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Nuclear-spin effects in the photoionization of krypton

Th. A. Paul, J. Liu, and F. Merkt
Laboratorium fiir Physikalische Chemie, ETH Zurich, Wolfgang-Pauli-Strasse 10, 8093 Zurich, Switzerland
(Received 15 October 2008; published 6 February 2009)

The autoionizing Rydberg states of krypton close to the 2P1 J» lonization limit were measured using a tunable
narrow-bandwidth vacuum-ultraviolet laser system. The hyperfine structure of the high odd-parity autoionizing
Rydberg states of 8Kr was observed and analyzed. The measurements and their analysis by multichannel
quantum defect theory provided information on the role of the nuclear spin in the photoionization of 8Kr and
on the hyperfine structure of the 2P, ) State of $3Kr*. The 2P, , ionization energies of all naturally occurring Kr
isotopes were determined with great precision and accuracy, improving the existing literature values of the
isotope-averaged ionization energy by more than one order of magnitude.
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I. INTRODUCTION

The current understanding of atomic and molecular
photoionization has its roots in studies of the vacuum ultra-
violet (vuv) photoionization of the rare gas atoms Ne, Ar,
Kr, and Xe, starting with the classic work of Beutler [1],
which revealed resonances in their photoabsorption spectra
beyond the first ionization threshold. These resonances are
characterized by strongly asymmetric, broad profiles for the
d (I=2) channels and almost symmetric, sharp profiles for
the s (I=0) channels. These resonances can be assigned to
Rydberg states belonging to series converging on the upper
spin-orbit (2P1/2) component of the (np)® 2P ground state
configuration of the rare gas ion which autoionize into the
continuum associated with the lower (*P5,) spin-orbit com-
ponent. Fano interpreted these line shapes (now called
Beutler-Fano profiles) as resulting from the interference be-
tween different ionization channels [2]. The photoionization
of rare gas atoms has also served as the testing ground of
multichannel quantum defect theory (MQDT) [3-8] which
today represents the theory best suited to describe the photo-
ionization dynamics of atoms and molecules near low-lying
thresholds [9-11].

The electronic spectrum of krypton has been studied ex-
tensively, and the positions of many bound and autoionizing
levels have been compiled in tables [12-14]. The autoioniz-
ing states have been accessed from the lSO ground state by
vuv excitation using vacuum spectrographs. The first absorp-
tion spectrum of the s and d autoionizing states of krypton
was measured by Beutler [1]. Yoshino and Tanaka reported
the first accurate value of the second ionization energy of
krypton [118 284.6(2) cm™'][15]. Wu et al. [16], Ueda et al.
[17], and Maeda et al. [18,19] later determined the vuv ab-
sorption cross sections and presented line shape analyses of
the autoionizing resonances. The odd-parity autoionizing
states can also be accessed using multiphoton excitation
schemes or by single-photon excitation in the visible or ir
range from metastable atoms (3P2,0) produced in discharges.
Three-photon excitation of the odd-parity states of Kr was
reported by Dehmer and Dehmer [20] and Koeckhoven e al.
[21], and two-photon excitation from metastable levels by
Ahmed er al. [22] and Klar et al. [23], who also presented a
MQDT analysis of the spectra. The autoionizing resonance
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profiles of the noble gases were also studied experimentally
and theoretically by Klar er al. [24], Petrov et al. [25], and
Peters et al. [26]. Investigations of the Stark effect in au-
toionizing states of Kr were performed by Delsart et al. [27]
using two-step laser excitation from a metastable state and
by Kampschulte ef al. [28] by fluorescence dip spectroscopy.
Optogalvanic spectra of the (n+2)s’ and nd’ autoionizing
states were reported by Wada and Hirose [29] and recently
by Baig and Aslam [30].

Limitations imposed by either insufficient experimental
resolution or the inability to record spectra of selected iso-
topes have so far prevented both the recording of spectra of
the autoionizing Rydberg states at principal quantum number
beyond n=60 [15] and the obtaining of isotope-specific spec-
troscopic data. No studies of the hyperfine structure of the
autoionizing resonances of 8Kr have been described in the
literature. Experimental data on the hyperfine structure of
autoionizing Rydberg states are exceptionally scarce and
have only been obtained on the spin-orbit autoionizing levels
of atomic Xe [31] and the rotationally autoionizing levels of
ortho-H, [32]. The present study of the hyperfine structure of
the autoionizing Rydberg states of Kr thus represents the
third study of the role of nuclear spins in photoionization.

The photoionization of Kr leads to the formation of an
open-shell (4p)° 2P '+ Kr* cation with a large spin-orbit split-
ting (approximately 5370 cm™"). In the case of *Kr*, each
spin-orbit level is split further by the hyperfine interaction.
The energy-level structures of the /=0 isotopes of Kr* and
8Kr* are compared in Fig. 1, which also schematically de-
picts the ionization channels and autoionization processes.
The main scientific motivations for the investigation of the
autoionizing resonances of Kr by high-resolution spectros-
copy presented in this paper were (1) to measure the hyper-
fine structure of the autoionizing Rydberg states of **Kr and
to quantify the role of the /=9/2 nuclear spin in the photo-
ionization dynamics, (2) to determine accurate ionization en-
ergies of all isotopes of krypton, (3) to obtain, by extrapola-
tion of the autoionizing Rydberg series, the hyperfine
structure of the *P,,, spin-orbit excited state of ¥*Kr*, (4) to
assess the ability of MQDT to reproduce the observed spec-
tral structures, and (5) to use MQDT to predict the spectral
structures and photoionization dynamics that are linked to
the transfer of hyperfine energy from the ion to the Rydberg
electron in the process of autoionization.

©2009 The American Physical Society
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FIG. 1. (Color online) Schematic energy-level diagram of the
autoionizing Rydberg states of Kr. The 2P electronic ground state of
Kr* splits into two spin-orbit components, separated by
~5370 cm™!. Rydberg states converging to the upper, 2P1 /2, Spin-
orbit state of the ion can undergo autoionization into the continua of
channels associated with the ion core in the 2P3/2 spin-orbit state. In
the case of *Kr (I=9/2), both the lower and the upper spin-orbit
components are split further into hyperfine components designated
by the quantum number F*, which indicates the total angular mo-
mentum of the ion including nuclear spin. The arrows indicate the
autoionization processes that are in principle allowed. The Rydberg
states converging on the F"=3-5 hyperfine components of the
2P3/2 state located above the position of the F*=6 hyperfine com-
ponent can only decay by hyperfine autoionization.

