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Tunneling ionization in the multiphoton regime
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Data on the threshold ionization intensities of rare-gas atoms with 248-nm irradiation in the
10"—10' -W/cm range of intensity are presented in the context of models involving tunneling ion-
ization. Comparison is also made with the full Keldysh theory. It is shown that, although the ex-

perimental conditions fall well outside the tunneling regime as defined by the Keldysh theory, these
relatively simple pictures accurately predict the threshold ionization intensities observed under the
conditions studied. The main deviation of these results from the Keldysh theory occurs for the
heavier elements at high charge states.

In the rapidly developing field concerning the study of
high-intensity laser interactions with matter, there is now
a wealth of data on the collision-free multiphoton ioniza-
tion of the rare gases. ' Complementing these data are
a variety of theories, at different levels of complexity, that
can be used to explain the measured ionization rates.
Two regimes are generally distinguished by the "Keldysh
parameter, "

y =—[(ionization potential)/2 X (ponderomo-
tive potential)]'~: the multiphoton regime, where y &&1

and the tunneling regime where y &&1. Most experi-
ments on multiphoton ionization of the rare gases are in
the multiphoton regime, and complex theories
have been developed to understand this case. The pur-
pose of this article is to present a new analysis of data on
the threshold ionization intensities of the rare gases ob-
tained with subpicosecond 248-nm irradiation in the con-
text to tunneling ionization models. ' " Although the
above definition of tunneling versus multiphoton ioniza-
tion clearly places these experiments in the multiphoton
regime, as y ranges from about 1 to 8, the results demon-
strate that relatively simple pictures involving tunneling
ionization agree well with the measured threshold ioniza-
tion intensities of the rare gases in the 10' —10'6-W/cm
range of intensity. In addition, we will compare the vari-
ous levels of approximation typically used in these treat-
ments.

The laser used in these experiments was a KrF* system
amplifying a 500-fsec seed pulse up to an energy of ap-
proximately 20 mJ. ' This radiation was focused into a
vacuum chamber containing the target gas and the ions
were detected with a standard time-of-flight spectrome-
ter. ' The largest experimental uncertainty in the data is
in the value of the threshold intensity. Not only is the fo-
cused intensity a difficult quantity to measure, there is a
question as to how to define an intensity which is varying
in space. Consider the focus of a flat-top beam. The spot
size of the beam is generally taken to be the diameter at
which the Bessel function describing the intensity distri-
bution at the focus goes to its first zero. The average in-
tensity of the field is then determined by the power in the
beam divided by the area of the focal spot. However, the

peak intensity will be 3.67 times this value. ' Neverthe-
less, the average intensity is usually quoted in experimen-
tal work. While this may seem to be the appropriate
quantity, the ionizaton rates generally increase rapidly
with intensity, and thus the peak value of the focused in-
tensity may be the relevant quantity. Most theories, of
course, do not have this problem of definition, as a con-
stant intensity is assumed. Clearly, in comparing experi-
mental threshold intensities to theory, in the ideal case,
one should average the calculated ionization rates
throughout the focal volume. This procedure is quite
difficult, as the spatial characteristics of the focus are
generally poorly known, and is rarely done. Consequent-
ly, for our analysis we will assume that the peak intensity
is the significant physical parameter and thus multiply
our average intensities by 3.67 for comparison with
theoretical predictions. Given this definition of the
threshold intensity, the uncertainty in the absolute exper-
imental value is estimated to be a factor of 5. ' From
data taken with mixed gases, and comparing charge
states, the relative uncertainty is estimated to be reduced
to a factor of 2.

Figure 1(a) presents the experimental data on the
threshold ionization intensities of the rare gases with
248-nm irradiation. ' Clearly, a meaningful statement of
a threshold intensity requires some discussion of the ion-
ization rate defining the threshold of observation. In
these experiments the ionization rate at threshold is es-
timated' to be 2X10 sec '. However, for all the mod-
els considered, calculations show that a factor of 2
change in intensity either way around the threshold value
changes the ionization rate by at least two orders of mag-
nitude. Thus it is not necessary to know the threshold
ionization rate to high accuracy.

