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Tunneling Ionization of Noble Gases in a High-Intensity Laser Field
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(Received 26 June 1989)

Studies of multiphoton ionization of noble gases have been carried out using 1-pm, 1-ps laser pulses
with intensities up to the mid 10' W/cm . To our knowledge, this work represents the first study of the
production of highly ionized noble-gas ions done exclusively in the tunneling regime. It is found in this
regime that the ionization at a given intensity depends on both the ionization potential and the charge
state of the species. The onset of ionization occurs when the sum of the Coulomb and laser electric po-
tentials causes the electron to be unbound.

PACS numbers: 32.80.Rm, 32.80.Wr, 42.50.Hz

Nonresonant ionization due to intense laser fields can
be separated into two regimes by the Keldysh tunneling
parameter, 1

=9.33 x 10 ' IX (2)

where e is the electric field strength of the laser and I is
in W/cm and X, is in pm.

In the regime of y & 1, the ionization can be described
as a multiphoton process. An atom or ion simultaneously
absorbs N photons:

2"++NA, co 2 "+' +e (3)

where Rheo&E;«. Most experimental studies of ion-
ization by intense laser fields have been carried out in
this regime. For example, Rhodes has observed the
production of charge states up to Xe' + with a 1-ps,
248-nm laser. Perry et al. compared multiphoton ion-
ization in argon, krypton, and xenon and found that the
ionization rates for the diAerent charge states were
dependent primarily on the ionization potential and less
so on the atomic species.

For y( 1, the ionization can be described as a tunnel-
ing process. Chin and co-workers' '' have studied tun-
neling ionization using a 1-ns, 10-pm, laser and observed
the production of charge states up to Xe +, Kr +, Ar +,
Ne'+, and He'+.

This Letter reports the first study in the tunneling re-
gime of highly ionized charge states using near optical
wavelengths (A. =1.053 pm). We have studied the multi-
ple ionization of five noble gases (He, Ne, Ar, Kr, and
Xe), and observed charge states as high as Xe' +. For
the experiments described here, the laser was operated
up to intensities of mid 10' W/cm . The ionization
occurs for y& 1 in all the charge states observed. The

where @~„d is the ponderomotive potential of the laser
and E;,„ is the ionization potential of the atom or ion.
The ponderomotive potential of the laser is the average
kinetic energy of an electron in the laser field given by

A~„d(ev) =e e /4mco

intensity at which ionization commences can be well de-
scribed by summing the Coulomb potential and the elec-
tric potential of the laser to find the magnitude of the ap-
plied electric field which causes the electron to become
unbound.

Our 1.053-pm-wavelength Nd:glass-laser system is
based on the concept of chirped pulse amplification. ' A
bandwidth limited, 50-ps, 1.053-pm, input pulse is first
produced by a Nd-doped yttrium lithium fluoride oscilla-
tor. This pulse undergoes self-phase modulation and
group-velocity dispersion in a single-mode fiber and fur-
ther group-velocity dispersion in a pair of expansion
gratings. The dispersed input pulse, with a bandwidth of
30 A, is a chirped pulse with a duration of 300 ps and an
energy of 1 nJ. This pulse is amplified in a three-stage
Nd:glass amplifier chain to a final energy in excess of
100 mJ, and is then compressed to —1 ps by a pair of
1700/mm gratings. The laser can be fired every 30 s.

The laser is focused into a vacuum tank using f/6 op-
tics (20-cm focal length lens) which produces peak in-
tensities in the mid 10' W/cm range. The intensity is
determined by measuring the energy, pulse width, and
focal spot size. The focal spot size is determined by
equivalent target plane measurements using 2-m and
15-cm focal length lenses and does not vary significantly
on a shot-to-shot basis. The energy of each laser shot is
measured by taking a 4% reflection from a beam splitter.
Both second- and third-order correlation techniques are
used to measure the pulse width. '

The relative fluctuation of the pulse length is mea-
sured on each shot. This is accomplished by frequency
doubling a 4% reflection of the main laser pulse. The en-
ergy of this green-light signal is divided by the energy of
the 1.053-pm signal squared gives a value which is in-
versely proportional to the pulse length, thus allowing a
relative measure of the pulse length on a shot-to-shot
basis. The intensities calculated in this manner are con-
sistent with the energy of the ponderomotively accelerat-
ed electrons coming from the focus when the focal distri-
bution is taken into account. ' The uncertainty in the
absolute value of the intensity is approximately a factor
of 2.
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The vacuum chamber is uniformly backfilled with one
of the five noble gases, or by a mixture of gases to a pres-
sure of typically 5&10 Torr. The ions produced dur-
ing the laser-gas interactions are detected using a time-
of-liight spectrometer. An electric field of 800 V/cm is

applied across the focal region thereby sweeping the ions
into a 30-cm field-free drift tube. The ions are detected
with a microchannel plate coupled to a digitizing oscillo-
scope. The temporal resolution is sufhcient for charge
states as high as Xe' +.

