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Analysis of resonance structure in the above-threshold ionization photoelectron
spectra of magnesium

G. D. Gillen* and L. D. Van Woerkom
Department of Physics, The Ohio State University, 174 West 18 Avenue, Columbus, Ohio 43210-1106, USA

~Received 22 April 2003; published 5 September 2003!

Using high-resolution photoelectron spectroscopy and 120-fs, 800-nm Ti:sapphire laser pulses, we observe
and analyze intensity-dependent resonant population of specific intermediate excited states of neutral magne-
sium atoms and their subsequent photoionization in the laser field. Various participating states are identified
using angular-momentum selection rules, partial yields, and angular distributions. Several unexpected results
are observed and discussed, including peaks that do not correspond to expected resonant processes, and
order-to-order variations in the photoelectron spectra.
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I. INTRODUCTION

Photoelectron spectra~PES! have been used quite exte
sively over the past 20 years as a tool to investigate w
happens when matter is irradiated with high-intensity lig
Multiphoton ionization~MPI! was first observed in 1965 b
Voronov and Delone@1#. As peak laser intensities increase
with the advancement of laser technology, the propensity
an atom to absorb more photons than the minimum requ
for ionization became non-negligible, and above-thresh
ionization~ATI ! was reported by Agostiniet al. in 1979@2#.
In the earlier days the pulse widths of lasers were long w
respect to the time taken by the ionized electron to leave
interaction region. PES for this long pulse regime yield
structureless peaks separated by a photon energy, reve
little information about the ionization dynamics other th
the number of photons the electron absorbed and the rela
probabilities for each order@3#. In 1987, Freemanet al. re-
ported that as the laser pulse width decreased, the kin
energy of each ATI order shifted to lower energy and bro
apart into structured sub-peaks@3#. The peaks in the PES
corresponded to population of specific atomic states du
the ionization process and became known as Freeman
nances. The ability of shorter laser pulses to observe ato
transitions during the ionization process opened the door
a new field of study in high-intensity laser-atom interactio
for peak laser intensities up to 1014 W/cm2.

The majority of intense-field photoionization experimen
in the intensity range of 1012–1014 W/cm2 have been per-
formed using noble gases@3–5,7–11#, and have yielded
similar overall results. This intensity range is particula
interesting due to the prominence of Freeman resonances
the overall characteristics of such photoelectron spectra
into four categories as follows:~1! The kinetic energies o
the ejected electrons have a smooth, continuous backgro
distribution. ~2! On top of the continuous background a
groups of ATI peaks separated by the photon energy w
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each having substructure.~3! The magnitudes of~1! and ~2!
first decrease exponentially for higher kinetic energies, a
finally, ~4! the distribution of kinetic energies has a ‘‘pla
teau’’ or extension beyond that of~3!, where the detected
photoelectron signal levels off, or decreases more slowly
function of higher kinetic energies. All of these character
tics have been explained and theoretically modeled us
single active electron and rescattering theories. Comparis
of experimental results and theory@12# indicate that for at-
oms with a closed outer shell the dominant process cons
of only one electron interacting with the laser field at a tim
Both the experiments and calculations for intermediate p
laser intensities~after application of a spatial and tempor
probability weighted averaging algorithm! demonstrate the
dominant role of resonant population and subsequent ion
tion of bound neutral states in the MPI and ATI of atoms

In this paper we present high-resolution photoelect
spectra for magnesium atoms exposed to 800-nm, 120-fs
ser pulses, with peak intensities of 1012–1013 W/cm2. The
data reveal some of the expected behaviors of ATI PES
lower intensities, as well as some interesting peculiarities
higher intensities, which are not easily explained by tra
tional ATI models. The analysis and identification of vario
ATI peaks, as well as the unexpected variations of PES fr
previous experiments, will be presented and discussed.

