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fields using the core fluorescence as a reference
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[M+∗]nl core-excited Rydberg states of the alkaline-earth-metal atoms can decay by electronic autoionization
([M+∗]nl → M+ + εl ′) or by fluorescence of the core ([M+∗]nl → [M+]nl + hν). The two processes can be
detected separately by monitoring the prompt M+ autoionization yield and the delayed pulsed-field-ionization
yield of the [M+]nl Rydberg states. Whereas the former process strongly depends on the principal (n) and
orbital angular-momentum (l) quantum numbers, the latter is independent of n and l because it is essentially
a property of the ion core. We present an experimental study of the competition between autoionization and
core fluorescence in [Ne]3p3/2nl core-excited Rydberg states of Mg atoms and of its dependence on n and
weak electric fields. We analyze the experimental results using a kinetic model, from which we extract the
electronic-autoionization rates by using the Mg+ 3p3/2–3s1/2 core fluorescence (τfl = 3.8 ns) as an internal clock.
The autoionization rate of the 3p3/2nd3/2 (J = 3) and of the fully Stark-mixed 3p3/2nk (m = 0, ±2) series are
[1.9 × 1016/n∗3] s−1 and [8(3) × 1015/n4] s−1, which would translate for the lowest Rydberg states (3d with
n∗ = 2.62) to autoionization rates of ∼1015 and ∼1014 s−1, respectively, as fast as Auger decay processes.

DOI: 10.1103/PhysRevA.100.012515

I. INTRODUCTION

Doubly excited states of atoms and molecules are states
in which two electrons have been promoted to orbitals not
occupied in the ground electronic state. The high energies
typically required for the excitation of two electrons and
their correlated motion give rise to complex dynamics, with
multiple competing radiative and nonradiative channels [1].
Alkaline-earth metals and Yb are ideal systems to study such
states because they have two valence electrons.

Core-excited Rydberg states are an important class of
doubly excited states, in which one of the two electrons
is in a Rydberg state of low principal quantum number n
(or a valence state in molecules) and the other one is in
a high-n Rydberg state, which can be regarded as orbiting
around an electronically excited ion core. Such states are
reminiscent of two-planet solar systems, in which one planet
would be Venus-like, the other Pluto-like, although often the
term planetary atom is used for atoms with excited electrons
in nonpenetrating high-l orbits, see, e.g., Refs. [2–8]. Core-
excited Rydberg states, denoted [M+∗]nl below, play an im-
portant role in plasmas by resonantly enhancing electron-ion
radiative-association reactions through the process of dielec-
tronic recombination [9–24],

M+ + e− � [M+∗]nl → [M+]nl + hν, (1)

illustrated on the right-hand side of Fig. 1 with the example of
Mg. They can also be accessed by exciting the ion core of a
Rydberg atom and be observed as autoionizing resonances in
photoionization spectra (see Ref. [8] for a recent example)

[M+]nl + hν � [M+∗]nl → M+ + e−. (2)

In Eqs. (1) and (2), M+ represents the electronic ground state
of the ion ([Ne]3s in the case of Mg+) and [M+]nl a high
Rydberg state.

In atoms [M+∗]nl can decay by autoionization or by core
fluorescence (Mg 3p3/2nl–3s1/2nl in the present case) and
the branching ratio between these two competing processes
is determined by their rates. The autoionization rate reflects
the probability of finding the Rydberg electron in the core
region and scales with the effective principal quantum number
n∗ as n∗−3. The rate also rapidly decreases with increasing
angular-momentum quantum number l . At high n and/or l
values the Rydberg electron hardly interacts with the ion core
so that the core fluorescence rate is essentially independent of
n and l . Consequently, at sufficiently high n and/or l values
the core fluorescence inevitably becomes the dominant decay
process in core-excited Rydberg states. In this regime, the
atom exists in a planetary-like doubly excited state until the
core fluoresces.

The competition between autoionization and core fluo-
rescence is strongly influenced by electric fields. At high n
values, even weak electric fields can induce strong l mixing
in Rydberg states [25–27]. l-mixed Rydberg states autoionize
much more slowly than low-l states because of the non-core-
penetrating character of high-l states [26]. At the same time, l
mixing enhances dielectronic recombination [11].

