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Objective of the project: To study experimentally the fundamental processes of self-focussing and
filamentation of intense femtosecond Ti-sapphire laser pulses propagating in air and the fluorescence
resulting from the interaction of such laser pulses with complex molecules.

Possible application: A new type of LIDAR to detect chemical and biological pollutants in the
atmosphere.

Abstract

We have identified and confirmed that ultrafast intense Ti-sapphire laser pulses after propagating
through an optical medium self-transform into chirped white light laser pulses as manifested by the
generation of supercontinuum. During the propagation of such pulses in air, self-focussing and
filamentation take place together with strong field interaction with molecules in its path. Some
important physical processes were studied. In particular, we observed a new type of fluorescence from
the air molecules characteristic of intense field ionization and fragmentation unexpected from normal
wisdom of plasma emission. An analytical tunnel ionization model of air molecules that agree with our
experimental results was developed. It could be used in any theoretical modelling of such propagation.
New techniques were developed to study the dynamics of filamentation. They allowed us to observed
directly for the first time the signature of re-focussing. The dependence of filamentation on various
laser parameters such as the chirp, the divergence, etc. was also measured. Preliminary results agree
with what we expect based on current knowledge of ultrafast nonlinear optics.

1. Introduction

The materials contained in this report were obtained thanks to the support of not only ARO under the
grant number given above, but also the Department of National Defense of Canada, the Natural
Sciences and Engineering Research Council of Canada and Le Fonds-FCAR of the Province of
Quebec, Canada. Although ARO's support represents eventually about 30% of the total budget of the
year, it came at a critical moment when the funding of the principal investigator's laboratory was
inadequate. This permitted the principal investigator to bridge the gap and to establish a continuity till
other supports joined in a few months later. The official period of ARO's support is between Oct. 1,
1997 and Sept. 30, 1998. However, there had been some administrative delay in the transfer of funds
from the US to Canada as well as the delay in hiring post-docs and students. As such, it is the principal
investigator's opinion that it is fair to include in this report the work done during the three months after
the official expiration date of the ARO grant.

This report presents the results of the study of some of the fundamental sciences that occurs during the
propagation of intense femtosecond Ti-sapphire laser pulses in air. The phenomenon is summarized in
what follows. When a femtosecond intense laser pulse propagates in air, it will self-focus into a tightly
confined filament over many tens to hundreds of meters or more. Intense white light (supercontinuum)
and rainbow-type of conical emission are generated in the forward direction. Very high localized
intensity can be obtained ‘naturally’ at long distances. This consititutes a novel technique for the
transport of intense laser pulses to long distances in the atmosphere as contrast to the transport of any
other type of long (nanosecond) laser pulses which will always diverge due to diffraction. The principal
5



application we had in mind was a novel type of LIDAR for the detection of chemical and biological
pollutants through monitoring the fluorescence finger prints of these molecules. Thus, our principal
task was to study the details of propagation as well as the fluorescence arising from the fragmentlon of
the molecules of interest.

Before the beginning of the project, the detail of the physical mechanism of the propagation of such
pulses was a subject of debate [1-7] while we in Laval University have already contributed to the
understanding of some of the primary physical processes in single filamentation[4,6]. The latter can be
explained by the moving focus model limited by multiphoton ionization (MPI; in this report, MPI is
considered as a general term that includes tunnel ionization). Different slices of the front part of the
pulse self-focus at different positions giving rise to a continuous streak of self-foci; hence the
perception of a filament. Supercontinuum generation and conical emission is a consequence of

temporal-spatial self-phase-modulaltion (SPM) of the trailing part of the pulse by the self-induced
plasma in the self-foci[5,6].

Our project was to study in more detail the physics underlying the propagation of the most powerful
terawatt laser pulses and the limit of such kind of propagation. These include the knowledge of the
intensity distribution in the dynamically changing laser pulse especially after self-focussing begins. We
made use of our state-of-the-art femtosecond Ti-sapphire laser system to carry out the experiment. The
project was separated into the following sub-projects: a) the technique of controlling the length of the
filaments and the position at which filamentation starts by changing various laser parameters, namely,
the chirp, pulse length, beam divergence and beam shape, b) multiple filamentation, c) the physics of
the interaction of these pulses with atoms and molecules in the context of the above mentioned
phenomena, d) the fluorescence resulting from the ionization and fragmentation of some sample

molecules and €) measurement of such fluorescence in the laboratory environment using the LIDAR
technique.

This ambitious project, of course, cannot be terminated in the span of one year. However, much
progress was achieved. In particular, we have arrived at some important conclusions. (1) We have
identified and confirmed that the supercontinuum is indeed a chirped white light laser pulse. The latter
is part of the main pump pulse whose amplitude and phase has been severely modified during its
interaction with the self-created plasma resulting in a strong anti-Stokes frequency broadening, hence
white light laser pulse. (2) We have established experimentally an analytical formula for the MPI of air
molecules ( oxygen and nitrogen ). Prior to our finding, no satisfactory theoretical formula was
available in the intensity range where such ionizations take place. This can be used quantitatively by
theoreticians who are modelling the propagation of intense femtosecond Ti-sapphire laser pulses in air.
(3) The fluorescence of the products of ionization and fragmentation of air molecules is quite different
from what nanosecond laser pulse induced plasma in air gives. Using the femtosecond laser pulse, the
continuum characteristic of a plasma is too low to be detectable in our system while line emissions
from some unexpected molecular ionic states dominate. (4) We confirmed the theoretically predicted
phenomenon of multiple re-focussing during the propagation of the pulse through a geometrical focus.
The theoretically predicted distortion of the laser pulse resulting in an intensity distribution with
circular ring structures was also recorded directly on glass plates. Other results on the dependence of
filamentation on the chirp, the divergence and the beam shape of the laser pulse have been observed.

In the course of the past year, two workshops have been organized by the principal investigator thanks
to the support of ARO and DREV ( Defense Research Establishment Valcartier, Canada ). They were

both focused on the problem of the propagation of intense femtosecond laser pulses in the atmosphere.
One was a bilateral workshop ( April 7-9, 1998 ) between Canada and the US with invited participants
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coming from DREV, ARO, MICOM and the principal investigator’s laboratory. The other was an
international workshop ( June 19-20, 1998) with invited participants from ARO, MICOM, US Air
Force, Sandia National Lab., some US Universities ( Michigan, Arizona, Cornell ), DREV, France
(Polytechnique), Germany (Jena), Russia ( Moscow ), Egypt ( Cairo ), National Research Council of
Canada and two Canadian Universities (Laval, INRS). These activities have been filed in other reports
submitted to ARO and will not be repeated in the text.

In what follows, some of the results which were given in the interim report and which were not
changed since then are included for completeness.

2. Experiments

2-1. General

The modern ultrafast intense laser laboratory houses the million-dollar state-of-the-art terawatt Ti-
sapphire laser facility giving out three beams simultaneously with the following characteristics ( best
performance):

Beam 1: 1 terawatt,10Hz, 200fs

Beam 2: 10 GW, 1 kHz, 120fs

Beam 3: 10 GW, 10Hz, 120fs;

These beams are very stable from the operational point of view. Once aligned, no day-to-day re-
alignment is necessary for weeks and months. Fig. 1 shows the optical layout of the laser system. In the
present work, mainly the terawatt beam was used. The energy of the beam was reduced significantly
during all experiments because self-focussing starts at a much lower power. This is also precisely
where the fundamental technical challenge is; i.e. how to inject at will a lot of energy into the filament
at a long distance in the atmosphere.

2-2 Filamentation : dependence on laser parameters

2-2.a. Dependence on the chirp of the pulse

The femtosecond laser pulse is generated by thé technique of chirped pulse amplification followed by
pulse compression through a pair of parallel identical gratings. It is expected that changing the chirp in
the pulse would change the self-focussing distance. We thus studied this aspect first.

When a femtosecond laser pulse double-passes through a parallel grating pair, a negative group
velocity dispersion (GVD) is induced in the pulse; i.e. a negative chirp is introduced in the pulse. The
group delay dispersion (GDD) after a double pass is given by [8]:

d’¢

do?

DA} / a?
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frequency; D, the spacing between the identical grating pair; a, the grove spacing of the gratings; o, the
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where ¢ = kz, and the GVD parameter is given by Here, k is the wave number; o, the angular
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angle of incidence to the first grating; A, the wavelength and c, the speed of light in vacuum. The GDD
ineq.1 is always negative.

The stretched and amplified long laser pulse ( about 200ps) emitted from the amplifier chain before
going into the compressor is positively chirped. Thus, it is expected that the laser pulse at the output of
the compressor will have its chirp compensated. If the compensation is complete, the pulse becomes
transform limited ( shortest ); if not, it will be chirped either positively ( up-chirp ) or negatively (
down-chirp ) depending on whether it is under-compensated ( D too small, see eq.1) or over-
compensated ( D too large). Both types of chirped pulses are longer than the transform limited pulse. It
is expected that by changing the distance D between the grating pair, one would be able to vary the
beginning of the filament.

The dependence of the beginning of the filament as a function of the distance between the grating pair
in the compressor (i.e. as a function of the chirp ) was thus measured, initially in the 200m long
corridor outside the laboratory and later on inside the laboratory. The beginning of the filament is
defined qualitatively as the smallest burned spot on an ir-sensitive papers. The burned spot is in the
form ofa central small dot ( of the order of one mm or less ) surrounded by a larger pattern ( a few mm

in diameter which is roughly the diameter of the beam at the output of the compressor, 6mm at 1/¢?).
Fig. 2 gives the result of such a measurement.

It shows that at a constant pulse energy, up-chirped pulses ( towards the right of the figure ) and down-
chirped pulses behave symmetrically; i.e. the distance from the output of the compressor to the
beginning of the filament increases with the chirp in the same way regardless of the sign of the chirp.
This could be explained by the fact that the lengthening of a femtosecond pulse by the chirp depends

only on the square of the chirp; i.e. on the square of the GDD. For example, a normalized Gaussian
wave packet that expresses the electric field E of a pulse is given by:

E@1)= Jexp[-i(0 - 0,)* /T*]explikz - at)]do @

where z is in the propagation direction; I', the width of the Gaussian component centered at o ; k and
®, the wave number and the frequency respectively and t , the time.

After integration, in the approximation that only linear chirp is considered, the intensity is given by:

£~ 5 ~ exp| -2 3)
2(1/T? +BT?/ 4)

4
do
[1 B

= 21/'2_1“JF +o )

d2
where O = o0, s B =ﬁ| w=0, - I1he width at the 1/ point is

showing the dependence of the pulse width on B%; hence on the square of the GDD parameter.
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Such lengthening of the pulse results in the lowering of the peak power when the pulse energy was kept
constant; this leads to a longer self-focussing length z¢ as can be seen in the following formula derived
in self-focussing theory when a Guassian pulse is assumed [9].

- 0.367ka’
" O{[®/P,_ )2 - 0.852] - 0.0219}'"?

®

where P is the critical power; P, the peak power of the pulse; k, the wave number; and a, the radius of
the beam at the 1/e power level. Eq. 5 shows that as P decreases, z; increases.

This is a re-affirmation of the dependence of self-focussing on the power ( €q.5) but not on the
instantaneous field amplitude and the phase of the field. This is true only under the slowly varying
envelope approximation. For a 200fs pulse, such an approximation is still valid since the period of the
field’s oscillation at 800nm is about 2.71s, still much shorter than the pulse duration.

The change of the positions of the beginning of the filament varied only from about 4 m to 12 m as
shown in Fig. 2 although we expected much longer distances. It was found out after the experiments
that the amplifier had not been re-aligned exactly back to its original state after changing some
damaged optics. Instead, the new alignment was such that the beam was slightly convergent. Thus, the
pulses self-focussed slightly earlier inside the laboratory before getting out into the corridor.
Consequently, the mirror in the corridor was damaged and thus there was no way to measure the end of
the filament. We were forced to do only a limited experiment inside the laboratory by meauring the
position of the beginning of self-focussing.

Inspite of this, an important conclusion can be drawn from the above result. Self-focussing does not
depend on the sign of the chirp but only on the absolute value of the chirp. The beginning of the
filament can be varied by varying the absolute value of the chirp of the pulse.

2-2.b. Effect of divergence

During another series of experiments in the corridor, we found that double filamentation started to
occur when the pulse energy was increased beyond 10mJ. This was expected. However, at such an
energy, when the divergence of the pulse was increased, double filamentation disappeared leaving
behind only one filament at the axis of the beam. At the same time, the position of the beginning of the
filament moved further away from the compressor while the conical emission at a distance of about
120m from the output of the compressor became more intense and better resolved in color. Further
increase in pulse energy caused the appearance of double filaments again while further increase in the
divergence returned to single filament at the axis of the beam with stronger and better resolved conical
emssion while the beginning of the filament moved further away. This situation repeated until we ran
of of space in the adjustment of the telescope that changed the divergence of the beam before the
compressor. The pulse energy was still low, only about 20mJ.

This result seems to indicate that there is a possibility to put more enengy into the pulse and still
maintain one single filament simply by increasing the divergence of the beam. This could mean that
more energy could be injected into the filament. Although it was not clear yet why the conical emission
became more intense and better resolved in color, we present a tentative explanation as to why
increasing the divergence of the beam gives rise to single filamentation along the beam axis.



Multiple filamentation originates from local ( spatial ) )intensity fluctuation in the laser pulse’s wave
front. When the divergence increases, local intensity fluctuation at the wave front becomes weaker
because the local wave surface is stretched into a larger more divergent surface. The local power is then
not sufficient for self-focussing at the original localities. The central part of the spherical wave front is
less affected by such an increase in the divergence as compared to the peripheral positions. ( See Fig.3.
) Hence, only the central part of the wave front would self-focus earlier draining the pulse energy into
it. The consequence is the dominance of the central axial filament and the beam is now limited to a
single filament.

We conclude that there is a possibility to transport high energy pulses to a long distance with only one
filament by increasing the divergence of the pulse. Inspite of this, it is necessary to repeat this
experiment with a better controlled divergence and higher energies so as to be able to move the
beginning of the filament hundreds of meters from the compressor while injecting as much energy into
the filament as possible.

2-2.c. Effect of beam shape

We thus prepared another series of experiments aiming at measuring the dependence of the
filamentation on the laser pulse’s divergence. This required modification of the telescope in front of the
compressor as well as the replacement of some optics. Re-alignment of the laser chain was thus
necessary before carrying out the following experiment.

A 1m focal length lens focussed the pulse into a vacuum system. At the exit, a lens of 25c¢m focal
length was used to reduce the beam size by a factor of about 4. This second lens at the output of the
vacuum system was mounted on a micrometer translation stage so that the laser pulse’s divergence
could be varied. The experiments carried out afterwards in the corridor outside the laboratory was

inconclusive. We could not obtain a filament even if the energy per pulse was increased up to about
30ml.

