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Multichannel quantum defect theory and high-resolution spectroscopy of the hyperfine structure
of high Rydberg states of83Kr

H. J. Wörner, U. Hollenstein, and F. Merkt*
Laboratorium für Physikalische Chemie, ETH Zu¨rich, CH-8093 Zurich, Switzerland

~Received 15 May 2003; published 26 September 2003!

The hyperfine structure ofns and nd Rydberg states of83Kr has been measured in the rangen530– 190
below the2P3/2 ionization threshold by pulsed-field ionization following single-photon excitation from the1S0

ground state using a narrow-bandwidth vacuum-ultraviolet laser system. A multichannel quantum defect theory
~MQDT! treatment of the hyperfine structure in Rydberg states of the rare-gas atoms has been developed that
quantitatively accounts for the effects of the nuclear spin on the spectral structures over the entire range of
principal quantum number investigated. The model allows the parametrization of the hyperfine structure of the
Rydberg states in terms of the ionic hyperfine structure and relies on the assumption that the interaction with
the nuclear spin is negligible in the close-coupling region of the electron-ion collision, an assumption that is
also expected to be valid in other atomic and molecular systems. Improved eigen quantum defects for thens
andnd Rydberg series withJ51 and 2 have been derived from the MQDT analysis, and the hyperfine structure
of the two 2P3/2 and 2P1/2 spin-orbit components of the ground state of83Kr1 has been determined.

DOI: 10.1103/PhysRevA.68.032510 PACS number~s!: 32.10.Fn, 32.80.Rm, 32.30.Jc, 34.60.1z
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I. INTRODUCTION

Multichannel quantum defect theory~MQDT! provides a
compact and elegant treatment of electron-ion collisions
has greatly contributed to the current understanding of
photoabsorption and photoionization spectra of atoms
molecules below, between, and above the different ioniza
limits @1–4#. The theory successfully describes atomic a
molecular photoabsorption and photoionization spectra
terms of the close-coupling properties of the electron-
collision by means of frame transformations between
close-coupling and the long-range regions. In molecules,
transformation enables a smooth transition between Hu
case~a! or ~b! at short range and Hund’s case~d! or ~e! at
long range@4,5#. In rare-gas atoms, the frame transformati
connects the close-coupling region which is well appro
mated byLS coupling to the asymptotic region which is a
equately described byjj coupling @6#.

The hyperfine structure of atomic and molecular Rydb
states and its treatment by MQDT have so far received l
attention@7–9#, primarily because of the lack of sufficientl
resolved experimental data. Progress in experimental t
niques in the past decade has been such that informatio
the hyperfine structure of high Rydberg states can now
derived by high-resolution laser spectroscopy@8–13# or by
millimeter-wave spectroscopy@14,15#. A high-resolution
~submegahertz! measurement of the hyperfine structure ofns,
np, nd, and nf Rydberg states of ortho-H2 in the rangen
550– 65 by millimeter-wave spectroscopy@16,17# has re-
cently stimulated a detailed analysis by MQDT@18#. This
analysis, which could account for the finest details of
energy level structure, also yielded, by extrapolation, the
perfine structure of the ground rovibronic state of ortho-H2

1

and additional information on thep and f Rydberg states o
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molecular hydrogen@18#. The success of this analysis an
the desire to extend it to other systems represented the
mary motivations of the present study of the hyperfine str
ture in high Rydberg states of83Kr by high-resolution
vacuum-ultraviolet laser spectroscopy and MQDT.

Other important reasons for choosing83Kr for a combined
experimental and theoretical study of the hyperfine struct
in Rydberg states were, first, the availability of a large bo
of high-quality spectroscopic data on the Rydberg states
krypton@19–33#, second, the fact that a very detailed MQD
analysis of the Rydberg spectra of theI 50 isotopes has bee
carried out@34#, and, finally, experimental convenience: Th
Rydberg states of krypton are easily accessible from
ground neutral state using narrow-bandwidth vacuu
ultraviolet ~VUV ! lasers, and mass-analyzed spectra of83Kr
~natural abundance 11.5%! can readily be obtained from
natural probes of Kr following VUV laser excitation an
pulsed-field ionization in a time-of-flight mass spectromet

Extensive tables of term values for the Rydberg states
krypton have been available for a long time@19,20#, the lat-
est and most extensive compilation being that of Sugar
Musgrove@21#. The s andd Rydberg states of theI 50 iso-
topes@78Kr ~natural abundance 0.35%!, 80Kr ~2.25%!, 82Kr
~11.6%!, 84Kr ~57.0%!, 86Kr ~17.3%!# converging to the
lower (2P3/2) and upper (2P1/2) spin-orbit components of the
ground 2P term of Kr1 have been extensively studied b
VUV photoabsorption and photoionization spectrosco
@22–25#, by nonresonant and resonant two-photon excitat
from metastable levels@26–31#, and by electron energy los
spectroscopy@32#. Laser spectroscopic measurements of
p and f Rydberg states have also been reported@33#, and the
behavior of the Rydberg Stark states of Kr has been explo
to demonstrate that the translational motion of Rydberg
oms and molecules can be controlled by inhomogene
electric fields@35#.

The Rydberg spectra of the rare-gas atoms have playe
important role in the development of MQDT and its ear
©2003 The American Physical Society10-1
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application to the analysis of photoabsorption and photoi
ization spectra@6,36#. Detailed MQDT analyses of thensand
nd Rydberg series of krypton, particularly forJ51 @32,37#,
but also forJ50, 2, and 3, have been reported@31,34#. The
most extensive MQDT study to date is that of Aymaret al.
@34#, who reported complete sets of MQDT parameters
the ,50 and ,52 (J50 – 3) channels, including eigen
channel quantum defectsma , their energy dependence, an
the elements of the orthogonal transformation matrixUia

connecting the close-coupling eigenchannelsa to the frag-
mentation channelsi. MQDT has also been applied in studie
of the Stark effect in the Rydberg states of the rare-gas at
@38#.

A recurring theme in the study of the Rydberg states
the rare-gas atoms by MQDT is the deviation of the eig
channels from purelyLS-coupled channels, which is, amon
other factors, at the origin of the interaction and the mixi
between thes andd series@31,32,34,36,37,39–41#. The s-d
interaction is particularly elusive in krypton because t
separation between the2P3/2 and 2P1/2 ionization thresholds
is so large that thens8 andnd8 levels are extremely sparse
the region below the2P3/2 threshold where thens and nd
series are well developed.~Rydberg series labeled by a prim
are commonly used to designate series converging on
upper spin-orbit component of the ion. The usual label
Rydberg states of the rare-gas atoms is thusn,@k#J or
n,8@k#J , wherek represents the quantum number of the a
gular momentum vectorkW that results from the addition o
,W to the total angular momentum of the ion coreJW 1.) Con-
sequently, it has proven difficult to distinguish the effects
the energy dependence of the eigen quantum defects o
energy level structure from the effects of the channel in
actions induced by a departure fromLS coupling.

Several high-resolution spectroscopic measurements
already been reported that provide information on the hyp
fine structure of low-n Rydberg states of83Kr, the earliest
measurements leading to the determination of the nuc
spin quantum numberI 59/2 @42,43#. Later studies@44–48#
primarily focused on the hyperfine structure of the mic
wave, infrared, and visible spectra of metastable kryp
Rydberg states and aimed at determining the term-depen
hyperfine constants. Tricklet al. @11# reported ultrahigh-
resolution (1118) resonance-enhanced two-photon ioniz
tion spectra of transitions from the1S0 ground state to the
5s@3/2#1 , 5s8@1/2#1 , 6s@3/2#1 , 6s8@1/2#1 , and 7s@3/2#1
Rydberg states using a narrow-bandwidth VUV laser sys
and analyzed the hyperfine coupling parameters in term
both LS and jj coupling. Brandiet al. @13# measured the hy
perfine structure and determined the hyperfine coupling c
stants of the 5p@5/2#2 Rydberg state. To our knowledge, n
MQDT analysis of the hyperfine structure in any of the ra
gas atoms has been reported yet.