II. EXPERIMENT
A. Experimental setup

The vacuum ultraviolet radiation around 84 nm, required
to access the autoionizing region between the 2P3/2 and 2P1 n
ionization thresholds of Kr, was generated by two-photon
resonance-enhanced sum-frequency mixing (,,,=27,+,)
in a Kr gas jet from the outputs of a titanium:sapphire laser
system described in detail in Refs. [33,34]. Briefly, the laser
system consists of two near-infrared (nir) continuous-wave
(cw) Ti:sapphire ring lasers from which nir pulses of freely
adjustable duration (~40 ns for this experiment) are ob-
tained by use of acousto-optic modulators. After pulse am-
plification in neodymium-doped yttrium aluminum garnet—
(Nd:YAG)-pumped Ti:sapphire crystals, uv radiation at wave
numbers 7, and ¥, is produced from the intense nir pulses
using nonlinear crystals. For the present measurements, the
wave number 7; of the first laser was locked at the position
27,~94092.87 cm™! of the (4P)5p[1/2]y« 1S0 two-
photon transition in krypton [35], while the wave number 7,
of the second laser remained tunable. The fixed-frequency
ultraviolet (uv) laser beam at 2%,=94 092.87 cm™' was ob-
tained by frequency quadrupling the amplified nir output
(~15mJ) of the Ti:sapphire laser system using two
B-barium borate (BBO) crystals. Frequency doubling in
BBO of the amplified nir output of the tunable laser
(~10 mJ) delivered the uv laser beam in the range 7,
=24120-24 192 cm™! required for sum-frequency genera-
tion in the desired vuv wave-number range. The vuv beam
intersected, at right angles, a skimmed supersonic expansion
of Kr gas (purity 4.0, 3 bar nozzle stagnation pressure). A
skimmer with an orifice diameter of 0.5 mm was placed
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26 cm upstream from the point of intersection. Excitation of
Kr atoms occurred at the center of a cylindrically symmetric
stack of eight graphite-coated electrodes used for applying
pulsed electric fields and for compensating stray electric
fields. Kr* ions produced by photoionization were extracted
by a pulsed electric field of 460 V/cm applied 3 us after
photoexcitation and were detected by a microchannel plate
detector located at the end of a 30-cm-long flight tube.
Isotope-selective detection was achieved by setting integra-
tor gates on the time-of-flight mass spectra. In order to re-
duce perturbing effects on the Rydberg atoms of polar
molecules in the background gas (mostly H,0), the pressure
in the photoexcitation chamber was held below
5% 107! mbar. Spectra of the autoionizing Rydberg states of
the isotopes of Kr were recorded by monitoring the corre-
sponding Kr* ion signals as a function of the wave number
7, of the second laser.

Part of the nir cw output of the tunable ring laser was used
for scan linearization and calibration: This was achieved by
recording, simultaneously with the Kr* ion signal, the trans-
mission spectra through a temperature-stabilized Vernier éta-
lon of free spectral range (FSR) 6.7587 GHz and a passively
stabilized confocal étalon of FSR 161.36 MHz. Monitoring
the nir absorption signal of a 1-m-long iodine vapor cell
heated to 600 °C allowed the absolute frequency of the nir
radiation to be determined using the iodine atlas [36].

Frequency stabilization of the fixed-frequency laser to
1/8 of the frequency position of the two-photon resonance in
the nonlinear gas was accomplished by locking laser 1 to a
transmission maximum of a He-Ne stabilized confocal
Fabry-Pérot cavity with a FSR of 150.08 MHz and a finesse
of 30, through which part of the cw nir output was directed.
The locking procedure, which needed to be performed only
once a day, involved scanning the laser while recording both
the Fabry-Pérot cavity transmission signal and the absorption
signal of an iodine vapor cell (heated to 600 °C, absorption
path length 2 m). The absolute frequency position of every
transmission maximum of the Fabry-Pérot cavity, and thus
that of the locked ring laser, was determined by comparison
of the recorded I, spectrum with a reference Doppler-free I,
absorption spectrum calibrated using a femtosecond fre-
quency comb [37].

B. Error budget

The vuv wave number was determined by building the
sum

~ _Q(= ~AOM
Vyuy = 8(Vnir,l + AVnir,l

+ ATyp) + 2(Tyipp + ATHY

nir,2 + AVamp)

+ A17D0ppler’ (l)

where ;| and 7, , are the wave numbers of the cw outputs
of the fixed-frequency and tunable Ti:sapphire ring lasers,
respectively. A, stands for the wave-number shift arising
in the Ti:sapphire amplifier, and A~niSlM (i=1,2) represent
the wave-number shifts of the first-order sideband of the
acousto-optic modulator (AOM) outputs corresponding to
+1 GHz. AVpgp, represents the Doppler shift which arises
from a possible deviation of the angle between the vuv beam

and the probe gas jet from 90°.
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TABLE 1. Sources of relative uncertainty contributing to the
overall measurement uncertainties.

Source of relative uncertainty Uncertainty (MHz)

Line maximum determination (s’ lines) 2X10
Scan linearization 2X3

I, calibration (tunable laser) 2% 30
Stability of lock position 8X2.5
Total relative uncertainty 66

The uncertainties in the spectral positions presented here
can be classified into those affecting only the relative posi-
tions (hereafter called relative uncertainties) and those affect-
ing only the absolute positions (absolute uncertainties). The
error budget is summarized in Tables I and II, respectively.

Relative uncertainties that arise from the determination of
the line centers (relevant for the sharp s'[1/2]; lines) corre-
spond to twice the step size of 10 MHz of the nir frequency
(because of frequency doubling). The relative uncertainty as-
sociated with the scan linearization was derived from the
comparison of the experimental étalon frequency marker
traces with calculated Airy functions. The relative uncer-
tainty related to the iodine calibration procedure was deter-
mined by comparing the measured intervals between I, lines
with the corresponding intervals in the iodine atlas [36]. The
relative uncertainty in the lock position of laser 1 corre-
sponds to the half-width (2.5 MHz) of the transmission
maxima of the He-Ne-stabilized Fabry-Pérot cavity.

Contributions to the absolute uncertainty include the un-
certainty in the Doppler shift, which was determined from a
comparison of measurements of individual sharp transitions
in supersonic expansions of neat Kr, a 1:9 Kr:Xe gas mix-
ture, and a 1:6 Kr:Ar gas mixture. The analysis of the Dop-
pler shifts resulting from the different beam velocities was
made using Eq. (1) of Ref. [38]. The frequency shift Av,,,
occurring in the Ti:sapphire amplifier was measured in a het-
erodyne beat experiment in which the amplified beam was
spatially overlapped with a cw reference beam shifted by
—1 GHz from the frequency of the unamplified beam. The
measurement confirmed the value of the frequency shift of
Av,n,==5*+2 MHz observed previously [33], and did not
reveal any frequency evolution (frequency chirp) during the
pulses. The uncertainty in the absolute lock position of laser

TABLE II. Sources of absolute uncertainty contributing to the
overall measurement uncertainties.

Source of absolute uncertainty Uncertainty (MHz)

Doppler shift 65
Frequency shift in the Ti:sapphire amplifier 10X2
I, calibration (tunable laser) 2X 150
Absolute lock position 8 %30
ac Stark shift <20
Pressure shift <20
Total absolute uncertainty 390
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1, 30 MHz in the nir, was limited by the comparison between
the recorded Doppler-broadened I, absorption feature in the
vicinity of the locking point with a Doppler-free iodine ab-
sorption reference spectrum [37]. For the comparison, the
Doppler-free spectrum was convoluted with a Gaussian pro-
file of full width at half maximum equal to the Doppler width
expected at the temperature of the iodine vapor cell
(0.02 cm™).