A typical data run consists of —200 laser shots in an
intensity range from mid 10' to mid 10' W/cm . In
some cases, data runs were repeated many times and the
intensity at which a given number of ions was produced
was found to differ by less than 25%. Mixed gas targets
were also used to help check the relative intensities
among the gases. Therefore, the uncertainty in the rela-
tive intensities among data runs is less than 25%. Figure
1 shows a result of a typical run. In this figure, the num-
ber of argon ions detected is plotted versus intensity.
Similar plots have been generated for He, Ne, Kr, and
Xe.

In order to compare our results with those of other
researchers, we will follow Perry et al. , who defined the
"appearance intensity" of a particular charge state as
the intensity at which a small number of ions is pro-
duced. In this work, the appearance intensity of a
charge state is the intensity at which ten ions of that
species are detected. In our case, the ten-ion level corre-

sponds to an ionization probability of —5x10 for the
lowest charge states. As can be seen in Fig. 1, the slope
of the curve representing the number of ions produced
versus intensity is very steep when a small number of
ions is detected and so the value of the appearance inten-
sity is insensitive to the exact choice of the number of
ions used in defining our appearance level.

Figure 2 shows a plot of the appearance intensities for
the observed charge states of ions of the five noble gases
versus the ionization potential. There are two points
which should be made regarding this graph. First, the
appearance intensities show a clear species dependence.
The appearance intensity of each of the noble gases fol-
lows a smooth curve versus ionization potential, but these
curves do not overlap. We conclude that the value of the
appearance intensity is dependent both on the ionization
potential and on the atomic species. This is in contrast
to the observations of Perry et al. , who observed that in
the nontunneling regime of 1 & y & 4, the appearance in-
tensities were dependent primarily on the ionization po-
tential.

The second point of interest is that the observed ap-
pearance intensities are much higher than those previ-
ously seen at this wavelength. The difference between
these data and those shown in Ref. 2 is as much as a fac-
tor of 10 depending on the charge state. It should be
emphasized that this factor of 10 cannot be due to exper-
imental error as the absolute error in the intensity mea-
surement is estimated to be a factor of 2 at most.

The ionization experiments described in Ref. 2 were
performed using a 50-ps bandwidth-limited laser pulse,
in contrast to our 1-ps non-bandwidth-limited pulse. By
shortening the laser pulse length and increasing the
bandwidth, the ionization process is pushed from the
multiphoton regime into the tunneling regime. Details
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FIG. l. Approximate number of argon ions detected as a
function of peak laser intensity. Similar graphs have been con-
structed for He, Ne, Kr, and Xe.

FIG. 2. Ion appearance intensity vs sequential ionization po-
tential for five noble gases. There is a clear species dependence
present. The relative error in the laser intensity is approxi-
mately the size of the data boxes.
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concerning this transitional regime are not yet under-
stood and experiments to study it are under way.

The appearance intensities are predicted quite well by
a simple theoretical model which consists of a superposi-
tion of the Coulomb potential with a static electric
field. ' As the external field strength is increased, the
height of the Coulomb barrier is suppressed. Ionization
occurs when the amount of suppression is equal to the
ionization potential of the atom or ion. The superim-
posed potential is written as

V(x) = —Ze'/x —eex . (4)

The position of the barrier maximum, x „,is found by
setting BV(x)/Bx =0. Equating V(x,„) to the ioniza-
tion potential, F.;,„, yields an expression for the critical
electric field strength
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Setting this static electric field equal to the peak electric
field of the laser, we obtain a corresponding intensity
which can be considered the appearance intensity,

l,pp =c&;,./12«e Z'.
The species dependence is contained in the known values
of the ionization potentials which, in a purely Coulombic
system, would be a function of Z alone.

Figure 3 shows a plot of these calculated appearance
intensities versus the experimental appearance intensi-
ties. Using no free parameters, excellent agreement is
obtained over almost three decades of intensity for all
charge states. Furthermore, the fits produced by this
simple model predict the appearance intensities for all
five gases more accurately than complicated theories
which are commonly used to describe high-intensity
laser-atom interactions such as Keldysh theory ' and
modified Keldysh-Faisal-Reiss theory.

The appearance intensities were also compared with
the complex™atom tunneling ionization theory of Ammo-
sov, Delone, and Krainov. ' While all of the appearance
intensities are matched within the factor of 2 absolute
uncertainty in the experimental intensity, the deviation
between experimental and predicted intensities systemat-
ically increases with decreasing atomic weight.

In summary, we have shown that for a laser wave-
length of 1 pm and pulse length of 1 ps, the ionization of
noble gases occurs in the tunneling regime. The ioniza-
tion is species dependent and the appearance intensities
are as much as a factor of 10 higher than those seen with
pulse lengths of 50 ps at the same wavelength. Further,
the appearance intensities can be quite accurately pre-
dicted using a simple Coulombic-barrier model. Future
work will involve an investigation of the transition re-
gime between 50 and 1 ps where the ionization changes
from a multiphoton process to a tunneling process.
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