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We study Ba>™* ion formation in the ionization of Ba atoms by a YAG laser in the presence of
tunable dye-laser radiation. We find that the Ba®>* ion yield is considerably lower when the dye-
laser radiation excites the Ba atom than when this atom is not excited. The effect is a strong
indication that Ba®* ion formation at the YAG laser frequency is due to the two-electron

mechanism.

1.INTRODUCTION

Since the discovery of the phenomenon of formation of
doubly charged ions in multiphoton ionization of alkali-
earth atoms' there have been many experimental and theo-
retical papers devoted to identifying the mechanism by
which such ions form (see, e.g., the review by Delone and
Fedorov?). From the very beginning two possible mecha-
nisms have been discussed, cascade and two-electron. In the
cascade mechanism, within one laser pulse, neutral atoms
(we designate these by A) are assumed to be first trans-
formed into singly charged ions A* (A + k,fiw—A™ +e)
and then, as a result of further ionization, doubly charged
ions A" are formed (A% + k,fiw— A%+ + ¢). When the
two-electron mechanism is realized, A2+ ions are formed as
a result of simultaneous detachment of two electrons from
the neutral atom (A + k,fiw — A? + 2¢).

In recent years a number of papers>™!! have appeared
that unambiguously prove that the cascade mechanism of
formation of doubly charged ions (A2*) is valid. This oc-
curs, for one thing, in the optical and ultraviolet ranges. As
for the two-electron mechanism, up to now its realization
has not been proved unambiguously, although studies have
shown that in some spectral ranges (e.g., the infrared) the
formation of A?* ions cannot be explained by the cascade
mechanism.'>'? In view of this we conducted a study to see
whether the two-electron mechanism of A?* ion formation
is valid in the infrared range.

2. THE EXPERIMENT

The idea behind the two-electron mechanism of A2+
ion formation is to introduce an additional perturbation into
the neutral atom and thus charge the probability of atom
ionization by laser radiation. We studied how doubly ionized
barium atoms, Ba?™, are formed when Ba atoms are ionized
by radiation from a YAG laser with a lasing frequency
o =9395 cm™'. Absorption of the following numbers of
photons is required for the formation of Ba* and Ba™ ions:
k, = § for the formation of Ba™ ions, k, = 9 for the forma-
tion of Ba?* ions from Ba™ ions, and k, = 14 for the forma-
tion of Ba>™* ions from neutral Ba atoms. Note that the for-
mation of Ba*>* ions at this frequency was studied earlier in
Refs. 14 and 15, but the data does not lead to an unambigu-
ous conclusion about the mechanism of Ba* ion formation.

For additional perturbation that in our experiments
acted on Ba atoms we chose the excitation of these atoms. To
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this end we used the radiation of a tunable dye laser. Pump-
ing of this laser was synchronized with the operation of the
YAG laser. The frequency of the dye laser was varied be-
tween 17 860 and 18 160 cm~', and the lasing linewidth was
Aw~2-3cm™. According to the data of Ref. 16, the follow-
ing processes are possible in this range: one-photon excita-
tion of state 6s6p'P{ with an excitation frequency
@ = 18 060 cm ™', two-photon excitation of states 6s7d °D,
(w=17881cm™) and 5d 6d 3D, (w =18 100 cm™ '), and
one-photon transition from state 6s6p'P{ to state 5d 6d D,
(w=18140cm™1).

The radiations from the YAG and dye lasers were lin-
early polarized, and the pulse length was practically the
same, 40 ns. The beams from the two lasers were combined
in space and focused on a beam of neutral Ba atoms. The
YAG radiation intensity was selected in such a way that
ionization of Ba atoms was sure to be saturated by the radi-
ation, and in our experiment it was set at F = 6.5 10'° W
cm 2, Both Ba* and Ba®™* ions were observed, and the yield
of the Ba™ ions was found to be higher by a factor of 40. The
dye-laser radiation intensity was F = 3.4 X 10° W cm ~2, and
only Ba* ions were observed as the product of ionizing Ba
atoms.

The quantities measured in the experiments were the
yields of Ba* and Ba®™ ions in the three following cases:
only the beam from the YAG laser acts on the beam of Ba
atoms, only the beam from the dye laser acts on the beam of
Ba atoms, and both laser beams act on the beam of Ba atoms.

