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Nonlinear propagation of a high-power focused femtosecond laser
pulse in air under atmospheric and reduced pressure

Yu.E. Geints, A.A. Zemlyanov, A.A. Ionin, S.I. Kudryashov,

L.V. Seleznev, D.V. Sinitsyn, E.S. Sunchugasheva

Abstract. This paper examines the propagation of focused femto-
second gigawatt laser pulses in air under normal and reduced pres-
sure in the case of Kerr self-focusing and photoionisation of the
medium. The influence of gas density on the beam dimensions and
power and the electron density in the plasma column in the nonlin-
ear focus zone of the laser beam has been studied experimentally
and by numerical simulation. It has been shown that, in rarefied air,
the radiation-induced reduction in the rate of plasma formation
diminishes the blocking effect of the plasma on the growth of the
beam intensity in the case of tight focusing. This allows higher
power densities of ultrashort laser pulses to be reached in the focal
waist region in comparison with beam self-focusing under atmo-
spheric pressure.
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1. Introduction

In optics, an increase in light intensity in a given volume of a
medium is typically ensured by focusing a light beam with
appropriate optical systems. The focusing of ultrashort laser
pulses having a peak power of tens or hundreds of gigawatts
offers the promise of reaching extreme intensities, approach-
ing the level of intra-atomic power densities (~10'> W cm™)
[1]. One serious impediment that is often encountered in this
connection is optical nonlinearity of the medium where light
propagates. The high peak power and intensity of femtosec-
ond pulses may distort linear focusing before the target is
reached [2]. The propagation of such light is accompanied by
self-action: the beam experiences strong spatiotemporal self-
modulation, which shows up as temporal pulse compression
and subsequent transverse beam breakup into high-intensity
regions — so-called beam filamentation (see, e.g., a review by
Kandidov et al. [3] and references therein).

In air at atmospheric pressure, the main physical mecha-
nism that prevents beam focusing and the associated increase
in beam intensity is plasma formation [4]. Photoionisation of
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molecules leads to nonlinear energy losses in the beam chan-
nel and stops the increase in beam intensity caused by the ini-
tial focusing and Kerr self-focusing of the beam. The plasma
forming at the leading edge of a laser pulse (with a free-elec-
tron density of 10?2 to 10** m~) defocuses the rest of the
beam. This is accompanied by the formation of filaments:
high-intensity regions of the laser pulse, localised in space
(and time), whose size remains essentially constant over dis-
tances comparable to the initial beam diffraction length. In
particular, for collimated Ti:sapphire laser pulses with a cen-
tre wavelength of about 800 nm, the average filament length
is of the order of a hundred microns and the peak intensity in
the filaments reaches 40—70 TW cm™.

Clearly, the adverse effect of the photoionisation of the
medium on the propagation of a focusing laser beam can be
reduced by raising the laser damage threshold of the medium,
e.g. through the use of a gas with a high ionisation potential
(in particular, argon [5] or neon) instead of air. This is how-
ever not always possible and not always technically or eco-
nomically justified. Another way to solve this problem is to
partially eliminate the cause of ionisation, i.e. to reduce the
pressure in the beam waist zone. Lowering the air pressure
reduces the number density of molecules and, hence, that of
ionisation centres [6]. Accordingly, plasma-induced radiation
blocking occurs later, and the beam intensity may exceed that
under normal pressure.

The filamentation behaviour of high-power collimated
ultrashort laser pulses in gases at different pressures was ana-
lysed by Couairon et al. [7] and Uryupina et al. [8], who pre-
sented experimental data and quantitative assessment of the
effect of gas (air or argon) density on the spatiotemporal
parameters and power of laser radiation in the filamentation
zone. In particular, their results demonstrate that lowering
the gas pressure has little effect on the peak radiation inten-
sity in the filament. At the same time, recent work [9—13] has
provided clear evidence that the self-focusing of a femtosec-
ond laser pulse focused in air at atmospheric pressure has a
number of special features. Beam focusing quality was shown
to influence the cross-sectional size and length of filaments
(but not their intensity) [13]. The behaviour of these parame-
ters at reduced pressure remains unexplored.