In the close-coupling region of the electron-ion collisio
both the kinetic energy of the electron and its interact
with the ion core are very large compared to the weak in
actions responsible for the hyperfine structure. It thus
pears surprising, at first sight, that a collision approach s
as MQDT should be at all successful in providing a detai
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description of the hyperfine structure of Rydberg states
closer inspection, however, reveals that it is precisely
many orders of magnitude difference,in the close-coupling
region, between the hyperfine interaction~at most a few gi-
gahertz, but typically less! and other interactions such as th
spin-orbit or the exchange interactions~typically 104 GHz,
sometimes even more! which lie at the origin of the power o
MQDT to treat the hyperfine structure in Rydberg states: T
hyperfine interactions have an almost completely negligi
effect on the close-coupling parameters~eigen quantum de-
fectsma , channel coupling parameters, etc.! used by MQDT.

In the long-range part of the electron-ion collision, whe
the electron is completely decoupled from the ion core, ho
ever, the hyperfine interaction strongly affects the ene
level structure but corresponds primarily to that of the ion
core. Two conclusions can immediately be drawn from th
remarks and form the basis of the MQDT model develop
in the present work.

~1! When the Rydberg level structure of an atom with
I 50 nuclear spin is well described by a set of close-coupl
MQDT parameters, this set of MQDT parameters can be e
ployed without changes to treat the hyperfine structure of
I .0 isotope of the same atom. The number of chann
however, must be enlarged, and identical close-coupling
rameters must be assigned to all channels that differ onl
the total angular momentum quantum numberF.

~2! The origin of the hyperfine structure splittings in a
Rydberg states, regardless of the value ofn, must be sought
in the hyperfine structure of the ion. Consequently, the
perfine structure in Rydberg states need only be parametr
in terms of the ionic hyperfine structure rather than by se
rate hyperfine structure coupling constants for the succes
members of the Rydberg series.

Although the nuclear spins have a negligible effect on
close-coupling parameters, they have a profound effect
the appearance of Rydberg state spectra, particularly at
n values. These effects are twofold. First, sinceJ ceases to be
a good quantum number when the effects of the nuclear s
are included, transitions that are strictly forbidden inI 50
isotopes become weakly allowed. In the case of the rare
atoms examined here, transitions from the1S0 ground state
to Rydberg states that would have been classified asJ50 or
J52 – 4 states in the absence of nuclear spin become obs
able whenever the Rydberg states gainJ51 character by the
hyperfine interactions. Second, at sufficiently highn values,
the ionic hyperfine structure intervals inevitably becom
comparable to the 2R/n3 intervals between adjacent Rydbe
states and obscure the regular appearance of the Ryd
series.

As will be shown in the following sections, a MQDT
analysis of the hyperfine structure of the rare-gas atoms
duces the need to determine hyperfine coupling constant
each Rydberg level and leads to an adequate, although
proximate, parametrization solely in terms of the hyperfi
coupling constants of the ion. In addition, the hyperfi
structure of the Rydberg states represents a very stringen
of the quality of MQDT parameters and may provide a w
to extract precious information on thes-d interaction in the
rare gases and on the ionic hyperfine structure.
0-2
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This article is structured as follows. Section II provides
short description of our experimental procedure. The w
known 16-channel QDT treatment of thes andd (J50 – 4)
channels of theI 50 isotopes of the rare-gas atoms and
extension to a 44-channel QDT treatment that includes
effects of theI 59/2 nuclear spin of83Kr are presented in
Sec. III. The experimental results for the hyperfine struct
of ns andnd Rydberg states are compared with MQDT c
culations in Sec. IV, in which we also explain how MQD
parameters and the hyperfine structure of83Kr1 were ex-
tracted from the experimental data in a nonlinear lea
squares-fit procedure. Section V provides a discussion of
applicability of the present model to studying Rydberg sta
over a wide range ofn values and of its use in future dete
minations of thes-d interaction in the Rydberg spectrum o
Kr and other rare gases.

II. EXPERIMENT

The spectra were recorded using a narrow-bandw
~0.008 cm21! VUV laser system coupled to a photoion
photoelectron time-of-flight~TOF! mass spectrometer. Th
main aspects of our experimental procedure have been
scribed in detail earlier@25,50# and are only briefly summa
rized here.

VUV radiation is generated by two-photon resonan
enhanced sum-frequency mixing (nVUV52n11n2) in Kr us-
ing the (4p)55p8@1/2#0←(4p)6 1S0 two-photon resonance
at 2ñ1598 855.1 cm21. To achieve a near-Fourier
transform-limited VUV bandwidth, two pulse-amplified c
ring dye lasers are used as input beams to the nonlinear
quency up-conversion processes. The VUV radiation is se
rated from the fundamental beams in a vacuum monoc
mator. The separation is achieved by a toroidal dispers
grating which also recollimates the diverging VUV beam a
redirects it toward a photoexcitation or photoionizati
chamber equipped with a linear TOF mass spectrometer.
VUV wave number is calibrated to an absolute accuracy
0.015 cm21 following the procedure described in Ref.@25#,
which involves the stabilization of the wave number of t
first laser.

Krypton gas~Pangas, spectroscopic grade purity! is used
without further purification and is introduced into the spe
trometer in a pulsed skimmed supersonic expansion.
krypton gas jet is crossed at a right angle by the VUV la
beam in the middle of an array of resistively coupled cyl
drical extraction plates. The photoexcitation region and
TOF mass spectrometer are surrounded by a double lay
m-metal shielding. The stray electric fields are measured
reduced to below 2 mV/cm following the procedure d
scribed in Ref.@49#. Under the experimental conditions use
to record the spectra of the high Rydberg states of kryp
pressure shifts and dc and ac Stark shifts are negligible
the Rydberg states with principal quantum number betw
30 and 150 used in the MQDT analysis. Most lines hav
full width at half maximum of 0.01 cm21, which is slightly
broader than the bandwidth of the VUV laser, presuma
because of a residual Doppler broadening.

Spectra of the Rydberg states located below the2P3/2 ion-
03251
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ization threshold are recorded by monitoring the pulsed-fi
ionization yield as a function of the VUV wave number. Th
pulsed electric field of up to 1000 V/cm was applied 1ms
after the VUV laser pulse, so that photoexcitation could ta
place under field-free conditions. The pulsed electric fi
also served the purpose of extracting the Kr1 ions toward a
microchannel plate detector at the end of the TOF tu
Spectra of the different isotopes were obtained by plac
temporal gates at the corresponding positions in the T
spectrum. The 1000 V/cm magnitude of the pulsed elec
field implies that pulsed-field ionization is observable dow
to about 200 cm21 below the 2P3/2 field-free ionization
threshold and that Rydberg states aboven'25 can be de-
tected. To detect transitions to Rydberg states of lowen
values, the krypton atoms were ionized with the 532 n
radiation of a neodymium-doped yttrium aluminum garn
~Nd:YAG! laser.

III. MQDT OF THE HYPERFINE STRUCTURE
OF RYDBERG STATES OF KRYPTON

To analyze the Rydberg spectrum of83Kr using MQDT
we follow the formalism introduced by Lu@6# and Lee and
Lu @36# in their study of the single-photon VUV photoab
sorption and photoionization spectra of Xe and Ar, whi
consist of transitions to odd-parity,50 and 2 channels with
J51. Their formalism was applied by Aymar and co-worke
@34# to treat theJ50 – 4 odd-parity bound Rydberg states
Kr. After a brief review of this formalism in Sec. III A, we
describe how it was extended to treat the hyperfine struc
in 83Kr in Sec. III B.