3.EXPERIMENTAL RESULTS

The results are depicted in Fig. 1. The dashed curves
correspond to the ionization process when both laser beams
act on the beam of Ba atoms, the dot-dash curves when only
the dye-laser radiation acts on the Ba atoms, and the solid
horizontal lines when only the YAG-laser radiation acts.
The vertical dot-dash lines designated by the letters 4, B, C,
and D on the frequency axis indicate the frequencies of the
dye-laser radiation corresponding to the following transi-
tions in the spectrum of a neutral Ba atom:

A - 6s2'S) + 2hw - 6574°D,  (17881cm™'),

B — 65215, + how » 6s6p'P)  (18060cm~"),
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C - 6s21S, + 2hw » 5d643D,  (18100cm™"),

D - 6s6p'PY + hw = 5d6d3D,  (18140cm™).

The data depicted in Figs. 1a and 1b was obtained with
the following Y AG-laser and dye-laser radiation intensities:
Fyac =3.5%10” s7'em™ and F, =9.4%x10*
s~ 'em™2 and the data in Fig. 1c with Fy,g = 1.5%X10?°
s”'em™?and Fyy, =2.0X10**s 'cm™2

Let us first consider Fig. 1a, which shows the yield of
Ba’* ions. The reader can see that when the combined radi-
ation of the YAG and dye lasers acts on the atomic target the
Ba?" ion yield is generally lower than when only the YAG-
laser acts. Also, the dips in the Ba™ ion yield occur at dye-
laser frequencies corresponding to the excitation of neutral
Ba atoms. The lowest dip occurs at a dye-laser frequency
equal to 18 060 cm ', which corresponds to the one-photon
excitation of the state 6s6p'P9.

Let us now turn to Fig. 1b, which depicts the data on the
Ba™ ion yield obtained in the same conditions as the data on
the Ba®* ion yield. Clearly, the Ba* ion yield is higher when
the combined radiation of the YAG and dye lasers acts on
the target than when only the YAG-laser radiation acts on
the target. In other words, adding the dye-laser radiation to
the YAG-laser radiation raises the probability of Ba™ ion
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FIG. 1. Results of measuring the yields of Ba* and BaZ* ions as functions
of the dye-laser radiation frequency (for notation see the text).
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formation. The peaks in the Ba™ ion yield in this case corre-
spond in frequency to the dips in the Ba’* ion yield.

Recall that the data shown in Figs. 1a and 1b was ob-
tained when the process of ionizing Ba atoms by the YAG-
laser radiation was saturated. The increase in the Ba™ ion
yield and the formation of peaks when the dye-laser radi-
ation is added are caused by the fact that the increase in the
probability of Ba™ ion formation leads to an increase in the
effective volumes of the interaction of laser radiation with
atoms. Because of the saturation effect, these peaks have ap-
proximately the same height, which makes it impossible to
estimate the magnitudes of the probability of Ba™ ion forma-
tion at these peaks. For this reason we measured the Ba™ ion
yields at lower values of YAG-laser and dye-laser radiation
intensities. The relevant data is depicted in Fig. 1¢, which
shows that when the combined radiation of the YAG and
dye lasers acts on the target the highest probability of Ba™
ion formation occurs if the dye-laser radiation excites the
6s6p' P9 state.

The sharp increase in the probability of Ba* ion forma-
tion at @ = 18 060 cm ™" occurs because adding radiation
with such a frequency transfers approximately 50 percent of
the Ba atoms from the ground state to the excited state
6s6p' P9, and it is from this state that ionization by YAG-
laser radiation takes place. In view of this, Ba™ ion forma-
tion transform from a five-photon process (when barium is
ionized by YAGe-laser radiation from the ground state
6s°S5) into a three-photon (ionization of barium by the
same radiation from state 6s6p' P9 ), whichin turnleadstoa
sharp increase in the probability of Ba™ ion formation. As
for the other peaks, here the increase in the probability of
Ba* ion formation is moderate because exciting the states
from which ionization occurs requires the absorption of two
photons from the dye-laser radiation, and the probability of
a two-photon process is, naturally, lower than that of a one-
photon.

