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Nonlinear absorption of femtosecond laser pulses (800 nm)
by atmospheric air and water vapour

A.M. Kiselev, Yu.N. Ponomarev, A.N. Stepanov, A.B. Tikhomirov, B.A. Tikhomirov

Abstract. Quantitative data on the nonlinear absorption cross sec-
tions of femtosecond Ti:Sapphire laser pulses in air and water
vapour have been obtained. A photoacoustic spectrometer cali-
brated based on the calculated value of linear absorption of laser
pulses with a wavelength of 800 nm and a spectral width of 17.7 nm
is used to find the nonlinear absorption cross sections of water
vapour and air: 0¥ = (2.6£0.4)x107%5 cm* s and 03 = (8.7£1.0)x
105 em* s, respectively. Based on measuring the absorption of
femtosecond Ti:Sapphire laser pulses with a photoacoustic detec-
tor calibrated with the known linear absorption of ruby laser radia-
tion by water vapour in air, the air nonlinear absorption cross sec-
tion is found to be (8.2£0.9) x 10 cm* s.

Keywords: femtosecond laser, nonlinear absorption cross section,
photoacoustic technique.

1. Introduction

The results of extensive fundamental studies on the interac-
tion of high-power femtosecond laser pulses with gases are
applied in problems of remote (lidar) diagnostics of atmo-
sphere [1] and distant objects (in particular, in the THz range)
[2] and control of high-voltage electric discharges [3]. To sim-
ulate the propagation of femtosecond laser pulses in atmo-
sphere, one needs quantitative data on the characteristics of
absorption of these pulses by atmospheric air and its molecu-
lar components. Most of experiments are performed using a
Ti:Sapphire laser, which generates high-intensity femtosec-
ond pulses at the wavelength 4, ~ 800 nm with the spectral
width M ~20 nm. The conventional (intensity-independent)
absorption of radiation with such spectral parameters in
atmospheric air is determined by the absorption at vibra-
tional—rotational transitions in water vapor molecules.
Calculations based on the HITRAN database [4] show that
the water vapour absorption is low; it is characterised by the
effective absorption coefficient kg~ 1.5x10% cm™ mbar!.
The nonlinear absorption of femtosecond pulses by the main
molecular components of atmospheric air (nitrogen, oxygen,
and water vapour) can result in a much larger contribution to
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the attenuation of femtosecond pulses propagating in atmo-
sphere [5]. There are no quantitative data in the literature on
the characteristics of nonlinear absorption of femtosecond
Ti:Sapphire laser pulses by atmospheric air.

The purpose of this study was to measure the cross sec-
tions of nonlinear absorption of femtosecond radiation with
the wavelength 4, = 800 nm by atmospheric air and water
vapour.

2. Experimental

A schematic of the photoacoustic spectrometer based on a
Ti:Sapphire laser [6] is shown in Fig. 1. The laser generates
femtosecond pulses with a width 7 = 50 — 500 fs and a repeti-
tion rate of 10 Hz. The radius of the output laser beam with a
Gaussian intensity distribution is 5 mm. The spectrum of fem-
tosecond pulses, recorded by a monochromator and a CCD
linear array with a 0.04-nm resolution, has an FWHM AL =
17.7 nm, peaking at the wavelength 4, = 800 nm. The femto-
second pulse energy is changed by a polarisation attenuator
and measured using a calibrated photodiode.

The photoacoustic detector [7] contains a cylindrical cell
20 cm in diameter and 25 cm long. 2-mm-thick MgF, win-
dows are mounted on the cell sides for radiation input and
output. The laser radiation is introduced into the cell using
flat and spherical (with a focal length of 86.5 cm) dielectric
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Figure 1. Schematic of the photoacoustic spectrometer: (PAD) photo-
acoustic detector, (AC) acoustic concentrator, (FM) flat mirror, (SM)
spherical mirror, (O) optical window (MgF,), (M) capacitor micro-
phone MK-221, (A) broadband amplifier, (V) vacuum valve, (G) pres-
sure gauge DVR-5, and (F) aerosol filter.
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mirrors. The cell is placed so as to make the spherical mirror
focus be located behind the cell and provide the laser-beam
radius wy, = 2.5 mm in the acoustic-signal detection plane
(Fig. 1).

