
THE JOURNAL OF CHEMICAL PHYSICS 123, 104310 �2005�
Nonresonant ionization of oxygen molecules by femtosecond pulses:
Plasma dynamics studied by time-resolved terahertz spectroscopy
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We show that optical pump-terahertz probe spectroscopy is a direct experimental tool for exploring
laser-induced ionization and plasma formation in gases. Plasma was produced in gaseous oxygen by
focused amplified femtosecond pulses. The ionization mechanisms at 400- and 800-nm excitation
wavelengths differ significantly being primarily of a multiphoton character in the former case and
a strong-field process in the latter case. The generation of the plasma in the focal volume of the laser
and its expansion on subnanosecond time scale is directly monitored through its density-dependent
susceptibility. A Drude model used to evaluate the plasma densities and electron-scattering rates
successfully captures the observations for a wide range of pump intensities. In addition, rotational
fingerprints of molecular and ionic species were also observed in the spectra. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2032987�
I. INTRODUCTION

The strong fields generated in short-pulse intense laser
sources are employed in a large variety of applications.
Ionization,1 supercontinuum generation,2 the generation of
high harmonics,3 attosecond, and x-ray pulses4–6 are notable
examples in rarefied gaseous media. In condensed matter, the
applications range from ablation,7,8 controlled damage,9,10

and micromachining11,12 to the high-energy-density physics
of fusion.13 In all these examples, ionization is either a prin-
ciple step in the processes at issue or an inseparable side
effect. Since the photogenerated plasma in the focal volume
of a laser is most strongly coupled to the applied radiation, it
plays an important role in the propagation of the field14 and
in mediating the field-material interaction.15 Indeed, the prin-
ciples of cascade electron-impact ionization introduced to
describe the first realizations of laser-induced breakdown16,17

are quite generally applicable to condensed media, as has
been shown quantitatively in strong-field ionization in simple
liquids.18,19 Moreover, studies of controlled laser damage in
dielectrics clearly illustrate that a significant part of the phys-
ics at work is due to laser-driven collective excitations of the
photogenerated microplasma.20,21 For the most part, such
conclusions are made indirectly by observing photodetached
electrons or ions in gas phase applications, by ex post analy-
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sis of tracks in solids,21 and by noting negative dispersion in
self-phase modulation19 or spectra shift of the propagated
beams that can be ascribed to free carriers.22–24 The latter
effects are key to the application of plasma waveguides to
compress coherent extreme UV and x-ray pulses in the sub-
femtosecond regime.25 Clearly, direct diagnosis of the evolu-
tion of plasmas in space and time would greatly aid our
understanding of these processes and in advancing their ap-
plications. Time-resolved terahertz spectroscopy is such a
tool. We demonstrate this contention by characterizing the
nonresonant, strong-field-induced ionization of gaseous mo-
lecular oxygen.

Beside its contribution to laser plasmas generated in
air,26 ionized oxygen O2

+ plays an important role in the upper
atmosphere, as the main source of O�1S�,27,28 which in turn is
responsible for the auroral radiation.29,30 The dissociative re-
combination process which generates O�1S� from O2

+ is
strongly dependent on the initial vibrational excitation of the
parent ion.31,32 The internal vibrational distribution of non-
resonantly photogenerated O2

+ is strongly dependent on the
intensity of the radiation source and shows anomalous distri-
butions when generated with picosecond and femtosecond
pulsed radiations.33,34 While understanding of the formation
dynamics of photogenerated ions in strong fields is valuable,
in the present we concentrate on the direct analysis of the
nonresonant, strong-field-induced formation and decay of the
plasma in gas phase O2.
Terahertz probing of the gas phase has been extensively
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applied for the detection and characterization of rotating
molecules.35,36 At the same time, the terahertz pulses are
highly sensitive to the presence of mobile charge carriers in
ionized gases. Terahertz time-domain spectroscopy was used
to characterize with submicrosecond time resolution a He
discharge plasma buildup induced by a high-voltage bias.37

These measurements yielded the plasma frequency and the
collision rate which were both found in the subterahertz
range. The generation of terahertz pulses by photoionization
of air with and without an electrical bias field has also been
recently reported.38–40

In this paper we describe multiphoton and strong-field
ionization of pure molecular oxygen gas. We have applied a
terahertz probe to the detection of the developing free-
electron gas generated by focused 400-nm and 800-nm 50-fs
pulses and for characterization of neutral and ionic molecular
species.

II. EXPERIMENTAL DETAILS

The experimental setup was similar to that described in
Ref. 41 and it is schematically shown in Fig. 1. Briefly, am-
plified 1-mJ laser pulses with a duration of 55 fs, a mean
wavelength of 810 nm, and a repetition rate of 1 kHz were
used to ionize O2 molecules �up to 80% of the laser power�
and to generate and detect ultrashort terahertz pulses �20% of
the power�. Two ellipsoidal mirrors were used for focusing
of the terahertz beam. A D=0.5 mm circular aperture was
placed in their common focal point so that about 10% of the
terahertz field amplitude passed through. The whole terahertz
setup was enclosed in an experimental chamber which was
evacuated and refilled with pure oxygen at atmospheric pres-
sure.