Core-excited Rydberg states offer attractive properties in
experiments for quantum optics and quantum-information
processing [28–30]. The long-range potential resulting from
the large dipole moment associated with the Rydberg electron
can be exploited to study Rydberg-Rydberg atom interactions
and many-body dynamics under conditions where the core
transitions involving the second valence electron are used to
manipulate the motion of the atoms and probe them [28].
Core-excited Rydberg states are easily imaged by collecting
either the core fluorescence or the ions resulting from autoion-
ization [31–33]. These applications rely on the decoupling of
the Rydberg electron from the ion core, which forms the basis
of the isolated-core excitation (ICE) method [34–36]. The
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FIG. 1. Multiphoton excitation scheme used to access the
3p3/2nl core-excited Rydberg states of Mg. The decay of the core-
excited Rydberg states by core fluorescence and autoionization is
designated by arrows labeled kfl and ka, respectively. The green
left-facing horizontal arrow indicates the first step of the dielectronic
recombination. The transition labeled ν̃3 corresponds to the isolated-
core excitation.

decoupling can be achieved in three ways: (i) by increasing
the principal quantum number n, as illustrated in the recent
experiments of Fields et al. [8], (ii) by increasing the orbital
angular momentum of the Rydberg electron, as demonstrated,
e.g., by Pruvost et al. [37] and more recently by Lehec [38],
and (iii) by using the Stark effect to enhance the nonpenetrat-
ing character of the Rydberg electron through l mixing [8].
In terms of the competition between core fluorescence and
autoionization discussed above, perfect ICE conditions imply
a suppression of autoionization.

We present an experimental study of the core-fluorescence
and autoionization dynamics in core-excited Rydberg states of
Mg. We exploit the competitive nature of the fluorescence and
autoionization kinetics to extract reliable rates for these pro-
cesses in core-excited Rydberg states of Mg in dependence of
n and in the regime where electric fields induce full l mixing.
Emphasis is placed on the characterization of the conditions
(n, electric fields) required for the complete suppression of
autoionization and for the Rydberg electron to reach a pure
spectator role in the dynamics of the doubly excited states.

II. EXPERIMENTAL SETUP

The experimental setup has been described in detail in
Ref. [39] and includes a laser-ablation source of Mg atoms,
three Nd:YAG-pumped dye lasers to excite the atoms to
core-excited Rydberg states, and a detection system for the

Mg+ ions produced following photoexcitation. The Mg atoms
were generated by laser ablation of a magnesium rod using
a frequency-doubled Q-switched Nd:YAG laser and were
subsequently entrained in a pulsed supersonic beam of N2.
The beam passed through a 4-mm-diameter skimmer located
8 cm downstream from the ablation spot and entered the
photoexcitation chamber. In this chamber, the supersonic
beam intersected the laser beams used for photoexcitation at
right angles within a cylindrical electrode stack used to apply
pulsed or static electric fields.

The magnesium atoms were excited to 3p3/2nl core-
excited Rydberg states using the three-photon excitation
scheme depicted in Fig. 1. Here and in the following, we
use nl to indicate both nd Rydberg states and nk Stark
states. The outputs of the dye lasers were frequency-doubled
using beta-barium-borate (BBO) crystals and their funda-
mental wave numbers were calibrated using a commercial
wave meter with a specified accuracy of 0.02 cm−1. The
polarization of the frequency-doubled radiation of all lasers
was perpendicular to the electric fields applied across the
electrode stack. The wave number ν̃1 of the first laser was
set to the position of the 3s2 1S0–3s3p 1P1 transition at ν̃1 =
35051.26 cm−1. The 3s1/2nl Rydberg states were accessed by
tuning the wave number ν̃2 of the second laser in the range
from ν̃2 = 26590 cm−1 to ν̃2 = 26620 cm−1. Both lasers had
a bandwidth of ∼0.15 cm−1, a pulse length of ∼5 ns, and
a beam diameter of ∼1 mm at the photoexcitation spot. To
prevent (1 + 1) resonance-enhanced two-photon ionization by
the first laser, its pulse energy was reduced to well below
1 μJ by deoptimizing the laser polarization before the BBO
crystal with a half-wave plate and by rotating the BBO
crystal away from the phase-matching angle. The ∼1 mJ
pulse energy of the second laser was sufficient to saturate the
excitation to the Rydberg states. The third laser (bandwidth
∼0.08 cm−1, pulse length 4.4 ns, beam diameter ∼1 mm)
induced the 3s1/2–3p3/2 transition of the Mg+ ion core at ν̃3 =
35760.9 cm−1, resulting in the formation of 3p3/2nl core-
excited Rydberg states. The energy of the third laser was set to
∼0.5 mJ per pulse to saturate the transition, which facilitates
the quantitative analysis of the measurements, see Sec. IV.
To prevent photoionization of the 3s3p 1P1 intermediate state
(radiative lifetime τ = 2.0 ns [40]) by the third laser, this
laser was delayed by ∼10 ns with respect to the first two
lasers.