The uncertainty of 500 kHz in the absolute position of the
al hyperfine component of the I, transition R(107)(20-1) at
11761.616 17 cm™ in the reference spectrum is negligible.
The absolute uncertainty resulting from the accuracy of the
transition wave numbers in the Doppler-broadened I, atlas
[36] affects only the determination of the wave number of
the tunable laser. ac Stark shifts and pressure shifts were
found to be negligible in experiments in which the laser
power and the stagnation pressure of the probe gas nozzle
were varied.

III. MQDT TREATMENT OF THE AUTOIONIZING
STATES OF KRYPTON

The Rydberg states of the rare gas atoms are usually la-
beled in Racah-type notation as nl' [K],, where the prime
after the value of the orbital angular momentum quantum
number / designates Rydberg levels belonging to series con-
verging on the upper (2P1 1) spin-orbit component of Kr*. K
is the quantum number associated with the angular momen-

tum vector K, and J represents the total angular momentum
quantum number excluding nuclear spin. The angular mo-
mentum coupling scheme can be described as follows:

i++§+=j+,

>

ﬁ+[=£,

E+§=i
where L* and S* are the orbital and electron spin angular
momentum quantum numbers of the ionic state, and [ and s
the corresponding quantum numbers of the Rydberg electron,
respectively. This coupling scheme is intermediate between
the more familiar LS and jj coupling schemes.

The treatment of Rydberg spectra by MQDT relies on
separating the ion-core-Rydberg-electron system into a close-
coupling and a long-range spatial region and modeling the
interaction of the Rydberg electron with the ion core as a
collision. This approach is successful in describing the
bound, autoionizing, and continuum regions of atomic and
molecular spectra [3,5-7,39].

The analysis by MQDT of the photoionization spectra of
the isotopes of Kr relied on parameters derived in earlier
MQDT analyses of the absorption spectrum of Kr by Aymar
et al. [40] (not isotope selective), of the pulsed-field-
ionization spectrum of **Kr below the (*P;),) threshold [41],
and of very high-resolution millimeter-wave spectra [42],
which enabled the derivation of an almost complete set of
accurate quantum defect parameters w, and V,,, including
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TABLE III. The 16 s and d ionization channels of the /=0 isotopes of Kr designated in LS coupling. The
values of F in the case of S°Kr are given in parentheses. There are 72 channels in 85Kr, 44 of which (F
=7/2,9/2,11/2) are optically accessible from the 'S, (F=9/2) ground state.

J=0 J=1 J=2 J=3 J=4
(F=9/2)  (F=7/2-11/2)  (F=5/2-13/2)  (F=3/2-15/2)  (F=1/2-17/2)
3 1 3
s Py P, P,
3P1
3 1 3 3 3
d P, P, P, D, F,
3P1 ID2 1F3
3D1 3D2 %F3
3F2

their first-order energy dependence. The present analysis fol-
lowed closely that of the autoionizing Rydberg states of Xe
presented by Worner er al. [31].

In the close-coupling region, the Rydberg electron is
strongly coupled to the ion core through electrostatic (includ-
ing exchange) interactions with the core electrons. In this
region, the ion-core-Rydberg-electron system can be ap-
proximately, though not perfectly (see below), described by
LS coupling:

L+S=1.

In the case of the odd-parity s and d Rydberg states of K,
16 LS-coupled channels need to be considered (see Table
IIT). Each channel « can be described in first approximation
by eigenquantum defects u, which are proportional to the
phase shifts wu,7 experienced by the electron wave function
in the core region. Because the hyperfine interaction is neg-
ligible compared to the Coulomb and exchange interactions
in the close-coupling region, it makes no contribution to the
collisional phase shifts and thus to the quantum defects. Con-
sequently, the treatment of the hyperfine structure of ®*Kr
(I=9/2) and the other isotopes relies on the same MQDT
parameters, as explained in Ref. [41].

In the long-range region of the ion-core—Rydberg-electron
collision, the interaction potential is a simple —1/r Coulomb

potential (in atomic units). The channels, so-called dissocia-
tion channels 7, are best described by the direct products of
the ion-core wave function and the Rydberg-electron wave
function. J*j coupling,

E++§+=j+,

-

~
+
“y
1l

j++f=f,

is adequate to describe the angular momentum coupling hi-
erarchy in this region. The long-range ionization channels
corresponding to the odd-parity s and d Rydberg states of Kr
are listed in Table IV.

In the MQDT treatment, the Rydberg-electron wave func-
tion is forced to be continuous at the boundary between the
close-coupling and the long-range regions. For the angular
part of the wave function, this is achieved by an angular
momentum frame transformation U,,=(a|i) between the
close-coupling channels a and the dissociation channels i.
The elements of U, are factorized

Uia = 2 Uia’ Vaa’ s (2)

where

TABLE IV. The 16 s and d ionization channels of the /=0 isotopes of Kr designated in J*; coupling. The
last column gives the 72 corresponding channels of 8K, Only the F=7/2,9/2, and 11/2 channels, i.e., 44
channels, are optically accessible from the 1S0 (F=9/2) ground state.

J* j J F
1/2 s(j=1/2) 0; 1 9/2;7/2-11/2
d(j=3/2) ;2 7/2-11/2; 5/2-13/2
d(j=5/2) 2;3 5/2-13/2; 3/2-15/2
3/2 s(j=1/2) ;2 7/2-11/2; 5/2-13/2
d(j=3/2) 0;1;2; 3 9/2;7/2-11/2; 5/2-13/2; 3/2-15/2
d(j=5/2) 1;2;3: 4 7/2-11/2; 5/2-13/2; 3/2-15/2; 1/2-17/2
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Uy =(LSIT* Ty = V2T + 1)(2j + DL+ 1)(25 + 1)

L+ st J*
Xyl s (3)
L S J

is the analytical frame transformation matrix between the
LS-coupled and the J*j-coupled basis, and V., accounts for
the departure from ideal LS coupling of the close-coupling
channels. In Eq. (3), the quantity in the large parentheses is a
9j symbol [43]. The positions of the bound levels are de-
scribed by the parametrized effective quantum number

Ry

)
Ei,J+ il %4

(4)

where R, is the mass-dependent Rydberg constant, E; ;+ is
the energetic position of the 2P '+ lonic state above the ISO
neutral ground state, and ¥ represents the total energy of the
system. In the discrete part of the spectrum, located below
the first ionization threshold, all channels are closed and the
wave functions must vanish at infinite distance from the
nucleus. This boundary condition is satisfied when [6]

> Upgsin[m(pq+ v)]A,=0. (5)

In Eq. (5), A, is the expansion coefficient of the radial
part of the Rydberg-electron wave function in the basis of the
close-coupling eigenchannels. In the spectral region between
the two ionization thresholds, the boundary condition for the
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dissociation channels which remain closed (i € Q) is still de-
scribed by Eq. (5). The dissociation channels that are open
behave as collision eigenchannels, p, undergoing a phase
shift 7,. The modified boundary condition for the open dis-
sociation channels (i € P) can be expressed as [6]

> Uy sin[@(= 7, + u) A, = 0. (6)

The solutions that simultaneously satisfy Egs. (5) and (6)
are obtained by solving a generalized eigenvalue problem

[10],
I'A’ = tan(77,) AAP. (7)

At each energy in the autoionization region, Eq. (7) has as
many solutions (7, and expansion coefficients Af) as there
are open channels. In Eq. (7),

U,,sin[@(v;+ u,)] forie Q,

| U,y sin(muy,) fori e P, ®
and
0 for i s
A e ©)
U,,cos(mu,) forieP.

