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Abstract. The three-photon ionization in Ca from 4s> 'Sy ground state is studied. The two-photon process
is a near — resonance process with one of the following bound states: 4s4d 1Dy, 4p® 3Py, 4565 'S, 4p? Do
and 4p® 'Sy while the third photon reach either directly the continuum or one of the autoionizing states.
The succession of bound states as well as the transitions above the ionization limit are discussed. The
dynamics of the multiphoton excitation processes is also discussed and radiative decay of 4p® 'Sy Ca state
with two-photon excitation as well as (the measured) decay times of the Ca autoionizing states using the
proper line profiles for different quantum numbers has been determined.

PACS. 32.70.-n Intensities and shapes of atomic spectral lines — 32.70.Cs Oscillator strengths, lifetimes,
transition moments — 32.80.Fb Photoionization of atoms and ions — 32.80.Rm Multiphoton ionization and
excitation to highly excited states (e.g., Rydberg states)

1 Introduction

A progress in the physics of lasers, masers and synchrotron
radiation has stimulated numerous new developments in
both experimental and theoretical investigations of the
interaction of radiation with atomic systems. As a re-
sult of such an interaction atoms may be excited or ion-
ized. The latter process may in particular occur through
an excitation and a decay of autoionizing states. The
measured lifetimes of these states as well as lifetimes of
atomic and molecular Rydberg states disagree often by
several orders of magnitude from those expected theoreti-
cally. The reason, of such discrepancies have already been
discussed [1-3] and is still interesting [4]. For instance,
the line profiles of multiphoton optical transitions to the
Rydberg states depend not only on the radiative decays of
those states but also, on several nonradiative decay chan-
nels such as those through autoionizing state. In such a
case the analysis of decay processes of autoionizing states
is important.

The studies of the lowest autoionizing states of alka-
line earths can be performed by using only one or two laser
beams and have been performed earlier [5-10]. The reso-
nances to autoionizing states of Ca which are located in
the higher part of continuum can be reached by the three-
photon transition [11-14]. In calcium as in other elements
possessing two ns valence electrons, the electron correla-
tions in the valence shell are sufficiently strong to allow for
a reasonable probability of exciting both valence electrons

# e-mail: dlisak@phys.uni.torun.pl

simultaneously. An ionization in Ca can thus occurs either
via a transfer of a single electron directly to the contin-
uum or via a transfer of one electron to the continuum
accompanied by an excitation of the other electron or via
a simultaneous excitation of both electrons, one of them
being transferred to an autoionization state which later
decays. An important question is which of these mecha-
nism dominates.

In the present study two-photon resonant processes
due to the bound Ca states as well as three-photon res-
onances due to autoionizing Ca states are engaged. The
three-photon ionization in Ca is performed by two-photon
transitions from the 452 'Sy ground state to the vicinity of
excited states: 4s4d 'Ds, 4p? 3Ps, 4565 1Sg, 4p? 1Dy and
4p? 1Sy, where the third photon ionizes the atom. Simulta-
neously three-photon ionization through the autoionizing
states has been observed. An excimer — dye-laser, 10 ns
duration, exciting the atomic system with the laser inten-
sity of 10® W /cm? was used. A mass spectrometer was em-
ployed in order to resolve the Ca* ions and to improve the
signal to noise ratio. All the observed resonances are man-
ifested as an increase in the ion number. Additionally the
radiation decay of two-photon excited 4p? 'Sy state, for
laser intensities of 10* W/cm? have been measured. The
range of the wavenumber under investigation, 18 600 cm ™!
to 20 930 cm~* for one photon of laser excitation, has been
explored. All measurements have been performed for such
laser intensities and Ca beam densities that collective ef-
fects and charge effects [13,15-19] do not modify the mul-
tiphoton ionization.
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Fig. 1. The experimental set-up. TOF — time-of-flight mass
spectrometer, RTMS — real time multichannel scaler, PMT
— photomultilier tube. Optical set include linear and circular
polarizers. For some measurements the digital LeCroy oscillo-
scope was used instead of the RTMS (see text for the detailed
description).

