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At first glance, the amount of water molecules naturally contained in humid air is negligibly small to affect filamentation
of ultrashort laser pulses. However, here we show, both experimentally and numerically, that for ultraviolet laser pulses
with 248 nm wavelength this is not true. We demonstrate
that with increase of air humidity the plasma channels generated by the ultraviolet laser pulses in air become longer and
wider, while the corresponding electron density in humid
air can be up to one order of magnitude higher compared
to dry air. © 2019 Optical Society of America
https://doi.org/10.1364/OL.44.002165

Laser filamentation is a phenomenon which describes the nonlinear self-trapping of intense ultrashort laser pulses propagating in transparent media. Due to high intensity of the laser field
in the core of filaments, the process of filamentation is accompanied by ionization of propagation medium and generation of
extended plasma channels [1]. Over the years, laser filamentation has been used in a very broad spectrum of applications,
such as broadband remote sensing of the atmosphere, self-compression of laser pulses, generation of terahertz radiation, or
even in weather control [1–4].
Though laser filamentation has been observed in various
gaseous and condensed media, the majority of the experiments
(due to their simplicity) are conducted in atmospheric air.
While atmospheric air is a mixture of gases, one of its contents
is water vapor. However, since the fraction of water molecules
in air is very low (no more than 5%), for a long time it was
believed that the influence of air humidity on the laser filamentation is negligible. To the best of our knowledge, until now air
humidity appeared in the studies of laser filamentation only in
the context of dispersion and molecular absorption for mid-infrared laser radiation [5], or as an object for remote detection
[6–8]. Of course, there are a number of experiments on filamentation (mainly related to weather control [3]) where atmospheric water appears naturally, e.g., studies of rain and snow
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formation [9–11], experiments on opening paths in fog
[12,13], or investigations of lasing action in water vapor
[14]. However, none of them were focused on the influence
of air humidity on the filamentation process itself.
Nevertheless, in our recent studies we showed that air humidity
plays an important role in the ionization of air by ultraviolet
(UV) laser pulses with 248 nm wavelength [15,16]. We demonstrated that due to the resonance-enhanced multiphoton
ionization (REMPI) process, the ionization cross-section of
water molecules at 248 nm is by several orders of magnitude
larger than that of oxygen and nitrogen—the two main constituents of air. As a result, in this case, the majority of electron
plasma is generated by ionization of water molecules, even if
their concentration in air is very small. Thus, taking into account that ionization is one of the main mechanisms in laser
filamentation [1], one can expect that air humidity may
strongly affect filaments and plasma channels produced by
UV laser pulses with 248 nm wavelength. We should note
that in previous studies of laser filamentation at 248 nm the
influence of air humidity was disregarded [17–21].
In this Letter, we present results of our experiments and
numerical simulations on the filamentation of UV laser pulses
with 248 nm wavelength in atmospheric air with different humidity. Unlike our previous studies [15] where we tried to avoid
any nonlinear propagation effects in order to measure the ionization cross-sections of air components for 248 nm wavelength,
here we focus on nonlinear propagation of 248 nm laser pulses in
the regime of filamentation. We demonstrate how varying air
humidity affects different parameters of filaments and, in particular, show that with increasing humidity the generated plasma
channels become longer and wider, while the electron density in
humid air can be up to one order of magnitude higher compared
to dry air. In addition, we show that, contrary to UV laser pulses,
the influence of air humidity on filamentation of NIR laser
pulses with 744 nm wavelength is negligible.
For our experiments, we use a Ti:sapphire laser system
(Avesta Ltd.), which at 10 Hz repetition rate generates 90 fs
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laser pulses with central wavelength of 744 nm and maximum
energy per pulse 6 mJ. The third harmonic from this laser system gives us UV laser pulses with 248 nm wavelength and energies up to 200 μJ. Figure 1(a) shows the experimental setup
for measurements of the electron density in plasma channels
generated during filamentation of laser pulses in air with different humidity. Using a lens with 1 m focal distance, we focus the
UV laser pulses and produce filaments that are directed through
the photoelectric sensor composed of two tube electrodes separated by a gap of 7 mm. To measure the electron density, we
apply a DC electric field of 4 kV/cm to one of the sensor’s electrodes (HV) and use an oscilloscope (Tektronix, TDS2024B)
to record the resulting electric signal, whose amplitude is proportional to the linear electron density (number of electrons per
unit length) integrated over the inter-electrode gap [15,22]. By
moving the focusing lens, which is mounted on an optical rail,
we record the distribution of the electron density along the
plasma channel.
We place the photoelectric sensor inside a sealed gas chamber at a distance of 70 cm behind its input window made of
CaF2 . Within the gas chamber we prepare air with three different values of relative humidity (RH): moderate, low, and high.
First, we fill the gas chamber with ambient air whose RH vary
in the range from 20 to 40%. The initial value of RH depends
on the weather conditions, but during the experiment it remains constant. Next, we vacuum pump the gas chamber down
to 10−2 Torr and then refill it with a mixture of pure nitrogen
(80%) and oxygen (20%) passed through a cryogenic trap,
which freezes all residual water vapor. Using the above method,
we obtain dry air with concentration of water molecules below
0.1 ppm [15], which corresponds to RH  0%. Finally, in order to prepare air with high RH we fill the gas chamber with
ambient air, put a cup of deionized water inside, and seal the
chamber overnight. As a result, the next day we obtain humid
air with RH exceeding 80%. To monitor the exact values of
temperature and RH within the gas chamber, we use a digital
thermo-hygrometer (Oregon Scientific, EMR812HGN).
During the experiments, the temperature inside the chamber
was close to 21°C independently of RH.
We conducted the experiment using UV laser pulses with two
different energies, 20 and 50 μJ, which correspond to P∕P cr 
0.8 and 2, respectively, where P is the peak power and P cr is the
critical power of self-focusing. The energy of laser pulses is tuned
with the attenuator [see Fig. 1(a)]. Using the vCHIRP software
[23], we estimated that due to dispersion in air and optical
elements the duration of UV laser pulses after the chamber’s
entrance window becomes equal to 170–175 fs (FWHM).
The measured beam size was equal to 2 mm (FWHM).
Figure 2 shows the experimentally measured dependence of
the linear electron density N e on the propagation distance z for
air with three different values of RH. In Figs. 2(a) and 2(b),