What we discovered was that the pulse’s cross sectional shape was oval after propagating for a distance
of about 30m whereas at the output of the compressor, it still looked round with a roundness of about
0.8 according to the measurement using a CCD camera. The beam tended to self-focus in one
dimension but never reaching a strong spot . It is a bit similar to the astigmatism of a lens.

The laser beam was thus checked thoroughly. We found out that one of the gratings in the compressor
has deteriorated too much and the bad beam quality could have been due to this grating. After changing
this expensive piece of grating, together with a series of checks, we found out the following. It was

very probable that some spatial chirp in the pulse was at the origin of the problem. This is discussed in
section 2-2.d .

We conclude that in order to have an efficient self-focussmg, the beam shape has to be as round as
possible throughout the whole propagation length; i.e. cylindrically symmetric.

2-2.d. Effect of spatial chirp

In the course of carrying out the experiments in the previous section, we realized that the filament was
not created along the central axis of the of the propagating pulse. The filament was off center of the
pulse. We believed that this could be due to a kind of spatial chirp. After some lengthy search, the
origin of this spatial chirp was discovered. It was due to the non-ideal beam shape again. We note that

10
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during the previous experiment, the pinhole in the vacuum telescope was removed because the laser
kept damaging it every so often. The non-ideal beam shape causes the diffracted spectral patterns from
the pair of gratings in the compressor to only partially overlapping with each other after a double pass.
This partial overlap of the spectrum means that the local pulse duration across the cross section of the
pulse is not uniform. Shorter pulse length means higher power. The shortest pulse length at a non-axial
position might first build up self-focussing resulting in an off centered filament.

After inserting the pinhole back into the vacuum telescope, the pusle shape became much rounder with
a roundness of about 0.9. The filamentation was improved; i.e. the filament was now nearer the axis,

but not yet at the center. By increasing the divergence of the pulse, the filament became centered. This
is a reconfirmation of the observation in section (2-3).

We conclude that a spatial chirp could generate an off-centered filament.

2-3. Improvement on the laser

The experimental results obtained in section 2-2 showed that a little defaults in the beam quality would
produce distortions in the filament formation. This showed that the initial pulse characteristics are
crucial to the success of the experiments. We thus improved step by step the quality of the beams along
the whole chain as indicated in Fig. 4. First of all, the argon ion pump laser of the oscillator was
replaced by a solid-state-diodes-pumped vanadium laser (Coherent’s Verdi). Long time stability of the
oscillator was improved. Secondly, we worked to improved the beam shape quality. For that, in order
to inject a beam as perfect as possible in the amplifier stages, we introduced a new spatial filter
between the regenerative amplifier and the high-power amplifiers. This spatial filter is a confocal
telescope with two lenses (75 mm and 50 cm focal lengths) and a 220 pm diamond pinhole placed at
the focal plane in a vacuum tube. Micro-damages inside the two-pass pre-amplifier crystal was
suspected to be the source of beam shape distortion in the high power beam and a loss of power that we
observed at the pre- amplifer stage. We changed the crystal. To avoid further damages, we increased
the size of the injected beam in the preamplifier. Roundness better than 0.95 was measured before the
second stage of amplification. Finally we obtained more than 170 mJ ( at about 70% of the pumping
capacity ) before the compressor with a beam shape roughly Gaussian and a roundness of about 0.9 (
Fig.5). The compressor too was completely re-aligned because a slight mis-alignment would induce
spatial and temporal chirp and beam shape distortion. We performed third-order cross-correlation and
FROG experiments to characterize and adjusted the final duration and the chirp of the pulses. We are
now working with 220 fs slightly chirped pulses with a nearly Gaussian spatial shape.

In the corridor, we performed an experiment to study the influence of the initial divergence of the beam
( Fig. 6 ). After the compressor we installed a confocal telescope formed with two 1 m focal length
lenses. The surfaces of the lenses are coated for anti-reflection at 800 nm. The last lens is mounted on a
translation stage to change the divergence of the beam. To avoid self-focusing and white-light
generation in air in the telescope, we installed a plexiglass tube with two anti-reflection-coated glass
windows and pumped by a turbo-molecular vacuum system. Because the pumping was through a small
valve, the pressure inside the tube cannot be less than 1 Torr. Unfortunately, this was not low enough
and we still observed a small filament inside the tube. This was enough to affect the shape of the long
filament during the propagation. ( For a better understanding, see next section and appendix 1.)
Qualitatively, we observed that the more the beam is divergent the longer is the distance of the
beginning of filamentation from the output of the compressor. But because of the small filament in the
vacuum tube, we couldn’t do any quantitative experiment. We are currently building a metallic vacuum
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tube that will be pumped by the turbo-molecular pump through a larger openning in order to get the
vacuum down to 10-10 Torr.

2-4. White light laser

The supercontinuum generation in transparent optical media was first observed with picosecond laser
pulses and nowadays are routinely obtained with the developpment of femtosecond laser sources. The
mechanism of this process was widely studied and it is generally accepted that the basic reason is self-
phase-modulation in the self-created plasma resulting in a large anti-Stokes broadening. This source
ranging from the near IR to the UV is widely applied in laser physics as a tunable source in
spectroscopy or as a seed for futher amplification in dye amplifiers or optical parametric amplifiers,
etc. Because this source is generated by a coherent laser source and involves instantaneous nonlinear
effects, it is tacitly accepted that the supercontinuum is also a coherent source. In this work, we showed
- that in terms of coherence length, the supercontinuum should be called a white-light laser.

The coherence length was measured using the technique of spectral interferometry with a Michelson
interferometer followed by a spectrometer (Fig. 7). The spectrometer splitted the spectral components
of the two delayed pulses coming from the Michelson interferometer into pairs of identical wavetrains
limited by the spectral resolution of the apparatus. As long as the pairs of wavetrains overlap,
interference appeared in the spectral domain (i.e. spectral modulation ). The coherence length of a
spectral component limited by the resolution of the spectrometer is defined as the delay range over
which one observes spectral modulation. We compared the coherence lengths of of the spectral
components of two types of white-light sources: the supercontinuum and a thermal incandescent lamp.

A Ti:Sapphire oscillator followed by a 1 kHz regenerative amplifier was used to generate 170 s pulses
centered at Ao = 800 nm with an energy less than 1 mJ. White light supercontinuum was generated by
focusing the pulses into various liquids contained in a cell with fused-silica windows centered in a
telescope ( Fig. 7). Liquid water, CCl; and methanol were tested and the laser input intensity was
adjusted by variable neutral density filters in order to be in a single filament regime. The telescope was
adjusted in such a way that the output beam was collimated. The thermal source was a quark lamp and
the output beam was collimated before entering in the Michelson interferometer. In both cases, the
collimated beams illuminated directly the entrance slit of the spectrometer and the comparison of both
types of sources was performed under identical experimental conditions.

The results are shown in Fig.8, where the ratio between the coherence lengths of the supercontinua and
the incoherent source has been plotted versus the wavelength. One can see that this ratio is independent
of the material where the supercontinuum is generated, which confirm that the generation of
supercontinuum is a universal phenomenon. Moreover, in the range between 500 nm and 800 nm, all
the ratios are appreciably equal to the corresponding ratio of the Ti:Sapphire laser pulse. On the wings
of the spectra, this ratio decreases quickly. This might be due to the decrease by more than one order of
magnitude of the supercontinuum intensity in these spectral regions so that the contribution from the
incoherent plasma recombination light in the white-light filament becomes important. Otherwise, we
expect that the relative coherence length to be the same as the other values. We therefore conclude that
the relative coherence lengths of all the frequency components of the supercontinuum are essentially
equal to that of the pump Ti-sapphire laser pulse. From the point of view of coherence length, the
components of the supercontinuum should thus be called coherent laser pulses and together, they
constitute a chirped white light laser pulse. A detailed analysis of the propagation of powerful
femtosecond laser pulses leading to the formation of such chirped white light laser pulses is given in
the invited paper written by the principal investigator and his co-authors. It will be published in the
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Journal of Nonlinear Optical Physics and Materials. The preprint is given in appendix 1. Appendix 2
shows the preprint of a paper on the justification of white light laser to be published in the Japanese
Journal of Appied Physics ( February 1999).

2-3. Re-focussing measured by a two-wire detector

Meanwhile we develop a new technique to measure the dynamic development of the filament. The
detector consists of two parallel wires with a high voltage across it. The experimental set-up is
presented in Fig. 9. Each wire has a length /=1 cm and they are separated by a distance d=1 cm. During
the experiment, the voltage difference between the wires is kept constant (V=3 kV). The signal, S(t), is
detected using a 500 MHz oscilloscope. Figure 10 shows some typical signals as the detector moves
toward and away from the geometrical focal point of the lens. For our analysis, we measured the
strongest peak-to-peak value of this signal. The structure of the signals are the same. They represents
the damped oscillation of the whole electronic circuit excited by an impulsive signal. The strongest
signal was obtained when the the two wires were parallel to the filament. If we put the two wires
perpendicular to the filament we obtained the same signature as with the wires parallel; the difference
being that the peak height of the signal was roughly a factor of 5 lower. Figure 11 shows the variation
of the signal (maximum peak-to-peak) as a function of the voltage across the two wires.

We believe that the physical origin of the signal is related to the effect of electrostriction ( generation of
a ‘DC’ field ) in the plasma column of the filament when the inversion symmetry of the gas was broken
by charge separation in the region of high intensity or high ponderomotive potential plus the external
static field. The induced ‘DC’ field in fact is an electrical pulse proportional to the intensity since the
second order nonlinear polarization of electrostriction is proportional to the intensity. This electric
pulse is as short as or shorter than the laser pulse duration ( terahertz pulse ). This fast pulse would
induce a strong impulsive magnetic signal which in turn induces an electric current pulse in the circuit
of the two-wire detector. Because the electric and magnetic pulses are very fast ( about 100 fs ), the
electrical circuit cannot follow them faithfully and hence gives rise to an impulsive response ( damped
oscillation ) characteristic of the response time of the circuit used. That’s why the structure of the
signals are the same. However, the peak value of the signal is proportional to the peak value of the

electric and magnetic impulses; hence to the gross laser intensity in the filament. We are currently
studying the detail of the technique.

Fig. 12 shows typical signals of the two-wire detector as a function of its position along the propagation
axis at different laser energies. The filament was in between and parallel to the two wires. The peak of
a curve indicates a high intensity zone, hence a self-focal region. The one before the geometrical focus
moves towards the lens (away from the geometrical focus ) as predicted by the moving focus model[9].
The appearance of other peaks after the geometrical focus is a direct manifestation of re-focussing[3-7].
In particular, we have reasons to believe that a third maxima on the curve at 30mJ ( at around the
position of 20 cm) might be due to another re-focussing of the laser beam. This is the first experimental
evidence of multiple re-focussing predicted by the theoretical study of the Arizona group in a similar
situation of a focussing geometry[3].

2.6. Fluence Profile of filament Recorded on Glass Plates

It is well known that for sufficiently strong laser pulses focused on a material’s surface, ablation

occurs. This damage could therefore be used to characterize the spatial fluence profile of the laser

pulses as they propagate in air. The experiment was performed using 300 fs pulses focused by a 1.5 m
13
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focal length lens. The laser beam had a diameter of roughly 1 cm. The experimental set up is shown in
Fig.13.

In order to have a good representation of the evolution of the pulse shape, the samples are taken at
different positions before and after the geometrical focus by increments of 0.5 cm. Afterward, a scan
of the damages on the samples is done by a DekTak IIA profilometer. This apparatus allow us to get a
direct measurement of the ablation profile on the sample by measuring the variations of the ablation
depth across the damage. Since this ablation profile is in fact a measure of the fluence of the laser
pulse, analyzing this profile can be helpful to acquire a better understanding of the filamentation
process because it provides a step-by-step evolution of the filament

Fig.14a shows a typical damage spot at a position of 5Smm from the geometrical focus and Fig. 14b
shows its corresponding depth profile across a diameter. In Fig.14a, the damage consists of a central
spot surrounded by a rather homogeneous circular ring and then by a complex outer region. By
inspection of the DekTak scan (Fig.14b), we see that this homogeneous ring corresponds to the two
shoulders separating the deep central hole from the two secondary craters. Because this is a one
dimensional scan on a circularly symmetric damage, it follows that the two secondary craters
represents in fact an ablated ring. This scan explains why the shoulders looks homogeneous on the
picture: on the DekTak scan, they are at the same height as the surface of the non-ablated region of the
sample. i.e.: the intensity of the laser pulse in this region was too low to create a damage. The

sensitivity of the DekTak is not sufficient to detect fine circular craters; but these are evident on the
picture as fine circular rings(Fig.14a ).

Now, let’s look at the information we can get about the pulse shape by inspection of the damages.
First, the central crater of the damage is attributable to the intense filament developing at the center of
the laser pulse as it propagates. Then, there is the ablated ring surrounding it. We believe that this
ablated ring is due to intensity rings developed through the diffraction of the trailing part of the pulse
by the plasma column created by the leading part of the pulse. In fact, Kosareva et al.[4-6] developed a
theoretical model in which the front end of the laser pulse develops into an intense filament which
ionizes the air. The plasma column diffracts the back-end of the pulse and this diffraction gives rise to
circular rings of intensity structure which when interacting with the glass surface will create ablated
rings as we observed on the damaged glass sample. In the case of non-focussed pulse propagation [1,2,
4-6], such rings would generate a ring structure of positive nonlinear Kerr index which would re-focus
the pulse; hence, our first observation of re-focussing[4]. To our knowledge, this is the first direct

experimental observation of the presence of such circular structures in the filament predicted by the
theoretical models.

Starting at about 10mm from the geometrical focus and further, no such rings was observed except a
central crater whose diameter reduces as the plate was moved away from the geometrical focus. This is
understandable because the intensity of the focussed pulse away from the focus is lower.

2-7. Fluorescence

We have measured the fluorescence from air. The laser pulse was focussed into air by various long
focal length lenses (from 1m to 7m). A filament with a length from about 10cm to about 50cm
respectively was formed spanning the geometrical region. A pale bluish-white light can be seen in this
filament region by the naked dark-adapted eyes. Part of this filament was imaged from the side onto the
slit of a 0.5m spectrometer. Specta from air and from pure N, are the same while no spectrum can be
detected in O, in the spectral range limited by our system. An example of the spectra from N, is shown
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Fig.14 a: Photograph of the damage at the surface of the sample.
(Taken with a phase-contrast microscope)
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in Fig. 15. It consists of many sharp lines. This is compared to the spectra of ns laser induced
breakdown in air using uv and red lasers ( Fig. 16 and 17 ). The last two spectra are very similar
whereas they are drastically different from the spectrum from the filament ( Fig.15).