The selection rules and the transition sequences during
multiphoton excitation depend on the laser polarization.
The analysis of Ca photoionization spectrum in the ex-
amined range of wavenumbers has revealed the positions
of the bound states excited by two-photons: 4s6s 'Sy,
4p? 'Dy and 4p?'Sy. The comparison of the shapes of
the signal due to the autoionizing transitions have been
performed within the Fano model [20]. The role of two
possible channels (autoionization with or without reso-
nant intermediate states and direct) of the multiphoton
ionization has been considered. The analysis of the Fano
autoionizing line profiles using the computer procedure
allowed us to determine the measured decays of autoion-
izing states for both, low and high quantum numbers of
measured transitions series.

The main goal of this paper is the investigation of a
dynamic of processes in Ca atoms due to the multipho-
ton ionization. One has to stress that the method used is
based on a direct observations of the ionization product
combined with a multiphoton excitation. A high sensi-
bility of such a method allowed for an observation of the
autoionizing states close to the limit of the series and mea-
surements of their Fano autoionizing shapes. Due to the
multiphoton, two-photon resonant character of the exci-
tation one could analyze the transitions to the final states
with both J =1 and J = 3.

2 Experiment

The experimental apparatus is shown in Figure 1 and has
been described in detailes in our earlier papers [13,19]. An

oven — a source of Ca beam and a time-of-flight (TOF)
spectrometer are placed in the vacuum chamber. The pres-
sure in the vacuum chamber associated with operating Ca
oven is of order of 10~7 mbar.

The Ca effusive atomic beam produced by the oven
had a diameter 0.4 cm in the interaction region where the
laser beam and Ca atomic beam intersect and where ions
and electrons are created. The density of the Ca beam
is in range of 10*—10'2? atoms/cm?® [21]. The excitation
system is based on excimer laser pumped (308 nm) dye
laser delivering tunable radiation with 0.5 cm~! band-
width and 10 ns pulse duration. The polarization of the
excitation laser beam was linear (polarizing prism plus
A/2 Fresnel rhomb) or circular (polarizing prism plus
A/4 Fresnel rhomb) in all of our measurements and fo-
cused in the Ca effusive beam. In both cases polarization
of laser beam was greater than 99%.

The method of ions detection is based on an single
ion counting or an integrated ion signal measuring. The
COMSTOCK, model TOF 101 mass spectrometer with
the tandem multichannel plate detector [12,13,19] allowed
us to resolve the Ca™ ions only. The ion signal from the
multichannel plate detector have been measured using a
real time multichannel scaler or a LeCroy 9370, 1 GHz
digital oscilloscope [22]. The procedure of measurements
described above gives us the time of flight distribution of
the detected Ca™ ions [13,19]. Those measurements were
performed for laser intensities in the range of 108 W /cm?.

The method of the Ca bound states lifetime measure-
ments using the 10 ns pulse dye laser depend on regis-
tration of the Ca fluorescence signal in a real time. The
Hamamatsu R943-02 photomultiplier with the 2 ns rise
time of pulses have been used in the single photon counting
mode. The Ca fluorescence signal passes through an inter-
ference filter and reaches the photomultiplier. The photon
signal from the photomultiplier detector was composed of
a train of pulses amplified [23] and fed to an input of a
real time multichannel scaler [22]. The procedure of the
bound Ca states lifetime measurements described above
was performed for different laser intensities in the range
of 10* W/cm? and has been averaged over 10* laser shots.
It gives us the lifetime of the bound state for a selected
laser power.

3 Two-photon bound state transitions

Calcium atoms in the thermal atomic beam are ex-
cited from the 4s2'Sy ground state to the region of
the 4s4d Dy, 4p?3Ps, 4s6s 1Sg, 4p? Dy and 4p?
1S, states by two photons from a pulsed dye laser (Fig. 2).
The atoms can be photoionized by a third photon from
the same laser and overcome the ionization limit of
Ca (49306 cm™!) [24,25]. Moreover, in the examined
wavenumber v = 3vy (where vy is the laser photon
wavenumber) region the manifold of autoionizing states
was found and identified [11,13,14,25]. We have to no-
tice that in our earlier papers [12,13,19] the succession of
4565 'Sy and 4p? 'Sy have been taken according to the
paper by Moore [24].
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Fig. 2. A simplified energy diagram of Ca. The laser fre-
quency corresponds to the two-photon resonance from the
4s5® 1Sy ground state to one of excited states: 4s6s 'So,
4s4d 'Da, 4p* 'S0, 4p® 1 Do, 4p* °Ps.

