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Quantitative laser mass spectroscopy of sputtered versus evaporated metal atoms
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We demonstrate that the presence of excited states in sputtered surface atoms after ion bombardment affects
the measured ion yield of a subsequent post multiphoton-ionization processes. This effect was investigated
using an advanced time-of-flight mass-spectroscopic technique. This work reports a comparison of two-photon
ionization spectra of metallic atoms obtained from solid samples via sputtering and thermal evaporation that
reveals the role of excited states. Furthermore we experimentally determine the cross sections for the two
photon ionization processes of evaporated Mg, Zn, and In through quantitative ion yield measurement. Nu-
merical configuration interaction calculations for Mg and Zn are presented and the resulting theoretical two-
photon ionization cross sections are compared with the measured ones.
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INTRODUCTION volves complications arising from the nonlinear character of
the ionization process and from the three-dimensional inten-
When an atom is exposed to a strong electromagnetisity distribution around the focus of the ionizing laser beam.
field, it may undergo one- or multiphoton ionizati¢MPI) Because of this intensity distribution and the nonlinearity of
[1]. In the latter case the atomic system is brought from thehe process, the ionization rate is strongly position depen-
ground state into an ionic continuum through the simulta-dent. As a result, measured spectra usually include what is
neous absorption of more than one photon. In the MPI casealled volume effect§5]. One has then to account for these
resonant or nonresonant ionization schemes can be encownlume effects in standard techniques for analyzing mea-
tered, depending on the atomic states and the spectral parasured intensity-dependent ion yields like in the complete
eters of the radiation used. MPI combined with mass speccomparison metho@6,7]. An advanced mass spectroscopic
troscopy, also known as laser mass spectros¢bpy8), has  technique that detects only ions originating from a small
been extensively used for the investigation of the process butvo-dimensional fixed spatial volumgS$s) [8] in combina-
also for analytical purposes. Excluding gaseous substancéi®n with a convolution techniqug9] overcomes this prob-
(e.g., rare gas atomsor materials with low evaporation lem. This method can be used for ion-yield measurements as
pressure at room temperature, like a variety of organic subwell as energy measurements of photoelectrons. In our ex-
stances or mercury, the study of MPI consists of two indeperiment a three dimensiond,10—-17 fixed spatial volume
pendent steps, namelil) “atomizing” a solid target by a is used, in which the intensity distribution of the radiation is
particle beam and?2) postionization of the “atomized” neu- practically constant. This technique completely eliminates
tral particles by a laser. For the “atomization” of solid the volume effect complications and permits quantitative
samples thermal evaporation, laser ablation, or sputtering castudies without any analytical mathematical reconstruction.
be used. The latter technique is generally known as L-SNMSuch analytical reconstructions are valid only for Gaussian
(laser-secondary neutral mass spectrosgd@y or SALI beams and mass spectrometers with no lateral limitations
(surface analysis by laser ionizatjoh3]; for a resonant [13]. Realistic reconstructions for any beam profiles and type
scheme one also encounters the acronym R[MISwhich  of lenses are possible only through numerical approadies
stands for resonance ionization mass spectrometry. A large number of metal atoms, sputtered from metallic tar-
Quantitative ion mass spectroscopy subsequent to MRjets, have recently been investigated with respect to the type
allows the identification of the ionization process as a resoef ionization (resonant, nonresonantionization saturation
nant or nonresonant one, as well as the determination of thiatensities and cross sections, utilizing this technique
ionization saturation intensity and generalized cross sectiorf14,15. In these investigations it has been assumed that the
Furthermore it is a valuable tool for quantitative elementalmajority of the sputtered atoms are in their ground state at
analysis. Quantification of experiments employing MPI in-the moment they undergo ionizatiph6]. This assumption is
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in general valid[16], but can be violated in certain cases. due to deposition of the evaporated magnesium or indium
Since in some of the earlier measureméits 15 the degree  atoms has been taken into account by an additional measure-
of nonlinearity of the process was found different than thement of the pulse energy after the exit window. The results
expected one, the need for more detailed investigation of theave been corrected for the change of the window transmis-
presence of excited states created during the sputtering prgion. What is plotted in the following is the measured ion

cess becomes apparent. ) o yields as a function of,,, where the average intensity is
In the present work we attempt an investigation of thegiven by [8]: 1.,=10[f%(d?~b?)], wherel, is the unfo-

possible degree of excitation of atoms that are erased from g ¢4 peak intensit§in W cm™2), f is the focal length of the

surface via sputtering and how these states affect the result of < 41— 10_15mm the distance between the focus and the

multlphoton-lonlzatlon spectra and thus the (.:OHC“J.S'OUS d?éenter of the rectangular source volume, abe=2.8 mm the
rived from laser mass spectroscopy. The investigation is.