The spectra in Fig.15 were obtained from around the geometrical focal region at a pressure of 5 Torrs
of N; when a 1m lens was used. The laser intensity was estimated to be 6x10'* W/cm? (the estimation
of the intensity is based on the measured laser parameters; pulse duration, pulse energy and the spot
size at focal region). From 470 nm up to 800 nm there is no signal, therefore this part is not presented
in the figure. Below 300 nm and beyond 800 nm the detection efficiency of our spectrometer is
very low. Thus we did not measure the spectrum in these regions.

The observed violet degraded lines are assigned to two band systems; the second positive system of N,
(C°M, - BI1, transition) and the first negative system of N;* (B”Z; — X”Z; transition) respectively.
The former could have come from the trapping of electrons in highly excited states[10]. The latter

could be the result of electron re-scattering. Appendix 3 gives the preprint in which the first negative
system of N, fluorescence is analysed in more detail.

This is an example of the consequence of ultrafast intense laser interaction with molecules. Because of
the very short time scale involved, almost all interactions are electronic in nature and the consequences
such as enhanced ionization followed by Coulomb explosion[11-14], re-scattering, etc. are very
different to the so-called normal wisdom. Currently, we are studying the fluorescence from

fragmenting hydrocarbons in the same spectral region. Preliminary results are as unexpected as those
from air molecules.

2.8. Re-focussing measured by fluorescence

The fluorescence from air can be used as a measure of re-focussing. The total fluorescence measured
from the side of the filament as described in the previous section was plotted as a function of the
position with respect to the geometrical focus. The results are almost identical to those obtained by the
two-wire detector. Fig. 18 shows a comparison between the results obtained by the two-wire detector
and the fluorescence detector. In this experiment, we used a spherical mirror with a focal length of
roughly 6.7 m. Both detectors give pretty much the same results; the difference being that the

photomultiplier seems to be more sensitive. Detailed analysis of the experiment is given as a preprint
in Appendix 4.

2.9. Jonization of N, and O,

During the propagation of ultrafast intense laser pulses in the atmosphere, self-focussing is
counteracted by the de-focussing effect of the self-generated plasma which results in the moving focus
picture. The plasma is generated through MPI and not via cascade ionization because of the
femtosecond time scale. Therefore, any meaningful simulation of the propagation needs a predictive
model for the rate of MPI of the atmospheric gases. Such MPI is in the regime of tunnel ionization at
which the Keldysh parameter y is of the order of one. So far as we know, no suitable theory can fit our
experimental results on the ionization of N and O,. In the light of our own theoretical analysis of the
tunnel ionization (TI) of atoms and D, molecule in this regime[15,16], we have been able to offer a
semi-emperical analytical model capable of correctly predicting the rate of TI of O, and N,. This
finding is very important for all models which attempt to simulate the propagation of femtosecond laser
pulses in air. We present in Appendix 5 a preprint that gives a complete analysis of this model.
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3. Conclusion

We have made significant progress in the study of the propagation of intense femtosecond Ti-sapphire
laser pulses in the atmosphere. We show that the universal consequence of the propagation of such
pulses through any optical medium is the self-transformation into chirped white light laser pulses
through self-focussing and SPM in the self-generated plasma. We have also made progress in the detail
measurement of some of the phenomena during propagation based on new techniques. These are self
re-focussing, special fluorescence from air, modelling of tunnel ionization of N; and O, and fluence
patterns in the filament. The following gives some preliminary statements on the dependence of
propagation on some laser parameters.

a. The position of self-focussing ( beginning of filamentation) of intense femtosecond Ti-
sapphire laser pulses depends only on the absolute value of the chirp created by a parallel
grating pair.

b. Filamentation is very sensitive to the beam shape. Cylindrically symmetric pulse shape is
desirable in order to have efficient fialmentation.

c. Spatial chirp of the pulse gives rise to off centered filament.

d. By increaing the divergence of the pulse, one could not only increase the position of the
filament but also provoke single filamentation along the axis with higher energy in the
pulse. This latter aspect points towards a way to transport high energy pulses to a long
distance in the atmosphere with only one filament.

4. Collaboration from the Quantum Optics theory group in MICOM and the LIDAR group in
DREV

It was understood from the beginning of this project that the quantum optics theory group in MICOM
(USA) led by Dr. Charles M Bowden and the LIDAR group in DREV ( Canada ) led by Dr. Gilles Roy
will collaborate closely with the principal investigator. The MICOM goup is to work on the modelling
of the propagation while the DREV is to supply the LIDAR hardware as well as participate in the
fluorescence measurement once the molecular signature is determined by the principal investigator.

DREYV will also provide the service of their machine shop to manufacture large pieces of experimental
hardware whenever the principal investigator has a need.

So far, we have kept in touch with one another. Dr. Bowden and his new post-doc have come and
visited us in November, 1998 while Dr. J-M Thériault from the LIDAR group of DREV has come to
our laboratory to participate in the measurement of the fluorescence in the infrared using their FTIR

spectrometer also in November, 1998. These works are beyond the scope of the current report and will
not be discussed here.
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Abstract
The fundamental physical mechanism responsible for the self-focussing , filamentation,
supercontinuum generation and conical emission of a powerful ultrashort laser pulse in a
transparent optical medium is reviewed. The propagation can be described by the model of
moving focus modified by the de-focussing effect of the self-induced plasma through
multiphoton interaction with the medium. Spatial and temporal self-phase modulation in
both the neutral Kerr medium and the plasma transform the pulse into a chirped ( elongated
) and strongly deformed pulse both temporally and spatially. The manifestation of the
deformation is supercontinuum generation and conical emission. A new phenomenon of
refocussing was observed. It is due to the diffraction of the trailing part of the pulse by the
plasma that results in a ring structure of positive index changes surrounding the plasma
column. This ring structure re-focuses the pulse partially. The measured coherence lengths
of the various frequencies components of the supercontinuum are independent of the optical
media used and are essentially equal to that of the pump laser pulse when compared to an
incoherent white light source. We thus justify that such a deformed pulse with a very broad
spectrum could be called a chirped white light laser pulse.



1. Introduction

The phenomena of self-focussing, filamentation, white light continuum (or supercontinuum)
generation and conical emission that occur during the propagation of a short intense laser pulse
in an optical medium have been known for more than two decades. In the 70’s, when ultrashort
pulses were in the picosecond regime, these phenomena were not as pronounced as they are
today with femtosecond pulses. Then, the phenomena occurred only in condensed matter and
external focusing was necessary to achieve sufficient intensities. In this case, Bloembergen
successfully proposed the model of moving focus in which the positive nonlinear Kerr index in
the self-focus is cancelled by the negative index change due to the generation of a plasma. This
resulted in the perception of a filament[1]. A more detailed introduction of this historical
account is given by Kosareva et al [2].

It was the observation of the emission of a strong supercontinuum in gases by Corkum et al [3]
using intense femtosecond dye laser pulses that aroused a new round of interest in the
propagation of intense ultrafast laser pulses.A few years later, the work of the Michigan
group[4] and that of the French Polytechnique group[5] demonstrated the generation of a very
long filament ( of the order of 10 m) when propagating 100-fs Ti-sapphire laser pulses in air
without using a focussing lens [6] . The two groups[4,5] proposed a physical process based on
the idea of a leaky guided mode. Our experimental and theoretical study of the same problem
later showed that the basic physical process of the phenomena was better described by the
moving focus model [2, 7, 8]. Lo
In this review, we shall give a physical picture (model) of the propagation/interaction processes
based on the fundamental physics underlying these phenomena in both air ( gas) and condensed
matter. We shall justify through our new experimental findings that the supercontinuum is
indeed a white light laser and that the laser pulse and the supercontinuum are non-separable; in
fact, they are just one single pulse which has been re-shaped both temporally and spatially
during the propagation/interaction although group velocity dispersion elongates the pulse
temporally. We shall finally explain in a qualitative way why only ultrashort pulses could give
rise to such phenomena and why using very short focal length lens might sometimes prohibit the
observation of such phenomena even if the pulse is short.

2. Qualitative model

We start with the propagation in air and summarize the phenomena first. When an intense
femtosecond laser pulse propagates in air, it self-focuses and the streak of moving foci gives the
perception of a long filament. Theoretically speaking, this filament could be many km in length.
In the forward direction, an intense white light (supercontinuum) is observed. Colorful conical
emission is observed in the forward direction. The shorter the wavelength is, the larger the cone -
angle is. Inside the filament, molecules are ionized in the intense laser field. These are universal
phenomena that also occur in other transparent optical media. We shall first describe the
fundamental physics qualitatively.

A powerful 100 fs laser pulse is just a sheet of light 30 microns thick; yet the electromagnetic
field in the sheet is so high that nonlinear processes take place during its propagation. The




results of our experimentation and theoretical calculation provide us with the following picture.
We assume that the power distribution along the pulse in the propagation direction ( i.e. in the
time domain ) is Gaussian and that the beam profile is Gaussian. In the slowly-varying envelope
approximation and in a dispersionless medium the pulse can be viewed as a longitudinal stack of
thin slices. Each slice obeys the cw theory of Gaussian beams.Ideally speaking, the most
powerful slice at the center of the pulse will self-focus first ( i.e. at the shortest distance from the
output of the laser). The self-focal diameter achieved by a slice is then limited by the de-
focussing effect of the plasma generated in the self-focus. Because of the very short pulse
duration, the dominant ionization process is multiphoton ionization/tunne! ionization (MPI/TTI).
Cascade ionization can be neglected due to the long collision times between free electrons and
atoms. The slices immediately ahead of and behind the central slice self-focus at two later
positions, and so on. Medium ionization can alter the moving-focus picture by defocusing slices
at the back of the pulse. ( Note: If we assume that the pulse passes from the vacuum into the
optical medium as is approximately the case when propagating the pulse into a condensed
medium, these two slices will self-focus at the same position in the medium because all the
slices start to self-focus only at the interface. However, as we shall show below, the consequence
will be similar in the two cases once plasma generation interferes with the propagation. )

The moving-focus model can be visualized in Fig. 1b. Here, the pulse can be thought of as a
“football” flying through air. In this loose analogy, the contour of the football represents the
power profile of the pulse. The larger the diameter is, the higher the power is. The central slice
of the football, which is the most powerful, forms a self-focus first. The adjacent slicgs form
self-foci later. This analogy is only good in a lossless medium. Once ionization occurs at the
self-focus of the most powerful central slice, the trailing part of the pulse will interact with the
relatively long lived (order of nanosecond or longer ) plasma. (This consequence is also true in
the case when the pulse propagates from the vacuum into the optical medium.) The local
electron density gradient is very steep in both the propagation ( temporal ) direction and the _
transverse direction because of the sudden steep rise in intensity in the self-focus and the highly
nonlinear MPI/TT processes. Such steep gradients induces strong phase changes in the pulse ; i.e.
self-phase modulation (SPM) both temporally and spatially. The power profile of the trailing
part of the pulse is thus strongly disturbed. The leading part of the pulse encounters a neutral
Kerr medium and hence will undergo only self-focussing which is ultimately stopped by the
defocussing effect of the self-generated plasma.

The consequence of the ionization can be visualized in Fig. 1c. With this additional interaction
with the plasma, the symmetrical “football” turns into an “octopus”. We note that the contour of
the football and that of the octopus-looking pulse represent their power profiles both temporally
(in the propagation direction ) and spatially ( in the transverse direction ). The complicated
distribution of the pulse reflects the complicated temporal/spatial phase of the pulse’s
electromagnetic field; i.e. the temporal/spatial Fourier transform of the pulse will give rise to
broad frequency sweep both spatially and temporally; i.e. supercontinuum and conical emissions
together with the main laser frequency. The pulse is elongated ( chirped ) during its propagation
in the optical medium because of group velocity dispersion of the various color components.
Our eyes cannot detect the “football” or the “octopus” looking pulse; but it can detect the color
of the pulse. Hence, one sees the white light and the conical emission as if they were separated
from the main pulse; but in fact, they come from the single octopus looking but elongated




( chirped ) pulse.

We first analyze the frequency sweep due to SPM that gives rise to supercontinuum and conical
emission. The frequency shift, Aw, due to a change in the index of refraction, An, during the
propagation of a ( plane ) wave in a nonlinear optical medium is given by Aw=—(e/c)z(6/ct)An
where ¢ is the speed of light in vacuum and z is the propagation distance in the nonlinear
medium. In a Kerr medium, to the first approximation, An = n,I where I is the intensity of the
laser. Hence, Ao ~ —(&/ct)I(t). Only the leading part of the pulse encounters a neutral Kerr
medium. Hence, one expects to see only a Stokes ( red) shift because (¢/6t)I(t) > 0 at the leading
part of the pulse. But in practice, the trailing part of the pulse also sees some neutrals, in
particular, in the peripheral region of the filament. Blue shift should also occur.

In a plasma, (no + An, )* = 1 - ©,*/©>? where the subscript p denotes plasma; the plasma
frequency o, = [(4ne*/m)N(t)]'? (where e and m are the electron charge and mass in cgs units,
respectively and N.(t) is the MPU/TI generated time dependent density in cm™; i.e. N(t) depends
on the intensity of the laser. ) In air, for N(t) not too high, &, < @. This is always the case in the
self-focus where the intensity is clamped down to between 10°-10"*W/cm? at which single
ionization dominates[9]. The maximum electron density in this case is reached when MPI/TT is
saturated, i.e. of the order of the gas density; i.e. 10'® /em®. ( Note that a density of the order of
10'% /em® is already sufficient to stabilize the filament[1].) This gives v, = @y/27 ~ 3% 10> Hz
which is smaller than the optical frequency. Hence, An, ~ - 03p2/2(o2 (no ~1 in gases) and Ao is
positive; i.e. an anti-Stokes ( blue) shift. Ao ~ (¢/G)N(t) ~ (6/62)N(2) since z = ct. The value of
this gradient in the temporal domain (longitudinal direction) is large because the intensity is
high. The trailing slices of the pulse encounter a long plasma column in the filament. Each of
these slices, while self-focussing into the plasma, sees only the “sudden” rising electron density
in front of it; i.e.(8/6z)N.(z) > 0. The electron density decreases slowly towards the end of the
filament. The Stokes shift is thus small. Hence, one expects to measure essentially a blue ( anti-
Stokes) shift. This shift is large as has been justified by Bloembergen[1] because, as mentioned
above, the electron density gradient is large. More recent experiments by Frangois et al [10]
using 1ps dye laser pulses focussed into a high pressure CO: gas also showed that the
supercontinuum was due to SPM in the plasma generated in the self-focus. Since the electron
density gradient sweeps from a low to a high value, it gives rise to a positive continuous
frequency sweep. Because the laser frequency is in the near ir, the blue shifted frequency is
naturally swept through the visible region, hence the white light (supercontinuum).

