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Competition between multiphoton/tunnel
ionization and filamentation induced by powerful
femtosecond laser pulses in air
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In this work we present experiments by focusing 42 femtosecond laser pulses in air using three different
focal length lenses: f=100, 30 and 5 cm. For the longest focal length, only the filament, which is a
weak plasma column, is observed. When the shorter focal length lens is used, a high density plasma is
generated near the geometrical focus and coexists with a weak plasma channel of the filament. Under the
tightest focusing condition, filamentation is prevented and only a strong plasma volume appears at the

geometrical focus.

OCIS codes: 320.7120, 320.7150, 300.2530, 020.4180.

It is well known that when powerful ultrashort laser
pulses propagate in optical media, filamentation
occurs!'=8l. Due to its potential applications, such as
writing waveguides in condensed matters(®-'%, lightning
discharge controll'!! and remote sensing in air['?], the
filamentation phenomenon has been extensively stud-
ied in recent years. During the propagation in different
transparent optical media, self-focusing of the pulse oc-
curs in the form of a series of self-foci giving a perception
of a filament of light!'3l. Each self-focusing process is
balanced by the de-focusing effect of a plasma which
is formed when the intensity at the self-focal region is
sufficiently high to induce tunnel/multiphoton ioniza-
tion in gases!??'4 or multiphoton excitation of electrons
from the valence band to the conduction band in con-
densed matters/¥. This balance results in an upper
limit in intensity inside the focal region and is called
intensity clampingl'*=16). In fact, R. Sauerbrey in Jena,
Germany was the first to have predicted this clamp-
ing effect (private communication, unpublished, 1993).
The plasma density is thus limited due to this balanc-
ing act. The weak plasma column left behind by the
continuous series of self-foci is called a filament. During
the laser-material interaction process, self-phase modu-
lation and self-steepening will widely broaden the laser
spectrum, which can extend from the near infrared to
ultraviolet. The consequence is a white light laser pulse
(supercontinuum )['7-18]

We note that the self-focusing/filamentation process
depends on the power of the laser pulse. The critical
power of self-focusing differs from material to material.
If the ultrashort laser pulse is focused by a lens, the
leading part of the laser pulse whose power is below the
critical power will undergo geometrical focusing and be
concentrated to the geometrical focus. Thus the inten-
sity at the geometrical focus will mainly depend on the
focal length of the lens. Recently, both experimental
results and numerical simulations!'®, using water as an
example of condensed matters, show that the shorter the
focal length is, the higher is the intensity at geometrical
focus, and the higher is the electron density. The high
electron density at the geometrical focus may lead to the
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appearance of breakdown in water. Thus the compe-
tition between breakdown and filamentation shows up:
long focal length lens will favor filamentation while with
tight focusing, optical breakdown will precede and even
suppress filamentation. In the intermediate condition,
filamentation and optical breakdown coexist.

In principle, this external focal length dependent in-
tensity at the geometrical focus should also be found in
gases. Previous work has observed similar competition
behavior as in water between filamentation and break-
down in high-pressure (20-atmosphere) CO; gas??l. But
in the femtosecond laser field and relatively low-pressure
gases (for example in air), the laser pulse duration is
shorter than the electron collisional time, which is of
the order of one picosecond. Thus during the laser-air
interaction, cascade ionization caused by collision can be
neglected. If we confine the term optical breakdown to
high electron density resulted from cascade ionization,
no breakdown can be expected during the interaction
of femtosecond laser pulse with low-pressure gases. The
laser induced plasma will be principally due to multipho-
ton/tunnel ionization. In this letter, we present exper-
imental results of using different focal length lenses to
focus ultrashort laser pulses in air; laser induced plasma,
is found to pass from a single weak plasma column or
filament, through the coexistence of a filament and a
high density plasma at the geometrical focus, into one
with only a high density plasma occurring around the
geometrical focus.

