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Multiphoton-double-ionization probability linearly depends on laser intensity:
Experimental studies of barium
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Despite inherently complex multiphoton dynamics, our observations show that Ba double ionization with
an infrared laser (8800-8920 cm™!) resembles a single-photon process; namely, its probability is proportional
to the laser intensity. In this regime, single-electron ionization is due to a four-photon resonant transition
through the highly perturbed state 6 p> 'D,, whereas double ionization is realized by the two-electron mechanism.
Furthermore, we argue that these conclusions are valid for other alkaline-earth-metal atoms and other parameters

of laser radiation.
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I. INTRODUCTION

The effect of double ionization under the influence of laser
radiation was originally observed in multiphoton ionization of
Sr atoms with a Nd:glass laser [1]. Henceforth, two-electron
ionization of many other atoms has been observed [2,3],
and diverse aspects of this phenomenon have been actively
investigated ever since (see, e.g., Refs. [2] and [4-7]). In
particular, it is well recognized that double ionization is
ubiquitous among a broad variety of atomic groups [8].
Moreover, the mechanism of two-electron ion generation
significantly depends on the single-electron ionization regime
as well as the spectral characteristics of the driving laser
radiation.

When single-electron ionization occurs in the tunneling
regime, doubly charged ions are obtained due to rescattering
and collisional ionization by the liberated electrons. These
electrons, produced by ionization of neutral atoms in the first
half-cycle of a laser pulse, return and collisionally ionize
their parent ions after been accelerated in the second half-
cycle [3,9].

As far as ionization in the multiphoton regime is concerned,
the number of photons needed for single-electron ionization
determines the character of double ionization. The following
two scenarios are possible.

If only a few photons are required, then two-electron
ions are generated by thesequential mechanism: multiphoton
ionization of singly charged ions preceded by ionization of
the neutral atoms. This process takes place when atoms with
low ionization potentials (e.g., alkaline-earth-metal atoms) are
illuminated with laser radiation in the visible spectral range [8].

The two-electron mechanism is a nonsequential process of
double ionization of alkaline-earth-metal atoms with infrared
laser radiation. Note that rescattering, a widely studied
phenomenon (see, e.g., Refs. [3] and [9]), cannot be a part
of this process. Rescattering occurs once r./r, > 1, where
r, is the atomic radius and r, = F/w? (the strength F and
frequency w of the laser field in atomic units) is the oscillation
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amplitude of the free electron; however, r./r, ~ 0.1 is typical
for the two-electron mechanism.

To be ionized in this regime, an atom needs to absorb
approximately twice as many photons as in the case of
ionization with visible laser radiation. Abundant studies show
that the two-electron mechanism of double ionization differs
tremendously from the sequential one. The main difference lies
in the following: In the infrared spectral range, doubly charged
ion generation is significantly higher than the anticipated yield
for the sequential mechanism [10]. The resonant structure of
the doubly charged ion yield reveals excitations of neutral
atomic states, which are significantly perturbed by the ac
Stark shift [2]. However, in the case of ionization with
visible laser radiation, the resonant structure of the doubly
charged ion yield is due to excitations of singly charged ions
[2,11-20]. Furthermore, studies involving auxiliary ionization
and excitation [2] demonstrate that infrared double ionization
feeds on neutral atoms, but not on single-electron ions. All
these facts indicate that infrared ionization of alkaline earth
atoms is governed by the two-electron mechanism of double
ionization, when the ions are generated directly from the
neutral atoms. It is assumed that doubly charged ions are
obtained as a result of the detachment of the two outermost
electrons from atoms excited to autoionizing states, whose
energies approach the second ionization potential [21]. These
states are populated by one-photon jumps through low-lying
autoionizing states.

In the current work, we present experimental results for
the dependence of the probability of doubly charged ion
formation on the laser field intensity for atomic Ba ionization
with an infrared color-center laser. We use a common setup
employed widely in multiphoton studies and described in detail
elsewhere (see, e.g., Refs. [8] and [22]). Briefly, our setup
consists of a laser beam directed into a vacuum chamber,
where it intersects a Ba atomic beam. Production of Ba™
and Ba?* ions occurs at the intersection of the beams. Ion
signals are then measured and analyzed by mass spectrometry.
The concentration of neutral Ba atoms in the beam is about
10" cm™3. We utilize a linearly polarized color-center laser
with the frequency () in the region 8800-8920 cm~! and
the pulse duration T &~ 4 x 10~% s. The line width of laser
generation is 4 cm~'. Under these conditions, single-electron
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ionization of Ba requires five-photon absorption. We experi-
mentally measure the Ba* and Ba?* yields by varying the laser
radiation frequency (Sec. II) and intensity (Sec. III). Analyzing
measured data (Sec. IV), we conclude that the probability of Ba
double ionization linearly depends on the laser intensity. We
then formulate the rule of thumb that extends our conclusions
to other cases (Sec. V).

