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Multiphoton single and double ionization of magnesium was studied by measuring electron energy
spectra and ion mass spectra using 1-ps laser pulses in the 580-595-nm wavelength and 10*?-10'3-
W /cm? intensity range. In single ionization the (3p)? 'S doubly excited autoionizing state, resonant
at the four-photon level, is found to play an important role. Single ionization leaving the Mg* ion
in the 3p excited state is strongly enhanced when resonant with the (3p)?'S state. The amount of
above-threshold ionization observed also varies strongly in the wavelength range under study. At
an intensity of 2 x 10*®* W/cm?, sequential double ionization is found to occur dominantly via the
excited ionic state Mgt (3p). The first ionization step populates this state less than the ion ground
state, Mg™ (3s), but this is compensated by the lower order of the second ionization step.

PACS number(s): 32.80.Rm, 32.80.Dz, 42.50.Hz

I. INTRODUCTION

The advent of intense light sources in the past decades
has made it possible to study photoionization of atoms
in situations where a large number of photons is required
to remove an electron from the atom, i.e., multiphoton
ionization [1]. One of the new effects which has received
considerable attention over the years is multiphoton dou-
ble ionization [2-12], i.e., the removal of two electrons
from the atom in cases were multiphoton absorption is
needed for each ionization stage. The main goal of this
research has traditionally been to find clear experimental
evidence for so-called direct double ionization, the effect
that two electrons are removed from the atom simulta-
neously via some cooperative process. This is in contrast
to sequential double ionization, where the atom is doubly
ionized in a sequence of separate ionization events, with a
singly charged ion plus a free electron as an intermediate
state.

This interest originates from some of the earliest exper-
iments on multiphoton double ionization of atoms [13].
It was found that the yield of doubly charged ions was
surprisingly large compared to the singly charged ion
yield [14]. Furthermore, in the study of the intensity
dependence of double ionization of Xe, it was found that
the rate at which doubly charged ions were created satu-
rated at the intensity where the presence of ground-state
atoms was depleted by single ionization [5]. This was in-
terpreted as evidence for direct double ionization, since
the process apparently only occurred when neutral atoms
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were still present in the laser focus. Other explanations
(see, e.g., Refs. [1,3]) are possible for these early results,
as will be discussed below.

The various processes leading to multiphoton double
ionization are depicted schematically in Fig. 1. The sim-
plest form of sequential double ionization is labeled (a).
It consists of single ionization of an atom A to the ground
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FIG. 1. Schematical energy level diagram, indicating vari-
ous multiphoton processes leading to double jonization of an
atom A. The upward arrows indicate photoabsorption, the
downward dashed arrows indicate the emission of an electron
(i.e., ionization). Path (a) is sequential double ionization via
the ionic ground state A™, (b) sequential double ionization
via an excited ionic state A, (c) direct double ionization.
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state of the ion A*, followed by a second ionization step,
creating the doubly charged ion A2*. This is not, how-
ever, the only possibility. In general single ionization can
also leave the ion in an excited state A1  from which
subsequent (second) ionization is possible [the process
labeled (b) in Fig. 1]. Furthermore, as multiphoton ion-
ization usually requires high intensities, above-threshold
ionization (ATI, the absorption of more photons than
the minimum required for ionization) is likely, so that
it becomes energetically possible to populate ionic states
that are more than one photon energy above the ground
state of the ion. The branching ratio to the various al-
lowed ionic states will depend on the electron-electron
interaction, i.e., on the character of the (multielectron)
wave function after the absorption of a certain number
of photons. In this paper, we will present results that
show that in the case of magnesium and 1-ps laser pulses
it is possible to populate an excited ionic state that is
more than two photon energies above the ionic ground
state. In addition, we find that sequential double ion-
ization is dominated by the contribution of this excited
ionic state, although single ionization dominantly popu-
lates the ground state of the ion.

Direct double ionization [path (c) in Fig. 1] can be
regarded as a generalization of single ionization to an
excited ionic state, the excited ionic state being a con-
tinuum state (consisting of a doubly charged ion and a
second, free electron). This point of view also explains
the difference in the electron spectrum that is expected
between direct and sequential double ionization. In se-
quential double ionization the initial and final state of
the core are both discrete states, in both the first and
the second ionization stage. Energy conservation thus re-
quires that, after the absorption of a number of photons,
the photoelectrons have a discrete energy [15]. In direct
double-ionization, on the other hand, the final state of
the core in the “first ionization” process includes a sec-
ond free electron, and thus consists of a continuum of en-
ergy levels. Therefore the individual electrons can have
a continuous energy distribution, and only their total en-
ergyv is fixed by energy conservation. As is evident from
Fig. 1, direct double ionization requires the absorption
of a large number of excess photons, over the minimum
number needed for single ionization. In an experimen-
tally feasible laser pulse, the single-ionization process will
usually have depleted the neutral atoms in the laser fo-
cus before the light intensity has increased sufficiently to
drive the direct double-ionization process [16]. As laser
technology improved, shorter and shorter pulse durations
were used to increase the intensity that could be reached
before single ionization has depleted the neutral atoms.
Nevertheless the search for more experimental evidence
of direct double ionization has lead to the conclusion that
sequential ionization is by far the dominant process in a
large majority of cases. This also applies to the results
presented here.

It is now generally accepted [1,3] that the early results
on Xe and other early experiments on rare gases that
seemed to indicate nonsequential double ionization (e.g.,
Ref. [7]) can be explained by sequential double ioniza-
tion, with some (unidentified) autoionizing state as an
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intermediate resonance, and possibly with some excited
ionic state as intermediate state. The tentative explana-
tion is that at low intensities double ionization predom-
inantly occurs via such an excited ionic state. The yield
of doubly charged ions saturates when the neutral atoms
are depleted. This yield will only increase rapidly again
once ionization of the ground-state ion (also formed by
the single-ionization process) becomes appreciable. Re-
cently, additional evidence for nonsequential double ion-
ization was found in the ion yields from irradiation of
helium by 120-fs, 620-nm laser pulses [2]. The intensities
are so high in this case (10> W/cm?), however, that a
description in terms of tunneling ionization is more ap-
propriate than one in terms of multiphoton absorption.
Two different, simple (nonsequential) models have been
proposed to explain these results [2,17].