A. MQDT for the IÄ0 isotopes of Kr

The MQDT formalism of Refs.@6,34,36# provides an ac-
curate description of the Rydberg spectra of theI 50 iso-
topes of the rare-gas atoms. It allows the calculation of l
shapes, line positions, and spectral intensities in terms
set of close-coupling parameters consisting of~1! the eigen
quantum defectsma , ~2! the elementsUia of the transfor-
mation matrix between the close-coupling eigenchannela
and the dissociation channelsi, ~3! the dipole amplitudesDa
for the transitions to the eigenchannels, and~4! the positions
of the ionization thresholds. Whereas the dissociation ch
nels arejj coupled, the close-coupling eigenchannels are
most perfectly described byLScoupling. Table I summarizes
the notation generally used to designate both sets of ch
nels. A total of 16 channels must be retained for the tre
ment of thes and d Rydberg series associated with the2P
ground state of the ion: two channels withJ50, five with
J51, five with J52, three withJ53, and one withJ54.

The elementsUia of the transformation matrix are conve
niently factorized as

Uia5(
ā

Ui āVāa , ~1!

where theUi ā elements represent elements of thejj-LS trans-
formation matrix andVāa accounts for the~typically very
small! departure of the close-coupling eigenchannels fr
0-3
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WÖRNER, HOLLENSTEIN, AND MERKT PHYSICAL REVIEW A68, 032510 ~2003!
pureLS coupling and the resulting channel mixings, in pa
ticular the mixing betweens and d channels. Vāa can be
represented in terms of generalized Euler angles@36#. Be-
causeJ is a good quantum number, theUia andVāa matrices
have a block-diagonal structure with a (232) J50, a
(535) J51, a (535) J52, a (333) J53, and a (1
31) J54 block.

The MQDT parameters can be derived from experimen
spectra of the bound Rydberg states semiempirically. E
bound energy level is used to derive two effective princi
quantum numbersn3/2 andn1/2 defined by the relations

E5E~2P1/2!2
RM

n1/2
2 5E~2P3/2!2

RM

n3/2
2 , ~2!

whereE(2PJ1) with J151/2,3/2 represent the ionization en
ergies corresponding to the formation of the two spin-or
components of the Kr1 ion, andRM stands for the mass
dependent Rydberg constant.

In the discrete part of the spectrum, a second equatio

(
a

Uia sin@p~ma1nJ1!#Aa50, ~3!

which requires the wave functions of the bound levels
vanish at infinity, is used jointly with Eq.~2! to determine
their positions for a given set of MQDT parameters. T
coefficients Aa enable the expansion of the dissociati
channels in the basis of the close-coupling eigenchann
The bound states of the electron-ion-core system corresp
to the binding energies2RM /nJ1

2 for which Eq.~3! has no
trivial solution, i.e., the energies that satisfy the relation

TABLE I. Overview of the notation and the quantum numbe
used to designate the close-coupling eigenchannels and the d
ciation channels in the MQDT treatment of thes and d Rydberg
series of Kr converging to the2P ground state of Kr1.

J ,

Close-coupling channels Dissociation channels

Notation L S Notation J1 j

0 0 (p5s)3P0 1 1 (2P1/2)s1/2 1/2 1/2
2 (p5d)3P0 1 1 (2P3/2)d3/2 3/2 3/2

1 0 (p5s)1P1 1 0 (2P1/2)s1/2 1/2 1/2
0 (p5s)3P1 1 1 (2P3/2)s1/2 3/2 1/2
2 (p5d)1P1 1 0 (2P1/2)d3/2 1/2 3/2
2 (p5d)3P1 1 1 (2P3/2)d3/2 3/2 3/2
2 (p5d)3D1 2 1 (2P3/2)d5/2 3/2 5/2

2 0 (p5s)3P2 1 1 (2P3/2)s1/2 3/2 1/2
2 (p5d)3P2 1 1 (2P1/2)d3/2 1/2 3/2
2 (p5d)1D2 2 0 (2P1/2)d5/2 1/2 5/2
2 (p5d)3D2 2 1 (2P3/2)d3/2 3/2 3/2
2 (p5d)3F2 3 1 (2P3/2)d5/2 3/2 5/2

3 2 (p5d)3D3 2 1 (2P1/2)d5/2 1/2 5/2
2 (p5d)1F3 3 0 (2P3/2)d3/2 3/2 3/2
2 (p5d)3F3 3 1 (2P3/2)d5/2 3/2 5/2

4 2 (p5d)3F4 3 1 (2P3/2)d5/2 3/2 5/2
03251
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detuUia sin@p~ma1nJ1!#u50. ~4!

The intensitiesI of the transitions from the ground state
the bound Rydberg levels can be calculated from the dip
amplitudesDa and the expansion coefficientsAa according
to

I}S (
a

DaAaD 2

, ~5!

whereDa can be expressed as a linear combination of dip
amplitudes to purelyLS-coupled channels,

Da5(
ā

Vaā
* D ā . ~6!

The MQDT parameters can either be evaluatedab initio
@37# or derived from experimental data in a least-squares
procedure@34#. Assuming that the energy dependence of
MQDT parametersma andVāa is only weak and can there
fore be adequately described by the linear relations

ma5ma
~0!1ema

~1! with e51/n3/2
2 ~7!

and

Vāa5Vāa
~0!1eVāa

~1! with e51/n3/2
2 ~8!

leads to a number of MQDT parameters often too large to
determined from experimental data. A reduction of the nu
ber of parameters to be determined in a least-squares fit
be achieved by making the approximation that the clo
coupling eigenchannels are exactlyLS coupled, in which
case the elementsUia of the transformation matrix becom
identical to the elementsUi ā of the well-knownjj-LS trans-
formation matrix, by neglecting the energy dependence
certain parameters, or by fixing their values to values de
mined previously.

Several sets ofVāa elements~or of the corresponding
mixing angles! and of close-coupling eigenchannel quantu
defectsma have been determined in previous studies of
Rydberg spectrum of Kr@32,34,37#. Aymar et al. @34# com-
pared their transformation matrixUia for the J51 channels
with previous results by Johnsonet al. @37# and Geiger@32#,
and have also derived the complete transformation matr
for J50 – 3. From these data, the matrix elementsVāa can
be determined for each value ofJ using Eq.~9!:

Vāa5(
i

U ā i
* Uia . ~9!

The different sets ofVāa parameters that can be extract
from the literature on Kr differ markedly, in both sign an
magnitude. Inspection of the available data on channel in
actions in the rare gases@34,36,39,41# leads to the conclu-
sions that~a! the magnitude of theVāa elements~or of the
mixing angles! increases in the sequence Ne, Ar, Xe althou
the mixing angles reported for Kr appear to be larger th
those of Xe, and~b! the discrepancies in the values report
for Kr by different authors are likely to originate from th

so-
0-4
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FIG. 1. Schematic diagram~not to scale! of the hyperfine structure in the2P3/2 and 2P1/2 spin-orbit components of83Kr1. The total
angular momentum quantum numberF of thes andd dissociation channels associated with each hyperfine structure component is tab
on the right-hand side of the figure. The numerical values given for the hyperfine structure intervals correspond to the results of th
analysis.
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fact that either they were derived from measurements in
ferent energetic regions, or the energy dependence of
MQDT parameters was taken into account differently. In
analysis presented in Sec. IV we used the energy de
dences of the MQDT parameters reported by Aymar and
workers@34# and did not attempt to refine them.

B. MQDT for 83Kr

The 16-channel MQDT analysis of thes and d series of
the I 50 isotopes of Kr outlined above can be extended
include the nuclear spin (I 59/2) of the83Kr nucleus if one
assumes that the effect of the hyperfine interactions on
values of the close-coupling eigen quantum defects is ne
gible compared to that of the exchange and spin-orbit in
actions. Consequently,J remains a good quantum number
the close-coupling region, and the number of channels
83Kr is readily obtained by considering the possible to
angular momentum vectors that result from the addition oJW

and IW. The following angular momentum coupling hierarch
provides an adequate description of the close-coupling eig
channels:

LW 11,W 5LW , SW 11sW5SW , LW 1SW 5JW , JW1 IW5FW , ~10!

whereLW 1 andSW 1 represent the orbital and spin angular m
menta of the ionic core,,W and sW the corresponding angula
momenta of the Rydberg electron, andIW the nuclear spin.
When treating the single-photon photoabsorption and ph
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ionization spectra recorded following excitation from th
1S0 (F59/2) ground state of83Kr, the DF50,61 (0}0)
electric dipole selection rule restricts the number of chann
to three~degenerate! hyperfine components withF57/2, 9/2,
and 11/2 for each eigenchannel withJ>1, and to a single
component withF59/2 for theJ50 eigenchannels. A tota
of 44 eigenchannels results, comprising 10s channels (,
50) and 34d channels (,52).