Approximately 2 μs after the laser excitation, an electric-
field pulse (referred to as pre-pulse in the following) in the
range between −0.5 and −1 V/cm was applied for ∼2 μs
to spatially separate ions produced either by rapid autoioniza-
tion or direct ionization (called prompt ions hereafter) from
ions generated by pulsed-field ionization (PFI) of long-lived
Rydberg states (called delayed ions) using a second, larger
electric-field pulse of +70 V/cm, referred to as the extraction
pulse. The two sets of ions were accelerated by the extraction
pulse through a linear time-of-flight (TOF) tube toward a
microchannel-plate detector. The spatial separation of prompt
and delayed ions by the pre-pulse allowed us to distinguish
between the two types of ions through their times of flight.
The magnitude and delay of the two pulses were carefully
chosen so as to also separate the three natural isotopes of
magnesium.
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In the experiment, dc potentials can also be applied across
the electrode stack, either to compensate stray electric fields or
to study how l mixing induced by the Stark effect influences
the decay dynamics of the core-excited Rydberg states. We
applied dc electric fields in the range between −862 and
+86 mV/cm for the different measurements.

Each measurement consisted of scanning the wave number
of the second laser, keeping the wave numbers of the other two
lasers constant. While scanning, TOF spectra were recorded
and averaged over 50 experimental cycles. The prompt and
delayed 24Mg+ ion signals were determined by fitting the sum
of two Gaussian functions to the TOF distribution. This pro-
cedure had the advantage that reliable values for the relative
signal strengths could be extracted even when the separation
of the prompt and delayed ion signals by the pre-pulse was
incomplete.

The prompt (Ipr) and delayed (Idel) signals obtained in a
typical measurement are displayed in Figs. 2(a) and 2(b).
Three processes contribute to the prompt ion signal: (i) rapid
autoionization of the 3p3/2nl core-excited Rydberg states, (ii)
PFI of long-lived 3s1/2nl Rydberg states by the pre-pulse,
and (iii) direct ionization in the continuum above the Mg+

(3s 2S1/2) ionization threshold, the position of which typically
depends on the value of the applied dc field. The spectral
regions in which each of these three processes dominates are
labeled (i)–(iii) in Fig. 2. The delayed ion signal originates
from the PFI of long-lived 3s1/2nl Rybderg states regardless
of whether core excitation by the third laser has taken place or
not. Our experiments never yield a PFI signal for the 3p3/2nl
core-excited Rydberg states because both the pre-pulse and
the extraction pulse are applied after these states have al-
ready decayed either by autoionization or core fluorescence,
whichever is faster, and the core-fluorescence lifetime is only
τfl = 3.8 ns [40].

The magnitude of the prompt signal rises by a factor of
about 2 between the lower part of region (i) and region (iii).
This behavior reflects the saturation of the 3s3p 1P1–3s1/2nl
transition by the second laser. In the bound part of the Rydberg
series, the population equilibrates between the 3s3p 1P1 and
the 3s1/2nl Rydberg states. In region (iii) the second laser
drains the entire population into the ionization continuum.
The intensity distributions of the prompt and delayed ion
signals are complementary and the dip in the prompt signal
between region (i) and (iii) is exactly compensated for by the
rise of the delayed ion signal.

From the ion signals displayed in Figs. 2(a) and 2(b), we
extract the branching ratios

Npr = Ipr

Ipr + Idel
(3)

and

Ndel = Idel

Ipr + Idel
(4)

presented in Fig. 2(c). In region (i) the branching ratios
Npr and Ndel correspond to the autoionization and core-
fluorescence yields, respectively. Because the prompt and
delayed ion signals are both subject to the same shot-to-shot
fluctuations of the lasers and magnesium-ablation source, the
branching ratios are nearly noise free and fully reproducible,
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FIG. 2. Prompt (a) and delayed (b) Mg+ ion signal obtained
for a dc field of −49 mV/cm when scanning the second laser in
the vicinity of the Mg+(3s 2S1/2) ionization threshold. The regions
labeled (i)–(iii) and separated by vertical lines are the regions where
the dominant mechanisms for the production of prompt ions are
(i) the autoionization of the 3p3/2nl core-excited Rydberg states,
(ii) the PFI of 3s1/2nl Rydberg states, and (iii) direct ionization into
the 3s 2S1/2 ionization continuum (see text for details). (c) Branching
ratios for the production of the prompt (Npr ) and delayed (Ndel) ions.
The wave-number scale is given relative to the field-free ionization
threshold.