A synchronous detection scheme was used locked to a
mechanical chopper operated at 166 Hz placed either in the
probe branch or in the pump branch. We use the following
notation. E��� is a time profile of the electric field �wave
form� transmitted through the sample in equilibrium �when
the pump beam is blocked�. E�� ,�p� is a terahertz wave form
transmitted through the photoexcited sample for a pump-
probe delay �p. The transient wave form defined as
�E�� ,�p�=E�� ,�p�−E��� reflects the photoinduced changes
of the sample; the measurement of this quantity is straight-

FIG. 1. Experimental scheme. The pump beam branch contains a specific
arrangement for a careful control of the pump beam attenuation and polar-
ization and a second-harmonic stage �see Appendix A for further details�.
Inset: detail of the geometry of the aperture and beams and of the interaction
volume; d=D / sin 10° represents the length of the interaction region be-
tween the terahertz pulse and the plasma.
forward if the chopper is placed into the pump branch.
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To distinguish between different regimes of the photo-
ionization process the pump-probe experiments were carried
out for two pump wavelengths �the fundamental one at 810
nm and the second harmonic at 405 nm obtained using a
0.35-mm-thick lithium triborate �LBO� crystal� and for two
polarization states of the pump beam �linear and circular�.
Each of these measurements was performed as a function of
quasicontinuously varying pump pulse energy. A great care
was devoted to precise control of the pump intensity without
modification of the pump-probe delay and of other relevant
pump pulse characteristics. The schemes we used are sum-
marized in Appendix A. The pump beam was focused by a
f =400 mm lens to the center of the aperture. The width of
the excitation beam in the waist was determined by means of
a charge-coupled device �CCD� beam profiler at low power
as 2w=0.16 mm. Throughout this paper we characterize the
pump strength by the peak intensity I of the pump pulse
expressed in TW/cm2 and calculated from the average laser
power determined by a power meter, from the beam diameter
and from the pulse length assuming Gaussian spatial and
temporal profiles of the pulse. We estimate that the system-
atic error of the absolute determination of the value log I can
reach ±0.3; however, random errors within a series of mea-
surements do not exceed 10% of I.

In principle, an acquisition of a two-dimensional �2D�
transient data �E�� ,�p�—where �p is the pump-probe delay
and � is the terahertz wave form sampling time �see Fig.
1�—provides a full information about the ultrafast dynamics
in the far infrared.42 If a picosecond or subpicosecond tem-
poral resolution is required the measured 2D time-domain
data should be analyzed en bloc and frequency mixing ef-
fects and instrumental functions must be properly deconvo-
luted from the raw data.43,44 In the present case, the experi-
mental results indicate that the transient terahertz signal
varies only very slowly with the pump-probe delay: a signifi-
cant variation starts to show up after a delay of about hun-
dreds of picoseconds which largely exceeds the terahertz
pulse length. In this case, it is possible, without loss of in-
formation, to obtain terahertz spectra of the photoexcited
state from one-dimensional experimental data, i.e., a single
terahertz wave form measured for a given pump-probe delay.

Three kinds of experiments were performed.

�1� Measurements of the peak wave form values �Emax

�with � and �p fixed� as a function of pump fluence for
both linear and circular polarizations; these experi-
ments are fast and the temporal stability of the laser is
then sufficient to monitor highly nonlinear transient
signal versus the pump power.

�2� Measurements of transient wave forms �E�� ;�p� with a
fixed pump-probe delay �p �to 5, 10, 60, 300 ps� for
selected pump fluences. These experiments mainly
probe the photogenerated electron plasma dynamics,
e.g., they connect the previously determined �Emax to
the actual free-electron density Ne. In order to enable
quantitative extraction of plasma characteristics and the
related optical constants, the measurements are supple-
mented with equilibrium reference wave forms E���

obtained with the optical pump blocked.
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�3� Pump-probe scans where the time � was fixed at the
maximum of the transient wave form and �p was
varied.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The terahertz probing radiation is very sensitive to the
presence of mobile free carriers. It is, therefore, expected to
interact strongly with the free-electron plasma generated by
photoionization of oxygen molecules. Indeed, the plasma fre-
quency of free-electron gas falls into the subterahertz range
for the free-electron densities around 1014−1015 cm−3. The
ionized oxygen molecules themselves are much heavier and
their translational motion cannot be efficiently driven by the
terahertz field. The transient terahertz signal measured in our
experiments will thus primarily reflect the rate of photoion-
ization �through the electron-density monitoring�, the subse-
quent plasma expansion, and the scattering rate of the free
electrons. In addition, rotational fingerprints of some prod-
ucts of chemical interactions triggered by the optical excita-
tion can be possibly detected.