The dissociation channels can be described by the foll
ing angular momentum coupling scheme:

LW 11SW 15JW 1, JW 11 IW5FW 1, ,W 1sW5 jW, FW 11 jW5FW ,
~11!

whereJW 1 andFW 1 represent the electronic and total angu
momenta of the ionic core. The dominant interaction in t
ionic core is the spin-orbit coupling, which leads to an e
ergy splitting of 5370.2 cm21 between the2P3/2 and 2P1/2
levels, several orders of magnitude larger than the splitti
induced by the hyperfine interactions. Under the assump
that the mixing of the2P3/2 and 2P1/2 spin-orbit components
of the ion by the hyperfine interactions is negligible~such a
mixing is in principle possible for states withF154,5 but is
expected to be extremely weak because of the large en
separation between the two spin-orbit components!, the hy-
perfine structure of the two spin-orbit components can
treated separately and expressed as a function of the m
netic dipole and electric quadrupole hyperfine constantsAJ1

andBJ1 @51# (BJ151/250 for the 2P1/2 spin-orbit level!:
0-5
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ñ~J1,F1!5 ñJ11AJ1

C

2

1BJ1

3

4
C~C11!2I ~ I 11!J1~J111!

2I ~2I 21!J1~2J121!
,

~12!

where

C5F1~F111!2I ~ I 11!2J1~J111!. ~13!

In Eq. ~12!, ñJ1 represents the energy of the center of grav
of the hyperfine structure of the two spin-orbit compone
(J151/2,3/2). The dissociation channels are hence cha
terized by a pair of intermediate quantum numbersJ1 and
F1 designating each ionization threshold. The left-hand s
of Fig. 1 displays schematically the energy level structure
the 83Kr1 ion, which consists of six hyperfine componen
forming a group of four levels at the2P3/2 threshold and a
group of two levels at the2P1/2 threshold. The total numbe
of dissociation channels to be retained in the treatment of
single-photon photoabsorption and photoionization spe
can be determined as above for the close-coupling eig
channels by considering the restrictions imposed by theDF
50,61 (0}0) electric dipole selection rule. All dissocia
tion channels are listed on the right-hand side of Fig. 1.
thes states (,50, j 51/2) two channels result for each ion
state withF154 and 5, whereas only one channel is as
ciated with theF153 and 6 ionic states, resulting in a tot
of 10 s channels. Analogous considerations lead to the id
tification of 34d channels (,52, j 53/2 and 5/2!.

The semiempirical MQDT treatment outlined in the pr
vious subsection can be adapted to treat the hyperfine s
ture of the Rydberg states of83Kr, given the following.
re

th
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~1! The close-coupling MQDT parameters are taken o
without change from the treatment of theI 50 isotopes,
but the number of channels is enlarged from 16 to 44, id
tical close-coupling parameters being assigned to all ch
nels that differ only in the total angular momentum quantu
numberF.

~2! Equation ~2! is generalized to include a set of s
effective principal quantum numbersnJ1F1 defined relative
to the position of each of the six ionization thresholds d
picted in Fig. 1:

E5E~2PJ1F1!2
RM

nJ1F1
2 . ~14!

~3! The transformation matrixUia is extended from a 16-
to a 44-channel situation. This extension necessitates an
ditional label for the quantum numberF, and we denote the
elements of the extended transformation matrixUi FaF

.
Because the close-coupling MQDT parameters are no

fected by the hyperfine interactions in our model, the e
ments of the transformation matrix can be factorized as
Eq. ~1! above:

Ui FaF
5(

āF

Ui FāF
VāFaF

. ~15!

To convert the matrixVāa into a 44344 VāFaF
matrix, care

has to be taken to couple only manifolds with equalF values.
Standard angular momentum algebra@52# can be used to
derive the angular momentum transformationUi FāF

Ui FāF
5^LSJFuJ1F1 jF & ~16!

between the LSJF-coupled eigenchannels and th
J1F1 jF -coupled dissociation channels
^LSJFuJ1F1 jF &5~2F11!A~2J11!~2L11!~2S11!~2 j 11!~2F111!~2J111!

3 (
mj ,mJ1,mJ ,m, ,mL1,mL ,ms ,mS1,mS ,mF1,mI

~21!F12 j 2J112I 2J1L2S22s13mF1mJ112mJ1mj

3S I J F

mI mJ 2mF
D S L S J

mL mS 2mJ
D S L1 , L

mL1 m, 2mL
D S S1 s S

mS1 ms 2mS
D

3S F1 j F

mF1 mj 2mF
D S , s j

m, ms 2mj
D S I J1 F1

mI mJ1 2mF1
D S L1 S1 J1

mL1 mS1 2mJ1
D . ~17!
The Ui FāF
transformation has a block-diagonal structu

The s block consists of a (333) F57/2, a (434) F59/2,
and a (333) F511/2 subblock, whereas thed block is com-
posed of an (11311) F57/2, a (12312) F59/2, and an
(11311) F511/2 subblock. The elements of theUi FaF

ma-
trix can be calculated numerically and the positions of
Rydberg levels determined from the condition
.

e

(
aF

Ui FaF
sin@p~maF

1nJ1F1!#AaF
50, ~18!

which has nontrivial solutions when

detuUi FaF
sin@p~maF

1nJ1F1!#u50. ~19!
0-6
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FIG. 2. Comparison of the
pulsed-field ionization spectra o
~a! 84Kr and ~b! 83Kr in the region
of effective principal quantum
number n3/2 between 48 and 49
recorded following single-photon
excitation from the 1S0 ground
state. The hyperfine interactio
leads to the splitting of the (n
12)s@3/2#1 Rydberg states into
three components, the broadenin
of the transition to thend@3/2#1

Rydberg state, the enhancement
the intensity of the transition to
the nd@1/2#1 state, and the obser
vation of additional structures a
the positions of theJ52 compo-
nents of the (n12)s andnd Ryd-
berg states.
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The general form of Eq.~19! is also adapted to a trea
ment neglecting the departure of the close-coupling eig
channels from pureLS coupling, in which case the transfo
mation matrix Ui FaF

must be replaced by the angul

momentum transformation matrixUi FāF
.

The intensity of a transition from the ground sta
(1S0 , F59/2) to a Rydberg state is determined by the va
of F and by the expansion coefficientsAaF

of the total wave
function of the target state in the basis of the close-coup
channels according to

I}WFS (
aF

DaF
AaFD 2

. ~20!

The dipole amplitudesDaF
are approximated by theDa di-

pole amplitudes used in the MQDT treatment of theI 50
isotopes. The weighting factorsWF are calculated accordin
to Ref. @53# and satisfy the conditionW11/2:W9/2:W7/2
51.2:1.0:0.8, which is in accordance with the multiplici
sum rules for electric dipole transitions.

IV. RESULTS

A comparison of the pulsed-field ionization spectra
83Kr and 84Kr in the region of effective principal quantum
numbern3/2548– 49 is presented in Fig. 2. The spectra w
recorded under identical experimental conditions, usin
pulsed electric field of 100 V/cm applied 1ms after photo-
excitation. The intensity distribution of the84Kr spectrum
@Fig. 2~a!# is dominated by thens@3/2#1 andnd@3/2#1 series.
The nd@1/2#1 series, which becomes visible only on an e
larged scale, is particularly weak in this region of the sp
trum because of its dominant3P1 character. Although the
overall appearance of the83Kr spectrum@Fig. 2~b!# is simi-
lar, several differences are noticeable. First, thens@3/2#1 line
is split into a well-resolved triplet and thend@3/2#1 line ap-
03251
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pears broadened. Second, features that are not present
84Kr spectrum can be observed on the low-energy side of
ns@3/2#1 triplet and halfway between the positions of th
transitions to thend@3/2#1 and thend@1/2#1 states.