II. LASER FREQUENCY DEPENDENCE
OF Ba* AND Ba** YIELDS

Figure 1 presents the results of studies of the laser frequency
dependencies of Ba® and Ba?* generation. The laser intensity
was maintained constant with the laser power density in the
interaction region P &~ 5 x 10 W/cm?. Figure 1 reveals
a resonant structure in Ba®™ and Ba’* yields. This result
qualitatively coincides with our previous results [23,24] in the
same spectral region but with different intensities. An analysis
shows that the resonant maximum in Ba™ yield, displayed in
Fig. 1, is due to five-photon ionization of Ba atoms through
the four-photon resonance with state 6p2 'D, substantially
perturbed by the ac Stark effect. This interpretation is con-
firmed by the resonance’s asymmetry, its large width, and
the observation that its peak is detuned from the resonant
frequency w, = 8836 cm~! of four-photon excitation of the
unperturbed state 6 p> 'D,. In our experiment, the energy shift
of the 6p? 'D, state is AE ~ 250 cm™'; this value is estimated
from the resonance’s asymmetry and width.

The scheme of the dynamical resonance realization involv-
ing the perturbed state 6 p 'D, is presented in Fig. 2. The shape
and position of the resonant maximum, perturbed by the ac
Stark effect, depend on the following quantities: the dynamical
polarizabilities for the ground o and resonant ¢, states,
the resonant ionization probability, and the spatial-temporal
distribution of the laser radiation in the interaction region. In
our case, the laser radiation frequencies differ significantly

4
3

=

< 21 2+

é Ba

o

S 11

(Dr
O T T T T
8820 8840 8860 8880 8900
w(cm'l)

FIG. 1. Dependences of the singly and doubly charged ion
yields on the laser radiation frequency for Ba atom ionization with
color-center laser radiation. The dashed vertical line denotes the
frequency of the four-photon excitation of the unperturbed state
6p?'D; (w, = 8836 cm™}).
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FIG. 2. Scheme of the perturbed-state 6 p> 'D, excitation.

from the frequencies of single-photon transitions from the
ground 6s2'Sy and excited 6p? 'D, states to any other state of
the Ba atom; additionally, the frequency variation of the laser
radiation is much narrower than the intraresonance distances
among such transitions. Hence, the dynamical polarizabilities
of the ground and excited states should not strongly depend
on the frequency of the utilized laser radiation. Also, we
have previously measured the dynamical polarizability of the
6 p? ' D, state in the spectral range around » ~ 8850 cm™! [25];
the obtained value is o, &~ —1.8 x 10? a.u. Since, the laser
radiation frequencies are significantly lower than the frequency
of the single-photon transition from the ground to the first
resonant state (w = 18060 cm™'), the value of the ground
state’s dynamical polarizability should not differ significantly
from the corresponding DC polarizability (g &~ 280 a.u.).
Therefore, the shape of the resonance in Ba' yield is mainly
due to the perturbed 6p? 'D,-state excitation.

As shown above, the dynamical polarizabilities oy and «,,
are nearly frequency independent in our experiment. In this
case, utilizing the connection between the frequency w and
the intensity Iy, Iy ~ @ — w,, the dependence of the Ba™
yield on w can be translated to the yield dependence on the
laser intensity Iy, for which the dynamical resonance occurs.
The variation range of the intensity Iy, corresponding to the
resonant maximum in Ba™ yield, is bounded by the peak
intensity of a laser pulse, Iy = I. The Bat and Ba’* yield
dependencies on the laser frequency, obtained in this way, are
depicted in Fig. 3.

In a single laser pulse, the process of ionization of Ba
atoms through the dynamical resonance with the excited state
6p* 'D, becomes efficient when the laser intensity is close
or equal to Iy. Then, Ba™ formation is a threshold process
with respect to the laser intensity. Before dynamical resonance
is achieved, Ba ionization is mainly realized by a direct
five-photon process. Utilizing typical values for the effective
cross sections of direct five-photon ionization [22], qualitative
estimates show that direct ionization of Ba atoms, before the
dynamical resonance, is far from saturation in our experiments.
Hence, the concentration of neutral Ba atoms when the laser
intensity reaches I, does not differ significantly from the initial
concentration (ng).
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FIG. 3. Dependence of Ba* and Ba?* yields on the laser radiation
frequency replotted in the coordinates (N*, N 7+ ).