Two important features in Fig. 1(a) are readily ap-
parent: first, there is no obvious functional dependence
of the threshold ionization intensity I,h on the ionization
potential F. , and second, there is a systematic lowering
of I,h with increasing atomic number. These two salient
characteristics have been basic aspects of the data on
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FIG. 1. (a) Threshold ionization intensities of the rare gases
with subpieosecond 248-nm irradiation. (b) Same data replotted
with Eq. (1}to show the scaling relationships. All intensities are
peak values. (See Fig. 2 for uncertainty in the intensities. )

multiphoton ionization from some of the earliest observa-
tions' of these processes.

The simplest model of tunneling ionization consists of
a one-dimensional (1D) Coulomb potential. ' In an exter-
nal, static electric field, an electron in this 1D atom
"sees" a finite potential barrier to ionization whose width
and height depends on the strength of the field. The
threshold intensity for ionization I,h is defined as the in-
tensity at which the potential barrier is reduced to the
ionization potential of the atom. The result of this calcu-
lation is'

I,h=cE /128me Z

where Ez is the ionization potential, Z the charge of the
resulting ion, c the speed of light, and e the charge of an
electron.

W„(E,)=4cuc(2E ) E, 'exp[ ——'(2E ) E, '] (2)

for (2E )
~ &&E„where E, is the static field in atomic

units (e/ac), E the ionizaton potential in atomic units
(e /ac), and toe the atomic unit of frequency (4. 1X10'
sec ). To calculate the ionization rate in an optical
field, Eq. (2) can be time averaged over one cycle of the
field. This time average can be done exactly in terms of
the Eo modified Bessel function. ' However, in the limit
(2Ep) ~2&&E„ this time average goes over to a simpler
form-'

W =(3/m)' E' (2E ) W„(E), (3)

where E is the peak of the alternating field in atomic
units.

Equation (3) can be further improved to include nonhy-
drogenic systems. The static ionization rate in this orbit-
al picture is given by' '"

This model has two defects which partially cancel each
other, resulting in a fairly accurate prediction of I,h.
First, when the barrier is lowered to the ionization poten-
tial, the barrier is completely removed, producing ioniza-
tion rates characteristic of atomic time scales (-10'
sec '). These rates are much higher than the threshold
rates, and thus overestimate the values for the threshold
ionization intensities. In contrast to the one-dimensional
picture, in three dimensions the lowering of the potential
barrier to the ionization potential, at the intensity given
by Eq. (1), will occur in only one direction in space. In
every other direction the potentia1 barrier will be higher,
leading to an underestimation of the threshold ionization
intensity. However, despite these differences, Eq. (1) does
reveal two important scaling relationships. First, besides

Ez, I,h also depends on Z . This scaling can be account-
ed for by simply considering the variable I,hZ, as will be
done throughout the rest of this discussion. Second,
I,&Z is proportional to E~. Clearly, a log-log plot of
I,hZ versus Ep should exhibit these basic scaling rela-
tionships and Fig. 1(b) shows such a representation for
the data in Fig. 1(a). The data now fall almost perfectly
on a straight line with a slope of 4, and the systematic
dependence on atomic number has been largely removed.
Furthermore, Eq. (1) predicts quite well the threshold
ionization intensities over five orders of magnitude in the
parameter I,hZ . However, the results of Eq. (1) are con-
sistently too high and there remains a more complex
dependence on atomic number.

