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The hyperfine structure afs and nd Rydberg states of°Kr has been measured in the range 30—190
below the?P,, ionization threshold by pulsed-field ionization following single-photon excitation front e
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 defectador the
andnd Rydberg series witd=1 and 2 have been derived from the MQDT analysis, and the hyperfine structure
of the two 2P, and 2P, spin-orbit components of the ground state®#r* has been determined.
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[. INTRODUCTION molecular hydrogen18]. The success of this analysis and
the desire to extend it to other systems represented the pri-
Multichannel quantum defect theofiQDT) provides a mary motivations of the present study of the hyperfine struc-
compact and elegant treatment of electron-ion collisions thature in high Rydberg states of3Kr by high-resolution
has greatly contributed to the current understanding of the@acuum-ultraviolet laser spectroscopy and MQDT.
photoabsorption and photoionization spectra of atoms and Other important reasons for choosifiir for a combined
molecules below, between, and above the different ionizatioexperimental and theoretical study of the hyperfine structure
limits [1—4]. The theory successfully describes atomic andin Rydberg states were, first, the availability of a large body
molecular photoabsorption and photoionization spectra imf high-quality spectroscopic data on the Rydberg states of
terms of the close-coupling properties of the electron-iorkrypton[19—-33, second, the fact that a very detailed MQDT
collision by means of frame transformations between theanalysis of the Rydberg spectra of the0 isotopes has been
close-coupling and the long-range regions. In molecules, thearried out{34], and, finally, experimental convenience: The
transformation enables a smooth transition between HundRydberg states of krypton are easily accessible from the
case(a) or (b) at short range and Hund's caé#) or (e) at  ground neutral state using narrow-bandwidth vacuum-
long rang€g4,5]. In rare-gas atoms, the frame transformationultraviolet (VUV) lasers, and mass-analyzed spectr&&f
connects the close-coupling region which is well approxi-(natural abundance 11.5%an readily be obtained from
mated byLS coupling to the asymptotic region which is ad- natural probes of Kr following VUV laser excitation and
equately described bjy coupling[6]. pulsed-field ionization in a time-of-flight mass spectrometer.
The hyperfine structure of atomic and molecular Rydberg Extensive tables of term values for the Rydberg states of
states and its treatment by MQDT have so far received littlkrypton have been available for a long tirf9,20, the lat-
attention[7-9], primarily because of the lack of sufficiently est and most extensive compilation being that of Sugar and
resolved experimental data. Progress in experimental tectMusgrove[21]. Thes andd Rydberg states of the=0 iso-
niques in the past decade has been such that information aopes[ ®Kr (natural abundance 0.35%°Kr (2.25%, 8Kr
the hyperfine structure of high Rydberg states can now b¢11.6%9, ®Kr (57.0%, 8Kr (17.3%] converging to the
derived by high-resolution laser spectroscdpy-13| or by  lower (?P5,) and upper {P,,,) spin-orbit components of the
millimeter-wave spectroscopy14,15. A high-resolution ground 2P term of Kr' have been extensively studied by
(submegaherjazneasurement of the hyperfine structuregf VUV photoabsorption and photoionization spectroscopy
np, nd, and nf Rydberg states of ortho-Hin the rangen  [22-25, by nonresonant and resonant two-photon excitation
=50-65 by millimeter-wave spectroscop$6,17] has re- from metastable level26—-31], and by electron energy loss
cently stimulated a detailed analysis by MQDI8]. This  spectroscopy32]. Laser spectroscopic measurements of the
analysis, which could account for the finest details of thep andf Rydberg states have also been repo[&8], and the
energy level structure, also yielded, by extrapolation, the hybehavior of the Rydberg Stark states of Kr has been exploited
perfine structure of the ground rovibronic state of ortho-H to demonstrate that the translational motion of Rydberg at-
and additional information on the andf Rydberg states of oms and molecules can be controlled by inhomogeneous
electric fields[35].
The Rydberg spectra of the rare-gas atoms have played an
* Author to whom correspondence should be addressed. important role in the development of MQDT and its early
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application to the analysis of photoabsorption and photoioneescription of the hyperfine structure of Rydberg states. A
ization spectr§6,36]. Detailed MQDT analyses of thessand  closer inspection, however, reveals that it is precisely the
nd Rydberg series of krypton, particularly fdr=1 [32,37], many orders of magnitude differende, the close-coupling
but also forJ=0, 2, and 3, have been reportggil,34]. The region between the hyperfine interactiéat most a few gi-
most extensive MQDT study to date is that of Aynwral.  gahertz, but typically legsand other interactions such as the
[34], who reported complete sets of MQDT parameters forspin-orbit or the exchange interactiottgpically 10* GHz,

the €=0 and £=2 (J=0-3) channels, including eigen- sometimes even morhich lie at the origin of the power of
channel quantum defecjs,, their energy dependence, and MQDT to treat the hyperfine structure in Rydberg states: The
the elements of the orthogonal transformation matsix, ~ hyperfine interactions have an almost completely negligible
connecting the close-coupling eigenchannelto the frag-  effect on the close-coupling parametéesgen quantum de-
mentation channels MQDT has also been applied in studies f€CtS#«, channel coupling parameters, ¢tased by MQDT.

of the Stark effect in the Rydberg states of the rare-gas atoms " the long-range part of the electron-ion collision, where
[38]. the electron is completely decoupled from the ion core, how-

gver, the hyperfine interaction strongly affects the energy

A recurring theme in the study of the Rydberg states o S .
the rare-gas atoms by MQDT is the deviation of the eigen_Ievel structure but corresponds primarily to that of the ionic

channels from purely Scoupled channels, which is, amon core. Two conclusions can immediately be drawn from these
P coup : ; ' ONY remarks and form the basis of the MQDT model developed
other factors, at the origin of the interaction and the mixing

. in the present work.
petweep thgs andq ser|es[31,3'2,34.,36,37,39—41The sd (1) When the Rydberg level structure of an atom with an
interaction is particularly elusive in krypton because the

. A I =0 nuclear spin is well described by a set of close-coupling
separation between thfP;,; and “Py; ionization thresholds MQDT parameters, this set of MQDT parameters can be em-
is so large that thas’ andnd’ levels are extremely sparse in !

; ployed without changes to treat the hyperfine structure of any
the_ region below the’Pg, threshold yvhere theis and nq I>0 isotope of the same atom. The number of channels,
series are well develope(Rydberg series labeled by a prime however, must be enlarged, and identical close-coupling pa-

are comr.nonly'used to designate SEries converging on ﬂ1"3\meters must be assigned to all channels that differ only in
upper spin-orbit component of the ion. The usual label for,[he total angular momentum quantum number
Rydberg states of the rare-gas atoms is timgk], or (2) The origin of the hyperfine structure splittings in all