II. EXPERIMENT

The laser system and general experimental setup use
this investigation is the same as that described previou
@10#. The laser is focused into the vacuum chamber via a
mm focal length lens with an initial beam diameter
roughly 7 mm. The laser propagation direction, atomic be
path, and flight tube axis are all mutually orthogonal. T
interaction region used to collect the data is located betw
a pinhole plate and the open end of the flight tube. Due
collimating apertures, the width of the atomic beam in th
region is 2 mm. Using this focal geometry and 800-nm lig
the Rayleigh range is about 1.5 cm. Even though the width
the interaction region exposed to the detector is larger t
previous experiments@4–7,12#, the condition that the inter-
action region exposed to the detector is smaller than the R
leigh range is still satisfied in order for a restricted volum
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G. D. GILLEN AND L. D. VAN WOERKOM PHYSICAL REVIEW A 68, 033401 ~2003!
experiment to be considered. The flight path between
interaction region and the microchannel plates~MCPs! is
49.5 cm, and the flight tube is grounded and wrapped w
multiple layers of high magnetic permeabilitym-metal to
ensure that the flight path of the electrons is free of a
residual electrical or magnetic fields, enabling the detec
of low-kinetic-energy electrons. Immediately prior to im
pacting the MCPs, the electrons are accelerated throug
additional 900 V over a distance of 2 mm. The final acce
ating potential reduces the difference in kinetic energy
tween a 1-eV electron and a 20-eV electron to only 2
ensuring that the quantum efficiency of the MCPs is re
tively constant over the kinetic-energy range of photoel
trons detected in this work.

The photoelectron spectra were collected by measu
the time difference between the laser pulse exiting the la
and the detection of each count by the MCPs. The time d
were converted to kinetic energy and the signal normali
to 106 laser shots per spectrum. Up to 153106 laser shots
were taken per spectrum for lower intensities to obtain m
accurate counting statistics.

III. RESULTS AND DISCUSSION

A. General PES characteristics

A sample PES for magnesium atoms exposed to a l
intensity of 33 TW/cm2 is displayed in Fig. 1. Upon inspec
tion, only three of the four characteristics discussed ear
for PES for the noble gases are present for magnesium~1!
The foundation of a smooth and continuous distribution
kinetic energy for the photoelectrons is evident from ve
low energies out to near 15 eV, where the signal begins
degrade into the noise level,~2! structured sets of peaks a
arranged throughout the PES and separated by the ener
a single photon, 1.55 eV, and~3! there is a monotonic de
crease in the signal as a function of higher-kinetic-energy
this section we will first discuss the general characteristic
photoelectron spectra of magnesium: the monotonic decr
in signal and high kinetic energy cutoff. In Sec. III B we w
discuss the structured peaks within the first few ATI orde
followed by an analysis of those peaks using partial yie
~PYs! and angular distributions~ADs! in Sec. III C.

Results from both observed and calculated PES re
that, for most elements, the number of counts or kine

FIG. 1. Photoelectron spectra of magnesium atoms expose
33 TW/cm2, 120-fs, 800-nm light pulses.
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energy probability for characteristic~3! should decrease
monotonically from one order to the next. The exact rate a
cutoff kinetic energy can depend upon a large number
different parameters, including the target element, laser
quency, peak intensity, dominant ionization mechanis
signal-to-noise ratio, etc. The effects of the first three
these on the ionization process are all somewhat intertwin
If the energy per photon is small compared to the bind
energy of the ground state of the atom, and the distortion
the Coulomb potential due to the peak field is small w
respect to the depth of the ground state, then multipho
ionization is considered to be the dominant ionizati
mechanism. As the distortion of the Coulomb potential b
comes non-negligible with respect to the depth of the grou
state, and the tunneling time becomes comparable to the
tical period, then tunneling ionization becomes the domin
mechanism. For experiments in the multiphoton or tunnel
regimes it is convenient to discuss the combined effects
the laser frequency and the peak intensity by using the p
deromotive energyUp5I /(4v2), in atomic units. The pon-
deromotive energy is simply the time-averaged kinetic
ergy of a free electron in an oscillating electric field with a
intensity I and a frequencyv.

Depending upon the phase of the laser field at the time
ionization, the electron can escape from the core with a
netic energy up to 2.5Up @13#, for a semiclassical tunneling
ionization model. Lohret al. also predicted the maximum
kinetic energy for an electron ionized via multiphoton a
sorption, which appears in the continuum at the position
the core with some initial kinetic energy, to be 4.5Up @13#.

Once the electron is ionized, its motion is driven by t
oscillating electric field of the laser under which it can co
lisionally reencounter the core. If an elastic-rescatter
mechanism is a non-negligible process, then a cutoff of 10Up
is expected for the maximum kinetic energy of photoele
trons leaving the interaction region@13#.