In this work, using laboratory experiments and numerical
simulation of the propagation of focusing femtosecond pulses
of critical and subcritical power in air at different pressures,
we establish a relationship between the focusing strength and
parameters of a beam in its nonlinear focus region. We dem-
onstrate that reducing the air pressure in the focusing zone
may increase the maximum achievable laser pulse intensity by
more than one order of magnitude.
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2. Theoretical model of ultrashort
pulse propagation

Ultrashort laser pulse propagation was simulated using the
nonlinear Schrédinger equation (NLSE). As shown in many
studies (see e.g. reviews by Kandidov et al. [3] and Berge et al.
[14]), this equation adequately describes all significant pro-
cesses that influence an optical pulse propagating through a
medium, at least at pulse durations no shorter than a few
optical periods.

Below we consider the propagation of a predominantly
focusing beam with a small diameter (of the order of millime-
tres) and an initial pulse duration of the order of a hundred
femtoseconds, which is typical of most known laboratory self-
focusing experiments. This leads to an optical path length no
greater than a few metres, so the group velocity dispersion of
the laser pulse will be neglected in subsequent calculations.
For the same reason, the model we use makes no corrections
for spatiotemporal focusing or self-steepening of the pulse.

Under these assumptions, the corresponding equation in a
moving coordinate system fixed to the propagating pulse has
the form
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The pulse causes the free-electron concentration, N, in the
beam channel (plasma density) to vary according to the equa-
tion
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which takes into account the multiphoton, tunnelling and cas-
cade (impact) ionisation mechanisms and the decrease in free-
electron concentration through electron—ion recombination.
Here, U(ry,z;t) is the slowly varying complex amplitude of
the electric field of the light pulse; V1 is the transverse
Laplacian; n, is the linear refractive index of the medium; ky =
2m/4 is the wavenumber; I = cng|U[*/8m is intensity; 1, and ny
are the coefficients of the third-order (Kerr) and the next (sat-
urating nonlinearity) nonlinear terms in the refractive index
of the medium, n = ny + n,I — nyI% N, =1/(0,T.c) is the criti-
cal electron density in the plasma; ¥ is the photoionisation
rate (probability) in the medium; N is the density of neutral
atoms; 0., AE; and 7, are the cascade ionisation cross section
of a molecule, its ionisation potential and the characteristic
collision time of free electrons and heavy particles, respec-
tively; v, is the electron recombination rate; and c¢ is the speed
of light in vacuum.

Note that, taking into account earlier results [15], in Eqn
(1) we neglect the inertial response of the Kerr effect, related
to the rotational component of the cubic polarisability of gas
molecules, and add a term responsible for the Kerr nonlinear-
ity saturation at high light intensities.

In our numerical calculations, the input light was taken in
the form of a focused beam having Gaussian transverse and
temporal intensity profiles,
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with a variable initial focusing parameter (numerical aper-
ture), NA = R,/f, and a pulse peak power Py = (UyR,)*cny/8 =
IynR2, where f, Ry, and t, are the radius of curvature of the
phase front, beam radius and 1/e pulse width, respectively.
For definiteness, we took Ry =1 mm and #, =100 fs. The other
parameters in (1) and (2) at Ay = 800 nm in air (80% N, +
20% O,) under normal pressure (1 bar) were as follows: n, =
32x 10 em®> W ny =25 x 103 em* W2, 7,=3501s,0,=
552 x 10 m? v, =1.1 X 102 m’s!, AE{(0,) = 12.1 eV,
AEI(Nz) =15.6 A and NO =]\]002 + NON2 with N002 =5X
10* m™ and Noy, = 2.1 x 10% m™. The critical power for
self-focusing, P, = Ag/(ngkyn,), was thus 3.2 GW. The photo-
ionisation rate of atoms, ¥, was calculated in the
Perelomov—Popov-Terent’ev (PPT) model [16]. Equation
(2) was solved separately for oxygen and nitrogen, and the
total free-electron concentration was found as the sum of the
concentrations of the two gaseous species.