n€’[k];, wherek represents the quantum number of the any 4pery states, regardiess of the valusomust be sought
gular momentum vectok that results from theéaddition of in the hyperﬁne structure of the ion. Consequenﬂy, the hy_
¢ to the total angular momentum of the ion caré.) Con-  perfine structure in Rydberg states need only be parametrized
sequently, it has proven difficult to distinguish the effects ofin terms of the ionic hyperfine structure rather than by sepa-
the energy dependence of the eigen quantum defects on thate hyperfine structure coupling constants for the successive
energy level structure from the effects of the channel intermembers of the Rydberg series.
actions induced by a departure frdr® coupling. Although the nuclear spins have a negligible effect on the
Several high-resolution spectroscopic measurements hawdose-coupling parameters, they have a profound effect on
already been reported that provide information on the hyperthe appearance of Rydberg state spectra, particularly at high
fine structure of lowa Rydberg states of°Kr, the earliest nvalues. These effects are twofold. First, sidaeases to be
measurements leading to the determination of the nucleax good quantum number when the effects of the nuclear spins
spin quantum numbdr=9/2[42,43. Later studie§44—4¢  are included, transitions that are strictly forbiddenlin0O
primarily focused on the hyperfine structure of the micro-isotopes become weakly allowed. In the case of the rare-gas
wave, infrared, and visible spectra of metastable kryptoratoms examined here, transitions from th&, ground state
Rydberg states and aimed at determining the term-dependetat Rydberg states that would have been classified=a8 or
hyperfine constants. Tricket al. [11] reported ultrahigh- J=2-4 states in the absence of nuclear spin become observ-
resolution (&+1") resonance-enhanced two-photon ioniza-able whenever the Rydberg states gainl character by the
tion spectra of transitions from th&S, ground state to the hyperfine interactions. Second, at sufficiently highalues,
5s[3/2],, 5s'[1/2],, 6s[3/2];, 6s'[1/2],, and &[3/2]; the ionic hyperfine structure intervals inevitably become
Rydberg states using a narrow-bandwidth VUV laser systensomparable to theR/n® intervals between adjacent Rydberg
and analyzed the hyperfine coupling parameters in terms dftates and obscure the regular appearance of the Rydberg
both LS andjj coupling. Brandiet al. [13] measured the hy- series.
perfine structure and determined the hyperfine coupling con- As will be shown in the following sections, a MQDT
stants of the B[ 5/2], Rydberg state. To our knowledge, no analysis of the hyperfine structure of the rare-gas atoms re-
MQDT analysis of the hyperfine structure in any of the rare-duces the need to determine hyperfine coupling constants for
gas atoms has been reported yet. each Rydberg level and leads to an adequate, although ap-
In the close-coupling region of the electron-ion collision, proximate, parametrization solely in terms of the hyperfine
both the kinetic energy of the electron and its interactioncoupling constants of the ion. In addition, the hyperfine
with the ion core are very large compared to the weak interstructure of the Rydberg states represents a very stringent test
actions responsible for the hyperfine structure. It thus apef the quality of MQDT parameters and may provide a way
pears surprising, at first sight, that a collision approach sucko extract precious information on tfged interaction in the
as MQDT should be at all successful in providing a detailedrare gases and on the ionic hyperfine structure.
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This article is structured as follows. Section Il provides aization threshold are recorded by monitoring the pulsed-field
short description of our experimental procedure. The wellionization yield as a function of the VUV wave number. The
known 16-channel QDT treatment of tkeandd (J=0-4)  pulsed electric field of up to 1000 V/cm was applieg«4
channels of thd =0 isotopes of the rare-gas atoms and itsafter the VUV laser pulse, so that photoexcitation could take
extension to a 44-channel QDT treatment that includes thplace under field-free conditions. The pulsed electric field
effects of thel =9/2 nuclear spin of3Kr are presented in also served the purpose of extracting the Kons toward a
Sec. lll. The experimental results for the hyperfine structurenicrochannel plate detector at the end of the TOF tube.
of nsandnd Rydberg states are compared with MQDT cal- Spectra of the different isotopes were obtained by placing
culations in Sec. IV, in which we also explain how MQDT temporal gates at the corresponding positions in the TOF
parameters and the hyperfine structure®d¢r™ were ex-  spectrum. The 1000 V/cm magnitude of the pulsed electric
tracted from the experimental data in a nonlinear leastfield implies that pulsed-field ionization is observable down
squares-fit procedure. Section V provides a discussion of th® about 200 cm® below the 2Py, field-free ionization
applicability of the present model to studying Rydberg stateshreshold and that Rydberg states abowe25 can be de-
over a wide range ofi values and of its use in future deter- tected. To detect transitions to Rydberg states of lower
minations of thes-d interaction in the Rydberg spectrum of values, the krypton atoms were ionized with the 532 nm
Kr and other rare gases. radiation of a neodymium-doped yttrium aluminum garnet

(Nd:YAG) laser.

Il EXPERIMENT Ill. MOQDT OF THE HYPERFINE STRUCTURE

The spectra were recorded using a narrow-bandwidth OF RYDBERG STATES OF KRYPTON

(0.008 cml) VUV laser system coupled to a photoion or .
photoelectron time-of-fligh{ TOF) mass spectrometer. The e-l;?)”"’(l)r\',\?l%zee fg;fng?/sdrge’;;%rsgﬁgggrg ??E(Lkrs]usmdg LMQDT d
main aspects of our experimental procedure have been de- y and Lee an

. ! ; . ; _"Lu [36] in their study of the single-photon VUV photoab-
zggzeﬁelrr; detail earlief25,50f and are only briefly summa sorption and photoionization spectra of Xe and Ar, which

VUV radiation is generated by two-photon resonance-conSiSt of transitions to odd-parity=0 and 2 channels with

enhanced sum-frequency mixingy(y =27, + v,) in Kr us- J=1. Their formalism was applied by Aymar and co-workers

: 5c - 61 ) [34] to treat theJ=0-4 odd-parity bound Rydberg states of
::tg t;; £4§% 855p5 [1122%01 (4TF())) a?:ohiZY/Z ph: torr: eraerslgcr)ls:?g? Kr. After a brief review of this formalism in Sec. lll A, we
1_ . . - -

transform-limited VUV bandwidth, two pulse-amplified cw fjegg’é'rbﬁ] hSoe\:I:/: |t”\:vgs extended to treat the hyperfine structure

ring dye lasers are used as input beams to the nonlinear frd
guency up-conversion processes. The VUV radiation is sepa- ]
rated from the fundamental beams in a vacuum monochro- A. MQDT for the =0 isotopes of Kr
mator. The separation is achieved by a toroidal dispersion The MQDT formalism of Refs[6,34,3§ provides an ac-
grating which also recollimates the diverging VUV beam andcurate description of the Rydberg spectra of the0 iso-
redirects it toward a photoexcitation or photoionizationtopes of the rare-gas atoms. It allows the calculation of line
chamber equipped with a linear TOF mass spectrometer. Thshapes, line positions, and spectral intensities in terms of a
VUV wave number is calibrated to an absolute accuracy oket of close-coupling parameters consisting Hfthe eigen
0.015 cm'* following the procedure described in RER5],  quantum defectge,, (2) the elementdJ;, of the transfor-
which involves the stabilization of the wave number of themation matrix between the close-coupling eigenchannels
first laser. and the dissociation channé|<3) the dipole amplitude®
Krypton gas(Pangas, spectroscopic grade pyrityused  for the transitions to the eigenchannels, &fjdthe positions
without further purification and is introduced into the spec-of the ionization thresholds. Whereas the dissociation chan-
trometer in a pulsed skimmed supersonic expansion. Thgels arejj coupled, the close-coupling eigenchannels are al-
krypton gas jet is crossed at a right angle by the VUV laseimost perfectly described HyS coupling. Table | summarizes
beam in the middle of an array of resistively coupled cylin-the notation generally used to designate both sets of chan-
drical extraction plates. The photoexcitation region and theyels. A total of 16 channels must be retained for the treat-
TOF mass spectrometer are surrounded by a double layer gfent of thes and d Rydberg series associated with the
u-metal shielding. The stray electric fields are measured anground state of the ion: two channels wilk=0, five with
reduced to below 2 mV/cm following the procedure de-j=1, five with J=2, three withJ=3, and one withl=4.
scribed in Ref[49] Under the eXperimental conditions used The e|ement$_jia of the transformation matrix are conve-
to record the spectra of the high Rydberg states of kryptonyjently factorized as
pressure shifts and dc and ac Stark shifts are negligible for
the Rydberg states with principal quantum number between
30 and 150 used in the MQDT analysis. Most lines have a Uiazz UiaVaa, @
full width at half maximum of 0.01 cm', which is slightly “
broader than the bandwidth of the VUV laser, presumablywhere thel;; elements represent elements of jiHeS trans-
because of a residual Doppler broadening. formation matrix andV, accounts for thgtypically very
Spectra of the Rydberg states located belowXRg,ion-  smal) departure of the close-coupling eigenchannels from
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TABLE I. Overview of the notation and the quantum numbers defU;, sin m(u,+ vy+)]|=0. (4)
used to designate the close-coupling eigenchannels and the disso-
ciation channels in the MQDT treatment of tseand d Rydberg ~ The intensitiesZ of the transitions from the ground state to