3.1 The selection rules

The atom/ion-radiation field interaction can be charac-
terized by selection rules concerning the change of the
quantum numbers representing those atoms or ions. The
selection rules [26] and the transition sequences during
multiphoton excitation depend on the laser polarization.
For linear polarization AM = 0 and for circular polariza-
tion AM = +1. Taking into account that the L-S coupling
is not a good approximation in calcium we have to expect
that the simple selection rules brake down and only the
selection rule for J should work [11]. In our paper we use
the L-S coupling notation for simplicity.

In our measurements we used the linear and circular
polarization of the laser beam. In Figures 3 and 4 the ion
signal is presented as a function of the wavenumber for the
aprriopriate transitions from the ground Ca state. From
Figure 3 (452 'Sy to 4s6s 1Sy and 4p® 1Dy) it is seen that
the height of the maximum of the ion signal for two-photon
resonant three-photon ionization (4s? 1Sy—4p?1Dy) does
not depend on the laser beam polarization what agree with
the theoretical predictions. Two-photon transition to the
state 4p?'Dy (J = 2 and M = 0,41, +2) is allowed ac-
cording to the selection rules depending on laser beam
polarization because the ground state of Ca is character-
ized by J = 0 and M = 0 and we can take into account
that the intermediate state reached by the first photon is
4s4p Py state (J = 1 and M = 0, £1). For other schemes
of two-photon resonance three-photon ionization (4s% 1Sg—
4565 1Sg, Fig. 3; 4s% 1S9-4p? 1Sy, Fig. 4), the ion signals
are different for different polarization of the laser beam.
In this case the intermediate state reached by the first
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Fig. 3. Ionization yield for two-photon resonant through
4565 *Sg and 4p? 1Dy states, three-photon ionization as a func-
tion of wavenumbers v = 3y, for linear and circular laser beam
polarization.
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Fig. 4. Ionization yield for two-photon resonant through
4p> 1Sy state, three-photon ionization as a function of
wavenumbers v = 3v, for linear and circular laser beam po-
larization.

photon is also 4s4p 'P; state. For the two-photon reso-
nance both states 4s6s 'Sy and 4p? 'Sy are characterized
by the quantum numbers J = 0 and M = 0. In this case
such transitions are allowed for linear polarization while
are forbidden for circular polarization.

The observation of nonzero ion signals in the situation
in which two-photon resonances are forbidden can be ex-
plained by a possibility of other intermediate states intro-
duced in the excitation process. For such a heavy atom as
Ca we should take into account [11] of spin-orbit coupling.
The rule of AS = 0 can be violated if the LS coupling is
broken. In such a situation the intercombination transi-
tions through triplet intermediate states is possible. We
have observed the ion signal for two-photon resonances
from the Ca ground state to 4p? 3P, state. This state is
a triplet state while the ground state and 4s4p 'P; states
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are the singlet ones. The intensity of the observed reso-
nance leaves no more doubts that this resonance occurs
through the triplet state.

3.2 Order of the Ca states

The theoretical analysis of Ca photoionization in the ex-
amined range of wavenumbers has revealed the positions
of the essential states excited by two-photons: 4s6s 'Sy,
4p® 1Dy and 4p?'Sy. The papers published before 1985
were based mainly on the data from Moore [24] where
the order of states had been: 4p®'Sy; — 40690 cm™!,
4p% 1Dy — 40720 cm ™, 4565 'Sy — 41786 cm™!. On the
other hand the papers published after 1985 have used the
data from paper of Sugar et al. [25] where the order of
4565 'Sg (40690 cm~!) and 4p? 'Sy (41786 cm~!) states
had been changed for the same wavenumbers as in the
paper [24]. This correction introduced in the paper [25]
has been explained by the quantum defect calculations
done by Risberg [27]. In this paper Risberg explained that
this change of the relative positions of Ca states gave a
better fitting of the 4s6s 'Sy state to all the series of
4s ms 1Sy states and attributing the 4p? 1Sy state to the
level 41 786 cm~! should give a better ordering according
to the theoretical ordering of three states of 4p? configu-
ration: 3P, 'D, !S.