Thus, after the monotonic decrease in counts per ATI
der, a much ‘‘flatter’’ region of the kinetic energy of th
photoelectrons with a significantly lower falloff rate from
one order to the next is expected for a tunneling/elas
rescattering model. Beyond a kinetic energy of 10Up , the
number of counts per ATI order will once again decrea
quickly. The degree of the gentler falloff rate in the plate
region can vary dramatically from one element to anoth
For some elements, such as argon@4#, the number of counts
per order actually increases by almost an order of magnit
for kinetic energies within the plateau. Other elements s
as helium@14,15#, neon @14#, and xenon@5# tend to have
generally flatter plateau regions.

Although at first glance it appears that PES for mag
sium completely lack a plateau region, it may be possible
two separate cases. First, the falloff rate from order to or
in the plateau may be much closer to the initial falloff regio
and consequently indistinguishable from characteristic~3!.
Second, the plateau photoelectrons may be physic
present but with a very low probability, such that they res
below the noise floor. Between the two possible cases,
latter is less likely as longer data runs of up to 203106 laser
shots have been conducted, where the signal-to-noise ra

to
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ANALYSIS OF RESONANCE STRUCTURE IN THE . . . PHYSICAL REVIEW A 68, 033401 ~2003!
high for intensities below 60 TW/cm2, and no significant
plateau region has been observed. The seemingly com
lack of a PES plateau region is further discussed in Ref.@12#,
where Gillenet al. demonstrated that, based on ionizati
rate ellipticity studies, rescattering does not appear to b
dominant an ionization mechanism for magnesium as it is
the noble gases.

Experimental observation of a predicted PES cutoff is
as straightforward as it might first appear. If the signal-
noise ratio is not high enough, the higher-kinetic-ene
electrons can physically be present but lie beneath the fl
of the noise and 1 not be detected. If the signal-to-noise r
is high enough, or the decreasing rate of probability betw
the lowest and highest kinetic energy is low enough, el
trons with kinetic energies up to and beyond the predic
cutoff can be detected. Due to the spread in initial conditio
a sharp classically predicted cutoff does not exist, but ra
a more gradual and broad cutoff in the probability or sig
exists. Thus, identifying a precise cutoff on a PES can
slightly subjective.

For the PES in Fig. 1 the ponderomotive potential is 2
and the PES begins to fade into the noise around 13–16
Thus, a soft cutoff threshold can be said to occur arou
(6 –7)Up . A cutoff energy of this value illustrates that high
intensity photoionization of magnesium is not easily cate
rized as either multiphoton or tunneling/rescattering.

B. Resonance structure within the first and second ATI order

When atoms are exposed to high-intensity laser light
the 1 –100 TW/cm2 intensity range, weakly bound, close
spaced energy levels have an ac Stark shift that is equ
the ponderomotive energy. As the intensity of the laser fi
increases, the intensity-dependent energy of these state
creases. When the energy of a level equals that of an int
multiple of the photon energy, a Freeman resonance oc
and population shifts from the ground state of the atom to
resonant excited state, where it quickly ionizes by absorb
additional photons. Throughout this intensity range, ioni
tion from excited states is clearly evident as a significant
not a dominant, mechanism for magnesium. Photoelec
data obtained in these investigations illustrate that popula
of excited states via Freeman resonances and subsequen
ization is a very strong mechanism in the response of m
nesium atoms to high-intensity laser light.

Figure 2 is a graph of numerous low-kinetic-energy inte
sity scans of PES collected for magnesium from 3
33 TW/cm2. Note that even on a logarithmic scale, t
height and width of the resonance peaks indicates that a
nificant number of the photoionized electrons are originat
from atomic states other than the ground state. For the lo
intensities the ATI peaks are structureless and appear to
slightly to lower energies as the intensity increases to wh
the maximum signal of the MPI order is about 2000 coun
Below this intensity, each ATI peak is composed of un
solved high-lying Rydberg states which are ponderomotiv
shifted into resonance with a five-photon transition from
ground state. The apparent shifting of the structureless p
to lower kinetic energies is actually due to more unresolv
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Rydberg states coming into resonance as the five-pho
resonant energy~5-PRE! probes deeper and deeper into t
tightly spaced Rydberg states. These states appear on
low-kinetic-energy side of the ATI order and continue
grow in size and number as the intensity is increased, res
ing in the illusion of a shifting, structureless ATI peak.

Further qualitative inspection of Fig. 2 reveals that as
intensity increases, and the 5-PRE probes deeper into
bound states, more resolvable excited atomic states bec
populated and subsequently ionized in the laser field leav
their signatures on the PES in the form of resolved pe
with different kinetic energies.