series of Kr converging to théP ground state of Kf. the bound Rydberg levels can be calculated from the dipole
amplitudesD , and the expansion coefficierdg, according
Close-coupling channels Dissociation channels g
J ¢ Notation L S Notation ~ J* j 2
Z D,A,| , 5
0 0 (9%, 1 1 (@Pysy, 12 12 OC( ; @ “) ®
2 (p°d)3Py 1 1 (Pgpdy, 32 312
1 0 (p5s)*P, 1 0 CPy)sy, 12 112 whereD , can be expressed as a linear combination of dipole
0 (p5s)3P, 1 1 CPap)sy, 312 12 amplitudes to purely.S-coupled channels,
2 (pPd)tP, 1 0 (Pypdy, 12 372
2 (p%d)°Py 1 1 (Pgpdy, 312 32 D,=> ViI-Dy. (6)
2 (psd)3D1 2 1 (2P3/2)d5/2 3/2 5/2 a
5c)3 2
2 (2) (psz)S';Z i i (ZEW)ZM ig ;g The MQDT parameters can either be evaluabdinitio
5 (psd)1D2 5 (ZPUZ)dS/Z s P [37] or derived from experimental data in a least-squares-fit
(p°d)°D, 0 CP1)dsy > procedurd 34]. Assuming that the energy dependence of the
2 (p°d)°D 2 1 Py d 32 32 :
ps g’ 32 MQDT parameters., andVy, is only weak and can there-
2 (pd)°F, 3 1 CPads, 312 52 foe pe adequately described by the linear relations
3 2 (p°d)3D, 2 1 (Pypdg, 1/2 5/2
2 (P°d)'Fs 3 0 (Pydy, 32 312 po=pO+en®  with e=13, R
2 (p°d)®F, 3 1 (Pgpdg, 3/2 52
4 2 (p°d)%F, 3 1 (Pgpds, 32 52  and

Vo=V + eV with e=1/3, (8)

pure LS coupling and the resulting channel mixings, in par-
ticular the mixing betweers and d channels. V-, can be leads to a number of MQDT parameters often too large to be
represented in terms of generalized Euler an§ig&. Be-  determined from experimental data. A reduction of the num-
causel is a good quantum number, thi,, andV,, matrices ber of parameters to be determined in a least-squares fit can
have a block-diagonal structure with a X2) J=0, a be achieved by making the approximation that the close-
(5%5)J=1, a (5x5)J=2, a (3x3)J=3, and a (1 coupling eigenchannels are exaclls coupled, in which
X 1) J=4 block. case the elementd,, of the transformation matrix become

The MQDT parameters can be derived from experimentaldentical to the elements, of the well-knownjj-LS trans-
spectra of the bound Rydberg states semiempirically. EacfPrmation matrix, by neglecting the energy dependence of
bound energy level is used to derive two effective principalCertain parameters, or by fixing their values to values deter-

quantum numberss, and vy, defined by the relations mined previously. _
Several sets oV, elements(or of the corresponding
) M ) M mixing angles and of close-coupling eigenchannel quantum
E=E("P12)— 2= E(“P3p) — 2 (2)  defectsu, have been determined in previous studies of the
12 812 Rydberg spectrum of KF32,34,37. Aymar et al. [34] com-
. L d their transformation matrly;, for theJ=1 channels
whereE (?P;+) with J* =1/2,3/2 represent the ionization en- pare . la )
ergies corresponding to the formation of the two spin-orbitw'th previous resul_ts by Johnse al. [37] and Gelge|[32], .
components of the Kr ion, andR,, stands for the mass- and have also derived the complete transformation matrices

for J=0-3. From these data, the matrix elemevits, can
dependent Rydberg constant. . ' . i
In the discrete part of the spectrum, a second equation, be determined for each value diusing Eq.(9):

Vo= UxU,,. 9
S Ui S (ot v3)1AL=0, 3) =2 UG ©)

The different sets oW, parameters that can be extracted
which requires the wave functions of the bound levels tofrom the literature on Kr differ markedly, in both sign and
vanish at infinity, is used jointly with E¢(2) to determine  magnitude. Inspection of the available data on channel inter-
their positions for a given set of MQDT parameters. Theactions in the rare gasé84,36,39,4] leads to the conclu-
coefficients A, enable the expansion of the dissociationsjons that(a) the magnitude of th&/,, elements(or of the
channels in the basis of the close-coupling eigenchannelsnixing anglesincreases in the sequence Ne, Ar, Xe although
The bound states of the electron-ion-core system corresporfle mixing angles reported for Kr appear to be larger than
to the binding energies- Ry /vi+ for which Eq.(3) has no  those of Xe, andb) the discrepancies in the values reported
trivial solution, i.e., the energies that satisfy the relation ~ for Kr by different authors are likely to originate from the
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FIG. 1. Schematic diagrarfmot to scalg of the hyperfine structure in th&, and 2P, spin-orbit components di*Kr*. The total
angular momentum quantum numbenf the s andd dissociation channels associated with each hyperfine structure component is tabulated
on the right-hand side of the figure. The numerical values given for the hyperfine structure intervals correspond to the results of the MQDT
analysis.

fact that either they were derived from measurements in difionization spectra recorded following excitation from the
ferent energetic regions, or the energy dependence of th&S, (F=9/2) ground state ofKr, the AF=0,+1 (0<0)
MQDT parameters was taken into account differently. In theelectric dipole selection rule restricts the number of channels
analysis presented in Sec. IV we used the energy depetoe three(degeneratehyperfine components with=7/2, 9/2,
dences of the MQDT parameters reported by Aymar and coand 11/2 for each eigenchannel wilk=1, and to a single

workers[34] and did not attempt to refine them. component withF=9/2 for theJ=0 eigenchannels. A total
of 44 eigenchannels results, comprising 4@hannels {

. . The dissociation channels can be described by the follow-
The 16-channel MQDT analysis of tteandd series of  jng angular momentum coupling scheme:

the | =0 isotopes of Kr outlined above can be extended to

include the nuclear spin €9/2) of the®Kr nucleus if one e an meme e e e
assumes that the effect of the hyperfine interactions on the L™ +S"=J", J"+I=F", €+8=], F +j=F,
values of the close-coupling eigen quantum defects is negli- (11)

gible compared to that of the exchange and spin-orbit inter-

actions. Consequently,remains a good quantum number in whereJ* andF* represent the electronic and total angular
the close-coupling region, and the number of channels fomomenta of the ionic core. The dominant interaction in the
8Kr is readily obtained by considering the possible totalionic core is the spin-orbit coupling, which leads to an en-
angular momentum vectors that result from the additiod of ergy splitting of 5370.2 cm* between the?Pg, and 2P,
andi. The following angular momentum coupling hierarchy levels, several orders of magnitude larger than the splittings

provides an adequate description of the close-coupling eigefdduced by the hyperfine interactions. Under the assumption
channels: that the mixing of the?P5, and 2P, spin-orbit components

of the ion by the hyperfine interactions is negligiltteich a
C++¢=L, S$'+8§=S, [+S=J, J+i=F, (10 mixingis in principle possible for states with" =4,5 but is
expected to be extremely weak because of the large energy
- > . . separation between the two spin-orbit componerite hy-
whereLt andS* represgnt the orbital and spin angular mO-perfine structure of the two spin-orbit components can be
menta of the ionic coref ands the corresponding angular treated separately and expressed as a function of the mag-
momenta of the Rydberg electron, ahdhe nuclear spin. netic dipole and electric quadrupole hyperfine constaAgts
When treating the single-photon photoabsorption and photaandB;+ [51] (B;+_1,=0 for the 2P, spin-orbit leve):

032510-5



WORNER, HOLLENSTEIN, AND MERKT PHYSICAL REVIEW A68, 032510 (2003

(1) The close-coupling MQDT parameters are taken over
7/(J+.F+):7/J++AJ+§ without change from the treatment of the=0 isotopes,
but the number of channels is enlarged from 16 to 44, iden-
. tical close-coupling parameters being assigned to all chan-
2 C(C+D-11+1)I"(I7+1) nels that differ only in the total angular momentum quantum

+Bj+ = , numberF.
21(21-1)J7(237-1) (2) Equation(2) is generalized to include a set of six
(12 effective principal quantum numbets+g+ defined relative
to the position of each of the six ionization thresholds de-
where picted in Fig. 1:
C=F"(F"+1)—1(I1+1)—J" (3" +1). (13 Ry
E=E(®Pj+p+)— ——. (14)

