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Analysis of resonance structure in the above-threshold ionization photoelectron
spectra of magnesium
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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 each having substructur€) The magnitudes ofl) and(2)
first decrease exponentially for higher kinetic energies, and
Photoelectron spect@ES have been used quite exten- finally, (4) the distribution of kinetic energies has a “pla-
sively over the past 20 years as a tool to investigate whagau” or extension beyond that @8), where the detected
happens when matter is irradiated with high-intensity light.photoelectron signal levels off, or decreases more slowly as a
Multiphoton ionization(MPI1) was first observed in 1965 by function of higher kinetic energies. All of these characteris-
Voronov and Delonél]. As peak laser intensities increased ticS have been explained and theoretically modeled using
with the advancement of laser technology, the propensity fopingle active electron and rescattering th_eorles. Comparisons
an atom to absorb more photons than the minimum require@f €xperimental results and theof§2] indicate that for at-
for ionization became non-negligible, and above-threshol®™MS with a closed outer shell the dominant process consists

L s . f only one electron interacting with the laser field at a time.
AT A l.in 1979[2]. © . . \ \
ionization (ATI) was reported by Agostirét al. in 1979[2] Both the experiments and calculations for intermediate peak

In the earlier days the pulse widths of lasers were long witr] : » L .
. o aser intensitiegafter application of a spatial and temporal
respect to the time taken by the ionized electron to leave th robability weighted averaging algorithndemonstrate the

interaction region. PES for this long pulse regime erIOIeqdominant role of resonant population and subsequent ioniza-
structureless peaks separated by a photon energy, revealifgy ot houng neutral states in the MPI and ATl of atoms.

little information about the ionization dynamics other than |, this paper we present high-resolution photoelectron

the number of photons the electron absorbed and the re""‘ti‘éepectra for magnesium atoms exposed to 800-nm, 120-fs la-
probabilities for each orddi]. In 1987, Freemaet al. re-  ggr pulses, with peak intensities of #9010 W/cm?. The
ported that as the laser pulse width decreased, the kinetigata reveal some of the expected behaviors of ATl PES for
energy of each ATI order shifted to lower energy and brokeower intensities, as well as some interesting peculiarities for
apart into structured sub-peak8]. The peaks in the PES higher intensities, which are not easily explained by tradi-
corresponded to population of specific atomic states duringional ATI models. The analysis and identification of various
the ionization process and became known as Freeman resaf| peaks, as well as the unexpected variations of PES from
nances. The ability of shorter laser pulses to observe atomigrevious experiments, will be presented and discussed.
transitions during the ionization process opened the door for
a new field of study in high-intensity laser-atom interactions
for peak laser intensities up to ¥ow/cn?.

The majority of intense-field photoionization experiments  The laser system and general experimental setup used in
in the intensity range of #8-10'* W/cn? have been per- this investigation is the same as that described previously
formed using noble gase€8-5,7-11, and have yielded [10]. The laser is focused into the vacuum chamber via a 250
similar overall results. This intensity range is particularly mm focal length lens with an initial beam diameter of
interesting due to the prominence of Freeman resonances ansughly 7 mm. The laser propagation direction, atomic beam
the overall characteristics of such photoelectron spectra fappath, and flight tube axis are all mutually orthogonal. The
into four categories as followg1) The kinetic energies of interaction region used to collect the data is located between
the ejected electrons have a smooth, continuous backgrouradpinhole plate and the open end of the flight tube. Due to
distribution. (2) On top of the continuous background are collimating apertures, the width of the atomic beam in this
groups of ATl peaks separated by the photon energy witliegion is 2 mm. Using this focal geometry and 800-nm light,

the Rayleigh range is about 1.5 cm. Even though the width of
the interaction region exposed to the detector is larger than
*Present address: Air Force Research Laboratory, Anteon Corpg@revious experimentgt—7,19, the condition that the inter-
ration, Building 71A, Area B, Wright Patterson Air Force Base, action region exposed to the detector is smaller than the Ray-
OH 45433. leigh range is still satisfied in order for a restricted volume
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10° energy probability for characteristi€3) should decrease

. monotonically from one order to the next. The exact rate and
1077 cutoff kinetic energy can depend upon a large number of
£10° different parameters, including the target element, laser fre-
3 quency, peak intensity, dominant ionization mechanism,
©10° 7 signal-to-noise ratio, etc. The effects of the first three of
10" = these on the ionization process are all somewhat intertwined.
i If the energy per photon is small compared to the binding