based on the comparison of “two-photon”-ionization spectraS'ze of the volume along the laser propagation direction. The

of metallic atoms obtained from solid samples via sputterin nfocused intensityo is determined usingo=Ep/(AoAL),
and thermal evaporation. here Ag=10x 27 mnf is t_he area of the unfpcused .beam
For all the elements studied, we extract generalized two0rmal to the beam direction, anidt =532.2fs is the width
photon ionization saturation intensities and cross section®f the rectangular pulse profile that has the same energy as a
The saturation intensities and generalized cross sections agaussian pulse profile with a FWHM of 500 fs. The laser
extracted through fitting of known functions to the measured’¢am entered the vacuum chamber that was kept at less than
relative ion yields as a function of the ionizing laser inten-10~" mbar. It should be noted that the optical components of
sity. For Mg and Zn, generalized two-photon ionization crosghe attenuator, the lens and the window, caused an intensity-
sections have been calculated in a full configuration interacdependent spectral broadening of the laser radiation. Thus
tion (Cl) calculation performed for the two valence electrons,for the intensities used in the experiment the maximum spec-
including core polarization effects. Comparison betweertral FWHM has been measured to be of the order of 850
measured and calculated cross sections is found satisfactogm ™ or 100 meV. Increased bandwidth may play a role in
measurements like those presented in this work, in particular
with respect to the resonant or nonresonant character of the
ionization; no temporal broadening has been observed due to
The present experiments combine subpicosecond laséhe propagation through these optical elements.
postionization techniques of sputtered or evaporated metal Sputtering occurred with Ar ions, produced by a sputter-
atoms with a time-of-flight (TOF) mass spectroscopic ing gun(Leybold IQE 12/38 and mass selected by a Wien
method that permits the registration of ions originating ex-filter. Both are mounted at an angle of 45° with respect to the
clusively from the so-called confined interaction volumetarget surface. The primary ion acceleration voltage was typi-
[10—12. In this work it has rectangular dimensions of 1800 cally 5 kV and the typical primary ion currents wereuA.
um (along the laser propagation directjot230 um (along In the second version of “atomization,” a small “home-
the spectrometer axig220 wum (volume V=9.1 made” oven containing the metal under investigation has
X 10~ ° ). With this powerful combination, precise mea- been used. The oven was operated at maximum 800 °C as
surements of the intensity dependence of ion yields that armeasured by a thermocouple. An effusive atomic beam was
free of volume effects have been performed. expanding through a small aperture of 1 mm diameter, into
The laser systerfil7,18 employed is a hybrid seven-dye the acceleration region of the TOF spectrometer. The side of
double-excimer laser system, producing pulses at a repetitiothe oven including the aperture was also serving as the re-
rate of 5 Hz and with maximum pulse energy of 14 mJ. Thepeller electrode of the spectrometer.
system operates at the KrF excimer wavelength of 248.6 nm |ons created via laser postionization were pushed by a
(photon energyh w=4.99 eV}, and has a bandwidth of 20 repeller voltage of about 1.5 kV towards the ion spectrometer
meV or 160 cm®. The FWHM pulse duration is typically entrance slit. This four-grid reflectioifTOF) spectrometer
500 fs, and the produced radiation is linearly polarized. Td10-17 is capable of extracting ions from the well-defined
focus the beam, a Cafplanoconvex lens was used with a confined volume in which ionization is eventually fully satu-
focal length off =200 mm. In order to avoid any nonlinear rated. In this way, volume effects can be avoided. Laser po-
absorption, the material of the entrance as well as the exiarization, propagation direction and spectrometer axis were
window is Cak. The amplified spontaneous emissi@t6E) at 90° to each other. In the present work the focal spot did
to pulse contrast ratio at focus is better than @0To attenu-  not overlap with the confined source volume of the spec-
ate the laser beam, a pair of dielectric plates with an angletrometer. Instead we used the expanding part of the laser
dependent attenuation covering three orders of magnitudéeam(behind the focal spdtin this way the spatial intensity
has been used. By rotating the plates over equal but oppositiependence over the confined source volume is minimized.
angles, the displacement of the beam caused by the first plafes a result of well-known spherical aberration effects the
is exactly compensated for by the second. The pulse energgpatial intensity distribution is more homogeneous behind
E, was measured using a pyroelectric detector. Energy medhe focal spot than in front of it. Typical distances between
surements were performed by averaging over at least tetie focal spot and the heart of the source volume are 10 to 15
laser pulses immediately before and after each ion yield meanm. Further operational details of the spectrometer can be
surement. The change of the transmission of the windowfound elsewher¢14].