The duration of Ba™ production through the dynamical
resonance with the perturbed state 6p>'D, coincides with
the tuning time At of the dynamical resonance. Since At
is significantly shorter than the laser pulse duration 7, the laser
field intensity does not differ much from [y within the time
interval At;i.e., Ba' ions are generated by a laser field of the
constant intensity Io.

To analyze the obtained results, we assume that within the
interaction volume of the laser field with the atomic beam,
the temporal-spatial distribution of the laser-field intensity is
Gaussian [8],

I (r,z,t) = d ex { —20r/ro)? —2(£)2}
e = T @202 TP T+ /20 ) J
(D

where z and r are the spatial coordinates, r( is the minimal
radius in the focus, zg = nrg /A is the Rayleigh length, and A
is the radiation wavelength.

In our experiments, Ba™ ions are produced at all those points
of the interaction volume where the laser intensity reaches
Iy within a laser pulse duration. The region of these points
is bounded by a surface, where the intensity /, is maximal
(Iop = I). According to Eq. (1), this surface is given by

I >
r(z):m/ +(;/Z0) . +(/z/0zO)2’ )

where 212 = £2z0+/1 /1y — 1. The volume of this region (Vp)
is [26]

272rdT1
Vol /1) = — 0 [5(1/10 —1)¥?

—1—;/1/]0—1—%arctan‘/l/lo—l]. 3)

Note that for the experimental results in Fig. 3, the intensity I
varies, whereas [ is constant. The function V(/p) is depicted
in Fig. 4.
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FIG. 4. The function V;(1y) given by Eq. (3).

When the laser frequency is detuned from the resonant
frequency w,, the dynamical resonance tuning occurs at a
higher laser intensity /. Hence, the excitation probability of
the perturbed state 6p? 'D, increases, while the interaction
volume Vj), where the laser intensity reaches Iy, shrinks. As a
result, the Ba™ yield enhancement in Figs. 1 and 3, when the
radiation frequency is offset from w,, is due to the increase
in the excitation probability of the state 6p? 'D,, whereas the
subsequent ion yield suppression is caused by the contraction
of the volume Vj.

The analysis of our experiment shows that ionization of Ba
atoms through the resonance with the perturbed state 6p2 'D,
is saturated under the condition of a significant detuning
from the resonance frequency w, (for a large value of Iy). If
the ionization process is saturated, then the dependence of
the Ba™t yield on the intensity Iy should be proportional to
the dependence of the volume Vj on the intensity. According
to Eq. (3) and Fig. 4, the function V;(Ip) has an asymptotic
Vo~ 1y 15 for Iy < I. Therefore, under the condition of Ba
ionization saturation through the resonance with the state
6p* 'D, when the resonance tuning occurs for laser intensities
Iy < I, the Ba™ ion yield should be Nt ~ 10_1'5.

A plot of the power law Nt ~ 1(;1'5 is shown in Fig. 3
for comparison. It shows that after the maximum yield is
achieved, the dependence of the Ba™ yield on the intensity Iy
is indeed approximated by N* ~ I 1> Thus, Ba ionization
through the resonance with the perturbed state 6 p? 'D, occurs
in the saturation regime for intensities Iy corresponding to a
decline in the ionization yield. Additionally, the successful
approximation of the ion yield by the power law N* ~ I 13
justifies the employment of the Gaussian distribution for the
laser intensity to interpret the experimental results.

Note that a saturation of Ba™ production is also observed
for large values of Iy. A deviation of N*(ly) from the power
law Nt ~ I 15 for large I can be attributed to a significant
decrease in the volume Vy(ly) in the neighborhood of the
intensity Iy = I (see Fig. 4).

Consider now the results for the Ba>* yield. According to
Fig. 3, these ions are effectively formed when Ba™ generation
through the resonance with the perturbed state 6p2'D, is
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saturated. The Ba’* yield first considerably increases and
then decreases for the monotonically increasing intensity /.
Moreover, the Ba*t yield declines for those intensities [
where Ba™ generation falls more rapidly than the dependency
Nt~ Iy 13 due to the above-mentioned volume V; shrinkage
in the vicinity Iy = 1.

The observation that the rapid yield declines for Ba™ and
Ba’* took place in the same intensity I, interval indicates
that the processes of Ba>" and Ba® generation not only are
connected with the dynamical resonant with the state 6 p2 p,,
but also occur in the same interaction region, whose volume is
given by Eq. (3).