In the course of self-focusing of the pulse front a large gradient of the electron density arises not
only in the longitudinal direction (temporal domain) but also in the transverse direction. This
radial gradient causes spatial SPM and leads to the axially symmetric broadening of the angular
(spatial) spectrum of the pulse. The increase Ak, (k. is the radial wave number) in the width of
the angular spectrum due to the plasma is proportional to the absolute value of the radial
derivative of the electron density: Ak, ~ I(E /)N, (r) . The angular broadening comes from the
same leading part of the pulse which gives rise to spectral blueshifting described above. This
part of radiation simultaneously experiences frequency shift Ao and angular shift 6 = 8, + Ak/k,
, where Ak, << k, and 6 is the initial small divergence of the input Gaussian beam. Fig. 2 shows
the relations between the various wave vectors related to the divergence angle of the conical



emission. In the plasma the nonlinear contribution to the refractive index is negative, and the
radiation diverges. The stronger is the plasma-induced nonlinear interaction the larger is the
divergence and spectral blueshifting. As a consequence, shorter wavelengths predominantly
propagate at larger angles. This effect is the origin of the conical emission. Unlike the case of
the plasma nonlinearity, in the conditions of a Kerr medium the nonlinear contribution to the
refractive index is positive. Stokes-shifted radiation converges towards the axis and its intensity
maximum propagates at zero angle. This is why we should not expect rings in the Stokes side of
the spectrum, where Kerr-induced nonlinear interaction dominates.

At any position along the filament conical emission mainly comes from a group of self-focusing
slices in the pulse front, the intensity of which has attained the ionization threshold. In this part
of the pulse the derivatives (8/r)N.(r) and (6/8t)N.(t) change little with propagation because
they are determined by the ionization rate. As soon as the ionization threshold is reached, the
electron density rapidly increases. This rapid growth starts at the intensity of about 3x10"W/em?
and is similar at any position along the filament. As a result, the cone angle of each color should
be essentially independent of the position of the self-focus along the filament.

3. Experimental and theoretical justification[2.7.8]

In what follows, we shall justify the above qualitative picture through more rigorous
experimentations and numerical simulations. The main features of the picture are: moving focus
or the football model (see Fig.1) that degenerates into an elongated octopus looking pulse the
spatio-temporal Fourier transform ( SPM )of which results in the large spectral broadening both
temporally and spatially; i.e. supercontinuum generation and conical emission. Our experiments
and numerical simulation also reveal a new unexpected phenomenon, namely, re-focussing of
the pulse.

3a. Experiments

The experiment was performed using a Ti-sapphire chirped-pulse-amplification laser system
consisting of a Kerr mode-locked oscillator, a stretcher, a regenerative amplifier followed by two
stages of multipass amplification in two Ti-sapphire amplifiers. The central wavelength was
800nm, pulse duration, 230fs and AvAt = 0.59. The beam radius at the output of the grating
compressors was a = 3.5 = 0.2 mm ( 1/¢* level of intensity ). The beam was sent into a long
hallway by means of several transport mirrors and propagated freely to the end of the hallway
for a total distance of 111m. The energy of the pulse was controlled by a half-wave plate and a
polarizer located before the amplifiers. The standard deviation of the pulse energy was about 5%
of the average value. '

The first qualitative experimental justification of the moving focus model is the following. If oné
puts a piece of burn paper ( Kodak linograph direct print paper ) in the path of the filament, the
moving focus ( or football ) model would predict a central stronger burn spot surrounded by a
larger but weaker burn pattern. This is indeed observed as shown by the burn pattern in Fig. 3
which is typical at any position after the formation of a filament.

Once during our experiment the last transport mirror was damaged by the filament. The damage



on the mirror was a small “hole” ( coating burned away ) whose size was the same as that of the
central stronger burn pattern on a burn paper (Fig.3). Despite this hole, we observed no change
in the filament. This observation is consistent with the moving-focus model, because if the
central spot ( self-focus ) is eliminated at a certain position along the propagation path, the rest
of the pulse will still self-focus down stream and still give rise to filamentation. The eliminated
spot represents one slice of the pulse and the other slices still self-focus as usual.

A more quantitative way to justify the moving focus model is to put a pinhole at various
positions z along the propagation axis( Fig. 4 ). The size of the pinhole is such that only the self-
focussed part of the pulse ( i.e. filament ) can pass through. We would expect that the
transmission of the pulse through the pinhole as a function of position would show a low
transmission before the beginning of self-focussing. Once self-focussing starts, the transmission
would increase quickly, peak at a position where the central slice at the peak power of the pulse
self-focuses and then decrease towards the end of the filament.

In the slowly varying envelope approximation and neglecting dispersion, the self-focal distance
z¢ of a slice of the pulse is approximated to be that given by the self-focussing theory of a
Gaussian cw beam[11] when its power P exceeds the critical power Pei = 3.77A%/8nnon; where A
is the wavelength and ng and n; characterize the intensity dependent index n = no + nL.

z¢=0.367ka¥/ {[(P/Per)? - 0.852)% — 0.0219}'? )
From this formula, we expect that for a given diffraction length ka®( k: the wave number; a: the
radius at 1/e? level of intensity of the beam), as the power P of the beam increases, zr decreases.
This was indeed true in the experiment. The position of the beginning of self-focussing
(filamentation); i.e. zr, moved towards the compressor as the peak power ( energy) of the pulse
was increased. According to eq. 1, the end of the filament should in principle be the position at
which the peak power equals the critical power (P/Pci = 1). We show in Fig. 5 the calculated z¢
normalized to the diffraction length ka® ( solid circles, right hand scale) of some equally spaced
discrete slices of the front part of a Gaussian pulse ( upper solid curve ) as a function of the
retarded ( or local ) time (normalized to the pulse width 1) of the pulse. The power distribution
of the Gaussian pulse is normalized to the critical power. It can be seen that before the condition
P/P.: = 1 is reached, the distance between the foci of two adjacent slices starts to increase
significantly starting from the position where z¢/ ka’= 1. Starting from this position, the power
of each slice decreases significantly so that the energy in the filament ( self-focus ) also
decreases significantly. We expect that starting from roughly this position, the transmission
through the pinhole will be too low to be detected within the limit of the detection sensitivity.
This position would thus be roughly the end of the filament. This behaviour should be
independent of the peak power of the main pulse. The peak power of the pulse serves only to
move the beginning of the filament towards the compressor as discussed above. .

The lower part of Fig.6 shows the experimental results ( symbols ) using 4 different pulse
energies. The diameter of the diamond pinhole was 500 pm. This size was estimated to be the
size of the self-focal region of pulses of a few GW ( giving rise to an intensity of a few
times10" W/cm?® ) at which significant multiphoton/tunnel ionization of air molecules[9] starts
to balance the self-focussing act. The filament energy E was defined as the near axis energy



passing through the 500um diameter pinhole. The transmission is defined as Eg; /<E;> where
<Ewx> is the local average total energy measured at the position of the pinhole.

The results ( Fig. 6a ) show first of all that as the distance z increases, the transmission goes
from low to high and decreases again. As the energy ( hence peak power ) of the pulse increases,
the beginning of the filament ( peak position ) moves towards shorter z; i.e. towards the
compressor. The ends of the 4 filaments at 4 different input energies all converge to a common
position which is around the diffraction length ka® . All these are what we expected in the above
paragraph. What we did not expect was the occurrence of two maxima as the energy of the pulse
increased. This is a new phenomenon of re-focussing and will be explained later on.

Another experiment was done that measured the cone angle of the various colors in the conical
emission (CE). The experimental setup is shown in Fig. 7. At a position zp, a 4mm-diameter
aperture was centered on the beam axis. A razor blade blocked off half of the filament ( hence
half of the CE ) at z =z, + 2m. This restricted the CE source to z, < z < z;+ 2m. The conical
emission was measured on a white screen placed at 20m after the aperture, a distance much
longer than the source size. An interference filter with 10nm bandwidth was placed after the
razor blade. The radii of the colored half rings were measured on the screen at the following
wavelengths: 500, 550, 600, 650, 700, 750 nm. The last two ir rings were measured with the
help of an ir viewer. No ring was observed at A > 800nm ( the laser wavelength ) which was
what we expected in the above qualitative analysis. Measurements were performed at z,= 40,
50, 60m. The half angle 0;, of the CE, being small, was defined as the ratio of radius r:of the ring
to the distance D from the middle of the CE source to the screen. Fig. 8 shows the experimental
results ( symbols) of the half-angle 6;. of the CE vs wavelengths. The angles are given in both
degrees and in relative units relative to the divergence angle of the input beam, 0o = Ao/(2na) =
0.0021°. The result shows that the cone angle is independent of z, which is again what we
expected.

3b. Numerical simulation

We used the nonlinear Schroedinger equation under the slowly varying envelope approximation
to simulate the propagation. MPI was included in the equation as the dominant process of
electron generation. Group velocity dispersion is neglected since the dispersion length for a
250fs pulse used in the experiment in air is about 1km. The equation is:

2ik{@/6z + (1/vy) &/&t)}E = ALE + (2k*/no) AnE - ikaE, (2)
An =( Y3)n,| El ? _27e’N/ma'ng (3)

The intensity dependent electron density N. is obtained at each space-time point by solving the
rate equation éNJ/&t = R(Ng - N.), where Ny is the initial density of neutral molecules and R is
the single MPI rate of oxygen and nitrogen molecules calculated according to the Szoke
model[12]. We note that the Szoke model was the closest analytical model one could find at the
time of our past investigation. It will be shown that it overestimated the rate of MPI as compared
to direct experimental results of the MPI of oxygen using the same laser [9]. Nevertheless, the
results are adequate to give us a basic understanding of the overall physical picture of the



propagation. Recently, our group ( Larochelle et al[13]) discovered a better analytical formula
for the MPI of atoms in the regime where the Keldysh parameter y~1. This is the regime where
MPU/TI of oxygen and nitrogen molecules take place[9]. We believe this latter findings [9,13]
should be used as the basis of MPI/TI of molecules in future calculations.

The input pulse in the simulation was E(r,z=0, 1 =t - z/vy) = Eoexp(-r*/2a® —t%/215%) with 10 =
150fs (FWHM, 250fs) and a = 170pm. The latter was chosen to be smaller than that in the
experiment so that both the initial and the contracted beam could be located on the same grid
during the computation. The detail of the calculation technique was given in ref. (2, 7, 8).

Some typical results of the simulation are presented in Fig.9. It shows both the spatio-temporal
intensity distribution in the rest frame of the pulse at three different positions of propagation (
Fig. 9a,c,e ) and the corresponding spatio-spectral intensity distribution Fig. (9b,d,f). The latter
was obtained through a spatio-temporal Fourier transform of the fields of the corresponding
pulses. Fig. 92 and 9b shows the pair of temporal and spectral intensity distribution of the input
pulse. Soon after propagation, time-dependent self-focussing started to develop with little
ionization up to the position z = 0.22z4 where the most powerful slice of the pulse ( =0 forms
a self-focus. At this point, self-focussing was stopped by the significant MPI that generated free
electrons whose defocussing effect balanced the self-focussing effect. The pairs [Fig.(9¢, 9d)
and Fig.(9¢, 9f)] show two examples of the consequences of the disturbance of the pulse due to
the interaction with the free electrons further down stream. The positions of the self-focus (
sharp peaks in Fig. 9¢ and 9¢) move towards the front of the pulse as z increases. This indicates
that successive slices of the front part of the pulse focus at different positions down stream; i.e.
the moving focus model is valid. The trailing part of the pulse encounters the free electrons and
is defocussed and completely deformed through its interaction with the plasma. The multiple
ridges at the back of the pulse together with the sharp peak at the front form the basis of the
visual model of the octopus looking pulse. They are the consequence of MPI/TI and the
diffraction and SPM of the trailing part of the pulse in the plasma.

By inspection, one can see that the highly irregular temporal and spatial field distributions of the
pulse shown in Fig. 9c and e should have strong phase modulations. Indeed, the result of their
Fourier transforms given in Fig.8d and 8f shows a weak broadening in the Stokes side as
expected in the qualitative analysis given above. At the anti-Stokes side, the broadening is much
larger both along the propagation axis and along a cone ( conical emission). Again, these have
been expected qualitatively.

The solid lines ( curves 1-3) at the bottom of Fig.8 show the cone angles at different colors
plotted as a function of the wavelength at the three experimental positions along the propagation
axis; i.e. at z = 40, 50 and 60m. Although they do not fit the experimental data, the quasi
insensitivity of the results to the position of measurement is in qualitative agreement with the
experimental results. The lack of better agreement with the experiment seemed to have arisen
from the ionization model we used and the lack of the group velocity dispersion in the
propagation model. Our experimental measurement of the MPI of rare gas atoms and oxygen
molecules[9,13] showed that the Szoke model over estimated the ionization rate. We thus made
a correction in accordance with the experimental result[9]. The result is shown by the solid
curve 4 in Fig. 8 at which all three curves coincide with one another. It shows an excellent
agreement with the experiment.



We also simulated the transmission experiment by calculating the normalized filament energy in
the case of a SPur peak power as a function of the propagation distance[7]. The filament energy
Eq*™ was defined as the energy contained in a circular aperture with diameter 167um. The
result is shown by the solid curve in Fig. 6b. It agrees with the experimental observation and the
qualitative expectation that the transmission increases from a low through a high value and
decreases again stopping at around the diffraction length. In particular, it reveals the unexpected
phenonmenon of refocussing ( double maxima ) which we shall discuss in what follows.

3¢, Re-focussing

Apart from the above mentioned agreement between experiment and simulation, the unexpected
observation of re-focussing both experimentally and in the simulation reinforces our view that
the fundamental physics we considered in the description of the propagation and in the
simulation is correct. The re-focussing is manifested in Fig. 9 a,c and e. ( Note the change of the
vertical scale from a to c,e .) A significant increase in the near axial intensity of the trailing part
of the pulse is seen in Fig. 9e as compared to the other two. Such an increase results in the
second peak in Fig.6. The physical reason underlying this phenomenon is self-focusing of slices
at the trailing part of the pulse, which were initially defocused and diffracted by the plasma.
There is the following physical reason underlying this phenomenon. The power of a number of
slices at the trailing part of the pulse, which were initially defocused and diffracted by the
plasma, is larger than the critical power for self-focusing in air. Therefore, positive contribution
to the refractive index produced by the rings at the back of the pulse is sufficient to cause self-
focusing of these slices.