An acoustic concentrator composed of two parabolic mir-
rors (Fig. 2) was placed in the cell to increase the detector
sensitivity. The measurements are preceded by the photo-
acoustic-detector alignment. The laser beam axis is aligned
with the focal axis of the parabolic cylinder. The acoustic
wave generated in the irradiated volume of absorbing gas is
directed to the paraboloid of revolution after the reflection
from the parabolic cylinder surface. A capacitor microphone
is placed in the focus of the paraboloid of revolution to detect
the amplified pressure signal.
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Figure 2. Photoacoustic detector with parabolic mirrors.

The microphone output signal is amplified by a broad-
band amplifier and recorded by a digital oscilloscope. The
characteristic shape of the signal generated as a result of the
partial absorption of the energy of a short laser pulse in air at
atmospheric pressure is shown in Fig. 3. Three pulses are indi-
cated by numbers /-3 in the oscillogram. The first one cor-
responds to the detection of the pressure pulse propagating
from the illuminated region by the microphone. The second
(weaker) pulse arises with a delay Az = 550 us with respect to
the laser pulse; it corresponds to the detection of the pressure
pulse reflected from the surface of the paraboloid of revolu-
tion by the microphone. The third pulse with an amplitude
Up, is delayed even more; it corresponds to the pressure pulse
reflected from the parabolic cylinder surface and focused on
the microphone by the paraboloid of revolution. The ampli-
tude Up, is measured in the experiment.

The gases are prepared directly in the photoacoustic cell,
which is preliminarily evacuated to a pressure of <0.1 mbar.
Then the gas under study (air or H,O vapor) is fed into the
cell. Air tests are taken by the circulation method using an
aerosol filter. Water vapour is introduced into the evacuated
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Figure 3. Oscillogram of a signal from the photoacoustic detector with
an acoustic concentrator and MK-221 microphone.

cell by evaporating distilled water from a flask (Fig. 1). The
gas pressure is measured by a DVR-5 pressure gauge with a
VSK-5 capacitance sensor (0.1-1100 mbar).

3. Photoacoustic signal amplitude under linear
and nonlinear absorption

A drawback of the photoacoustic method is that the photo-
acoustic spectrometer must be calibrated to obtain quantita-
tive data on the absorption coefficients and cross sections [8].
When recording linear absorption spectra, the photoacoustic
spectrometer is calibrated either by measuring the photo-
acoustic signal amplitude and calculating the absorption
coefficient for a reference gas mixture, applying spectral line
databases, or using simultaneous measurements of absorp-
tion by photoacoustic and spectrophotometric methods. The
calibration of photoacoustic spectrometer for measuring the
characteristics of nonlinear absorption is more difficult,
because the absorption coefficient for laser beams with a non-
uniform intensity distribution in the transverse beam cross
section also changes over this cross section. Thus, in compar-
ison with the case of linear absorption, where the density dis-
tribution of excited molecules in the transverse cross section
and the corresponding profile of the acoustic signal source [9]
coincide with the radiation intensity distribution, the profile
of the acoustic signal source will be different for nonlinear
absorption. The sensitivity of the photoacoustic spectrometer
measuring the characteristics of nonlinear absorption will dif-
fer from the sensitivity obtained as a result of the photoacous-
tic-spectrometer calibration based on the known linear
absorption.