These differences have their origin in the hyperfine int
actions with theI 59/2 nuclear spin of83Kr, which leads to
additional splittings in the energy level structure and indu
sufficientJ mixing that Rydberg states which would be cla
sified asJ52 states in theI 50 isotopes become accessib
in single-photon transitions from the1S0 ground state. Al-
though available MQDT parameters, in particular those
ported by Aymaret al. @34#, have been an invaluable help t
our initial progress in the understanding of the83Kr spec-
trum, they turned out not to be accurate enough for the qu
titative modeling of the spectrum of the83Kr isotope.

In order to be able to test the fundamental assumption
our MQDT model, namely, that the same close-coupl
MQDT parameters can be used to calculate the spectr
both isotopes, our analysis was carried out in two steps. F
the 84Kr spectrum was used to derive a set of MQDT para
eters accurate enough to provide a quantitative descriptio
the J51 series in the energetic region investigated, i.e.,
tween 112 800 and 112 905 cm21. Then, this parameter se
was kept fixed and used in the analysis of the83Kr spectrum.
The first step of the analysis is summarized in Sec. IV A a
the second in Sec. IV B.

A. 84Kr

For the analysis of the84Kr isotope, a set of 187 wave
numbers corresponding to transitions to members of
ns@3/2#1 series betweenn533 and 115, of thend@3/2#1 se-
ries betweenn531 and 113, and of thend@1/2#1 series be-
tweenn532 and 52 was used. The transition wave numb
were determined with an absolute accuracy of 0.015 cm21

and their relative positions with an accuracy of 0.008 cm21.
These wave numbers, which are available as supplemen
0-7
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TABLE II. Eigen quantum defects and ionization energy~IE! of 84Kr determined from a nonlinear least-squares fit based on
experimental spectral positions of members of thens@3/2#1 , nd@3/2#1 , andnd@1/2#1 series withn between 31 and 115. The values give
in parentheses represent one standard deviation~1s!. In the MQDT calculations, the energy dependence of the MQDT parameters was
fixed at the values of Ref.@34#. RMSD represents the root-mean-square deviation of the fit.

Eigenchannel ma
(0) from Ref. @34# ma

(1) from Ref. @34# ma
(0) fitted with Ui ā

a ma
(0) fitted with Uia

a

(p5d)1P1 0.0941 0.075 0.09480~46! 0.09437~32!

(p5d)3P1 0.4725 20.516 0.4703~1! 0.4692~1!

(p5d)3D1 0.2572 20.818 0.2550~4! 0.2523~3!

(p5s)1P1 0.0626 0.103 0.05802~20! 0.05757~20!

(p5s)3P1 0.1126 0.238 0.1099~3! 0.1103~4!

IE (84Kr) ~cm21! 112 914.434~15!b 112 914.4357~1!c 112 914.4356~1!c

RMSD ~cm21! 3.6931023 3.6431023

aThe energy dependencema
(1) of Ref. @34# ~third column! was held fixed in the present work.

bFrom Ref.@25#.
cThe uncertainty represents 1s in the fit and does not include the 0.015 cm21 uncertainty in the VUV calibration.
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material@54#, were then used in a nonlinear least-squares
procedure based on the MQDT model described in S
III A. Because our data set covered only a narrow ene
range, no attempt was made to refine the values of the en
dependence of the MQDT parameters. Originally, we
tended to fit some of the elements of theVāa matrix. How-
ever, after it turned out that these elements cannot be d
mined from our data set, two types of fits were carried ou
determine the eigen quantum defectsma

(0) and the2P3/2 ion-
ization threshold, one in which theUia matrix reported by
Aymar et al. @34# was used, the other in which theVāa ma-
trix was set to unity.

Table II compares the MQDT parameters determined
both fits. Surprisingly, the fit based on theUia transforma-
tion matrix did not lead to a significantly smaller root-mea
square deviation~RMSD! than the fit based on the approx
mateUi ā transformation.

The following conclusions can be drawn from the MQD
analysis of the Rydberg spectrum of84Kr.

~1! MQDT parameters available in the literature, wh
entirely adequate to describe earlier experimental data
corded at lower resolution, had to be slightly modified
account for the line positions determined in our hig
resolution study. The only eigen quantum defect that w
found to differ significantly from the results of Aymaret al.
@34# is that of the (p5s) 1P1 channel~see Table II!. A satis-
factory description of the relative intensities was reached
assuming zero values for the dipole amplitudes to the tri
channels and a ratioDa5(p5d) 1P1

/Da5(p5s) 1P1
51.5 for the

dipole amplitudes to the singlet channels.
~2! The simplified MQDT analysis based on thejj-LS an-

gular momentum frame transformation matrixUi ā gave an
equally satisfactory description of our experimental data
that based on theUia transformation matrix reported by Ay
mar et al. @34#. The eigen quantum defects extracted fro
both analyses are very similar, and the positions of
nd@3/2#1 , nd@1/2#1 , and ns@3/2#1 series at highn values
(n>30) do not contain sufficient information to determin
the Vāa matrix elements.
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~3! To determine theVāa matrix elements, the inclusion
of the positions of low-n states in the MQDT analysis ap
pears mandatory. However, when such states are inclu
one must also explicitly consider the energy dependenc
theVāa matrix elements and of the eigen quantum defects
retaining a linear term in the former case and both a lin
and a quadratic term in the latter case. Available data on
s and d Rydberg states of84Kr are insufficient to extract
statistically meaningful values for all these parameters,
our attempts at obtaining a fully satisfactory set of MQD
parameters over the entire range fromn55 to the 2P3/2
threshold have remained unsuccessful.

Both parameter sets summarized in Table II will be sho
in the next subsection to be adequate to describe the hy
fine structure in the Rydberg spectrum of83Kr also. The
spectrum of83Kr, however, contains information that is help
ful in determining MQDT parameters for theJÞ1 channels
and thus in obtaining a more global description of thes and
d Rydberg states of krypton, as explained below.

B. 83Kr

Figure 3 shows an overview of the spectrum of thes and
d Rydberg states of83Kr in the ranges of effective principa
quantum numbern3/2530.5– 31, 40.5–41, 50.5–51, an
60.5–61. The use of an effective quantum number sc
rather than a wave number scale facilitates the recognitio
the evolution of the spectral structures asn increases. Around
n530, the main differences from the spectrum of84Kr are
the splitting of thens@3/2#1 line into a triplet withF57/2,
9/2, and 11/2 and the broadening of thend@3/2#1 resonance.
TheJ mixing induced by the hyperfine interactions is hard
noticeable and leads to the additional groups of lines ass
ated with transitions to the 34s@3/2#2 , 32d@3/2#2 ,
32d@5/2#2 , 32d@5/2#3 , and 32d@7/2#3 Rydberg states tha
can be discerned only on an enlarged scale or at highn
values.

At increasingn values, theJ52 and 3 components gradu
ally gain in intensity, primarily because the spacings betwe
the J51 andJÞ1 components that are coupled by the h
0-8
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perfine interactions scale asn23 whereas the dominant con
tributions to the hyperfine interactions, the interactions
tweenJW 1 andIW, are independent ofn. Particularly striking is
the evolution of the (n12)s@3/2#2 components, which rap
idly become as intense as the (n12)s@3/2#1 components,
and even stronger as they approach thend@3/2#1 compo-
nents. This evolution can be attributed to thes-d interaction
and will be discussed further in Sec. V C.

Only a subset of all observed features, namely, those
responding tonsRydberg states, display a fully resolved h
perfine structure that could be used in a least-squares fi
the hyperfine structure of the83Kr1 2P3/2 ground state. The
corresponding spectral positions are listed with their ass
ments in a table available as supplementary material@55#.