Our femtosecond CPA laser system built by Spectra
Physics/Positive light gives out three beams of pulses all
with 40 —50 fs duration: 1 kHz/2 mJ per pulse, 10 Hz/14
mJ per pulse and 10 Hz/100 mJ per pulse. This experi-
ment, used the second beam coming out of a two passes
amplifier followed by a portable compressor. The output
of the compressor is centered at 810 nm, with 0.8 cm di-
ameter at 1/e? and a 42-fs pulse duration (measured by
Positive Light single shot autocorrelator). A half wave
plate and a polarizer are located before the two passes
amplifier to change the input seed beam power and thus
change the output power of the compressor. The output
of the compressor was focused by a lens in air. From
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the side perpendicular to the laser propagation axis, the
focal region was imaged by two fused silica lenses (both
focal lengths are 5 cm) onto to the slit of a spectrometer
(Acton SpectraPro 150). The magnification is 1/10. The
silt was parallel to the laser propagation direction. The
spectrometer has two interchangeable gratings, 1200 and
150 g/mm, and it is also armed with 1152 x 298 pixels,
16 bits CCD. We recorded the images of the focusing
region by taking the zeroth order images; we also mea-
sured the spectral distribution of this region. Several
different focal length lenses were used. In this paper,
we report typical results using lenses with the following
focal lengths: 100, 30 and 5 cm.

Figure 1 shows three typical images taken via the ze-
roth order grating dispersion . All the images were taken
at 5 mJ/pulse input energy using the three lenses: (a)
f=100 cm; (b) f=30 cm; (¢) f=5 cm. The laser pulses
propagate from the bottom to the top of the image.
When f=100 cm lens was used, a long clean thin line
was recorded in Fig. 1(a). The maximum signal along
this line almost does not change. Because of the limit of
the view area, the lower part of the line, which is closer
to the focusing lens, was not imaged on the CCD. The
signal coming from the thin line is so weak that a large
contrast has to be applied in Fig. 1(a) to show it clearly.
Figure 1(b) was taken at the same contrast as Fig. 1(a)
when f = 30 cm was used. Not only a thin line but
also a much brighter volume appears in the picture. The
bright volume is at the geometrical focus. The maxi-
mum signal along the thin line is also constant. In the
inset of Fig. 1(b), the same picture is shown using low
contrast, where only a bright elongated volume is shown
around the geometrical focus. Finally, when the lens’
focal length is changed to 5 cm, corresponding to Fig.
1(c) only the bright volume around the geometrical focus
can be seen clearly. The same contrast as Fig. 1(a) and
Fig. 1(b) is adapted in Fig. 1(c). Similar to Fig. 1(b),
the inset of Fig. 1(c) shows the picture at low contrast.
Up to the CCD limitation, no elongation of the image is
found in Fig. 1(c).

To take the spectra, we used the 150-g/mm grating
inside the spectrometer to obtain a large spectral range
from 300 to 1050 nm. Because of the response efficiency
of the grating, the spectra below 300 nm cannot be
detected. The spectrometer slit was open to 50 pm,
which corresponds to the resolution of 4 nm. The spec-
tra obtained are shown in Fig. 2 for the three lenses
respectively. For all lenses, the spectra were taken at
5 mJ/pulse.

The results with the f=100 cm lens are shown in Fig.
2(a). The signal was accumulated by 200 laser shots.
Several spectral lines spread around 350 nm. Because
of the low resolution of the 150 g/mm grating, some of
the lines cannot be distinguished in Fig. 2(a). The in-
set of Fig. 2(a) gives the fine spectrum from 300 to 450
nm taken by the 1200 g/mm grating, which has a high
resolution of 0.4 nm. These lines have been assigned to
be nitrogen molecules and ions fluorescencel>'=23]. The
scattered laser spectrum is shown at the longer wave-
length side. There is almost no continuum spectrum
shown in Fig. 2(a).

Figure 2(b) shows the spectra using the f=30 cm lens.
The same accumulation time for the signal as above was

(a) (b) ©
Fig. 1. Images taken via grating zero order at 5 mJ/pulse in-
put energy. (a) f=100 cm, (b) f=30 cm, (¢) f=5 cm. Inset:
low contrast pictures of f=30 cm and f=5 cm.

applied. The spectra change obviously from Fig. 2(a)
to Fig. 2(b). Though the molecular lines still can be
observed, several lines around 800 nm start to show up.
These lines can be identified as O and N atomic lines®4).
The strongest is found to be the O! line at 777.4 nm.
Another clear change is that the continuum spectrum
becomes obvious.

Figure 2(c) corresponds to the case of f=5 cm. Due
to the very strong signal level, the spectra were taken by
accumulating only 6 shots. The dramatic change is that
no more nitrogen molecular lines are observed in Fig.
2(c), while the continuum becomes very strong. Mean-
while the continuum spectrum is modulated by strong O
and N atomic lines around 800 nm. The stronger lines
are N! (746.6 nm), O' (777.4 nm), O! (822.7 nm) and
N! (868.6 nm). Again, because of the low resolution used
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Fig. 2. Fluorescence spectra at 5 mJ/pulse input energy. (a)
f=100 cm, (b) f=30 cm, (c) f=5 cm. Inset: high resolution
spectrum around 350 nm when f=100 cm lens was used.
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in our experiments, the atomic lines are broadened and
some of them merge together.