Implementation of nuclear spin is achieved by increasing
the number of eigenchannels that are required for a descrip-
tion of the s and d channels from 16 to 44, where the LS and
J*j coupling schemes are extended to include nuclear spin,
i.e., for LS coupling, J+I=F and for J*j coupling Jr+I=F
(see Tables IIT and IV). The analytical frame-transformation
matrix is then [41]

Uiy = (LSIFIJ*FjFy = 2F + )NQ2J+ D2L+ DS+ D(2j+ D2F + )2/ + 1)

X >

T T I TG, I T

J

X([ J F)(L S
my my; —mgp/\my ng

(l s )(1 Jt )(L* st )
X .
my; nmg —mj my m_]+ — Mg+ my+ mS+ —m_]+

The close-coupling quantum defects u, are the same as
for the /=0 isotopes, as explained above. The main differ-
ence in the treatment of ®*Kr compared to the treatment of
the /=0 isotopes, next to the fact that many more ionization
channels must be defined, is that the parametrized effective
principal quantum number v;=v;+p+ must be determined with
respect to the positions of the F*=4 and F*=5 components
of the J*=1/2 upper spin-orbit component of *Kr*, E; jrp+.
The positions of these levels were not precisely known at the
outset of this investigation and they had to be optimized in
the course of the MQDT analysis of the spectra.

_mJ

(-1 )F*—j—]*+2I—J+L—S—2s+3mF+mJ++2mJ

)(U l L)(S+ s S)(F* j F)
mp+ m; —myp Mg+ mg — Nig Mg+ mj —mpg

(10)

The intensity distribution of the spectra is determined by
the transition dipole amplitude D, for transitions to the
close-coupling channels [6,41]. In the case of single-photon
excitation of the odd-parity s and d Rydberg states of Kr
from the 1S0 ground state, D, is zero for all channels with
J# 1 and/or S=1, so that only two dipole amplitudes for the
ns 'P, and nd 'P, channels are necessary. From the dipole
amplitudes D, reduced dipole matrix elements D(i,F) can
be determined from summation of the contributions of the
collision eigenfunctions p of the open dissociation channels
(see [31] for further discussion):
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. ot ime s ABD,,
D(i.F) = X e Ty TR == (1)
p a p

where the label F is used only for 7# 0 isotopes. In Eq. (11),

[ R
0‘,=Arg[F(l,+1—t —M,v):|, (12)
Ei,J*F*_ 14

> Uiq cos[ (= 7, + ) JAD,

(ilp)=— , (13)

Ny

and
N=3 (E Uy cos[ (- 7, + /-La)]Ag>2~ (14)
ieP «

The partial photoionization cross section o; in the ioniza-
tion continuum of channel i, labeled by the quantum number
J* for the I=0 isotopes and J*F* for the I+ 0 isotope, is then
given by [44]

% (15)

Ty 02 Wp 2 |D(i,F)

F iePpp+

where o represents the frequency of the ionizing radiation
and Wp=(2F+1)/(2I+1) accounts for the multiplicity of the
levels accessed by photoionization from the 1S0 ground state
[45] and is relevant only for I# 0 isotopes.

The total photoionization cross section is then obtained as

[31]

Otot = 2 O+F+- (16)
JTFt

0o corresponds to the intensity measured in the photoion-
ization spectra. The partial photoionization cross section
o+p+ can be used to predict branching ratios for photoion-
ization into different spin-orbit and hyperfine dissociation
channels.

IV. RESULTS
A. Photoionization spectra of the /=0 isotopes of Kr

The spectrum of the s’ and d' J=1 autoionizing Rydberg
states of Kr consists of successive pairs of resonances: broad
blue-degraded resonances corresponding to transitions to the
nd’'[3/2]; Rydberg states and sharp resonances correspond-
ing to a transitions to the ns’[1/2]; Rydberg states. These
resonances have been the object of numerous studies (see
Sec. I). The s" and d’ autoionizing resonances display the
characteristic Beutler-Fano profiles [2,46] described by
[47,48]

(6+49)° (&+4d)’
Ot = Oy 4, Oog— ol . (17)
I+ ef I+ eﬁ
In Eq. (17), o is the total photoabsorption cross section, o,
and o, are the photoabsorption cross sections associated
with open channels that can interact with the s’ and d’ dis-
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FIG. 2. Spectra of the (n+2)s'[1/2]; and nd’[3/2]; Rydberg
states of 3*Kr observed for n=41, 51, 61, and 95 in (a), (b), (c), and
(d), respectively (see text for details). The horizontal scale of each
panel has been chosen so that the resonance profiles can be com-
pared directly. The measured widths of the s’ and d’ resonances
decrease as 1/n3 until the natural width becomes comparable to or
smaller than the experimental bandwidth. This is the case for the s’
resonance at (n+2)=97 (d).

crete states, respectively, and oy, is the nonresonant contribu-
tion to the total photoabsorption cross section. g; is the asym-
metry parameter and € represents a periodic energy scale
adapted to the regular structure of the Rydberg series:

g =tan[7(vy, + )W, (18)

In Eq. (18), W, denotes the width parameter which is related
to the autoionization rate I',; by

4Ry W, I
m(n-p)® (%)

where u; is the quantum defect and v, is the parametrized
effective principal quantum number with respect to the J*
=1/2 ionization threshold. To a good approximation the re-

(19)

nl
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TABLE V. Wave numbers of the 4p5(n+2)s’[1/2:|1HlSO and 4p°nd’[1/2],« 'S, transitions of /=0
isotopes of Kr. The relative and absolute uncertainties in the line positions correspond to 0.002 and
0.013 cm™!, respectively.