In Sec. III A, we show selected experimental results,
which alone provide an instructive picture of the probed pro-
cesses. Subsequently, we discuss and quantitatively analyze
the most prominent features in the transient dielectric spectra
which are attributed to the plasma dynamics. Finally, a more
detailed analysis of the spectra allows us to identify other
involved chemical processes.

A. Photoionization processes in oxygen

We use two pump wavelengths �810 and 405 nm� which
are expected to invoke qualitatively different ionization pro-
cesses. The character of the ionization process in an intense
laser field can be estimated using the Keldysh parameter �
which reads45,46

� = ��EB

I
� me

z0e2 �1�

in système international �SI� units; EB is the ionization po-
tential, I is the laser-pulse intensity, � is its angular fre-
quency, me is the electron mass, z0=377� is the vacuum
wave impedance, and e is the electron charge. A multiphoton
ionization regime corresponds to ��1, while the strong-field
tunneling process becomes dominant for ��1.

The adiabatic ionization potential of O2 is EB

=12.07 eV,47 which corresponds to about four quanta of our
blue pump radiation �405 nm�3.06 eV�. The Keldysh pa-
rameter for the highest pump intensities used at this wave-
length �15.5 TW/cm2� is ��5.5. Figure 2 schematically
shows a partial potential-energy diagram for neutral oxygen
molecule and for its cation and the ionization pathways
which can be considered in our experiments. A resonantly
enhanced �3+1�-photon process passing through the
Schumann-Runge system X 3�g

−→B 3�u
−, which is the stron-

gest absorption band of oxygen, is the most probable.47 This
process also leads to dissociation of a significant fraction of

oxygen molecules with subsequent formation of ozone. Note

Downloaded 16 Sep 2005 to 128.200.78.48. Redistribution subject to
that the resonant enhancement via two-photon absorption in
the Herzberg band X 3�g

−→A 3�u
+ is symmetry forbidden.

Excitation with an 810-nm ��1.53 eV� radiation would
require a minimum absorption of eight photons to ionize
oxygen in a multiphoton process, which is a quite improb-
able process for the pump fields used. For these experiments
with a linearly polarized pump pulse a strong-field tunneling
ionization is expected to dominate �see Fig. 3� in agreement
with the value of the Keldysh parameter for the highest
pump fluences �150 TW/cm2� ,��0.8. Moreover, for a suf-
ficiently strong driving field the Coulomb potential attracting
the valence electrons can be entirely suppressed, i.e., there is
a critical optical field which allows the bound electron to
escape without tunneling.48 Assuming a quasistatic approxi-
mation and considering the effective ionic charge acting on
the valence electron Z=1 the threshold intensity leading to
the Coulomb barrier suppression in our experiments can be
estimated to be Ith�85 TW/cm2.

FIG. 2. Potential curves of O2 and O2
+ with the most probable multiphoton

excitation and ionization process at 405 nm denoted by the arrows. The
right-hand scale is normalized by the energy of 405-nm photons, i.e., it
indicates the number of blue photons needed for a particular transition. The
full arrow indicates the first resonant step and the dashed arrow indicates the
second step involving the photoionization of the oxygen molecule.

FIG. 3. Schematic picture of the influence of the laser electric field on the
Coulomb potential due to the positively charged core felt by the electron in
the static approximation. The maximum available values of the electric field

for both experimental wavelengths were assumed in the plot.
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In contrast, the strong-field effects are expected to be
much less efficient for the circularly polarized pump light
which drives the bound electrons on circular orbits.1 In ad-
dition, for small linear molecules such as O2, a rapid molecu-
lar alignment with the laser polarization can occur due to the
torque on the laser-induced dipole moment. This alignment is
only possible in a linearly polarized light.49 Structure-based
calculations of the ionization tunneling show an enhance-
ment of the ionization rate when the long axis of the molecu-
lar potential is aligned with the laser field.50,51 With regard to
these mechanisms, comparative experiments with linearly
and circularly polarized pump light can distinguish between
multiphoton and strong-field ionization mechanisms.

Figure 4 shows a compilation of results related to the
pump intensity dependence of the transient terahertz signal
shortly ��p=10 ps� after photoexcitation. At this stage we can
comment on the results related to the right-hand vertical
scale only �the method of the evaluation of the plasma den-
sity Ne from the transient spectra will be shown later in de-
tail�. However, even these raw results provide a clear picture
of the ionization processes. A net intensity gap is observed
between the signal measured for 405 nm and that obtained
for 810 nm. The slopes of the increase of the transient tera-
hertz signal versus the pump intensity are also significantly
different. The data obtained for the blue pump and with I
	5 TW/cm2 can be approximately fitted by an I4 depen-
dence. For the 810-nm pump, the slope in the low-intensity
regime equals roughly to six. For intensities above
75 TW/cm2 a dielectric breakdown occurs accompanied by
a white-light continuum generation in the focal spot.18 Note
that this intensity threshold closely matches the value of
85 TW/cm2 expected for the Coulomb barrier suppression in
the quasistatic limit �see above�.