Indeed, the circular diffraction pattern of the field at 800nm around the central plasma column

( filament ) would induce a circular nonlinear index pattern. The nonlinear index change is
negative in the central plasma region and is positive in the surrounding ring region because the
circular intensity pattern interacts with the neutral Kerr medium surrounding the plasma column.
Fig.10 shows sections of the intensity profile at the front and trailing parts of the pulse and the
corresponding nonlinear index changes at the position z = 0.34z4 corresponding to Fig. 9¢c. The
front part of the pulse has a single peak ( Fig. 102 ) and the index change is positive ( Fig. 10¢)
because the slices in the front part encounter always a neutral Kerr medium. The trailing part has
a circular intensity distribution due to the diffraction by the plasma ( Fig. 10b ). The nonlinear
index change at the center of the plasma column ( filament ) is negative ( Fig. 10d ). But if we
look closer by zooming into Fig. 10d, we obtain Fig. 11. It shows indeed rings of positive
nonlinear index change. Such rings of positive nonlinear index change contribute to the re-
focussing of the trailing part of the pulse at certain moments of propagation. Recently, more
rigorous calculation by the Arizona group shows also such re-focussing effect[14].

4, Condensed matter

The same phenomena of self-focussing, filamentation, supercontinuum and conical emission are
also observed in all transparent condensed matter using femtosecond laser pulses. In those
experiments, the filament is usually of the order of Imm in length because the pulse is externally
focused into the medium[15]. Indeed, the moving-focus model predicts that under external
focussing the filament stops at the geometrical focus[11]. The corresponding experiment of free



propagation of an unfocussed pulse into a long path of condensed medium is usually impractical.
However, it is expected that the fundamental physical process of the phenomena in condensed
matter should be similar to that in air, since, after self-focussing, the rest of the phenomena is
mostly the consequence of the interaction with free electrons which are universal. The question
is the origin of the free electrons. After some systematic investigations using 140fs Ti-sapphire
laser pulses , we come down to the conclusion that, unlike the case of air or gases, the free
electrons are not generated through MPI/TI, but through multiphoton excitation from the valence
band into the conduction band. In fact, a band gap threshold is found below which there is no
continuum generation. This is the first report of a parameter predicting the width of the
continuum in condensed media[16].

The 140fs Ti-sapphire laser pulses ( 796nm, 2.2mm in diameter at 1/¢* intensity level) was
focussed by a 125 mm focal length lens into 15 types of transparent condensed matter ( liquids
and solids ) and the spectra of the transmitted pulses were measured by a spectrograph equiped
with a cryogenic 2D charge-coupled device ( CCD) detector. Fig. 12 shows the anti-Stokes (
blue ) broadening, Aw., as a function of their band gap energy, Egs ( expressed in both eV, lower
horizontal scale and photon energy, upper horizontal scale ). They were taken under the
condition P = 1.1Py, where P is the input laser peak power and Py, the experimentally measured
threshold input peak power for self-focussing in the material. The latter corresponds to the
critical power for self-focussing[11]. The experimental detail is given in ref. [16].

We choose to consider the anti-Stokes broadening because: (1) it is related to the SPM-of the
pulse in a free electrons ‘gas’ and is the principal part of the supercontinuum according to our
analysis in the previous sections and (2) the Stokes broadening is much smaller and does not
change much from one medium to another. Indeed, the dependence of the supercontinuum on
the band gap is striking. There is a threshold band gap energy. The threshold value is about
4.7¢V or 3 photon energy. Below this threshold, Ao, is negligibly small while above it, Ac.
increases quickly with the band gap energy. Furthermore, we observed that Py, (hence the
critical power for self-focussing,) tends to increase with Egyp. Since the critical power is
inversely proportional to the Kerr index[11], this implies that A increases with decreasing
nonlinearity. Yet, it is well known that the larger the nonlinear Kerr index is ( such as CSz ), the
easier self-focussing in a Kerr medium will be, whereas experimentally, CS; has produced a
small Ao, ( see Fig. 12 ). This apparent contradiction can be explained by the multiphoton
excitation ( MPE ) of free electron from the valence band into the conduction band.

During self-focussing, an intensity spike corresponding to the self-focussing of a slice of the
pulse develops[1,2,7,8,11,16, 17]. This generates a sufficiently high density of free electrons in
the conduction band by MPE. Most of the MPE occurs at the very peak of the spike. Collisional
ionization in the short duration of the peak is not important. The de-focussing effect of this
electron ‘gas’ cancels the self-focussing effect thus limiting the diameter of the self-focal region”’
For low band gap material such as CS; ( band gap energy = 3.3eV < 3hv where hv is the photon
energy ) even if it has a large nonlinear Kerr index to favor an easy self-focussing of the pulse,
the relative ease of exciting free electrons into the conduction band via 3 photon excitation
would produce a relatively large self-focal diameter. The intensity at the self-focus is clamped
down to a relatively low value. At this value, the temporal and spatial slope of the pulse is so
low that it generates a small gradient in the electron density. The effect of low electron density
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gradient on the SPM of the pulse at low intensity results in a negligible Aw,. Our results ( Fig.
12) show that only when the band gap is larger than 3hv (i.e. 4 photon excitation or higher )
will Ao, become significantly large and be qualified as supercontinuum.

5. White light laser

The supercontinuum has been used as a source for various type of applications. They range from
being the seed pulse for further amplification in dye amplifiers and optical parametric
amplifiers[18] to broadband absorption and excitation spectroscopy[19] characterising laser
induced structural transition[20], etc. Because the supercontinuum can be a seed pulse for optical
amplification, it is generally accepted that the supercontinuum is a coherent source. However, no
one has yet identified that it is a white light laser simply because there seems to be no physical
ground to say so. In what follows, we shall try to justify that the supercontinuum should indeed
be called a white light laser. '

As explained in sections 2 and 3, nonlinear propagation in a transparent optical medium turns a
powerful ultrashort laser pulse from a football looking pulse to an elongated ( chirped ) octopus
looking pulse. Before group velocity dispersion completely separates all the frequency
components into separate individual waves in a very long optical medium, the octopus looking
pulse is simply the original laser pulse which has been modified both spatially and temporally;
hence spectrally. From this point of view, this is a spectrally broadened laser pulse whose
spectral width is so broad that it should be called a white light laser. We try to justify it by the
following experiment.

800nm, 170fs (FWHM) Ti-sapphire laser pulses were used ( bandwidth : 7.18nm). They were
focussed by a 10 cm lens into three different liquids, namely, water, methanol and CCly. Since
multiple filaments are independent sources of SC[15], we chose to study the effect of one
filament. The laser power was adjusted so that only one filament was created. The energy per
pulse to generate one single filament in each liquid is 3pJ for water and 0.2pJ for both methanol
and CCls. The maximum fluence in the filaments have been measured to be roughly 0.62, 0.54
and 0.44 Jicm? for water, methanol and CCl, respectively[16]. The intensity cannot be measured
properly yet because the knowledge of the duration of the sharp intensity spike at the self-focus,
hence, at the filament is not known. However, we have recently estimated them[16] to be of the
order of 102 W/em? for water and 4x10"'W/cm? for both methanol and CCls. The SC output
from the filament was then collimated by another 10cm focal length lens and was sent into in a
Michelson interferometer followed by a spectrometer. The collimated beam illuminated the
entrance slit of the spectrometer directly.

The output of the spectrometer showed spectral modulation[21]. (The details of the experiment
will be published elsewhere[22]. ) Various wavelength regions across the whole SC and that of -
the laser line were chosen each with a constant width of Inm. We define the coherence length as
that path difference in the Michelson interferometer at which the spectral modulation disappears
at that particular wavelength. These coherence lengths were compared with those of an
incoherent white light source from an incandescent light bulb at the corresponding wavelengths
under identical measuring conditions.
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Fig. 13 shows the results of the comparison under the condition of a single filament in the
liquids[22]. The vertical scale gives the ratios of the coherence lengths ( Lcoherent source ) Of the
various wavelength components of the supercontinuum source to those of the incoherent source
( Lincoherent source ). The horizontal scale gives the wavelengths at which the coherence lengths
were measured. The ratios are the same for all the three media whose band gap energies are[16] :
7.5eV ( water ), 6.2eV ( methanol ) and 4.8 eV (CCly ), i.e. the ratios are independent of the
material. This further supports the above idea that the generation of supercontinuum is a
universal phenomenon.

In particular, in the range between 800nm and 500nm, the ratios are essentially all equal to the
corresponding ratio of the Ti-sapphire laser line at 8oonm. Those at the longer and shorter
wavelength sides ( 430nm and 900nm ) are smaller since at these wavelengths, the
supercontinuum signal decreases quickly in power by one order of magnitude or more. The
influence of the unavoidable incoherent light coming from the plasma recombination in the self-
focus and filament becomes important; i.e. the plasma contribution to the coherence length
becomes important. This makes the ratios smaller.

We can thus conclude that the relative coherence lengths ( with respect to an incoherent source)
of all the wavelength components of the white light supercontinuum are essentially the same as
that of the Ti-sapphire laser pulse. From the point of view of coherence length, since the 800nm
pulse is a laser pulse, the other wavelength components in the supercontinuum should also be
called laser pulses. This is not surprising if we remember the visualization of the elongated
(chirped) octopus looking pulse representing the whole deformed laser pulse whose spectal
width is braodened enormously through the interaction with the self-generated electrons.

The duration of the supercontinuum pulses at different wavelengths have recently been measured
in the case of the supercontinuum generated from atmospheric pressure rare gases using 1.6TW,
120fs pulses of a Ti-sapphire laser[23]. It was found that at various wavelength regions of the
supercontinuum, the pulses are chirped differently and the chirped durations range from 150 to
250fs. This reinforces the visulization of the elongated ( chirped ) octopus looking pulse.
Consequently, we can say that the supercontinuum source is a continuum of chirped ultrashort
laser pulses; or simply an ultrafast white light laser.

6. Short pulse vs long pulse

There is a general question as to why long laser pulses do not produce the same phenomena
described above even if the peak power is as high as or higher than that of an ultrashort laser
pulse. The reason is that there are-essentially two physical processes competing with each other
at the beginning of propagation. One is optical breakdown and the other is self-focussing.
Optical breakdown is an accumulative process in time. It starts from the generation of a few free”
electrons in the medium through MPI or MPE depending on the material. It is followed by the
acceleration of these electrons in the strong laser field ( inverse Bremsstrahlung ) and cascade
ionization resulting in an avalanche and generating a strong plasma. This means that the longer
the powerful laser pulse is, the lower the threshold of optical breakdown will be. On the other
hand, self-focussing has a rather high threshold power. For long pulses, the threshold of optical
breakdown is lower than that of self-focussing. Thus, optical breakdown occurs first and creates
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a strong plasma that blocks the rest of the pulse through absorption, reflection and scattering
before it could rise up to the self-focussing threshold. There is no significant SPM because the
intensity is not high enough yet. Without self-focussing, the rest of the phenomena

( filamentation and supercontinuum generation ) would not occur. For short pulses, there isn’t
enough time for the generation of optical breakdown and the threshold of self-focussing is
reached. This favors the domination of self-focussing that leads to the occurrence of the current
phenomena.

7. Short focal length vs long focal length

In a similar manner, optical breakdown and self-focussing compete with each other in the case
of focussing an ultrashort laser pulse into a transparent optical medium. One could use a tightly
focussing geometry to favor optical breakdown and avoid or minimize self-focussing and
filamentation. This is particularly true in condensed matter and high pressure gases in which the
density is high and cascade ionization is relatively easy. If the external geometrical focussing is
very tight, breakdown would occur first before self-focussing is reached. The reason is that self-
focussing is a propagation effect; i.e. it takes some propagation distance to reach the self-focus
while optical breakdown is a local effect. For a given short pulse length and focussing geometry,
a high local intensity at a position before the geometrical focus could be reached such that
optical breakdown would start before the self-focal position. The resulting strong plasma would
stop the pulse from reaching the self-focal position, hence stopping the development into a
filament and supercontinuum. This has been demonstrated experimentally by our group ( Itkov
et al, [24] ) in the case of high pressure CO; gas.

8. Conclusion and Looking ahead

We have presented the fundamental physical mechanism of the propagation of a powerful
ultrashort laser pulse in a transparent optical medium which results in the universal phenomena
of self-focussing, filamentation, supercontinuum generation and conical emission. It is the
interplay between the Kerr self-focussing effect in the neutrals and the defocussing effect in the
plasma ( free electrons ) generated at the self-focus that gives rise to the moving focus and the
perception of a filament. The generation of free electrons takes the easiest ( or most probable )
route. In gases at normal pressures, multiphoton/tunnel ionization ( MPI/T1 ) are responsible
while in condensed matter, the transition from the valence to the conduction band dominates.
The generation of the supercontinuum and conical emission is due to self-phase-modulation
(SPM). The broad anti-Stokes part of the supercontinuum is due to temporal SPM of the self-
focussed pulse in the self-created plasma. The narrow Stokes broadening is due to temporal SPM
in the neutral which also contributes to a narrow part of the anti-Stokes side. The large angular
divergence of anti-Stokes shifted radiation is due to spatial SPM in the self-created plasma.

The physical picture of the whole process is one in which the input powerful ultrashort laser
pulse, through its interaction with the medium, self-transforms into a chirped ( elongated ) and
highly deformed pulse both temporally and spatially. The manifestation of the latter deformation
is spatio-temporal SPM, which results in supercontinuum generation and conical emission.
Because the output of the propagation is still the same laser pulse except that it is severely
deformed or re-shaped, one could consider the deformed pulse still as a laser pulse. Since the
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spectral content of this deformed pulse spans from the near ir to the near uv, it could be called a
white light laser pulse. More quantitatively, we have measured the coherent lengths of the
various frequency components of the supercontinuum. We found that they are essentially all
equal to that of the input 170 fs Ti-sapphire pulse when compared to those of the corresponding
wavelengths of an incoherent light source. This justifies the claim that the output pulse with
supercontinuum is indeed a chirped white light laser.

Such a white light laser pulse could find applications in various optical media. From the point of
view of long distance propagation and filamentation in the atmosphere, atmospheric
sounding[6), illumination and pollution measurement are some important applications. In the
latter case, one relies on using the LIDAR technique to measure the finger print fluorescence
pattern of the pollutant molecules which are ionized and fragmented in the strong field inside the
filament. This technique does not depend so much on the wavelength of the laser. It depends
principally on the intensity at the self-focus where MPI/TI and fragmentation take place.

The ionization of air molecules in the filament can be used as a long lightning rod to discharge
thunder cloud. This idea of using the particularly long filament of the Ti-sapphire laser was first
proposed informally by Mourou[25] and was later taken up and applied by other groups into real
laboratory studies[26]. Recently, Chin and Miyazaki proposed an alternative but similar way to
discharge thunder clouds[27]. It is to improve upon the current technique of lightning control in
Japan that was proven successful ( though with a low success rate ) in real field tests by
combining a CO; laser and a tall lightning tower[28]. The proposed femtosecond terawatt Ti-
sapphire laser is to replace the CO; laser. The latter needs electron seeding to work while the
former does not. Other applications that is related to the phenomena of self-focussing and
filamentation are in the field of opto-electronics. Wave guides[29] and high density micron size
dots[20] were successfully written in glasses using fs Ti-sapphire laser pulses. The former could
find useful applications in integrated optics and optical communication while the latter holds
great promises in high density 3D data storage.

