz-
ation, as described by the present model, is only determined
by the electrostatic close-coupling interactions. More specifi-
cally, the exchange interaction between the3P1 and1P1 con-
figurations leads to the autoionization of thes8 states and the
additional orbit-orbit interaction in the3D1 configuration in-
duces the autoionization of thed8 states. The advantage of
this procedure is that it enables us to highlight the salient
features of the hyperfine autoionization and to demonstrate
that it is not caused by the hyperfine interaction. Moreover,
despite the approximation, the model can quantitatively ac-
count for the spectra because the eigenquantum defects can
be adjusted as effective constants to reproduce the experi-
mental spectra, and also to adequately describe the positions
and dynamics of the autoionizing Rydberg states. The draw-
back is that the constants determined in this work are only
valid over a restricted energy range and do not provide a
quantitatively correct representation of the complete xenon
spectrum below, between and above the two2P ionization
thresholds. A complete and fully satisfactory set of MQDT
parameters for the xenon atom remains to be derived.

B. Hyperfine and spin-orbit autoionization

The results presented so far show that the phenomenon of
spin-orbit autoionization in the presence of a nonzero nuclear
spin can be well understood and interpreted with the help of
an MQDT model. The same framework also provides a de-
scription of hyperfine autoionization and a characterization
of the underlying mechanisms. In what follows we show
some predictions of autoionizing spectra involving hyperfine
autoionization. The observation of this phenomenon has been
impossible so far, because the small magnitude of the hyper-
fine splittings of the ions0.41 cm−1 in the 2P1/2 state of
129Xe+, and typically much less in lighter atoms and mol-
eculesd sets a lower limit ofn<520 for the principal quan-

tum number of the autoionizing Rydberg states to be ob-
served, which represents an experimental challenge.

The MQDT model used here represents an adequate
framework to discuss the mechanism and the propensity
rules that govern autoionization. In the discussion, it is con-
venient to distinguish between three energetic regions. The
first region is that between the lowest and the highest hyper-
fine component of the2P3/2 state. The second region is lo-
cated between the highest hyperfine component of the2P3/2
state and the lowest component of the2P1/2 state, and the
third corresponds to the region between the lowest and the
highest hyperfine component of the2P1/2 state.

At first sight, spin-orbit and hyperfine autoionization
would be expected to follow entirely different dynamics be-
cause the energy transfered between the ion core and the
Rydberg electron in the two processes differs by several or-
ders of magnitude. However, as discussed above, both pro-
cesses have their origin in electrostaticsorbit-orbit and ex-
changed interactions, and are therefore governed by the same
dynamics, determined by the values of the eigenquantum de-
fects. The branching ratios for autoionization into various
dissociation channels depend only on the values of the quan-

FIG. 7. MQDT prediction of the relative photoionization cross
section of129Xe in the region between the2P3/2, F+=2 and 1 ionic
hyperfine states. The displayed structures result from pure hyperfine
autoionization. The contributions from theF=1/2, 3/2 manifolds
are shown in panelssad and sbd, respectively.
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tum numbers, or more specifically on the values of the trans-
formation matrixUia.

1. Hyperfine autoionization within the2P3/2 sublevels

A simple situation of pure hyperfine autoionization occurs
in the region between the2P3/2, F+=2 andF+=1 states of
129Xe+ fsee Fig. 2sadg for which two sets of channels, with
F=1/2 and F=3/2, can betreated separately. In theF
=1/2 manifold, a single quasiboundd8 series converging to
the F+=1 level exists, which interacts with two degenerate
F+=2 continua. To characterize the autoionization dynamics
in this region, the photoionization cross section predicted by
MQDT and shown in Fig. 7sad was analyzed with the param-
etrization of Eq.s21d resulting in parametersW=0.151 or
Gr =2.113104 cm−1 andq=0.403. Figure 7sbd represents the
contribution to the photoionization cross section from the
F=3/2 manifold. In this case, ones and twod quasibound
series interact with ones and two d continua. Since thes
series does not interact with thed series, it can be analyzed
separately with the two-channel formulafEq. s21dg. A nu-
merical fit of the isolateds series led to the parametersW
=8.25310−4 sor Gr =115 cm−1d andq=128.

The reduced widthsGr, are independent ofn and directly
reflect the strength of the channel interactions. They can thus
be used to compare the dynamics of pure hyperfine autoion-
ization with that of spin-orbit autoionization of thes8 andd8
series of 132Xe. Analyzing the MQDT prediction of the
photoionization cross section with Eq.s21d yields the follow-
ing parameters for thes8 andd8 series of132Xe: Wd=0.277
sor Gr,d=3.873104cm−1d and qd=1.49 andWs=5.61310−3

sor Gr,s=783 cm−1d andqs=9.40. The values obtained for the
d8 series slightly differ from those listed in Table I because
they resulted from a fit to the MQDT calculation whereas the
latter were determined in a fit to the experimental spectrum.
The discrepancy lies within the statistical uncertainty. Al-
though one might have naively expected much slower dy-
namics for the hyperfine autoionization than for spin-orbit
autoionization, the comparison of the reduced widths of thes
and d resonances leads to the conclusion that the channel

interactions causing spin-orbit and hyperfine autoionization
have a comparable strength. Hyperfine autoionization is thus
an allowed and even a very efficient process in the rare-gas
atoms.

