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ABSTRACT Because of the dynamic equilibrium between Kerr
self-focussing and plasma induced defocusing and the inex-
istence of collisional ionization the critical intensity during
femtosecond laser filamentation in air is independent of pres-
sure. An analytical analysis is given which is justified by a direct
experimental verification.

PACS 42.65.Jx; 52.38.Hb; 52.70.Kz

1 Introduction

When a laser pulse of high power P > 10 GW and
ultrashort pulse duration 7 < 1 ps and UV, visible, or near
IR wavelength propagates in gaseous or transparent dielectric
media, light filaments are formed. The laser light is guided
in these filaments which consist of weakly ionized matter.
In a previous paper [1], we discussed this phenomenon and
showed that, as a result of the propagation of a femtosecond
Ti:sapphire laser in air, the peak intensity inside a filament
is clamped to about 4 x 10'> W/cm? due to the balancing act
between Kerr self-focussing and the defocusing by the self-
generated plasma inside the filament. Since then, other papers
have demonstrated experimentally this universal process in
gases [2] and condensed matter [3]. Much work was also per-
formed in the long range propagation of such powerful pulses
in air [4, 5]. Because of the possibility of generating a filament
in the atmosphere for up to many km in altitude [4] where the
atmospheric pressure is significantly reduced, it is natural to
ask the same question as to what the clamped intensity would
become at high altitude [6—9]. It turns out that the clamped
intensity is independent of pressure because the only mech-
anism that controls this clamping phenomenon is multiphoton
or tunnel ionization [10] of the gas molecules which are uni-
molecular processes. No collisional process could be involved
with such a short time scale. This short note gives a physical
account of this phenomenon [11].

2 Analytical analysis

The fundamental relation of the balance between
Kerr self-focussing and plasma defocusing is the equalization
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of the nonlinear indices due to the Kerr effect and due to the
plasma as given by the following equation,

Angerr(neutral) = An(plasma) or (D)
nyl ~ Ne(l)/chrit s 2)

where An is the index change, n, the Kerr nonlinear index of
refraction, [ the intensity, N, the electron density induced by
tunnel ionization of air molecules and N the critical plasma
density given by

Nerie = 80ma)2/32s 3)

with e, m and o being the elementary charge, the electron
mass and the central frequency of the laser field, respectively.
Detailed theoretical work [12] has revealed that the equilib-
rium between Kerr self-focussing and plasma induced de-
focusing of the laser light is of a complex dynamic nature.
However, the essential physics and the relevant orders of mag-
nitude are governed by (2). In the following we treat laser
propagation in air as an example. Essentially, identical argu-
ments apply to any gas or gas mixture. In air the electron
density N, comes from tunnel ionization or multiphoton ion-
ization of both the oxygen and nitrogen molecules through the
following rate equation,

dN.(D)
dt

= RN2 (I)NNQ + ROQ(I)NOQ
= RN2 (I) 0-78Nair + R02 (I) 0-21Nair P (4)

where Ry, Nao (A = Nj; or O,) denote the rate of ionization
and the density of molecule A respectively. By integrating this
equation, we obtain

N,(I) =Nair|:0.78/RNZ(I)dt+0.21/R02(I)dt:|, (5)

where the integrals inside the bracket are independent of the
air density N,;. This approximation is valid as long as the
electron density N, stays well below the neutral air density
Nair (N, < Ny ) which is justified for usual experimental
condition where N, has been measured to be in the range of
N, ~ 10'%-10'"7 cm~3 [13—19] which is small compared to
Nair 7 2.5 x 10" cm™ at atmospheric pressure. The nonlin-
ear index of refraction n, is proportional to the air density
expressed as
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ny = KNy , (6)
where « is a proportionality constant that depends on the de-
tailed electronic structure of the material, but is virtually dens-
ity independent for gases of atmospheric pressure, and has
only a weak density dependence for solids. Putting (5) and (6)
into (2), we obtain

Kk Naie I 2 (1/2 Nerit) Nair

X |:O.78fRN2(Ddt+0.21/Roz(l)dtj|. @)

Eliminating N, from the two sides of (7), we get

I%(1/2Ncrit/<)|:0.78fRNZ(I)dt+0.21/R02(I)dt:|. €]

The solution of (8) yields the critical intensity Iy =~ 4 x
103 W /cm? for atmospheric air [1]. The ionization rates R
are uni-molecular processes and are independent of pressure.
Thus, the critical intensity is independent of pressure. The
reason for this surprising behaviour lies in the equilibrium be-
tween the Kerr effect and ionization as well as the fact that
the pulse is so short that no collisional ionization effect is in-
volved in the propagation process. Similar arguments would
lead to only a weak density dependence of the critical intensity
in solids.