Rare-gas atoms are particularly suited for studying
the effects of very high intensities, as their large ioniza-
tion potentials prevent ionization at low intensities. The
alkaline-earth elements offer different advantages. They
can be regarded as nearly ideal two-electron systems, and
the relatively low ionization potential of both the first
and the second ionization steps allow the study of multi-
photon ionization at relatively low intensities. This puts
less stringent demands on the laser system, and facilitates
the interpretation of the results. Multiphoton single and
double ionization of the alkaline-earths barium, stron-
tium, calcium, and magnesium has been extensively stud-
ied, using ion detection, [6,8,10,11,18-22], electron spec-
troscopy [9,23-28] or fluorescence spectroscopy [12,29].
The general conclusion of these experiments, apart from
the absence of direct double ionization [30], was that ex-
cited ionic states played an important role as interme-
diate states in multiphoton double ionization. Further-
more, unlike in the experiments on rare-gas atoms, most
of these states could be unambiguously identified by the
wavelength dependence of the ion yield, by the photoelec-
tron spectrum or by the wavelength of the emitted flu-
orescence. In the case of strontium and calcium [26,29],
and in the present experiment on magnesium, autoioniz-
ing states could be identified as intermediate resonances.
In the case of barium, it was found that resonances in the
yield of Ba?* could be attributed to transitions between
ionic states following single ionization [10] (the possibil-
ity of such processes is indicated by the levels A** and
A** in Fig. 1, respectively).

In most cases the intermediate ionic states that were
populated in single ionization were found to be only a
few (up to three) photons above the ionic ground state.
There is one exception. Hou et al. [31] measured the pho-
toelectron spectrum of multiphoton ionization of mag-
nesium by 592-nm 30-ps laser pulses. They observed a
peak at 1.2 eV and attributed it to single ionization to
a highly excited ion state, at least five photons above
the ion ground state. The excited ion state [Mg*(4p)
or (5p)] is only two or three photon energies below the
double-ionization limit, indicating that in this case direct
double ionization would require the absorption of only a
few more photons. Motivated by this result we searched
for evidence of direct double ionization using the same
atom and wavelength, but with a much shorter duration
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(100 fs) of the laser pulse (see Ref. [32]). This was the
first attempt to use an electron-coincidence technique in
the search for direct double ionization. The resulting
data were hard to interpret because of the large ac Stark
shifts, which were due to the very short pulses used and
the associated rather high intensities (103-10'* W /cm?).
No evidence for direct double ionization was found, and
the 1.2-eV peak observed by Hou et al. could not be
reproduced.

In the present paper, we report measurements on mul-
tiphoton single and double ionization of magnesium us-
ing 1-ps laser pulses of 580-595-nm wavelength. We have
studied the wavelength dependence and intensity depen-
dence of both the ion yield and the electron spectrum.
The motivation of this research has been to investigate
the anomalous behavior observed by Hou et al.. We feel,
however, that magnesium is worth further study in itself.
Its relatively simple structure of doubly excited states
[almost no singlet-triplet mixing [33], the absence of an
(n — 1)d state close to the lowest ns ionization thresh-
old] makes an accurate theoretical description feasible.
The spectroscopic position of some of the doubly excited
states of magnesium has experimentally been determined
in recent years [19,34,35]. Furthermore, since the ioniza-
tion potential of the atom is relatively high, reasonably
high intensities can be reached before the ground-state
atom is depleted.

II. EXPERIMENTAL SETUP

The experiments have been performed by crossing a
laser beam (focused by f/30 or f/60 optics) with a beam
of magnesium atoms in a magnetic-bottle spectrometer
[36]. Figure 2 gives an overview of the interaction re-
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FIG. 2. The interaction region in the magnetic-bottle spec-
trometer. The laser beam crosses the magnesium atomic
beam, and the resulting ions or electrons are detected. For
electrons, the magnetic field serves to obtain a collection solid
angle of 27 sr. The copper cup surrounding the interaction re-
gion is liquid nitrogen cooled, and captures the atomic beam.

gion. A resistively heated oven (typical temperature:
700 K) with 2-mm diameter nozzle and skimmer pro-
vides an atomic beam of magnesium. The interaction
region is surrounded by a copper cup, which has holes
for the magnetic pole pieces, the laser light path, and for
the atomic-beam skimmer. This cup is cooled by liquid
nitrogen and serves to capture the atomic beam. Back-
ground pressure in the interaction region was 2 x 107
Pa, the magnesium pressure in the focus was estimated
to be 105 Pa.

For electron detection, the standard magnetic-bottle
arrangement was used [36]: a constant 1-T magnetic field
at the interaction region diverges into a 10-mT field in the
0.5-m flight tube, behind one of the magnetic pole pieces.
The electrons emitted at the laser focus with a small ve-
locity component in the direction of the flight tube are
parallelized by the magnetic field and detected at the
end of the flight tube by a multichannel plate (MCP).
Thus the electrons emitted over a solid angle of 27 sr are
collected. The potential at which the free electrons are
created is defined by two conducting plates, mounted on
the magnetic pole pieces. The time of flight of the elec-
trons is used to calculate their kinetic energy. A typical
energy resolution is 25 meV at 1 eV. To obtain similar
resolution for higher-energy electrons, a retarding voltage
could be applied on the flight tube. For high-resolution
electron spectra, several data runs taken at different re-
tarding voltages were added. The electron-energy scale
was calibrated using the small cesium contamination that
was present in the atomic beam (see Appendix B).

For ion detection, an extraction voltage was applied
between the plates. The ions were further accelerated in
the flight tube and detected by the MCP. The time of
flight serves to analyze the mass to charge ratio of the
ions. The mass spectrum was calibrated using multipho-
ton ionization of Xe by the frequency-doubled output of
the Nd:YAG laser. Typical mass resolution at 24 amu
(the mass of the most abundant magnesium isotope) was
0.5 amu for the nanosecond measurements and 1 amu for
the picosecond measurements.

A 1-ps and a 5-ns laser system were used. A detailed
description of the picosecond laser system can be found
elsewhere [37]. In short, a colliding-pulse mode-locked
laser, generating 100-fs pulses at 620-nm wavelength and
100-MHz repetition rate, was amplified at 10 Hz in a se-
quence of four Bethune-type dye cells pumped by the
frequency-doubled output (A = 532 nm) of a seeded
Quanta-Ray GCR-4 Nd:YAG (yttrium aluminum gar-
net) laser. The resulting light was focused onto a water
cell creating a continuum of light throughout the visi-
ble part of the spectrum. Using a pulse shaper [37] a
0.5-nm bandwidth part of this light was selected. The
central wavelength of this part could be varied in the
580-595-nm range by rotating the grating in the pulse
shaper. The resulting light was then amplified in a sec-
ond chain of three Bethune-type dye cells. Finally, the
light passed through a prism-compressor compensating
for the dispersion in the amplification chain. The wave-
length was calibrated with an accuracy of 0.1 nm using
a 0.5-m single grating spectrometer (SPEX 1870). The
pulse duration was measured to be 1.2 ps full width at
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half maximum independent of wavelength and intensity.
The maximum pulse energy was 200 pJ, including < 1%
amplified spontaneous emission [37].

The nanosecond laser system consists of a Quantel
TDL-50 dye laser, pumped by approximately 100 mJ of
the frequency-doubled output of a Quanta-Ray GCR-6
Nd:YAG laser. The characteristics of the dye laser were
output at dye maximum 10 mJ (< 1% fluorescence),
pulse duration =~ 5 ns, bandwidth ~ 0.003 nm. The
wavelength was calibrated with an accuracy of 0.01 nm
using a LambdaScope spectrometer. The light was sent
through a Fresnel rhomb and a Glan-laser polarizer to
keep the average output power constant when scanning
the wavelength.