Given that a similar agreement between theoretical p
dictions and experiment was reached using either theUi FaF

or the Ui FāF
transformation, only the results obtained wi

the Ui FāF
transformation are presented here. The MQ

FIG. 3. Comparison of the hyperfine structure in experimen
spectra and MQDT simulations~inverted traces and stick spectra! of
s andd Rydberg states of83Kr corresponding to single-photon ex
citation from the 1S0 ground state. For direct comparison of th
hyperfine structure at differentn values, the spectra are displayed
a function of the effective principal quantum numbern3/2 defined
with respect to the center of gravity of the hyperfine structure of
2P3/2 ground state of83Kr1. n3/25(a) 30.5–31;~b! 40.5–41;~c!
50.5–51;~d! 60.5–61.
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analysis of the83Kr spectrum was carried out in three step
First, the positions of the four hyperfine components of
Kr1 2P3/2 state, i.e., the ionization energy and the hyperfi
constantsAJ153/2 and BJ153/2 @see Eq.~12!# were deter-
mined in a nonlinear fit using the positions of the fully r
solved hyperfine structure components of thens@3/2#1 states.
The resulting constants are summarized in Table III and w
used to draw the schematic diagram presented in Fig. 1.
hyperfine constants are compared to, and found to be in g
agreement with, early and as yet untestedab initio calcula-
tions of Fragaet al. @56#. Second, a forward simulation of th
spectrum based on Eqs.~14!, ~18!, and ~19! was performed
to assign the remaining features, in particular those ass
ated with theJ52 and 3 states. A good agreement betwe
calculated and experimental line positions and intensi
could be reached immediately, providing direct evidence
the reliability of our MQDT model and of theJ51 param-
eter sets derived from the spectrum of84Kr. The positions of
thend@3/2,5/2#2 andnd@5/2,7/2#3 components, however, ap
peared systematically shifted, indicating the need for a sli
adjustment of the eigen quantum defects of Ref.@34# in the
region investigated here. In the last step, we attempted t
theJ52 and 3 eigen quantum defects to reach a quantita
agreement between MQDT calculation and experiment
these levels also. This last step turned out to be parti
successful for theJ52 levels~see Table III!, but our spec-
trum did not contain enough information to derive a statis
cally meaningful set of eigen quantum defects for theJ53
levels.

Table III summarizes all parameters that could be deriv
from our least-squares fits of the hyperfine structure of83Kr.
Not only are the spectral positions very well reproduced
our MQDT calculations but the intensities are also faithfu
accounted for, as illustrated in Fig. 3. Moreover, the hyp

l

e

TABLE III. Ionization energy of83Kr, hyperfine coupling con-
stantsAJ153/2 andBJ153/2 of the 2P3/2 ground andAJ151/2 of the
2P1/2 excited state of83Kr1, and quantum defects for the1D2 ,
3D2 , and 3F2 , eigenchannels of Kr determined in a least-squar
fit procedure based on the experimental positions of the hyper
and fine structure components of thens and nd Rydberg states.
RMSD represents the root-mean-square deviation of the fit.

This work

AJ151/2 ~cm21! '20.04
AJ153/2 ~cm21! 20.006 19a 20.006 16~4!

BJ153/2 ~cm21! 20.0138a 20.0127~4!

IE (83Kr) ~cm21! 112 914.4336~8!b

RMSD ~cm21! 3.631023

ma(1D2) 0.2647c 0.2647d

ma(3D2) 0.2535c 0.2892
ma(3F2) 0.3923c 0.4017

RMSD ~cm21! 5.731023

aAb initio result from Ref.@56#.
bThe uncertainty represents 1s in the fit and does not include th
0.015 cm21 uncertainty in the VUV calibration.
cFrom Ref.@34#.
dHeld at the value of Ref.@34#.
0-9
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fine coupling constants of the2P3/2 ground state of83Kr1

could be determined.
The following conclusions can be drawn from the MQD

analysis of the Rydberg spectrum of83Kr.
~1! Our MQDT treatment of the hyperfine structure bas

on close-coupling parameters derived from the spectrum
84Kr enables a quantitative description of the positions a
intensities of the transitions to thes and d Rydberg series
measured in the single-photon VUV excitation spectrum
83Kr.

~2! Whereas the single-photon VUV excitation spectru
of 84Kr contains information on only theJ51 channels, the
spectrum of 83Kr also contains information on theJÞ1
channels, and allowed the determination of improved ei
quantum defects for theJ52 channels. Because the clos
coupling MQDT parameters are isotope independent in
model, they are valid for all isotopes of Kr.

~3! The origin of the complex hyperfine structure of th
Rydberg states lies primarily in the ionic hyperfine intera
tion, and MQDT provides an adequate framework to de
mine the ionic hyperfine structure from the analysis of
Rydberg spectrum.

V. DISCUSSION

The results presented in Sec. IV demonstrate that
MQDT model is well suited to describing the hyperfin
structure in the Rydberg spectrum of83Kr. The model could
be used successfully to determine, by extrapolation, the
perfine structure of the2P3/2 ground state of Kr1. Somewhat
unexpectedly, the hyperfine structure of the Rydberg state
the rangen534– 69 was found to be equally well repro
duced in calculations based on the assumption of purelyLS-
coupled eigenchannels as in calculations using the cha
mixing parametersVāa derived by Aymaret al. @34#. This
observation does not imply that the channel mixings are
important, but, rather, that theVāa matrix elements are no
known accurately enough to reproduce the details of the
perfine structure in the range of principal quantum num
investigated here.

The results for both84Kr and 83Kr suggest~1! that cur-
rently known MQDT parameters, while adapted to descr
ing the Rydberg state structure over narrow energy ran
do not provide a fully satisfactory description over the who
energy range where bound Rydberg states can be probe
perimentally, and~2! that the number of MQDT paramete
is too large to be determined from available experimen
data.

While very encouraging as far as the modeling by MQD
of the hyperfine structure in Rydberg state spectra and
determination of ionic hyperfine structure are concerned,
study led to the determination of only a fraction of a
MQDT parameters needed to fully describe the Rydb
spectrum of krypton. It is mainly the energy dependence
the MQDT parametersVāa andma that appears to be unde
determined.

The questions that are not answered by the results
sented so far in this article are~1! whether, and how well, the
parameter sets summarized in Table II and III can be use
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predict the hyperfine structure outside the rangen
530– 100 where it has been optimized,~2! whether the in-
teractions betweenLS-coupled channels~in particular thes-d
interaction! influences the hyperfine structure, and, if so, ho
such interactions are likely to manifest themselves in exp
mental spectra, and~3! whether a complete set of MQDT
parameters can be extracted at all from experimental d
These questions are addressed in the next subsections.

A. The hyperfine structure of 83Kr at nÐ100

Apart from the splitting of thens@3/2#1 resonances into
three components withF57/2, 9/2, and 11/2, the spectrum
of 83Kr in the rangen<35 is very similar to that of84Kr, and
differences become apparent only in measurements at
high resolution. At highn values, the spectra of the tw
isotopes differ radically. A comparison of the single-phot
spectra of thes andd Rydberg series of83Kr and 84Kr in the
rangen590– 190 is presented in Fig. 4. Whereas the int
sity distribution in the spectrum of the84Kr isotope @Fig.
4~b!# follows the pattern typical for Rydberg series at highn,

FIG. 4. Comparison of experimental and calculated Rydb
spectra of~a! 83Kr and ~b! 84Kr in the range of principal quantum
numbern590– 190 below the2P3/2 ground state of Kr1 recorded
following single-photon excitation from the1S0 ground state. The
inverted spectra represent MQDT simulations based on MQDT
rameters and ionic hyperfine coupling constants determined
least-squares-fit procedure based on the experimental line posit
A Gaussian line shape with a full width at half maximum of 0.0
cm21 was assumed in the simulations.
0-10
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FIG. 5. Comparison of experimental spectra~left-hand side! and MQDT simulations~right-hand side! of the hyperfine structure o
ns8@1/2#1 Rydberg states with~a! n55, ~b! n56, andns@3/2#1 Rydberg states with~c! n55, ~d! n56, ~e! n57 and ~f! n512. The
experimental spectra~a!–~e! have been adapted from Ref.@11#. For the comparison, the origin of the horizontal scale has been set, in
spectrum, to the center of gravity of the hyperfine structure.
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i.e., a monotonic intensity decrease with increasingn ~the
intensities scale as 1/n3), until the series can no longer b
resolved and the spectrum becomes continuous, the spec
of 83Kr @upper spectrum in Fig. 4~a!# reveals a rich structure
with intensity fluctuations reminiscent of a beat pattern.
similar behavior was observed in the high-Rydberg-st
spectrum of Ba by Beiganget al. @10# and can be attributed
to the overlap and to local interactions of Rydberg ser
converging to closely spaced limits. The maxima in t
‘‘beat’’ pattern correspond to regions in which the positio
of the members of the Rydberg series converging on diffe
thresholds coincide.