FIG. 4. Upper panel: measured ratio between the transient terahertz signal
for circularly and linearly polarized pumps. Lower panel: Compilation of
results showing the transient terahertz signal and free-electron density vs
pump intensity for the linearly polarized pump. For low �Emax the transient
wave forms scale with the pump intensity without significant reshaping. In
this regime the free-electron density Ne is proportional to �Emax; both ver-
tical scales are relevant for such measurements �represented by the stars and
crosses in the plot�. For higher transient signal a significant reshaping of the
transient terahertz wave form is observed: only one vertical scale then can
be used for a given point as shown by the arrows �filled symbols: only
left-hand scale is relevant; open symbols: only right-hand scale is relevant�.
To distinguish between multiphoton and high-field ion-
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ization mechanisms we carried out comparative experiments
with linearly and circularly polarized pump light. Both po-
larizations should approximately equally contribute to the
multiphoton ionization process, while the circular one is as-
sumed to be much less efficient for the strong-field tunneling
process. The difference in the terahertz signal induced by the
two different pump polarizations then provides the informa-
tion about the extent of the strong-field process �see upper
panel of Fig. 4�. We denote as �Elin and �Ecirc the peak
transient terahertz wave form values �with � and �p fixed� for
linearly and circularly polarized pump pulses, respectively.
For 405 nm, �Ecirc /�Elin is about 0.6-0.7 for a broad range
of pump intensities. The multiphoton character of the ioniza-
tion process is dominant, but the strong-field process is not
negligible in agreement with the magnitude of the Keldysh
parameter ���5.5�. In contrast, at 810 nm, �Ecirc /�Elin

�0.1 at 35 TW/cm2: clearly the strong-field ionization is a
dominant effect. For higher values of I ,�Ecirc /�Elin comes
closer to one. However, in this regime �Emax/Emax

��Elin /Emax tends to one, too �see lower panel of Fig. 4�,
which means that the observed effect is due to the saturation
of the terahertz absorption rather than to a change of ioniza-
tion mechanism.

Figure 5 shows an example of pump-probe scans for
both pump wavelengths and using the linear polarization of
the pump beam. For these measurements the delay time �
was fixed to the value �Emax for which the transient signal
�E��� reaches its maximum and the delay time �p was
scanned. The data shown in Fig. 5 were measured using such
pump powers that the normalized signal �Emax/Emax reaches
similar values for both pump wavelengths. Note that the ratio
between these two pump intensity values is about 6, which
indicates much stronger ionization effects induced by the
blue pump.

As expected, the transient signal shows a sharp rise at
zero pump-probe delay. For higher pump-probe delays a sig-
nal plateau is observed which extends over about 100 ps for
the blue pump. The plateau is followed by a decay which can
be fitted by a single exponential curve with a time constant
of �300 ps. The same shape of the signal is observed also
for lower pump intensities than those reported in Fig. 5. The
very slow pump-probe dynamics observed gives us the pos-

FIG. 5. Pump-probe scans: maximum field amplitude of the transient signal
normalized by the maximum field amplitude of the reference wave form vs
pump-probe delay.
sibility to calculate the dielectric spectra of the plasma from
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individual transient wave form scans by means of a simple
Fourier transformation without any loss of information.43,44

B. Transient dielectric spectra

We have shown �Fig. 5� that the temporal evolution of
the pump-probe signal is much slower than the probing tera-
hertz pulse length. Consequently, the transient dielectric
spectra of the photoexcited gas can be directly calculated
from the wave forms measured at a fixed pump-probe delay.
The inset in Fig. 6 shows an example of the equilibrium E���
and transient �E�� ;�p� wave forms obtained with
3.2 TW/cm2 pump power at 405 nm and with �p=10 ps. The
reverse sign of the transient field �E�� ;�p� accounts for the
fact that the terahertz field E�� ;�p� transmitted through the
photogenerated plasma is lower than E��� obtained in equi-
librium. The corresponding transient transmission spectrum
can be obtained by a Fourier transformation of the wave
forms:

�t��� = �E��;�p�/E��� . �2�

Obviously, the induced changes in the transmitted terahertz
wave form �Fig. 6� are very small for the experimental con-
ditions used here, however, they are expected to increase
with increasing pump intensity. It can be shown that the
transmission through the photoexcited volume can be within
a good approximation analyzed using the formula for the
complex transmittance of a thin slab. A careful analysis of
the experimental geometry close to the interaction volume
yields �see Appendix B�

�t��� = �exp�i��n + i
�deff/c� − 1	
V

deffSa
, �3�

where Sa=�D2 /4�0.2 mm2 is the opening of the metallic
aperture at the pump beam focus �see Fig. 1�, deff

�180 �m is the effective terahertz beam path through a cy-
lindrical interaction volume V�0.005 mm3, and �N=n+ i

is the pump-induced change of the complex refractive index
related to the transient dielectric spectrum ��� by

��� = �1 + �N����2. �4�

For the lowest pump intensities, as long as �E�E, the ex-
ponential term in �3� can be developed into a truncated se-

