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Single and double ionization of ground state Mg atoms is observed in an atomic beam experiment in the
584–596 nm spectral range with a maximum intensity of 931011 W/cm2 and pulses of ns duration. The Mg+

spectrum consists of a single broad resonance whose position is very sensitive to laser intensity and it is
attributed to the four-photon excitation of the doubly excited 3p2 1S0 state. For intensities higher than 2
31011 W/cm2 a considerable double ionization yield is obtained. The Mg2+ spectra are composed of two
lobes, each one dominating at different intensities. These observations can be interpreted by a sequential
mechanism in which doubly charged ions are created by multiphoton resonant ionization of the excited 3p1/2,3/2

Mg+ states(with negligible contribution from the 3s1/2 ionic ground state) after the single ion production has
saturated. The population of these excited ionic states suggests the absorption of two photons above the first
ionization threshold of Mg. This interpretation is unambiguously confirmed by a complementary fluorescence
experiment. Moreover, both ionization and fluorescence spectra as well as ionization yields are very well
reproduced by a theoretical model based on a combination of density matrix and rate equations, taking into
account the near-resonant coupling between the 3p2 1S0 and 3p3d 1P1 autoionizing states and employing
calculated parameters for both Mg and Mg+. It is thus pointed out that for visible ns pulses of moderate
intensity the autoionizing resonances play a crucial role in the multiphoton sequential double ionization of
alkaline-earth-metal atoms.
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I. INTRODUCTION

Multiphoton single and double ionization of alkaline-
earth-metal atoms is a subject of continuing experimental
and theoretical investigations. The interest originates from
the earliest experimental observations[1] where it was dem-
onstrated that the yield of doubly charged ions was surpris-
ingly large compared to the singly charged ion yield at mod-
erate laser intensitiess,1013 W/cm2d. Multiple multiphoton
ionization of rare gases has been also intensively investi-
gated [2] using ultrashort pulses and very high intensities
s.1013 W/cm2d, due to the fact that their high ionization
potentials prevent ionization at low intensities. Moreover, at
such high intensities the details of the atomic structure of the
rare gases do not seem to play a crucial role in the multiple
ionization process. On the other hand, multiphoton double
ionization of alkaline earth atoms(for a recent review see
Ref. [3]) presents an interesting alternative to those studies
and the reason for this is twofold. First, because of their low
first and second ionization thresholds a relatively small num-
ber of photons are required for their double ionization and
second, their energy spectrum just above the first ionization
threshold contains dense manifolds of doubly excited states.
Due to the fact that those states exhibit a high degree of
electron correlation they are expected to contribute to the
formation of doubly charged ions. In particular, resonant ex-
citation of these autoionizing states could lead to the absorp-
tion of a number of additional photons above the first ioniza-
tion threshold, in excess of the minimum number required to

ionize ground state atoms. It was anticipated that this addi-
tional photon absorption could possibly lead to the simulta-
neous removal of the two valence electrons; a process usu-
ally termed direct double ionization. However, apart from
very few exceptions[4], all experiments in alkaline earth
atoms, performed with visible ns or ps laser pulses and hav-
ing detected ions, electrons or fluorescence, revealed that no
more than one photon for Ca, Sr, and Ba[3] and up to two
photons for Mg[5–8] are absorbed above the first ionization
threshold leading to the population of ground as well as ex-
cited ionic states. Doubly charged ions are then produced by
the multiphoton ionization of those ionic states, i.e., sequen-
tially. Nevertheless, there is a series of published experimen-
tal studies(in Ba and Sr), performed with,40 ns infrared
pulses, where the authors claim they have observed direct
double ionization[9].

Among the alkaline-earth-metal atoms, Mg combines ex-
perimental convenience and accurate theoretical description.
First, the single and double ionization thresholds are still
within experimental reach with moderate intensity lasers.
Second, due to the absence of adj ionic state the doubly
excited levels structure just above the first ionization poten-
tial is much simpler compared to that of the heavier Ca, Sr,
and Ba atoms. There are a number of earlier studies dealing
with double multiphoton ionization of Mg, performed with
ns [5,6], ps [7,8] or fs [10,11] pulses. In Ref.[10] it was
pointed out that even with such short pulses(150 fs at
400 nm) two-electron effects may still be important in order
to interpret the experimental findings. Double ionization of
Mg via four-photon excitation of the 3p2 1S0 autoionizing
state was experimentally investigated previously with 30 ps
pulses and photoelectron detection[7]. It was claimed that*Electronic address: abolovin@cc.uoi.gr
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five- or six-photon absorption in the continuum was evi-
denced, indicating the possibility of direct double ionization.
Motivated by this observation, van Drutenet al. [8] repeated
the experiment under similar conditions and 1 ps laser pulses
but the aforementioned five-photon absorption was not veri-
fied. They found however, clear evidence of two-photon ab-
sorption above the first ionization threshold, leading to the
formation of Mg+ in the first excited 3p1/2,3/2 ionic states. It
was recognized that the 3p2 1S0 state played an important
role in the two-photon above-threshold absorption but this
role was not investigated in detail. Moreover, the theoretical
interpretation was qualitative and the observed photoelectron
energy shifts were compared with theoretical estimates tak-
ing into account only the ponderomotive potentials.

The present paper aims at investigating in detail the same
spectral range but with relatively long(ns) pulsed excitation
and laser intensities that are an order of magnitude lower
s1011–1012 W/cm2d than those employed in earlier experi-
ments with shorterspsd pulses. Under our presumed unfavor-
able conditions, a considerable amount of double ionization
has been recorded. It turns out that, for intensities above a
certain threshold value, the near-resonant radiative coupling
between the doubly excited 3p2 1S0 and 3p3d 1P1 states, that
unfolds over a relatively long time interval, plays a dominant
role in the dynamics of the atom-field interaction, despite the
presence of a competing fast decaying autoionization pro-
cess, and contributes significantly to the production of ex-
cited ionic states. From then on, the production of doubly
charged ions depends critically on resonantly enhanced mul-
tiphoton excitation within the Mg ion. We obtain supporting
evidence from an independent fluorescence experiment and
gratifying agreement with the results of a sufficiently de-
tailed theoretical model based on a combination of atomic
density matrix and ionic rate equations, taking into account
all the autoionization and radiative couplings among judi-
ciously chosen atomic and ionic states. Therefore, we have
explicitly, unambiguously and quantitatively shown that the
rich autoionizing structure of Mg contributes to significant
sequential double ion production, under specific excitation
conditions not thoroughly examined in the past.

The rest of paper is divided in four sections: In the fol-
lowing section, the experimental setup and procedures are
briefly presented. In the third section we describe the theo-
retical model for the laser-atom-ion dynamics as well as the
methods used for the evaluation of the atomic and ionic pa-
rameters employed in the dynamical equations. In the fourth
section, our experimental results for the Mg+, Mg2+, and
fluorescence yields, as a function of both laser frequency and
intensity, are presented and compared with theoretical pre-
dictions. Finally, in the last section our conclusions are
given.

II. EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup is shown schematically in Fig.
1(a). It includes an atomic beam apparatus where the Mg
single and double photoionization experiments have been
performed and a Mg vapor cell devoted to the studies of
fluorescence detection. In both experiments the laser radia-

tion is provided by a Nd:YAG pumped dye laser(Lambda
Physik Scanmate 2EC-400 pumped by Brilliant BW) operat-
ing in the 584–596 nm wavelength range(Exciton’s
Rhodamin 610 dye) and offering wavelength calibration
within ,0.01 Å. The laser linewidth is,0.1 cm−1 and the
amount of amplified spontaneous emission(ASE) is kept to a
power level lower than 1.5% by appropriately adjusting the
dye concentration of the laser oscillator and amplifier. The
system operates at a repetition rate of 10 Hz and it delivers
linearly polarized pulses of,5 ns duration. The pulse en-
ergy is measured by a digital joule-meter(Opphir Model
PD300) and its maximum value is,30 mJ. The latter corre-
sponds to a maximum power density of,431011 or ,9
31011 W/cm2 when the laser beam is focused in the inter-
action region by anf =15 cm or f =10 cm focal length lens,
respectively. The power density is estimated under the as-
sumption of a diffraction limited Gaussian beam profile. The
laser beam energy is controlled by a variable attenuator
(Newport Model 735-5) without any spatial misalignment.

The pumping system for either the atomic beam chamber
or the cell consists of a rotary pump and a 120 l /min turbo
molecular pump(Leybold Turbovac 151), while the chamber
is also equipped with a liquid nitrogen trap. The achieved
background pressure is,10−6 mbar. In the atomic beam ex-
periment Mg(Aldrich 99.98%) vapor is produced in an elec-
trically heated stainless steel oven at the top of the chamber
and connected to it through a water-cooled baffle. The oven
operates below the Mg melting point and its temperature
s580–600°Cd is continuously monitored by a thermocouple.
The vapor passes through a 0.5 mm diameter hole where it is
collimated via a stainless steel tube(length 10 cm, diameter
5 mm). About 3 cm downstream from the tube exit the
atomic and laser beams intersect perpendicularly. The atomic
density at that point(as estimated by geometrical consider-
ations) is ,108 atoms/cm3. The ions created by the laser-
atom interaction are detected in a direction perpendicular to
both the atomic and laser beams and they are discriminated
according to their mass-to-charge ratio using a time-of-flight
(TOF) mass spectrometer. The TOF setup consists of a repel-
ler electrode biased at a positive DC voltage, creating a field

FIG. 1. (a) Schematic diagram of the experimental setup. TOF,
time-of-flight mass spectrometer; DCV, DC ion repeller voltage;
MCP, microchannel plates; HV, high voltage power supply for
MCPs; VA, variable attenuator; UV-M, ultraviolet monochromator;
SB PMT, solar blind photomultiplier tube; DO, digital oscilloscope;
BC, boxcar integrator; CR, chart recorder; PC, personal computer.
(b) Typical TOF mass spectra.
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strength ,70 Volts/cm which pushes the ions towards a
grounded plate with a 2 mm diameter hole in its center. Fol-
lowing the plate is a 20 cm long grounded tube at the end of
which a dual microchannel plate detector(MCP) is mounted.
The TOF system is capable of resolving all three singly and
doubly ionized Mg isotopes24,25,26Mg+ and24,25,26Mg2+ [see
Fig. 1(b)]. The MCP detector output signal is monitored by a
digital oscilloscope(LeCroy 9310), processed by a boxcar
integrator(Stanford Research Systems SR 250) and fed to a
chart recorder(Yokogawa LR4120) and a personal computer
where the data are finally stored.

Space charge effects at the low atomic density mentioned
above are found to be weak. However, they are not com-
pletely eliminated as evidenced by the small broadening of
the width of the24Mg+ TOF peak with increasing laser pulse
energy. On the other hand, further reduction of the atomic
density results in very low Mg2+ signal levels.

After each new load of the oven with Mg, a small TOF
peak of23Na+ ions appears which lasts for about 2 days of
operation and then it disappears. The problem of23Na+ pres-
ence was also encountered in previous experiments and pre-
vented a reliable measurement of Mg+ spectra and intensity
dependence[8]. All the measurements reported here on Mg+

were recorded under Na+ free conditions. However the TOF
mass spectra show additionally a small contamination of H+

and12C+ ions, probably originating from the hot parts of the
chamber or hydrocarbons present in the interaction region.
Most important is the presence of the singly charged carbon
ions because they have the same mass-to-charge ratio with
the strongest24Mg2+ isotope and therefore it was necessary
to take a number of measures for their contribution to the
measured doubly charged Mg signal to be eliminated or at
least evaluated. First, the wavelength dependence of12C+

was recorded under conditions where neither Mg2+ nor Mg+

was detected. The spectrum is unstructured consisting of a
flat background. Second, the operation of the liquid nitrogen
trap eliminatess the H+ and12C+ signal at low atomic densi-
ties and greatly reduces it at the highest density employed
here. Third, it was noted that under a variety of conditions
with no Mg2+ or Mg+ present the H+/C+ ratio is always
,0.6. Using this fact, the amount of12C+ on them/Z=12
TOF peak could be estimated. Its contribution is found to be
less than 3%. Nevertheless, the24Mg2+ measurements were
corrected by this factor. On the other hand, no correction is
necessary for the25Mg2+ peak for whichm/Z=12.5 and,
moreover, after the aforementioned small correction the three
24,25,26Mg2+ isotopes(and the24,25,26Mg+ ones) exhibit the
known natural abundance percentage(79%, 10%, and 11%,
respectively).

For the experiments involving detection of fluorescence
the dye laser output is focused into a quartz T-shaped tube in
which Mg undergoes continuous evaporation. Thef =10 cm
focusing lens is mounted inside the tube. The Mg vapor den-
sity is determined by measuring the temperature of the cell
via a thermocouple in contact with it at its center. Coating of
the quartz windows with Mg is prevented by the use of a
metallic mesh rolled around its main body and by the pres-
ence of,3 Torr He buffer gas(slightly higher than the Mg
vapor pressure). Under these conditions the recorded data are
reproducible for about 2 days. Then the cell had to be

cleaned and refilled with Mg pellets. The metal vapor fluo-
rescent light is collected at 90° with respect to the laser beam
direction and analyzed by a McPherson 218 monochromator
equipped with an EMI solar-blind photomultiplier tube
(PMT) (model RFIB214FV). In order to avoid scattered laser
light entering the PMT an appropriate UV neutral density
filter is placed in front of it. The signal from the photomul-
tiplier is amplified(Ortec 485) and then fed to a boxcar in-
tegrator and the averaged output is recorded on a chart re-
corder and stored into a personal computer.

III. THEORETICAL MODEL

In order to interpret the experimental data we have devel-
oped a theoretical model, sufficiently detailed to describe the
dynamics of the Mg atom and the Mg+ ion when irradiated
by the laser pulses. The complete set of dynamic equations,
shown below, combines six equations[Eqs. (1)–(6)], result-
ing from a density matrix model for the Mg atom, with three
rate equations for the Mg+ time evolution[(7)–(9)]. We will
not present a detailed derivation, since it is well documented
in the literature, to which we will refer where necessary.
Instead, we will briefly explain the meaning of the various
terms in the equations and qualitatively explain their contri-
bution to the dynamics, when appropriate, with the help of
the detailed excitation scheme depicted in Fig. 2.