Our MQDT calculations@lower inverted trace in Fig. 4~a!#
reproduce the overall intensity patterns satisfactorily with
parameter sets presented in Tables II and III. As explaine
our investigation of NH3 where a similar behavior was ob
served in series converging on neighboring spin-rotatio
states of the NH3

1 ion @57#, the beat pattern turns out to b
very sensitive to the relative positions of the ionic states
which the series converge. The good agreement between
MQDT calculations and the experimental data at highn val-
ues therefore demonstrates the reliability of the hyper
structure constants determined for the2P3/2 ground state of
83Kr1 ~see Table III!.

The excellent accord between our MQDT calculations a
the experimental data at highn values is not unexpected. Th
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high-n Rydberg states lie energetically very close to tho
~with n in the range 30–100! that have been used to deriv
the MQDT parameters listed in Tables II and III. Cons
quently, the fact that the energy dependence of the MQ
parameters is not known precisely has no significant ef
on the spectra.

B. The hyperfine structure of 83Kr at low n

Our set of MQDT parameters is less suitable to descr
the low-n region of the spectrum because the energy dep
dence of the MQDT parameters and the departure of
eigenchannels from purelyLS-coupled channels plays
much more important role in this region. The eigen quant
defects and ionic hyperfine structure constants listed
Tables II and III can nevertheless be used to predict the g
eral appearance of the hyperfine structure at lown values.
Such predictions for thensseries withn55, 6, 7, and 12 are
presented in the bottom four spectra on the right-hand sid
Fig. 5 and are compared with the experimental resu
~shown on the left-hand side of Fig. 5! on the 5s, 6s, and 7s
levels reported by Tricklet al. @11# and with a measuremen
of the 12s level carried out in our laboratory by 1VUV11vis
resonance-enhanced two-photon ionization spectrosc
@58#. Because of our inability to account for the energy d
pendence of the MQDT parameters, the absolute position
0-11



n
os

ur
tiv

-
e
e

he
s

er

re
ta

c
te
is

o

o

b

o

s

n
in
ec
o

i
o
tiv

e
are

the
rst
rs
g
al
of
ano
the

as
l of

f the

ls
n-

or-
sent
igi-
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the Rydberg levels are not predicted well by our calculatio
with deviations between calculated and experimental p
tions being largest for the 5s levels ~881 cm21! and gradu-
ally decreasing at highern values ~33.6 cm21 for the 6s,
27.1 cm21 for the 7s, and 1.3 cm21 for the 12s level!. The
relative positions and intensities of the hyperfine struct
components, however, appear to be in almost quantita
agreement, with the exception of the central (F59/2) com-
ponents in the spectra of then56 and 7 levels, the intensi
ties of which are overestimated in the calculation. The ov
all good agreement of the hyperfine splittings, howev
demonstrates convincingly that these splittings have t
origin in the ionic hyperfine structure, even for the lowe
values of the principal quantum number.

Trickl et al. @11# have also reported spectra of the hyp
fine structure of the 5s8 and 6s8 Rydberg levels which have
been redrawn at the top of Fig. 5 where they are compa
with our MQDT predictions. Unfortunately, the experimen
hyperfine structures in these spectra could be accounted
only qualitatively by our calculations, which do not satisfa
torily reproduce the decrease of the hyperfine structure in
vals observed asn increases from 5 to 6. This deviation
likely to have its origin in a perturbation of either the 5s8 or
the 6s8 level ~or both! by neighboringns andnd levels and
may provide a handle to extract information on theVāa ma-
trix elements and their energy dependences.

Despite this discrepancy, a rough estimate of theAJ151/2
hyperfine coupling constant of the2P1/2 state of Kr1 can be
derived using our MQDT model. Adopting the assignment
Trickl et al. @11# and depending on whether the 5s8 or the
6s8 level is assumed to be predominantly perturbed, one
tains values of20.036 and20.051 cm21 for AJ151/2, re-
spectively. Inclusion of all hyperfine structure intervals o
served in traces~a! and ~b! of Fig. 5 in the fit yields
AJ151/2520.044 cm21. We suspect that the 5s8 level is the
more likely level to be perturbed and that the value
AJ151/2 lies closer to20.036 than to20.051 cm21. The
magnetic dipole coupling constant of the2P1/2 ionic level is
thus about five times larger than that of the2P3/2 level, a
behavior that is similar to that observed in the2P ground
state of the isoelectronic halogen atoms@59,60# ~see, for in-
stance, Fig. 4 of Ref.@59#!.

C. The hyperfine structure of 83Kr and the s-d interaction

Thanks to the energy level splittings that arise in83Kr
from the additional interactions with the nuclear spin, clo
encounters betweens and d levels are more likely in83Kr
than in theI 50 isotopes, particularly at highn values, giv-
ing rise to the possibility of obtaining additional informatio
on the s-d interaction. The MQDT formalism presented
Sec. III B can be used to investigate theoretically the eff
of the s-d interaction on the appearance of the spectrum
83Kr, for example, by setting selectedVāa matrix elements
to zero in a reference calculation that is then compared w
a calculation in which the same elements are held to a n
zero value. This procedure was used to obtain a qualita
picture of the role of thes-d interaction on the hyperfine
structure of the Rydberg states of83Kr and is discussed in
this subsection.
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The results of our MQDT calculations on the role of th
s-d interaction turned out to be particularly easy to comp
when represented in the form of the Lu-Fano plots@61# dis-
played in Fig. 6. To generate the Lu-Fano plots of Fig. 6,
position of each calculated energy level was used to fi
derive the fractional part of two effective quantum numbe
nJ1F1 defined relative to distinct ionic hyperfine levels usin
Eq. ~14!, and, second, to set a point in a two-dimension
plot with coordinates corresponding to the fractional part
these effective quantum numbers. Rydberg series in Lu-F
plots appear as sets of points forming trajectories, and
interactions between the series manifest themselves
avoided crossings between these trajectories, severa

FIG. 6. Theoretical investigation of the role of thes-d interac-
tion in the hyperfine structure in Rydberg states of83Kr. The two
panels represent Lu-Fano plots based on calculated energies o
hyperfine structure components of thens and nd Rydberg states
with F511/2 located below the2P3/2 ground state of Kr1. The
energies were calculated~a! using theVāa matrix elements deter-
mined by Aymaret al. @34# and~b! assuming that the eigenchanne
are exactlyLS coupled, i.e., neglecting channel mixings. The e
circled area in~a! indicates a region where thes-d interaction may
be characterized experimentally. The two diagonal lines in~a! indi-
cate the range ofn values between 30 and 80 where resolved inf
mation on the hyperfine structure could be determined in the pre
experiments. The blank area below the diagonal of the plot or
nates from the fact that only states withn<130 were used.
0-12
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FIG. 7. The hyperfine structure in the regio
of the ~anti!crossing between the (n12)s@3/2#
3(J52,F511/2) and the nd@3/2#(J51,F
511/2) levels corresponding to the encircled ar
in Fig. 6~a!. The inverted traces represent MQD
simulations which assume that the eigenchann
are purelyLScoupled. For comparison, the spe
tra are displayed as a function of the effectiv
principal quantum numbern3/2 defined with re-
spect to the center of gravity of the hyperfin
structure of the2P3/2 ground state of83Kr1. The
effect of the s-d interaction can be recognize
from the fact that the experimental spectru
shows an intensity minimum in~d! at the position
where the calculated positions of the (n
12)s@3/2#(J52,F511/2) and nd@3/2#(J51,F
511/2) levels become degenerate.
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which are immediately recognized by inspecting Fig. 6.
The Lu-Fano plots displayed in Fig. 6 were obtained

deriving the effective quantum numbers of theF511/2 lev-
els with respect to theF153 andF155 hyperfine structure
levels of the2P3/2 ground state of83Kr. Similar plots, with
the same information content, can also be drawn by defin
the effective quantum numbers with respect to theF154
and 6 levels.