FIG. 6. Transient field transmittance �t��� at low pump intensity and the
best fit using Drude model; pump wavelength: 405 nm; pump intensity:
3.2 TW/cm2; pump-probe delay: �p=10 ps. Inset: corresponding equilib-
rium E��� and transient �E�� ,�p� wave forms.
ries. Within this approximation the transient transmittance
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scales linearly both with �N and with the interaction volume
V,

�t =
�

c
�in − 
�

V

Sa
. �5�

1. Plasma oscillations

A series of transient terahertz wave forms was measured
with the blue linearly polarized pump beam at �p=10 ps for
pump intensities ranging from 3.2 to 13.3 TW/cm2 �Figs. 7
and 8�. The spectrum at I=3.2 TW/cm2 corresponds to the
transmission function and wave forms plotted in Fig. 6.

FIG. 7. Dielectric spectra of electronic plasma in photoionized oxygen cal-
culated from transient wave forms using Eq. �3� and the fits by the Drude-
Lorentz model �10� for several pump pulse intensities. Optical pump at 405
nm, linearly polarized, �p=10 ps. Inset: momentum relaxation time �s ex-
tracted from the fits.

FIG. 8. Transient dielectric spectra obtained for I=12 TW/cm2 and two
different pump-probe delays �p=10 and 60 ps and their fits using the Drude-
Lorentz model �10� superposed with an underdamped harmonic oscillator at
39 cm−1��p=10 ps� and at 38 cm−1��p=60 ps�. See the text for details. Inset:
Imaginary part of the permittivity for several pump fluences �10.5

2
−13.2 TW/cm � at �p=10 ps.
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To describe the motion of the electrons and interpret the
measured dielectric spectra, we use a simple Drude-Lorentz
model.52 The time dependence of the average electron veloc-
ity is in the Drude-Lorentz picture given as

d��t�
dt

+
�

�s
= −

e

me
Eloc, �6�

where �s is the momentum scattering time, me is the electron
mass, and −e is its charge. Eloc is the local electric field
acting on the charges. For a homogeneous plasma it is equal
to the incident terahertz field E. In this case we obtain the
usual Drude formula,52

��� = 1 −
�p

2

i�/�s + �2 , �7�

where �p is the plasma frequency depending on the free-
electron density Ne as �p

2 =Nee
2 / �0me�. However, we deal

with the situation where, at early times after photoionization
�when the diffusion process can still be neglected�, the
electron-ion plasma is localized within a cylinder much nar-
rower than the probing beam waist. In this case, the applica-
tion of the terahertz field may lead to an effective spatial
separation of charges resulting in a dynamical screening of
the applied field. Let P be the space-charge polarization due
to the charge carriers separating in the field. The local field
then reads53

Eloc = E −
P

20
, �8�

where the numerical factor 2 comes from the fact that the
plasma is localized in a cylindrical region nearly perpendicu-
lar to the probing terahertz field. The rate of change of the
screening polarization is related to the electron current den-
sity:

dP

dt
= − eNe� . �9�

Putting together Eqs. �6�, �8�, and �9� one obtains

��� = 1 −
�p

2

i�/�s + �2 − �p
2/2

. �10�

It follows from this equation that, for sufficiently long scat-
tering times �s �underdamped plasma�, terahertz plasma os-
cillations at the frequency �p /�2 can be directly observed
due to the carrier screening effects.

Note also that for low pump intensities �N yielded by
Eq. �10� is proportional to Ne and the transient terahertz
spectrum described by Eq. �5� is then proportional to the
total number of free electrons in the interaction volume.

The transient dielectric spectra of the plasma �shown in
Fig. 7� are marked by a classical Drude behavior in the high-
frequency part and by oscillations due to the charge separa-
tion at lower frequencies. The presence of these oscillations
is reflected in the anomalous dispersion character of the real
part of the permittivity. A very good agreement between the
data and the fits by formula �10� is obtained for pump inten-
sities up to 10 TW/cm2 �data shown in Fig. 7�. Only semi-

quantitative agreement can be obtained for higher pump in-

Downloaded 16 Sep 2005 to 128.200.78.48. Redistribution subject to
tensities �an example is shown in Fig. 8�. We attribute this
fact to the scattering of the terahertz light on inhomogeneous
highly concentrated plasma. In other words, the approxima-
tion leading to Eq. �3� reaches the limits of its validity for
these experimental conditions.

The fits of the transient spectra yield the pump intensity
dependence of the momentum scattering time �s �see inset of
Fig. 7� and of the plasma density Ne. This last result allows
us to plot the left vertical scale in Fig. 4 and to obtain a more
quantitative picture of the carrier densities involved in differ-
ent regimes of photoionization. Strictly speaking, Fig. 4
gives the plasma density after the geminate recombination
process.