EXPERIMENT
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After flying through the spectrometer, the ions were de-trum. There exist even some theoretical two-photon ioniza-
tected using a double multichannel plate detector, a preampion spectra by Moccia and Spiz4@4], Chang and Tang
lifier and a 1 GHz digitizing oscilloscopé_eCroy 9384M.  [25], and Mengali and Moccif22,23. The present calcula-
Raw data were stored in a PC where they were furthefions reproduce especially the two more recent calculations
processed. very accurately in shapéncluding the resonant structures
due to one-photon resonances or autoionizing Stated, as
far as this can be judged from the corresponding graphs, also
good quantitative agreement is found. The situation is quite

The generalized two-photon ionization cross sections fodifferent for Zn. In this case, only energy levels are fre-
Mg and Zn have been calculated in the following way. A full quently reported in literature and a compilation can for ex-
Cl calculation was performed for the two valence electronsample be found in the NIST tabl¢26]. Only a limited num-

For this purpose two-electron configurations were conber of oscillator-strength values are given in the literature. To
structed from the corresponding ionic orbitals describingthe authors’ knowledge, there is no report of a previous the-
Mg* and Zn". Those orbitals were obtained from solving oretical or experimental study of the two-photon ionization
the corresponding effective one-electron Hamiltonian in aspectrum of Zn.

basis ofB splines. The core electrons were described differ- The present calculation reproduces the energy levels of
ently for the two atoms. In the case of Mg, a Hartree—Fockhe lowest lying bound states of Zn as reported in literature
calculation was performed. Afterwards, a core polarization(NIST tables[26]) for all angular momenta relevant to the
potential was added to the obtained Hartree—Fock potentiapresent study. This is also the case for the corresponding
and a diagonalization of the resulting effective Hamiltonianionization thresholds. The oscillator strength values for the
gave the ionic orbitals used in the CI calculation for thetransitions 42 'S—4s4p P, 4s4p 'P°—4s5s'S, and
valence electrons. For Zn, a quasirelativistic energy4s4p 'P°—4s4d 'D agree reasonably well, i.e., within at
consistentab initio pseudo potential replaced all 28 core least 30%, with the values reported in literat(jt27,28, and
electrons. Again, a core-polarization potential was added toeferences therein An exception is the #4p 1P°

the effective one- and two-electron Hamiltonian operators—4s5d 1D transition, where the oscillator-strength value
used to obtain the ionic orbitals and the final Zmlence  found in the present work is three orders of magnitude larger
wave functions. The parameters for the pseudopotential arithan the one given by Biemont and Godefr{a®], the latter

the core polarization potential were taken from Schautal.  being, however, very smal(ln addition, the value given by
[19]. The calculations for Mg are fully nonrelativistic, while those authors varies by four to five orders of magnitude
in the case of Zn, relativistic effects were partly included viawhen using either Hartree—Fock or multiconfiguration
the pseudo potential. For both atoms calculations of the crogdartree—Fock, our result lying in between those vall€lse
sections were performed in length and velocity gauge. Wheone-photon ionization spectrum shows good qualitative
the length gauge was used, the dipole operator was modifieabreement with the experimentg29] and theoretica[30]

to take into account the influence of the core-polarizatiorspectra, but its magnitude is roughly a factor of 2 to 4 off
potential (see, e.g.[20]), but the corrections due to this ef- (the theoretical spectrum given in literature is about a factor
fect were found to be small. A more detailed description of2 larger than the experimental one, and the present calcula-
the calculational procedure for obtaining generalized multition is about another factor 2 largelOf course, using the
photon ionization cross sections using a valence-electron Giresent model where all core electrons are described by a
approach in &8-spline basis can be found j21]. pseudopotential, the one-photon ionization spectrum can