Note that while the ordering of Sugar et al. [25] and
Risberg [27] is in agreement with the general Hund’s rules,
the ordering of Moore [24] better agrees with a regular
behaviour of the whole series of 4s ms 'Sy states. In our
opinion the explanation given by Risberg [27] is not satis-
factory because the author has not given any calculations
nor references.

Our results obtained during the three-photon ioniza-
tion due to the autoionizing states can support the pro-
posed change of order of the 4s6s'Sy and 4p® 'Sy states
as given in paper of Sugar et al. [25]. As it was mentioned
before (see Figs. 3 and 4) it seems that the two-photon
resonant transition probability to the autoionizing states
should be larger in the case of the intermediate state 4p?
than in the case of 4s6s configuration. Moreover, autoion-
izing states are highly excited states with two electron
excitations, so an intermediate resonance with two elec-
trons excitation should stimulate this process. We will
show later that during the three-photon ionization due
to autoionizing states the enhancement of the ion signal
observed for the wavenumbers about 41786 cm™! is cor-
related with the two-photon 4p? 1Sy resonance.

3.3 Experimental two-photon resonant excitation
and lifetime measurement

The two-photon resonant excitation to the bound
4p? 18, Ca states have been performed for the lower laser
intensities. In such a case the population of the excited
bound state of Ca was a function of the probability
of a radiative decay and low probability of the ioniza-
tion by the third photon. The measurement of the de-
cay of 4p®'S, Ca state consisted in the measuring of
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Fig. 5. The example of one radiative decay of 4p> 1Sy Ca state
with two-photon resonant excitation.

478 nm fluorescence due to the transition from 4p? 'S,
to 4s4p 1P and was performed for the laser intensity of
order of 10* W/ecm?. We have compared results obtained
for 10* laser shots for several laser intensities. An exam-
ple of our results is shown in Figure 5. Taking into ac-
count that the laser pulse duration is 10 ns, the results
presented in Figure 5 are obtained without the time de-
convolution procedure. We assume that the plot of photon
counts vs. time scale, 50 ns after the laser shot depends
only on the decay of the atomic bound state. Because the
results do not depend on the laser intensity in the range
of the intensities variation we can assume that the mea-
suring of 4p? 1Sy Ca state decay is stimulated only by the
radiative decay while the third photon ionization process
can be neglected. The averaged lifetime obtained by us
is 7 = 13.91 £ 0.45 ns and is close to those measured by
Havey et al. [28] (12.6 ns) and Smith [29] (13.3 ns) as well
as calculated by Mitroy [30] (12.5 ns).

4 Three-photon resonances above
the ionization limit

In the simplest case three-photon resonances due to the
autoionizing states are described in terms of a single elec-
tron excitation and/or ionization. This means that ex-
actly one of the spinorbitals in the initial (usually ground)
atomic state is replaced by a spinorbital representing an
excited or liberated electron. However, some of the ex-
perimental results concerning, e.g., cross-sections for pho-
toionization [31-35] or angular distributions of photoelec-
trons [36-39] cannot be adequately interpreted in terms of
one-electron processes. One must thus take into account
the channels including a double ionization, an ionization of
one electron accompanied by an excitation of another one
or an excitation of two electrons. In the latter two cases
the excited states may be autoionizing states, the decay
of which leads to the ionization. The problem whether
the transitions of the two electrons occur simultaneously
or rather have a character of a two-step process is a key
problem in the investigations of the ionization dynamics.
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4.1 The analysis of the highly excited Ca states

The exploration of a range of the laser photon wavenumber
vr, between 18600 cm ™! and 20930 cm ™! gives the pos-
sibility of finding many three-photons transitions due to
the autoionizing states [14]. In the experiment the three-
photon energy transfer (v = 3vy) in the vicinity of the
two-photon resonance of the 4s6s 'Sy, 4p? 1Sy, 4p? 1D,
4s54d "Dy and 4p?3Pj bound states of Ca has been per-
formed. Taking into account that the Ca ionization limit
is 49306 cm~! [24,25] we can expect among such three-
photon processes either photoionization or an excitation
to highly excited Ca states.