To check the robustness of the fits we calculated and
fitted trial spectra where deff and V were varied by 20%.
These fits lead to slightly different values of �s, while they
did not have any influence on the value of Ne. An attempt to
analyze the measured raw spectra with the linear approach
described by Eq. �5� leads to practically identical results for
I�4.4 TW/cm2, which means that for these intensities the
transient signal is proportional to the total number of elec-
trons probed by the terahertz field. For higher intensities the
plasma-induced changes of the dielectric properties are over-
estimated when Eq. �5� is used for the data analysis instead
of Eq. �3�. Nevertheless, even for such data, the fit by Eq.
�10� leads to the same values of Ne as those obtained using
Eq. �3�. The experimental values of Ne �see Fig. 4� thus seem
to be quite well defined by the position of the increase of the
real part of the permittivity and are not significantly influ-
enced by the experimental parameters that were estimated
only approximately from the experimental geometry �see Ap-
pendix B�. The values of �s �see inset of Fig. 7� show some
spread upon modification of experimental parameters; its ex-
tent is shown by the error bars in the figure. However, the
general trend characterized by a decrease of �s upon raising
the pump pulse intensity is preserved for all the fits.

As the concentration of free electrons Ne and of ionized
oxygen molecules is about three to five orders of magnitude
lower than that of neutral molecules �N0�, the dominating
scattering process for free electrons is that on neutral
molecules.54 The momentum scattering time �s of free elec-
trons is equal to

�s =
1

�N0�e
, �11�

with ��10−19 m2 denoting the electron momentum scatter-
ing cross section for neutral oxygen molecules,55 N0=2.7
�1019 cm−3 is the concentration of oxygen molecules at at-
mospheric pressure and �e is the thermal electron velocity.
The typical electron excess energies achievable in our ex-
periments are of the order of several eV, leading to initial
electronic velocities of the order of �e
106 m/s. In this case
Eq. �11� yields �s�350 fs and provides a semiquantitative
agreement with the values obtained in our experiments. Even
for the blue excitation, which was shown to be dominated by
multiphoton ionization process, the strong-field effects are
not entirely negligible ��Ecirc /�Elin�0.6�. The increase of
the scattering rate with increasing pump intensity observed

in the inset of Fig. 7 then can be attributed to the deformation
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of the Coulomb potential in the strong field of the pump
pulse and the related increase of the electron excess energy
for the four-photon ionization process.

2. Plasma expansion

Figure 9 shows the examples of transient transmission
functions obtained for several pump-probe delays. Let us fo-
cus our attention to the pump-probe scans shown in Fig. 5, as
well as to the spectra obtained for a variable pump-probe
delay �Figs. 8 and 9�.

We have already pointed out that for low pump intensi-
ties the transient terahertz signal is proportional to the total
number of electrons probed by the terahertz field. It means
that for early time delays �p where the plateau is observed in
the pump-probe scan of �Emax this number remains constant.
The signal is governed by the diffusion of carriers within the
diaphragm clear aperture. The temporal extent of the plateau
then corresponds to the time the electrons need to escape
from the probed volume and/or it may be comparable to the
electron-ion recombination time which would also lead to a
decrease of the total number of the probed carriers.

The origin of the plateau in the pump-probe scans �see
Fig. 5� for high pump intensities �I�4.4 TW/cm2� can be
understood from Fig. 9 where the transient transmission
spectra are shown for 12-TW/cm2 pump intensity at several
pump-probe delays. At early times after photoionization, the
electron plasma is dense and confined to a rather small vol-
ume. In these conditions, the electron plasma density
amounts �1016 cm−3 and the plasma frequency �p / �2��
�30 cm−1. Note that the excitation of the transverse plasma
oscillations by the terahertz field at �p=10 ps is clearly ob-
served as a decrease of the transient transmission around
�p / �2�2���21 cm−1. Subsequently, a plasma expansion in
the radial direction �with respect to the direction of the pump

FIG. 9. Transient field transmittance spectra �t��� at I=12 TW/cm2 for the
pump wavelength of 405 nm and for three significantly different pump-
probe delays �p.
beam propagation� occurs leading to the reduction of the
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electron density. However, the sample is not in the linear
regime described by Eq. �5�; consequently, the transient
spectrum must change its shape. The transverse plasma os-
cillations are shifted to lower frequency and the high-
frequency part of the transient signal is reduced �cf. Fig. 9�.
The total number of probed free electrons being still con-
served we come to the conclusion that, in this regime, the
product Nedeff

2 remains constant.
In order to evaluate the rate of expansion, we have cal-

culated several trial dielectric spectra from the transmission
function obtained at �p=60 ps �open circles in Fig. 9� insert-
ing different values of deff�60 ps�=kdeff into Eq. �3�. Subse-
quently we tried to fit those trial spectra with the Drude-
Lorentz model, where the electron density was fixed to the
expected value Ne�60 ps�=Ne /k2. We find that a very good
fit is obtained for k�1.4 �see Fig. 8�; in agreement with this,
the scattering time is found to be increased by about 30%.
This corresponds to an effective radial velocity of expansion
of 1.6�105 m/s.