The energy of the laser pulses was monitored by a
photodiode. The MCP and photodiode signal were col-
lected by a digital oscilloscope, and transferred to a per-
sonal computer. The data were binned into several laser-
intensity windows on the basis of the single-shot photo-
diode signal. The data have not been corrected for a
possible time of flight or energy dependence of the col-
lection efficiency, but such corrections are expected to be
small. Count rates were kept below 20 per shot, to avoid
space-charge problems.

III. RESULTS AND DISCUSSION

In the following subsections the results will be pre-
sented and discussed. We first show, in Sec. IIT A, that
the multiphoton ionization rate of magnesium is strongly
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FIG. 3. Relevant energy levels (taken from [33] and [19])
and possible ionization paths of Mg and Mg™, for a photon
energy of 2.1 eV. The numbers correspond to the equations
in the text.
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enhanced by a four-photon resonance with the (3p)? 1S
doubly excited, autoionizing state, when using 1-ps laser
pulses. A similar measurement using 5-ns laser pulses is
also presented, and confirms our interpretation of the 1-
ps data. Next, in Sec. III B, the branching ratios for the
various multiphoton processes leading to single ioniza-
tion are determined from the electron energy spectra. It
is shown that single ionization leaving the Mg™ ion in the
3p excited state is strongly enhanced when resonant with
the above-mentioned autoionizing state. In addition, the
amount of above-threshold ionization to the ionic ground
state, Mg™(3s), is found to vary strongly in the 580-595-
nm wavelength range under study.

Double multiphoton ionization is discussed in
Sec. IIIC. We show that it dominantly occurs via the
Mg™(3p) excited state at an intensity of 2 x 101® W /cm?.
Finally, in Sec. IIID, our results are compared with those
of Hou et al. [31], measured under similar conditions.
A summary of the relevant energy levels of magnesium,
taken from [19] and [33], is given in Fig. 3. Only sin-
glet states have been indicated, since the ground state of
magnesium is a singlet state, and, as mentioned in the
Introduction, singlet-triplet mixing is known to be very
small in magnesium.

A. Multiphoton single-ionization yields

We measured electron spectra and ion yields using the
picosecond laser, at &~ 1-nm intervals in the wavelength
region 580-595 nm, with a peak intensity in the laser
focus of 2 x 102 W/cm?. The laser was focused using
f/60 optics in this case. Typical examples of the spectra
are shown in Figs. 4(a) and 4(b). Both ion and electron
spectra show a clear peak due to four-photon ionization
of magnesium [38]:
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FIG. 4. Ion time-of-flight spectra [(a) and (c)] and photo-
electron spectra [(b) and (d)] taken at two different intensities.
The peak intensity in the laser focus was 2 x 10> W/cm? for
(a) and (b) and 1 x 10'? W/cm? for (c) and (d). The sources
of the various peaks are indicated.
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Mg(3s?) + 4hw — Mgt (3s) + e~ (0.75 eV). (1)

From the ion mass spectra it is clear that not only mag-
nesium atoms are ionized in the laser focus. We attribute
the other strong ion and electron peak to two-photon ion-
ization of contaminant atomic cesium:

Cs(6s) + 2w — Cs1(5p)® + e (0.31 V). (2)

This cesium contamination provides a good initial cali-
bration of the electron-energy scale, as will be discussed
in more detail in Appendix B. The relative amount of
cesium in the atomic beam is quite small, as will become
clear in later sections. It dominates the spectra here be-
cause of the low peak intensity and the lower order of the
cesium ionization process.

The strength of the Mgt ion peak and the 0.8 eV
electron peak have been plotted as a function of wave-
length in Figs. 5(a) and 5(b), respectively. A clear, but
broad (5 nm), resonance is observed around 591 nm.
There are no known (bound) states [33] that could give
rise to a one-, two-, or three-photon resonance from the
magnesium ground state in this wavelength range. The
known states at the four- and five-photon level (taken
from Refs. [19,33,35]) have been indicated by lines in
Fig. 5(d). Of those states 3p3d 3D is very unlikely to
be excited from the ground state because it is a triplet
state.

Therefore the most likely candidate for the state en-
hancing the ionization rate is the (3p)2 1S autoionizing
state. The energy above the atomic ground state and the
autoionization width of this state have been accurately
measured to be 68268 cm™! and 278 cm™!, respectively,
using one- and two-photon spectroscopy [19,35]. This
corresponds to a resonance position of 585.9 nm and a
width of 2.5 nm in four-photon excitation. We attribute
this difference between the observed position and the
spectroscopically known position of this resonance to the
ac Stark shift of the (3p)? 1S state (Appendix A con-
tains a discussion of the ac Stark effect). To verify that
this interpretation is correct, we repeated the same mea-
surement at different intensities. At intensities higher
than that of Fig. 5(a) the magnesium ionization yield
saturates, and the resonance enhancement broadens so
that the yield is only weakly dependent on wavelength
in the 580-595-nm range. From these observations, we
estimate the saturation intensity of single ionization to
be 3 x 10'> W/cm?, consistent with the value of the four-
photon ionization cross section of magnesium determined
in Ref. [39].

When the intensity is decreased, the count rate drops
rapidly, and the resonance position is indeed found to
shift to shorter wavelengths, closer to the expected po-
sition for (3p)%? *S. As an example, Fig. 5(c) shows the
electron yield in the 0.8 eV peak when the intensity was
reduced to 9 x 10'* W/cm?2. The resonance peak is then
found at 590 nm. Unfortunately measuring at even lower
intensities was too difficult with this pulse duration be-
cause of the decrease in count rate.

We attribute the electron peak at 1.2 eV, visible in
the electron spectrum taken at this intensity [shown in

Fig 4(d)], to a tiny sodium contamination in our atomic
beam. This contamination is not visible in the ion spec-
trum because the 23Na*t contribution was not separable
from the 2*Mg™* peak in this experiment. Multiphoton
ionization of Na at these wavelengths, and similar in-
tensity and pulse duration has recently been measured
[40]. For our purposes it is sufficient to know that ioniza-
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FIG. 5. The wavelength dependence of the magnesium ion-
ization yield, for different intensities I and pulse durations
7. (a) I = 2 x 10" W/em®, 7 = 1 ps, Mg" ion yield; (b)
I =2x 10" W/cm?, 7 = 1 ps, 0.8-eV electron yield (due
to four-photon ionization of magnesium); (c) I = 1 x 10'2
W/cm?, 7 = 1 ps, 0.8-eV electron yield; (d) I = 2 x 10!
W /cm?, 7 = 5 ns, Mg™" ion yield. Possible multiphoton res-
onances from the magnesium ground state are indicated in
(d). The (3p)® 'S state is four-photon resonant, the other two
states are five-photon resonant from the magnesium ground
state at the indicated position (disregarding ac Stark shifts).
For decreasing intensity, the observed ionization enhancement
clearly converges to the (3p)® 'S position. The inset in (d)
shows part of the ion spectrum taken at a wavelength of
588 nm under the same conditions as the wavelength scan
in (d). The Na% yield is strong (mass 23 amu), but the
magnesium ion yield is still well separated. Apart from the
most abundant magnesium isotope (24 amu), the other mag-
nesium isotopes with masses 25 and 26 amu (natural abun-
dance ~ 10%) are visible.
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tion of sodium is completely saturated at this intensity
and that the resulting electrons indeed have an energy of
approximately 1.2 eV. Note that the Na contamination
makes an accurate determination of the Mg ionization
yield from the ion spectra [as in Fig. 5(a)] impossible
at this intensity. The wing of the Na* peak extends to
longer flight times, also contaminating the signal due to
the heavier isotopes of magnesium (2*Mg* and 26Mg™,
natural abundance =~ 10% each).