To explain the experimental results, we remind our-
selves some well-known interaction processes between ul-
trashort laser pulse and simple molecules?®26]. In the
strong laser field, air molecules are firstly ionized, i.e.

N2—>N;"+e, 02—)O;+e. (1)

Further dissociation through bond softening would hap-
pen in our laser intensity range

Ny - N+N*, Of -0+0" . (2)

The respective ionization potentials of these particles are
15.6 eV of N3, 12.1 eV of O2; and 14.5 eV of N, 13.6 eV
of O. Once process (2) happens, O and N atoms might
also be ionized with high probability as bellow

N—-Nt+e, O-O07+e (3)

Because of the lack of collision as well as the much
higher ionization potentials (O*: 35.1 eV; N*: 29.6 eV),
OT and NT have very rare probability to be further ion-
ized. After the laser pulse is gone, electrons will recom-
bine with atomic and molecular ions. They would emit a
continuum spectrum. Further down in the recombination
energy ladder, molecules and atoms will decay to some
radiative excited states where fluorescence is emitted.

In air, the intensity inside a filament is clamped down
to (4 —6) x 10'® W/cm?, which gives a 10'* — 10'® ¢cm~3
plasma densityl'*21:22], The latter low plasma (electron)
density indicates that process (1) is the main channel of
interaction. This results in mainly fluorescence from ex-
cited nitrogen molecules and molecular ions and the back-
ground continuum is negligiblel21=23:27:28] ' The above re-
sult is reproduced in Fig. 2(a), where f=100 cm lens was
used. It convinces us that the long thin line in Fig. 1(a)
indicates a filament.

Conversely, in Fig. 2(c) no nitrogen molecular lines are
observed. The spectrum consists of strong atomic lines
and strong broad continuum. It hints that processes (2)
and (3) have much higher probability to happen than
that in the case of long focal length. Thus most of
the molecules are dissociated, and much more excited
atoms are produced via electron-atomic ions recombina-
tion. The appearance of high electron density is indicated
by Fig. 1(c) in which the much brighter volume replaces
the weak thin line in Fig. 1(a).

We calculate the distance between the position of the
first self-focusing point (or the beginning of the filament)
and the geometrical focus d = f — z/;. 2! denotes the
dis{g?nce between the self-focus and the lens, and is given
by

] Zsf f
— 4
Rsf = 2t f7 ( )

where zg is the self-focus of a parallel Gaussian input
beam and determined by(2°!

0.367ka?
{[(2)172 - 0.852]2 — 0.0219}1/2’

(5)

Zsf =

where k is the wave number, a is the initial laser beam
radius at 1/e? level, P is the laser peak power, and Pe;

indicates the critical power of self-focus. For f=5 cm, d
is found to be equal to 0.3 mm; i.e. the beginning of the
self-focusing point almost coincides with the geometrical
focus. Since filamentation is a propagation effect, there
is no chance for the filament to develop before the high
intensity in the focal region generates a strong plasma.
The latter defocuses the rest of the pulse. No balance be-
tween the self-focusing and plasma defocusing effect can
be established any more. Geometrical focusing plays a
main role to focus the laser pulse and induce a very high
intensity. Hence no filament can be seen in Fig. 1(c) and
no nitrogen fluorescence coming from a filament can be
observed in Fig. 2(c).

In the intermediate case, all the molecular lines, atomic
lines and continuum are found in Fig. 2(b) (f=30 cm).
Also Fig. 1(b) shows the coexistence of a filament (weak
plasma column) and high density plasma around the ge-
ometrical focus. In this case, the distance between the
self-focus and the geometrical focus is estimated to be 1
cm. This provides enough propagation distance to par-
tially form a filament before the strong ionization in the
geometrical focus takes over, as shown in Fig. 1(b).

In conclusion, when an ultrashort laser pulse is focused
by a lens in air, filamentation and strong field ioniza-
tion around the geometrical focus compete with each
other. Only weak focusing condition can give rise to
the pure filamentation. Coexistence of filamentation and
strong field ionization in the geometrical focus results if
a shorter focal length is used. In particular, if the focal
length is so short that the self-focus occurs too close to
the geometrical focus, filamenation is prevented by the
strong plasma in the geometrical focus.

W. Liu’s e-mail address is wliu@phy.ulaval.ca.
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