ṡ11 = − sg1i
s4d + g1b

s4dds11 + 2 ImFV12
s4dS1 −

i

q2
s4dDs21G , s1d

ṡ22 = − G2s22 − 2 ImFV12
s4dS1 +

i

q2
s4dDs21 − V23

s1ds32G , s2d

ṡ33 = − sg3i
s1d + G3ds33 − 2 ImfV23

s1ds32g, s3d

ṡ21 = SisD1 + S1d −
1

2
sg1i

s4d + g1b
s4d + G2dDs21

− iV12
s4dFS1 −

i

q2
s4dDs11 − S1 +

i

q2
s4dDs22G − iV23

s1ds31,

s4d

ṡ31 = SisD1 + S1 + D2d −
1

2
sg1i

s4d + g1b
s4d + g3i

s1d + G3dDs31

+ iV12
s4dS1 +

i

q2
s4dDs32 − iV23

s1ds21, s5d

ṡ32 = SiD2 −
1

2
sg3i

s1d + G3 + G2dDs32 + iV12
s4dS1 +

i

q2
s4dDs31

− iV23
s1dss22 − s33d, s6d

ṡ44 = sgi1
s4d + gi1b

s4d ds11 + G2s22 + sG3 + g3is
s1dds33

+ 4
V12

s4d

q2
s4d Ress21d + g5rs55 − Rss44, s7d

SINGLE AND DOUBLE IONIZATION OF MAGNESIUM… PHYSICAL REVIEW A 70, 033403(2004)

033403-3



ṡ55 = g3ip
s1d s33 − sg5r + Rp + V56

s4dds55, s8d

ṡ66 = V56
s4ds55 − Rfs66. s9d

Equations(1)–(6) are the density matrix equations governing
the time evolution of Mg statesu1l= u3s2 1S0l, u2l= u3p2 1S0l
and u3l= u3p3d 1P1l under the action of the laser field whose
intensity is given byIstd= Imaxfstd. The pulse envelope is
assumed throughout the remaining of the paper to have the
form fstd=sech2s1.76t /tld, with tl =5 ns its FWHM, or
equivalently the pulse duration. Equations(1)–(3) describe
the time evolution of the populations of these states while the
remaining three equations refer to the corresponding off-
diagonal elements of the density matrix. Statesu2l andu3l are
both autoionizingsAI d, the former decaying to the degener-
ate 3s«s 1S0 continuum and the latter to the 3s«s 1P1 one.
Their AI widths are denoted byG2 andG3, respectively(see
also Fig. 2; their values are given in Table I). These reso-
nances are represented as quasi-bound-states embedded in
the adjacent degenerate continuum[12] and this representa-
tion leads naturally to the derivation of their positions, AI
widths, Fanoq-parameters and dipole couplings within the
context of the density matrix formalism. This representation
is also compatible with the configuration interaction(CI) ap-
proach employed for the calculation of these parameters. A

brief description of this method will be given below. The
ground state is coupled with four photons to the quasibound
part of the 3p2 1S0 state, the coupling represented by the
four-photon Rabi frequencyV12

s4d. The excitation of the de-
generate continuums3s«s 1S0d is represented byg1i

s4d. The
interference of the two excitation pathways is expressed by
the four-photon Fanoq-parameterq2

s4d. The definition of all
three parameters is a straightforward generalization of the
corresponding two-photon ones given in Ref.[13]. These
atomic parameters are constrained by the well-known rela-
tion q2

s4d=2V12
s4dsG2g1i

s4dd−1/2. An additional four-photon decay
to the background 3s«d 1D2 continuum is denoted byg1b

s4d.
The bound state 3s4p 1P1 is in near three-photon resonance
throughout the wavelength range scanned in our experiment
s584–596 nmd with a minimum detuning of approximately
1000 cm−1. While, under our moderate laser intensities, this
state is not populated, it nevertheless, incurs non-negligible
wavelength dependence to all four-photon excitation prob-
abilities from the ground state. Thus, we have calculated
these four-photon dipole couplings for five values of the
wavelength within the scanned range(given, together with
the calculated couplings, in Table I) and linearly interpolated
in between them to obtain smoothly varying, wavelength de-
pendent couplings throughout the scanned range of wave-
lengths. This approach has already been successfully em-
ployed in an earlier study of the same system, albeit with a

FIG. 2. Simplified energy level
diagram of Mg(not to scale), de-
picting the atomic and ionic states
and excitation parameters in-
cluded in the theoretical model.
The symbols are explained in the
text.
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somewhat different excitation scheme[13]. The detuning
from exact four-photon resonance is denoted byD1=4v
−sv2−v1d, wherev1 and v2 are the field-free energy posi-
tions of statesu1l and u2l, respectively. The small negative
AC Stark shift of the ground state,S1, has also been taken
into account, its numerical value given in Table I. Statesu2l
and u3l are coupled by a one-photon transition and the cor-
responding detuning isD2=v−sv3−v2d. Since u3l is very
narrow (its AI width being approximately 25 cm−1, see also
Table I) it has been treated as a bound state as far as its
dipole coupling to stateu2l is concerned, which means we
have neglected any continuum-continuum coupling between
the two states[13]. Nevertheless, its AI width has been in-
cluded as a decay channel contributing to the Mg+s3sd ion
production. Additional one photon absorption fromu3l has
also been included through the total ionization widthg3i

s1d.
This width results from the sum of two contributions:g3is

s1d,
the ionization width to the 3s«l 1S0 and 1D2 continua and
g3ip

s1d , the ionization width to 3p«l 1S0 and1D2 ones. All sym-
metry allowed continuum channels have been included in the
calculations. As can be inferred from the values quoted in
Table I, the ionization to the 3p«l continua is the dominant
laser induced decay mechanism from stateu3l. Moreover, for
the highest intensities employed in the experiments, this ra-
diative decay competes with the autoionization decay of state
u3l. The excitation-decay pathway fromu2l to the 3p«l con-
tinua via stateu3l entails the enhanced absorption of two
photons above the first ionization threshold and is the sole
source of population for the Mg+ 3p excited state. This is of
critical importance for the production of Mg2+, as will be
analyzed in the following paragraphs. It should also be noted
that the laser-induced shifts of statesu2l and u3l from their
field-free positions are dictated by their one-photon coupling
and are not necessarily identical to AC Stark shifts or the
ponderomotive shift.

Equations(7)–(9) describe, within a rate equations model,
the time evolution of the multiphoton excitation in the Mg+

ion and its subsequent ionization to produce Mg2+. The ionic
states explicitly included in the model areu4l= u3sl, u5l
= u3pl, and u6l= u5fl. The first three terms on the right-hand
side of Eq.(7) and the first term on the right-hand side of Eq.
(8) are the source terms for the populations of the 3s and 3p

ionic states, respectively, including all the autoionization and
radiative decay mechanisms of the neutral atom that produce
Mg ions in either of these states. The spontaneous decay of
the 3p to the 3s has also been taken into account throughg5r
[14]. Within the rate equations model, which was adopted in
order to simplify the description of the complicated multi-
photon dynamics in the Mg ion and render it computationally
manageable, we have defined three excitation-ionization
pathways labeled, respectively, with A, B, and C(see Fig. 2
for a detailed graphical depiction of all three of them). Path-
way C corresponds to the decay of the ground ionic state, 3s,
by seven-photon near-resonant, eight-photon ionization. The
corresponding rate is defined as

Rssvd = o
n9l9

fVs→n9l9
s7d sDs→n9l9

= 0dg2

1
2gn9l9

s1d

sDs→n9l9 + S4 − Spontd2 + 1
4sgn9l9

s1d d2
s10d

and enters as the last term on the right-hand side of Eq.(7).
It is the sum of 20 terms, each one having the typical form of
the excitation rate from a bound initial state(the 3s, in the
present case) to an AC Stark shifting and ionizing final state
(anyone from the set of 20, denoted byn9l9) [15]. The pa-
rameters needed to define the rate are the seven-photon Rabi
frequencyV

s→n9l9
s7d sDs→n9l9=0d to staten9l9, the ionization

width, g
n9l9
s1d , and the ponderomotive shift,Spond, of this state,

its detuning from seven-photon resonance,Ds→n9l9=7v
−svn9l9−v3sd, and the AC Stark shiftS4, of the 3s. The cal-
culated values of these parameters(with the exception of the
ponderomotive shift) are given in Table II. The theoretical
methods employed for the calculation of these parameters
will be presented at the end of this section. The ponderomo-
tive shift is the same for all the high-lyingn9l9
s12,n9,16, l9=1,3,5,7d Rydberg states included in the
calculation of the rateRs [8]. These states have been chosen
because, for the wavelengths and intensities employed in the
experiments, they shift in and out of seven-photon resonance
during the laser pulse and are therefore considered to be the
ones mostly contributing to the double ion signal. In apply-
ing this state-selection criterion, the AC Stark shift of the 3s

TABLE I. Calculated Mg parameters used in the density matrix model[Eqs.(1)–(6)]. The intensityI is
expressed in W/cm2 and shifts, Rabi frequencies and ionization widths in rad/s.