In Eq.(12), 7+ represents the energy of the center of gravity Vy+p+

of the hyperfine structure of the two spin-orbit components ) ] )
(3" =1/2,3/2). The dissociation channels are hence charac- (3) The transformation matrild;, is extended from a 16-
terized by a pair of intermediate quantum numb&fsand tq a 44-channel situation. This extension necessitates an ad-
F* designating each ionization threshold. The left-hand sidélitional label for the quantum numbét and we denote the
of Fig. 1 displays schematically the energy level structure of!éments of the extended transformation matfix, .
the 8Kr* ion, which consists of six hyperfine components Because the close-coupling MQDT parameters are not af-
forming a group of four levels at théPg, threshold and a fected by the hyperfine interactions in our model, the ele-
group of two levels at théP,, threshold. The total number ments of the transformation matrix can be factorized as in
of dissociation channels to be retained in the treatment of thEd. (1) above:
single-photon photoabsorption and photoionization spectra
can be determine_d as above for_ the cI_ose-coupIing eigen- U, :2 U = Vo, . (15)
channels by considering the restrictions imposed byAke FPF 2 FFFF
=0,+1 (0«0) electric dipole selection rule. All dissocia- _ . .
tion channels are listed on the right-hand side of Fig. 1. Fod0 convert the matri¥/;,, into a 44<44V;_,_ matrix, care
thes states {=0, j = 1/2) two channels result for each ionic has to be taken to couple only manifolds with equaialues.
state withF* =4 and 5, whereas only one channel is asso-Standard angular momentum algelj&2] can be used to
ciated with theF* =3 and 6 ionic states, resulting in a total derive the angular momentum transformatlor;;F
of 10 s channels. Analogous considerations lead to the iden-
tification of 34d channels (=2, j=3/2 and 5/2. Uia.=(LSIHJI"FTjF) (16)

The semiempirical MQDT treatment outlined in the pre-
vious subsection can be adapted to treat the hyperfine strubetween the LSJFcoupled eigenchannels and the
ture of the Rydberg states 8fKr, given the following. J*F*jF-coupled dissociation channels

(LSIFAITFHjF)=(2F+1)\(2J+1)(2L+1)(2S+ 1)(2j + 1)(2F " + 1)(237 + 1)

+_ it
X (_1)F —j=J37+21=J+L—S5-2s+3mg+my+ +2m;+m;

mj ,my+,My, Mg, M_+,M Mg, Mg+, Mg, ME+,M;

I J F L S J LY ¢ L st s S
m| mJ - m|: m|_ mS - mJ m|_+ m€ - m|_ ms+ ms - mS

Fo F)(e s j)(l 3 F+)(L+ S0 ) an

Mg+ My —Mg/\mg Mg —m/\m M+ —Mg+) M+ Mgy — My

X

X

The Ui ar transformation has a block-diagonal structure. )

The s block consists of a (83) F=7/2, a (4x4) F=9/2, aE Ui ST (Ko V505 +) JAg =0, (18)
and a (3x3) F=11/2 subblock, whereas tliblock is com- F
posed of an (1X11) F=7/2, a (12 12) F=9/2, and an
(11X 11) F=11/2 subblock. The elements of th.leFaF ma-

trix can be calculated numerically and the positions of the . B
Rydberg levels determined from the condition deUi o, il m(pa, + vyre+)]|=0.

which has nontrivial solutions when
(19
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= a) 50d[1/2], 50d[3/2], 52s[3/2],
o FIG. 2. Comparison of the
%‘0 pulsed-field ionization spectra of
o (@) 8Kr and (b) 83Kr in the region
e of effective principal quantum
= x 100 A number vy, between 48 and 49
¢M recorded following single-photon
* o / \ excitation from the!S, ground
1128676 1128678 1128680 1128682 1128684  112868.6 state. The hyperfine interaction
leads to the splitting of the n(
= |b) 50d[1/2], 50d15/21, 50d13/2], 52s3/2), 52s13/21, +2)s[3/2]; Rydberg states into
< three components, the broadening
Eo F= S€aq of the transition to thend[3/2],
‘7 —-—r Rydberg state, the enhancement of
g the intensity of the transition to
- % 10 the nd[1/2], state, and the obser-
Q vation of additional structures at
2 N the positions of the]=2 compo-
nents of the K +2)s andnd Ryd-

r 1 1
112867.6 112867.8 112868.0 112868.2 112868.4 112868.6 berg states.

wave number (cm™!)

The general form of Eq(19) is also adapted to a treat- pears broadened. Second, features that are not present in the
ment neglecting the departure of the close-coupling eigen®*Kr spectrum can be observed on the low-energy side of the
channels from puré&S coupling, in which case the transfor- ng 3/2], triplet and halfway between the positions of the
mation matrix Ui o, Must be replaced by the angular transitions to thend[ 3/2]; and thend[1/2], states.
momentum transformation matrls; - . These differences have their origin in the hyperfine inter-

Fer actions with thel =9/2 nuclear spin ofr, which leads to

The intensity of a transition from the ground state dditional spliti i th level dind
(1S,, F=9/2) to a Rydberg state is determined by the value® itional splittings in the energy level structure and induces

of F and by the expansion coefficiens, of the total wave sufficientd mixing that Rydberg states which would be clas-
F

f . fth in the basis of the cl | ified asJ=2 states in thé =0 isotopes become accessible
unction of the target state in the basis of the close-couple single-photon transitions from th&S, ground state. Al-
channels according to

though available MQDT parameters, in particular those re-
2 ported by Aymaret al. [34], have been an invaluable help to
IMWF<E D, A, ) ) (20) our initial progress in the understanding of th¥r spec-
ap For trum, they turned out not to be accuraé% enough for the quan-
. . . . titative modeling of the spectrum of theKr isotope.

The dipole amplltudeﬁ)aF are approximated by thB,, di- In order to bg able to fest the fundamental assumption of
pole amplitudes used in the MQDT treatment of the0  our MQDT model, namely, that the same close-coupling
isotopes. The weighting factow are calculated according MQDT parameters can be used to calculate the spectra of
to Ref. [53] and satisfy the conditiorWy,,:Wq;: W7, both isotopes, our analysis was carried out in two steps. First,
=1.2:1.0:0.8, which is in accordance with the multiplicity the 8Kr spectrum was used to derive a set of MQDT param-

sum rules for electric dipole transitions. eters accurate enough to provide a quantitative description of
theJ=1 series in the energetic region investigated, i.e., be-
IV. RESULTS tween 112800 and 112905 ¢th Then, this parameter set

was kept fixed and used in the analysis of $ftér spectrum.

o A comgarispn of the pulsed-field ionization spectra of e first step of the analysis is summarized in Sec. IV A and
Kr and *Kr in the region of effective principal quantum ne second in Sec. IVB.

numberv,,=48—49 is presented in Fig. 2. The spectra were
recorded under identical experimental conditions, using a 6
pulsed electric field of 100 V/cm applied As after photo- A TKr

excitation. The intensity distribution of th&Kr spectrum For the analysis of th&*Kr isotope, a set of 187 wave
[Fig. 2(8)] is dominated by thas[3/2], andnd[3/2], series. numbers corresponding to transitions to members of the
The nd[ 1/2], series, which becomes visible only on an en-nq 3/2]; series between=33 and 115, of thexd[ 3/2]; se-
larged scale, is particularly weak in this region of the spec+ties betweem=31 and 113, and of thed[1/2], series be-
trum because of its dominant?; character. Although the tweenn=232 and 52 was used. The transition wave numbers
overall appearance of tHéKr spectrum[Fig. 2(b)] is simi-  were determined with an absolute accuracy of 0.015tm
lar, several differences are noticeable. First,riBg3/2], line  and their relative positions with an accuracy of 0.008 ¢m

is split into a well-resolved triplet and thed[ 3/2], line ap-  These wave numbers, which are available as supplementary

032510-7



WORNER, HOLLENSTEIN, AND MERKT PHYSICAL REVIEW A68, 032510(2003

TABLE Il. Eigen quantum defects and ionization ener@) of 8Kr determined from a nonlinear least-squares fit based on 187
experimental spectral positions of members of tisg3/2],, nd[3/2],, andnd[ 1/2]; series withn between 31 and 115. The values given
in parentheses represent one standard deviétien In the MQDT calculations, the energy dependence of the MQDT parameters was kept
fixed at the values of Ref34]. RMSD represents the root-mean-square deviation of the fit.