(n+2)s’  #*Kr) (em™)  #(*Kr) (em™)  7(**Kr) (em™)  F°Kr) (em™)  nd’  7(*Kr) (cm™)

43 118215.7992 118215.8050 118215.8138 118215.8220 41 118215.2942
48 118230.2765 118230.2827 118230.2988

53 118240.6472 118240.6547 118240.6630 118240.6711 51 118240.4042
63 118254.1302 118254.1386 118254.1470 118254.1547 61 118253.9997
64 118255.1238 118255.1324 118255.1410 118255.1491 62 118254.9982
75 118263.4811 118263.4892 118263.4981 118263.5054 73 118263.4174
84 118267.9385 118267.9483 118267.9574 118267.9642

85 118268.3648 118268.3705

86 118268.7465 118268.7542 118268.7621

87 118269.1135 118269.1229 118269.1323 118269.1393

88 118269.4882 118269.4961 118269.5036

89 118269.8320 118269.8409 118269.8472 118269.8564

90 118270.1624 118270.1813 118270.1911

91 118270.4998 118270.5092 118270.5176 118270.5244

92 118270.8150 118270.8247 118270.8344 118270.8420

93 118271.1215 118271.1313 118271.1403 118271.1491

94 118271.4206 118271.4290 118271.4367 118271.4441

95 118271.7064 118271.7147 118271.7251 118271.7317 93 118271.6961
96 118271.9862 118271.9939 118272.0015 118272.0100

97 118272.2520 118272.2581 118272.2682 118272.2763

98 118272.5138 118272.5196 118272.5290 118272.5372

99 118272.7720 118272.7820 118272.7898

100 118273.0095 118273.0167 118273.0251 118273.0340

101 118273.2542 118273.2623 118273.2708

102 118273.4765 118273.4844 118273.4937 118273.5012

103 118273.7006 118273.7081 118273.7167 118273.7249

104 118273.9188 118273.9250 118273.9339 118273.9411

105 118274.1323 118274.1409 118274.1472

106 118274.3360 118274.3451 118274.3516

107 118274.5335 118274.5443 118274.5506

116 118276.1076 118276.1140

117 118276.2490 118276.2569 118276.2643

118 118276.3948 118276.4031

119 118276.5459

120 118276.6853 118276.6922

121 118276.8117 118276.8285

122 118276.9426 118276.9526

123 118277.0747 118277.0817

124 118277.1988

125 118277.3291 118277.3361

126 118277.4466 118277.4569

127 118277.5553 118277.5647 118277.5746

128 118277.6692

129 118277.7800

130 118277.8991

131 118278.0047
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TABLE VI. Ionization energies of the isotopes of Kr. The value of E; j+_;, for 8Kr corresponds to the
position of the barycenter of the F*=5 and F*=4 hyperfine states of **Kr* (*P, 1») determined in a MQDT

forward calculation; see Sec. IV B.

Natural Ionization energy Statistical Absolute

abundance E; joip uncertainty uncertainty Isotope shift
Isotope (%) (cm™) (em™) (cm™) (cm™)
8Ky 0.35(1) 118284.6813* 0.0020 0.019 -0.03216(72)*
80Ky 2.28(1) 118284.6903 0.0027 0.019 -0.02396(75)*
82Ky 11.58(14) 118284.6951 0.0017 0.019 ~0.01648(63)°
BKr 11.49(6) 118284.6965 0.0032 0.019
$4Kr 57.00(4) 118284.7045 0.0017 0.019 -0.00763(57)°
80K r 17.30(22) 118284.7135 0.0019 0.019 0

*Obtained from the linear dependence of the isotope shifts of the measured /=0 isotopes of 0.004 02(9) cm™!

per mass unit.

°Obtained from the averaged isotope shifts of (n+2)s’[1/2]; Rdberg states in the region n=41-102.

duced width F:I is independent of n*=n—w; and character-
istic of a series with given K and J.

In the present study, the photoionization spectrum of Kr
was recorded between 118 210 and 118 285 cm™! and con-
tains information on the autoionization resonances from n
=41 to the *P,,, ionization threshold. Figure 2 shows four
pairs of s’ and d’ resonances of *Kr at n=41 (a), 51 (b), 61
(c), and 95 (d). The widths of the s’ resonances decrease
from 0.0210 cm™' at (n+2)=43 to 0.0050 cm™' at (n+2)
=97. They follow the n~> scaling law [Eq. (19)] closely up to
n=90, at which point Doppler broadening and the vuv laser
bandwidth start making important contributions to the mea-
sured widths of the resonances.

The long progressions of resonances recorded for the iso-
topes 80Kr, 82Kr, 84Kr, and 86Kr, the positions of which are
given in Table V, allowed the determination of their ioniza-
tion energies using two methods: The first consisted of fitting
the spectra in the region n=41-82 with Eq. (17), and also
led to the determination of the parameters u;, ¢;, and F:l. The
second method allowed inclusion of the higher-n states, em-
ploying a least-squares fitting routine based on the Rydberg
formula. The values of u; and E; ;+_,,, obtained by both pro-
cedures agreed within their uncertainties. The ionization en-
ergies of the natural isotopes of Kr are listed in Table VI with
their statistical and absolute uncertainties, as well as the iso-
tope shifts relative to E; j+_;,(*Kr). The values of E, j+_,, of
the different /=0 isotopes were obtained by taking the
weighted averages of the results of the two extraction proce-
dures. The ionization energy of 3*Kr corresponds to the bary-
center of the two hyperfine states of the spin-orbit excited
8Kr* ion (see Sec. IV B). The "®Kr signal was not strong
enough for spectra of sufficient quality to be recorded. The
isotope shifts were found to vary linearly with the mass
[0.004 02(9) cm™! per mass unit], and thus the ionization po-
tential of "®Kr is predicted to lie 0.032 16(72) cm™' below
that of 3°Kr, at a position of 118 284.6813 +0.0190 cm™".

The average ionization energy, weighted by the relative
isotopic abundances, as it would have been observed in an
absorption measurement using a natural sample of krypton,
is compared to earlier literature values of the *P,, ionization
energy in Table VII. The present measurement is thus more

accurate by a factor of more than 10 compared to earlier
measurements. Table VIII summarizes the resonance param-
eters derived from the present measurements in a fit using
Eq. (17) and compares them with results obtained in earlier
studies of autoionizing resonances of Kr of lower principal
quantum numbers. The agreement with the results obtained
by Maeda et al. [19] and Klar er al. [24] is very good and
suggests that the line profile parameters are only very weakl

energy dependent [24]. The reduced resonance widths I’ N

and F:, obtained by Koeckhoven er al. [21] by (3+1)

resonance-enhanced multiphoton ionization spectroscopy are
larger than the results of the present study, presumably be-
cause of power broadening at the high intensities inherent to
the multiphoton excitation.

MQDT calculations were also carried out using the
MQDT parameters of Ref. [42], derived in the study of high
Rydberg states of Kr below the ?Ps, ionization threshold,
and the ionization energies listed in Table VI. The calcula-
tions are compared with the experimental spectra in Fig. 3.
The comparison served the purposes of (1) testing the valid-
ity of the MQDT parameters of Ref. [42] in the region above
the 2P, ionization threshold and (2) determining the experi-
mental resolution. The best agreement with the experimental
spectra was obtained using a ratio of the transition dipole
amplitudes D,/D, =1.5 for a=d ]Pl and a'=s 1Pl.

Convolution of the spectra with a Gaussian line-shape
function with a full width at half maximum of 0.007 cm™!
enabled the reproduction of the widths of all lines recorded

TABLE VII. Literature values of the *P, /> ionization threshold
of krypton in comparison with the value determined in this work.