Mg

S1 G2 G3 V23
s1d g3i

s1d g3is
s1d g3ip

s1d

−25.3I 5.431013 3.831012 77.6I1/2 27.673I 3310−3I 27.670I

l snmd V12
s4d / I2 g1i

s4d / I4 g1b
s4d / I4

584.5 4.0310−13 3.7310−40 5.1310−39

587.5 5.4310−13 6.2310−40 7.1310−39

590.0 6.6310−13 8.9310−40 1.0310−38

592.5 6.6310−13 2.2310−39 1.5310−38

595.0 9.4310−13 3.8310−39 2.6310−38
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ground ionic state and the ponderomotive shift of the Ryd-
berg states have both been taken into account.

Pathways B and A, both start from the excited ionic state
Mg+ 3p. Pathway B is a five-photon near-resonant six-
photon ionization process while pathway A is a four-photon
resonant two-photon ionization process that proceeds via the
5f (four-photon resonant) and a set of Rydberg states one-
photon near resonantly excited from the 5f. For the calcula-
tion of rate Rpsvd (corresponding to pathway B) we have
chosen a number of states of symmetryl =0,6 (given in foot-
note c of Table II) that are accessible by five photons from
the 3p and are shifting through five-photon resonance around
the peak intensity of the pulse for the higher end of the
intensities employed in the experiments,931011 W/cm2d.
The expression for this rate is

Rpsvd = 2o
nl

fVp→nl
s5d svdg2

gnl
. s11d

At different wavelengths in the experimentally scanned
range, vastly different parts of the corresponding Rydberg

series are fulfilling the resonance condition rendering a de-
tailed calculation particularly cumbersome. We have thus
limited our calculations to five specific values of the wave-
length (also given in Table II) and the corresponding states
are interpolated linearly between these values ofRpsvd to
obtain its values at a desired wavelength mesh that was sub-
sequently used in the time-dependent calculation. This
wavelength-dependent excitation rate should be considered
as an averaged quantity that takes into account the most sig-
nificant contributions to double ion production through path-
way B. Pathway A, is modeled in two steps. First, the 5f is
near-resonantly excited from 3p at a rate given by the fol-
lowing expression:

V56
s4dsvd = fV56

s4dsD3 = 0dg2
1
2Rfsvd

fD3 + S5 − S6svdg2 + 1
4fRfsvdg2

,

s12d

where V56
s4dsD3=0d is the resonant four-photon Rabi fre-

quency from 3p to 5f (given in Table II), D3=4v−sv5f

TABLE II. Calculated Mg+ parameters used in the rate equation model[Eqs.(7)–(9)]. The intensityI is expressed in W/cm2 and shifts,
Rabi frequencies radiative and ionization rates in rad/s.

Mg+

S4 S5 S6svda V56
s4dsD3=0d g5r

b

−79.0I −10.3I 259.7I ↔−3.2I −28.8310−13I2 2.8573108

Rssvd Rfsvd
l snmd Rp/ I4c n9l9

d
V

s→n9l9
s7d sDs→n9l9=0d / I7/2 g

n9l9
s1d

/ I n8l8
d

V
f→n8l8
s1d sD f→n8l8=0d / I1/2 g

n8l8
s1d

/ I

584.5 2.0310−38 12p −2.7310−33 3.79 24d 3.73106 0.78

587.5 1.2310−38 12f 1.0310−33 4.54 24g 10.33106 0.32

590.0 3.4310−39 12h −1.2310−33 1.15 25d −3.53106 0.69

592.5 1.9310−39 12k −7.3310−36 8.02 25g −9.03106 0.28

595.0 4.5310−40 13p 2.8310−33 2.90 26d 3.23106 0.61

13f 1.2310−33 3.54 26g 7.93106 0.25

13h 1.3310−33 9.17 27d −3.03106 0.55

13k 7.1310−36 7.03 27g −7.03106 0.22

14p −3.0310−33 2.24 28d 2.93106 0.49

14f −1.5310−33 2.84 28g 6.13106 0.20

14h 1.0310−33 0.74 29d −2.73106 0.44

14k −6.9310−36 0.06 29g −5.33106 0.18

15p 3.0310−33 1.84 30d 2.63106 0.40

15f 1.8310−33 2.30 30g 4.63106 0.16

15h 6.8310−34 0.61

15k 6.6310−36 0.05

16p −3.6310−33 1.50

16f −2.19310−33 1.89

16h −7.0310−34 0.50

16k 6.3310−36 0.05

aThe maximum and minimum values are given.S6svd is calculated at 10 different wavelengths within the range 584.5–595.0 nm.
bCalculated from the experimental lifetime measurements[14].
cCalculated forn=18, 24, 52sl =0d andn=17, 23, 51sl =6d states corresponding to resonant excitation[Eq. (11)] at 595, 590, and 585 nm,
respectively.
dExperimental energy level positions are taken from Ref.[19].
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−v3pd is the field-free four-photon detuning from resonance
andS5, S6 are the AC Stark shifts of the 3p and 5f, respec-
tively. The calculation ofS5 is straightforward and is per-
formed by applying the usual definition of this quantity(see,
for example, the appendix in Ref.[8]) at l=590 nm(in the
middle of the scanned range) because it is very weakly wave-
length dependent. The calculation ofS6 is more complicated.
This laser-induced shift is dominated by the one-photon
near-resonant coupling of 5f to Rydberg states
n8l8 s24,n8,30, l8=2,4d. Since these states have been
only indirectly included in the dynamics of the ion, through
their contribution to the effective two-photon ionization rate
Rf, in order to take into account their contribution to the
laser-induced shifting of 5f we have calculatedS6 as an AC
Stark shift for 10 equidistant values of the wavelength span-
ning the range from 585 nm to 595 nm. In this way, a
strongly wavelength-dependent quantity was obtained(as
can be inferred from its extreme values given in Table II) and
subsequently used in the rate equations system. The ioniza-
tion rate of 5f through a near one-photon resonant two-
photon process is given by

Rfsvd = o
n8l8

fV f→n8l8
s1d sD f→n8l8 = 0dg2

3

1
2gn8l8

s1d

fD f→n8l8 + S6svd − Spontg2 + 1
4sgn8l8

s1d d2
, s13d

whereV
f→n8l8
s1d sD f→n8l8=0d is the one-photon Rabi frequency

from the 5f to the n8l8 Rydberg state,D f→n8l8=v−svn8l8
−v5fd is the corresponding detuning, andg

n8l8
s1d is the ioniza-

tion width of the n8l8 Rydberg state. The labels of these
states and the values of the corresponding parameters are
given in Table II. The states included in the calculation are
those that are ponderomotively shifted through one-photon
resonance with the shifted 5f position, during the laser pulse.
These remarks conclude the presentation of the system of
dynamic equations.