Because of these interesting and potentially important applications, there are currently strong
incentive ( demand ) to study the propagation dynamics in more detail so that quantitative
agreement between experiment and theory is achieved. To do so theoretically, many of the
appriximations used in our simulation should be relaxed. In particular, the group velocity
dispersion should be included while the slowly varying envelope approximation should be
relaxed even when considering pulses of the order of 100 fs ( about 37 optical cycles for 800nm
pulses ). Even though the pulse duration is long enough to satisfy the slowly varying envelope
approximation, the intensity spike at the self-focus is very sharp (order of a cycle of oscillation at
800nm; see Fig. 9 ). The slowly varying envelope approximation should breakdown with such
short time scales. Furthermore, the instantaneous nonlinear response of the optical medium
should also be relaxed. Such works are already started in other laboratories. For example, re- -~
focussing can recur if the medium has a delayed Kerr response[14]. More detailed
experimentations are also needed to study the detailed physical mechanism of all those
promising applications. In fact, many laboratories have already embarked on such studies and
the field is becoming more and more dynamic.
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Figure captions
la. Visualization of the ideal self-focussing of a sheet of light propagating in air.

1b. Visualization of the ideal transformation of a football looking pulse in air due to self-
focussing. The initial football looking pulse ( left ) is transformed into a centrally squeezed ball (
center ) and then to a ball squeezed at both ends ( right). -

1c. Visualization of the transformation of the football looking pulse into an octopus looking
pulse. The front end of the ball (pulse) always squeezes down slice by slice during propagation
while the back end of the ball encounters the plasma left behind by the front part. Spatio-
temporal SPM of the back part of the pulse leads to a complicated amplitude and phase change
of the field; hence, an octopus looking structure qualitatively.
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2. Schematic drawing of the realtionships between the various wave vectors of the pulse in air
before (with subscript 0 ) and after SPM in the plasma giving rise to conical emission. The inset
gives the mathematical relations of the wave vectors.

3. Burn pattern at an arbitrary position of the filament on a piece of Kodak linograph direct print
paper showing the central darker spot surrounded by a larger weaker spot. The 800nm Ti-
sapphire laser pulse duration was about 200fs and the energy in the pulse around 30mJ. The
beam diameter was around 12mm which is the size of the larger burn pattern.

4. Experimental setup with pinholes along the propagation axis

5. Self-focal distance ( solid circle ) normalized to the diffraction length k a? for various slices of
the front part of the pulse whose power distribution normalized to the critical power is given by
the solid curve. The horizontal scale is the retarded time normalized to the pulse duration 7. No
self-focussing should be expected at P < Pe.

6a. Ratio of filament energy to average total energy versus distance of propagation.
6b. Simulation of the propagation giving the ratio of filament energy to average total energy
versus distance of propagation normalized to the diffraction length.

7. Experimental setup: the conical emission emitted between the aperture and the razor-blade 1s
measured on the screen.

8. Conical emission angles as a function of the wavelengths: symbols, measured; curves,
calculated. Triangle, z= 40m,; circle, z=50m; squares, z=60m. In the simulation, the
corresponding positions are 0.42z4 (curve 1), 0.52 z4 (curve 2) and 0.62 z4 ( curve 3 ). The
vertical axis at the right hand side gives the absolute values of the measured CE angles in
degrees. Curve 4 shows the simulated CE angles obtained after an effective correction for the
real MPI rate.

9. (a), (c), (e) intensity I(r,) and (b), (d), () spatio-temporal spectrum log[|E(ky, co)l2/lEmax(k_L,
co){z], where |Enax(ky, (:))\2 is the maximum spectral intensity. (a), (b) z=0; (c), (d) z=0.34zg; ( €),
(f), z=0.42z,4.

10. (a), (b) the sections of the laser beam and (c) , (d) the section of the nonlinear contribution to
the refractive index An at z = 0.34z4. (a), (c), at the front of the pulse: T =-116fs; (b), (d), at the
center of the pulse: T=0.

11. The magnified distribution of the nonlinear contribution to the refractive index An shown in
Fig. 10(d). The negative minimum of the distribution cannot be seen on the plot.

12. Anti-Stokes broadening Ao+ vs band gap in 15 different condensed optical media. a, LiF; b,

CaFs; ¢, UV-grade fused silica; d, water; e, D;0; f, 1-propanol; h, NaCl, I, 1,4-dioxane; i
chloroform; k, CCly; 1, C2HCls; m, benzene; n, CSa; o, SF-11glass.
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13. Leoherent source - the coherence length of a wavelength component of the supercontinuum light
generated by 170 fs Ti-sapphire laser pulses in water, methanol and CCly ; Liscoheren source: the

coherence length of the same wavelength component of an incoherent light source measured
under identical conditions. In the experiment, the laser pulse energy was adjusted so as to
produce only one single filament in the medium. This plot gives the ratios of the coherence
lengths Leoherent source / Lincoherene @5 @ function of the wavelengths at which the coherence lengths
are measured. The insets give the experimental conditions of the spectrometer and the energy per
pulse.
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The White Light Supercontinuum Is Indeed an Ultrafast
White Light Laser
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Abstract

We identify the white light supercontinuum generated by femtosecond Ti-sapphire laser pulses as
an ultrafast white light laser because the relative coherence lengths of all the wavelength components of
the supercontinuum are essentially the same as that of the laser pulse when compared to an incoherent
white light source.

KEYWORDS: femtosecond, supercontinuum, white light laser

The white light supercontinuum source has been known for a long time. It is usually generated by
focussing powerful ultrashort laser pulses into transparent optical media. The output becomes a
broadband source ranging from the near infrared to the ultraviolet.1-15) Recent development of very
powerful femtosecond lasers such as the Ti-sapphire laser even allows the generation of such a
supercontinuum without using a focussing lens.16-20) In all these cases, the laser pulse self-focuses
first, becoming a filament (according to the moving focus model16-18)) whose length ranges from
around a mm in condensed medial5) to 100 m16-20) or even km.21) White light is emitted from all
positions of the filament in the forward direction.16-18) This supercontinuum has a divergence as
good as that of the input laser pulse.6,7,9,10)

The application of this white light source is widespread, ranging from a seed pulse for further
amplification in dye amplifiers and optical parametric amplifiers22) to broadband absorption and
excitation spectroscopy,2) and the characterisation of laser-induced structural transition.23)

In spite of the widespread usage of this light source and its long history, it is only recently that the
fundamental physical mechanism responsible for the self-focussing, filamentation and supercontinuum
generation has become better understood.16-18,24) Very briefly, it is the balance between the Kerr
self-focussing effect in the neutrals and the defocussing effect in the plasma (free electrons) generated
at the self-focus that gives rise to the moving focus and the filament.

The generation of the supercontinuum (SC) is a universal phenomenon in all transparent optical
media and is due to self-phase modulation (SPM). The generation of the broad anti-Stokes part of the
SC is due to SPM of the self-focussed pulse in the self-created plasma. The narrow Stokes
broadening is due to SPM in the neutral Kerr medium which also contributes to a narrow part of the
anti-Stokes side.

Because the SC can be a seed pulse for optical amplification, it is generally accepted that the SC is
a coherent source. However, no one has yet identified that it is a white light laser simply because there
seems to be no physical grounds for saying so. In this short letter, we try to justify that the SC should
indeed be called a white light laser.

In the present experiment, 800 nm (7.18 nm bandwidth), 170 fs (FWHM) Ti-sapphire laser
pulses were used. They were focussed by a 10-cm-focal-length lens into three different liquids,
namely, water, methanol and CCl4. Since multiple filaments are independent sources of SC,15) we
chose to study the effect of one filament. The laser power was adjusted so that only one filament was
created. The energy per pulse required to generate one single filament in each liquid is 3 mJ for water



and 0.2 mJ for both methanol and CCl4. The maximum fluence in the filaments has been measured to
be roughly 0.62, 0.54 and 0.44 J/cm?2 for water, methanol and CCl4, respectively.24) The intensity
cannot be measured properly yet because the duration of the sharp intensity spike at the self-focus,
hence, at the filament, is not known. However, we have recently estimated them?24) to be on the order
of 1012 W/cm2 for water and 4 x 1011 W/cm?2 for both methanol and CCl4. The SC output from the
filament was then collimated by another 10-cm-focal-length lens and was sent into in a Michelson
interferometer followed by a spectrometer. (The details of the experiment will be published
elsewhere.25))

The output of the spectrometer showed spectral modulation.26) Six wavelengths across the
whole SC and that of the laser line were chosen, each having a constant width of 1 nm. We define the
coherence length as the path difference in the Michelson interferometer at which the spectral
modulation disappears for that particular wavelength. These coherence lengths were compared with
those of an incoherent white light source from an incandescent light bulb at the corresponding
wavelengths under identical measuring conditions.

~ Figure 1 shows the results of the comparison under the condition of a single filament in the
liquids. The vertical scale gives the ratios of the coherence lengths (Lcoherent source) of the various
wavelength components of the SC source to those of the incoherent source (Lincoherent
source). The horizontal scale gives the wavelengths at which the coherence lengths were measured.

We note two aspects. 1) The ratios are independent of the materials whose bandgap energies24)
are 7.5 eV (water), 6.2 eV (methanol) and 4.8 eV (CCl4). This supports the idea that the generation
of SC is a universal phenomenon. 2) In the range between 800 nm and 500 nm, all ratios are
essentially equal to the corresponding ratio of the Ti-sapphire laser pulse at 800 nm. Those at the
longer and shorter wavelength sides (430 nm and 900 nm) are smaller, since at these wavelengths, the
SC signal power decreases quickly by one order of magnitude or more. The influence of the
unavoidable incoherent light originating from plasma recombination in the self-focus and filament
becomes important, i.e., the plasma contribution to the reduction of the coherence length becomes
important. This makes the ratios smaller.

We can thus conclude that the relative coherence lengths (with respect to an incoherent source) of
all the wavelength components of the white light SC are essentially the same as that of the Ti-sapphire
laser pulse. From the point of view of coherence length, since the 800 nm pulse a laser pulse, the
other wavelength components in the SC should also be called laser pulses. In fact, the duration of the
SC pulses at different wavelengths has recently been measured in the case of SC generated from
rare gases at atmospheric pressure, using 1.6 TW, 120 fs pulses of a Ti-sapphire laser.6,7) It was
found that at various wavelength regions of the SC, the pulses are chirped differently, with the chirped
durations ranging from 150 to 250 fs. Consequently, the SC source is a continuum of chirped
ultrashort laser pulses, or simply an ultrafast white light laser.

From the point of view of practical application, it is desirable to increase the spectral intensity of
such sources. Our current understanding of the fundamental physical processes underlying the
generation of the SC allows us to predict and design some schemes to increase the intensity.

Since SC generation is due to SPM, which is proportional to the temporal gradient of the intensity
profile, the spectral intensity of the SC is proportional to the maximum peak intensity that can be
reached in the self-focus. The latter is determined by the threshold intensity for the generation of a
plasma at the self-focus. In principle, one can envisage two ways of increasing the spectral intensity.

1. For a single filament, one should select a material with a high resistance to the generation of a
plasma. In condensed matter, it is related to a large bandgap24); in gases, this is related to a high
ionization potential.

2. After the selection of the material, one could further increase the spectral intensity by increasing
the laser power to generate multiple filaments. Since multiple filamentation is a consequence of the
spatial power fluctuation, each filament can be considered to be an independent source of a white light
laser. Together, they constitute a bundle of lasers all having the same characteristics. The total
spectral intensity will be proportional to the number of filaments one can produce in the optical
medium. In water, one can easily generate hundreds of them.15) That is why the white light generated
from water was extremely bright when the full power (1 mJ/100 fs) of a kHz Ti-sapphire laser beam
was focussed into it.




In the work of the Electro-Communication University group,6,7) apparently without knowing our
physical argument, they did exactly the same experiment as suggested above by selecting high-
ionization-potential gases (rare gases) and using the highest peak power to generate multiple filaments.
(The original objective was to extend the white light spectrum into the ultraviolet range.) The spectral
intensity obtained by them is very significant, in the range of 100-1000 MW/nm.

One can also select different wavelength components of the white light laser and amplify them.
The standard known amplifying medium is a dye amplifier. From the point of view of making an all-
solid-state laser system, one can use the technique of optical parametric amplification (OPA) ina
crystal. In fact, this technique is already being used in commercial products.27)

In conclusion, the white light SC generated by ultrashort laser pulses has been identified as an
ultrafast white light laser from the point of view of its coherence length. Various schemes for
increasing the spectral intensity of the white light laser can be envisaged. Most of these schemes have
already been put into practice by many laboratories "unknowingly®.
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Figure caption:

Fig.1. Ratios of the coherence lengths Lcoherent source/ Lincoherent

source as a function of the wavelength at which the coherence lengths are
measured. Lcoherent source, the coherence length of a wavelength component
(width = 1 nm) of the supercontinuum light generated by 170 fs Ti-sapphire
laser pulses in water, methanol and CCl4; Lincoherent source, the coherence
length of the same wavelength component of an incoherent light source
measured under identical conditions. In the experiment, the laser pulse

energy E was adjusted so as to produce only one single filament in the
medium. The insets give the experimental conditions of the spectrometer

and the energy E per pulse.
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1. Introduction

In recent years, the physics of the interaction of diatomic molecules with femtosecond
strong laser pulses has been studied extensively. In all the experimental studies the ion
signal, and to a lesser extent, the electron signal have been used to probe the mechanisms
involved in the phenomenon (Codling and Frasinski 1993). These signals, though useful
in their own right, are not sufficient to provide all the information necessary for a
complete description of the phenomenon. For example, it is expected that during
interaction with strong laser pulses, the neutral molecules or molecular ions will be
excited to some higher excited states. Detection of such an event is very difficult using
ion or electron signal. In these cases the photons emitted by the excited molecules
might be used as a complementary tool. However, to our knowledge there has been
only few reports on utilizing photon signal to probe the interaction of the strong laser
field with diatomic molecules (Liang et al 1995). Our goal in the present article is to
show the usefulness of photon signals in studying the interaction of Ny molecule with
a Ti:Sapphire laser pulse. In this case, the photo-emission not only is used to indicate
the creation of the excited molecular ion, but also it provides enough information about
the mechanism responsible for the phenomenon. The merits of choosing N, is threefold.
Firstly, the No* molecular ion in the excited state is very stable and does not undergo
easily the fragmentation process. Secondly, the knowledge on the interaction of this
molecule with strong femto-second laser pulses is useful in modeling the propagation
of the laser pulses in the atmosphere which has recently attracted a lot of attention
(Brodeur et al 1997, Kosareva et al 1997, Mlejnek et al 1998) . Finally, there is an
extensive literature on the band spectra and the related parameters of the molecule
(Lofthus and Krupenie 1977).