A more refined model than represented by Eq. (1) in-
volves a three-dimensional atom and a calculation of the
tunneling rate through the potential barrier at an arbi-
trary intensity. ' ' The resulting ionization rate for a
static electric field from this model is'

C2 E I I [2(2E )3/2E —1]2n —
~m ~

—i [ 2(2E )3/2E —i] (4)
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where n is the efFective principle quantum number
[n'=Z(2E )

'~ ], 1 the orbital angular quantum num-
ber, and rn the magnetic quantum number. C I is a nu-

n

merical constant on the order of 2. The approximate
time average of Eq. (4) is also given by Eq. (3).

The last model that we consider is the well-known Kel-

dysh theory. As the y parameter is in the intermediate
regime, 1 & y & 8, a limiting form of the theory could not
be used. Thus, we evaluated the full form as presented in
Ref. 2, but do not reproduce these expressions here.

Figures 2(a) —2(e) show the results of the four models
represented by Eq. (l), Eq. (3) using the static ionization
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FIG. 2. Threshold ionization intensities for the rare gases from Fig. 1 along with calculated results from various theories. The 10
model corresponds to Eq. (l), the 3D simple atom to Eqs. (2) and (3), and the 3D complex atom to Eqs. (3) and (4). The Keldysh line
was calculated from the equations in Ref. 2. All intensities are peak values. The relative uncertainty in the intensities is indicated by
an error bar in the legend.
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rates for the hydrogenic and nonhydrogenic systems, and
the Keldysh theory, with the experimental data from Fig.
1 for the rare gases. Several interesting features are ap-
parent. First, the 3D simple atom picture and the Kel-
dysh theory both agree well with the experimental data
for the light elements, helium and neon. However, they
both get consistently worse for the heavier atoms at the
higher charge states. This trend makes sense, as both
models assume exact hydrogenic potentials, a poor ap-
proximation for the heavier gases. Second, as noted
above, the 1D model uniformly gives too high a threshold
intensity and tends to be the worst for the neutral species.
Third, the 3D complex model, expressed by Eq. (4), con-
sistently gives good results over the entire range of atom-
ic number and charge state studied. Fourth, the one
point which deviates considerably from any model is the
threshold ionization of neutral xenon. However, this is
clearly a case of multiphoton ionization, as there is a very
close two-photon resonance (5p —+6p) with 248-nm radia-
tion. The multiphoton regime can be characterized by
being very sensitive to the specific atomic structure, par-
ticularly near exact resonances.

The three tunneling models considered here are all
quasistatic theories, in other words, y is vanishingly
small. However, as mentioned above, the data were tak-
en in a regime where y is greater than 1. Although a full
tunneling ionization model for a Coulomb potential and
an arbitrary y has been solved' it is quite complicated.
Considering a 5-function potential results in a somewhat
simpler expression for the ionization rate, ' and from this
model we estimate the effect of varying y on the thresh-
old intensities. The result is that up to a value of y=3

the threshold intensities decrease by less than a factor of
2.

Measuring threshold ionization intensities is a relative-
ly simple experiment and the results are insensitive to the
actual ionization rates. Theoretical threshold values are
insensitive to the details of a given model for the same
reason. Thus it is difficult to use threshold data to evalu-
ate the merits of various theories unless very precise mea-
surements are made. On the other hand, measuring
threshold intensities provides an easy method of deter-
mining focused intensities to a reasonable accuracy.

There are three main conclusions. First, even using
248-nm irradiation, threshold ionization intensities can
be accurately predicted by relatively simple tunneling
ionization models. Second, while a 1D Coulomb poten-

tial model correctly gives the basic scaling laws for tun-
neling ionization, a 3D complex atom picture is required
to give uniformly better'quantitative agreement over the
entire range of gases and charge states studied. Third,
threshold ionization intensities are rather insensitive to
the details of the theoretical models and thus have limit-
ed usefulness in testing ionization models. Finally, we
note that with the use of intensities in excess of 10'
W/cm, which are now achievable, it will be possible,
based on extrapolating Eq. (1), to remove completely the
4d shell from xenon producing kryptonlike Xe' +.
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