Eigenchannel w9 from Ref.[34] 1Y from Ref.[34] w9 fitted with U2 {9 fitted with U, .
(p%d)P, 0.0941 0.075 0.094806) 0.0943732)
(p%d)3P, 0.4725 —-0.516 0.47081) 0.46921)
(p%d)°D, 0.2572 -0.818 0.255() 0.25233)
(p%s)tP, 0.0626 0.103 0.058@20) 0.0575720)
(p%s)%P, 0.1126 0.238 0.1099) 0.11034)

IE (3Kr) (cm™b) 112 914.43415)° 112 914.435{1)° 112 914.43561)°

RMSD (cm™}) 3.69x10°3 3.64x10°3

The energy dependengg? of Ref. [34] (third column was held fixed in the present work.
bFrom Ref.[25].
°The uncertainty representsin the fit and does not include the 0.015 thuncertainty in the VUV calibration.

material[54], were then used in a nonlinear least-squares-fit (3) To determine the/, matrix elements, the inclusion
procedure based on the MQDT model described in Semf the positions of lowa states in the MQDT analysis ap-
[l A. Because our data set covered only a narrow energyears mandatory. However, when such states are included,
range, no attempt was made to refine the values of the energyne must also explicitly consider the energy dependence of
dependence of the MQDT parameters. Originally, we in-theV, matrix elements and of the eigen quantum defects by
tended to fit some of the elements of e, matrix. How-  retaining a linear term in the former case and both a linear
ever, after it turned out that these elements cannot be deteind a quadratic term in the latter case. Available data on the
mined from our data set, two types of fits were carried out t¢ @nd d Rydberg states ofKr are insufficient to extract
determine the eigen quantum defeplg) and the2P, ion- statistically meanmgf.ul_ values for aII. these parameters, and
ization threshold, one in which the,, matrix reported by our attempts at obtaining a fully satisfactory set of MQDT

. 2
Aymar et al. [34] was used, the other in which th&;, ma- parameters over the entire range from=5 to the “Py,
trix was set to unity. threshold have remained unsuccessful.

Table Il compares the MQDT parameters determined in Both parameter sets summarized in Table Il will be shown
both fits. Surprisingly, the fit based on the,, transforma- In the next subsection to be adequate to describe the hyper-

tion matrix did not lead to a significantly smaller root-mean-flne structure in the Rydberg spectrum &Kr also. The

square deviatiofRMSD) than the fit based on the approxi- SPECtUm of3Kr, however, contains information that is help-
mateU— transformation ful in determining MQDT parameters for thle#1 channels
la .

The following conclusions can be drawn from the MQDT and thus in obtaining a more global dgscription of srend
analysis of the Rydberg spectrum YKr. d Rydberg states of krypton, as explained below.

(1) MQDT parameters available in the literature, while o
entirely adequate to describe earlier experimental data re- B. Kr
corded at lower resolution, had to be slightly modified to  Figure 3 shows an overview of the spectrum of shend
account for the line positions determined in our high-d Rydberg states of°Kr in the ranges of effective principal
resolution study. The only eigen quantum defect that waguantum numberyz,=30.5-31, 40.5-41, 50.5-51, and
found to differ Significantly from the results of Aym&I al. 60.5—61. The use of an effective quantum number scale
[34] is that of the p°s) 'P; channel(see Table . A satis-  rather than a wave number scale facilitates the recognition of
factory description of the relative intensities was reached the evolution of the Spectra| structuresraiacreases. Around
assuming zero values for the dipole amplitudes to the triplef =30, the main differences from the spectrum®kr are
channels and a ratib ,— (psa) 1p, /D o= (pss) 1p, = 1.5 for the  the splitting of thens[3/2], line into a triplet withF=7/2,
dipole amplitudes to the singlet channels. 9/2, and 11/2 and the broadening of tg| 3/2], resonance.

(2) The simplified MQDT analysis based on tjie.S an-  The J mixing induced by the hyperfine interactions is hardly
gular momentum frame transformation mattik, gave an noticeable and leads to the additional groups of lines associ-
equally satisfactory description of our experimental data taated with transitions to the 3{@3/2],, 32d[3/2],,
that based on the; , transformation matrix reported by Ay- 32d[5/2],, 32d[5/2]3, and 32I[7/2]; Rydberg states that
mar et al. [34]. The eigen quantum defects extracted fromcan be discerned only on an enlarged scale or at higher
both analyses are very similar, and the positions of thevalues.

nd[3/2];, nd[1/2],, andng 3/2]; series at highn values At increasingn values, thel=2 and 3 components gradu-
(n=30) do not contain sufficient information to determine ally gain in intensity, primarily because the spacings between
the V, matrix elements. theJ=1 andJ#1 components that are coupled by the hy-

032510-8



MULTICHANNEL QUANTUM DEFECT THEORY AND.. .. PHYSICAL REVIEW A68, 032510 (2003

nd[3/2],  nd[5/72], (n+2)s[3/2], TABLE IlI. lonization energy of®*Kr, hyperfine coupling con-
nd[1/2],| nd[7/2],| nd[5/2], nd[3/2], | @+2)s[3/2], stantsAj+_3, and B+ _ 5, Of the 2P3/2 ground andA;+_,,, of the
| | | 2p,,, excited state of3r™, and quantum defects for thD,,
' " D,, and®F,, eigenchannels of Kr determined in a least-squares-

a) _ Saq ] ) " i
L F *\?7 | fit procedure based on the experimental positions of the hyperfine
X0 W bt s A x10 L and fine structure components of the and nd Rydberg states.
0 V ‘[ o ' RMSD represents the root-mean-square deviation of the fit.
This work
30.50 30.60 30.70 30.80 30.90 31.00 1
— [b) ' ' ' ' Asr=1i2 (Cm_l) ~—0.04
= Ay _zp (cm™Y —0.006 19 —0.006 164)
PN N 1\ U E _
g . %40 N By« _q (cm™d) —0.0138 —0.01274)
S oy - ’ “WW ] IE (8Kr) cm™Y) 112 914.433@)°
= RMSD (cm™) 3.6x1073
g 40.50 30.60 40.70 3050 2090 4100 (D) 0.2647 0.2647
g lo 1.(3Dy) 0.2535% 0.2892
E lw W ,/LM ] wo(BF2) 0.3923 0.4017
= o I RMSD (cm™ ) 5.7x10°%
£ "Loe I AR
2 8Ab initio result from Ref[56].
@ 0 - = = = = bThe uncertainty represents-in the fit and does not include the
o ((1)) ° 010 050 020 00 0.015 cm* uncertainty in the VUV calibration.
B ] °From Ref.[34].
9Held at the value of Ref:34].
0
‘ ‘ \‘ . . .
- AL | ‘ VAN 1 analysis of thé®*Kr spectrum was carried out in three steps.
First, the positions of the four hyperfine components of the
6050 o %70 050 o050 .00 Kr* 2Py, state, i.e., the ionization energy and the hyperfine
v constantsA;j+_z;» and By+_3, [see Eqg.(12)] were deter-

3402 mined in a nonlinear fit using the positions of the fully re-
FIG. 3. Comparison of the hyperfine structure in experimentale_%lved h)llperfme structure components&)f_ m?’élz]l Statzs'
spectra and MQDT simulatiorigwverted traces and stick spegtod us: dr(tac?l:jtrgv% ?f?enSstggléfnzrt?cséji;m?aar::zere;ll—?e de;rllllF?n 1W_?_Lee
s andd Rydberg states ot*Kr corresponding to single-photon ex- h fi tant gd ¢ P df dt bg.' ’ d
citation from the S, ground state. For direct comparison of the yperiine con_shan S ?re C(()jmpare 0, aglm(_)u_r! OI elln goo
hyperfine structure at differentvalues, the spectra are displayed as Sg;‘ase;]i?;g\gt éle E‘Sr(% aSnecc?r? dyzt fgrr]\}vilr d slirr]r:tlljcl)a?igr?l:)?t-he

a function of the effective principal quantum numbey, defined
with respect to the center of gravity of the hyperfine structure of theSpeCtrum based on Eqd4), (18), and(19) was performed