In the first model calculation, leading to the results p
sented in Fig. 6~b!, the VāFaF

matrix was set to unity~i.e.,
the close-coupling eigenchannels were assumed to be ex
LS coupled!. The trajectories representing the various Ry
berg series can thus be labeled by the values of, ~eithers or
d! andJ. The trajectories have their origin along the diagon
of the plot which corresponds to the low-n limit. As ex-
pected, the trajectories corresponding tos and d series all
cross exactly in Fig. 6~b!. The area between the two diagon
lines represents the range ofn values for which resolved dat
could be obtained in the present experiments. The blank
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below the diagonal of the Lu-Fano plot stems from the f
that, for clarity, the states beyondn5130 were not used.

In the second model calculation@Fig. 6~a!#, the VāFaF

matrix was taken from the work of Aymaret al. @34#. Al-
though the overall appearance of the Lu-Fano plot resem
that shown in Fig. 6~b!, several avoided crossings are clea
observable, corresponding to interactions between chan
differing either in the value ofJ only or in the value of both
, andJ @see encircled region in Fig. 6~a!#, the latter being a
manifestation of thes-d interaction. It is important to realize
that, whereas in theI 50 isotopes, thes-d interaction mani-
fests itself only by level shifts and intensity perturbatio
affecting levels of the sameJ value, in 83Kr the s-d interac-
tion also causes perturbations between levels of differeJ
values and is therefore much easier to detect.

The Lu-Fano plots displayed in Fig. 6 provide a conv
nient way to analyze the channel interactions in krypton a
to identify spectral regions where specific interactions ou
to be observable in high-resolution spectra. A set of spe
0-13
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of 83Kr in the region corresponding to the encircled area
Fig. 6~a! is displayed in Fig. 7. In this region, thes (J
52,F511/2) channel interacts with thed (J51,F511/2)
channel. The interaction, which manifests itself by t
avoided crossing in Fig. 6~a!, is also clearly visible in the
experimental spectra. To facilitate the comparison of spe
recorded at different values ofn, the spectral intensities wer
plotted as a function of the effective principal quantum nu
ber defined with respect to the center of gravity of the h
perfine structure of the2P3/2 ground state of83Kr. The ex-
perimental spectra are compared, in each panel of Fig
with inverted calculated stick spectra and the correspond
intensity envelopes. Unfortunately, the values of theVāa ma-
trix elements reported by Aymaret al. @34# were not accurate
enough to reproduce the experimental positions and inte
ties satisfactorily, and it turned out to be more convenient
recognize the effects of thes-d interaction, to compare the
experimental spectra with calculations based on the assu
tion of a unitVāa matrix and on the parameter sets deriv
from our high-resolution measurements~see Tables II and
III !. The positions and intensities of the members of the t
interacting @(n12)s (J52,F511/2) and nd (J51,F
511/2)] series are represented by the bold vertical lines
Fig. 7. At n values around 50, the spectra reveal a bro
feature associated with the three~unresolved! components of
nd@3/2#1 , three well-resolved lines corresponding, in ord
of ascending effective principal quantum number, to then
12)s@3/2#1F511/2, 9/2, and 7/2 hyperfine structure com
ponents, and the weaker (n12)s(J52,F511/2) component
already discussed in Sec. IV B. Asn increases from 50 to 90
the position of the (n12)s(J52,F511/2) moves across th
nd@3/2#1 manifold to reappear on the low-energy side b
yond n580. At this point, channel mixings induced by th
hyperfine interactions lead to a large number of hyperfi
structure components to become optically accessible.

The effect of thes-d interaction is most clearly recognize
at the position, aroundn3/2'69 @see panel~d! in Fig. 7#,
where the calculated positions of the (n12)s(J52,F
511/2) andnd(J51,F511/2) series almost exactly coin
cide. In the experimental spectrum, however, an inten
minimum separating two strong lines is observed at this
sition and indicates the avoided crossing between the
interacting series.

Although the comparison of experimental and calcula
spectra displayed in Fig. 7 enables the direct observatio
the effect of thes-d interaction, the experimental data turne
out not to be sufficient to extract unambiguous and stat
cally well-defined values for the relevantVāa matrix ele-
ments. A very high-resolution study of this spectral region
millimeter-wave spectroscopy, following the same strate
as used to study the hyperfine structure in the Rydberg s
trum of H2 @16–18#, is currently under way to obtain mor
detailed information on this very interesting and comp
part of the Rydberg spectrum of83Kr.

VI. CONCLUSIONS

Multichannel quantum defect theory represents a pow
ful tool to analyze the hyperfine structure in Rydberg sta
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Because the effects of the hyperfine interactions are ne
gible in the close-coupling region of the electron-core co
sion, the close-coupling MQDT parameters necessary to
dict the hyperfine structure of Rydberg states are identica
those needed to calculate the Rydberg level structure in
topes~or isotopomers, in the case of molecules! with zero
nuclear spin.

The theory enables the parametrization of the hyper
structure in terms of the hyperfine coupling constants of
ion core. If these constants are known, MQDT can be use
predict the hyperfine structure at any value of the princi
quantum numbern. If the hyperfine coupling constants ar
not known, they can be determined from the measured
perfine structure of Rydberg states. Direct measurement
the hyperfine structure of molecular ions by high-resolut
spectroscopy are notoriously difficult, primarily because
problems associated with space-charge effects which l
the ion density in the experiment volume and can cause
desirable Doppler broadenings. Measurements of the hy
fine structure in Rydberg states of the neutral parent spe
are not subject to these limitations. When combined w
MQDT, such measurements provide an attractive alterna
to determine the ionic hyperfine structure. In the case
83Kr1 discussed in this article, high-resolution spectrosco
and MQDT of the Rydberg level structure has enabled
determination of the hyperfine structure in the2P ground
electronic state.

Thanks to the relaxation of the selection rules onDJ and
the additional splittings in the energy level structure cau
by the hyperfine interactions, high-resolution spectroscop
the hyperfine structure in Rydberg states facilitates the ob
vation of channel interactions, such as thes-d interaction in
krypton, that can be difficult to observe in isotopes~or iso-
topomers! with I 50.

Whereas MQDT appears very well suited to describe
energy level structure of Rydberg states, little is known so
about the role of the hyperfine structure in the dynamics
atomic and molecular Rydberg states, although first res
indicate that neighboring hyperfine structure components
be subject to different decay processes and have very di
ent lifetimes@14#. The formalism used in this article repre
sents a step toward a better understanding and a formal t
ment of the role of the nuclear spins in the decay dynam
of Rydberg states, and may turn out to be important for ot
lines of scientific investigation such as studies aiming at
derstanding the properties of cold Rydberg gases@62–64#
and at controlling the translational motion of Rydberg ato
and molecules in inhomogeneous electric fields@35,65#.
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WÖRNER, HOLLENSTEIN, AND MERKT PHYSICAL REVIEW A68, 032510 ~2003!
@62# I. Mourachko, D. Comparat, F. de Tomasi, A. Fioretti, P. No
baum, V. M. Akulin, and P. Pillet, Phys. Rev. Lett.80, 253
~1998!.

@63# W. R. Anderson, M. P. Robinson, J. D. D. Martin, and T.
Gallagher, Phys. Rev. A65, 063404~2002!.
03251
- @64# S. K. Dutta, D. Feldbaum, A. Walz-Flannigan, J. R. Guest, a
G. Raithel, Phys. Rev. Lett.86, 3993~2001!.

@65# S. R. Procter, Y. Yamakita, F. Merkt, and T. P. Softley, Che
Phys. Lett.374, 2528~2003!.
0-16