For each wavelength, Eqs.(1)–(9) are simultaneously in-
tegrated fromtin=−2tl to tfin =2tl with the peak of the laser
pulse corresponding tot=0. The numerical technique em-
ployed for the integration of the system of equations is an
embedded fifth-order Runge-Kutta method with adaptive
step size control[16]. The calculations were carried out on a
commercial personal computer. The solution of the system
(i.e., the values ofsi j , i , j =1,3 andskk, k=4,5,6 asfunc-
tions of time for a specific wavelength and peak laser inten-
sity) are used for the calculation of observable quantities that
are directly compared to the experimental data. Specifically,
the total Mg+ signal is calculated asN+=ss22+s33+s44

+s55+s66dt→`, i.e., as the sum of the populations in the AI
states and the populations left in the three ionic states at the
end of the pulse. The long-time limit implies that all the
population in the AI states will rapidly decay after the end of
the pulse and will be collected as Mg+ signal. Similarly, any
redistribution of population between the ionic states, because
of the spontaneous decay of the excited ones to the ground
state, will not affect the recorded singly charged ion signal.

The doubly charged ion yield is calculated asN2+=1−N+
−ss11dt→`, or alternatively and equivalently asN2+=N2+

s

+N2+
p +N2+

f . The former equality results from the obvious as-
sumption that within our sequential excitation model the sys-
tem is closed and at the end of the pulse whatever population
has not ionized(either singly or doubly charged) will remain
in the ground state. The latter expression rests on the reason-
able assumption that at the experimental intensities for which
double ion production is recorded the one-photon ionization
from the final set of Rydberg states involved in pathways A,
B, and C is saturated and therefore once the system is excited
in the vicinity of these Rydberg states is certainly ionized.
Therefore, the contribution of each of the three pathways to
the double ion yield can be expressed as

N2+
f =E

Dt

Rfs66 dt, N2+
p =E

Dt

Rps55 dt,

N2+
s =E

Dt

Rss44 dt.

The integration extends over the same time interval as the
solution of the set of dynamical equations. Both expressions
for the calculation of the double ion yield have been used
and their equivalence within our model has been numerically
verified. Finally, the fluorescence yield from the excited 3p
towards the 3s ground state, that has been used as an experi-
mental probe of the population of 3p, has been calculated as
Nfluo=eDtg5rs55 dt.

Before closing the theory section it is necessary to give
some details about the array of techniques we have employed
for the calculation of the atomic parameters, i.e., the param-
eters entered in the set of dynamic equations, that we collec-
tively call them atomic although they refer to both the Mg
atom and its ion, Mg+. We treat atomic Mg as a two-valence
electron system outside a frozen, doubly charged ionic core
[13]. This core is described within the self-consistent field
approximation. Then a one-electron Hamiltonian is built by
taking into account the interaction of a single electron with
the frozen core including core polarization effects through an
appropriately parametrized potential[13]. This Hamiltonian
is diagonalized on aB-spline basis set that includes 350
B-splines(of order 10) per angular momentum confined in a
radial box of 150 a.u. and defined over a linear mesh. The
cutoff parameters of the core polarization potentials are op-
timized in order to reproduce the lower excited states of Mg+

of each symmetrysl =0–5d. The one-electron orbitals are
orthogonalized to the core wave functions and are, subse-
quently, combined to build properly antisymmetrized two-
electron configurations. The two-electron states of specific
symmetry are obtained by diagonalizing the two-electron
Hamiltonian, which includes an appropriately parametrized
dielectronic polarization potential, within the corresponding
space of configurations(configuration interaction calcula-
tion, CI). The calculation of bound states or unstructured
continua is straightforward. The AI resonances are described
as isolated quasibound states embedded in a degenerate con-
tinuum within the framework of the Feshbach formalism
[13], implemented by partitioning the configuration space in
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two subspaces, usually denoted byQ andP, that are coupled
only by the electron-electron interaction, i.e., the part of the
two-electron Hamiltonian responsible for the configuration
mixing. In a typical CI calculation for bound states or for the
quasibound component of an AI state between 400 and 500
configurations are included. The representation of the dis-
cretized continua is satisfactory with approximately 100 to
200 configurations. Our results for the positions of bound
and AI states as well as the widths of the autoionizing states
agree reasonably well with earlier theoretical and experimen-
tal results[13]. The various dipole couplings, and in particu-
lar the multiphoton ones, have been obtained by using the
calculated two-electron wave functions and a Green’s func-
tion technique to perform the summation over intermediate
states[17,13]. In order to facilitate the comparison with the
experimentally recorded spectra we have used the experi-
mental value for the energy of the 3s2 Mg ground state in the
calculation of the energy denominators in the multiphoton
matrix elements[17]. The dipole operator in both the length
and the velocity gauge has been used in the calculations of
the dipole couplings. As a general rule, the agreement be-
tween the results obtained with the two different representa-
tions is usually in the order of 15% or better. A notable
exception isg1b

s4d, the four-photon ionization width from the
ground state to the 3s«d 1D2 continuum, for which the two
results differ substantially. We have used the value obtained
in the velocity gauge(quoted in Table II), since it turned out
to have converged with respect to the box length and the size
of the basis set.

The parameters for the Mg+ have been obtained within the
framework of single channel quantum defect theory(SQDT),
an approach used successfully over the years for the theoret-
ical description of time-dependent multiphoton processes in
one-active electron systems[18]. By exploiting the extensive
tables of bound state energies for Mg+, provided online by
NIST [19], we have obtained weakly energy dependent quan-
tum defect parameters for all Rydberg series of interest for
the simulation of the ionic dynamics. In this way the energy
positions of very high-lying statessn.20d are predicted with
satisfactory accuracy. Moreover, by smoothly extrapolating
these parameters above the first ionization threshold of Mg+

it is possible to obtain energy normalized continuum wave
functions that are employed to evaluate ionization cross sec-
tions. The notoriously difficult calculation of multiphoton di-
pole couplings for high order transitions(orders 4, 5, and 7
in our case) is performed by employing a numerically effi-
cient method[20] that converts a recurrence relation satisfied
by the multiphoton matrix elements into a set of complex
linear first-order differential equations. For one-photon
bound-bound and bound-free matrix elements we have em-
ployed the techniques developed in Ref.[21] that are nu-
merically efficient and reasonably accurate even when, as in
our case, high-lying Rydberg states are involved. All calcu-
lated matrix elements have been properlyZ scaled [22],
since, within the context of SQDT, Mg+ is treated as a hy-
drogenic system withZ=2. The length representation of the
dipole operator has been used in all SQDT calculations and
the radial range of the integration was taken sufficiently long
(typically 100 a.u.) for the results to be converged.