2p, ground state ofKr+. va,=(a) 30.5-31:(b) 40.5—41:(C to assign the remaining features, in particular those associ-
50%2_%1.((,) 60.5—61. vae=(a) (®) ©  ated with theJ=2 and 3 states. A good agreement between

calculated and experimental line positions and intensities
perfine interactions scale as 3 whereas the dominant con- could be reached immediately, providing direct evidence for
tributions to the hyperfine interactions, the interactions beﬂ][e re"f‘bg'ty, Ofdo]t” M?hDT mo?el %%i of_rtr:\é=1 .E{)'aram—f
tweenJ* andi, are independent of. Particularly striking is o o' >cr> GEMIVEC TTOM M€ SPECIUMEAT. 1Ne posttions o

the evolution of the i+ 2)s[ 3/2], components, which rap- thend[3/2,5/2, a.ndnd[5/_2,7/a_3 components, however, ap-
idly become as intense as tha{2)s[3/2], components peared systematically shifted, indicating the need for a slight
and even stronger as they approach ﬁd§13/2]1 compo-’ adjustment of the eigen quantum defects of R&4#] in the

nents. This evolution can be attributed to #d interaction regloE |nvest|ga'§ed here. In the last step, we attempteq to fit
. . X theJ=2 and 3 eigen quantum defects to reach a quantitative
and will be discussed further in Sec. V C.

Only a subset of all observed features, namely, those COl;;_lgreement between MQDT calculation and experiment for

responding tos Rydberg states, display a fully resolved hy- these levels also. This last step turned out to be partially

perfine structure that could be used in a least-squares fit ccegsful for the]_=2 Ievels(_see Tab_le 10, but our spec-
the hyperfine structure of tHEKr* 2P, ground state. The rum did not contain enough information to derive a statisti-
3/2 .

corresponding spectral positions are listed with their assign(—:ally meaningiul set of eigen quantum defects for fhe3

: : levels.
ments in a table available as supplementary matgsiil . .
Given that a similar agreement between theoretical pre; Table Ill summarizes all parameters that could be derived

dictions and experiment was reached using eitherth from our least-squares fits of the hyperfine structuréf.
P 9 Mo Not only are the spectral positions very well reproduced by

or theU; o transformation, only the results obtained with o, MQDT calculations but the intensities are also faithfully
the U; 5 transformation are presented here. The MQDTaccounted for, as illustrated in Fig. 3. Moreover, the hyper-
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fine coupling constants of théP, ground state of3Kr*
could be determined.

The following conclusions can be drawn from the MQDT
analysis of the Rydberg spectrum SKr.

(1) Our MQDT treatment of the hyperfine structure based
on close-coupling parameters derived from the spectrum of
84Kr enables a quantitative description of the positions and
intensities of the transitions to theand d Rydberg series
g;easured in the single-photon VUV excitation spectrum of

Kr.

(2) Whereas the single-photon VUV excitation spectrum
of 8Kr contains information on only thd=1 channels, the s s - - s
spectrum of8%r also contains information on thé# 1 10 120 v14o 160 %0
channels, and allowed the determination of improved eigen 32
guantum defects for thd=2 channels. Because the close-
coupling MQDT parameters are isotope independent in our
model, they are valid for all isotopes of Kr.

(3) The origin of the complex hyperfine structure of the !
Rydberg states lies primarily in the ionic hyperfine interac-
tion, and MQDT provides an adequate framework to deter-
mine the ionic hyperfine structure from the analysis of the
Rydberg spectrum.

a)

Kr ion signal

o]
©

I i
! TN" TWWW

m
(=]

calculated spectru:

8 Lo
Kr ion signal

[=]

V. DISCUSSION

calculated spectrum

The results presented in Sec. IV demonstrate that our . . . . .
MQDT model is well suited to describing the hyperfine 100 120 vl‘“’ 160 180
structure in the Rydberg spectrum &Kr. The model could 32
be U_'Sed successfully to determine, by extrapolation, the hy- FIG. 4. Comparison of experimental and calculated Rydberg
perfine structure of théPm ground state of Kf. Somewhat spectra of(a) 83Kr and (b) 8Kr in the range of principal quantum
unexpectedly, the hyperfine structure of the Rydberg states if,mbern=90-190 below théP, ground state of Kt recorded
the rangen=34-69 was found to be equally well repro- following single-photon excitation from th&S, ground state. The
duced in calculations based on the assumption of pw8ly inverted spectra represent MQDT simulations based on MQDT pa-
coupled eigenchannels as in calculations using the channgimeters and ionic hyperfine coupling constants determined in a
mixing parameters/,, derived by Aymaret al. [34]. This  least-squares-fit procedure based on the experimental line positions.
observation does not imply that the channel mixings are unA Gaussian line shape with a full width at half maximum of 0.011
important, but, rather, that thé,, matrix elements are not cm * was assumed in the simulations.
known accurately enough to reproduce the details of the hy-
perfine structure in the range of principal quantum numbepredict the hyperfine structure outside the range
investigated here. =30-100 where it has been optimizé®) whether the in-

The results for botf*Kr and #Kr suggest(1) that cur-  teractions betweenS-coupled channelén particular thes-d
rently known MQDT parameters, while adapted to describ4nteraction influences the hyperfine structure, and, if so, how
ing the Rydberg state structure over narrow energy rangesuch interactions are likely to manifest themselves in experi-
do not provide a fully satisfactory description over the wholemental spectra, an¢B) whether a complete set of MQDT
energy range where bound Rydberg states can be probed gxarameters can be extracted at all from experimental data.
perimentally, and2) that the number of MQDT parameters These questions are addressed in the next subsections.
is too large to be determined from available experimental
data.

While very encouraging as far as the modeling by MQDT
of the hyperfine structure in Rydberg state spectra and the Apart from the splitting of theng 3/2]; resonances into
determination of ionic hyperfine structure are concerned, outhree components witk=7/2, 9/2, and 11/2, the spectrum
study led to the determination of only a fraction of all of 8%Kr in the rangen<235 is very similar to that of*Kr, and
MQDT parameters needed to fully describe the Rydberglifferences become apparent only in measurements at very
spectrum of krypton. It is mainly the energy dependence ohigh resolution. At highn values, the spectra of the two
the MQDT parameter¥,, and u, that appears to be under- isotopes differ radically. A comparison of the single-photon
determined. spectra of thes andd Rydberg series of*Kr and 8Kr in the

The questions that are not answered by the results preangen=90-190 is presented in Fig. 4. Whereas the inten-
sented so far in this article at&) whether, and how well, the sity distribution in the spectrum of th&Kr isotope [Fig.
parameter sets summarized in Table Il and 11l can be used té(b)] follows the pattern typical for Rydberg series at high

A. The hyperfine structure of 8Kr at n=100

032510-10



MULTICHANNEL QUANTUM DEFECT THEORY AND.. .. PHYSICAL REVIEW A68, 032510 (2003

F= 1172 9/2 7/2 11/2 9/2 7/2
' ' ' (a) I I I
S
£ () 2
L W T gl
%) —+ E t t t
kS () =
\Jka./\!\,__‘ : M :
{e)
_O.1 o) +0.1 02 0.1 0.0 0.1 0.2
IR
| UM
-0.2 -0.1 0.2 -0.2 -0.1 0.2

AV o(cm'l(i1 AV (cm™! )'

FIG. 5. Comparison of experimental spectteft-hand sid¢ and MQDT simulationgright-hand sidg of the hyperfine structure of
ns'[1/2]; Rydberg states witlia) n=5, (b) n=6, andng[3/2]; Rydberg states witlic) n=5, (d) n=6, (e) n=7 and(f) n=12. The
experimental spectr@)—(e) have been adapted from Rgt1]. For the comparison, the origin of the horizontal scale has been set, in each
spectrum, to the center of gravity of the hyperfine structure.