Reference Ionization energy E; j+_;, (em™)*
Moore [12] 118284.7

Yoshino and Tanaka [15] 118284.6(2)
Kampschulte er al. [28] 118284.6(3)

Baig et al. [30] 118284.55(15)

This work 118284.7036 = (0.0009) 0 = (0.01) 1o

*Average value from all isotopes in a natural sample.
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TABLE VIII. Comparison of the quantum defects w;, the asymmetry parameters g;, and the reduced
linewidths T determined in this work with literature values. The quantum defects were determined from a
least-squares fit of the Rydberg formula, and the asymmetry parameters and reduced linewidths were deduced
from a parametric fit of Eq. (17) to the experimental data. The F;k values listed for Refs. [21,19] were
obtained from the linewidth parameters W, quoted therein by use of Eq. (19).

Parameter This work® Ref. [21] Ref. [19]° Ref. [24]°
M 3.094(1) 3.097(5) [(n+2)=8-24] 3.094(1)

Mg 1.243(7) 1.25(3) (n=6-24) 1.243(1)

qs 35(4) 25.5(5.5) 34(18)
u 23(1) 1.71(15)

F*, (cm™) 1329(18) 2096(420) [(n+2)=8-12] 1351(170) 1229(47)
F;j, (cm™) 23360(270) 32136(6990) (n=6-20) 29188(770)

Derived from measurements in the range n=40-50.
®Values for 14s'[2/2], and 12d'[3/2];.
“Values for 8s'[1/2],

in the measurements in which a single skimmer of orifice
diameter 0.5 mm was used. The experimental resolution
could be improved to 0.005 cm™! by using two consecutive,
1-mme-orifice-diameter skimmers, separated by 72 mm [see
Fig. 2(d)]. However, spectra of only the most abundant iso-
tope could be measured in this configuration because of the
reduction of signal intensity.

The excellent agreement between the experimental and
calculated spectra of all isotopes illustrated in Fig. 3 demon-
strates the ability of the MQDT parameters of Ref. [42] to
describe high-resolution spectra not only in the bound region
of the spectrum below the 2P3/2 threshold, but also in the
autoionization region.

B. The photoionization spectrum of 8Kr

Figure 4 compares the photoionization spectra of S*Kr
(left-hand-side panels) and **Kr (right-hand-side panels) in

97sT1/2], 98sT1/2,

96d'[3/2],

r ’

LKr o7d32, |
h

Feagr ]

Kr" ion signal (arb. units)
}
W
14

[*Kr

e

118272.2

I n h I
118272.3 118272.4 118272.5 118272.6 118272.7 118272.8

Wave number (cm™)

FIG. 3. Spectra of the autoionizing Rydberg states of 89Kr, 82K,
83Kr, 84Kr, and 3°Kr around n=96. The dash-dotted lines show the
MQDT calculations which have been convoluted with a Gaussian
line-shape function having a full width at half maximum of
0.007 cm™!, corresponding to the experimental resolution. The
dashed vertical lines indicate the spectral positions of the
97s'[1/2];, 98s'[1/2];, and 99s'[1/2], resonances of *Kr.

the vicinity of the 43s’, 53s’, and 75s’ autoionizing reso-
nances. The differences at (n+2)=43 result primarily from a
splitting of the s’ resonances into an F*=4 and an F*=5
component. The splittings of the d’ resonances at these low
values of n are smaller than their widths and are thus not
observable. The splitting of the d’ resonances becomes ob-
servable at higher n values because the width of the d’ reso-
nances decreases with 1/n> [see Eq. (19)], whereas the hy-
perfine splitting of the 3°Kr* 2P1 1, level is independent of n.
A low-energy d’ resonance becomes observable at n=50
and arises from d'[5/2]; and d'[3/2], states, which gain
intensity by J mixing induced by the hyperfine interaction as
shown by the MQDT calculations (see below). At n=~73 the
single pair of s" and d' resonances in **Kr are split in **Kr
into two sets of almost equal intensity, one corresponding to
the F*=4, the other to the F*=5 hyperfine component of the
2P1 1 level of 83Kr*. The photoionization spectra of *Kr and
those of the /=0 isotopes differ significantly and, conse-
quently, the nuclear spin plays an important role in the
photoionization of Kr near threshold.

The spectra displayed in Fig. 4 were assigned on the basis
of MQDT calculations carried out using the same parameters
(Vaa'> Mq and D) as used in the analysis of the I=0 iso-
topes in the previous section. The only parameter that needed
adjustment to obtain quantitatively excellent agreement with
the experimental spectra was the hyperfine splitting of the
2P, ,, state of **Kr*. The energetic positions #(J*,F*) of the
hyperfine components of the (4p)> 2P 1+ (JT=3/2,1/2) states
of 3Kr* are given by [49]

3 +( 7+
A C 4C(C+1)—I(I+1)J Jr+1)

WINF) = Tyt =

+B+
T 0QI- )R - 1)

(20)

In Eq. (20), 7+ is the position of the barycenter of the hy-
perfine components and C=F*(F*+1)-I(I+1)-J*(J*+1).
A+ is the magnetic dipole hyperfine coupling constant and
B+ is the electric quadrupole hyperfine coupling constant,
which is zero in the case of J*=1/2. Hence, the magnitude
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FIG. 4. Spectra of 84Kr (left-hand-side panels) and 8Ky (right-hand-side panels) recorded at different values of n. The splittings of the
s” and d’ lines of 3*Kr, indicated by the double-headed arrows, reflect the splitting of the ion core into F*=5 and F*=4 hyperfine states. With
increasing n, the J# 1 d' states gain intensity through hyperfine-interaction-mediated J mixing. J mixing is already almost complete for the
s' states at n=41 and the splitting into the F=7/2 and 9/2 lines in the F*=4 component is observable. The panel attached to the top of the
8Kr spectrum at n=41 shows the positions of the resonances calculated at n=41 by MQDT.

of the hyperfine splitting of the >P 12 State is determined only
by the value of Ay),.

The hyperfine splitting of the ion and the ionization en-
ergy of 3°Kr could be determined most accurately from the
analysis of the spectra in the region where the sharp s’ lines
could still be resolved. The line positions of the s’ F*=4,5
components, given in Table IX, were determined by fitting

the lines with Lorentzians up to (n+2)=84 and with Gauss-
ians as soon as the combination of laser bandwidth and Dop-
pler broadening became the main contribution to the line-
widths. A;, and E; j+»(*’Kr) were then determined by
extrapolating the F*=4 and F*=5 s’ series separately using
Rydberg’s formula. MQDT calculations implemented in a
least-squares fitting routine to determine E; ;+_;,,(*'Kr) and

TABLE IX. Wave numbers of the 4p>(n+2)s'(F*)« 1SO(F =9/2) transitions of 3°Kr. The relative and
absolute uncertainties in the line positions correspond to 0.002 and 0.013 cm™!, respectively. The fourth
column lists the splittings of the s’ lines into the two hyperfine components F*=4 and F*=5. These values

were obtained directly from the measured spectra.