According to [8], the photoacoustic signal amplitude is
directly proportional to the absorbed laser pulse energy and
contains information about the characteristics of linear and
nonlinear gas absorption in the cell. Generally, the amplitude
of an electric signal from a photoacoustic spectrometer,
recorded in the case of absorption of a short Gaussian pulse
in weakly absorbing gas, is determined by the expression [10]
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n

(0,Nn P13~ NE, (1)

3/4
1.592 n (v 1/2( 1 >
39 6(2n€)3/2\l’> C['T

= QMZ
n



978

A.M. Kiselev, Yu.N. Ponomarev, A.N. Stepanov, et al.

where N is the concentration of absorbing molecules; E is the
pulse energy; v is the speed of sound in the gas studied; r is the
distance from the laser beam axis to the microphone; C,is the
gas specific heat at a constant pressure; 7'is temperature, I, =
2En 3w i?r! is the peak radiation intensity, expressed in
terms of the number of photons per unit time and unit area;
ay is the acoustic sensor sensitivity; and o, is the absorption
cross section ( 07 is the linear absorption cross section, g, is
the absorption cross section with a nonlinearity factor n = 2,
etc.). A Gaussian radiation pulse is described by the following
relations [9]: I(r =wy, t =0)=Ie 2, I(r=0,t=1)=I)¢ ' ue =
3+ wg/2v*)2. The factor ,Nn =321 is an effective absorp-
tion coefficient [10], expressed in terms of the peak intensity
of Gaussian pulse. The factor in the square brackets corre-
spond to the conversion factor for the absorbed laser pulse
energy E,p, = 0,Nn =321 Einto the pressure pulse amplitude
ppa or the photoacoustic method sensitivity apa. It follows
from (1) that, when passing from linear to nonlinear absorp-
tion with a nonlinearity factor n, the sensitivity ap, increases
proportionally to n¥*. The nonlinear absorption cross section
o, is simply related to the linear absorption cross section g;:

U, ni

= n—lo-l'
Uil

2

On

It follows from (2) that, in order to determine o, from the
known linear absorption with the cross section gy, it is neces-
sary to find experimentally the amplitudes U,, U; and the
peak radiation intensity I,. The nonlinearity factor n is deter-
mined by measuring the dependence U,(E).

4. Measurement results and discussion

Figure 4 shows the dependence of the Up,/FE ratio (the right
coordinate axis) on E (the upper axis) for the absorption of a
Gaussian pulse with a duration z = 72 fs by water vapour. The
vapour pressure is P = 13 mbar, and the vapour concentra-
tion at the temperature 7 = 295 K is N, =3.23x10"7 cm™. It
can be seen in Fig. 4 that the energy-dependent nonlinear
absorption is detected against the linear absorption back-
ground. The nonlinear absorption is directly proportional to
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Figure 4. Dependence of the absorption of a Gaussian pulse (4, = 800
nm, AA=17.7 nm, and r = 72 fs) by water vapour at the pressure P = 13
mbar on the laser pulse energy (peak intensity) E(/y). The dashed line
corresponds to the linear function y = 4 + Bx.

the laser pulse energy (» = 2) and is comparable in magnitude
with the linear absorption at the pulse energy £ = 10 mJ.

The effective (i.e., averaged over the laser radiation spec-
trum with a width A4 = 17.7 nm) linear absorption cross sec-
tion of a water vapour molecule, calculated using the
HITRAN database [4], is 0, = (6.2 + 0.5)x1072° cm?. This
value is used to calibrate the photoacoustic spectrometer (or
to pass from the right coordinate axis in Fig. 4 to the left axis).
In the case of single-component gas, formula (1) yields the
following relation for the Up/E ratio:

UpA/E ~ (0'1 + 273/40'2]0). (3)

Based on linear regression of the experimental data in Fig. 4
and in correspondence with relation (3), we find the nonlinear
absorption cross section for water molecules: 03’ = (2.6 £
0.4)x 107> cm*s. The rms error in determining o3’ contains
the error in calculating the linear absorption cross section o,
(8%) and the rms error in determining the fitting parameter B
(13%). The relative error in measuring the ratio Upa/E is esti-
mated to be at a level of 6%; it is shown by error bars in Fig. 4.