10° T I I -|—'|‘M| energy of the ground state of the atom, and the distortion of

0 5 10 15 20 25 30 the Coulomb potential due to the peak field is small with
Photoelectron Kinetic Energy (eV) respect to the depth of the ground state, then multiphoton

. ionization is considered to be the dominant ionization
FIG. 1. Photoelectron spectra of magnesium atoms exposed tr%echanism As the distortion of the Coulomb potential be-
33 TWi/cnt, 120-fs, 800-nm light pulses. T :
comes non-negligible with respect to the depth of the ground
_ . . state, and the tunneling time becomes comparable to the op-
g);penr?_ent to _be cor&sﬁ]ered: Theh ﬂ|ght| p?thﬁg;wegn th‘ﬁcal period, then tunneling ionization becomes the dominant
Z\geéac lon rggt'r?n f?nht t E microc ar(;nz P 3( 9 Ids it mechanism. For experiments in the multiphoton or tunneling
- €M, and the fignt tube 1S grounded and wrapped wi W’egimes it is convenient to discuss the combined effects of

emnuslgftleeﬂ!]a;;etrﬁeolfligfi]?hp;:f?g;e::’?e p;;”;ﬁgg!m%‘gr?g:l Oth an );[he laser frequency and the peak intensity by using the pon-
. : > . ; i =1/(40?), i ic units. -
residual electrical or magnetic fields, enabling the detectio deromotive energy),=1/(4«), in atomic units. The pon

"Yeromotive energy is simply the time-averaged kinetic en-
of low-kinetic-energy electrons. Immediately prior to im- 9y Py g

. ergy of a free electron in an oscillating electric field with an
pacting the MCPs, the electrons are accelerated through ge);]sityl and a frequencyy 9
additional 900 V over a distance of 2 mm. The final acceler- '

i tential red the diff in kineti b Depending upon the phase of the laser field at the time of
ating potential reduces the difference in KINCUC energy D€, tinn the electron can escape from the core with a ki-
tween a 1-eV electron and a 20-eV electron to only 2%

ensuring that the quantum efficiency of the MCPs is rela netic energy up to 215, [13], for a semiclassical tunneling

. oo ionization model. Lohret al. also predicted the maximum
tively constant over the kinetic-energy range of phOtO‘aleckinetic energy for an electron ionized via multiphoton ab-
trons detected in this work.

sorption, which appears in the continuum at the position of

The phptoelectron spectra were collected py measunng o core with some initial kinetic energy, to be 4,5[13].
the time difference between the laser pulse exiting the laser Once the electron is ionized, its motion is driven by the

and the detection of'eac'h count by the MCF.)S' The time .dat scillating electric field of the laser under which it can col-
were converted to kinetic energy and the signal normalize

sionally reencounter the core. If an elastic-rescattering
to 10" laser shots per spectrum. Up t0>1.5506 laser S.hOtS mechanism is a non-negligible process, then a cutoff of;10
were taken per spectrum for lower intensities to obtain mor

accurate counting statistics fs expectgd for the maximum kinetic energy of photoelec-
: trons leaving the interaction regid@3].

Thus, after the monotonic decrease in counts per ATI or-
Ill. RESULTS AND DISCUSSION der, a much “flatter” region of the kinetic energy of the
photoelectrons with a significantly lower falloff rate from
one order to the next is expected for a tunneling/elastic-

A sample PES for magnesium atoms exposed to a laseescattering model. Beyond a kinetic energy ofJ10 the
intensity of 33 TW/cn is displayed in Fig. 1. Upon inspec- number of counts per ATl order will once again decrease
tion, only three of the four characteristics discussed earliequickly. The degree of the gentler falloff rate in the plateau
for PES for the noble gases are present for magnesilym: region can vary dramatically from one element to another.
The foundation of a smooth and continuous distribution ofFor some elements, such as arddh the number of counts
kinetic energy for the photoelectrons is evident from veryper order actually increases by almost an order of magnitude
low energies out to near 15 eV, where the signal begins tdor kinetic energies within the plateau. Other elements such
degrade into the noise leveR) structured sets of peaks are as helium[14,15, neon[14], and xenon[5] tend to have
arranged throughout the PES and separated by the energy @énerally flatter plateau regions.