To verify that for lower intensities the observed res-
onance position moves even closer to the expected po-
sition, we performed a similar experiment using the
nanosecond dye laser. In this experiment we obtained an
improved ion-mass resolution. The relevant part of the
measured ion spectrum is shown in the inset of Fig. 5(d).
This spectrum clearly shows the sodium contamination,
which at this pulse duration and intensity totally dom-
inates the ion spectrum. As a result of the good mass
resolution in the case of the nanosecond laser, we were
able to measure the wavelength dependence of the ion-
ization yield of magnesium from the ion spectra again.
The result is shown in Fig. 5(d). The peak intensity in
the laser focus was 2 x 10'* W/cm? in this case. The
resonance is now found at a position of 587.5 nm, with
a width of 2.5 nm, indeed closer to the expected values.
Note that the resonance enhancement we observe due to
the (3p)? 1S state is only a factor of two in the case of
nanosecond pulses, whereas it is more than a factor of
five for picosecond pulses. The rise in yield beyond 592
nm in Fig. 5(c) has been observed before [39] and is due
to the wing of the three-photon resonance to the 3s4p
state at 608 nm. The autoionizing resonance we observe
was not found in [39], probably because of the very small
resonance enhancement for the longer pulse duration (30
ns) used in that experiment.

The observation of the (3p)? 1S state around 591 nm
at an intensity of 2 x 102 W/cm? shows that this state
is ac Stark shifted to lower energies by 0.1 eV. The main
contribution to the ac Stark shift of this state is expected
[41] to be due to coupling with the 3p3d 1 P state at 85 925
cm™! [33]. The (one-photon) coupling between these two
states by the light field is near resonant, with a negative
detuning of 600 cm~!. This “pushes” the (3p)% 1S state
down. If this coupling also dominates the ac Stark shift
of the 3p3d 1P state, the latter state will show a positive
ac Stark shift (i.e., to shorter wavelengths), and possibly
moves out of our wavelength range. This could explain
why we do not observe the 3p3d ' P state as a resonance
in the ion-yield measurements. We speculate that the
resonance observed in Ref. [32] at 598 nm, using 100-fs
pulses (and higher intensities), is also due to the (3p)2 1S
state, shifted even further to lower energies.

B. Branching ratios in single ionization

In order to obtain more information on single ioniza-
tion of magnesium, we used f/30 optics to focus the light
more tightly to reach intensities of ~ 10'®* W/cm?, where
the single ionization of magnesium is saturated. Typical
results for the electron spectra are shown in Fig. 6. The
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FIG. 6. Photoelectron spectra of Mg, irradiated by a 1-ps
pulse of laser light with wavelength A. (a) A = 581.7 nm. (b)
A = 587.3 nm. (c) A = 590.1 nm. (d) A = 593.0 nm. The
peak intensity in the focus was 1 x 10'®* W/cm?.

spectra consist of a number of peaks shifting slightly in
energy when the wavelength is varied. An example of the
intensity dependence of the electron spectra for A = 590.1
nm is shown in Fig. 7. The intensity dependence at other
wavelengths was found to be similar. A typical ion time-
of-flight spectrum at this intensity is shown in Fig. 8.
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FIG. 7. Intensity dependence of the photo electron spectra
of Mg, irradiated by a 1-ps laser pulse with a wavelength of
590.1 nm. (a) I = 34x10'2 W/cm?. (b) I = 18x10'? W/cmz.
(¢) I =10 x 10> W/cm?. (d) I = 3 x 10'> W/cm?®. The
spectrum between 1 and 2.5 eV is also shown with an enlarged
vertical scale (and a vertical offset).
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FIG. 8. Typical ion mass spectrum taken at an intensity of
I =1 x 10" W/cm®. The laser wavelength was 588 nm in
this case, the pulse duration was 1 ps.

Mg™ is by far the dominant ion produced, but some Mg2*
is also clearly visible [42]. The relative importance of the
cesium contamination is reduced significantly. The ion
time-of-flight spectrum was found to depend only weakly
on wavelength. When the intensity was varied, the Mg+-
ion yield was indeed found to be saturated. The relative
importance of the Mg?* peak increased with intensity.

To accurately determine the positions, strengths, and
widths of the observed peaks in the electron spectra, we
fitted functions to the spectra, as follows: Gaussians were
fitted to the well-separated peaks around 3 ¢V and 5 eV.
For the three closely spaced peaks between 0 and 1 eV
two Gaussian functions (for the two small low-energy
peaks) and a function consisting of a Lorentzian low-
energy side and a Gaussian high-energy side (for the
largest peak) were fitted simultaneously. The asymme-
try in the function fitted to the largest peak was found to
be necessary to correctly fit the weaker ones. Although
there is no a priori justification for these peak shapes,
this choice was found to represent the electron spectra
sufficiently well to extract the desired data. An example
of such a fit for the 0-1 eV-region is shown in Fig. 9. The
peak positions found from the fits to the electron spec-
tra, for an intensity of 1 x 10!*> W/cm?2, are plotted in
Fig. 10 as filled hexagons. In addition, straight lines were
fitted to these peak positions as a function of the photon
energy. The results are shown as drawn lines in Fig. 10.
The slope and position of these lines is given separately in
Table I. To connect these results with the low-intensity
data presented in Sec. III A, we also fitted Gaussians to
the three peaks visible in Fig. 4(d). The resulting posi-
tions, and the lines fitted to the wavelength dependence,
are also shown in Fig. 10, using open hexagons.