i.e., a monotonic intensity decrease with increasm@he  high-n Rydberg states lie energetically very close to those
intensities scale as 1), until the series can no longer be (with n in the range 30—1Q0that have been used to derive
resolved and the spectrum becomes continuous, the spectruie MQDT parameters listed in Tables Il and Ill. Conse-
of ®Kr [upper spectrum in Fig.(d)] reveals a rich structure quently, the fact that the energy dependence of the MQDT
with intensity fluctuations reminiscent of a beat pattern. Aparameters is not known precisely has no significant effect
similar behavior was observed in the high-Rydberg-stateyn the spectra.
spectrum of Ba by Beiganegt al. [10] and can be attributed
to the overlap and to local interactions of Rydberg series
converging to closely spaced limits. The maxima in the
“pbeat” pattern correspond to regions in which the positions Our set of MQDT parameters is less suitable to describe
of the members of the Rydberg series converging on differerthe lown region of the spectrum because the energy depen-
thresholds coincide. dence of the MQDT parameters and the departure of the
Our MQDT calculationglower inverted trace in Fig.(@]  eigenchannels from purely.Scoupled channels plays a
reproduce the overall intensity patterns satisfactorily with themuch more important role in this region. The eigen quantum
parameter sets presented in Tables Il and Ill. As explained idefects and ionic hyperfine structure constants listed in
our investigation of NH where a similar behavior was ob- Tables Il and Ill can nevertheless be used to predict the gen-
served in series converging on neighboring spin-rotationaéral appearance of the hyperfine structure at fowalues.
states of the NKI* ion [57], the beat pattern turns out to be Such predictions for thas series withn=5, 6, 7, and 12 are
very sensitive to the relative positions of the ionic states tgresented in the bottom four spectra on the right-hand side of
which the series converge. The good agreement between obig. 5 and are compared with the experimental results
MQDT calculations and the experimental data at highal-  (shown on the left-hand side of Fig) 6n the 5, 6s, and &
ues therefore demonstrates the reliability of the hyperfindevels reported by Trickét al. [11] and with a measurement
structure constants determined for th,, ground state of of the 1% level carried out in our laboratory byydy + 1y
83Kr* (see Table Il resonance-enhanced two-photon ionization spectroscopy
The excellent accord between our MQDT calculations and58]. Because of our inability to account for the energy de-
the experimental data at highvalues is not unexpected. The pendence of the MQDT parameters, the absolute positions of

B. The hyperfine structure of &Kr at low n

032510-11



WORNER, HOLLENSTEIN, AND MERKT PHYSICAL REVIEW A68, 032510(2003

the Rydberg levels are not predicted well by our calculations, 1 ‘ . TR

with deviations between calculated and experimental posi- —~ a) el §[312),
tions being largest for thesSlevels (881 cmit) and gradu- _‘; SRR d[3,2s][3_/%]’..
ally decreasing at highem values(33.6 cm! for the 6s, Q08 .
27.1 cm ! for the 7s, and 1.3 cm? for the 12 level). The é TS
relative positions and intensities of the hyperfine structure Sosk dnggj/ﬂ;_“_,__ o
components, however, appear to be in almost quantitative Jj A, .
agreement, with the exception of the centria=9/2) com- +LL. B &
ponents in the spectra of te=6 and 7 levels, the intensi- %04l B
ties of which are overestimated in the calculation. The over- & |/ - - :
all good agreement of the hyperfine splittings, however, || N
demonstrates convincingly that these splittings have their'w 0.2- e 4
origin in the ionic hyperfine structure, even for the lowest Y R
values of the principal quantum number. : B

Trickl et al.[11] have also reported spectra of the hyper- 0z " oi e oz 1
fine structure of the § and 6’ Rydberg levels which have
been redrawn at the top of Fig. 5 where they are comparec 1 by T
with our MQDT predictions. Unfortunately, the experimental =
hyperfine structures in these spectra could be accounted fo — osk
only qualitatively by our calculations, which do not satisfac- g ' dsn
torily reproduce the decrease of the hyperfine structure inter- <= e 55/2[]2 CRPR
vals observed am increases from 5 to 6. This deviation iS 0.6/« _]? T
likely to have its origin in a perturbation of either the’sor 1!
the 6s' level (or both by neighboringns andnd levels and kx,
may provide a handle to extract information on g, ma- Q'O"“ 7
trix elements and their energy dependences. fﬁ

Despite this discrepancy, a rough estimate ofAhe_ ), Yook ]
hyperfine coupling constant of theP,, state of KF can be >
derived using our MQDT model. Adopting the assignment of = _ - ‘
Trickl et al. [11] and depending on whether the'50r the 0 6'2 — 0% o ]
6s’ level is assumed to be predominantly perturbed, one ob- ooy + )
tains values 0f—0.036 and—0.051 cm* for Aj+_y,, re- v(J =3/2,F =3)(mod 1)
spectively. Inclusion of all hyperfine structure intervals ob- o o )
served in tracesa and (b) of Fig. 5 in the fit yields FIG. 6. Theoretical investigation of the role of tked interac-

Al = —0.044 cnTl We suspect that thes5 level is the tion in the hyperfine structure in Rydberg states’#tr. The two
mJor:el/IZiker .Ievel to be perturbed and that the value 0fpanels represent Lu-Fano plots based on calculated energies of the

. - hyperfine structure components of the and nd Rydberg states
Aj+_y, lies closer to—0.036 than to—0.051 cm®. The

L . o . with F=11/2 located below théPj, ground state of Kf. The
magnetic dipole coupling constant of tRe,, ionic level is

. ; R energies were calculatdd) using theV,, matrix elements deter-
thus a_bout f'V_e tlme§ larger than that of t By, level, a mined by Aymaret al.[34] and(b) assuming that the eigenchannels
behavior that is similar to that observed in tRB ground

! ) ' are exactlyLS coupled, i.e., neglecting channel mixings. The en-
state of the isoelectronic halogen ato[8,60 (see, for in-  gircled area in(a) indicates a region where tteed interaction may

stance, Fig. 4 of Re{59]). be characterized experimentally. The two diagonal line)rindi-
cate the range af values between 30 and 80 where resolved infor-
C. The hyperfine structure of 8Kr and the s-dinteraction mation on the hyperfine structure could be determined in the present

i . g experiments. The blank area below the diagonal of the plot origi-
Thanks to. Fhe e’?ergy '?Ve' spllttlngs that arlse' fir nates from the fact that only states witks 130 were used.
from the additional interactions with the nuclear spin, close

encounters betwees and d levels are more likely irf*Kr The results of our MQDT calculations on the role of the
than in thel =0 isotopes, particularly at high values, giv-  s-dinteraction turned out to be particularly easy to compare
ing rise to the possibility of obtaining additional information when represented in the form of the Lu-Fano pl&$] dis-

on thes-d interaction. The MQDT formalism presented in played in Fig. 6. To generate the Lu-Fano plots of Fig. 6, the
Sec. llI B can be used to investigate theoretically the effecposition of each calculated energy level was used to first
of the s-d interaction on the appearance of the spectrum oflerive the fractional part of two effective quantum numbers
8Kr, for example, by setting selectad,, matrix elements v;+¢+ defined relative to distinct ionic hyperfine levels using
to zero in a reference calculation that is then compared witlEq. (14), and, second, to set a point in a two-dimensional
a calculation in which the same elements are held to a norplot with coordinates corresponding to the fractional part of
zero value. This procedure was used to obtain a qualitativehese effective quantum numbers. Rydberg series in Lu-Fano
picture of the role of thes-d interaction on the hyperfine plots appear as sets of points forming trajectories, and the
structure of the Rydberg states &Kr and is discussed in interactions between the series manifest themselves as
this subsection. avoided crossings between these trajectories, several of
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LI T A
I | I | I | I |
50.6 50.8 51.0 74.6 74.8 75.0
H || W W FIG. 7. The hyperfine structure in the region
| I | | | I | I of the (anticrossing between then(-2)s[3/2]
60.6 60.8 61.0 77.6 77.8 78.0 X(I=2F=11/2) and the nd3/2](J=1F