Fig. 1. (a) Experimental setup (“HV”—high-voltage, “osc.”—
oscilloscope). (b) Sketch of energy levels in a water molecule.
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we see that for UV laser pulses the peak value of electron density Ne, max as well as the total amount of plasma electrons Je
(integral of N e over z) grow with increase of RH. In particular,
for 20 μJ UV laser pulses Ne, max and J e increase by 11 and 13
times, respectively, when RH changes from 0 to 81%. In turn
for UV laser pulses with 50 μJ the change of RH from 0 to 88%
results in increase of Ne, max and J e by 3.7 and 4.8 times, respectively. Additionally, Figs. 2(a) and 2(b) show that in air
with higher humidity the plasma channels become longer.
As we have seen, even a small change in fraction of water
molecules in air (from 0 to about 2% when RH increases from
0 to about 80–90%) leads to a significant growth of the
amount of electrons generated by UV laser pulses. The reason
behind this boost of the electrons yield is resonance-enhanced
multiphoton ionization (REMPI) of water molecules [15]. For
better clarity, Fig. 1(b) shows a sketch of the electronic energy
levels in a water molecule. We see that due to the presence of
e 1 B1 level with energy 10 eV, the UV radiation with 5 eV
C
photon energy (248 nm wavelength) gets into an intermediate
two-photon resonance. As a result, instead of regular 3-photon
ionization, which goes through virtual intermediate states,
we have a much more effective (2  1)-photon REMPI.
Therefore, despite the fact that the ionization energies of
oxygen and water molecules are close (12.06 eV for O2
and 12.62 eV for H2 O), the ionization of water molecules
is much more efficient. Interestingly, one can expect a similar
REMPI effect for the fundamental radiation at 744 nm wavelength (or any other laser radiation which covers the 10 eV
e 1 B1 transition with even number
e 1 A1 → C
energy gap of X
of photons required due to parity conservation).
Indeed, since the total energy of three photons at 744 nm
is equal to the energy of one UV photon at 248 nm, the

Fig. 2. Linear electron density N e versus propagation distance z
(z  0 corresponds to the lens focus) for different relative humidities.
248 nm laser pulses with energies of (a) 20 μJ and (b) 50 μJ;
(c) 744 nm laser pulses with energy of 0.55 mJ. Marks—experimental
results; lines—simulation.