The next course of action is to identify specific stat
being populated utilizing angular momentum selection rul
Since the Freeman resonances occur for a five-photon t
sition from the ground state, we generally expect the sta
being populated to have an odd parity, limiting the possib
ties top, f, or h states. The kinetic energy of ionized electro
is K5@m\v2Eb#, whereEb is magnitude of the binding
energy of the chosen state, andm is the number of photons
absorbed. Therefore, the kinetic energy of the freed elec
is representative of the binding energy of the intermedi
excited state at the time of ionization. If we assume tha
collection of states all ac Stark shift by the same factor, th
the relative spacing between adjacent peaks in the kine
energy spectrum corresponds to the relative spacing betw
adjacent states in the intensity-dependent energy-evel s
ture of the atom.

The series whose expected kinetic energies best m
with the observed states are those of thep and f series.
Within the energy resolution width of 0.015 eV~limited by
the bandwidth of the laser! the p and f series energies ar
indistinguishable from each other. The energies of thef series
and the measured PES for the first two ATI orders are ill
trated in Fig. 3.

For intensities below 10 TW/cm2 (Up50.6 eV), both
ATI orders have similar peaks originating from 6f and
higher resonantly populated states, exhibiting threshold
growth characteristics expected from weakly bound, p
deromotively shifted states. For intensities abo
10 TW/cm2, peculiarities arise in the spectra, which are n
easily explained using the basic ATI model. The first A

FIG. 2. Numerous PES of the MPI order and first three A
orders for intensities ranging from 3 to 33 TW/cm2.
1-3
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G. D. GILLEN AND L. D. VAN WOERKOM PHYSICAL REVIEW A 68, 033401 ~2003!
order contains peaks that have appearance intensities a
pected for ponderomotively shifted states. Even so, there
many unexpected characteristics. First, a peak appears
an energy of 2.64 eV that does not correspond to ap or f
state. A corresponding state appears in the second ATI o
with an energy of 4.18 eV. For the first ATI order the pe
remains there for all higher intensities. In the second A
order, the shoulder of another peak for intensities ab
19 TW/cm2 over-runs the peak at 4.18 eV. This anomalo
peak has the same energy expected of a ponderomot
shiftedd state as illustrated in Fig. 4. The fact remains, ho
ever, that there should be no even number photon reson
populating a 6d state.

The very broad peak with energy from 2.1 to 2.4 eV in t
first ATI order, and from 3.65 to 3.9 eV in the second A
order, appears to be composed of two closely spaced, b
peaks. The higher-energy side of this structure appe
around 14–15 TW/cm2, with kinetic energies of 2.34 an
3.84 eV, while the lower-energy side appears arou
17 TW/cm2. In the first ATI order these two peaks are r
solvable in the intensity range of 17–20 TW/cm2. The
lower-energy side of this structure overlaps with the e
pected kinetic energies of photoelectrons originating from
4p or 4f state, while the higher-kinetic-energy side does
correspond to any ponderomotively shifted state.

FIG. 3. Photoelectron spectra of the~a! first and~b! second ATI
orders of magnesium atoms exposed to light intensities up
33 TW/cm2. The vertical lines correspond to theoretical kinetic e
ergies of electrons ejected fromf-series states ponderomotive
shifted into a five-photon resonant transition from the ground st
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In addition to the peculiar PES results mentioned abo
the second-order ATI spectrum has additional unexpected
sults. A peak appears with a kinetic energy of 3.98 eV a
does not have a counterpart in the first ATI order. This pe
is seen in Figs. 3 and 4, and coincidentally overlapped w
the 5d energy line. A counterpart in the first ATI order woul
have an energy of 2.43 eV, where there is actually a m
mum in the PES. The appearance of a feature in one
order and not in another is not explained by the basic A
model. Thus the possibility that this energy peak origina
from a resonantly populated bound state that subseque
ionizes via a higher-order process, but not a lower-order p
cess, is very unlikely.

The preceding analysis is based solely on multipho
resonances with Rydberg states of the neutral atom. As w
all alkaline-earth-metal atoms, many low-lying states of t
magnesium ion are easily accessible at these intensities
timates of the ac Stark shift using second-order perturba
theory show that the 3p levels of the ion shift by abou
0.1Up . Since perturbation theory is of dubious value at the
intensities, these estimates are only rough guides. The h
est intensities in this study are about 30 TW/cm2, giving
Up51.8 eV and maximum Stark shifts of about 180 me
Thus, the 3p levels undergo a total shift of about 1.1Up or an
additional 180 meV beyond the ponderomotive shift for t
first electron relative to the neutral ground state. Any a

to
-

e.