Our interpretation of the various peaks in the elec-
tron spectra is based on their position, wavelength de-
pendence, and intensity dependence. The dashed lines in
Fig. 10 indicate the expected electron energies for various
multiphoton ionization processes [38]. In Fig. 10 the low-
intensity peaks (the open symbols) are found on or near
the expected lines for cesium, magnesium, and sodium
respectively, confirming our interpretation of the three
electron peaks visible at low intensities [Fig. 4(d)]. The
main discrepancy, a small upward shift of the observed
sodium peak, is consistent with the recent measurement
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FIG. 9. Example of a part of the electron spectrum (mea-
sured at A = 586.4 nm, and I = 1 x 10*®* W/cm?) and the fit
to it using the peak shapes described in the text. The points
are the measured data, the solid line is the fit.
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FIG. 10. Electron peak positions as a function of photon
energy. The points are observed peak positions, the solid lines
are linear fits to the observed wavelength dependence. The
broken lines indicate expected positions (disregarding possible
ac Stark shifts) for the processes discussed in the text. Single
ionization of magnesium is indicated by dashed lines, labeled
with the ionic state to which ionization takes place. Sec-
ond ionization from these excited ionic states is indicated by
dashed-dotted lines. The dotted lines indicate the expected
electron energies for the contaminations found.
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TABLE 1. Overview of the electron peaks found in the ex-
perimental electron energy spectra. Each peak is represented
by the line that was fitted to its photon-energy-dependent po-
sition (see Fig. 10). Slope Nexpt and position (at fw = 2.1 V)
of the lines are given, as well as the intensity at which these
positions were measured. The numbers in parentheses indi-
cate the estimated uncertainty in the last digit. The column
labeled “Eq.” refers to the numbered equations in the text
(“Na” indicates sodium), to which we have assigned the peaks,
with the absorption of N photons.

I (TW/cm?) Nexpt E (eV) Eq. N
0.8 3.8(5) 0.78(2) 1 4
10 3.0(5) 0.71(2) 1 4
10 4.4(5) 2.78(4) 1 5
10 5.0(5) 0.44(2) 3 6
20 4.7(5) 1.87(4) 7 6
0.2 1.9(2) 0.31(2) 2 2
10 2.8(5) 0.35(2) 2 2
0.8 3(1) 1.25(5) Na 3

of multiphoton ionization of sodium in this wavelength
and intensity range by Papaioannou and Gallagher [40].

In the electron spectra taken at higher intensities,
the sodium peak is no longer visible, and the cesium
and magnesium peaks are found shifted from their low-
intensity position. This shift is due to the ac Stark shift
of the initial and final states involved. We have calcu-
lated these shifts (see Appendix A), the result of this
calculation is given in Table II. The observed shift of the
cesium and magnesium peaks is in reasonable agreement
with the calculation, taking into account that the ioniza-
tion has already saturated below the maximum intensity
in the focus. The decrease in shift towards longer wave-
lengths of the main magnesium peak nicely corresponds

to the decrease in saturation intensity caused by the res-
onance observed in Sec. IIT A. The peaks at 3 and 5 eV
are due to above-threshold ionization of the process of
Eq. (1), with five and six photons, respectively, instead
of four. These peaks are found shifted down by a simi-
lar amount. This ATI series continues to higher energies
(not shown), but the strength of the peaks rapidly de-
creases. The electron yield above 5.3 eV was found to
be less than 2% of the total electron yield in the electron
spectra studied here.

An additional peak around 0.5 eV is found in the high-
intensity electron spectra. As shown in Fig. 7 it becomes
relatively more important at higher intensities, eventu-
ally masking the cesium peak. No contamination ions
were observed in the ion time of flight that could give rise
to this peak (see Fig. 8), and we conclude that it must
be due to single ionization of magnesium to an excited
state of the ion. As mentioned in the introduction such
behavior has been observed before in high-intensity mul-
tiphoton ionization of the alkaline-earth elements. The
identification of the final ionic state to which this peak
corresponds is obviously hampered by the occurence of
ac Stark shifts. We presume, by the rapidly decreasing
strengths of the ATI peaks in the photoelectron spectra,
that only the lowest excited states are probable candi-
dates, because they require fewer photons. To be spe-
cific, populating the first excited ionic state, Mg™ (3p), is
possible by the absorption of six photons:

Mg(3s)? + 67w — Mg™(3p) + e (0.53 eV). (3)

Only after absorption of an additional two photons will
other ionic excited states become energetically accessible,
namely, Mg*(4s) and Mg™(3d):

Mg(3s)? + 8hw — Mg™ (4s) + e (0.50 eV), (4)

TABLE II. Properties of the multiphoton ionzation processes discussed in the text. Eq. refers
to the numbered equations in the text. IP is the ionization potential of the process (without ac
Stark shifts), taken from Refs. [33] and [47], with a conversion factor of 8065.541 cm™'/eV. Nmin
is the minimum number of 2.1-eV photons needed for ionization and Eg the kinetic energy of the
resulting electron, at zero intensity of the light field. AFE/I is the expected shift coefficient of
the electron energy with light intensity, due to ac Stark shifts (see Appendix A), the numbers in
parentheses indicate the estimated error in the last digit. The fine structure in the initial and final
states (due to spin-orbit interaction) is sufficiently small (< 0.01 eV) in all these cases, so that it
can be neglected. In the case of sodium an ac Stark splitting is expected, instead of a shift [40].

Eq.  initial state final state IP (eV) Nuin E, (eV) AE/I [eV/(TW/cm?) |
1 Mg(3s)? Mg (3s) 7.65 4 0.75 -0.043(4)
3 Mg(3s)? Mg™ (3p) 12.08 6 0.53 -0.044(4)
4 Mg(3s)? Mg*(4s) 16.30 8 0.50 -0.13(2)
5 Mg(3s)? Mg™ (3d) 16.51 8 0.29 -0.019(4)

Mg(3s)? Mg (4p) 17.64 9 1.26

Mg(3s)? Mgt (5p) 19.73 10 1.27
6 Mg*(3s) Mg®*(2p)°® 15.04 8 1.76 -0.042(3)
7 Mg+ (3p) Mgt (2p)°® 10.62 6 1.98 -0.041(4)
8 Mg (4s) Mg?t(2p)©¢ 6.38 4 2.02 +0.05(2)
9 Mg™(3d) Mg?*(2p)® 6.17 3 0.13 -0.066(4)
2 Cs(6s) Cs*(5p)® 3.89 2 0.31 +0.043(4)

Na(3s) Na'*(2p)® 5.14 3 1.16
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and

Mg(3s)? + 8w — Mg*(3d) + e (0.29 eV). (5)

It requires the absorption of two more photons (i.e., ten
photons total from the Mg ground state) before other
Mgt states giving rise to electrons in the 0.5-eV energy
range can be populated.