a single photon, 1.55 eV, an@) there is a monotonic de- Although at first glance it appears that PES for magne-
crease in the signal as a function of higher-kinetic-energy. Irsium completely lack a plateau region, it may be possible for
this section we will first discuss the general characteristics ofwo separate cases. First, the falloff rate from order to order
photoelectron spectra of magnesium: the monotonic decreasethe plateau may be much closer to the initial falloff region,
in signal and high kinetic energy cutoff. In Sec. Ill B we will and consequently indistinguishable from characteri3ic
discuss the structured peaks within the first few ATI ordersSecond, the plateau photoelectrons may be physically
followed by an analysis of those peaks using partial yieldgresent but with a very low probability, such that they reside
(PYs9 and angular distributionfADs) in Sec. Il C. below the noise floor. Between the two possible cases, the

Results from both observed and calculated PES reveaatter is less likely as longer data runs of up to20f laser
that, for most elements, the number of counts or kineticshots have been conducted, where the signal-to-noise ratio is

A. General PES characteristics
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high for intensities below 60 TW/ctn and no significant
plateau region has been observed. The seemingly complete

iy
<

lack of a PES plateau region is further discussed in Ref], ’?:
where Gillenet al. demonstrated that, based on ionization %10
rate ellipticity studies, rescattering does not appear to be as E
dominant an ionization mechanism for magnesium as it is for §1°
the noble gases. £
Experimental observation of a predicted PES cutoff is not 3
as straightforward as it might first appear. If the signal-to- Ol
noise ratio is not high enough, the higher-kinetic-energy
electrons can physically be present but lie beneath the floor 10"
of the noise and 1 not be detected. If the signal-to-noise ratio 0o 1 2 3 4 5 8
is high enough, or the decreasing rate of probability between Photoelectron Kinetic Energy (eV)

the lowest and highest kinetic energy is low enough, elec- FIG. 2. N PES of the MPI ord d first three ATI
trons with kinetic energies up to and beyond the predicted - £ Numerous of the order and first three

cutoff can be detected. Due to the spread in initial conditions?rOIers for intensities ranging from 3 to 33 TW/fem

a sharp classically predicted cutoff does not exist, but rathel&ydberg states coming into resonance as the five-photon

a more gradual and broad cutoff in the probability or signal :
exists. Thus, identifying a precise cutoff on a PES can b esonant energy5-PRB probes deeper and deeper into the
slightly subjéctive ightly spaced Rydberg states. These states appear on the

For the PES in Fig. 1 the ponderomotive potential is 2 eVlow—klnetlc—energy side of the ATI order and continue to

and the PES begins to fade into the noise around 13-16 e’grow in size and number as the intensity is increased, result-
Thus, a soft cutoff threshold can be said to occur around9 ™" the illusion of a shifting, structureless ATI peak.

(6-7)U,,. A cutoff energy of this value illustrates that high- t':”r.tthe.r qualitative '”Zpﬁft"’s”;éz'g- Zbr e"e(;"'s that as t*lﬁ
intensity photoionization of magnesium is not easily catego-g] enzl ytl?creases, an | FE‘)I ) i Srot es e(tapter 'Q 0 the
rized as either multiphoton or tunneling/rescattering. ound states, more resolvable excited atomic states become

populated and subsequently ionized in the laser field leaving
their signatures on the PES in the form of resolved peaks
with different kinetic energies.

When atoms are exposed to high-intensity laser light in The next course of action is to identify specific states
the 1—-100 TW/crh intensity range, weakly bound, closely being populated utilizing angular momentum selection rules.
spaced energy levels have an ac Stark shift that is equal t8ince the Freeman resonances occur for a five-photon tran-
the ponderomotive energy. As the intensity of the laser fieldsition from the ground state, we generally expect the states
increases, the intensity-dependent energy of these states ineing populated to have an odd parity, limiting the possibili-
creases. When the energy of a level equals that of an integéies top, f, or h states. The kinetic energy of ionized electrons
multiple of the photon energy, a Freeman resonance occuis K=[mhw—E,], whereE, is magnitude of the binding
and population shifts from the ground state of the atom to thenergy of the chosen state, amdis the number of photons
resonant excited state, where it quickly ionizes by absorbingbsorbed. Therefore, the kinetic energy of the freed electron
additional photons. Throughout this intensity range, ionizadis representative of the binding energy of the intermediate
tion from excited states is clearly evident as a significant, ifexcited state at the time of ionization. If we assume that a
not a dominant, mechanism for magnesium. Photoelectronollection of states all ac Stark shift by the same factor, then
data obtained in these investigations illustrate that populatiothe relative spacing between adjacent peaks in the kinetic-
of excited states via Freeman resonances and subsequent i@mergy spectrum corresponds to the relative spacing between
ization is a very strong mechanism in the response of magadjacent states in the intensity-dependent energy-evel struc-
nesium atoms to high-intensity laser light. ture of the atom.