FIG. 4. Photoelectron spectra of the~a! first and~b! second ATI
orders of magnesium atoms exposed to light intensities up
33 TW/cm2. The vertical lines correspond to theoretical kinetic e
ergies of electrons ejected fromd-series states ponderomotive
shifted into a five-photon resonant transition from the ground st
1-4
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toionizing Rydberg states converging on the 3p levels may
participate in eight photon resonances and could, theref
appear in the PES at the locations ofd states amongst th
odd-parityp or f states. As will be discussed in Sec. III C, th
appearance intensities of these anomalous features c
spond to states converging on the first ionization limit a
not excited ionic levels.

C. Partial yields and angular distributions

In Sec. III B we observed that numerous excited sta
were populated and subsequently ionized by the applied l
field. As the laser intensity increased, deeply bound st
tuned into a five-photon resonant transition from the grou
state. A first-pass analysis of the data, based upon ang
momentum selection rules, indicates that the states b
populated are of an odd parity, and most likelyp or f states.
By simply matching up the expected kinetic energies
served with those expected for either ap or f state, it could
not be determined whether the electrons originated from
Freeman resonance to ap or an f state due to the overlap o
the energies of these two series. In this section we pre
two methods for~1! better identification the threshold nece
sary to initiate the Freeman resonance, and~2! better identi-
fication of the parity and angular momentum of the st
from which the electron ionized.

A PY is a data analysis method where only a small ran
of the photoelectron kinetic energies is integrated within
single PES. The integration is then repeated for a variety
peak laser intensities, and the resulting PY is displayed as
number of integrated counts per PES as a function of
peak laser intensity. By observing the change in counts
function of peak laser intensity, the threshold intensity fo
given resonant process can be more quantitatively ident
than by simple inspection of multiple PES displayed on
same graph. An expected PY curve for a single-ionizat
channel, using a restricted laser-atom interaction volume,
similar characteristics as those expected for restricted
ume ionization yield experiments. The yield does not gr
appreciably until the threshold intensity is reached. Once
threshold intensity is reached, the rate of ionization throu
that channel increases rapidly until saturation where the
of increase of signal levels out, as the restricted Gaus
volume does not continue to grow for increasing peak int
sities. The ionization volume, for a particular process, ado
the shape of an annulus whose inner and outer radii incr
with increasing intensity such that the total volume rema
constant.

AD plots have been used for many years to aid in
interpretation of PES collected for strong-field ionization
atoms. Much of the interpretation of the results has been
identification of high probability scattering angles, or ‘‘jets
as the ionized electron scatters off of the core during
motion in the laser field@5,16,17#. It has been observed tha
as the laser field drives the electron, it has the highest p
ability to scatter off of the core at angles of 30° and 45°. T
observation of the scattering angles for selected region
the kinetic energies of ejected electrons was yet another
porting argument that the plateau extension observed in
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photoelectron spectra for the noble gases is a result o
rescattering mechanism. The scattering jets for xenon
most pronounced for electrons with energies of (8 –10)Up

@5,17#. The earlier investigations were unable to resolve
structure within each ATI order, which results in an AD th
is averaged over an entire ATI order, while a later investig
tion by Nandoret al. @5# illustrated that within each order th
appearance of the ADs can vary quite remarkably.

Although AD plots have been used to identify rescatter
mechanisms, they have also been used to help identify
angular momenta carried away by the electron as it is i
ized, and the parity of its last state, for lower ATI orde
@5,18,19#.

The fact that the observed angular distributions can b
be a measure of the angular momentum of the last stat
the electron and the angular scattering probability of a f
electron scattering off of its parent ion, reduces the abso
validity of claiming either one. Nevertheless, consideri
which ionization processes are dominant and what region
kinetic energies is being studied, the uncertainty of interp
ing ADs can reduced. If the dominant ionization process
multiphoton in nature, then the angular momentum carr
away by the electron will also be multiphoton in nature. F
this case, the ADs will more likely be a reflection of th
angular momentum of the last state of the electron. Si
higher-energy electrons are produced predominantly b
rescattering mechanism, the angular distributions for hig
kinetic energies will reflect the angular scattering probabil
This assumption holds especially true for photoelectro
whose kinetic energies fall with the plateau region@5,16,17#.