According to Fig. 3, the Ba’>" yield enhancement for
increasing intensity Iy can be approximated by N2+ ~ I3, As
shown above, the volume V(1) decreases with increasing Iy
and for intensities enhancing the Ba>* yield, Vy ~ IOl 5. Taking
into account these dependencies, we obtain the probability
of Ba’* generation as a function of the laser intensity:
W2t = N>t/ V, ~ I}. Excitation of the state 6p*>'D; is a
four-photon process, and thus, its probability is characterized
by the same power law. This fact additionally indicates that
Ba double ionization is closely connected with the dynamical
resonance with the perturbed state 6p? 'D,.

We remind the reader that in all preceding discussion, the
intensity (lp) of the dynamical resonance tuning is varied,
while the peak laser intensity (/) remains fixed.

III. LASER INTENSITY DEPENDENCE
OF Ba*AND Ba’* YIELDS

We have also studied Ba* and Ba?* formation by varying
the laser intensity / while maintaining the fixed laser frequency
o = 8865 cm™!. This frequency belongs to the regions in Fig. 3
where the functions N*(Iy) and N>*(Iy) can be approximated
by the power laws N ~ I, and N> ~ 2, respectively.
Obtained results are depicted in Fig. 5.

Consider first the Ba™ yield as a function of the intensity
1. According to Fig. 5, such a dependence can be fitted for a
wide range of laser intensities by the power law N* ~ I3,
indicating that Ba™ generation is saturated. Since Ba ionization
in this case occurs through the resonance with the perturbed
state 6p>'D,, the Ba't yield should be proportional to the
volume V where the intensity Iy is reached. The volume Vj
as a function of / for a Gaussian laser beam is also given by
Eq. (3). Since measurements of N1 (I) were performed at a
fixed laser frequency, the intensity / in Eq. (3) is a variable,
whereas [ is a constant. The plot of the function V(1) is shown
in Fig. 6. According to Eq. (3) as well as Fig. 6, the dependence
of Vi on I can be approximated by V, ~ I'>. Therefore, the
experimentally measured function N*([I) is proportional to
Vo(I), manifesting Ba ionization saturation.

When we begin increasing the laser intensity I, the
dynamical resonance tuning initially occurs at the middle of
a laser pulse. A further intensity increase shifts the resonance
tuning time (#y) to the beginning and end of a laser pulse.

It follows from Eq. (1) that the time #y, when the laser
intensity at a point (r,z) reaches Iy, equals

_ ! I/ly  (r/r)?
fo(r,2) = i\/2 In 1+z/z0 14 (z/20)?"

“4)
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FIG. 5. Dependence of the Ba* and Ba®* yields on the intensity
I of color-centere laser radiation at the frequency @ = 8865 cm™'.
Points denote experimental measurements. Dashed lines represent
experimental data fits by Vo(1) [Eq. (3)] for Ba®™ and by V(1) for
Ba?*, respectively. For comparison, the power laws N* ~ I'* and
N**t ~ I?3 are displayed by solid lines.

Utilizing Eq. (4), we calculate the time (7T') averaged over the

volume where the laser intensity rises to I (i.e., the resonance
tuning time) for a Gaussian laser beam:

A7 zzd r(z) J
T/1l) = —— to(r,
/iy = 5o / Z/O rdrlio(r.2)
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FIG. 6. The function V(1) given by Eq. (3).
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FIG. 7. Dependence of the time 7 averaged over the volume
[Eq. (5)], when the instantaneous laser intensity reaches Iy, on the
laser radiation intensity /.

Note that the time T in Eq. (5) is measured from the laser pulse
center.

A plot of the function 7(I) is shown in Fig. 7, which
illustrates that the averaged time 7 is monotonically increasing
and approaches a constant value ~t for large /. Moreover,
the equality 7'(/) &~ t occurs for those laser intensities where
the dependence V(1) is well approximated by the power law
Vo ~ I'. Hence, the tuning of the dynamical resonance with
the state 6 p> 'D, occurs on average at the beginning of a laser
pulse.

As shown above, the duration of Ba™* formation is approx-
imately equal to the duration of the resonant tuning and is
significantly shorter than the laser pulse duration. Taking this
fact into account, we conclude that Ba* ion generation for the
intensities I > I, takes place on average at the beginning of
the laser pulse.

Ba atom excitation to low-lying autoionizing states oc-
curs simultaneously with Bat formation. A high density
of autoionizing states in the energy neighborhood of five
photons (see, e.g., Refs. [27-29]) suggests the possibility of Ba
atom excitations to these states. The corresponding excitation
probability should be rather high because this excitation is
realized through the intermediate dynamical resonance with
the bound state 6p? 'D.