=11/2) levels corresponding to the encircled area
C) h) in Fig. 6(@). The inverted traces represent MQDT
simulations which assume that the eigenchannels
are purelyLS coupled. For comparison, the spec-
0 0 I | |I 7NN tra are displayed as a function of the effective
w principal quantum number;, defined with re-
1 | 1 1

| | | spect to the center of gravity of the hyperfine
65.6 65.8 66.0 80.6 80.8 81.0 structure of the?Pg, ground state of*Kr*. The

i) effect of thes-d interaction can be recognized

d) from the fact that the experimental spectrum
shows an intensity minimum id) at the position

0

spectral intensity (arbitrary units)

H A 0 where the calculated positions of then (
| [T 7 NA +2)s[3/2](J=2F=11/2) andnd[3/2](J=1F

| I , | | I | I =11/2) levels become degenerate.
68.6 68.8 69.0 33.6 33.8 84.0

which are immediately recognized by inspecting Fig. 6. below the diagonal of the Lu-Fano plot stems from the fact
The Lu-Fano plots displayed in Fig. 6 were obtained bythat, for clarity, the states beyomd=130 were not used.
deriving the effective quantum numbers of the-11/2 lev- In the second model calculatidiFig. 6(@)], the V5,
els with respect to thE * =3 andF " =5 hyperfine structure matrix was taken from the work of Aymagt al. [34]. ,me
levels of the?P, ground state of*r. Similar plots, with  though the overall appearance of the Lu-Fano plot resembles
the same information content, can also be drawn by defininghat shown in Fig. ), several avoided crossings are clearly
the effective quantum numbers with respect to Bie=4  gpservable, corresponding to interactions between channels
and 6 levels. differing either in the value of only or in the value of both
In the first model calculation, leading to the results pre-¢ andJ [see encircled region in Fig(&], the latter being a
sented in Fig. (), the Vg _,_ matrix was set to unityi.e.,  manifestation of the-d interaction. It is important to realize
the close-coupling eigenchannels were assumed to be exactlyat, whereas in the=0 isotopes, thes-d interaction mani-
LS coupled. The trajectories representing the various Ryd-fests itself only by level shifts and intensity perturbations
berg series can thus be labeled by the values @ithersor  affecting levels of the sam&value, in®Kr the s-dinterac-
d) andJ. The trajectories have their origin along the diagonaltion also causes perturbations between levels of diffedent
of the plot which corresponds to the lowidimit. As ex-  values and is therefore much easier to detect.
pected, the trajectories correspondingstand d series all The Lu-Fano plots displayed in Fig. 6 provide a conve-
cross exactly in Fig. @). The area between the two diagonal nient way to analyze the channel interactions in krypton and
lines represents the rangero¥alues for which resolved data to identify spectral regions where specific interactions ought
could be obtained in the present experiments. The blank arga be observable in high-resolution spectra. A set of spectra
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of 8Kr in the region corresponding to the encircled area ofBecause the effects of the hyperfine interactions are negli-
Fig. 6(a) is displayed in Fig. 7. In this region, the (J  gible in the close-coupling region of the electron-core colli-
=2F=11/2) channel interacts with thé (J=1F=11/2) sion, the close-coupling MQDT parameters necessary to pre-
channel. The interaction, which manifests itself by thedict the hyperfine structure of Rydberg states are identical to
avoided crossing in Fig.(8), is also clearly visible in the those needed to calculate the Rydberg level structure in iso-
experimental spectra. To facilitate the comparison of spectréopes(or isotopomers, in the case of moleculegth zero
recorded at different values af the spectral intensities were nuclear spin.

plotted as a function of the effective principal quantum num-  The theory enables the parametrization of the hyperfine
ber defined with respect to the center of gravity of the hy-structure in terms of the hyperfine coupling constants of the
perfine structure of théP5, ground state of°Kr. The ex-  jon core. If these constants are known, MQDT can be used to
perimental spectra are compared, in each panel of Fig. ‘fredict the hyperfine structure at any value of the principal
ywth myerted calculated stick spectra and the correspondmauamum numben. If the hyperfine coupling constants are
intensity envelopes. Unfortunately, the values of¥hg ma- 4t known, they can be determined from the measured hy-
trix elements reported by Aymat al.[34] were not accurate e fine structure of Rydberg states. Direct measurements of

e_nough_ to repFOduce t_he experimental positions and Intensip, o hyperfine structure of molecular ions by high-resolution
ties satisfactorily, and it turned out to be more convenient, tQ

) . X r re notoriously difficult, primaril f
recognize the effects of the-d interaction, to compare the Spectroscopy are oto ously difficult, primarily beca.luse'o'
roblems associated with space-charge effects which limit

experimental spectra with calculations based on the assum “e ion density in the experiment volume and can cause un-

tion of a unitV,, matrix and on the parameter sets derivedd irable D yl b dp . M ts of the h

from our high-resolution measuremer(see Tables Il and \esirable Doppler broadenings. Vieasurements ot the hyper-
Jme structure in Rydberg states of the neutral parent species

[II'). The positions and intensities of the members of the tw - RN . :
interacting [(n+2)s (J=2F=11/2) and nd (J=1F are not subject to these limitations. When combined with

=11/2)] series are represented by the bold vertical lines if/QDT, such measurements provide an attractive alternative
Fig. 7. At n values around 50, the spectra reveal a broad® determme the_ ionic hyperfine structure. In the case of
feature associated with the threeresolved components of Kr* discussed in this article, high-resolution spectroscopy
nd[3/2],, three well-resolved lines corresponding, in orderand MQDT of the Rydberg level structure has enabled a
of ascending effective principal quantum number, to the ( determination of the hyperfine structure in tR@ ground
+2)s[3/2],F=11/2, 9/2, and 7/2 hyperfine structure com- €lectronic state.

ponents, and the weakemn{ 2)s(J=2,F=11/2) component Thanks to the relaxation of the selection rulesfhand
already discussed in Sec. IV B. Asncreases from 50 to 90, the additional splittings in the energy level structure caused
the position of the i+ 2)s(J=2,F=11/2) moves across the by the hyperfine interactions, high-resolution spectroscopy of
nd[3/2]; manifold to reappear on the low-energy side be-the hyperfine structure in Rydberg states facilitates the obser-
yond n=_80. At this point, channel mixings induced by the vation of channel interactions, such as #id interaction in
hyperfine interactions lead to a large number of hyperfin&krypton, that can be difficult to observe in isotoges iso-
structure components to become optically accessible. topomer$ with 1=0.

The effect of thes-dinteraction is most clearly recognized  Whereas MQDT appears very well suited to describe the
at the position, around,~69 [see paneld) in Fig. 7], energy level structure of Rydberg states, little is known so far
where the calculated positions of then42)s(J=2F about the role of the hyperfine structure in the dynamics of
=11/2) andnd(J=1F=11/2) series almost exactly coin- atomic and molecular Rydberg states, although first results
cide. In the experimental spectrum, however, an intensityndicate that neighboring hyperfine structure components can
minimum separating two strong lines is observed at this pobe subject to different decay processes and have very differ-
sition and indicates the avoided crossing between the twent lifetimes[14]. The formalism used in this article repre-
interacting series. sents a step toward a better understanding and a formal treat-

Although the comparison of experimental and calculatednent of the role of the nuclear spins in the decay dynamics
spectra displayed in Fig. 7 enables the direct observation aff Rydberg states, and may turn out to be important for other
the effect of thes-dinteraction, the experimental data turned lines of scientific investigation such as studies aiming at un-
out not to be sufficient to extract unambiguous and statistiderstanding the properties of cold Rydberg ga€&-64
cally well-defined values for the relevaimt,, matrix ele- and at controlling the translational motion of Rydberg atoms
ments. A very high-resolution study of this spectral region byand molecules in inhomogeneous electric fidlgls,65.
millimeter-wave spectroscopy, following the same strategy
as used to study the hyperfine structure in the Rydberg spec-
trum of H, [16-18, is currently under way to obtain more ACKNOWLEDGMENTS
detailed information on this very interesting and complex
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