IV. RESULTS AND DISCUSSION

A. The Mg+ yield

The Mg+ yield as a function of laser wavelength near the
3s2 1S0-4v-3p2 1S0 transition is shown in Figs. 3(a)–3(d) for
four different laser intensities. The spectrum in Fig. 3(a) is
recorded with a relatively low intensity, while that in Fig.
3(d) with the maximum obtainable one. The vertical dashed
line in Fig. 3(a) marks the unperturbed resonance position
s68 275 cm−1, l<585.7 nmd of 3p2 1S0, according to the
available spectroscopic data[19,23] and additional measure-
ments of ours acquired by low-intensity, two-photon ioniza-
tion experiments. It is evident that the resonance peak posi-
tion is considerably shifted with respect to its unperturbed
location even for the lowest intensity showns,2
31011 W/cm2d. As the power density increases above,5
31011 W/cm2, this shift attains its maximum value. For the
highest intensities, the resonant and nonresonant contribu-
tions to the signal become comparable leading to an apparent
broadening of the resonance and finally to an almost unstruc-
tured ion spectrum, a clear sign of saturation. It is also no-
ticeable that the background is always higher on the red side
of the resonance, despite the lower laser pulse energy output
of the dye solution in this wavelength range[Fig. 3(d)]. This

FIG. 3. Experimental(a)–(d) and corresponding theoretical(e)–
(h) Mg+ spectra for different laser intensities. The vertical dashed
line in (a) marks the wavelength of the unperturbed 3s2 1S0-
4v-3p2 1S0 resonance. In(d) the dye profile is drawn with dashed
line.
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fact is attributed to the tail of the four-photon ionization pro-
cess from the 3s2 1S0 ground state via the three-photon near-
resonant transition to the bound 3s4p 1P1 level (see Fig. 2).
The exact position of that resonances49 346.7 cm−1,
l,607.8 nmd, does not fall within the scanned wavelength
range. If AC-Stark shift effects are ignored, the smallest
three-photon detuning within this range is quite large
s,1000 cm−1d. Yet it is known that this transition is very
strong[24] and at high intensities its tail affects the ion spec-
tra even far away from the resonance. The shape of the back-
ground signal and the large shift of the 3s2 1S0-3p2 1S0 four-
photon transition observed in the present study are in close
agreement with the electron energy analysis experiment of
van Druten et al. [8], performed mainly with 1 ps laser
pulses. In addition, this behavior is satisfactorily predicted
by the theoretical model presented earlier. As it can be seen
in Figs. 3(e)–3(h) the large shift of the 3p2 1S0 level, attrib-
uted to its strong radiative coupling with the 3p3d 1P1 au-
toionizing state, is accurately reproduced for all the intensi-
ties. On the contrary, the resonant width is reproduced only
for the highest ones. The reason for this small discrepancy is
not clear as yet. Moreover, at low intensity the model over-
estimates the higher red side background ionization signal
although the 3s2 1S0-3v-3s4p 1P1 resonance is only implic-
itly taken into account through the frequency dependence of
the four-photon Rabi frequencyV12

s4d and ground state ioniza-
tion widthsg1i

s4d andg1b
s4d. The largest contribution to the tail is

found to stem from the background ionization widthg1b
s4d to

the 3s«d 1D2 continuum, for which the velocity gauge result
is employed in the model. On the other hand, as the intensity
increases the theoretical and experimental Mg+ yield spectra
look much more similar, despite the fact that the dye profile
is not introduced in the calculation. At the highest intensity
the model predicts complete saturation accompanied with a
small drop of the Mg+ signal (around 591 nm), attributed to
Mg2+ formation. In conclusion, the energy-dependent back-
ground ionization signal, saturation effects and Mg2+ cre-
ation are found to be responsible for the fact that the shift of
the 3p2 1S0 resonance is apparently fixed at high intensity.

Typical recordings of the Mg+ signal as a function of laser
power density are shown in the log-log plots of Figs. 4(a)
and 4(b) for two selected laser wavelengths, 592 nm and
588 nm, respectively. The latter wavelength is close to the
unperturbed position of the 3p2 1S0 resonance while the
former lies near its location at the highest intensities avail-
able in the present study. The data shown in Fig. 4(a) have
been recorded with anf =10 cm focal length lens while those
of Fig. 4(b) with an f =15 cm one. Power lawIK+ fits to the
unsaturated parts of the experimental curves produce for all
wavelengths an order of nonlinearityK+<4 (for the data
shown the fitted values areK+=4.09±0.03 for 592 nm and
K+=3.98±0.03 for 588 nm). That is to be expected for a
four-photon ionization process and the gradual shift of the
resonance with increasing intensity does not seem to produce
a wavelength dependent order of nonlinearity. This fact is in
perfect agreement with theoretical predictions. The saturated
part of the plots is not parallel to thex axis but, rather, the
ionic signal continues to increase with a lower slope. This
well-known phenomenon is due to the increase of the focal

volume as the intensity increases and for Gaussian beams the
slope of the saturated part is equal to 3/2(see, for example,
Ref. [25]). In order for the theory to reproduce this effect it is
found necessary to spatially integrate the calculated Mg+

yield, N+ (as well as the Mg2+ yield, N2+) over the interaction
volume. This procedure does not affect the order of nonlin-
earity of the unsaturated part. The spatially integrated ionic
populations are then given by

kNlr,z ~ E
0

Imax

NsIdKsI,ImaxddI, s14d

where the function

KsI,Imaxd ;
dVsI,Imaxd

dI
=

2I + Imax

I2 S Imax− I

I
D1/2

s15d

applies strictly only for Gaussian laser beams[26]. The
curves computed through Eqs.(14) and(15) fit both the satu-
rated and unsaturated part of the plots. Matching theoretical
to experimental values requires, of course, an appropriate
scaling for they axis (signal). Concerning thex axis, no
scaling of the theoretical intensity values is practically re-

FIG. 4. Experimental and theoretical singly and doubly charged
ion yields as a function of laser intensity.(a) Laser wavelength
592 nm; focusing lens focal lengthf =10 cm.(b) Laser wavelength
588 nm; focusing lens focal lengthf =15 cm. Typicaly axis uncer-
tainties are of the order of the symbols size. For more details see
text.
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quired for the data recorded with thef =15 cm focal length
lens, apart from the unavoidable factor translating peak to
average pulse intensities(for the assumed pulse shape they

are related byĪ <1.13Imax). On the contrary, for the data
recorded with thef =10 cm focal length lens[such as those
shown in Fig. 4(a)] the overall scaling factor was found to be
2.8. In other words, the theoretically predicted saturation in-
tensity is found to be,2.8 times higher than the experimen-
tal one. Scaling parameters of similar magnitude are not un-
usual in multiphoton ionization studies[10,13]. However,
since no scaling is required for the data recorded with the
longer focal length lens we conclude that our finding under
tighter focusing conditions may be attributed to space charge
effects. Their importance would be greater when short focal
length lenses are used since this leads to the production of
higher ionic populations within a smaller volume. The above
assumption is also supported by earlier experimental and the-
oretical studies where it was demonstrated that under space
charge conditions the order of nonlinearity is not affected but
the apparent saturation intensity decreases[27]. In that case,
however, the atomic density employed was much higher
s,1011 cm−3d and the saturation intensity decreased by about
a factor of ten with respect to the expected value.