Main hyperfine splitting of

(n+2) P(F*=5) (cm™) H(Fr=4) (cm™) the s'[1/2]; series (cm™!)
43 118215.7200 118215.9001 0.1802(13)

48 118230.2041 118230.3908 0.1854(22)

53 118240.5739 118240.7565 0.1819(14)

75 118263.4035 118263.5961 0.1925(11)

84 118267.8639 118268.0556 0.1921(11)

98 118272.4354

100 118272.9347

102 118273.4012

022505-10



NUCLEAR-SPIN EFFECTS IN THE PHOTOIONIZATION...

——FST/2 ——eFQ[2 e F=11/2

A n=20 N
L

n=30 A

.!' LT LT f'__ﬁfﬂ&
LY
n=40 A S
n=50 ....'.:‘.»"'-.. -'Ilk
F=5 F=4

n=60 § i
03 02 0.1 0 0.1 0.2

Relative wave number (cm™)

FIG. 5. (Color online) MQDT calculations carried out at differ-
ent values of n, showing the different evolutions of the s’ F states,
presented on a relative wave number scale with zero at the position
of the barycenter of the hyperfine structure. As n increases, the F
=9/2 line located on the left-hand side of the spectrum at n=20
gains intensity from hyperfine-mediated J mixing of the s'[1/2],
state with the s'[1/2]; and eventually groups together with the F
=11/2 component, forming the F*=5 hyperfine component of the
s” lines when J mixing is complete at n=60.

A, were also carried out for the F*=4 and F*=5 states. In
this fitting procedure, E; ;+_y,(**Kr) and A, were iteratively
adjusted until the differences between the s’ F*=4,5 line
centers of the calculated and the experimental spectra were
minimized. The values for E; j+_;,(*’Kr) obtained with both
methods agreed within their uncertainties and a weighted
average was taken for the final result given in Table VI. The
two results for A}, were also in agreement, but a more pre-

PHYSICAL REVIEW A 79, 022505 (2009)

cise value was obtained by running iterative MQDT calcula-
tions in which solely A, was fitted until the differences in
the F*=4—F*=5 hyperfine intervals in the simulated spectra
and those in the experimental spectra were minimized. This
procedure had the advantage that the contributions of the
absolute wave-number uncertainties in the line positions
were  eliminated. A;, was determined to be
-0.0385(5) cm™!, implying a hyperfine splitting of the 2P, ,
ionic state of 0.1925(25) cm™!, close to the prediction of
0.2 cm™' made in Ref. [41].

Figure 5 shows a MQDT calculation of the spectra of the
s’ states at different values of n, plotted on a relative wave-
number scale with zero at the barycenter of the hyperfine

structure. F' components arising from coupling of f with F*
evolve differently as n increases: At n=20, three peaks make
up the typical sharp s'[1/2]; line of the spectra, and a fourth
sharper but weaker line, attributed to the s'[1/2], state, be-
comes observable on the left-hand side of the figure. The F
=11/2 state moves to the red relative to the F=9/2 and 7/2
states and joins the s'[1/2], to form the two components
associated with the F*=5 hyperfine level of the ion. The F
=9/2 and 7/2 components remain approximately at the same
position and form the two components of the F*=4 mani-
fold. Comparison of the calculations presented in Fig. 5 with
the measured intervals between the F*=4 and F*=5 compo-
nents of the s'[1/2], levels enables one to interpret the slight
increase in the observed splitting of the s’ levels at low n
values (see Table IX) as arising from the splitting between
the F=11/2 component of the F*=5 and the F=7/2 and 9/2
components of the F*=4 level.

When the hyperfine splitting AEp+_s +-4 becomes equal
to the separation between Rydberg states of principal quan-
tum number n and n+m, AE, ,,,, =mAE, ., the hyperfine
structure vanishes, leading to the appearance of ‘“‘strobo-
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FIG. 6. Stroboscopic resonances in 8Kr around (a) n=106 and (b) n=133. When the orbital period of the Rydberg electron becomes
equal to the period of precession of the ion core spins, the hyperfine structure vanishes. The vertical dashed lines at ~118 274.7 cm™ in (a)

and at ~118 278.4 cm™! in (b) indicate these positions.
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FIG. 7. Total and partial photoionization cross sections between the F*=5 and F*=4 hyperfine levels of the 2P, state of ¥*Kr*. In (a)
the total photoionization cross section of S°Kr is shown. (b1), (c1), and (d1) show the partial photoionization cross sections of the F=7/2,
9/2, and 11/2 channels, respectively. (b2)—(b6), (c2)—(c6), and (d2)-(d6) show the branching ratios of the respective channels into the
ionization continua associated with the hyperfine levels of ¥*Kr*, i.e., 2Py, F*=5, %P3, F*=6, 5, 4, and 3.

scopic” resonances, as observed in the spectra of '*Xe and
BIXe [31]. In ¥¥Kr, the first stroboscopic resonance (m=1)
occurs around the 1064’ resonance, where the period of the
Rydberg electron equals the period of precession of the ion
core spins. The spectrum in the vicinity of this point is
shown in Fig. 6(a) where the upper, dashed trace shows a
MQDT calculation using the hyperfine splitting and the ion-
ization energy determined from the analysis of the experi-
mental spectra. Around n=133, the next, m=2, stroboscopic
resonance is encountered and is shown in Fig. 6(b). The ac-
curacy of the value of A;,, could be checked by the repro-
duction, in the MQDT calculations, of the positions of the
observed stroboscopic resonances, which are very sensitive
to the value of A,,. Beyond the m=1 stroboscopic reso-
nance, the period of the electronic motion exceeds the period
associated with the hyperfine interaction in the ion core,
which implies that the time scale of the electronic motion is
slower than that of the precession of the spins in the SKr*
core. This situation represents a rather unusual hierarchy of
time scales.

The excellent agreement between the experimental and
calculated photoionization spectra of 3°Kr in the vicinity of

the stroboscopic resonances confirms that the MQDT param-
eters on which these calculations rely are of sufficient accu-
racy to explore aspects of the photoionization dynamics that
are not directly accessible in the experiments presented here.
These aspects are discussed in the next section.

C. Partial photoionization cross sections:
The role of the nuclear spin

Autoionizing Rydberg states converging to the F*=4 up-
per hyperfine component of the 2P1 1, state located between
the F*=5 and F*=4 components of the *P,, ionization
threshold (see Fig. 1) can autoionize either into the J*=1/2,
F*=5 continuum by transfer of hyperfine energy from the
core to the Rydberg electron (a process designated “hyperfine
autoionization” [31]) or by spin-orbit autoionization into one
or more of the four continua associated with the 2P, ionic
state. To investigate whether hyperfine and spin-orbit auto-
ionization differ in their rates, the partial cross sections o j+p+
[see Eq. (15)] for autoionization into all open channels (J*
=1/2, Ft=4, and J*=3/2, F*=3-6) have been calculated
with the optimal MQDT parameters.
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FIG. 8. Branching ratios of the autoionizing states of S°Kr at
n=73. The trace in (a) corresponds to the experimental spectrum,
that in (b) to the calculated spectrum, and that in (c) shows the
result of convoluting the calculated spectrum with a Gaussian pro-
file of full width at half maximum of 0.007 cm™!, corresponding to
the experimental resolution. (d) shows the branching ratios into the
continua associated with the F*=3, 4, 5, and 6 hyperfine levels of
2Py, BKrt.