In Section 3, we have mentioned the light polarization
effects which are connected with the order of transitions
and the selection rules. We also have to take into account
that between the 4s threshold (limit of the first ionization)
and the 3d threshold, doubly excited states are reached by
an absorption of three photons and must be of odd par-
ity, as in a single photon absorption [6,25]. Note that the
45213, ground state includes the 4s2, 4p? and 3d? config-
urations [40] which implies that one can expect the 3d mp,
3d mf, 3d mh and 4p 5s configurations leading to reso-
nances in the examined wavenumber range. Any observed
resonance in a single-photon absorption must have J =1
but in three-photon absorption, J = 3 is also allowed.
Moreover, we can expect that for two-photon resonance
near the 4p? 'Dy bound state the third photon can reach
an autoionizing state with J = 3. If our laser beam is cir-
cularly polarized we will observe the resonances allowed
for the three-photon absorption with AM = AJ = 3 [14].

We will also study three-photon resonant processes
with the third photon hitting a highly excited state lo-
cated above the continuum edge. Such states are strongly
coupled with the continuum, which opens a new ionization
channel [41]. The well-known problem of classification of
highly excited states, where the change of two valence elec-
trons spinorbitals takes place, has been considered many
years ago in papers devoted to the quantum defect [42-45)
and the notation introduced in those papers is still used.
If two electron spinorbitals in such a way that in the type
nl ml’, n = m, they are known as “Wannier’s states”, and
if n < m they are known as “planetary states” [46]. Such
highly excited states are in most cases autoionizing states,
i.e. states for which the probability of a decay (coupling
with the continuum) is large then the probability of an
electron recombination to lower energy states.

A was shown earlier [14,40] the ground state of all
atoms of alkaline earths, does not belong only to the con-
figurations ns? but also to the configurations np? and
(n — 1)d?. In such a situation the amplitudes of bound-
continuum transitions: ns?>—ns mp or ns mf, np> —np ms
or np md; could be found simultaneously. This means that
even in the simplest case of one-photon transitions (VUV)
and ionization, an interpretation of the obtained spectra
is not straight forward because of initial state being a
mixture of configurations. For multiphoton processes in
atoms with two valence electrons three-photon transition
probabilities to highly excited states are enhanced if the
excitation occurs in a one- or two-photon resonant way.

The intermediate bound states are the states belonging
to the configurations for which both electrons change the
spinorbitals, for instance np? and nd?. Such states are
more strongly coupled with the autoionizing states 3d mp,
3d mf than those with one of the electrons being 4s.

4.2 The analysis of the Fano profile

We should realize at this moment that the sequence of
excitations leading to one autoionizing state due to multi-
photon absorption can play a significant role in the shape
of the observed resonances. The shape of autoionizing pro-
file is described by Fano profile [24] I(D):

. (e(?) +9)°
I0) =0e T 2 (1)
where: 0, is a normalizing factor, e(v) = 2(vy — og)/I"
is normalized wavenumber difference between excitation
(laser) wavenumber 7y, and resonance wavenumber U ex-
pressed in units of the profile halfwidth I'/2, and ¢ is
the asymmetry parameter. The main role in the shape of
autoionizing profiles is played by the parameter q. This
parameter gives the ratio of two possible transition am-
plitudes: the transition through a highly excited decay-
ing state or the transition directly to the continuum. The
shape of the Fano profile is symmetric when ¢ — oo. This
means that the channel due to the autoionizing state is
dominant compared to the second channel due to the di-
rect transition to the continuum. If the coupling between
the intermediate bound state and the autoionizing state
is strong enough (the resonance coupling) the Fano pro-
file should be symmetric. In this case the parameter ¢ of
the profile asymmetry should take a large value and the
autoionization channel should be dominant. On the other
hand if the coupling between the bound intermediate state
and the higher (autoionizing) state is not very large the
contribution of the autoionizing channel in ionization pro-
cess decreases. If the bound-high autoionizing state tran-
sition is farther from the resonance the contribution of the
autoionizing channel decreases while the direct ionization
channel starts to be dominant. This makes important an
experimental examination of the autoionization spectrum
profiles and the order of excitation in such processes.

The second important parameter concerning the shape
of the autoionizing resonance is the absorbed energy.
For the two-electron “Wannier’s states” only symmetric
Fano profiles are observed. This is caused by the energy
(wavenumbers) of those states being not so far from the
second ionization limit and as a consequence by very short
picosecond decay times of those states. In such a situation
the coupling between those states and the bound interme-
diate states has to be strong so in this case the symmetric
peak should be observed.