e 1 B1 enfundamental radiation needs six photons to reach the C
ergy level [see Fig. 1(b)]. Therefore, the ionization of water
molecules by the fundamental radiation at 744 nm wavelength
should go through (6  2)-photon REMPI, which might be
more efficient than conventional 8-photon ionization of oxygen. As a result, one could expect that filamentation of the fundamental laser pulses will be also affected by air humidity. In
order to test this hypothesis, we repeated the measurements of
electron density in air with different RH using laser pulses with
744 nm wavelength and energy of 0.55 mJ (P∕P cr ≈ 1.8).
Figure 2(c) shows the obtained results. Surprisingly, we see that,
unlike UV laser pulses and contrary to our expectations, the
electron density in plasma channels generated by the fundamental laser pulses does not depend on RH. Thus, our experiment shows that the influence of air humidity on filamentation
of NIR laser pulses with 744 nm wavelength is negligible. The
most probable explanation is the lower REMPI efficiency gain
for the (6  2)-photon process compared to the (2  1)
REMPI one in UV case.
In order to study the influence of air humidity in more detail, we numerically simulate filamentation of UV laser pulses
under the experimental conditions. In our simulations, we
apply the unidirectional pulse propagation equation (UPPE)
together with the kinetic equation for electron density [24].
Our model takes into account dispersion of all orders, Kerr
and Raman nonlinearities, defocusing in plasma, inverse
Bremsstrahlung, multiphoton ionization and losses, as well
as avalanche ionization. To describe the response of air medium
to UV radiation, we use the dispersion of air refractive index
from [25], nonlinear index n2  6.68 × 10−23 m2 ∕W (which
was chosen to provide the best fit for the experimental data),
Raman response function from [26], the fraction of stimulated
Raman contribution g  0.79, and collision frequency
νc  5 THz. Assuming that air consists of oxygen, nitrogen,
and water molecules, we solve a separate kinetic equation to
calculate the electron density produced by ionization of the
individual air components. The ionization rate RI of O2 ,
N2 , and H2 O can be written as RI   σ 3 I 3 where I is the
laser intensity and σ 3 is the ionization cross-section. In our simulations σ 3 for oxygen, nitrogen and water molecules is equal to
1.2 × 10−41 , 1.7 × 10−42 , and 2.8 × 10−39 m6 ∕sW 3 [16], respectively. Note that despite the (2  1)-photon REMPI for
water molecules, their ionization can be modeled as a 3-photon
ionization with an effective value of σ 3 [15]. In order to find the
fraction of water molecules in air for a given RH, we assume
that water vapor is an ideal gas where this fraction can be
written as P w ∕P, with P w and P as the partial pressure of
water vapor and total gas pressure (in our case equal to the
atmospheric pressure, 101 325 Pa), respectively. Then, to find
P w , we use the definition of relative humidity RH 
P w ∕P w × 100, where to calculate the saturated water vapor
pressure P w we use the Arden Buck equation [27] for a given
air temperature (21°C in our experiments). In turn, assuming
79% of N2 and 21% of O2 molecules in dry air with RH  0,
in air with nonzero RH we reduce these values keeping their
ratio constant. For example, for RH  80% we obtain the
following content of air: 77.54% of N2 , 20.61% of O2 , and
1.85% of H2 O molecules.
As the initial condition for the UPPE, we take Gaussian laser
pulses, focused by a lens with 1 m focal distance, with 248 nm
central wavelength, 2 mm (FWHM) beam size, 172.5 fs

(FWHM) duration, and energies equal to 20 and 50 μJ, which
correspond to P∕P cr  0.8 and 2, where P cr  0.14 GW.
In Figs. 2(a) and 2(b), we see that the simulated dependencies of the electron density on propagation distance in air with
different humidity are in a very good quantitative agreement
with the experimental data. Thus, taking into account this
good correspondence between the experiment and theory,
we can use our numerical model to study the filamentation
parameters that are inaccessible in our experiment.
Figure 3 shows the simulated dependence of various filamentation parameters on relative humidity RH. We see that
with the growth of RH, both the peak intensity and the peak
fluence of the laser pulse in the filament decrease [Figs. 3(a) and
3(b)]. In turn, the peak electron density, ρmax , increases with
RH [Fig. 3(c)]. In particular, for 50 μJ UV laser pulses the
change of RH from 0 to 100% results in a sixfold rise of
the peak electron density ρmax, while for 20 μJ pulses ρmax rises
by 16 times. Figures 3(e) and 3(f ) show that increase of RH in
the case of 50 μJ laser pulses is accompanied by growth of the
length and width of the plasma channel (both calculated as
FWHM of the simulated electron distribution along the corresponding direction). Thus, since the peak electron density
and the geometric scales of the plasma channels increase together with RH, the total amount of plasma electrons grows
as well. For example, for a UV laser pulse with energy of
50 μJ the total amount of electrons for RH  100% is about

humidity on filamentation of NIR laser pulses with 744 nm
wavelength. These findings can have considerable impact in
all atmospheric applications of filaments, including lightning
and weather control as well as in free space telecommunications.
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