First, we present a preliminary qualitative analysis of the
effect of gas pressure on the characteristics of the laser beam
in the filamentation zone and the density of the forming
plasma. The response of nonlinear light—medium interac-
tion constants to changes in pressure, p, can be understood
in terms of the density of neutral air molecules: Ny(p)/ No(po)
= plpy. Clearly, to a first approximation (neglecting the
effect of pressure on interaction cross sections and the spec-
tral width of molecular lines of gases [17]) we can take a
simple model [7] in which all the nonlinear terms in the
refractive index are proportional to pressure, (15, 14) ~ p/py,
and the electron mean free time depends inversely on pres-
sure, 7, ~ po/p. Therefore, with decreasing pressure the criti-
cal power for self-focusing increases, P, ~ py/p, and accord-
ingly the cascade ionisation cross section of the atoms
decreases: 0, = Wit /cNe(w3té + 1)~ plpy (provided that
woT > 1).

The main parameters of filaments resulting from the self-
focusing of an ultrashort laser pulse can be estimated using
simple relations that directly follow from analysis of Eqns (1)
and (2) [18]. Filamentation is due to physical mechanisms that
prevent pulse collapse and stabilise the beam intensity: plasma
formation and cubic nonlinearity saturation. The correspond-
ing constraint of an instantaneous local balance between non-
linear light wave focusing and defocusing ‘forces’ is given by

Nef

mly = nydf + INortio” (3)

where I is a characteristic intensity of the optical field in the
filament and N = N.(I) is a characteristic electron density
in the plasma column. Physically, this relation can be inter-
preted as the condition that the phase shift of an optical wave
at a given point in space and time through the action of the
nonlinear light self-modulation mechanisms chosen should be
Zero.

The parameter N in the vicinity of a filament can be
roughly estimated using Eqn (2), where for simplicity the pho-
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toionisation of gas molecules is treated in terms of the multi-
photon absorption (MPA) mechanism, that is, under the
assumption that ¥;(1) = 0 ®IX where &) is the MPA cross
section and K is the number of photons needed to remove
one electron from a neutral species (K = 8 for O, and K =
11 for N,).

Neglecting free-electron recombination, we find that,
when propagating through a gaseous medium, a laser pulse of
intensity /y and duration #,, with a rectangular temporal pro-
file, produces Nes = N 'o O 1K [exp(v, I;t,) — 1] negatively
charged particles per unit volume of the medium, where v, =
o./(nyAE;) is the cascade ionisation rate coefficient, and
N, << N,. Since in the case of gases and femtosecond pulses
the exponent in the above expression is typically much less
than unity, we obtain the obvious relation

Net = No(p) 1,0 VI, 4)

from which the pressure dependence of the parameters of
interest is clear. Substituting (4) into (3), neglecting the
term containing ny (for Iy < n,/ny) and solving for I;, we
obtain an estimate of the mean optical field intensity in the
filament:
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From the condition that the average power in the fila-
ment, Py = nlR?, be roughly equal to the critical power for
self-focusing, P, [19], it follows that the characteristic fila-
ment radius is

-1 2
Rf—k()l W (6)

Thus, if a laser pulse propagating through a medium
under normal pressure undergoes Kerr self-focusing followed
by intensity stabilisation in the filament at the level of ; due
to plasma formation near the beam waist, filamentation in a
rarefied gas occurs at the same characteristic intensity but at
a lower electron density, as follows from (4)—(6). The fila-
ment size then should increase because of the increase in the
critical power for self-focusing. It should be emphasised that
the above reasoning applies to collimated light.