In experimental investigations of photoionization
asymmetric Fano profiles due to autoionizing states are
observed mainly near the first ionization limit. In this
spectral region a good separation of the peaks due to the
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Fig. 6. Ionization yield for three-photon resonance to the
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autoionizing state makes it possible to observe the asym-
metric Fano profiles. For the peaks of the autoionization
series located farther from the first ionization limit the
density of the peaks increases and many Fano profiles can
overlap. An overlap of many asymmetric Fano profiles can
give as a consequence a symmetric profile.

In Figures 6 and 7 the ionization signal due to a three-
photon resonance to the autoionizing states belonging to
the configuration 3d4f and indicated as *D; and 'P;
in LS coupling scheme is shown. The three-photon res-
onance is obtained in the two-photon resonance close to
the 4s4d 1Dy bound state. The profiles are asymmetric
and the registered line shape O(7) is a convolution of the

The European Physical Journal D

Table 1. The best-fit values of the Fano line shape parameters:
line halfwidth I', asymmetry parameter g. The halfwidth of
excitation function fixed as equal to y¢ = 1.5 cm .

State I [em™!] q
J=1
3d4f D, 1.09 (0.09) 19.6 (4.9)
3d4f Py 0.96 (0.07) -24.1 (0.1)
3d15f 'Py 1.4 (7.1) ~15 (160)
3d16f D1 6.6 (2.7) ~12 (21)
3d16f 'Py 10.8 (4.3) ~17 (74)
3d17f 3P, 6.6 (2.3) 18 (90)
J=3
3dsf 1 5.54 (0.49) 8.2 (1.2)
3d8f 11 5.64 (0.52) ~12.1 (3.3)
3d8f 111 5.66 (0.54) -21 (13)
3d8f IV 8.25 (0.50) -85 (1.5)
3d9f 1 7.89 (0.97) -30 (40)
3d9f 11 6.42 (0.69) -29 (37)
3d9f 111 8.5 (1.3) 5.6 (2.2)
3d9f IV 11.06 (0.91) -9.0 (2.2)

Fano profile I(#) and the excitation function Ig(7):
o) =1(r)@Ip(¥) = / (0 — N Ig@)dd'.  (2)
— 00

The excitation function I (#) is assumed in the form of
the Gaussian profile:

2v1n 2 { 41n2~2]
= — %

= ——exp
Yo/ 2

G
where ¢ is its half-width.

In the line shape analysis we fitted O(7) profiles to our
experimental data. The best fit procedure was performed
using the Levenberg-Marquardt algorithm [47]. Our nu-
merical fit allowed four parameters to vary: normalizing
factor o,, resonance wavenumber g, line halfwidth I", the
asymmetry parameter ¢ while the halfwidth of the excita-
tion function (many procedures based on the least-squares
algorithm had been performed in order to establish ¢
parameter) has been fixed as equal to y¢ = 1.5 cm~!. In
the fitting procedure we took extreme care to verify if we
reached the global minimum of chi-square sum as its local
minimum may lead to significant errors in data analysis.
The normalizing factor o,, resonance wavenumber g do
not play any essential role in our investigation and will
not be discussed here. The other best-fit parameters de-
termined for investigated lines are listed in Table 1.

On the far wing of the two-photon resonant transi-
tion 4s%!Sy—4p? 'D, there are three-photon resonances
due to autoionizing states with J = 3. Taking into ac-
count that 3d mf (J = 3) series has four components for
each m [11,14] we have identified the resonance to the
3d8f autoionizing state and the fourth components are

Ip(7) (3)
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Fig. 8. Ionization yield for three-photon resonance to the
3d8f (J = 3) autoionizing state in v = 3v, scale. The asym-
metry Fano parameters ¢ = —8.2; —12.1; —20.9; -8.5. Points
denote experimental data, solid line — fitted profile.

shown in Figure 8. In this case also the Fano profile can
be fitted to experimental data.

The profiles for other autoionizing states studied in
this experiment are symmetric in thus part of this spec-
trum from 60900 cm ™' to 62800 cm~! for three photon
laser excitation.