Because the total angular momentum F is a constant of
motion and does not change upon ionization, separate calcu-
lations were performed for F=7/2, 9/2, and 11/2. For each
F value, the branching ratios o ++/ 0, into each open chan-
nel were then determined over an energy range correspond-
ing to one unit of the effective principal quantum number
(n*=775-776) of the autoionizing series. The results are dis-
played in Fig. 7, where panel (a) shows the total photoion-
ization cross section and panels (bl), (c1), and (d1) show the
contributions to the total photoionization cross section from
channels with F=7/2, 9/2, and 11/2, respectively. Figures
7(b2)-7(b6), 7(c2)-7(c6), and 7(d2)-7(d6) give, in each
case, the branching ratio into the five open channels indi-
cated above each trace. Only d components contribute to the
F=11/2 channels whereas the F=7/2 and 9/2 channels con-
sist of both s and d contributions. The following overall be-
havior can be diagnosed from Fig. 7.

(1) The total photoionization cross section in this region
shows resonances characterized by the same Beutler-Fano
profiles as the /=0 isotopes between the 2P3/2 and 2Pl n
thresholds. The reduced widths of these resonances corre-
spond almost exactly to those determined for the /=0 iso-
topes.

s[3/2] F+ =5, F=11/2
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(2) The overall contribution to the total photoionization
cross section increases in the sequence F=7/2,9/2 and 11/2
[compare Figs. 7(bl), 7(c1), and 7(d1)]. This behavior par-
allels the increase of the 2F + 1 multiplicity of the channels.

(3) Within each set of calculations performed for a given
F value, the branching ratios in the region far from the reso-
nances all lie close to the statistical values of 0.2. This ob-
servation suggests that hyperfine and spin-orbit autoioniza-
tion have similar rates, an observation that supports the
conclusion drawn in Ref. [31] that spin-orbit and hyperfine
autoionization have their origin in the same interactions be-
tween the core and Rydberg electrons (see Ref. [31] for ad-
ditional discussion).

(4) Appreciable deviations of the branching ratios from
the statistical values occur in the vicinity of the centers of the
autoionizing resonances. This effect is particularly pro-
nounced for the s’ resonance in the F=7/2 channels. At the
position of the arrow in Fig. 7(b3), the J*=3/2, F*=3 chan-
nel represents more than 60% of the F'=7/2 contribution to
the total photoionization cross section, whereas the ioniza-
tion into J*=1/2, F*=5, the J*=3/2, Ft=5, and J"=3/2,
F*=6 channels is strongly suppressed. Selective excitation to
the s’ F=7/2 resonances may thus be exploited to produce
state-selected hyperfine levels of 3Kr*. Similarly, the J*
=3/2, F*=6 channel is favored at the position of the d’
resonance of F=11/2 [see Figs. 7(d1)-7(d6)].

Figure 8 shows the experimental [panel (a)] and calcu-
lated [panels (b) and (c)] photoionization cross sections in
the region between the 2P3 » and 2Pl 1, thresholds at a total
excitation wave number of 118 263.6 cm™' corresponding to
n=73 Rydberg states converging to the *P, » F'=4 and 5
thresholds. Figure 8(c) represents a convolution of the
MQDT prediction in Fig. 8(b) with a Gaussian line-shape
function of full width at half maximum of 0.007 cm™!, and
reproduces the experimental spectrum well.

Figure 8(d) provides an overview of the branching ratios
into the four open channels associated with the 2P, ground
state. Here again, the branching ratios lie close to the
statistical value of 0.25 with significant deviations near
the centers of the resonances. For example, the F*=6 chan-
nels are suppressed at ~118263.24, ~118263.59, and
~118263.82 cm™', but enhanced from ~118263.30 to
~118263.40 cm™!,

The experimental observation of pure hyperfine autoion-
ization would represent an important milestone in Rydberg
state spectroscopy and in the study of photoionization dy-
namics. A MQDT prediction of pure hyperfine autoionization

1000
800 |-
600 -
400
200 -

Total photoionization
cross section (arb. units)

[=}

1558.0 1559.0

I I
1560.0

1561.0
V3/2,5

FIG. 9. Total photoionization cross section, calculated by MQDT, between the F*=5 and 6 hyperfine levels of R (2P3/2), plotted on
a scale corresponding to the effective principal quantum number vj_3/, p+s.
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in ¥¥Kr is displayed in Fig. 9. The figure shows a calculation
of the total photoionization cross section in a narrow range
of energies corresponding to effective principal quantum
numbers between 1557 and 1564 below the J*=3/2, F*=5
first excited hyperfine level of ®*Kr*. In this region, s and d
Rydberg states belonging to series converging on the higher-
lying hyperfine levels of 3Kr* (J*=3/2, F*=5, 4, and 3)
overlap. The calculation predicts many autoionizing reso-
nances of very different widths, shapes, and intensities. All
resonances in the figure correspond to Rydberg states that
decay by hyperfine autoionization. The predicted spectral
patterns are so complex that only one series, the ns[3/2]
F*=5, F=11/2 series, can be unambiguously identified (see
assignment bar). The widths of these sharp resonances (I
=1.7% 1078 cm™! at n=1557) can be analyzed using Eq. (19)
and correspond to a reduced width of I'*=60 cm™! which is
much less than the value of I'*=1329 cm™! for the s’ reso-
nances of the /=0 isotopes. Other resonances in the figure
have widths more than two orders of magnitude larger. The
dynamics of autoionization is thus predicted to be unusually
complex.

V. CONCLUSIONS

The results presented in this paper provide a complete
survey of the isotope effects in the photionization of Kr. The
photoionization spectra of the /=0 isotopes differ only by a

PHYSICAL REVIEW A 79, 022505 (2009)

constant energy shift of 0.004 02(9) cm™'/u. The P, ,, ion-
ization energy of Kr could be measured with a more than
tenfold increase in accuracy compared to previous measure-
ments and isotope selectively. The experimental results and
the MQDT predictions illustrate that the nuclear spin in *Kr
(I=9/2) leads to a wealth of spectral structures and related
competing dynamical processes that are absent in the /=0
isotopes. The preferential production of certain hyperfine
levels at selected wave numbers provides a method to pre-
pare Kr* ions in selected hyperfine levels, with possible ap-
plications in the study of ion-molecule reactions.

The considerable differences observed here between the
photoionization spectra of %*Kr and those of the I=0 iso-
topes, both in terms of spectral structures and in terms of the
underlying autoionization processes, combined with similar
observations made in Xe and H,, imply that the widespread
view that the nuclear spins can be disregarded in the treat-
ment of atomic and molecular photoionization spectra must
be revised.
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