2. DF+ propensity rules in spin-orbit autoionization

In the region above the2P3/2 ionization limit, the Rydberg
states converging to the2P1/2 state decay by spin-orbit auto-
ionization to a2P3/2 Xe+ ion and a free electron. In the case
of 129Xe and 131Xe, the ions can be produced in different
hyperfine states. The question naturally arises whether the
autoionization could be used as a means to produce ions in
selected hyperfine levels. The experimental discrimination
between different hyperfine product channels, for instance by
high-resolution photoelectron spectroscopy, is currently not
possible, but the MQDT model developed in the present
work allows quantitative predictions of the partial photoion-
ization cross sections to selected ionic hyperfine structure
levels to be madefsee Eq.s14dg.

The calculated partial cross sections show resonances
similar to those of the total cross sectionssee Sec. IIId. As a
consequence of multiple interferences, spectral regions can
be identified in which partial cross sections to a selected
ionic hyperfine state dominate. Unfortunately, when many
different ionic states are energetically accessible, the minima
of the partial cross sections do not usually coincide, and
therefore the entirely selective production of a single ionic
hyperfine level is rarely possible. The maximal contrast be-
tween different hyperfine channels is therefore expected
when only two ionic hyperfine states are available as in the
case of the2P3/2 ground state of129Xe+.

Such a case is illustrated in Fig. 8 where the experimental
total cross sectionfFig. 8sadg, the calculated cross section
with the contributions fromF=3/2 andF=1/2 fFig. 8sbdg
and the branching ratios between the two ionic hyperfine
states of129Xe+ fFig. 8scdg are represented. An inspection of
the partial cross sections enables one to identify regions
where the branching ratio between the2P3/2, F+=2, and
F+=1 states of129Xe+ is extremal. For instance, more than

FIG. 8. sad Experimental rela-
tive photoionization cross section
of 129Xe in the region of the
37d8f3/2g1 state, sbd MQDT
simulation of the total cross sec-
tion ssolid lined, the contribution
from F=1/2 statessdotted lined,
and F=3/2 statessdashed lined,
scd branching ratios into the ion-
ization channels leading to an ion
in the 2P3/2, F+=1 ssolid lined and
2P3/2, F+=2 sdotted lined.
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85% of the ions are produced in theF+=1 state at a photon
wave number of s108 278.72±0.02d cm−1, whereas at
s108 279.1±0.1d cm−1 close to 80% of the ions are produced
in the F+=2 state.

These results show that it is possible to produce hyperfine
selected ions through photoionization by exploiting the inter-
ference of the atomic channels. Indeed, the widths of the
resonances in the partial cross sections are large enough that
a selective production of hyperfine levels should be possible
using broadly available lasers. This conclusion is expected to
be valid for many other ions that possess a hyperfine doublet
in the ground state. This is in particular the case for the odd
mass number isotopes of earth-alkaline metals which are of
interest in ion trap loadingf17g and its applications to quan-
tum computationf18g.

3. Competition between hyperfine and spin-orbit autoionization
in the 2P1/2 levels

In the region between the two hyperfine components of
the 2P1/2 state of129Xe+ and131Xe+ the competition between
pure hyperfine and spin-orbit autoionization can be studied.
In what follows, a few cases with specified values of, andF
are discussed and some general propensity rules are derived.

We first consider thes8 series of129Xe with F=1/2 con-
verging on theF+=0 hyperfine levelfsee Fig. 2sadg. The
associated Rydberg states can autoionize in either the2P1/2
F+=1 es open channelshyperfine autoionizationd or the2P3/2
F+=1 es open channelsspin-orbit autoionizationd. The par-
tial cross sections corresponding to these two processes cal-
culated by MQDT can again be analyzed with the parametri-
zation of Eq. s21d. The width parameter obtained in both
cases is exactly the samesW=4.30310−3d because it is a
property of the quasibound state. The resonant cross section
sa is 8.0 times larger for spin-orbit autoionization. The con-
sidereds8 states therefore preferentially decay via spin-orbit
autoionization.