an advantage we exploit in the quantitative analysis of the
data, see Sec. IV. Another advantage is that the factor-of-2
increase in the total ionization signal mentioned above cancels
out.

At wave numbers above the onset of the field-ionization
signal induced by the pre-pulse (see solid vertical line in
Fig. 2), the pre-pulse collects both the autoionization and
the PFI signal from long-lived 3s1/2nl Rydberg states, which
prevents the distinction between autoionization and core flu-
orescence in region (ii). This region thus cannot be used
in our analysis. Region (iii) is also irrelevant because in
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FIG. 3. Branching ratios recorded at different dc field strengths
Fdc of 2 mV/cm (a), −49 mV/cm (b), and −877 mV/cm (c). The
values of Fdc are corrected by the electric stray field present in the
photoexcitation region. The signal originating from autoionization is
denoted Npr and the Rydberg signal is denoted Ndel. The solid vertical
lines mark the onset of field ionization by the pre-pulse. The dashed
vertical lines indicate the Inglis-Teller limit EIT where adjacent
Stark manifolds start overlapping. The series of peaks labeled in
(c) corresponds to a Rydberg series with zero quantum defect, i.e.,
to high-l Rydberg states. The wave-number scale is given relative to
the field-free ionization threshold.

this region the ions are generated by the first two lasers
exclusively.

III. EXPERIMENTAL RESULTS AND
QUALITATIVE BEHAVIOR

Figures 3(a)–3(c) present spectra of high Mg Rydberg
states obtained by scanning the second laser in the presence
of three different dc fields Fdc of +2, −49, and −877 mV/cm,
respectively, under otherwise similar experimental conditions.
The differences in these spectra thus originate from the Stark
effect. In each spectrum, the zero of the wave-number scale

corresponds to the field-free ionization threshold of Mg. The
laser bandwidth is too large for individual Rydberg states to be
resolved beyond n ≈ 80, i.e., within 17 cm−1 of the field-free
ionization threshold. In all three spectra, the prompt ion signal
dominates at low energies. The delayed ion signal grows as the
ionization threshold is approached, but returns to zero at the
onset of the field ionization by the pre-pulse, which is marked
by the full vertical lines in Fig. 3.

The dashed vertical lines indicate the positions of the
Inglis-Teller limits corresponding to the values of the dc elec-
tric fields present at the time of photoexcitation. The Inglis-
Teller limit corresponds to the n value at which, for a given
dc electric field, adjacent Stark manifolds start overlapping
spectrally and l mixing is extensive. It is given, in atomic
units, by [26]

F = 1

3n5
. (5)

At lower fields, some degree of l mixing already exists, which
increases with increasing field strength. The branching ratios
and their evolution with increasing dc field enable one to con-
clude that (i) l mixing between the optically accessible low-l
Rydberg states (nd in the present case) and nonpenetrating
high-l states is a necessary condition for the observation of
a delayed signal in our experiments, and (ii) in the absence
of l mixing, the nd Rydberg states autoionize on a timescale
shorter than the core-fluorescence lifetime (τfl = 3.8 ns [40]),
even at n values as high as 200. l mixing by electric fields
reduces the short-lived low-l character of the eigenstates and
increases their lifetimes by a factor of ∼n [25].

The strong dependence of the onset of the delayed ion
signal on the value of the dc electric field was actually used to
determine the stray electric field present in the photoexcitation
region. A stray field of −15 mV/cm was determined by
varying the strength of the electric field applied along the
axis of the electrode stack and by minimizing the delayed ion
signal. The values of Fdc given in Fig. 3 are already corrected
for the stray field. Stray fields perpendicular to the applied
dc field were significantly smaller because of the cylindrical
symmetry of the electrode stack.