It is quite clear that, because P ~ po/p, a light pulse that
has a supercritical power Py, > P under normal conditions
and, hence, undergoes self-focusing may become subcritical
(Py < P.;) with decreasing pressure and undergo no self-focus-
ing, because the pulse power may be insufficient for overcom-
ing the natural diffraction divergence of the beam due to the
Kerr effect. As shown below, a radically different situation
may occur if the beam is focused from the beginning. In this
case, even for a subcritical pulse propagating in rarefied air,
an increase in beam intensity, plasma formation and filamen-
tation are possible. Moreover, it is seen from (2) that lowering
the pressure reduces the total rate of gas ionisation (through
both the multiphoton and cascade mechanisms) and, hence,
the instantaneous concentration of free electrons generated
by the laser pulse. The blocking effect of the plasma dimin-
ishes and as a result the intensity at the beam waist may
exceed that under normal pressure.

3. Discussion of the numerical-simulation results

To analyse in greater detail the effect of air pressure on the
characteristics of the filament and plasma column resulting
from the self-focusing of ultrashort laser pulses, we performed
a series of numerical calculations using Eqns (1) and (2). The
curves in Fig. 1 illustrate the effect of beam focusing quality
(quantified by the numerical aperture of the beam, NA) on
the maximum achievable laser pulse intensity, I,,,x, and the
free-electron density in the plasma, N, .. in the nonlinear
focus zone. Subcritical pulses and pulses with the critical peak
power for self-focusing (under normal pressure) are consid-
ered separately. At the beam parameters chosen, these corre-
spond to total pulse energies £, = 56 (Figs 1a, 1c¢) and 560 pJ
(Figs 1b, 1d). In all the figures in this paper, points represent
numerical-simulation results and lines, drawn as a guide to
the eye, represent spline fits.

It follows from Fig. 1 that, at a subcritical pulse power,
increasing the beam focusing strength is accompanied by an
increase in maximum intensity in the focal region. Below
NA ~ 2 x 1073 (in what follows, this value will be considered
a hypothetical boundary between weak and tight beam focus-
ing modes), this increase corresponds to linear focusing prop-
agation, where I,,, « NA~2 [curves (3) in Figs la and 1b,
corresponding to propagation in vacuum]. At higher NA val-
ues, the intensity rises more gradually because of the plasma
formation in the focal region. One exception is beam
self-focusing at Py, = P,, under normal pressure [Fig. 1b,
curve ( /)], which leads to filament formation with an inten-
sity varying only slightly with focusing parameter: I, ~
50 TW cm™2.

A decrease in air pressure has, on the whole, the same
effect on I,,, at subcritical pulse powers and at the critical
value: the maximum achievable intensity at the nonlinear
beam focus increases. This occurs at NA values correspond-
ing to sufficiently tight beam focusing (NA > 103 and is due
to the reduction in the rate of plasma formation with decreas-
ing gas pressure. In addition, the blocking effect of the plasma
on the growth of the focusing beam intensity diminishes,
which allows the beam to contract and its intensity to easily
reach higher values at the beam waist.

This is the main distinction of the self-action of a tightly
focused beam from the self-focusing of a collimated (or
weakly focused) beam, which is usually due only to the Kerr
effect. As shown above [see relation (5)], in the latter instance
the limiting peak intensity level in the extended nonlinear
focus (filament) zone is ensured not by beam filament but by
the balance between the Kerr and plasma nonlinearities and is
independent of gas pressure [20]. The formation of such a
light filament with a quasi-constant peak intensity is well
illustrated by curve (/) in Fig. 1b at low NA values.

It is important to note that lowering the gas pressure has
a stronger effect on the growth of the maximum achievable
laser pulse intensity at the critical power, raising /,,,,, by more
than one order of magnitude. At Py, =0.1P. (Fig. 1a), the
growth is considerably smaller: by about a factor of 2.

At the same time, the peak free-electron density in the fila-
ment zone varies with gas pressure in the opposite way: N¢max
decreases with decreasing pressure. In the two situations
under consideration (Figs lc, 1d), the ratio of the maximum
achievable plasma densities at different pressures meets the
relation Nepax(P1)/ Nemax(P2) € pi/p, [cf. (4)] at any NA value
except for the filamentation-free region at NA < 10~ and
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Figure 1. (a, b) Maximum achievable intensity, /..., and (c, d) free-elec-
tron density in the plasma, N ., as functions of focusing parameter,
NA, for femtosecond laser pulses at air pressures p = (/) 1,(2) 0.1 and
(3) 0 bar and subcritical initial pulse powers (a, ¢) Py = 0.1P. and (b, d)
Py = P (under normal pressure).