While no efforts were made to improve on the core polar-only be evaluated up to a photon energy of about 11 eV,
ization or pseudopotentials, it was carefully checked thasince above that energy the first dipole-allowed transition
convergence with respect to tBespline basis and the num- involving an inner-shell excitation (#4s 224p) appears. In
ber of configurations included in the CI calculations has beeifiact, this state leads to a very prominent peak in the spectrum
achieved. Converged results were obtained using BO2 and is thus connected to the electronic ground state by a
splines of order 9 covering the radial variable from 0 to 300rather large transition dipole moment. The same limitation
a.u. The Cl calculations were well converged when adoptingpplied to the two-photon case restricts the energy range in
about 2000 to 3000 configurations per quantum number ofvhich the present approach can describe the physical spec-
total angular momentun. Due to the finite spheréwith  trum to photon energies below approximately 5.5 eV. In Fig.
radius 300 a.).covered by theB splines the electronic con- 1 the two-photon ionization spectrum of Zn is shown. Figure
tinuum is box discretized. The normalization factors used tdl(a) shows the separate contributions from final states &ith
go from the L? discretized continuum to the energy- and D symmetry, respectively. Clearly, the total spectrum
normalized one were evaluated both using the density ofshown in Fig. 1b) for the two gaugesis dominated by the
states and a matching to phase-shifted Coulomb wésess  contribution from final states witld symmetry. In the case
e.g.,[21]). A very close agreement between the normaliza-of all the two-valence-electron systems &), Mg [23—
tion factors obtained by those two methods was obtained. 25], Zn (this work), and H, (A symmetry[32]) this appears

There are many references for energy levels ando be the case close to tlisvo-photon ionization threshold.
oscillator-strength values for M@ee[22,23 and references It is also interesting to note that for all those systems the
therein. Those data are well reproduced in the present calspectrum corresponding to final states W&(%) symmetry
culation. The same is true for the one-photon ionization specshow a minimum close to the ionization threshold that is

NUMERICAL CALCULATIONS
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k=) energy itself, but if the dipole moments are very largend
5 if sufficiently many of them contribuje those states may
3 “,; play some role. A final judgment on this issue would require
bl a calculation that also includes those states explicitly. In con-
£2r clusion, well-motivated approximations were used in the
30 B present numerical study, but the final judgment on their va-
- lidity requires further theoretical and experimental studies. In
o E this context, it would be very interesting to experimentally
Gf—’ ' investigate the dependence of the Zn two-photon ionization
8 2 cross section on the photon energy.
=}
'9 é- I B B B RPN
5 5.5 6 6.5 RESULTS
Photon energy ( eV ) The atomic systems that have been experimentally inves-
tigated are'?Mg (group 1l A), 2%Zn (group Il B), and “°In
(group 11l B). These metals have ionization thresholds 7.646,
o, 9.394, and 5.786 eV, respectively. Thus they undergo a two-
o photon ionization. The ground state configuration of Mg is
§,\O [Ne] 3s2 1S. The closest electric dipole allowed resonance,
+ - for the 4.99 eV photons of the experiment, is to the state
§. [Ne] 3s3p PP, with an excitation energy of 4.34 eV. Thus
B2 the detuning from this resonance is 650 meV and the process
° is expected to be nonresonant. The corresponding states
~'5 for Zn are: [Ar]3d¥%s?!S (ground state and
@ [Ar]3d1%s4p 1P (first dipole allowed resonance at 5.79
SRS eV). The detuning is 806 meV, even larger than for Mg. For
; In we have g Kr] 4d%s?5p 2P ground state and the clos-
o . ] est dipole allowed resonance, thér] 4d'%s?6d 2D state,

5 55 6 65 is at 4.84 eV and thus the detuning reads 160 meV. For this
element a nearly resonant process cannot be excluded.