The unshifted electron energies of the processes of
Egs. (3)-(5) are also shown in Fig. 10. The lowest-order
process should be the most probable and the process of
Eq. (3) should give, by far, the largest contribution to
the 0.5-eV peak. The calculated ac Stark shift of the
electron energy for Eq. (3) is consistent with this inter-
pretation (see Table II). In addition, the observed slope
of the electron energy versus photon energy (5) is closest
to the value expected for Eq. (3). Note furthermore that
we find no evidence in the electron spectrum of the nine-
photon ionization of magnesium leading to population
of the Mgt (4p) state. The latter process would result
in electrons around 1.3 eV, and these are not observed
in the high-intensity spectra. This indicates that single
ionization of magnesium saturates at an intensity where
this nine-photon process is still very unlikely. Likewise,
we expect that the eight-photon processes of Egs. (4) and
(5) are very weak at these intensities. In addition, the
process of Eq. (5) cannot contribute to the 0.5-eV peak,
considering the sign of the calculated ac Stark shift. The
unshifted electron energy for this process is below the
observed energy, and the negative ac Stark shift (see Ta-
ble II) should shift it even lower. It is, however, still
possible that this process occurs weakly, and that the
resulting electrons are hidden under the tails of the ce-
sium electron peak around 0.3 eV. In contrast, the ac
Stark shift of the electrons resulting from the process
of Eq. (4) is consistent with a possible contribution to
the 0.5-eV peak. We conclude that in single ionization
a significant fraction of the ions is formed in the 3p ex-
cited state [Eq. (3)], but that minor contributions of the
processes of Egs. (4) and (5) cannot be excluded. Fluo-
rescence spectroscopy of the excited ionic levels (as done
for calcium and strontium in [12] and references therein)
would be a way to distinguish the latter contributions.

The branching ratios to the various ionic states in sin-
gle ionization were determined by calculating the area
under the curves that were fitted to the peaks in the elec-
tron spectrum. The areas were normalized to the total
electron yield at the wavelength at which they were mea-
sured, to compensate for fluctuations in the magnesium
density during the measurements. The result is shown
in Fig. 11(a), for an intensity of 1 x 10! W/cm?. Some
of the relative peak strengths vary considerably in this
wavelength range. The ATI series connected with Eq. (1)
increases strongly towards shorter wavelength, whereas
the lowest-order (four-photon) peak of the same process
decreases in the same direction. Another clear feature
is the strong increase in the 0.5-eV peak [the process of
Eq. (3)] towards longer wavelength. For the longest wave-
lengths used, this six-photon process becomes compara-
ble in strength to the first ATI peak of Eq. (1), which is a
five-photon process. Note that the latter process and the
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second ATI peak of Eq. (1) are both six-photon processes
from the same initial state, but show a complementary
wavelength dependence.

As discussed in Sec. IIT A, we only observed one res-
onance in the single ionization of magnesium this wave-
length regime, the (3p)% 1S state, shifted by ac Stark
shift from 585.9 nm to longer wavelengths. We associate
the increase in the six-photon ionization to the Mg*(3p)
state with this intermediate resonance. The increase in
ionization to an excited ionic state due to an interme-
diate resonance with a doubly excited state has been
observed before for other alkaline-earth elements, most
notably strontium (see, e.g., Refs. [26] and [29]). In fact
the detection of the fluorescence from the excited ionic
states has been used in multiphoton spectroscopy of the
intermediate autoionizing states.

Several explanations are possible for the the increase
in ATT at shorter wavelengths. Since we move away from
the three- and four-photon resonances with the 3s4p and
(3p)2 1S states, respectively, the ionization cross section
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FIG. 11. Relative strengths of the electron peaks associ-
ated with single and double ionization of magnesium. The
numbers indicate the equations to which we attribute the
peaks. (a) I = 1 x 10'® W/cm?, single ionization to the
Mg*(3p) state [Eq. (3)], and single ionization to Mg*(3s)
[Eq. (1)], by four-, five-, and six-photon absorption. The latter
two (ATI) processes increase strongly at short wavelengths.
The first process increases strongly at long wavelengths. (b)
I = 2 x 10" W/cm?, sequential double ionization (triangles),
and single ionization to the Mg*(3p) state. Note that the
double-ionization peak is comparable in strength to the sin-
gle-ionization peak.
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is lower here. This implies an increased saturation inten-
sity, and ground-state atoms can survive up to an inten-
sity where ATI processes are more likely. On the other
hand, as mentioned in Sec. IIT A, the 3p3d ! P autoioniz-
ing state is nearly five-photon resonant around 582 nm.
Such a resonance could enhance the five-photon ioniza-
tion yield. In addition there may be other doubly ex-
cited states in five- or even six-photon resonance from
the ground state. The 3p3d 'F state, for instance, is
predicted to be close to the 3p3d ! P state [43]), but has
not been observed experimentally. Possibly all these ef-
fects contribute to the observed behavior. Further exper-
iments will be necessary to clarify this issue. In particular
it would be interesting to study the strengths of the ATI
peaks at shorter wavelengths. If a resonance is involved,
they should decrease again. If the strengths are deter-
mined by the decrease in ionization cross section, they
should increase even further.

C. Double ionization

When the intensity is increased beyond 1 x 103
W/cm?, a rather broad peak becomes visible around
1.9 eV. It is clearly visible in the enlarged spectra in
Fig. 7. A Gaussian was fitted to this peak (at I = 2x 1013
W /cm?), and the wavelength dependence of the peak po-
sition and strength is shown in Fig. 10 and 11(b) respec-
tively. We attribute this peak to sequential double ion-
ization of magnesium. This conclusion is based on the
observation that the appearance of this peak correlates
well with the appearance of Mg?™ in the ion spectrum,
and that the electron energy is close to the energies ex-
pected for sequential double ionization. The latter ener-
gies, resulting from (second) ionization of the Mg™ (3s),
3p, 4s, and 3d states are denoted by dashed-dotted lines
in Fig. 10. The following arguments lead to an assign-
ment of the 1.9-eV peak to Mg™(3p).

From the electron spectrum of single ionization of mag-
nesium, discussed in the previous section, we found that
the Mg™ ion is preferentially left in the 3s ground state.
Subsequent ionization of this state,

Mg ™ (3s) + 8hw — Mg?(2p)® + e (1.76 eV), (6)

is indicated by the lowest dashed-dotted line in Fig. 10.
The calculated ac Stark shift of the electrons resulting
from this process is negative, whereas the electron peak
found in the experiment has an energy higher than the
zero-intensity line. We thus conclude on the basis of the
calculated ac Stark shift for Eq. (6), that this process
does not contribute to the observed 1.9-eV peak.

The situation is different for ionization of the Mg™ (3p)
state, also populated in single ionization, as we saw
above. The process

Mg™ (3p) + 6w — Mg®t(2p)® + e (1.98 eV)  (7)

results (for low intensities) in electrons with an energy
higher than observed in the experiment, but the sign and
magnitude of the calculated ac Stark shift is now consis-

tent with this difference. This process is thus a possible
candidate for causing the peak around 1.9 eV. Note that
ionization of Mgt (3p) [Eq. (7)] involves two photons less
than that of Mg*(3s) [Eq. (6)]. The lower order of the
former process could compensate for the smaller popula-
tion created in the Mg™(3p) state by the first ionization
step.