Figure 2 is a graph of numerous low-kinetic-energy inten- The series whose expected kinetic energies best match
sity scans of PES collected for magnesium from 3 towith the observed states are those of fhend f series.

33 TWicnt. Note that even on a logarithmic scale, the Within the energy resolution width of 0.015 elimited by
height and width of the resonance peaks indicates that a sighe bandwidth of the lasgthe p and f series energies are
nificant number of the photoionized electrons are originatingndistinguishable from each other. The energies of theries
from atomic states other than the ground state. For the loweand the measured PES for the first two ATI orders are illus-
intensities the ATI peaks are structureless and appear to shiftated in Fig. 3.

slightly to lower energies as the intensity increases to where For intensities below 10 TW/cMUp=0.6 eV), both
the maximum signal of the MPI order is about 2000 countsATI orders have similar peaks originating from féand
Below this intensity, each ATl peak is composed of unre-higher resonantly populated states, exhibiting threshold and
solved high-lying Rydberg states which are ponderomotivelygrowth characteristics expected from weakly bound, pon-
shifted into resonance with a five-photon transition from thederomotively shifted states. For intensities above
ground state. The apparent shifting of the structureless peald TWi/cn?, peculiarities arise in the spectra, which are not
to lower kinetic energies is actually due to more unresolveceasily explained using the basic ATl model. The first ATI

B. Resonance structure within the first and second ATI order
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FIG. 3. Photoelectron spectra of @) first and(b) second AT FIG. 4. Photoelectron spectra of tt® first and(b) second ATI

orders of magnesiulm aFoms exposed to light in‘tensit.ies.up Qrders of magnesium atoms exposed to light intensities up to
33 TWicn?. The vertical lines correspond to theoretical kinetic en- 33 TWi/cnt. The vertical lines correspond to theoretical kinetic en-

ergies .Of elec_trons ejected frorﬁ%enes_;tates ponderomotively ergies of electrons ejected fromhseries states ponderomotively
shifted into a five-photon resonant transition from the ground stategp e ino a five-photon resonant transition from the ground state.

order contains peaks that have appearance intensities as ex-In addition to the peculiar PES results mentioned above,
pected for ponderomotively shifted states. Even so, there af@€ second-order ATI spectrum has additional unexpected re-
many unexpected characteristics. First, a peak appears wifitllts. A peak appears with a kinetic energy of 3.98 eV and
an energy of 2.64 eV that does not correspond o @ f does not have a counterpart in the first ATl order. This peak
state. A corresponding state appears in the second ATI ordé} S€€n in Figs. 3 and 4, and coincidentally overlapped with
with an energy of 4.18 eV. For the first ATI order the peakthe 5 energy line. A counterpart in the f|rs§ ATI order woulld.

remains there for all higher intensities. In the second ATIN@Ve an energy of 2.43 eV, where there is actually a mini-

order, the shoulder of another peak for intensities aboydum In the PES. The appearance of a feature in one ATI

. order and not in another is not explained by the basic ATI
19 Tw/en? over-runs the peak at 4.18 eV. This anomalous odel. Thus the possibility that this energy peak originates

pe_ak has the same energy e*pe"‘ed of a ponde_romotlve Yom a resonantly populated bound state that subsequently
shiftedd state as illustrated in Fig. 4. The fact remains, how-ionizes via a higher-order process, but not a lower-order pro-
ever, that there should be no even number photon resonanggqs s very unlikely.
populating a @ state. _ The preceding analysis is based solely on multiphoton
The very broad peak with energy from 2.1 to 2.4 eV in theresonances with Rydberg states of the neutral atom. As with
first ATI order, and from 3.65 to 3.9 eV in the second ATI g|| glkaline-earth-metal atoms, many low-lying states of the
order, appears to be composed of two closely spaced, brogflagnesium ion are easily accessible at these intensities. Es-
peaks. The higher-energy side of this structure appeamgmates of the ac Stark shift using second-order perturbation
around 14-15 TW/cA) with kinetic energies of 2.34 and theory show that the {8 levels of the ion shift by about
3.84 eV, while the lower-energy side appears around).1U,. Since perturbation theory is of dubious value at these
17 TWicnt. In the first ATl order these two peaks are re- intensities, these estimates are only rough guides. The high-
solvable in the intensity range of 17-20 TWAmThe est intensities in this study are about 30 TW#cngiving
lower-energy side of this structure overlaps with the ex-U,=1.8 eV and maximum Stark shifts of about 180 meV.
pected kinetic energies of photoelectrons originating from arhus, the 3 levels undergo a total shift of about U] or an
4p or 4f state, while the higher-kinetic-energy side does notadditional 180 meV beyond the ponderomotive shift for the
correspond to any ponderomotively shifted state. first electron relative to the neutral ground state. Any au-
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toionizing Rydberg states converging on the [@vels may photoelectron spectra for the noble gases is a result of a
participate in eight photon resonances and could, thereforegscattering mechanism. The scattering jets for xenon are
appear in the PES at the locations dbktates amongst the most pronounced for electrons with energies of (8-tL0)
odd-parityp or f states. As will be discussed in Sec. Il C, the [5,17]. The earlier investigations were unable to resolve the
appearance intensities of these anomalous features corrgructure within each ATI order, which results in an AD that
spond to states converging on the first ionization limit andis averaged over an entire ATI order, while a later investiga-