Thus, the results of the experiment show that the addi-
tional excitation of Ba atoms by a dye-laser in the ionization
by YAG-laser radiation increases the probability of Ba* ion
formation and reduces the Ba®™ ion yield. And the greater
the increase in the probability of Ba* formation, the greater
the decrease in the Ba?* ion yield.

Such an effect cannot be explained by the cascade mech-
anism. For instance, as noted earlier, with this mechanism
the A™* jons serve as the target for A>* ion formation.
Hence, obviously, every additional excitation of neutral
atoms that leads to an increase in the probability of A™* ion
formation must also lead to an increase in the A?* ion yield.
This is certainly true if the process of atom ionization is not
saturated. But if saturation is present, additional excitation
of atoms may not lead to an increase in the A** ion yield
(the yield will remain constant). Indeed, experimental stud-
ies® have shown that additional excitation of neutral barium
atoms within the cascade mechanism of formation of barium
ions leads to a situation in which the yield of these ions as a
function of frequency either increases or remains constant.
But the effect we observed, where because of additional exci-
tation of neutral atoms the probability of A* ion formation
increased and at the same time the A*™ ion yield decreased,
cannot be realized by the cascade mechanism. At the same
time, such an effect can be realized through the two-electron
mechanism. Let us explain this in greater detail.
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4.CALCULATIONS

We assume that the ionization process is saturated since
it was in these conditions that our experiment took place.
Saturation in this case means that the concentration of neu-
tral atoms, n, decreases within a single laser pulse, that is, isa
function of time, n = n(t). Since neutral atoms in the model
of the two-electron mechanism are a target for the formation
of A* and A" ions, the ion yields per unit volume (7, and
n,., respectively) are

n, = f n()Ww, (fdt, (1)

ny, = fn(t)W2+(1)dt, (2)

where W () and W, () are the probabilities of formation
of A* and A%™ ions, respectively. Here and in what follows
we assume that the distribution of laser radiation depends
only on time and not on spatial coordinates. The integration
in Egs. (1) and (2) is over the duration of a single laser
pulse.

Note that generally saturation means that
n, + n,, = ny, where n, is the initial concentration of neu-
tral atoms. In a real situation, however, the process of atom
ionization is determined chiefly by the formation of A* ions,
since the probability of A2+ ion formation is always consid-
erably lower than that of A ion formation, that is, the satu-
ration condition transforms in this case into n_, ~n, The
time dependence of n(¢) can then be determined by integrat-
ing the equation

%ftﬁ = —n(OW, (9.

This yields n(z) = nyexp[ — f W, (¢)dt]. Equations (1)
and (2) can then be written as

n, = ny, (1)

n,, = nofexp[—f W ()d W, (Hdt. (2"

We now assume that an additional excitation of atoms
has been introduced into the ionization process. This in-
creases the probability of formation of both A+ and A%*
ions. Such an increase results in the ionization process be-
coming saturated in less time than without additional excita-
tion. Naturally, the A* ion yield does not change, that is,
(1")

’

ny

=n, =n,

But what happens to the A%+ ions? Their number is

ny, = nofexp[—fW#(t)dt] W, (Hdt, 2")
where W', (t) and W, (t) are the probabilities of forma-
tion of both A* and A2+ ions under additional excitation.
Since additional excitation changes the functions W_ (7)
and W, (?), the value of the integral in Eq. (2”) may be
larger than, smaller than, or equal to, the value of the inte-
gralin Eq. (2), depending on the behavior and values of the
functions W (¢), W, (¢), W',_(¢),and W3 (2).

Thus, introducing additional excitation when the pro-
cess of atom ionization is saturated leads to a situation in
which the A?* ion yield may not only increase but also re-
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main constant or even decrease. The reader will recall that
this is accompanied by an increase in probabilities of forma-
tion of both A* and A2+ ions.

To illustrate the possibility of the above cases involving
the A2 ion yield being realized in the two-electron mecha-
nism, we calculated the time dependences (within a single
laser pulse) of the concentrations of neutral atoms and of
singly and doubly charged ions. As Egs. (2’) and (2") im-
ply, the realization of the above-noted cases involving the
A?* jon yield in real experiments depends in a complicated
manner on the interplay between the functions W, (¢),
W, (), W', (t),and W ().