As mentioned in Sec. IIIB single ionization of mag-
nesium to the Mg*(4s) and Mg™(3d) states cannot be
excluded from our data. Ionization of these ionic states
would give unshifted electron energies that are also in-
dicated in Fig. 10. The calculated ac Stark shift of sec-
ond ionization of Mg*(3d) is in the direction of the ob-
served 1.9-eV peak. The calculated shift of Mg* (4s) is in
the opposite direction. Therefore the only possible ionic
states, populated in single ionization, for which ionization
could lead to 1.9-eV electrons are Mg (3p) and Mg™ (3d).
The latter possibility can be excluded using the peak
strengths shown in Fig. 11(b). This figure shows that
the 1.9-eV peak, associated with the second ionization
step, can have a strength similar to that of single ioniza-
tion to Mg*(3p). In Sec. III B we concluded that single
ionization to the Mgt (3d) state is much weaker than to
the Mg™ (3p) state. These two observations imply that
the observed sequential double ionization is stronger than
single ionization to Mg™(3d), so that the latter cannot
give the dominant contribution to double ionization. We
therefore conclude that the 1.9-eV peak is due to second
ionization of the Mg™ (3p) state and that sequential dou-
ble ionization occurs dominantly via this excited ionic
state at an intensity of 2 x 103 W/cm?.

There are two objections that can be raised against the
above conclusion: the strength of the 1.9 peak does not
follow the strong variation in the population of the initial
state Mgt (3p) in this wavelength range, and the slope of
the position of this peak versus photon energy does not
correspond very well to the order of the process of Eq. (7).
Both discrepancies can be explained by the occurrence of
intermediate resonances in the second ionization step as
is discussed below.

The strong wavelength dependence of the population
created in Mg™ (3p) (by the first ionization step) can be
compensated by the wavelength dependence of the sec-
ond ionization step from this state. A possible cause of
the latter wavelength dependence is the four-photon res-
onance between Mg™ (3p) and Mgt (5f) at 589 nm (with-
out ac Stark shifts). The relative ac Stark shift of these
two levels can cause this resonance to be important only
for wavelengths shorter than 589 nm. In addition the
Mgt Rydberg series can be ac Stark shifted into five-
photon resonance with the Mgt (3p) state. At the in-
tensities and pulse duration used here one finds that the
dynamics of the ionization process can be dominated by
such weakly bound Rydberg states [44-46]. These Ry-
dberg states shift in and out of multiphoton resonance
with the initial state by the varying intensity in the laser
pulse. Although the direction of the shift in the observed
electron energy is in this case still given by the ac Stark
shifts of the initial and final state, the intermediate Ryd-
berg states determine at which shift the maximum elec-
tron yield occurs. The slope of electron energy versus



50 MULTIPHOTON IONIZATION OF MAGNESIUM VIA AN .. ..

photon energy is then no longer a measure for the total
number of photons absorbed from the initial state, but is
determined by the number of photons absorbed to ionize
the intermediate Rydberg state and the ac Stark shift of
the latter state relative to the ionization threshold. Sim-
ilar behavior in the second ionization step from Mg (3p)
can be expected, so that deviations in the observed slope
are not surprising.

Our result that sequential double ionization of mag-
nesium occurs dominantly via the Mg* (3p) state at an
intensity of 2 x 1013 W/cm? shows that the dominant
mode of (sequential) double ionization is critically depen-
dent on the values of the various cross sections involved.
Although the population created in an ionic state by sin-
gle ionization decreases rapidly when the ionic state has a
higher energy (due to the larger number of photons that
needs to be absorbed), the second ionization step may
initially compensate for this, since it requires a number
of photons that is correspondingly smaller. With increas-
ing intensity, ionization of the Mgt (3s) state would obvi-
ously dominate the Mg?* production at some point, since
Mg™*(3s) is the most abundantly produced state in single
ionization. In the intensity range we have used here, this
contribution is apparently still small compared to ion-
ization of the Mgt (3p) state. As an aside we note here
that it is essential for the above considerations that the
radiative lifetime of the excited ionic state be long com-
pared to the laser pulse duration. If this is not the case,
the excited ionic state will have decayed by spontaneous
emission before it can be ionized. Since the radiative
lifetime is a few nanoseconds for the excited Mg™ states
considered here [47] this requirement is fullfilled in the
present experiment.

All the features observed here are explained without
consideration of direct double ionization. The sequen-
tial ionization processes requiring eight or more photons
are found to be quite weak, even at an intensity where
the single ionization of magnesium is saturated. It thus
seems unlikely that direct double ionization, which re-
quires at least eleven photons, can be observable here.
We conclude that double ionization is dominated by the
sequential process for the intensities and pulse duration
used in this experiment.

D. Comparison with Hou et al.

Our results partially differ from those obtained by Hou
et al. [31] under similar experimental conditions. In their
experiment Mg atoms were subjected to 30-ps laser pulses
of 590.6-nm wavelength in a similar electron spectrome-
ter. At an intensity of 8 x 10!! W/cm? strong peaks in
the electron spectrum were found at 0.8 eV, 2.1 eV, and
3.0 eV, similar to our experiment. An additional peak
at 1.2 eV was observed in [31] when the intensity was
increased to 4 x 10’2 W/cm?. Hou et al. suggest that
this additional peak is due to nine- or ten-photon exci-
tation from the ground state of the atom to higher-lying
states of Mg™ (specifically 4p and 5p). These processes
have also been indicated as dashed lines in Fig. 10. Note
that for the wavelength used in Ref. [31], both processes
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result in electrons of approximately the same energy of
1.2 eV. If this interpretation is correct, the absence of this
peak in the present study is difficult to explain. Our light
pulses are much shorter than those used in Ref. {31] (1
vs 30 ps), and the associated higher saturation intensities
should thus favor higher-order processes. Furthermore it
seems unlikely that nine- or ten-photon absorption from
the atom ground state is much stronger than five-photon
absorption (resulting in the ATI peak at 3 eV) at an in-
tensity of 4 x 102 W /cm?, which is what is implied in
Ref. [31].

We did, however, observe a peak at 1.2 eV at very low
intensities, which we attribute to a tiny sodium contami-
nation of the magnesium we used, as discussed Sec. IIT A.
We wonder if the 1.2-eV peak observed in Ref. [31] could
also be due to some contamination, maybe sodium as
well, even though in Ref. [31] the 1.2-eV peak is not
observed at low intensities. We feel that the interpre-
tation of this peak given in Ref. [31] should be verified,
for instance by measuring the wavelength dependence of
the position of this peak. As illustrated in Fig. 10, this
should distinguish unambiguously between three-photon
ionization of sodium and nine- or ten-photon ionization
of magnesium to the Mg™ (4p) or (5p) state.

The peak we observe around 0.5 eV, due to the process
of Eq. (3), is not observed by Hou et al. However, it is
suggested in Ref. [31] that this process does occur, but
that the 0.5 eV peak is buried in the wing of the 0.8 eV
peak in that case. This difference between the present
experiment and Ref. [31] thus seems to be minor. It
could be due to differences in electron-energy resolution,
or in the detection efficiency of low-energy electrons.