The dependence of the Up,/E ratio on the energy of a laser
pulse with a width = 114 fs for wet air at a total pressure P
=997 mbar (N, = 2.44x 10" cm~>) and a partial water vapour
pressure Py, = 11.2 mbar (N,, = 2.78x10!7 cm™3) is shown in
Fig. 5. Here, the photoacoustic signal amplitude contains
contributions of the linear and nonlinear absorption of laser
pulses by water vapour and the nonlinear absorption by the
main air components: nitrogen (80%) and oxygen (20%).
Relation (3) takes the form:

UpalE ~ [Ny, + 27 I (Ny0Y + N,a9)], 4)

where o3 is the nonlinear absorption cross section for air. As
in the first case, we calibrate the photoacoustic spectrometer
using the calculated value of the linear absorption coefficient
for water vapour: ks = Nyo= (1.740.2)x 1077 cm™'. Based
on the linear regression of the experimental data (Fig. 5) in
correspondence with formula (4) and taking into account the
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Figure 5. Dependence of the absorption of a Gaussian pulse (1, = 800
nm, AA = 17.7 nm, and 7 = 114 fs) in air at the total pressure P = 997
mbar and the partial water vapour pressure P, = 11.2 mbar on the laser
pulse energy (peak intensity) E(/). The dashed line corresponds to the
linear function y = 4 + Bx.
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nonlinear absorption of water molecules, 05", we find the non-
linear absorption cross section for air: o3 = (8.7 £1.0)x 107°
cm?s. The error in determining o5 includes the error in calcu-
lating the linear absorption coefficient k¢ (10%) and the rms
error in determining the fitting parameter B (5%). The rela-
tive error in measuring the Up,/E ratio is estimated to be at a
level of 10%; it is shown by error bars in Fig. 5.

The same results for air (see Fig. 5) can be processed based
on the calibration of photoacoustic detector from the known
absorption of ruby laser pulses by water vapour in air at the
centre of the H,O absorption line (694.380 nm). Relation (1)
yields the Upa/E ratio in the form

UPA/E = aMOapA [NWUI + 2_3/410 (NWO';V + NdO'QW)]

The sensitivity of the photoacoustic spectrometer with a
Ti:Sapphire laser determined from independent calibration
measurements using a ruby laser is found to be ayapy =
(3.1£0.31) x 107 V em™! J. We use this value to pass from the
right coordinate axis to the left axis, and based on the linear
regression of the experimental data, we obtain g; = (5.9 %
0.8)x1072° cm? [which is in good agreement with the cal-
culated linear absorption cross section o; = (6.2%0.5)x
1072 cm?] and the nonlinear absorption cross section for air:
05 =(8.2£0.9)x1073¢ cm* s (which is also in good agreement
with the above value of ¢5). The error in determining o3
includes the error in calibrating the spectrometer (10%) and
the error in determining the fitting parameter B (5%). As
above, we use the previously determined nonlinear absorp-
tion cross section for the water vapour molecule, 05" .

5. Conclusions

We measured the cross sections of nonlinear absorption of
femtosecond Ti:Sapphire laser pulses by atmospheric air and
water vapour. The photoacoustic spectrometer was calibrated
using the known linear absorption of Ti:Sapphire and a ruby
laser pulses by water vapour. When the photoacoustic spec-
trometer was calibrated based on the calculated linear absorp-
tion of laser pulses with a wavelength of 800 nm and a spectral
width of 17.7 nm by water vapour, the measured nonlinear
absorption cross sections of this radiation by water vapour
and air were, respectively, oy = (2.6 £0.4)x 1075 cm*s and o3
= (8.7%1.0)x1073¢ cm* s. The measurements of the absorp-
tion cross sections for femtosecond Ti:Sapphire laser pulses
using a photoacoustic detector calibrated based on the known
absorption of ruby laser pulses by water vapour in atmo-
spheric air allowed us to determine the linear absorption cross
section of water molecules, o, = (5.9 £0.8)x 10> cm? [which
is in good agreement with the calculated value o, =
(6.2£0.5)x1072° cm?], and the nonlinear absorption cross sec-
tion for air: 68 = (8.2£0.9)x107° cm*s.
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