2. Experimental set-up and results

The schematics of our experimental setup is presented in fig. 1. A beam of Ti:Sapphire
laser pulses is focused using a 100 cm focal length lens into a chamber containing N»
gas with a variable pressure of 5-1000 Torr. Our laser system consists of a Ti:Sapphire
oscillator followed by a regenerative and two multiple pass Ti:Sapphire amplifiers that
can deliver pulses with energies of up to 200 mJ. The transform limited pulse duration
is 200 fs (FWHM) and the central wavelength is 800 nm. The beam is focused to a spot
with diameter of 98 ym (at 1/e? ). To measure the spot size, the beam was attenuated
by successive reflections from high-quality glass plates. The beam was then focused
by the 100 cm focal length lens and the image of the focused area was analyzed by
a microscopic objective associated to a CCD camera. As a result of interaction with
the laser at the focal region a faint filament with a length of about 10 em is visually
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observed spanning the focal region. The central part of the filament is imaged onto the
opening of a spectrometer with a resolution of 3 A°. The spectrometer is calibrated for
the wavelength and the spectral response.

In figures 2 we present the resulting spectra for the case when the pressure in the
tube is 5 Torr. The laser intensity is estimated to be 1x 10'® W/cm? (the estimation
of the intensity is based on the measured laser parameters; pulse duration, pulse energy
and the spot size at focal region). From 470 nm up to 800 nm there is no signal, therefore
this part is not presented in the figure. Below 300 nm and beyond 800 nm the detection
efficiency of our spectrometer is very low. Thus we did not measure the spectrum in
these regions.

The observed violet degraded lines are assigned to two band systems; the second
positive system of N, ( C°I, — B3I, transition) and the first negative system of Ny*
( B’Z} — X?%} transition) respectively. The details of assignment and the strength
of lines is summarized in table 1. In this table by I and II we mean the first negative
system of No* and the second positive system of N» respectively.

3. Discussion

3

As already mentioned, the emission spectra of fig. 2 is assigned to the second positive
system of N; molecule and the first negative system of No* molecular ion respectively.
For the purpose of the present article we will be mainly concerned with the first negative
system and the discussion of the second positive system will be postponed to a future
publication. .

The first negative system of N,* ion results from transitions from different
vibrational levels of the second excited potential surface of the ion, B2X}, to different
vibrational levels of its ground potential surface, X2} (fig. 3). In what follows, different
possible excitation mechanisms are considered. However, before proceeding further we
discuss the way in which the molecular ion is prepared through multiphoton ionization
(MPI).

As we have recently reported (Talebpour et al 1998) the rate of MPI of diatomic
molecules is very well predicted by the PPT (Prelemov et ol 1965) model by assuming
that the electron tunnels through a barrier given by Z.¢¢/r instead of the pure Coulomb
barrier 1/r which is used in the calculation of the MPI of atoms. Here, Z. is a
fitting parameter to simulate the effective Coulomb potential felt by the electron that
tunnels out. This parameter depends principally on the random orientation of the
ground state neutral molecule. The importance of this finding is in its practicality;
the only parameter needed for predicting the MPI rate of a diatomic molecule is a
single parameter, Z.ss . By experimentally measuring the probability of MPI of N; and
comparing with theory Z;y is found to be 0.9 for this molecule (for details of comparison



Table 1. The wavelength (in nm), measured strengths (in arbitrary units) and the
assignments of band heads of fig. 2. 'T’ and 'II’ pertains to the fist negative system of
N7 and the second positive system of N2 respectively. v’ and v are the vibrational
index of the upper and lower level respectively.

Measured Strength Expected Transition II  Expected Transition 1
Wavelength  (arb. unit) Wavelength IT  (v/,v") Wavelength I (v, v")
(nm) (nm) ()

353.44 15.25 353.26 (5-4)
353.85 8.73 353.67 (1-2)

354.96 5.42 354.89 (3-2)
356.59 12.19 356.29 (2-1)
357.70 11.63 357.69 (0-1)

358.31 9.43 358.21 (1-0)
371.1 1.49 371.05 (2-4)

375.37 3.91 375.54 (1-3)

380.44 5.59 380.49 (0-2)

388.56 8.75 388.43 (1-1)
391.4 71.45 391.44 (0-0) ,
394.26 1.2 394.3 (2-5)

399.94 1.49 399.84 (1-4)

406.13 1.05 405.94 (0-3)

412.22 2.02 412.13 (5-6)
414.14 1.14 414.18 (3-7) 414.05 (4-5)
416.78 0.79 416.68 (3-4)
419.93 2.99 420.05 (2-6) 419.01 (2-3)
423.78 4.8 423.65 (1-2)
426.93 3.07 426.97 (1-5)

427,714 12.94 42781 (0-1)
446.63 0.91 446.66 (6-8)
448.66 1.64 44902 (27 449.03 (5-7)
451.61 1.15 45159 (4-6)
455.36 0.55 455.41 (3-5)
459.93 0.75 .459.97 (2-4)
465.4 1.04 465.18 (1-3)
470.99 1.39 470.92 (0-2)
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between experiment and theory see Larochelle et al 1998a). In figure 4 we present the
experimentally measured ion vs intensity curve of No* along with the theoretical curve
calculated from the PPT model with Z.sf = 0.9. In this figure the ion vs intensity curve
in the case of circularly polarized laser pulses is also presented for later discussion.

Equipped with an analytical model for the rate of MPI, we can calculate the
population of different electronic-vibrational levels of the molecular jon following MPI.
Depending on the shell from which the electron is ionized, the molecular ion might
be produced in the vibrational levels of different potential surfaces. The electronic
configuration of ground state Ny is K K (0,25)%(0,25)%(7.2p)*(042p)* (Herzberg 1950).
The MPI of an electron from (¢4,2p)? , (m.2p)? or (0.2s)? configurations leaves the ion
in the vibrational levels of XX}, A’IT and B*%} respectively. W, the rate of MPI
to level v of the potential surface n with ionization potential E,, and oscillator strength
fnv With respect to the ground state of N is given by

anv = fnvI'VPPT(Env) (1)

where Wpepr is the MPI rate given by the PPT model. Using eq. 1 the number of ions
in the state nv, N,,, is calculated from the following relation

Np» L dv (1 —ezxp (— /_o:c dtWo, (I(r, t)))) @)

where I(r,t) is the time dependent intensity of the pulse at point r which is assumed to
be given spatially and temporally by a Guassian function and V is the interaction region.
Using eq. 2 we have calculated the number of ions in different states and summarized
the results in table 2. The f,, values are taken from Jain and Sahni (1968). All the
values are normalized to the value of No(X 22'; ) which is the number of the molecular
ions created into the ground vibrational level of the (X?%}) potential surface.

Table 2. The number of ions created in different electronic-vibrational states following

the MPI of No

v NU(X22;‘) N,(AMIE) N(B*z})
0 1.000 5.350E-2 7.144E-3

1 7.007E-2 4.543E-2 4.835E-4

2 3.009E-2 1.999E-2 7.262E-6

3 1.153E-3 7.675E-3 2.257E-8

4 5.104E-6 2.356E-3 8.931E-9

5 3.033E-7 6.772E-4 4.306E-11

A quick inspection of table 2 indicates that if post-ionization processes are not taken
into account, the observed spectra of fig. 2 cannot be explained solely by considering
the population through the MPI of the inner shell electrons. If this were the case, the



6

transitions v’ — ¢" (hear ¢' and ¢” denote the vibrational levels of B*%} and X2?%}
respectively) with v > 2 would be too weak to be observed because the population
in B2X} (v' > 2) is too small. Observation of 5-6 transition (note: from table 2, the
population of B2} (v’ = 5) is very low, ~ 107!!) at wavelength 412.13 nm (see table
1 and fig. 2) with appreciable intensity strongly suggests that some post-ionization
processes must have contribution in further populating the different vibrational levels
of B2L} potential surface.

Pumping up the population to the upper state ( B2L}) either by three photon
coupling from the X?E} potential surface (similar to the three photon coupling as in
the case of Hf discussed by Bandrauk 1994) or by two photon coupling from AT
cannot be a good candidate either. In the former case, since a three photon transition
from the v” = 0 (the most populated) level of X 22'; is in quasi resonance with the
v’ = 5 level of B®S} , most probably this level will be populated. In the latter case a
two photon resonance will populate the levels v/ > 3 of B2X}. However, from table 1 it is
observed that the strongest band are those which originate from 2’ = 0 . This indicates
that even though up-pumping through two or three photon couplings from the lower
potential surface is a possibility, it can have insignificant contribution in populating the
B2%} potential surface. :

As another possibility, it could be argued that as a result of the re-scattering of
the ionized electron to its parent ion (Kuchiev 1987, Corkum 1993), it could make an
inelastic collision with the ion and excite it to higher states. The recent experimental’
and theoretical results on the non-sequential multiple ionization of atoms (Larochelle et
al 1998b, Becker and Faisal 1996) makes this scenario very appealing. Despite the fact
that calculating the predicted spectra from this hypothesis at present is very difficult,
still we might offer strong arguments in its favor. We should recall that from the point of
view of the energy the process is possible. At our working intensity, 1x10'® W/cm?, the
pondromotive energy, U,, amounts to 60 eV and the maximum energy of the electrons
may reach up to 12U, in the case of molecules (Bandrauk and Yu 1999). Thus, many of
the re-scattered electrons (which is half of the total number of the electrons produced
through the MPI) have energies higher than the threshold energy of exciting the electron
from the vibrational levels of X?%} and AII} to the vibrational levels of B?S}.

There are two important evidences in favor of dominance of the electron re-scattering
in populating the excited levels. The first one comes from comparison of the laser
intensity dependence of the strength of the band heads and the ion signal (number of
the N7 ions). In fig. 5 we present the laser intensity dependence of the strength of the
strongest band head (391.4 nm). Also in the figure we have included the theoretically
calculated ion vs intensity curve of fig. 4. The strength of the band head is scaled
vertically in a way that its value is equal to the value of the ion at their corresponding
saturation intensities. It is observed that the strength of the band head is proportional
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to the number of ions in the focal volume, hence, proportional to the probability of
MPI of N3 to NJ. This observation is reminiscent of a similar observation in the studies
on the non-sequential multiple ionization of atoms. There it has been shown that the
probability of non-sequential double ionization of atoms near the saturation intensity
of the first charge is proportional to the probability of MPI to the singly charged ion
(Talebpour et al 1998, Larochelle et al 1998b). This was shown to be the consequence
of re-scattering of electrons. This similarity suggests that the underlying physics might
be the same, i.e., the current phenomena results from the re-scattering of electrons.

The second evidence is provided from the polarization dependency of the intensity
of the band heads. From a classical picture of the electron re-scattering theory it
is well established that using circularly polarized pulses the ionized electron will not
return back to its parent jon. If the process of populating the levels of B2L} is really
achieved through the collision of the re-scattered electron with the parent ion, then using
a circularly polarized light the population of the excited states and consequently the
strength of the band heads of the first negative system would be suppressed. This is in
fact observed experimentally. In fig. 6 the dependence of the strength of the band head
at 391.44 nm is presented as a function of angle between the polarization axis of the
laser beam and the axis of a quarter wave-plate which is used to transform the linearly
polarized light to an elliptically polarized light. When the angle is zero the beam is
linearly polarized, and for an ideal wave-plate it is expected that at an angle 45 degrees
the beam must be circularly polarized. However, at high intensities the wave-plate is
not perfect and at 45 degrees the polarization of the beam is elliptical with an ellipticity
0.9. As it is observed from fig. 6, even at this level of ellipticity the intensity of the
band head has dropped by a factor of 11. The same observation holds for all other
band heads of the first negative system. Note that the decrease of the strength of the
band heads cannot be attributed to the decrease in the probability of MPI as a result of
changing the polarization of the laser from linear to circular. As it can be noticed from
fig. 4, at our working intensity (1x10'® W/cm?) the ion signal in the casse of circular
polarization is only by a factor of 0.63 lower than that in the case of linear polarization.
Thus, the observed decrease in the srength of the lines can be attributed to the electron
re-scattering.

4. Conclusion

The photo-emission spectra from the N, molecule interacting with a Ti:Sapphire laser
pulse was measured. The spectrum in the visible region consists of two well known
systems; the second positive band system of Ny and the first negative band system of
NJ. In the present article only the latter band system was considered. A detailed
discussion along with a comparison with the phenomenon of non-sequential double
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jonization enabled us to attribute the observation of the first negative band system
of N to the re-scattering of electrons created through the MPI to their parent ion.
The inelastic collision of these electron can excite the molecular ion to its excited states
which later relax and radiate the bands of the first negative system.
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Figure captions

Figure 1. Experimental set-up

Figure 2. Spectrum of N2 at a pressure of 5 Torr. The lines marked by arrows are
assigned to the first negative band of No*. In the inset of the lower graph, signal in
the range between 440 to 472 nm is multiplied by three to enhance the visibility of the
peaks.

Figure 3. The first three potential energy curves (potential surfaces) of No* molecule
(Gilmore 1965)

Figure 4. Multiphoton ionization of N2 using linearly and circularly polarized laser
pulses from a Ti:sapphire laser. The theoretical ion yield is calculated from the PPT
model with Z.zs = 0.9.

Figure 5. The intensity dependence of the strength of the band head at 391.4 nm.
The points present sigle shot data. The solid curve is the theoretical curve of fig. 4.

Figure 6. The dependence of the strength of the band head at 391.4 nm on the angle
between the polarization of the laser beam and the axis of a quarter wave-plate. Each
point is an average over 100 shots. The "error” bars giving the maximum scattering of
the data points are presented at two different angles. Note that the ellipticity of the
beam achieves to 0.9 at 45 degrees.
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Re-focusing during the propagation of a focused fs Ti:Sapphire laser pulse in air

A. Talebpour, S. Petit and S. L. Chin
Cerzre d’Optique, Plotonique, et Laser (COPL) and Dépt. de Physique. Université Laval, Québec, Qc, Canada, G1K 7P4

Abstract

The dependence of the intensity of a focused Ti:Sapphire
laser pulse in air on the propagation distance was studied
by measuring the paoto-emission spectrum of N, and
N7 . Refocusing was observed directly that agrees with
the predictions put forward by Mlejnek et al, Opt. Lett.
23 352 (1998).