B. The Mg2+ yield

Figures 5(a)–5(d) assemble typical plots of the Mg2+ yield
as a function of laser wavelength, recorded simultaneously

with the Mg+ signal. The spectrum of Fig. 5(a) is recorded
with nearly the lowest intensity for which Mg2+ ions are
detectable under our conditions, while Fig. 5(d) with the
maximum available one. It is evident from the plots that
most of the spectra exhibit asymmetric profiles. However,
the long tail of the low intensity recording of Fig. 5(a) lies on
the red side of the spectrum and the maximum signal appears
around 588 nm. As the intensity increases the asymmetry is
gradually reversed and the signal’s maximum appears finally
at ,592 nm. For intermediate power densities the shape of
the spectra is that of two partly merged lobes. Apparently,
Mg2+ ions are produced by two competing mechanisms each
of which dominates at different intensities. In a first attempt
to identify those mechanisms, we note that for the lowest
intensity the spectral maximum is slightly blueshifted with
respect to the four-photon 3p1/2,3/2-5f5/2,7/2 ionic transitions.
Considering our resolution and the number of photons re-
quired for this ionization path(six in total—see pathway A in
Fig. 2) only two lines are expected to show up(the 5f j level
fine structure amounts to 0.06 cm−1 [19]). The unperturbed
locations of these lines(the first for the 3p1/2 initial state and
the second for the 3p3/2 one) are marked by the vertical ar-
rows in Fig. 5(a). Experimentally only one line is observable.
This fact might be attributed to the proximity of the fifth
absorbed photon to a manifold of highly excited ionic Ryd-
berg statessn,30d, which could broaden and merge by the
DC field used to extract the ions in our TOF apparatus. Nev-
ertheless, this scenario suggests that excited Mg+ ions are
formed into the 3p1/2,3/2 levels, which in turn implies the
absorption of two photons above the Mg atom’s first ioniza-
tion threshold. Indeed, the excited state ionic populations are
successfully probed by the fluorescence study presented in
the next section. The other mechanism though, responsible
for double ionization at high intensities, cannot be unam-
biguously determined solely from the analysis of experimen-
tal spectra and it is at this point that assistance from theoret-
ical calculations becomes decisive. Figures 5(e)–5(h) show
the computed Mg2+ spectra. At the lowest intensity a satis-
factory agreement between the experimental spectrum and
the envelope of the calculated one is found. Since theory
does not include the aforementioned DC field present in the
experiment, a few distinct resonances appear in Fig. 5(e).
They are assigned to one-photon resonant two-photon ioniza-
tion processes of the ionic Mg+ 5f level through the manifold
of Rydberg states with 24ønø30 andl restricted to d and g
levels(pathway A in Fig. 2). Additionally, a weak and broad
peak on the red side of those resonances is observable and it
is responsible for the asymmetry of the spectral envelope.
That peak stems from the five-photon resonant six-photon
ionization of 3p levels through a different manifold of Ryd-
berg states with 24ønø30 and l =0 and 6(pathway B in
Fig. 2). States with these values of orbital angular momen-
tum cannot be radiatively coupled by one photon to the Mg+

5f level. By increasing the intensity this path gains in impor-
tance and finally dominates. As it can be seen in Fig. 5(f) the
calculated double ionization yield via the 3p-4v-5f ionic
transition is still the strongest at intermediate intensities and,
consequently, theory predicts that the contribution from path-
way B scales with intensity at a slower rate than that ex-
pected on the basis of experimental evidence. For the highest

FIG. 5. Experimental(a)–(d) and corresponding theoretical(e)–
(h) Mg2+ spectra for different laser intensities. The vertical dashed
lines in (a) and (e) mark the wavelengths of the unperturbed
3p1/2,3/2-4v-5f j Mg+ resonances. In(d) the dye profile is drawn
with dashed line.
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intensities however the produced spectrum compares well
with experiment. Due to the approximations adopted in the
calculation of the ionization rate through pathway B, distinct
resonances are absent in this case. It is also noteworthy that
pathway C in Fig. 2, i.e. the seven-photon resonant eight-
photon ionization process out of the ionic Mg+ 3s ground
state, contributes only an insignificant fraction to the double
ionization signal even for the highest intensity available in
the present experiment. This is illustrated in Fig. 6 where the
contributions of all three different pathways, A, B, and C, as
well as the total double ionization yield are plotted for the
maximum experimental intensity. Additional runs suggest
that the ionic ground state ionization contributes significantly
to the Mg2+ signal for intensities well above 1012 W/cm2.

There is still an open question to be answered in order to
complete the picture, namely why pathways A and B domi-
nate at different intensities although they share the same ini-
tial level. To clarify this point, one has to follow the popu-
lation accumulated to the Mg+ 3p state as a function of
wavelength and for different intensities. It turns out that this
behavior is determined by the shift of the 3p2 1S0 state. For
the lowest intensities, the population peaks around a wave-
length range that falls near the Mg+ 3p-4v-5f resonance.
Hence, pathway A dominates in this case. As the intensity
increases, the maximum of the population is further pushed
to lower wavelengths and pathway A can no more signifi-
cantly contribute to doubly charged ion formation. Pathway
B, on the other hand, has no specific wavelength dependence
but it is expected to present a weaker overall ionization prob-
ability. Consequently, it becomes important at higher inten-
sities and the fact that double ionization peaks at around
592 nm is simply related to the maximum of the Mg+ 3p
population also attained at this wavelength.

The picture described above is consistent with the mea-
surements of Mg2+ yield vs power density shown in Figs.
4(a) and 4(b). Power lawIK2+ fits to experimental data pro-
duce a slopeK2+,4.5 for 588 nm(pathway A) and K2+
,5.1 for 592 nm(pathway B). For all wavelengths larger
than 589 nm, the slopesK2+ are found always greater than
five (they range between 5.1 and 5.6 and typical uncertainties
are of the order of ±0.1). In fact the theoretical Mg2+ curves
exhibit saturation at the power densities of interest and the
experimentally determined slopes have little meaning apart
from the demonstration that, as expected, the onset of doubly
charged ion yield saturation occurs at lower intensities when
pathway A dominates. Moreover, theory predicts that the ob-
served saturation is due to both Mg and excited Mg+ deple-
tion within the interaction volume. Indeed, as is evident from
Figs. 4(a) and 4(b), Mg2+ ions are detectable just at the onset
of Mg+ yield saturation. Note that in order to match theoret-
ical and experimental Mg2+ curves in Figs. 4(a) and 4(b) the
samex axis (laser intensity) scaling factors determined from
the Mg+ curves have been employed. In fact, even they axis
scaling factors are found practically the same with those for
Mg+ because the theoretical ratioN2+/N+ is for the highest
intensities close to 5%. Considering the complexity of the
model and the unaccounted for ion collection efficiency of
our apparatus the predicted ratio agrees very well with the
experimental value of 3–5%.

C. Experimental verification of excited Mg+ ion formation:
Fluorescence study

The present fluorescence study is undertaken in order to
confirm the interpretation given earlier with experimental
evidence and to investigate in more detail the strong radia-
tive interaction between autoionizing states. In a first step,
monochromator scans are performed over the whole range of
operation of the UV-monochromator/solar-blind-PMT sys-
tem s200–400 nmd, for a number of fixed laser wavelengths.
Within this range and for maximum sensitivity only two lines
are observed corresponding to the 3p1/2,3/2-3s1/2 Mg+ transi-
tions. A typical monochromator scan is shown in Fig. 7(a).
This is a direct proof that excited 3p1/2,3/2 Mg+ population is
indeed created during the laser pulse. Since no evidence of
other transitions is found the monochromator is replaced by a
UV filter, simply to avoid stray visible laser light entering the
PMT. Then, in a second step, the total unresolved fluores-
cence is recorded as a function of laser wavelength. In any of
the two steps, the PMT signal is also recorded as a function
of Mg density in order to rule out any collisionally induced
effects stemming from the high atomic density
s1014–1016 cm−3d in the cell. The dependence of the total
fluorescence on atomic density is plotted in Fig. 7(b) to-
gether with a power law fit. The dependence is evidently
linear, apart from the higher densities where the departure
from linearity suggests the increasing importance of colli-
sional phenomena. Therefore, all the reported measurements
are obtained within the linear part of the curve in Fig. 7(b).