3 Experiment and results

So far, the theory tells us that the critical (clamped)
intensity in air or other gases is independent of pressure. It
is important that this theoretical understanding be verified
by a direct experiment. As a case study, we chose the no-
ble gas helium, which is very “clean”. It is mono-atomic and
there is no Raman effect nor any complication such as mo-
lecular association and fragmentation. Also, the Kerr nonlin-
earity of helium is two orders of magnitude smaller (n, ~
107! cm?/W [20, 21]) than that of air (n, ~ 107" cm?/W).
Therefore, in helium the critical intensity would be much
higher.

In the experiment, 10 Hz, 42 fs pulses (central wavelength:
~ 800 nm) with an energy of 35 mJ were weakly focused ( f =
100 cm) into a gas chamber filled with pure helium whose
pressure could be varied up to one atmosphere. The pulse
propagated through helium and created a plasma-filament.
The helium fluorescence was collected from the side by imag-
ing the length of the filament onto the entrance slit of a spec-
trometer (Acton Research, Spectra Pro-500i). The presence of
a single filament was verified by observing the fluorescence
in the spectrometer’s imaging mode by using the zero order
of the 1200 grooves/mm grating with the slit fully opened.
The spectral resolution of the 1200 grooves/mm grating was
about 0.4 nm (slit width: 100 wm) [22]. The spectrometer was
equipped with a gated intensified CCD (ICCD, Princeton In-
struments Pi-Max 512). The ICCD gate width was set to 20 ns
and the detection window was opened with zero delay after
the laser—plasma interaction. The spectra were accumulated
20 times. The detector’s response was calibrated in the range
of 250-800 nm using a tungsten lamp.

As a spectral signature, we can use the atomic line He I
587.56nm (1s2p 3P°-1s3d 3D) [23,24]. This line is a con-
sequence of tunnel ionization followed by the recombina-
tion of He* and an electron. Note that this signature is very
“clean”. In particular, the dynamic range with respect to the
30 standard deviation of the background noise level is larger
than ~ 10 (20 accumulations, moderate ICCD gain of 125,
where the maximum gain is 250). The clean fluorescence is
unique to “filament induced plasma spectroscopy” [25,26],
which is another consequence (besides the pressure inde-
pendence of intensity clamping) of the fact that the filament
plasma is generated by tunnel ionization only without the oc-
currence of inverse Bremsstrahlung and cascade (avalanche)
ionization [10].

Since the independence of the critical intensity on pres-
sure (8) is under the approximation N, << Ny of (5), we jus-
tify this approximation first in our experiment. We measure
the electron density by means of spectroscopy, which has been
proven reliable before ([19] and references therein). From
the Stark broadening of the He I 587.56 nm line, the max-
imum electron density is estimated to be about 7 x 10'7 cm™3.
This leads to an ionization degree of about 102, justifying
the above approximation. The critical intensity derived from
the ionization curve of He' has been measured to be about
7.8 x 10" W/cm? (to be published). Note that the contribu-
tion of He™ prevails over that of He™ ™ in the relevant intensity
range [27].

