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Multiphoton ionization of V, Cr, Y, La, and Ir through 0.5-ps ultraviolet laser pulses
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The two-photon ionization of the metal atoms V, Cr, Y, La, and Ir sputtered by an Ar-ion gun from solid
targets has been investigated using linearly polarized laser pulses of 500-fs duration and 248.6-nm~KrF!
wavelength in combination with mass spectroscopy that is free of volume effects. A near-resonant ionization
process has to be attributed to all five atoms. By fitting analytical solutions of a rate equation model describing
the temporal evolution of the ionization process, we can determine absolute values of the one-photon cross
sections and saturation intensities.@S1050-2947~99!04810-6#

PACS number~s!: 32.80.Rm
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Quantitative ion mass spectroscopy subsequent to m
photon ionization~MPI! allows the identification of the ion
ization process as a resonant or nonresonant one, the d
mination of the saturation intensity, and generalized cr
sections. Quantification of a technique employing MPI
volves complications arising from the nonlinear character
the process and from the three-dimensional intensity dis
bution around the focus of the ionizing laser. Because of
intensity distribution and the nonlinearity of the process,
ionization rate is strongly position dependent. As a res
measured spectra usually include what is called volume
fects. In our experiments the laser–secondary neutral m
spectroscopy~L-SNMS! @1# or surface analysis by laser ion
ization ~SALI! @2# is employed: particles sputtered by a
Ar-ion gun from the solid target are postionized with a fix
frequency laser and further mass analyzed. Quantificatio
our results is enabled by an advanced mass spectrosc
technique@3# that detects only ions originating from a sma
fixed spatial volume in which the intensity distribution of th
radiation is practically constant. In this way volume effec
are eliminated from the measured spectra.

In a recent publication, employing the above techniq
the MPI of a series of metals has been systematically inv
tigated using 0.5-ps laser pulses of 5-eV photon energy@4#.
In the present work we report measurements of five ad
tional metals~V, Cr, Y, La, and Ir! and thus expand the
database of the MPI of metal atoms under the given radia
parameters of the KrF laser system used@5,6#. At these laser
parameters, our completely volume-effect-free techniqu
unique for the study of resonant or near-resonant two-pho
ionization processes. In a log-log representation of the
yield as a function of the laser intensity in the nonsatura
regime, the slope of the line is between 1 and 2. For a Ga
ian beam profile, volume effects result in a slope of3

2 @7#
above the saturation intensity. These slope values are
close that saturation~change of slope! is effectively not ob-
servable. Elimination of volume effects is an efficient way
avoid this problem.
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The experimental setup and method employed in
present work have been described elsewhere@4#. What is
measured here in a volume-effect-free manner is ion y
versus laser intensity for the V, Cr, Y, La, and Ir atoms. T
ionization thresholds of the investigated elements range
tween 5.58 and 9.1 eV. Thus for all of them the ionizati
involves a two-photon absorption. Figure 1 shows the m
sured ion yields in a log-log representation. For four of t
above metals, observation of absolute saturation was
sible within the range of intensities available in the expe
ment. In the case of La, absolute saturation is not observ
for an averaged intensityI av<231012W/cm2. For all five
elements, double ionization is observed which~except for the
case of La! almost saturates for the highest intensities us
here. Triply ionized Y, V, and Cr could also be observed.
the case of La, LaO ions are strongly present and de
saturation. This oxide could perhaps be related to the prod
tion mechanism of La1, which does not show saturation
Furthermore, for all curves in Fig. 1, the observed slope
the lowest intensities employed~far from the saturation in-
tensity! is significantly smaller than 2~1.5–1.7!, which is the
expected value for a completely nonresonant process.

Since the coherence time of the laser is about 10 tim
shorter than its pulse duration, we apply a rate equa
model, describing the temporal evolution of the ionizati

ic

TABLE I. Experimental (s1 ,s2 ,I sat) values of the resonantly
enhanced MPI cross sections for V, Cr, Y, and Ir. For each of

listed pairs (s1 ,s2) there exists another pair (1
2 s2,2s1) that gives

an equally good fit to the experimental data. The errors given
one standard deviation, and include the experimental uncertain
the laser intensity. The error values for the given saturation int
sity I sat are approximately 30%. For the definition of the symbo
used and the fitting procedure, see Ref.@2#.

Z Atom s1 (10217 cm22) s2 (10217 cm22) I sat ~W/cm2!

23 V 0.460.12 7.962.4 3.631011

24 Cr 1.761 3.062.4 1.531011

39 Y 0.660.2 8.763 2.731011

77 Ir 1.160.3 1664.8 1.531011
3311 ©1999 The American Physical Society
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FIG. 1. Measured ion yields as a function o
laser intensity for V (Z523), Cr (Z524), Y
(Z539), La (Z557), and Ir (Z577).
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process, in order to extract quantitative results from the m
sured data. Details of the model are described in Ref.@4#.

An analytical solution of the rate equation model@Eq.
~15! of Ref. @4## has been fitted in the measured single io
ization data. The fitted curves are shown in Fig. 1. The
sulting fit parameters shown in Table I are the cross sect
s1 and s2 and the saturation intensityI sat of the near-
resonant ionization process, as defined in Ref.@4#.

The extracted cross sections indicate that saturation in
sities for the resonantly enhanced processes of V, Cr, Y,
od
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Ir will be in the range between 106 and 107 W cm22 when
using a common KrF ns laser system, and thus experim
are tractable with such a common excimer laser system
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