not excited ionic levels. tion by Nandoret al.[5] illustrated that within each order the
appearance of the ADs can vary quite remarkably.
C. Partial yields and angular distributions Although AD plots have been used to identify rescattering

) mechanisms, they have also been used to help identify the
In Sec. IlIB we observed that numerous excited State%ngular momenta carried away by the electron as it is ion-

were populated and subsequently ionized by the applied 1asgfeq  and the parity of its last state, for lower ATl orders
field. As the laser intensity increased, deeply bound states; 1g 19,
tuned into a five-photon resonant transition from the ground The fact that the observed angular distributions can both
state. A first-pass analysis of the data, based upon angulae a measure of the angular momentum of the last state of
momentum selection rules, indicates that the states beinge electron and the angular scattering probability of a free
populated are of an odd parity, and most likplpr f states.  electron scattering off of its parent ion, reduces the absolute
By simply matching up the expected kinetic energies obwalidity of claiming either one. Nevertheless, considering
served with those expected for eithepar f state, it could which ionization processes are dominant and what region of
not be determined whether the electrons originated from &inetic energies is being studied, the uncertainty of interpret-
Freeman resonance topaor anf state due to the overlap of ing ADs can reduced. If the dominant ionization process is
the energies of these two series. In this section we presemultiphoton in nature, then the angular momentum carried
two methods for1) better identification the threshold neces- away by the electron will also be multiphoton in nature. For
sary to initiate the Freeman resonance, écoetter identi-  this case, the ADs will more likely be a reflection of the
fication of the parity and angular momentum of the stateangular momentum of the last state of the electron. Since
from which the electron ionized. higher-energy electrons are produced predominantly by a
A PY is a data analysis method where only a small rangeescattering mechanism, the angular distributions for higher
of the photoelectron kinetic energies is integrated within akinetic energies will reflect the angular scattering probability.
single PES. The integration is then repeated for a variety oThis assumption holds especially true for photoelectrons
peak laser intensities, and the resulting PY is displayed as thehose kinetic energies fall with the plateau regiétil6,17.
number of integrated counts per PES as a function of the For low-kinetic-energy electrons and multiphoton pro-
peak laser intensity. By observing the change in counts as @esses, ADs can reveal properties of the last state of the
function of peak laser intensity, the threshold intensity for aelectron. As an example, consider an electron that is excited
given resonant process can be more quantitatively identifiethrough a 5 state of the atom. The electron absorbs one
than by simple inspection of multiple PES displayed on themore photon to get to the MPI order, exciting it into an
same graph. An expected PY curve for a single-ionizatiorunboundd or g state carrying away an angular momentum of
channel, using a restricted laser-atom interaction volume, hds=2 or 4. Thus, for this simplistic case, we would expect the
similar characteristics as those expected for restricted volAD to reflect a superposition af andg angular probability
ume ionization yield experiments. The yield does not growdistributions.
appreciably until the threshold intensity is reached. Once the Figure 5 is a collection of PES, PYs, and ADs for the
threshold intensity is reached, the rate of ionization throughigh-lying Rydberg states with kinetic energies above 2.7 eV
that channel increases rapidly until saturation where the ratand 4.2 eV in the first and second ATl orders, respectively. It
of increase of signal levels out, as the restricted Gaussiais organized into two columns with the left column, display-
volume does not continue to grow for increasing peak intening data for the first ATl order and the right column display-
sities. The ionization volume, for a particular process, adopténg data for the corresponding energy range in the second
the shape of an annulus whose inner and outer radii increagd | order. The energy range of interest is displayed in the
with increasing intensity such that the total volume remaindop PES graph, Figs.(&8 and 5b). A few intensities are
constant. displayed in each PES to illustrate the general trend of the
AD plots have been used for many years to aid in theelectron energy dependence on the peak laser intensity. Fig-
interpretation of PES collected for strong-field ionization of ures §c)—(f) are PY plots of the integration over the energy
atoms. Much of the interpretation of the results has been theange as a function of peak laser intensity. The two vertical
identification of high probability scattering angles, or “jets,” lines in the PY represent the threshold intensities for the
as the ionized electron scatters off of the core during itgponderomotively shifted 5-PRE to drop to a level whose
motion in the laser field5,16,17. It has been observed that binding energy would result in ionized photoelectrons with
as the laser field drives the electron, it has the highest protkinetic energies that correspond to the maximum and mini-
ability to scatter off of the core at angles of 30° and 45°. Themum energies of the energy range of interest. Figutgs-5
observation of the scattering angles for selected regions df) are the AD data for the chosen energy ranges. The angular
the kinetic energies of ejected electrons was yet another suphistributions are collected for a peak field intensity of
porting argument that the plateau extension observed in th23 TW/cnf. Each point on the AD is an integration of the
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FIG. 6. Photoelectron spectféa) and (b)], partial-yield plots
[(c)=(f)], and angular distribution plot&y)—(j), for photoelectron
peaks corresponding to resonantly populatécaid 5 states.