IV. CONCLUSIONS

Multiphoton ionization of magnesium with 1-ps, I =~
101 W/cm? light pulses of 580-595-nm wavelength
shows a number of interesting aspects. The interpreta-
tion of the data is complicated significantly by the occur-
rence of ac Stark shifts, intrinsic to the use of high laser
intensities. Careful analysis, however, has made it possi-
ble to draw definite conclusions on most of the features.
The (3p)? 1S autoionizing state resonantly enhances the
four-photon ionization yield, and is ac Stark shifted down
in energy. In single ionization the Mg™' ion is partially
left in the 3p excited state. The excitation of this state is
strongly enhanced when being resonant with the (3p)2 1S
state. The above-threshold ionization probability in sin-
gle ionization also shows a marked dependence on wave-
length in the 580-595-nm range studied here. A study
over a more extended wavelength range should give more
information on this phenomenon. Although excitation of
Mg*(4s) and 3d in single ionization cannot be excluded,
the probability of these processes must be small. Con-
trary to Hou et al. [31], we do not observe the peak in the
electron spectrum around 1.2 eV. We suggest that this
peak be further investigated to verify the interpretation
given in Ref. [31]. Sequential double ionization is found
to occur dominantly via the Mgt (3p) excited state, al-
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though this state is populated much less than Mg*(3s)
ground state by single ionization.
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APPENDIX A: CALCULATION OF AC STARK
SHIFTS

The energy shift AE of an atomic level due to the
presence of a strong light field, the ac Stark shift or light
shift, is in general proportional to the light intensity I,

AE = al. (A1)

It is convenient to discuss the ac Stark shifts of strongly
bound states and of continuum states separately [48]. For
a strongly bound state |¢) with energy E; the ac Stark
shift coefficient a; is given by second-order perturbation
theory (see, e.g., Ref. [49]), in the absence of one-photon
resonances. In atomic units

1 . 1 1
¥ = Z;KZ'D"“”Z(EPEHW + Ei—Ek—w)’

(A2)

where k£ sums over all other atomic states |k) with energy
E; (including the continuum), w is the frequency of the
light field, and D is the dipole operator. The squared ma-
trix elements in Eq. (A2) can be calculated from the line
oscillator strengths f;x, which are known for the lowest
bound levels [47,50]. For linear polarization [51]

(DR = 5t

= Tk (L AMO0|J1J;M;)?,
2(Br — By e MOl )

(A3)
where J, and M, denote the total angular momentum
of state |a) and its projection on the laser polarization
direction, respectively, and ( | ) denotes a Clebsch-Gordan
coefficient [52].

Since for any particular low-lying state |¢) usually only
a few levels |k) have appreciable oscillator strengths, the
ac Stark shift of the low-lying levels can easily be esti-
mated by taking into account only the most important
levels |k).

For continuum states with nonrelativistic electron en-
ergies and also for weakly bound Rydberg states (which
can be considered as nearly free) it is easily shown that

the ac Stark shift is equal to the ponderomotive potential
U, [48,53)

1
A = p/I = m, (A4)
where w is the frequency of the light field. This is sim-
ply the minimum average kinetic energy of an electron
quivering in a classical light field.

A free electron created in a multiphoton ionization pro-
cess at an intensity I thus has a total kinetic energy that
consists of this quiver part U,, and a drift part E4. This
total energy is fixed by energy conservation:

Ed+Up:Ef~Ei+TLw, (A5)
where n is the number of photons absorbed, and F; and
Ej are the energies of the initial and final state of the
atom and the ion, respectively (or, in the second ion-
ization step, of the singly charged ion and the doubly
charged ion, respectively). The intensity dependence of
the drift energy is therefore given by AE4(I) = ag4l, with

ag = +ay — ;. (A6)

4w?

The electron spectra reported in this paper where mea-
sured in the short-pulse regime, i.e., the laser pulses are
so short that the electrons do not move over a significant
part of the laser focus within the laser pulse. Thus the
electrons do not convert their quiver energy to drift en-
ergy by “surfing” off the spatially-varying ponderomotive
potential created by the focused light [53]. Instead, the
quiver energy is given back to the light field. Thus the
measured energy of an electron is E4(I). We have calcu-
lated the shifts a; and ay of the various initial and final
states involved, for 7w = 2.1 eV (A = 590.4 nm), and the
resulting oy is given in Table II.

The fine structure splitting in Mg™ (3p) of 11 meV is
found to be negligible in this calculation, as well as the
M; dependence of the level shifts. The dependence of the
shift on w can also be neglected in the wavelength range
studied in the experiment. In most cases the pondero-
motive potential is the dominant contribution,

Up/I = 0.033 eV/(TW /cm?). (AT)

APPENDIX B: ELECTRON-ENERGY
CALIBRATION

Calibrating the electron-energy scale is not trivial be-
cause contact potentials are relatively unknown and can
even change due to magnesium deposits on the plates in
the interaction region. In this experiment, the absolute
electron energy was determined using the cesium con-
tamination of the magnesium atomic beam. As shown in
Sec. IIT A, at low intensities the main peak in the elec-
tron spectra is due to two-photon ionization of cesium
[Eq. (2)]. At an intensity of 2 x 10! W/cm? the ac
Stark shift of this electron peak is expected to be negli-



gibly small (< 10 mV). This energy was assumed to be
equal to the expected energy of Eq. (2), for one particular
wavelength, A = 587.3 nm. This determines the effective
contact potential at the interaction region, which was
found to be —1.8 eV, and to fluctuate less than 0.1 eV
on a day to day basis.

The open hexagons around 0.3 eV in Fig. 10 indicate
the wavelength dependence of the peaks found for this
electron-energy calibration. Note that the hexagons for
the cesium peak lie within 10 meV of the expected line
(with a slope of two). This independently shows that this
peak is due to a two-photon process, confirming our in-
terpretation of this peak. Also note that the observation
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of this peak in itself shows that our spectrometer trans-
mits low-energy electrons down to an energy of (at least)
0.3 eV.

When the intensity was increased above the saturation
intensity of cesium (= 5 x 10! W/cm? [54]), the maxi-
mum shift observed for the cesium peak was 50 meV at
A = 587.3 nm, consistent with the calculated ac Stark
shift (see Table II). This shifted position was next used
for the calibration of the spectra taken at high intensi-
ties, the closed symbols in Fig. 10 (I =~ 10! W/cm?).
We estimate this electron-energy calibration to be cor-
rect within 30 meV at low energies, degrading to 50 meV
at higher energies (above 1 eV).
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FIG. 2. The interaction region in the magnetic-bottle spec-
trometer. The laser beam crosses the magnesium atomic
beam, and the resulting ions or electrons are detected. For
electrons, the magnetic field serves to obtain a collection solid
angle of 2m sr. The copper cup surrounding the interaction re-
gion is liquid nitrogen cooled, and captures the atomic beam.