We used a simplified model in our calculations. We as-
sumed, for one thing, that the time dependence of the proba-
bility of A®* ion formation is the same as that of A* ion
formation, irrespective of whether additional excitation is
present. Bearing in mind that the probability of A>* ion
formation is much lower than that of A" ion formation, we
expressed the criteria for realizing the above cases of A%+ ion
yield in such conditions by fairly simple formulas. For in-
stance, if

War Wy

>> — (3)
Wi W,

when additional excitation is introduced, the A2+ ion yield
grows. But if

W Wy (4)
W W

this yield remains constant, and if

W, w,
W2+ @ W+ (5
2+ +

it decreases. Here W, W', , W,,, and W _ denote the
peak values (within a single laser pulse) of the probabilities
of A* and A%* ion formation. Note that the values of some
parameters used in the calculations are close to those real-
ized in our experiment. For one thing, we allowed for the fact
that the laser beam that ionizes the atoms has a Gaussian
intensity distribution in time with a duration 7 =40 ns at
half-height and a maximum intensity of F=6.5X10"° W
cm 2. We also took it into account that as a result of the
transition from five-photon to three-photon ionization the
probability of A* ion formation increases.

The values of five- and three-photon ionization proba-
bilities needed in the calculations were determined from the
known cross section of five-photon ionization of Ba atoms by
the YAG laser and from the typical values of the cross sec-
tions of three-photon ionization of alkali-earth atoms.'” As
for the probability of A2+ ion formation, it was assumed to
be a factor of 100 smaller in magnitude than that of A* ion
formation, both with and without additional excitation, and
the specific value of this probability was selected in such a
way as to satisfy conditions (3)-(5).

The results of calculations are depicted in Figs. 2(a)-
2(c). Figure 2d depicts the Gaussian envelope of the tempo-
ral distribution of the laser radiation, which was used in the
calculations:

F =~ 1,73:10%-5-10% (6)
The solid curves correspond to ionization without additional
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FIG. 2. (a)-(c) Results of calculating the time dependence of the concen-
trations of doubly charged ions (a), singly charged ions (b), and neutral
atoms (c) in the duration of a single laser pulse for different values of
W, :curve 1,107 s™', curve 2, 2.8 X 10" s~ ', and curve 3, 6 X107 s~ ".
(d) The Gaussian envelope of the temporal distribution of the laser radi-
ation [Eq. (6)].

perturbation of neutral atoms. The assumed probabilities of
A™ and A" ion formation in this case were W, = 6x 10®
s~ 'and W,, = 10° cm~"'. The dashed curves in Figs. 2a-2c
correspond to ionization with additional perturbation of
neutral atoms. Curves /-3 differ in the values of the proba-
bility W5, of A%* ion formation. In all three cases the
probability W', of A* ion formation was assumed equal to
1.5x 10" s~ 1,

The results shown in Figs. 2a—2c serve as a good illus-
tration of the fact that although introducing an additional
excitation of neutral atoms in the ionization of these atoms
within the two-electron mechanism of A>* ion formation
does raise the probability of A>* ion formation, the yield of
these ions may not only increase (in Fig. 2a this increase is
depicted by A’) but remain constant or even decrease (the
decrease is denoted by A).

The most exotic is the third possibility, where an in-
crease in the probability of A ion formation is accompa-
nied by a decrease in the ion yield. Qualitatively this phe-
nomenon can be explained as follows. The increase in the
probability of A™ ion formation (due to additional excita-
tion of atoms), which is predominant in the ionization pro-
cess, leads to faster saturation of the ionization than when
there is no additional excitation. As noted earlier, the fact
that saturation has set in in the ionization process indicates
that there are no neutral atoms in the interaction volume.
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Thus, introducing additional excitation of atoms when ioni-
zation is saturated results in a situation in which neutral
atoms disappear sooner than when there is no such excita-
tion. If, in addition, the probability of A>* ion formation,
while increasing, remains such that the effective formation
of these ions starts much later than the onset of ionization
saturation (that is, when there are no neutral atoms in the
interaction region), the yield of these ions naturally de-
creases.