FIG. 5. Photoelectron spectra of tte first and(b) second ATI
orders. The vertical lines ife) and (b) represent the kinetic-energy
peaks that correspond to resonantly populatédafd 7 states.

(c)—(f) are partial-yield plots, andg)—(j) are angular distribution )
plots for those peaks. The energy width integrated for the PY andiumber of counts for the chosen energy ranges does not sig-

AD plots is 0.02 eV. The vertical lines in the PY plots represent thenificantly increase until the threshold intensity is reached in
theoretical threshold intensities necessary to resonantly populate@fder to ponderomotively shift the state into a five-photon
state that would result in an electron with the upper and lower rang&reeman resonance. The ADs for the first order illustrate
of kinetic energies integrated. three distinct lobes per quadrant. The highest count rate is
observed for the orientation of 0°, or parallel to the flight
chosen range of kinetic energies, for a particular orientatioppath, and two more maxima located at 36° and 70°. At an
of the laser field with respect to the flight path. Since theangle of 90° a minimum is observed, as would be expected
parity of the final state of the electron is expected to be eithefor a superposition of various odd states. Although a mini-
even or odd, the AD data are normally fit with a sum of mum is observed for a 90° orientation between the laser field
either even or odd Legendre polynomials. The fits of theand the flight path, the count rate still does not go to zero.
Legendre polynomials serve a dual purpose. First, the fit§he best fit of the daténainly to correct for a nonzero count
allow for a smooth representation of the AD data, and secondate for+90°) was found to be the one that included a 10%
the coefficients of the fits can aid in the identification of thecontribution from even Legendre polynomials. This value
angular momenta of the possible final states. takes into account the possibility of producing ionization
For all energy ranges analyzed in Fig. 5, an inspection ofhrough an even number of photons either through excited
the PYs reveals that the increase in the integrated number @n states or via double ionization.
counts as a function of peak intensity correlates well with the The PYs and ADs for the other two observiestates, the
expected threshold for ponderomotively shifted states. Thédf and the 5, are displayed in Figure 6. The observed
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TABLE |. Summary of the states populated via a five-photon
Freeman resonance from the ground state, the resonant threshold
intensity, and observed kinetic energig¢&E) for the first and sec-
ond ATI orders.