For these three elements the measured ion-yield versus

FIG. 1. Calculated two-photon ionization spectrum of Zn con-laser-intensity curves for ions originating from the confined
tributions from final states witls (solid line) andD (dashed ling ~ volume are shown in Figs.(®, 2(b), and Zc). The full
symmetry(a); total spectrum calculated in the lengtbolid line) squares correspond to data obtained from atoms sputtered
and velocity gaugédashed ling (b). from solid targets, while the hollow circles are the results of

evaporated atoms. For all three elements, saturation has been

caused by an interference of terms appearing in the Summéeached_ for the intensities used. The solid lines are fits of the
tion over (virtual) intermediate states. expression:CP(l ,t—»oo),. where C. is a -constantl used be-

When comparing the absolute value of the generalize§ause the measured yields are in arbitrary units B(idt
two-photon cross section of Zn with the experimental result—)=1-e~(/'sa)" is the ionization probabilityafter the
it is important to keep in mind the possible limitations of the laser pulse is ovéras a function of the laser intensity, which
present numerical approach. Relativistic effects, especiallis the solution of population rate equations for a nonresonant
spin-orbit coupling, were not explicitly considered for the n-photon ionization[14] and | g5 the ionization saturation
valence electrons. This is motivated by the fact that the diintensity as defined in, e.d.14]. At low intensities this ex-
pole transitions from the ground state to bound triplet statepression reduces tB(l,t— )~ (I/1gx)", which in a log—
are very smallsee, e.g.[33]), but this may not be true for log representation is a straight line with slopeC and | gur
other transitions that should be considered in the summatioare fit parameters. The parameteshould be equal to two
over virtual intermediate states. The ability of the used cordor a nonresonant two-photon ionization process. It is kept
polarization and pseudopotential for reproducing oscillatorthough as a fit parameter in order to examine whether the
strength values may be limitgthe potential was optimized process is indeed a pure two-photon ionization process, de-
to represent energy levels as accurately as pogsiblg  scribed by a single two-photon ionization rate, or possibly
again the(few) oscillator-strength values that could be com-initially populated excited states give rise to deviations from
pared with seem to indicate that the numerical approach ithis value, adding some single photon ionization character
reasonable. Finally, the present approach completely ignorasto the process. Onde,r andn are determined through the
core-excited states. Also this is not expected to be a sevef# the generalized cross section can be extracted in a straight-
limitation for the photon energies considered, since the deforward manner, as it is a function of these two parameters,
tuning of the photon from a one-photon resonance with suclthe photon energy and the effective pulse durati@#].
a state is more than 6 etand thus larger than the photon Dashed lines are fits of the expression

Photon energy ( eV )
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FIG. 2. Measured ion yield as a function of the laser intensity for{¥lg 12] (a); Zn[Z=30] (b); and In[Z=49] (c). Solid lines are
fits of the expression that describe miphoton nonresonant ionization process, as explained in the text, with fit parameters the g@nstant
the ionization saturation intensity,r, and the number of ionizing photoms Dash lines are fits of the expression that describe a near
resonant two-photon ionization process, as described in the text, with fit parameters the d@hstadtthe cross sections, o .

, L —(A2)[cogB+1)] which is the solution of population rate equations for a reso-
P(®)=C'{1+3[secB-1)]e nant two-photon ionizatioil4], with C' a constant used
1 n +(A)[cogB—1)] because the measured yleld_s are in arbitrary uwits|k
2[secB+1)]e } + (204 + 05)®]r and B=arcsin(2/o o, 7/A), where d
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TABLE |. Measured two-photon ionization saturation intensities and generalized cross section of Mg, Zn,
and In at the wavelength of 248 nm and 500 fs pulse duration and the corresponding calculated two-photon
generalized cross section for Mg and Zn.

U'(Z)EXPT( 10748(:”14 S) I SAT( 1012W/sz) O'(Z)TH(10748CFI’14 S)
2mg 1.1+0.2 1.3:0.2 1.0
30Zn 2+1 0.95+0.3 0.9
“In 5.2+0.5 0.58-0.03

is the photon flux,c,,0, the cross sections of the two ab- excited states of sputtered Zn atoms. The first Zn excited
sorption steps ank the decay rate of the intermediate reso-state €P°) is at 4 eV and thus its ionization with 4.99 eV
nance[14]. It should be noted that for a near resonant ion-photons is a two-photon process as is the ionization of the
ization process the produktr becomes negligibl€14] and  ground state too. One would of course expect two different
thus knowledge ofk is redundant. Fit parameters are thecross sections and consequently two different ionization rates
constantC’ and the cross sections;,o,. For Zn and In the and saturations intensities. This has not been observed in the
expression describing a nonresonant process, with a sloggesent measured.