The total unresolved fluorescence as a function of laser
wavelength is plotted in Figs. 8(a)–8(c) for a number of laser
power densities. The significant red shift with respect to the

FIG. 6. Theoretical total and partial Mg2+ yield as a function of
laser wavelength for the highest available experimental intensity.
The total Mg2+ yield, N

2+
, is normalized to unity. The total yield,

N
2+

, as well as the partial yields,N2+
s , N2+

p , N2+
f , are calculated as

described in Sec. III.
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unperturbed position of the 3s2 1S0-4v-3p2 1S0 transition
(expected at,585.7 nm) is quite evident(the highest value
is more than twice the,280 cm−1 3p2 1S0 state autoioniza-
tion width). It is similar to that observed in the Mg+ spectra.
However, the observed shift is here somewhat larger for any
given intensity and it saturates at higher values. One may
also note the absence of any significant background signal.
This is to be expected, since the ground state four-photon
ionization cannot contribute to the excited Mg+ production.
Furthermore, the fluorescence profiles exhibit reversed(and
much smaller) asymmetry with respect to the corresponding
Mg+ spectra. This behavior is accurately reproduced by the
calculation [the relevant spectra are assembled in Figs.
8(d)–8(f)] although the profile widths are again rather under-
estimated by the model. The analysis of theoretical results
uncovers some interesting aspects of the laser-Mg atom in-
teraction in this energy range. In particular, it turns out that
the observed two-photon absorption above the first Mg ion-
ization threshold is clearly dictated by the strong one-photon
coupling between the 3p2 1S0 and 3p3d 1P1 doubly excited
states, both acting as steps in a ladder leading to the 3p1/2,3/2
Mg+ formation. This coupling was explored in various mul-
tilaser studies in the past, such as the studies of laser-
modified autoionizing structures[13] and the three-
autoionizing-states ladder schemes[28]. In our study, the
wavelength of the unperturbed 3p2 1S0-3p3d 1P1 resonance
position s,566.4 nmd is outside the scanned range. The
shortest unperturbed detuning, approximately,530 cm−1

(for llaser,584 nm), is considered as large by conventional
standards. However, it is(i) much smaller than the corre-

sponding shortest one-photon detuning of the 3p2 1S0 state
from the bound 3s4p 1P1 level (only implicitly taken into
account in our model) and (ii ) small enough to lead to a
coupling that can no longer be treated within perturbation
theory. These findings may explain why absorption of two
photons above threshold is made possible with long laser
pulses of ns duration, a situation that is rather unexpected.
They also point out very clearly to the important role played
by autoionizing resonances in multiphoton single and double
ionization processes of alkaline-earth-metal atoms.

A direct manifestation of the above-mentioned strong
coupling is the fact that the observed shifts cannot be pre-
dicted in terms of perturbative AC Stark shift theory. The
present calculations suggest that we are rather dealing with a
situation analogous to the Rabi splitting of two resonantly
coupled states, even more so since the 3p3d 1P1 has been
treated as a bound state, as far as its coupling to the 3p2 1S0
is concerned. Thus, what is experimentally observed is a
fluorescence probe of the ionization from one of the two
components into which this doubly excited state splits. The
contribution of the other component lies outside the scanned
wavelength range. The excitation cross section is nonzero at
the unperturbed(zero field) position of the four-photon reso-
nance,,585.7 nm, and this explains the reversed asymmetry
of the fluorescence profiles when compared to the Mg+ spec-

FIG. 7. (a) Typical monochromator scan near the 3p1/2,3/2-3s1/2

Mg+ decay transitions for fixed laser wavelengths590 nmd and in-
tensitys,831011 W/cm2d. (b) Total fluorescence signal as a func-
tion of Mg vapor density. The solid line corresponds to a power law
fit to the linear part of the plot.

FIG. 8. Experimental(a)–(c) and corresponding theoretical(d)–
(f) total fluorescence spectra as a function of laser wavelength for
different intensities. Theoretical curves are calculated as described
in Sec. III.
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tra. Moreover, the shift is clearly a nonlinear function of the
intensity as can be seen in Fig. 9.

It must be emphasized, however, that if the contribution
of the bound 3s4p 1P1 state to the four-photon excitation of
the 3p2 1S0 is neglected, the departure from linearity is less
significant and an accurate reproduction of the experimental
data cannot be achieved. It is for this reason that our model
takes this coupling into account in the implicit manner de-
scribed earlier. It is also worth mentioning that if the back-
ground ionization width,g1b

s4d, is neglected, the agreement
between theory and experiment is only qualitative. The quan-
titative agreement of Fig. 9 is obtained only after its value
given in Table I is introduced in the model. A possible ex-
planation for this result may be that at high intensities the
background ionization competes with the resonant excitation
of the 3p2 1S0 state and, therefore, prevents further atomic
excitation and subsequent accumulation of population in the
ionic 3p1/2,3/2 levels.

V. CONCLUSION

This work dealt with single and double ionization of mag-
nesium with laser pulses of ns duration and moderate inten-
sity s,1012 W/cm2d. The experimentally and theoretically
examined wavelength range between 584 nm and 596 nm
includes the four-photon 3s2 1S0-3p2 1S0 resonance. A broad
peak corresponding to that resonance was found to be con-
siderably redshifted with respect to its low-intensity position
dominated the recorded Mg+ spectra. This shift was the first
out of many manifestations of the strong one-photon cou-
pling between the 3p2 1S0 and 3p3d 1P1 autoionizing states.
This ladder excitation scheme within the continuum proved
to be instrumental in inducing efficient excited ionic state
production and subsequent double ionization. The excited
3p1/2,/3/2 Mg+ state population was successfully probed by a
fluorescence experiment and quite accurately predicted by
our calculations based on a combination of density matrix

and rate equations. The parameters entered in the dynamic
equations to quantitatively describe laser-induced excitation
and ionization in Mg and Mg+ as well as AI in Mg were
calculated independently using an array of well-established
techniques. In general, and considering the complexity of the
description of the atomic and ionic ionization process, theory
and experiment were found to agree quantitatively. Hence,
the mechanisms of sequential double ionization were clearly
identified. The Mg2+ ions originate either through the four-
photon 3pj-5f j8 ionic transitions or the five-photon resonant
six-photon ionization of the 3pj levels via a manifold of
highly excited Rydberg states of appropriate symmetry.
These two pathways contribute to double ionization signal at
different intensities following the evolution with wavelength
and intensity of the maximum population on the excited
ionic state. On the other hand, it is predicted that ionization
of ground state Mg+ contributes insignificantly to Mg2+ pro-
duction for the intensities employed here.

The above experimental and theoretical findings confirm
that the aforementioned near-resonant, one-photon 3p2 1S0-
3p3d 1P1 radiative coupling is of central importance in the
present study performed under presumed unfavorable condi-
tions for double ionization, as far as pulse duration and in-
tensity are concerned. It is thus demonstrated that when rela-
tively long pulses of moderate peak intensity are employed,
the doubly excited states above the first ionization threshold
of an alkaline-earth-metal atom play a role in the dynamics
of double ionization far more crucial than the one currently
attributed to them in the context of short-pulse high-intensity
experiments. It would be interesting to test the above conclu-
sion to doubly excited ladder systems in other alkaline-earth-
metal atoms, such as Ca. Concerning the theory it seems
worth attempting a more elaborate description of these com-
plex processes through a unified treatment in the framework
of the time-dependent Schrödinger equation(TDSE), al-
though this is a highly nontrivial task when a very large
number of photons are involved despite the fact that the in-
tensity is rather moderate. Moreover, the TDSE is not always
sufficiently transparent when it comes to identifying the con-
tribution of doubly excited atomic and excited ionic states to
the dynamics of double ionization and efficient methods to
meet this goal will have to be devised.
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FIG. 9. Energy(four-photon) shift of the maximum of the total
fluorescence spectra with respect to the unperturbed position of the
3p2 1S0 energy level as a function of laser intensity.
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