Threshold KE KE
State intensity First ATI Second ATI o o4 28 3o
(TW/crr12) V) V) (a) KE (eV) (b KE (eV)
8f 5.4 2.88 4.42
7f 6.5 2.82 4.36
6f 8.1 2.73 4.27
5f 11.0 2.54 4.09
4f 163 204 3.78 () AD-284eV (d) AD-3.986eV

FIG. 7. Photoelectron spectra and angular distributions for two
peaks that do not have a clear counterpart in the other ATI order.
threshold intensities for ionization through thé 4nd 5  The angular distributions exhibit a fundamentally different structure
states do not exhibit a turn-on as sharp as that observed faran that which is observed for other nearby peaks.
the higherf states, but still agree with the calculated thresh-
old for ponderomotively shifting states. Table | summarizesorder. Table Il is a summary of the odd Legendre polynomial
the resonant state, threshold intensity, and kinetic energy fafoefficients used for the fits of the angular distributions for
above threshold ionization from that state, for all of the stateshe first ATl order peaks analyzed in Figs. 5 and 6. Both
studied in Figs. 5 and 6. observed number of AD lobes and the results of fits using

lon yield measurements discussed in Réf] indicate  Legendre polynomials indicate that the dominant initial
that for the peak field intensity used to collect the ADs,states populated via a Freeman resonance must be thése of
23 TW/cnt, roughly 10—20 % of the ions detected are dou-states.
bly charged ions. If a singly charged ion is present in the As mentioned in Sec. IlIB, in addition to the expected
interaction region its energy levels will be ponderomotively Freeman resonance transitions from the ground state to odd-
shifted through an even parity state and subsequently ioniz@arity states, the PES reveal some unexpected results. Each
If the ion is originally in its ground state and encounters aAT| order possesses characteristics that do not appear to have
ten-photon Freeman resonance, it will ionize from an evenequal counterparts in the other ATI order.
parity state. A calculation performed by Xenalkisal. [20] Unlike Figs. 5 and 6, which highlight the similarities be-
for magnesium atoms exposed to similar laser pulses usingveen the first and second ATI orders, Fig. 7 investigates
400 nm predicted that photoionization from M@)3 to  some of their differences. The energy ranges and ADs for
Mg*3p is a non-negligible process. Even if a significant two of the order-to-order variations observed are displayed in
fraction of the Mg ions are created in the first excited state, Fig. 7. The first ATl order contains a peak with a kinetic
they will encounter a seven-photon Freeman resonance froenergy of 2.64 eV with distinct minima on either side of it
an odd-parity state to an even-parity state and subsequentliycated at 2.60 and 2.68 eV, as illustrated in Fi¢g)7A
ionize. Thus, a mixture 10% odd and even coefficients ofcounterpart in the second ATI order would have a kinetic
Legendre polynomial coefficients for the fits to the AD dataenergy of 4.19 eV. Although there is a slight peak at this
is justifiable, and an accurate representation of the differendéxpected energy for lower intensities, the PES is much more
ionic species is produced. uniform between 4.05 and 4.2 eV for intermediate and higher

For all of the numerical fits to the observed data, theintensities. The minima on either side of the peak at 4.19 eV,
largest coefficients indicate that the most significant angularespecially on the lower-kinetic-energy side, are much less
momentum contributions have valueslefl, 3, and 5 for  pronounced than they are for the corresponding peak in the
the first ATl order, and=0, 2, 4, and 6 for the second ATI first ATl order. The angular distributions for these energies

TABLE Il. Summary of the odd Legendre polynomial coefficients used in the fits for the first ATl order
peaks discussed in Figs. 5 and 6. For easier comparison, all coefficients for each fit are normalized such that
the sum of their squares is 1.

State =1 =3 =5 =7 =9 =11
coefficient coefficient coefficient coefficient coefficient coefficient

8f 0.63 0.38 0.56 0.18 0.27 0.19

7f 0.61 0.11 0.77 0.01 0.08 0.04

6f 0.56 0.10 0.78 0.18 0.02 0.19

5f 0.27 0.13 0.89 0.29 0.14 0.08

4f 0.26 0.64 0.42 0.57 0.09 0.12
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do not significantly differ from those for the rest of the peaksorder-specific peaks originate from unmapped autoionizing
with nearby kinetic energies. Overall, the PES for each ATlstates cannot be ruled out completely.

order possess different characteristics for these correspond-

ing energy ranges; with the first ATl order possessing more IV. CONCLUSIONS

clearly resolved structure between the &d & kinetic en- )
ergies. We have collected photoelectron spectra for magnesium