very close to two, gives a much better fit than the expression For all three metals, double ionization has also been ob-
describing a near resonant process, stating conclusively thaerved with an appearance intensity close to the single ion-
the ionization process is, as expected, a two photon nonres@ation saturation intensity.

nant one. For Mg both expressions for both resonant and

nonresonant two-photon ionization give fits of similar qual- CONCLUSIONS

ity. Thus the type of ionization of Mg is not distinguishable

from the fitting procedure. There is though no definite evi- : .
dence why this process should be a resonant one. The pulgéat has been developed and used in our experiments has

bandwidth of the laser including the bandwidth broadenind)roven to be an efficient tool for quantitative measurements

of 100 meV, mentioned in the experimental section, occur—Of the multiphoton-ionization probability. We have thus mea-

ring through nonlinear effects at the different optical eIe—?urrijlj thzentv;cr)]—élz)rrr?tog gnfgaerrg“é?g ;ﬂﬂ'iiﬁf:cgrgfscgiﬁﬁﬁns
ments is not sufficient to support arguments for a resonanf 9, 2N, ¢ - BY o :
lon, theoretical two-photon ionization cross sections of Mg

process in Mg. This is because the detuning from a Oneémd Zn were obtained and compared with the experimental

hoton resonance is similar to that in Zn and four times .
b nes. The measured values for Mg and Zn have been in

larger than in In. The resulting two-photon generalized cros reasonable agreement with the calculated theoretical ones
sections and ionization saturation intensities for the ioniza- 9 )

tion of the evaporated atoms are shown in Table |. The errorg revious d expgr]ments lés'ng sputterlnlg haveh shown _';_hat at-
quoted are errors given by the fit. For Mg and Zn in Table I,o;nsh produced in exIC|te istatesh_comﬁp icate the lqualnn |(t:)at|on
the calculated two-photon ionization generalized cross sel he ﬁxperlmentg resu tr']s..T N _?_heCt was clearly adsentf
tions are included. The agreement for Mg is excellent and foﬂs't?]g t ?hea/a’porat:?gftecthmquet. | I\e/lco?paragvle SLU y 3
Zn is reasonable given the limitations described in the prefhotﬂr:]e lo sfre:[su S ord € n;e_ as 'tg,d r][ ?n ns OV\t/e i
vious section and the experimental uncertainties in determin- athe role ot aloms produced in excited states IS importan
ing the laser intensity at the focus and in keeping the atomi n the case of In but minor in the case of Zn. This v_erlfles
number density constant. at thg importance of excited atoms produced during the
Comparing the measured curves of sputter@olid sputtering process is element specific. No general conclu-

squares in Fig. Rand evaporated atorf&ollow circles in sions can be drawn and each element has to be separately

Fig. 2), an unambiguous difference is observed in In. WhiIeStUd.Ied in this respect. . .
the slope of the log—log curve for the ions produced from . Finally, the curves measured using the evaporating tech-

; : . ique are more accurate in describing multiphoton processes
evaporated atoms is close to 2, its value in the case of spu 1a . ning P pro
an the ones measured in previous experiments using the

tered atoms is 1.2. Saturation of ionization of sputtered at- . . . ;
oms occurs at lower intensities than for evaporated atomsc'.putterlng technique. In case the meiting of the sample is not

These observations give strong evidence that the sputterir%pmblem’ the evaporating technique not only provides use-
it

The experimental set-up using the evaporating technique

process creates a large percentage of atoms in excited sta meormaﬂon on the nature of r_nultlphotc_)n processes, but
that photoionize through one-photon absorption. A reductio So on the effects of the sputtering technique.

of the slope in the curve of the sputtered atoms is also ob-
served for Mg. Because of the missing saturation plateau, we
cannot extract a value for the saturation intensity. A single- This work was carried out in the Ultraviolet Laser Facility
photon ionization of excited states populated during the sputtULF) operating at FORTH-IESKTMR Contract No. ERB-
tering process of Mg cannot be excluded. In Zn, both curve$MGE-CT950021 and was partially supported by the
of evaporated and sputtered atoms have the same slope of IIEAK program of the Greek Ministry of Education. We
which is compatible with a two-photon ionization. This ob- would like to thank A. Eglezis for his skillful technical as-
servation alone cannot exclude the presence of population isistance.
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