Recall that in the above reasoning concerning the two-
electron mechanism we assumed that additional excitation
of atoms increases the probabilities of formation of both A *
ion and A% ions. The effect of a decreasing A2 ion yield,
obviously, will also manifest itself when only the probability
of A" ion formation grows while that of A>* ion formation
remains constant or decreases (here condition (5) is satis-
fied automatically).

We also assumed that the spatial distribution of laser
radiation in the interaction volume is homogeneous, al-
though in real experiments this distribution is always inho-
mogeneous. Allowing for this inhomogeneity modifies the
above picture. The reason is that when the radiation distri-
bution is inhomogeneous, the integral ion yield is affected
not only by the region where the ionization of the atoms is
saturated but also by regions where this is not so. In view of
this, in contrast to our calculations, the increase, due to the
additional excitation, of the probability of A* ion formation
leads to an increase in the ion yield (as observed in our exper-
iment). As for the A%* ions, the inhomogeneities in the dis-
tribution will only reduce the extent to which the ion yield
varies but will not change the pattern of this variation.

This analysis shows that the observed increase in the
probability of Ba* ion formation and decrease in the Ba>*
ion yield, due to the introduction of additional excitation in
the process of ionizing barium atoms, can be explained fairly
well by the two-electron mechanism. Since, as noted earlier,
there is no way in which this effect can be realized in the
cascade model, its manifestation unambiguously points to
the two-electron mechanism of formation of doubly charged
ions Ba’™.

5.CONCLUSION

The main result of our study is that for the first time it
has been proved unambiguously that the two-electron mech-
anism of formation of doubly charged ions can be realized.
For one thing, we discovered that the mechanism manifests
itself in the ionization of barium atoms by Y AG-laser radi-
ation.

Note that the two-electron mechanism is, in all likeli-
hood, predominant in the formation of doubly charged ions
of alkali-earth atoms in the infrared range. This assumption
rests on the fact that studies conducted up to now (Refs. 3—-
11) have shown that formation of doubly charged ions of
alkali-earth atoms in the optical and ultraviolet ranges takes
place basically by the cascade mechanism. As for the in-
frared range, studies have shown (see Refs. 12 and 13) that
the formation of A2* ions in this range cannot be explained
by that mechanism.

A qualitative explanation of this goes as follows. When
the cascade mechanism is realized in the infrared range,
there is a greater difference between the number of photons
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whose absorption is necessary for the formation of singly
charged ions, k,, and that of photons whose absorption is
necessary for the formation of doubly charged ionms, %,
(k, = 5-6 and k, = 9-10), than there is when the mecha-
nism is realized in the optical range (k, =3—4 and k, =6
-7). In view of this in the infrared range the probability of
A’ jon formation is considerably suppressed by that of A*
ion formation. This is not the case in the optical range.

As for the two-electron mechanism, in its realization in
the infrared range there is also a great difference between the
number of photons whose absorption is necessary for the
formation of singly charged ions, k,, and that of photons
whose absorption is necessary for the formation of doubly
charged ions, k5 (k, = 5-6 and k; = 14-16). Notwithstand-
ing this fact, however, in this mechanism the probability of
A7 ion formation may not differ very much from the proba-
bility of A* ion formation not only in the optical range but
also in the infrared. The reason is that the two-electron
mechanism manifests itself in the neutral-atom spectrum,
that is, in the spectrum of the bound autoionization states
between the first and second ionization potentials. It is
known that the spectrum of such autoionization states of
alkali-earth atoms is very dense,'® which makes one-photon
resonant transitions between these states possible for each
photon. This is the reason why the probability of A%+ ion
formation does not differ very much from that of A* ion
formation.

As for the cascade mechanism, in view of the anhar-
monicity of the spectrum of the singly charged A™ ions act-
ing as the target in the formation of A%* ions, there is practi-
cally no way in which a sequence of one-photon transitions
can form. Hence, as the photon energy decreases, the proba-
bility of the cascade mechanism realizing itself will be sup-
pressed by the probability of realization of the two-electron
mechanism. At higher photon energies, dependence on the
actual probability values, the cascade mechanism will pre-
vail over the two-electron.

Of course, this explanation of why different mecha-
nisms of doubly charged ion formation are realized in differ-
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ent spectral ranges is only qualitative and cannot be consid-
ered final.
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