The peak that appears in the second ATl order with {OMS exposed to 8002' nm, 120-fs I3aser pulses with peak in-
kinetic energy of 3.98 eV is altogether unique, and high-t€nsities from 3.% 10" to 4.0<10"* W/em?. Throughout

lighted in Fig. %b). As discussed in Sec. Il B, this peak the entire intensity range, the magnesium PES do not reveal

appears only in the second ATl order and a correspondin? significant production of hot electrons or a rescattering pla-
e

energy in the first ATI, 2.44 eV, is actually the position of a €aU region, which is not at odds with the results of ion yield
minimum in the PES. Similar to the other peaks discussedneasurements where it is demonstrated that enhanced double

the location of the peak in the PES does not correspond to ignization is multiphoton il_1 nature and not rescattering. The
ponderomotively shifted bound state. But, unlike the othe@2Sence of this characteristic demonstrates that much of the
anomalous peaks discussed, the angular distribution dPnization process for magnesium differs from that which is
ejected electrons measured for this peak, Fig), to differ calculated and obse_rved for noblg gases. Although a signifi-
significantly from the rest of the peaks observed in thatc@nt plateau extension out tofis not detected for mag-
kinetic-energy range and within the second ATI order. The€Sium, observed cut off kinetic energies are in the (8)7)
angular ejection of electrons from the interaction region withfange for linearly polarized light, and (4-8) range for

this kinetic energy poss a noticeably different visual appear_circularly polarized light. Thus, rescattering cannot be ruled

ance with the near absence of minor lobes or “jets,” and thePut completely as a contributing ionization mechanism for

coefficients required to fit this angular distribution are gen—'flt}:a hlgklwetr rangebof obsgrvfed phc;toel_c:_ctronhl_qr;]etlc (tar?erglezs.
erally different than those used for the rest of the peak € JLaeall observed Ior- Intensies migher than

4 . . . . .
within the second ATI order. A more even mixture of even%< 191i0\:]V/cmz is attributed to the photoionization of the

and odd Legendre polynomials was required to simulate the For intensities up to 10 TW/chn the PES consists of ex-

single uniform lobe appearance. ected high-lying, odd-parity, Rydberg states ponderomo-
Both peaks observed in Fig. 7 do ,n,Ot correspond to am%i) ely shiftgd i%toga five-pphotgn Fr)éema%l resonanpce. Kinetic-
expected Freeman resonance transitions from the groungheqy studies indicate that the excited states populaten are
state to odd-parity ponderomotively shifted states, and illusy; f states. Further analysis using angular distributions indi-
trated in Fig. 3. One explanation for the observation of phoate that the intermediate excited states are mostly composed
toelectron kinetic energies that do not correspond to resonagf f states. PES collected for intensities in the region of
shifted states is simply that the shift of the intermediate Statggs, photoelectron peaks appear in both the first and second
is nonponderomotive. The binding energy of a nonponderoaT| orders with energies that do not correspond to five-

motively shifted state is intensity dependent, resulting in &hoton resonant transitions from the ground state to odd-
photoelectron kinetic energy that can vary depending upoRarity excited states.

the instantaneous laser intensity of both the resonant transi- |y gddition, we have also observed different structures
tion and the moment of subsequent ionization. Since the shifiom one ATI order to another. Order-specific structures of
of nonponderomotively shifted states is unknown, the resultihe second ATI occur in an energy range that contains nu-
ing photoelectron kinetic energy is also unpredictable. Withiyerous doubly excited autoionizing states, both well known
out additional knowledge of the original state or a verifiablegng unmapped. The angular distribution data for the kinetic-
prediction of its ac Stark shift claiming a particular peak asenergy peak of 3.98 eV is fundamentally different from the
originating from a nonponderomotive source cannot be madgngular distributions observed for most of the other peaks
with any degree of certainty. Therefore the origin of the uni-within the second ATI order.
dentifiable peaks discussed is still largely unknown at this The explanation for the observation of these characteris-
point. tics is not known at this point, and current ATI models can-
It should be noted here that the second ATI order has ongot explain how these order-to-order variations can occur.
property that is present for no other ATl order. One possiblerhe fact that these anomalies are observed and not easily
reason why a photoelectron can have a kinetic energy in thgxplained indicates that photoionization experiments in mag-
range of 3—4 eV, and no other value for integer photon enpesium offer new perspectives on strong-field ionization,

ergies above or below this range, is that it originated from gynich complement the work on noble gases.
doubly excited autoionizing state. The energy limit for any

3pNI doubly excited state is the M@3p) level, or 4.422

eV above Mg (3s). Historically, the $Ns and the HNd
doubly excited states are well known due to the experimental
availability of these statd21—24. Although the energies of The authors would like to thank P. Randerson for help
these known states do not overlap well with the anomalousvith this paper. This work was supported by the NSF under
peaks of 3.98, 4.08, and 4.18 eV, the possibility that thes&rant No. 9876965.
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