For low-kinetic-energy electrons and multiphoton pr
cesses, ADs can reveal properties of the last state of
electron. As an example, consider an electron that is exc
through a 5f state of the atom. The electron absorbs o
more photon to get to the MPI order, exciting it into a
unboundd or g state carrying away an angular momentum
l 52 or 4. Thus, for this simplistic case, we would expect t
AD to reflect a superposition ofd andg angular probability
distributions.

Figure 5 is a collection of PES, PYs, and ADs for th
high-lying Rydberg states with kinetic energies above 2.7
and 4.2 eV in the first and second ATI orders, respectively
is organized into two columns with the left column, displa
ing data for the first ATI order and the right column displa
ing data for the corresponding energy range in the sec
ATI order. The energy range of interest is displayed in t
top PES graph, Figs. 5~a! and 5~b!. A few intensities are
displayed in each PES to illustrate the general trend of
electron energy dependence on the peak laser intensity.
ures 5~c!–~f! are PY plots of the integration over the ener
range as a function of peak laser intensity. The two verti
lines in the PY represent the threshold intensities for
ponderomotively shifted 5-PRE to drop to a level who
binding energy would result in ionized photoelectrons w
kinetic energies that correspond to the maximum and m
mum energies of the energy range of interest. Figures 5~g!–
~j! are the AD data for the chosen energy ranges. The ang
distributions are collected for a peak field intensity
23 TW/cm2. Each point on the AD is an integration of th
1-5



tio
h
he
o
th
fi

on
he

o
er
th
Th

sig-
in

on
ate
e is
ht
an
ted
ni-
eld
ro.
t
%

ue
on
ited

d

y

an
th
te

ng

G. D. GILLEN AND L. D. VAN WOERKOM PHYSICAL REVIEW A 68, 033401 ~2003!
chosen range of kinetic energies, for a particular orienta
of the laser field with respect to the flight path. Since t
parity of the final state of the electron is expected to be eit
even or odd, the AD data are normally fit with a sum
either even or odd Legendre polynomials. The fits of
Legendre polynomials serve a dual purpose. First, the
allow for a smooth representation of the AD data, and sec
the coefficients of the fits can aid in the identification of t
angular momenta of the possible final states.

For all energy ranges analyzed in Fig. 5, an inspection
the PYs reveals that the increase in the integrated numb
counts as a function of peak intensity correlates well with
expected threshold for ponderomotively shifted states.

FIG. 5. Photoelectron spectra of the~a! first and~b! second ATI
orders. The vertical lines in~a! and~b! represent the kinetic-energ
peaks that correspond to resonantly populated 6f and 7f states.
~c!–~f! are partial-yield plots, and~g!–~j! are angular distribution
plots for those peaks. The energy width integrated for the PY
AD plots is 0.02 eV. The vertical lines in the PY plots represent
theoretical threshold intensities necessary to resonantly popula
state that would result in an electron with the upper and lower ra
of kinetic energies integrated.
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number of counts for the chosen energy ranges does not
nificantly increase until the threshold intensity is reached
order to ponderomotively shift the state into a five-phot
Freeman resonance. The ADs for the first order illustr
three distinct lobes per quadrant. The highest count rat
observed for the orientation of 0°, or parallel to the flig
path, and two more maxima located at 36° and 70°. At
angle of 90° a minimum is observed, as would be expec
for a superposition of various odd states. Although a mi
mum is observed for a 90° orientation between the laser fi
and the flight path, the count rate still does not go to ze
The best fit of the data~mainly to correct for a nonzero coun
rate for690°) was found to be the one that included a 10
contribution from even Legendre polynomials. This val
takes into account the possibility of producing ionizati
through an even number of photons either through exc
ion states or via double ionization.

The PYs and ADs for the other two observedf states, the
4 f and the 5f , are displayed in Figure 6. The observe

d
e

a
e

FIG. 6. Photoelectron spectra@~a! and ~b!#, partial-yield plots
@~c!–~f!#, and angular distribution plots~g!–~j!, for photoelectron
peaks corresponding to resonantly populated 4f and 5f states.
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threshold intensities for ionization through the 4f and 5f
states do not exhibit a turn-on as sharp as that observe
the higherf states, but still agree with the calculated thres
old for ponderomotively shifting states. Table I summariz
the resonant state, threshold intensity, and kinetic energy
above threshold ionization from that state, for all of the sta
studied in Figs. 5 and 6.