A series of well-resolved lines is observed in Fig. 3(c).
Their positions correspond exactly to high-l Rydberg series of
zero quantum defect. These series gain intensity through Stark
mixing with the nd series, but have long lifetimes because
of their dominant high-l character. In all spectra, including
several spectra recorded at other Fdc values than those shown
in Fig. 3, we observe a local maximum of the delayed ion
signal close to the Inglis-Teller limit, e.g., at n values in the
range 70–72 in Fig. 3(c). Judging from the experimental data,
the Inglis-Teller limit thus seems to represent the ideal com-
promise between efficient photoexcitation, which requires
sufficient d character, and long lifetimes, which requires a
large nonpenetrating high-l character.

IV. DETERMINATION OF AUTOIONIZATION RATES

To extract autoionization rates from the branching ratios
we use a kinetic model that treats the photoexcitation by
the third laser separately from the subsequent laser-field-free
evolution. In the first period (0 < t < τ ) we assume that the
branching ratio corresponding to the prompt ion signal Npr
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builds up according to

Npr (τ ) = 1 − exp(−kaτ/2), (6)

where τ is the effective interaction time with the third laser
and ka is the autoionization rate of the 3p3/2nl core-excited
Rydberg state. The factor 1/2 in the exponent comes from the
fact that on average half of the Rydberg-atom population is in
the 3p3/2nl state because of saturation.

Saturation also implies that at the beginning of the laser-
field-free evolution (t = τ ) the populations Ndel and N3p of
the singly excited 3s1/2nl and autoionizing 3p3/2nl Rydberg
states, respectively, are equal,

Ndel(τ ) = N3p(τ ) = 1
2 exp(−kaτ/2). (7)

In the laser-field-free regime (t > τ ), the kinetics is governed
by the decay of the core-excited Rydberg states by autoioniza-
tion with rate ka and fluorescence with rate kfl,

dNdel

dt
= kflN3p, (8a)

dN3p

dt
= −(kfl + ka )N3p, (8b)

dNpr

dt
= kaN3p. (8c)

Using Eqs. (6) and (7) as initial conditions and assuming
that detection takes place at t � τ yields the branching ratios

Npr = 1 − exp(−kaτ/2)

[
1 − 1

2

ka

kfl + ka

]
(9)

and

Ndel = 1

2
exp(−kaτ/2)

[
1 + kfl

kfl + ka

]
, (10)

for which experimental results are displayed in Fig. 3.
Equations (9) and (10) can be used to determine the autoion-
ization rate ka from the experimental data at any excitation
wave number and external field Fdc provided that the remain-
ing parameters τ and kfl are known. For kfl we use the fluores-
cence rate kfl = 2.6 × 108 s−1 of the Mg+ 3p3/2–Mg+ 3s3/2

transition [40] and for τ we choose τ = 8.8 ns, which is twice
the pulse length (FWHM) of the third laser to account for the
level of saturation characteristic of our measurement.

Figure 4(a) depicts the experimental data already pre-
sented in Fig. 3(c) but after conversion of the wave-number
scale into an effective-principal-quantum-number scale. The
n-dependent autoionization rates ka(n) shown in Fig. 4(b) are
extracted from the branching ratios by direct inversion of
Eqs. (9) and (10). The core fluorescence thus represents an
internal clock for the determination of ka. The full circles in
Fig. 4(b) correspond to the range of n values (n > 90) where
the dc electric field (Fdc = −877 mV/cm) induces strong l
mixing. In this range, the branching ratios are not affected
by small changes of the dc-field strength, which indicates
that the regime of full l mixing is reached. Consequently, the
autoionization rate ka can be expressed as [25,26]

ka(n) = γ Stark/n4, (11)

where γ Stark is the n-independent scaled autoionization rate
for the limiting case of complete l mixing. A field of
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FIG. 4. (a) Branching ratios, measured at a dc field Fdc =
−877 mV/cm, for the decay of core-excited Rydberg states of Mg
by autoionization (Npr) and core fluorescence (Ndel) displayed as a
function of the effective quantum number n∗. (b) Autoionization
rates ka (n) determined using Eqs. (9) and (10). The full (open)
circles correspond to the regime of full (partial) l mixing for a
field of −877 mV/cm. The horizontal dashed line indicates the
core-fluorescence rate used as internal clock. The thick solid lines
in (a) and (b) correspond to the predictions of our kinetic model
assuming full l mixing and n−4 scaling of the autoionization rate ka

[Eq. (11)].