C. Rotational lines in the spectra

Rotational spectral lines of ozone at 21.9 and 28 cm−1

�Ref. 56� were observed both in reference �pump beam off�
and in transient �pump beam on� terahertz spectra. Strictly
speaking, these lines were not observed immediately after
the experimental chamber was filled by fresh oxygen but
after a sufficiently long optical pumping. This demonstrates
the pump-induced formation and long-lived presence of the
molecules of O3 in the experimental chamber. As the path of
the terahertz beam is rather long in the chamber �60 cm�
already a relatively low concentration of O3 can lead to a
measurable effect. However, we emphasize that this is not a
transient effect, these lines are not directly related to each
pump event, but rather to a cumulative effect of long expo-
sure to the intense beam. Indeed, these lines were observed
in the wave forms obtained with the pump beam on as well
as in those obtained with the pump beam off so that the
transient spectra obtained by their ratio do not contain their
signature.

In contrast to these quasiequilibrium spectral lines, a
marked transient feature is observed at about 39 cm−1 for the
pump intensities higher than 8 TW/cm2. This line is ob-
served both in amplitude and phase spectra �see Figs. 8 and
9�; its shape evokes an oscillatory mode with a lifetime ex-
ceeding 300 ps. Its contribution to the transient dielectric
spectra can be fitted by an underdamped harmonic-oscillator
mode at 39 cm−1 for �p=10 ps and at 38 cm−1 for �p

=60 ps and �p=300 ps. We believe that this line cannot be
directly related to the electron plasma dynamics which is as
a rule strongly dependent on the free charge density. Indeed,
the position of this line is only very weakly dependent on the
pump pulse intensity �see inset of Fig. 8�. The evolution of
the plasma contribution �i.e., the whole transmission function
less the feature around 39 cm−1� upon increasing the pump-
probe delay is clearly marked in the spectra by a net vertical

scaling of the transmission function and by significant
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changes of its shape below 25 cm−1 �Fig. 9�. In contrast, the
line at 39 cm−1 does not change its shape and exhibits only a
very small redshift at early times.

We have searched for a possible molecular origin of this
line. Gaseous impurities, such as water vapor, could be pos-
sibly responsible for the 39 cm−1 spectral feature. Note that
this feature is very close to a prominent water molecule ro-
tational line.47 Moreover, simple ab initio calculations �at the
MP2/aug-cc-pvtz level� show that H2O+ has almost the same
geometry �and thus also rotational spectrum� as H2O and that
it has about 15% larger dipole moment than a neutral water
molecule. Therefore, H2O+, if formed in the experiment,
would show a strong rotational line around 39 cm−1. How-
ever, it is not clear why other water lines �e.g., at about 47
and 55.5 cm−1, which exhibit even a stronger absorption in
equilibrium water vapor transmission measurements�, are not
observed. It is also possible that the discrepancy between the
experimental data and the fit in the spectral range of 45
−70 cm−1 for �p=10 ps observed in Fig. 8 is due to a more
complex spectral feature consisting of several strongly
damped lines.

As described above, ozone is formed in the chamber
during the experiment. The “nonplasma” spectral feature
could possibly also come from rotation of a transient O3

+ ion.
This ion can be most likely formed via secondary ionization
of ozone. The lifetime of ozone cation should be very short
since it can readily neutralize by electron capture and/or re-
act chemically. Since the geometry of O3

+ is less bent than
that of ozone �O–O–O angle of 133.6° for the former and
116.8° for the latter species� its largest rotational constant is
almost twice that of O3 �rotational constants of ozone cation
evaluated at the MP2/cc-pvqz level are 6.595, 0.403, and
0.380 cm−1�. Ozone cation should thus exhibit strong rota-
tional line around 31 and 43 cm−1. These are the K=2→1
and K=3→2 lines within the near-prolate top
approximation.47 Our estimates are in a good agreement with
the results of a most recent comprehensive study of the ro-
tational structure in the spectra of photoionized ozone. 57

They are, however, somewhat short of a perfect match with
the present experiment.

In summary, is is likely that the transient feature around
39 cm−1 is a rotational signature of a molecular ion such as
H2O+ or O3

+, but firm evidence is still elusive.

IV. CONCLUSION

We have applied optical pump terahertz probe spectros-
copy to the investigation of ionization mechanisms in oxy-
gen gas. We have elucidated two different mechanisms of
plasma formation: strong-field ionization �Keldysh parameter
��1� pertinent to 800-nm pumping and multiphoton ioniza-
tion ���5� dominating at 400 nm. We have characterized
the oscillatory dynamics and diffusion of free-electron
plasma. Plasma oscillations were clearly identified in the
spectra yielding plasma densities in the range of 1013

−1016 cm−3 and subpicosecond momentum scattering times,
based on the Drude-Lorentz model adapted for inhomoge-
neous plasma. In the present plasma, which is formed by a

weakly ionized gas, diffusion on the subnanosecond scale
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dominates over recombination. We have also detected rota-
tional signatures of stationary and transient molecular and
ionic species.
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APPENDIX A: CONTROL OF THE PUMP PULSE
INTENSITY

A considerable attention has been paid to a precise con-
trol of the pump pulse intensity in the experiments. In par-
ticular, specific experimental schemes were set up to allow
for its smooth variation by the rotation of a single plane
parallel zero-order half-wave plate. These schemes made it
possible to measure the power dependence of the transient
terahertz signal with a small power step, while keeping the
pump-probe delay constant and avoiding significant changes
of other important pump pulse characteristics. These
schemes are shown in Fig. 10.