Ion yield measurements discussed in Ref.@12# indicate
that for the peak field intensity used to collect the AD
23 TW/cm2, roughly 10–20 % of the ions detected are do
bly charged ions. If a singly charged ion is present in
interaction region its energy levels will be ponderomotive
shifted through an even parity state and subsequently ion
If the ion is originally in its ground state and encounters
ten-photon Freeman resonance, it will ionize from an ev
parity state. A calculation performed by Xenakiset al. @20#
for magnesium atoms exposed to similar laser pulses u
400 nm predicted that photoionization from Mg(3s)2 to
Mg13p is a non-negligible process. Even if a significa
fraction of the Mg1 ions are created in the first excited sta
they will encounter a seven-photon Freeman resonance
an odd-parity state to an even-parity state and subsequ
ionize. Thus, a mixture 10% odd and even coefficients
Legendre polynomial coefficients for the fits to the AD da
is justifiable, and an accurate representation of the diffe
ionic species is produced.

For all of the numerical fits to the observed data, t
largest coefficients indicate that the most significant angu
momentum contributions have values ofl 51, 3, and 5 for
the first ATI order, andl 50, 2, 4, and 6 for the second AT

TABLE I. Summary of the states populated via a five-phot
Freeman resonance from the ground state, the resonant thre
intensity, and observed kinetic energies~KE! for the first and sec-
ond ATI orders.

Threshold KE KE
State intensity First ATI Second ATI

(TW/cm2) ~eV! ~eV!

8 f 5.4 2.88 4.42
7 f 6.5 2.82 4.36
6 f 8.1 2.73 4.27
5 f 11.0 2.54 4.09
4 f 16.3 2.24 3.78
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order. Table II is a summary of the odd Legendre polynom
coefficients used for the fits of the angular distributions
the first ATI order peaks analyzed in Figs. 5 and 6. Bo
observed number of AD lobes and the results of fits us
Legendre polynomials indicate that the dominant init
states populated via a Freeman resonance must be thosf
states.

As mentioned in Sec. III B, in addition to the expecte
Freeman resonance transitions from the ground state to
parity states, the PES reveal some unexpected results.
ATI order possesses characteristics that do not appear to
equal counterparts in the other ATI order.

Unlike Figs. 5 and 6, which highlight the similarities be
tween the first and second ATI orders, Fig. 7 investiga
some of their differences. The energy ranges and ADs
two of the order-to-order variations observed are displaye
Fig. 7. The first ATI order contains a peak with a kinet
energy of 2.64 eV with distinct minima on either side of
located at 2.60 and 2.68 eV, as illustrated in Fig. 7~a!. A
counterpart in the second ATI order would have a kine
energy of 4.19 eV. Although there is a slight peak at t
expected energy for lower intensities, the PES is much m
uniform between 4.05 and 4.2 eV for intermediate and hig
intensities. The minima on either side of the peak at 4.19
especially on the lower-kinetic-energy side, are much l
pronounced than they are for the corresponding peak in
first ATI order. The angular distributions for these energ

old

FIG. 7. Photoelectron spectra and angular distributions for
peaks that do not have a clear counterpart in the other ATI or
The angular distributions exhibit a fundamentally different struct
than that which is observed for other nearby peaks.
rder
uch that
TABLE II. Summary of the odd Legendre polynomial coefficients used in the fits for the first ATI o
peaks discussed in Figs. 5 and 6. For easier comparison, all coefficients for each fit are normalized s
the sum of their squares is 1.

State l 51 l 53 l 55 l 57 l 59 l 511
coefficient coefficient coefficient coefficient coefficient coefficient

8 f 0.63 0.38 0.56 0.18 0.27 0.19
7 f 0.61 0.11 0.77 0.01 0.08 0.04
6 f 0.56 0.10 0.78 0.18 0.02 0.19
5 f 0.27 0.13 0.89 0.29 0.14 0.08
4 f 0.26 0.64 0.42 0.57 0.09 0.12
1-7
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do not significantly differ from those for the rest of the pea
with nearby kinetic energies. Overall, the PES for each A
order possess different characteristics for these corresp
ing energy ranges; with the first ATI order possessing m
clearly resolved structure between the 5f and 6f kinetic en-
ergies.