−877 mV/cm is approximately three times larger than the
Inglis-Teller field at n = 90 and indeed corresponds to the
regime where complete l mixing is expected [25,26]. Fitting
the value of γ Stark to the experimental data in this range
yields a value γ Stark = 8(3) × 1015 s−1, where the error bar
originates from the uncertainties in the value of the interaction
time τ used in our kinetic model (6 ns < τ < 16 ns). The
thick full line in Fig. 4(b) corresponds to the autoionization
rates determined with Eq. (11) and starts deviating from
the rates extracted from the experimental data below n =
90. The deviation, which implies lower autoionization rates
than expected from the n−4 scaling law, indicates that the
experimental signal in this range stems from Stark states
with reduced low-l character compared to fully l-mixed Stark
states. This behavior is consistent with the observation that
the discrete structure observed in the spectra below n = 80
corresponds to a purely hydrogenic Rydberg series with zero
quantum defect (see also discussion in Refs. [41–44]).

The value of γ Stark determined from our experiment is
extremely large and implies autoionization rates in the low-
or even sub-femtosecond range for the lowest values of n and
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l , comparable with Auger decay rates [45]. Measurements
of core-excited Rydberg states in other alkaline-earth-metal
atoms have also revealed very fast autoionization (see, e.g.,
Refs. [8,46,47]). From separate experimental and theoretical
studies of the Rydberg series converging to the upper spin-
orbit component (3p3/2) of the first excited state of Mg+,
we conclude that the fastest autoionization process is the
spin-orbit autoionization of the 3p3/2nd3/2 (J = 3) Rydberg
series [48], which leads to autoionization rates given by
(1.9 × 1016/n∗3) s−1.

The times during which the correlated motion of the two
excited electrons can be observed experimentally is restricted
by the autoionization rate or the core-fluorescence rate,
whichever is faster. Our data indicate that under conditions of
complete l mixing by dc-electric fields, the core fluorescence
is the dominant process for n > 80. Such states thus exist for
∼3.8 ns, which is longer than the [2Rc/n3]−1 radial oscilla-
tion period at n = 80 (78 ps) but shorter than the timescale
associated with the inverse state density of Stark states at the
Inglis-Teller limit [2Rc/n4]−1 (6.2 ns at n = 80). For the nd
Rydberg series converging to the Mg+ 3p3/2 threshold, the
core fluorescence becomes dominant for n > 350.

Whereas a large body of experimental and theoretical data
is available on core-excited states of the alkaline-earth-metal
atoms (see Refs. [49–54] for Mg), few data are available in
the literature on their autoionization lifetimes in core-excited,
zero-field n′ p3/2nl Rydberg states and n′ p3/2nk Rydberg Stark
states lying above the respective n′ p1/2 ionization thresholds
(n′ = 2–6 for atomic species from Be to Ba). In order to
assess the validity of the scaled rate extracted from the ex-
perimental spectra, we undertook a theoretical calculation of
the energies and widths of the doubly excited 3p3/2nl states
with l = 0–6 [48]. Briefly, the calculation is based on a two-
active-electron, configuration-interaction description of the
Mg atom, similar to that used for high-lying, doubly excited
states of the helium atom [55], combined with the exterior
complex-scaling method [56]. A similar approach was used
by Fields et al. to calculate the energies and autoionization
rates of the core-excited 5p1/2np and 5p1/2n f Rydberg states
of Sr [8]. The two valence electrons of the Mg atom are
assumed to evolve in an effective, l-dependent potential Vl (r)
that describes the effect of the Mg2+(1s22s22p6) closed-shell
core [57], and their mutual Coulomb interaction is treated
exactly. The two-electron wave functions are expanded in
terms of two-electron, antisymmetrized basis vectors built
from one-electron orbitals of the Mg+ ion. The j j coupling
scheme is used because it is the most appropriate for high-n,
autoionizing Rydberg states [36]. One-electron radial wave
functions are calculated from the potential Vl (r) using a finite-
element, Legendre discrete-variable-representation technique
[58]. In order to determine the autoionization width, we
use the exterior complex-scaling method, following which
the radial coordinates r1 and r2 of both electrons are ro-
tated into the complex plane by a phase eiθ beyond a cer-
tain radius r0 [56,58], set to 100 a0 in the present calcu-
lation. Diagonalization of the complex-rotated, two-electron
Hamiltonian yields a set of complex eigenvalues, the real
and imaginary parts of which correspond to their energies
and widths, respectively. Convergence is reached when the
eigenvalues corresponding to the autoionizing states become

independent of the rotation angle θ and of the size of the basis
set.