Ey = 560 uJ. Accordingly, the pulse energy loss at the beam
waist also decreases with decreasing pressure (Fig. 2).

The extremum in E(NA) at Py = P and normal pressure
(Fig. 2b) is due to the transition from one beam filamentation
regime to another. The right part of the curve (relative to the
maximum, i.e. for NA > 2 x 107%) corresponds to beam con-
traction towards the waist due primarily to only linear dif-
fraction, which is caused by the initial phase front curvature.
Kerr self-focusing shows up here only in the beam waist
region, elongating it (relative to its linear size) [11, 12]. The
associated rise in pulse energy losses is due to the increase in
free-electron gas density through developing avalanche ioni-
sation of gas molecules.

EIE,

1.000

0.995 -

0.990 -

0985 Il 1 | 1 1
107 107 1072 NA

EIE,
1.00 F

0.98 -

0.96 -

Ey =560 uJ

0.94 -

Il 1 L1l 1 1
107 107 1072 NA

Figure 2. Normalised laser pulse energy, E/E, behind the focal waist as
a function of focusing parameter, NA, at air pressures p = (/) 1 and (2)
0.1 bar and initial pulse energies £, = (a) 56 and (b) 560 uJ.

In the case of weak beam focusing (NA < 2 x 107%), the
influence of the cubic nonlinearity of the medium begins to
show up well before the linear beam waist. This leads to axial
filament formation with plasma densities considerably lower
than above, even though at a high peak intensity. At the same
time, the plasma column is then long enough to ensure sig-
nificant pulse energy losses in its region.

The effect of gas pressure on the transverse size of the
forming filament and the length of the plasma column is illus-
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Figure 3. (a, c) Relative beam radius at the nonlinear focus and (b, d)
effective plasma column length as functions of focusing parameter, NA,
at air pressures p = (/) 1 and (2) 0.1 bar and initial pulse energies E, =
(a, b) 56 and (c, d) 560 pJ.

trated by Fig. 3, which shows the relative (normalised)
filament radius R;/Ry,. and effective plasma region length
Ly /Ly as functions of the beam focusing parameter. The
variables are normalised to the radius, Ry, = Royplyg +
NAZ|712, and effective length, Lg,. @ 2koRZ ., of the Gaussian
beam waist in vacuum, where yp, = (ko Ry)"' is the natural (dif-
fraction-limited) angular divergence. In numerical simula-
tions, Ry and L, were calculated from appropriate beam
intensity and free-electron density data. As the plasma col-
umn length we took the evolution variable interval where the
constraint Ny, = 10°! m= was satisfied, and as the filament
radius we took the minimum radius (at the 1/e level) over the
entire beam waist length.

It is seen in Fig. 3 that, in the case of a tightly focused
beam, lowering the gas pressure by an order of magnitude
reduces the plasma column length to the extent that it disap-
pears at low NA values. An essential point is that, in addition,
the filament radius increases (only slightly), as predicted by
relation (6).

On the whole, the beam radius in the filamentation region
is a nonmonotonic function of beam focusing parameter at
any air pressure. For a weakly focused beam, the transverse
filament size, Ry, is smaller than the linear beam waist radius
and tends to increase with increasing focusing parameter. In
the case of moderate focusing [NA = (2—5) x 1073, the cross
section of the filament covers almost the entire linear waist
area. This suggests that the transverse Gaussian energy den-
sity profile of the laser pulse in the beam waist region remains
unchanged and that, therefore, the pulse self-steepening due
to Kerr self-focusing during filament development has no sig-
nificant effect on the process [12]. As the beam focusing
parameter increases further (NA > 5 x 1073), the variation in
the filament radius follows that in the beam waist size, which
corresponds to the saturation of the curves in Figs 3a and 3¢
near unity.