Since Ba™ generation is saturated in our experiments, the
ionization duration and the duration of Ba excitation to the
autoionizing states coincide and are approximately equal to the
duration of the resonant tuning with the state 6p? 'D,. In other
words, both ionization and excitation occur at a nearly constant
laser intensity ~Ij at all points in the interaction volume. As
a result, the concentrations of Ba™ ions and excited Ba atoms
in autoionizing states are uniform throughout the interaction
volume and do not depend on the laser intensity /.

Examine now the dependence of Ba’>* yield on I. Accord-
ing to Fig. 5, increasing the intensity enhances the Ba>* yield,
at first rapidly and then more slowly, such that the power law
N2+ ~ I%3 is valid for large I. Note that this approximation
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is valid for those intensities for which the singly charged ion
yield is given by N* ~ ',

IV. DEPENDENCE OF Ba** FORMATION PROBABILITY
ON LASER INTENSITY

The rate of Ba>* generation (i.e., the probability per unit
time) as a function of the intensity can be determined from
the measured function N>*(I) displayed in Fig. 5. To simplify
the analysis, we consider the laser intensity interval in which
the approximation N2+ ~ [?3 is valid. The most general
expression for the probability of double ionization per unit
time reads

w?t = N> /(nV Ar), (7)

where N2t is the number of ions, n is the concentration of
target particles for ion formation, V is the volume of ion
production, and At is the duration of the process.

Ba® ions and Ba atoms excited to autoionizing states
fuel the sequential and two-electron double-ionization mech-
anisms, respectively. Ba’* creation takes place wherever
singly charged ions or neutral atoms are present. As shown
above, Ba' ions and Ba atoms in autoionizing states are
produced where the laser intensity reaches the value I, within
a pulse duration. In this case, the sequential and two-electron
mechanisms are spatially indistinguishable. The volume V; of
such points is a function of the radiation intensity / given by
Eq. (3). The power law Vy ~ I'- approximates V(1) for large
1. Hence, the volume V in Eq. (7) must be equal to V; and
V ~ 1145.

As discussed above, in our experiments (see Fig. 5) the
concentrations of Ba™ ions and Ba atoms in the autoionizing
states do not depend on the intensity and are constant in
the whole volume where the Ba atom is ionized through the
resonance with the perturbed 6 p? 'D, state. Namely, n = const
in Eq. (7).

Moreover, both Ba*t ions and excited Ba atoms are formed
on average at the beginning of a laser pulse and subsequently
have the whole laser pulse to interact with. Therefore, the
averaged time for Ba** production equals the laser pulse
duration and does not depend on 7, i.e., At = const in Eq. (7).

Finally, having substituted all these dependences
(N**t ~ %3,V ~ I'3 n = const, At = const) into Eq. (7),
we obtain that the double-ionization rate linearly depends
on the laser intensity (w*t ~ I for large I (I > Iy). This
result cannot be explained by the sequential mechanism of
Ba* formation since straightforward multiphoton ionization
of Ba' cannot linearly be dependent on the laser intensity.
Indeed, experimental studies [2] on double ionization of
alkaline-earth-metal atoms by visible laser radiation show that
the doubly charged ion yield of the sequential mechanism is
~IV, where N is the minimum number of quanta needed to
ionize singly charged ions.

Contrary to the sequential dynamics, the two-electron
mechanism of Ba2* formation, which is due to one-photon
jumps through the spectrum of autoionizing states, agrees
well with the observed linear dependence on the intensity /.
The autoionizing states are populated and transitions between
them are induced when the laser intensity reaches the value
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of Iy. The widths of the autoionizing states formed by the
one-photon transitions may be broader than the decay widths
of these states. Such conditions ensure a high probability of
doubly charged ion production.

V. CONCLUSIONS

The presented experimental results suggest that the two-
electron mechanism is responsible for double ionization of Ba
atoms with infrared laser radiation. The Ba double-ionization
probability is shown to depend linearly on the laser radiation
intensity. This counterintuitive dependency is attributed to the
saturation of the four-photon transition from the ground state

PHYSICAL REVIEW A 88, 023407 (2013)

to 6p> 'D, and the nonsaturation of single-photon transitions
between autoionizing states.

Furthermore, these conclusions are valid for other alkaline-
earth-metal atoms as well as other parameters of laser
radiation. The current and previous studies on Sr and Ba in
infrared laser radiation (see, e.g., Ref. [2]) can be summarized
as the following rule of thumb: Whenever the dependence
of the singly charged ion yield Nt on the laser radiation
intensity 7 is N* ~ I'”, the doubly charged ion yield of
the two-electron mechanism is N2T ~ %5, Furthermore, the
analysis employed in the current work is applicable to such
cases and leads to the conclusion that the probability of double
ionization is proportional to the laser intensity.
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