5 Conclusions

The results obtained in this paper during the three-photon
ionization experiment suggest that the relative position
of 4s6s 'Sy and 4p? 'S, states predicted by Sugar [25]
is correct. Moreover in this experiment the two-photon
resonant excitation to the 4p? 'Sy have been performed
and the measurement of the decay of this state have been
also determined.

We also discussed two possible ways of the two elec-
tron excitation which is connected to the problem of a
classification of highly excited states. One must thus take
into account the channels including a double ionization,
an ionization of one electron accompanied by an excita-
tion of another one or an excitation of two electrons. In
the latter two cases the excited states may be autoionizing
states, which decay leading to the ionization.

From the analysis of the Fano profiles we have obtained
the corresponding values of asymmetry parameters ¢ (see
Tab. 1), line halfwidth I', and consequently time decay
7 = 1/cI" (where ¢ — speed of light) of the high lying
Ca states (see Tab. 2).

The analysis of the Fano profile have been performed
only for well separated three-photon transitions above the
ionization limit (see Tab. 1) for J = 1 and J = 3. If
the coupling between the bound intermediate state and
the higher (autoionizing) state is not very large the con-
tribution of the autoionizing channel in such a process
decreases. Since the bound-high autoionizing state tran-
sition is farther from the resonance the contribution of

Table 2. The time decays 7 (in 1072 s) of some autoionizing
states.

State 7[ps]
J=1
3d4f °Dy 30.58 (2.6)
3daf 1Py 34.7 (2.6)
3d15f 1Py 24 (121)
3d16f 3D1 5.05 (2.1)
3d16f 'Py 3.09 (1.3)
3d17f 3Py 5.05 (1.8)
J=3
3d8f 1 6.02 (0.54)
3d8f 11 5.9 (0.55)
3d8f 111 5.9 (0.57)
3d8f IV 4.04 (0.25)
3d9f 1 4.2 (0.52)
3d9f 11 5.2 (0.56)
3d9f 111 3.9 (0.61)
3d9f TV 3.01 (0.25)

the autoionizing channel decreases, and therefore the di-
rect three-photon ionization channel becomes dominant,
so that the Fano asymmetry parameter q decreases. In our
case the Fano parameter is of the order of 10-30, so we
can say that both channels play a role in that transitions,
but the direct ionization channel can be dominant. Such
measurements yield important experimental information
on the autoionization spectrum profiles and the sequence
of excitation in such processes.

As is well-known the lifetime of the low-lying bound
states are of the order of hundred of ns. The result of the
present paper as well as other experimental [28,29] and
theoretical [30] results give the values of ten’s ns for the
lifetime of the bound high-lying Ca states. For excitation
of the Rydberg states, for instance of Liy [4] the effective
lifetimes of the Rydberg levels has been also determined
from the linewidth parameter I" from the Fano model. Ac-
cording to reference [4] the lifetimes decrease from 350 to
230 ps with the increase of the transitions energy, which
demonstrates the strong coupling of an final levels with
the ionization continuum, compared to the radiation de-
cay channel. As we mentioned before the measured life-
time of these states with high principal quantum num-
ber n are often larger by several orders of magnitude than
was expected from the general rule 7, ~ n3. The reason
of these discrepancies is due to the line profiles of optical
transitions to these Rydberg states which depend not only
on the radiative lifetimes of these states but also on sev-
eral nonradiative decay channels such as autoionization
or even predissociation, which may shorten the lifetimes
determined from the I parameter.

In Table 2 the values of the time decays 7 of the au-
toionization states are listed. Those states which belong
just to the ionization limit have the decay time of 30 ps
while the decay time of the higher states compare to the
ionization limit (in energy scale) are of 6-3 ps. Such highly
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excited states are in most cases autoionizing states, the
probability of decay is larger and than the probability of
an electron recombination to lower energy states. On the
other hand, in such a case the determination of the decay
of the highly excited states can inform about recogniz-
ing that there are transitions to the autoionizing states
or bound-continuum transitions. We can simple conclude
that the higher state are stronger coupled with the con-
tinuum and the second channel (direct ionization) could
be dominant.

The errors which are indicated in Table 1 for both
Fano parameters I" and ¢ are due to the overlapping pro-
files belonging to other autoionizing states observed in this
experiment.

The authors wish to thank to the referees for pointing out
several errors in the original manuscript.
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