However, even though the approximate equality Ry ~ Ry,
is valid in this range of focusing parameters, it is quite reason-
able to expect that filamentation occurs in this case as well.
Indeed, even with tight beam focusing, the length of the non-
linear focus zone, where the beam has the highest intensity,
exceeds the linear dimensions of the focal waist by more than
one order of magnitude (Figs 3b, 3d). This corresponds to the
known fact that filaments grow from the geometric focus of
the beam in the direction opposite to the beam direction [21]
because the beginning of a filament is the nonlinear focus of
the pulse, which forms before its geometric focus. This cir-
cumstance, as well as the high degree of ionisation of the
medium, suggests that, in the case of a tightly focused beam as
well, a filament forms in the vicinity of the geometric focus of
the beam.

4. Experimental procedure and results

Parameters of the focal zone of ultrashort laser pulses under
tight focusing conditions in air at various pressures were
determined experimentally using a femtosecond Ti:sapphire
laser system (Avesta), which generates 100-fs (FWHM) pulses
at 744 nm with a 10-Hz repetition frequency. In our experi-
ments, we used laser pulses with a peak power P, no greater
than a few times the critical power for self-focusing, P, and
an energy Eg no higher than 1.9 mJ. The 1/e beam radius at
the laser system output was 4 mm. A schematic of the experi-
mental configuration is shown in Fig. 4.
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At the output of the laser system ( /), we placed a diffrac-
tionattenuator (2) (Institute of Automation and Electrometry,
Siberian Branch, Russian Academy of Sciences), which
enabled laser pulse energy measurements in the range 5 uJ to
1.9 mJ. After the diffraction attenuator, a beam splitter (3)
directed a small part (~5%) of the beam to an Ophir calorim-
eter (4), which measured the pulse energy. After the beam
splitter, the pulse was focused by a lens (5). In our experi-
ments, we employed lenses with focal lengths f'= 80, 130, 180
and 380 mm and an f = 1100 mm spherical mirror, which
yielded numerical apertures NA ~ 0.05, 0.03, 0.02, 0.01 and
0.004, respectively.

apy :
2 3 6
Figure 4. Optical layout of the experimental setup: (/) laser system, (2)

diffraction attenuator, (3) beam splitter, (4) calorimeter, (5) lens, (6)
travelling vacuum chamber, (7) thermosensitive paper, (8) vacuum

pump.

On a motor-controlled positioning system in the focal
region was placed a vacuum chamber (6) with thermosensi-
tive paper ( 7), which were translated at an angle to the optical
axis. As a result of such translation, a series of burn spots
were produced on the paper (Fig. 5). The laser beam was
slightly elliptical, which allowed the position of the focus to
be determined rather accurately from the rotation of the axes
of the ellipse. The burn spot area S was measured on a
Levenhook Bio View 630 optical microscope at a preset paper
blackening contrast level, which corresponded to a (constant)
threshold laser energy density, wy,. The S(Py, NA, p) data set
was then used to calculate the effective peak beam intensity at
the focal waist, ;.

The energy density distribution across the focal spot of
the laser beam was assumed to be Gaussian:

Wy = wpeak(POsZ =f)eXp —m 5 (7

where Wy, and S, are unknown parameters of the distribu-
tion. This assumption is valid when the pulse power is only

slightly above the critical power for self-focusing and the ini-
tial beam focusing is sufficiently tight [11]. The peak pulse
energy density, Wpek, can be expressed through the initial
pulse power under the assumption that the temporal pulse
profile remains unchanged and that there are no energy losses
until the focus is reached:

1) bP _
Weak = SLO fo P(tz = f)dr~ 50 = o, (8)

where b is the integral of the temporal pulse profile (non-
Gaussian in general). Therefore, to evaluate the effective
intensity /i, one should know the characteristic beam area S,
at the focal point.