A similar situation is found in theF=3/2 s8 series of
131Xe converging on theF+=2 ionic level fsee Fig. 2sbdg.
The members of this series can decay into the2P1/2, F+=1,
the 2P3/2, F+=2 or the 2P3/2, F+=1 continua. The partial
cross sections for these processes are characterized by the
resonant cross sectionssa=0.209, 0.502, and 0.167, respec-
tively, and the width parameter amounts toW=2.12310−3.
In this case, hyperfine autoionization efficiently competes
with spin-orbit autoionization with a resonant cross section
intermediate between that of the two spin-orbit contributions.
In addition, it is noted thatDF+=0 is preferred overDF+

=−1 for spin-orbit autoionization.
The situation for thed8 series in131Xe is even more in-

teresting because more open channels are availablefsee Fig.
2sbdg. Two cases are presented which are extremal concern-
ing the values of resonant cross sections. TheF=1/2 mani-
fold holds two almost degenerate quasiboundd8 series con-
verging to the 2P1/2, F+=2 level. Thesed8 levels can
autoionize in any one of the five continua with2P1/2, F+=1
and2P3/2, F+=3, 2, 2, 1. The situation of two closed channels
having a common ionization threshold and five open chan-
nels can be approximated by the parametrization for one
open and two closed channelsf42g,

s = sa

S1 + o
jPQ

qj

e j
D2

1 +So
jPQ

1

e j
D2 + sb, s25d

where the symbols have the same meaning as in Eq.s21d. In
Eq. s25d, a nonresonant cross sectionsb has been added to
Eq. 25 of Ref.f42g. Although this parametrization is not
exact, it turned out to provide an excellent fit of the calcu-
lated partial cross sections. The ratio of the resonant cross
sections are found to bess1/2,1d :ss3/2,3d :ss3/2,2d :
ss3/2,1d=0.155:3.40:0.555:0.104. Considering the num-
ber of open channels built on each ionic state which is
1:1:2:1, the resonant partial cross sections are highly non-
statistical and the autoionization dynamics is characterized
by a strong preference forDF+= +1 overDF+=0 overDF+

=−1 in spin-orbit autoionization. Again, hyperfine autoioniz-
ation has a significant contribution.

TheF=5/2 manifold also holds two quasiboundd8 series
converging to the2P1/2, F+=2 level. Thesed8 levels can
autoionize in any one of the two2P1/2, F+=1 and2P3/2, F+

=3, 3, 2, 2, 1, 1, 0 continua. The same analysis as presented
above for theF=1/2 case leads to the ratio of resonant
cross sections ss1/2,1d :ss3/2,3d :ss3/2,2d :ss3/2,1d :
ss3/2,0d=11.5:10.6:9.6:9.2:4.7. This ratio corresponds
closely to a statistical expectation since the ratio of the num-
ber of open channels is 2:2:2:2:1. Nevertheless, a slight pref-
erence forDF+= +1 over DF+=0 over DF+=−1 is found
again, and hyperfine autoionization even represents the most
important contribution to the total cross section.

Two conclusions are drawn from the above results. First,
the rate of autoionization for hyperfine and spin-orbit auto-
ionization is comparable as already pointed out in Sec. V B 1
above. Second, the propensity rule for the spin-orbit autoion-
ization favors processes in whichDF+=DJ+, and is most
pronounced for small valuessF=1/2d of the total angular
momentum, whereas at larger valuessF=5/2d the partition-
ing is close to statistical. These observations can be inter-
preted by analyzing the properties of the angular momentum
recoupling matrix elementssthe values of the 3j symbols
become equal in the limit of high quantum numberd and
represent a geometric effect.

VI. CONCLUSIONS

The photoionization spectra of129Xe and131Xe in the re-
gion between the2P3/2 and 2P1/2 threshold markedly differ
from those of theI =0 isotopes of Xe, the differences being
caused by the hyperfine interaction. The experimental and
theoretical study of these differences has provided a way to
quantify the role of the nuclear spin in the photoionization of
the rare-gas atoms and to characterize the process of hyper-
fine autoionization. It has also enabled us to derive the hy-
perfine structure of the Xe+ ion.

In the modeling of the spectra by MQDT, excellent agree-
ment between experimental spectra and spectra simulated by
MQDT could be reached in a model in which the influence
of the nuclear spin on the close-coupling eigenchannels was
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neglected. The process of pure hyperfine autoionization, i.e.,
the autoionization process in which the ionic core transfers
hyperfine energy to the electron to cause ionization, is found
to be very efficient in the rare-gas atoms.

The hyperfine interaction is thus important in defining the
hyperfine structure of the ion core and is propagated into the
Rydberg spectrum by the angular momentum transformation.
The autoionization dynamicssand the channel interactionsd
are entirely contained in the description of the eigenchannels,
i.e., the eigenquantum defects which describe the electro-
static sorbit-orbit and exchanged interactions. Thus the dy-
namics of spin-orbit and hyperfine autoionization are both
governed by the same interactions which, in our model, have
nothing to do with the hyperfine interaction. The effect of the
spin-orbit interaction on the dynamics are described by the
spin-orbit structure of the ionic core on the one hand and by
the different values of the eigenquantum defects of channels

differing solely in theirJ values on the other hand. An es-
sential element in the description of the details of the dynam-
ics is given by the frame transformation matrix elements. It
is therefore easy to explain why, at highJ/F values, the
branching ratios for autoionization into different channels
approach a statistical distribution more closely than at low
J/F values.
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