Figure 1 shows the electron density versus pressure curve.
The electron densities derived from Stark broadening of the
He I 587.56 nm line (see Fig. 2) were measured for different
pressures in the range of 50 to 760 Torr. The input power was
fixed at ~ 833 GW (42 fs at 35 mJ). The electron density in-
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FIGURE 1 Intensity clamping: pressure independence. The data show the
electron density derived from Stark broadening of the atomic line He I
587.56 nm versus pressures ranging from 50 to 760 Torr. The pulse duration
and energy were fixed at about 42 fs and 35 mJ, respectively. It can be clearly
seen that the electron density increases linearly with pressure (linear fit)
beyond the critical pressure of about ~ 250 Torr. The consequence of this be-
haviour is the pressure independence of the critical (clamped) intensity (see
text). The critical pressure marks the threshold for Kerr self-focussing. The
maximum electron density is about ~ 7 x 107 cm—3, which is well below the
depletion limit (ionization degree: ~ 10~2)
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FIGURE 2 He I 587.56 nm spectral lines. The data show the Stark broad-
ened He I 587.56 nm lines recorded at pressures of ~150 Torr (black circles)
and ~ 760 Torr (black squares), respectively, fitted by Lorentzian profiles
(red curves). The pulse duration and energy are the same as in Fig. 1. The
good fitting also indicates the absence of self-absorption

creases linearly with pressure (Fig. 1, linear fit) beyond a (crit-
ical) pressure of about ~ 250 Torr. It is important to note that
there is no depletion of neutrals in the ionization zone (ioniza-
tion degree: 1072). The linear behaviour beyond 250 Torr in-
dicates intensity clamping which is expected from (5) adapted
to He gas:

NP (1) = Ne / Rue(Ddr, ©)

where Ny and Ry, are the corresponding values for helium.
Equation (9) shows that the electron density scales linearly
with pressure if the integral is independent of pressure. Since
the integral is a function of the intensity (), it means that
the intensity should be constant as the pressure changes. To
recap the experimental observation, at the beginning at low
pressures, the critical power for self-focussing is still too high
and only linear geometrical focusing gives rise to the fluo-
rescence. At higher pressures starting at around 250 Torr, the
critical power decreases to a value equal to the input power.
Self-focussing and filamentation sets in at this pressure. From
this pressure on, the intensity no longer changes with pressure.

Figure 3 shows the peak intensity of the atomic line
He I 587.56nm as a function of pressure in the range of
50-760 Torr. The pulse duration and energy are the same as in
Fig. 1. The peak intensity increases with increasing pressure
until the slope tends towards a constant at a critical pressure
of about ~ 250 Torr. The stable region beyond ~ 250 Torr
(Fig. 3, linear fit) indicates intensity clamping (see above).
This implies that the filament volume stays constant.

Note that we are still in a power regime where relativistic
effects are negligible. In fact, the critical power for Kerr self-
focussing is given by Marburger’s equation [28],

3.77x2

Kerr __
8nony

crit (10)
where A is the central laser wavelength and ng the linear in-
dex of refraction. However, relativistic self-focussing sets in
at a much higher critical power, which is given by [29],
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FIGURE 3 Filament volume: pressure independence. The data show the
peak intensity of the atomic line He I 587.56 nm versus pressures ranging
from 50 to 760 Torr. The pulse duration and energy are the same as in Fig. 1.
The peak intensity increases with increasing pressure until the slope tends
towards a constant at a critical pressure of about ~250 Torr. The stable re-
gion beyond ~ 250 Torr (linear fit) indicates intensity clamping (see text). As
a consequence, the filament volume stays constant

prel 1o Neri

crit
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Inserting the maximum electron density of ~ 7 x 10!7 cm™3

yields Pl ~ 40 TW. This is about two orders of magnitude
higher than PXS™ ~ 102 GW (putting np ~ 3.6 x 1072! cm?/

W [20,21] in (10)). Therefore, relativistic self-focussing is
negligible.

4 Conclusion

In conclusion, we have shown both theoretically
and experimentally that the critical intensity in air or other
gases is independent of pressure. A consequence of this phe-
nomenon in vertical atmospheric propagation is that the fil-
ament size (diameter) will become larger and larger as the
altitude increases because of the following reason. Since the
critical power for self-focussing P is inversely proportional
to ny (10) and since n; is proportional to the air density (6),
the critical power for self-focussing increases as the pressure
at higher altitude decreases. Hence, to obtain self-focussing at
higher altitude, the input peak power of the pulse has to in-
crease. However, since the intensity is clamped at the value at
sea level, the higher peak power of the pulse has to be con-
tained inside a region with a larger diameter than that at sea
level.
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