In the experiments with 405-nm pump control was
achieved using the polarization selectivity of the second-
harmonic generation process �see panel �a� of Fig. 10�. The
orientation of the � /2-plate controls the intensity of the ver-
tically polarized second-harmonic wave over about an order
of magnitude. Switching between two positions of the tun-
able retardation plate �RP� then enables pumping with either
linearly or circularly polarized light. The second harmonic
generation �SHG� stage was well separated from the tera-
hertz spectrometer so that no possible optically rectified sig-
nal from the LBO crystal40 could come into the terahertz
detection system.

For the experiments with 810 nm the pump intensity
tuning was achieved using the polarization selectivity of the

FIG. 10. Transformation of the pump beam in view of the intensity scaling
for the two polarizations used. Pumping with �a� 405 nm, linear or circular
polarizations; �b� 810 nm, linear polarization; �c� 810 nm, linear or circular
polarizations. � /2: half-wave plate, SHG: second-harmonic generation,
RP:tunable retardation plate, BP: Brewster plate, GF: thin gray filter, FM:
flipping mirror, and PM: power meter.
reflection at the Brewster angle �panel �b� of Fig. 10�. If, in
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addition, a thin �0.5 mm� gray filter was inserted into the
beam path, a smooth control of the light intensity over nearly
an order of magnitude was achieved for the linearly polar-
ized pump beam. We estimate that the increase of the pump
pulse length due to the insertion of the filter can be ne-
glected. Note, however, that only four cleanly defined experi-
mental points could have been obtained for the direct com-
parison between the linearly and circularly polarized pumps
at 810 nm �panel �c� of Fig. 10�.

APPENDIX B: DETERMINATION OF THE DIELECTRIC
SPECTRA

In this part we discuss the method used for the spectral
analysis of experimentally obtained wave forms. We describe
the evaluation of the dielectric spectra from the measured
transient transmission function. An example of the experi-
mentally obtained transmission function is shown in Fig. 6.
These are the raw data. It is now possible to show that the
transmission through the photoexcited volume can be within
a good approximation analyzed using the formula for the
complex transmittance of a thin slab.

Here we deal with highly nonlinear processes for which
the estimation of the effective interaction volume V is not
unambiguous mainly owing to the fact that the pump beam
profile is not homogeneous.46 The optical and terahertz
beams intersect in the volume with an approximately cylin-
drical shape �see inset of Fig. 1�. The main part of the tran-
sient signal at early times after photoexcitation will obvi-
ously come from the central region of this volume where the
laser intensity reaches the highest values. For the 405-nm
pump wavelength, we deal essentially with four-photon pro-
cesses. Therefore we consider the half width of the radial
profile of I4 as a good approximation of the radius r of the
cylindrical interaction volume; this leads to V�0.005 mm3.
The average path of the terahertz probing wave through this
cylinder can be then considered as an effective thickness deff

of the plasma. Simple geometrical analysis shows that deff

=�r / �2 sin ���180 �m.
The terahertz properties of the sample �represented by

the photoexcited volume� can be accounted for by a complex
refractive index N=1+�N, where �N=n+ i
 describes the
photoinduced change. The transient transmittance spectrum
�t��� of the sample is then approximately described by the
following function:

�t = �tF exp�i��Ndeff/c� − 1�
Seff

Sa
, �B1�

where tF formally accounts for the transmission losses due to
interfaces �for a homogeneous sample it would be the
Fresnel transmission coefficient� and c denotes the vacuum
speed of light. The effective input surface of the sample is
Seff=V /deff ;Sa denotes the free surface of the aperture. The
exponential term describes the phase change and the absorp-
tion due to the propagation through the plasma. We assume
that the optical constants of the excited region are very close
to equilibrium �n�0� and �
�0�. The Fresnel transmission
coefficient of a homogeneous slab with such optical con-

stants is very close to unity; one finds tF�0.998 for �N
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�0.1 and tF�0.96 for �N�0.5. It means that the transmis-
sion changes due to inhomogeneities �i.e., partial reflections,
scattering� can be neglected compared to those related to the
propagation effects described by the exponential term. Thus,
for our quantitative analysis of the transient wave forms we
use the following formula:

�t = �exp�i��n + i
�deff/c� − 1	
V

deffSa
. �B2�

One has to bear in mind that the evaluation of the optical
constants of the excited gas relies on our choice of the inter-
action volume which cannot be unambiguously defined.
Nevertheless an excellent agreement of our experimental
data with the fits by the Drude-Lorentz model presented in
the main part of the paper justifies to a large extent this
choice.
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