In the case of linear beam focusing, S, at z = f can be
expressed through the numerical aperture parameter Sy =
n(koNA)2, and we have

Py (kyNAY

[_fEIfL= P

As a result of the multiphoton gas ionisation, maintained by
Kerr self-focusing, and plasma generation, S, depends on
laser pulse power:

So(Po) = Sor. + Py0pSo = Sor. + O1npSos ©)

where 0, = 0/0x. It is clear from the above analysis that S,
> Sy, 1.e. the effective focal spot area under plasma for-
mation conditions can only increase relative to the beam
waist area in vacuum. Consequently, under the above
assumptions the pulse intensity at the focus must be lower
than I .

Using (7)—(9), we find a relation between changes in the
burn spot area on the paper and Sj:

OnpS = SoL + alnPSohl( bhy )

wip SoL

Thus, knowing Sy; and evaluating the slope of the measured
burn spot area, S, as a function of the logarithm of the pulse
power, InP;, we find the nonlinear increment of the beam
area, 0p,pSy, and finally the effective intensity /;. The esti-
mates below were made for a Gaussian temporal beam pro-
file, which yielded » =v'1t t,. The burn threshold of the photo

F

N

Figure 5. Series of burn spots on thermosensitive paper (F marks the burn spot corresponding to the focus of the lens; S is the burn spot area).
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paper, I, = wy/b, determined at the minimum laser pulse
energy (5 ), is ~2 GW cm™.

Figure 6a shows the effective focal intensity as a function
of laser output power at atmospheric pressure for various
numerical apertures. All the curves are seen to be quasi-linear
up to Py ~ 2 GW. At higher pulse powers, the intensity
increases in most cases more gradually, which is attributable
to the formation of a dense plasma as a result of high-inten-
sity laser exposure and pulse self-diffraction from the forming
plasma column. With increasing numerical aperture, the peak
intensity increases, reaching Iy ~ 101> W cm™ at Py near 3P,
and NA = 0.004. In the case of tighter focusing (NA = 0.05),
it may reach 1.3 x 104 W cm=.

Ii/W em™ | NA
o 0.05
10M
1013 -
108 10° 1010
Py/W
a
-2

I/W cm F [ NA

10 E

10 F

:

108 10° 1010
Po/W

Figure 6. Effective peak laser pulse intensity at the focal waist as a func-
tion of initial power at various numerical apertures and air pressures
p=1(a) l and (b) 0.1 bar.

Figure 6b shows the effective peak intensity as a function
of laser output power at a pressure of 10% of atmospheric
pressure for various numerical apertures. Like at p = 1 bar,
the intensity increases with increasing focusing parameter,
NA, and varies little starting at NA = 0.02. The curves in
Fig. 6b differ from those obtained at atmospheric pressure in
that the intensity increases considerably when the beam is
tightly focused and the pulse power exceeds the critical power
for self-focusing, P, (under normal conditions). The maxi-
mum achievable intensity, 7;, at a reduced pressure p = 0.1

bar and NA = 0.05 is ~2.4 x 10!* W ¢cm™, in good agreement
with the numerical simulation results for 7, (Figs 1a, 1b).

5. Conclusions

General aspects of the Kerr self-focusing and filamentation of
femtosecond laser pulses propagating in air under normal and
reduced pressure have been studied theoretically and experi-
mentally as a function of initial spatial beam focusing.
Analysis of numerical simulation results and experimental
data indicates that, at a given laser pulse power, lowering the
gas pressure changes beam self-focusing conditions and may
prevent filamentation. At the same time, increasing the beam
focusing strength (numerical aperture) may lead to the forma-
tion of a filament whose cross-sectional size approaches the
linear beam waist radius and whose length exceeds it by an
order of magnitude. In rarefied air, the free-electron concen-
tration increases more gradually, which reduces the blocking
effect of the plasma on the growth of the beam intensity in the
case of tight focusing and allows higher intensities to be
reached in the beam waist region. A factor of 10 decrease in
air pressure in the focal zone may increase the maximum
achievable laser pulse intensity at the critical power by more
than one order of magnitude (to ~240 TW cm™) relative to
the intensity in the case of collimated beam self-focusing
under normal conditions.
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