The peak that appears in the second ATI order with
kinetic energy of 3.98 eV is altogether unique, and hig
lighted in Fig. 7~b!. As discussed in Sec. III B, this pea
appears only in the second ATI order and a correspond
energy in the first ATI, 2.44 eV, is actually the position of
minimum in the PES. Similar to the other peaks discuss
the location of the peak in the PES does not correspond
ponderomotively shifted bound state. But, unlike the ot
anomalous peaks discussed, the angular distribution
ejected electrons measured for this peak, Fig. 7~d!, do differ
significantly from the rest of the peaks observed in t
kinetic-energy range and within the second ATI order. T
angular ejection of electrons from the interaction region w
this kinetic energy poss a noticeably different visual appe
ance with the near absence of minor lobes or ‘‘jets,’’ and
coefficients required to fit this angular distribution are ge
erally different than those used for the rest of the pe
within the second ATI order. A more even mixture of ev
and odd Legendre polynomials was required to simulate
single uniform lobe appearance.

Both peaks observed in Fig. 7 do not correspond to
expected Freeman resonance transitions from the gro
state to odd-parity ponderomotively shifted states, and ill
trated in Fig. 3. One explanation for the observation of p
toelectron kinetic energies that do not correspond to reso
population and subsequent ionization of ponderomotiv
shifted states is simply that the shift of the intermediate s
is nonponderomotive. The binding energy of a nonponde
motively shifted state is intensity dependent, resulting in
photoelectron kinetic energy that can vary depending u
the instantaneous laser intensity of both the resonant tra
tion and the moment of subsequent ionization. Since the s
of nonponderomotively shifted states is unknown, the res
ing photoelectron kinetic energy is also unpredictable. W
out additional knowledge of the original state or a verifiab
prediction of its ac Stark shift claiming a particular peak
originating from a nonponderomotive source cannot be m
with any degree of certainty. Therefore the origin of the u
dentifiable peaks discussed is still largely unknown at t
point.

It should be noted here that the second ATI order has
property that is present for no other ATI order. One possi
reason why a photoelectron can have a kinetic energy in
range of 3–4 eV, and no other value for integer photon
ergies above or below this range, is that it originated from
doubly excited autoionizing state. The energy limit for a
3pNl doubly excited state is the Mg1(3p) level, or 4.422
eV above Mg1(3s). Historically, the 3pNs and the 3pNd
doubly excited states are well known due to the experime
availability of these states@21–24#. Although the energies o
these known states do not overlap well with the anomal
peaks of 3.98, 4.08, and 4.18 eV, the possibility that th
03340
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order-specific peaks originate from unmapped autoioniz
states cannot be ruled out completely.

IV. CONCLUSIONS

We have collected photoelectron spectra for magnes
atoms exposed to 800-nm, 120-fs laser pulses with peak
tensities from 3.331012 to 4.031013 W/cm2. Throughout
the entire intensity range, the magnesium PES do not re
a significant production of hot electrons or a rescattering p
teau region, which is not at odds with the results of ion yie
measurements where it is demonstrated that enhanced do
ionization is multiphoton in nature and not rescattering. T
absence of this characteristic demonstrates that much o
ionization process for magnesium differs from that which
calculated and observed for noble gases. Although a sig
cant plateau extension out to 10Up is not detected for mag
nesium, observed cut off kinetic energies are in the (6 –7)Up

range for linearly polarized light, and (4 –5)Up range for
circularly polarized light. Thus, rescattering cannot be ru
out completely as a contributing ionization mechanism
the higher range of observed photoelectron kinetic energ
The plateau observed for intensities higher than
31014 W/cm2 is attributed to the photoionization of th
Mg1 ion.

For intensities up to 10 TW/cm2, the PES consists of ex
pected high-lying, odd-parity, Rydberg states ponderom
tively shifted into a five-photon Freeman resonance. Kine
energy studies indicate that the excited states populated ap
or f states. Further analysis using angular distributions in
cate that the intermediate excited states are mostly comp
of f states. PES collected for intensities in the region
10–40 TW/cm2 exhibit some unexpected structures in t
PES. Photoelectron peaks appear in both the first and se
ATI orders with energies that do not correspond to fiv
photon resonant transitions from the ground state to o
parity excited states.

In addition, we have also observed different structu
from one ATI order to another. Order-specific structures
the second ATI occur in an energy range that contains
merous doubly excited autoionizing states, both well kno
and unmapped. The angular distribution data for the kine
energy peak of 3.98 eV is fundamentally different from t
angular distributions observed for most of the other pe
within the second ATI order.

The explanation for the observation of these characte
tics is not known at this point, and current ATI models ca
not explain how these order-to-order variations can occ
The fact that these anomalies are observed and not e
explained indicates that photoionization experiments in m
nesium offer new perspectives on strong-field ionizatio
which complement the work on noble gases.
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