In recent years the phenomenon of the propagation of
strorg ultrafast laser pulses in the atmosphere that leads
to self-focusing, filamentation, supercontinuum genera-
tion and conical emission, has been studied both exper-
imemally and theoretically [1-5]. As a result a qualita-
tive picture has emerged which is able to explain the
fundamental physical mechanisms of the phenomenon
[2-1]. However, mere rigorous models of recent years
predicted some new phenomena such as re-focusing, etc
which need more careful measurement of intensity dis-
tribwtion in the filament for a quantitative comparison.
Due o the high intensity in the filament, incorporating
measurement systems directly into the beam is nearly
impossible; therefore the intensity distribution should be
determined from measurement of some quantities out-
side she filament. Iz the present letter we offer the re-
sults of our measurement that reflects the gross intensity
in the filament as a result of the propagation of a focused
femtosecond laser ptise in air. These results confirm the
pheromenon of refocusing of the laser pulses after the
georetrical focus [5. The setup of experiment is pre-
sented schematically in fig.1. A Ti:Sapphire laser pulse
with a duration of 220 fs is focused through 1.5 m lens
creasing a filament i air. The filament is visible to the
naked eyes in a range of 20 cm spanning the focal region.
The -adiation from the filament was analyzed spectrally.
The central part of the filament was imaged onto the en-
trance slit of a specirometer which is calibrated for the
speciral response. A sample spectrum of the radiation
is presented in figure 2. As it is observed, there is no
detectable continuum radiation, characteristic of colli-
sionsl ionization. in the spectrum. The observed violet
degraded lines are assigned to two band systems: the
second positive system of N ( C3I1, — B3], transition)
and she first negative system of Na* ( B*L} — X*Z}
transition) respectively. We have studied these spectra
through detailed experiments and the results concern-
ing sheir physical origin will be analyzed in a separate
paper. Later in this >aper, we will discuss the signifi-

2|
Z —-— F !
< =2 S
N i R
Laser
.__.__._’ __/
Fig. 1. Experimental set-up B

cance of the signal detected by the photomultiplier in
fig. 1, and it will be shown that it is a monotonically
increasing function of the gross intensity in that region
of the filament beneath the detector.

The otal intensity of the radiation from a restricted
part of the filament (restricted by aslit. S, with an open-
ing of 0.2 mm, situated at R=1 cm above the filament)
at a distance z from the lens in a frequency range of
330< A <460 nm (filtered by F') is detected by a photo-
multiplier (D). The amplitude of the output of the detec-
tor is taken as the measured signal. In fig. 3, the results
of our measurement using two different beam sizes (11
mm and 4 mm) is presented. When using the 11 mm
diameter beam (fig. 3a) the peaks of the plots occur at
a position before the geometrical focus indicating self-
focusing. The distance of the focusing point from the
geometrical focus increases with the energy of the pulse.
This is consistent with the prediction of the moving focus
model {7]. After focusing, the beam rapidly converges as
indicated by the decrease of the signal. If the energy of
the pulse is sufficient, the beam divergence stops along
some distance before it starts to diverge again. This is
clearly seen from the first shoulder of the curves after
the geometrical focus. At higher energies of the pulse,
more than one shoulder could be observed. Thus, the
detailed behavior of the beam strongly depends on the
pulse energy. When using the 4 mm diameter beam (fig.
3b). again the peak (self-focus) moves towards the lens,
though with an amount more appreciable than the case
of larger beam diameter. This is well anticipated not-
ing thas in this case, the input power is about 7.6 times
(=the ratio of the cross sections of the two beams) higher
than the case of a larger beam with the same energy and
pulse duration. After self-focusing a more interesting sit-
uation arises; the signal level increases clearly through
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Fig. 2.  Spectrum of air interacting with a 220 fs laser

pulse.

a second peak indicating that the beam after a slight
divergence focuses again. This is a clear demonstration
of the phenomena of re-focusing [2-5]. In particular, the
prediction of re-focusing in ref. 5 in the case of a focus-
ing geometry is clearly observed here. Unfortunately, in
the case of small beam we are not able to increase the
energy of the pulse more than 10 mJ to verify clearly the
multiple focusing predicted by the simulations of ref. 5.
However, by analogy the shoulders of fig. 3a might be
considered as indicating the re-focusing. If so, the ap-
pearance of multiple shoulders in the case of high-energy
pulses could be considered as the occurrence of multiple
refocusing.

As it was noticed by comparing the two figures 3.a and
3.b. for a given energy of the pulse the manifestations of
the nonlinear propagation effects (early focusing, refo-
cusing and slow divergence after focusing meaning fila-
mentation or a streak of moving foci) is weaker in the
case of the beam with larger diameter, or more precisely
shorter Rayleigh range. This enables us to study the
significance of the signal. We thus performed a separate
experiment by increasing the diameter of the beam to 2
cm. It was focused using a 1 m focal lens in air using a
set-up similar to fig. 1. In this case due to the short
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Fig 3. The signal of the PMT detector versus, z, the
distarre of the lens and the slit(S) in fig. 1 with the energy
of puke as parameter. Each point is average over 100 shots.
The wper and lower graphs correspond to the beams with
diam<ers of 1.1 and 0.4 cm respectively.

Regleigh range (= 20 mm) as compared to the case of
fig. 2 the effect of self focusing before the geometrical
focus s negligible, such that the distribution of intensity
at th: focal region does not deviate strongly from the
one expected in vacuum. This fact is readily observed in
the ixset of fig. 4, which represents the detector signal at
a disance from the lens. Even at the appreciably large
value of the pulse energy, 20 mJ, the curve is symmetric
and fcusing practically occurs at the geometrical focus.
We neasured the laser pulse energy dependence of the
signs’ with the detector placed above the focal paint
(z=1{0 cm). The result is shown as open circles in fig.4.



10 e ion
O photon
-
-g ; . istance from iens [cm]
S 98 100 102
= - T
Eo » O S
.‘ :
a ' enen essedacee
0.1 10 % = ——
-4
| ] |  § .
10
Pulse energy [mJ]

Fig. 4. The signal of the PMT (photsn) and the ion
number (ion) as a function of pulse energy for the case of a
beam with a diameter of 2 cm and a focusing lens with focal
length of 1 m. The measurement is done at the focus of the
lens. The energy in the case of photon signal is multiplied
by a factcr of 2. In the inset the dependence of the photon
signal on the propagation distance is presented.

Then. in a vacuum chamber the intensity dependence
of the total number of N3 ions was measured (for the de-
tails of the experiment see [6]), and the result is shown
as dots in fig. 4. The photon signal has been shifted
vertically such that the turning point coincides with the
saturation point of the ion curve and horizontally by a
factor of two towards higher pulse energy. The com-
plete overlap of the two curves indicates two aspects.
Firstly, the photon signal reflects the gross intensity in
the filament and is a monotonically increasing function
of the pulse energy. Secondly, the probability of pho-
ton emission scales in the same way as the probability of
multiphoton ionization to N7 molecular ion at a pulse
energy twice lower. We can thus take advantage of this
observation to propose the following for sheorists to test
the validity of their propagation model. We could say
that the photon signal generated at a theoretically cal-
culated intensity I(r,t) in the filament is proportional
to the ion signal generated at intensity I(r.t)/2 in the
vacuum chamber. We can calculate the ion number |,
N(1/2). in this case precisely by the following formula

N(I,z)x[.dv (1—e('ffmd"v{""")’c))) (1)

where ¥~ is the rate of multiphoton icnization of Ng

molecule. Recently, we have measured the rate of the
MPI of this molecule and concluded that it is very well
predicted by the PPT model [8] with Z.s; = 0.9 (for the
significance of Z.s; and relevant discussions see 9]). As
we have concluded earlier, N'(I/2) thus obtained must be
proportional to the signal we measure in fig. 3. Thus,
the calculated ion signal as a function of z should fit
those curves in fig. 3 if the model were correct.

In conclusion, we have measured the radiation emitted
by the N2 molecules and N molecular ions interacting
with the laser pulse in the filament. The result of the
measurement gives the gross intensity in the filament as a
function of the propagation distance showing a multiple
refocusing which agrees qualitatively with the results of
the simulations of ref. 5.

It is our pleasure to acknowledge the technical assis-
tance of S. Lagace and M. Abdel Fattah and fruitful dis-
cussions with C.M. Bowden and N. Akozbek. This work
was supported in part by NSERC, le Fonds FCAR, US
Army Research Office and the Department of National
defence of Canada.
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Semi-empirical model for the rate of tunnel ionization of N, and O, molecule in

an intense Ti:Sapphire laser pulse

A Talebpourt, J Yang and S.L.Chin

Centre d’Optique, Photonique,et Laser (COPL) and Département de Physique,

Université Laval Quebec, Qc. G1K 7P4 Canada

Abstract: A semi-empirical model capable of predicting the rate of tunnel ionization of N, and

O, molecules interacting with strong Ti: Sapphire laser pulses is derived.

1. Introduction

The interaction of two major ingredients of the atmosphere, N; and O,, with a strong
femtosecond laser pulse determines the dynamics of its propagation in the atmosphere. Owing to
the nonlinear index, the laser pulse self-focuses first. The contribution of the plasma generated
from tunnel ionization (TI) counteracts self-focussing. The competition between these two
processes results in filaments according to the moving focus model [1].  Therefore, any
meaningful simulation of the propagation needs a predictive model for the rate of TI of the
atmospheric gases. For this purpose, in the past, different analytical models such as ADK model
[2, 3], above barrel suppression ionization model [4], Szoke’s model [5] or a simple I model [6]
have been used in various types of application, such as propagation [1, 7], plasma interaction [8]
etc.. The recent findings of Larochelle ez al [9] showed that none of these model is capable of

providing a satisfactory result for the rate of TI of species as simple as rare gas atoms. Instead,



they verified that two equivalent models, Perelemov A M, Popov. V. S and Trent’ev’s model
(PPT model) [10] and Krainov’s model [11], correctly predicted the TI rate of atoms. Based on

this work, Talebpour ef al [12] were able to model the TI rate of D, molecule. The remarkable

finding of this work is that instead of a pure Coloumb barrier 1 which is used in the calculation of
r

the TI rate of atoms, the rate of TI of diatomic molecule can be calculated using the PPT model

VA
by assuming that the electron tunnels through a barrier given by —ZL (Z,<1, Z is an effective
r

charge defined to a fictitious atom with the same ionization potential as the molecule in such a way
that the tunneling rate of this atom is the same as the tunneling rate from the barrier created by the
molecule). This finding is translated to a simple recipe; to calculate the rate of TI of a diatomic
molecule one has to find a single parameter Z,5, and use this parameter in the PPT model. To find
Z from calculation is not simple for molecules other than H,, but this is barely needed. For
practical uses Z,5 can be found from experimental results. In this article, we attempt to find Z,4 for
N; and O, by comparing the experimentally measured ion versus intensity curves with the
theoretical curves obtained by integrating over the pulse duration and the interaction volume of the
TI rate using the PPT model with different values of Z,;. The result is immediately applicable in
the modeling of the propagation and filamentation of intense femtosecond laser pulses in the
atmosphere for different application such as LIDAR. Appendix (I) gives the formula of the PPT

model.

2. Experimental results and discussion



The experimental ion vs intensity curves of N and O, (presented in figures 1 and 2 respectively)
have been obtained using a Ti:Sapphire laser, with a pulse duration of 200 fs and wavelength of
800 nm. A detailed description of the experimental technique can be found in Talebpour et al
[13]. In figure 1 the ion vs intensity curve of Xe (IP=12.130 eV [14] ,which is similar to that of
0,,12.063 eV [14]) and in figure 2 the ion vs intensity curve of Ar (IP=15.759eV [14], which is
similar to that of N, 15.576 eV [14]) are included for comparison. As it is noted the probability
of TI of a molecule is suppressed compared to that of an atom with a similar ionization potential.
The suppression might be explained to result from the random orientation of the neutral molecules
with respect to the polarization of the laser [9] which is manifested in a value of Z4<1.

In both figures we have included the ion vs intensity curves predicted by Szoke’s model, SFA
model [15] and the ADK model. None of these models, contrary to their widespread use in
simulations of the pulse propagation, is capable of offering a satisfactory fit with the experimental
results. None of these models could be forced to fit the experimental results by varying the Z 4
either [9]. The SFA completely neglect the Coulomb potential and the Szoke’s model considers
the Coulomb potential, in the final state, as a constant, thus both these two models do not depend
on Z; The ADK model depends on Z. theoretically, but the predicted slope by this model,
regardless the amount of Z,4, always underestimates the experimental value. This is because the

ADK model is valid in the region of intensity where Keldysh’s parameter [16] vy is less than 0.5
[3]. In the current experiment, y is of the order of 1. We have not included the curves predicted

by the BS model [17] Because of its false construction of on-off ionization process, this model
predicts a curve with very large slope (theoretically infinite) on a log-log graph and therefore is

very far from the reality.



Contrary to the other models, the PPT model and equivalently the Krainov’s model fit the
experimental results on the TI of atoms due to their correct handling of the effects of the Coloumb
potential [9]. As it is observed the PPT model is capable of predicting the rate of the TI of both of
the molecules satisfactorily. In the case of O, we have used a value of 12.55 eV for the ionization
potential. The reason is that the ionization rate of any molecule is a weighted average (the
weighting factors being the Frank-Condon coefficients) of the ionization rate to different
vibrational levels of the ground potential surface of the molecular ion. Without performing a
detailed calculation from the potential energy curves of N, and O, [18] we might argue that while
N; molecule will most probably ionize to the first vibrational level of its ion, O, molecule can
ionize to many possible vibrational levels of its ground potential surfaces. In fact from the photo-
ionization results of Samson and Gardner [19] it is noticed that the Frank-Condon factors for
thansition to the five first vibrational levels of O, is nearly similar. Without going into the details
of calculation we might argue that the weighted average of MPI probability to all these levels
should be nearly the same as transition probability to the second vibrational level of O, with

ionization potential of 12.55 eV.

3. Conclusion

In the light of the theoretical analysis of the TI of D, molecule, we have been able to offer a semi-

emperical analytical model capable of correctly predicting the rate of TI of O, and N,.
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Appendix

The PPT model, as used in the present calculation, is adopted from references [8] and [9]. In this
model the rate of the TI from an state of an atom with ionization potential E;, quantum numbers /

and m and effective charge Z4in a laser field with frequency @ and peak electric field F , in atomic
units is given by

22 E.)m 21" ~|m|-3/2
PPT l II fzm :(—?—‘J

x (l + }'2)|MI/2+3/4 Am (w, }/) (1)

3/2
(2(25‘5.) (¢4 )]
xe

where
n' = 2K, | Z*
__oF )
Y="J2E
I'~n"-1,and
@1+ )1 +|m)
ftm - 2|"4I”4!(1__m)l (3)

3 1 ) / 1+ },2 ) zzn'
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nT@ +I+DI@A'T)



The coefficient 4, (w,y) is given by

2

-4 17
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. 5 where
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Figure Captions:

Fig. 1. Tunnel Ionization of N, using stable linearly polarized laser pulses from a Ti:sapphire
laser(800nm). The theoretical ion yield (from left to right) are calculated from Szoke’s model,
ADK theory with Zg =1,PPT model with Z;=0.9 and ADK theory model with Zgz=0.9

respectively.

Fig. 2. The same as figure 1 for O ; (Z4=0.53)