A direct calculation of the autoionization widths of the
core-excited, high-n Rydberg Stark states of Mg could not be
carried out because the required basis would be far too large.
However, they can be estimated from those of the zero-field,
unperturbed states following the procedure used by Jones and
Gallagher [47]. In j j coupling, a 3p3/2nk Stark state can be
expressed as a linear combination of (3p3/2nl j )J zero-field
states, where J is the total angular momentum quantum num-
ber, with further admixture of states from other n manifolds
above the Inglis-Teller limit. Assuming that Stark mixing is
uniform, i.e., that all zero-field states contribute equally, the
autoionization rate of a given Stark state can be written, in
first approximation, as

ka,n �
∑

l jJ ka,nl jJ

8(n − 1)
�

∑
l jJ γl jJ

8n4
. (12)

The number of states with different quantum numbers l, j and
J for a given value of n is 8(n − 1), which can be approxi-
mated by 8n for large n values. Equation (12) relies on the
ka,nl jJ = γl jJn∗−3 scaling law of the zero-field autoionizing
Rydberg states.

Since the autoionization rate drops very rapidly with the
orbital angular momentum quantum number l , only those
rates that correspond to low l values, and therefore to low J
values, play a role in the above sum. Our calculation confirms
that states with J � 5 have a rate that can be neglected in first
approximation when carrying out the sum in Eq. (12), so that

γ Stark � 1

8

4∑
J=0

∑
l j

γl jJ . (13)

The scaled rates for each individual (3p3/2nd j )J series are
obtained from the rates calculated for effective principal quan-
tum numbers around n = 60. We verified that the calculated
rates follow the n∗−3 scaling law from the 3p1/2 threshold
(n � 35 for the 3p3/2 series) up to n � 90, corresponding to
the highest Rydberg states included in the calculation. We
can therefore directly obtain the theoretical scaled rate for the
autoionization of Stark states in the uniform mixing regime
from Eq. (13),

γ Stark
th = 7.2 × 1015 s−1. (14)

This value is in agreement, within error bars, with the value of
8(3) × 1015 s−1 derived from the experimental data. Consid-
ering the simplicity of the assumptions used to determine the
experimental value of γ Stark, along with those used to compute
the theoretical estimate from the zero-field rates, we consi-
der the agreement as very satisfactory. The rates determined
for the 6p1/2nk core-excited Rydberg-Stark states of barium
by Jones and Gallagher using an equation similar to Eq. (13),
but disregarding j and J , are about a factor of 2 larger than
those determined from the measured autoionization widths
[47]. Our calculations show that j- and J-dependent couplings
are important to describe the autoionization of magnesium
Rydberg-Stark states above the 3p1/2 ionization threshold.
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V. CONCLUSION

In this article we have reported on measurements of the
decay of core-excited Rydberg states of Mg and have analyzed
the competition between autoionization and core fluorescence
and its dependence on weak electric fields. In high Rydberg
states, the fluorescence of the ion core is not significantly
affected by the Rydberg electron and can be used as an
internal clock for the determination of autoionization rates.
We have extracted scaling laws which describe autoionization
rates of the optically accessible 3p3/2nd3/2 (J = 3) Rydberg
series [ka,nd = (1.9 × 1016/n∗3) s−1] and of fully l-mixed
Stark states [ka,Stark = (8(3) × 1015/n4) s−1]. These rates are
extremely large and comparable to Auger decay rates at low
n values. These rates also imply that the core fluorescence be-
comes the dominant decay process, and that consequently au-
toionization becomes negligible, at n values beyond 350 and
80 for 3p3/2nd3/2 (J = 3) Rydberg states and l-mixed Stark
states, respectively. These n values can also be interpreted
as those for which the core transition becomes equivalent to
the transition of the bare ion and the Rydberg electron can be
regarded as a spectator.

The results also demonstrate that even the fastest au-
toionization processes become slow on the (ns) timescale of
radiative processes in the ion core at sufficiently high n values.
The core fluorescence effectively turns off the autoionization
and stabilizes the Rydberg electron for much longer times,
extending to the millisecond timescale at n values beyond 100.
This mechanism is identical to that enabling the recording
of pulsed-field ionization zero-kinetic-energy photoelectron
spectra of electronically excited atomic [59] and molecular
[60–62] states.
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