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Chapter 1

Introduction

This diploma thesis deals with time-resolved THz spectroscopy of ionized
gases. The THz frequency range is commonly associated with the spectral
range from about 0.1 to 3 THz (wavelengths from 0.1 to 3 mm). The spectro-
scopic method was successfully applied to investigation of semiconductors,
dielectrics, superconductors and other chemical and biological systems.

The rise of THz spectroscopy was connected with the development of
femtosecond laser sources. The most common methods of THz generation use
excitation of materials (semiconductors, nonlinear crystals) by femtosecond
laser pulses. The excitation leads to ultrafast generation of polarization in
the material, thus producing picosecond THz pulses. The detection of THz
radiation is phase-sensitive, measuring the electric field of the THz pulse, not
just its intensity. It is also gated by laser pulses, allowing to measure the
electric-field profile of the THz pulse in the time-domain. This method - time-
domain THz spectroscopy - can be extended by adding an optical excitation
pulse to the setup, synchronized with THz generation. By this method -
time-resolved THz spectroscopy - it is possible study ultrafast dynamics of
charges and dipoles after excitation in the far-infrared spectral range.

As THz radiation is very sensitive to free charge carriers, it has been
successfuly applied to investigation of semiconductors, superconductors and
charge transfer in ionized liquids. It was employed also to the research of
polar vibrations and bound charges, for example excitons in semiconductors,
soft lattice vibrations in dielectrics and solvation dynamics in liquids.

To our knowledge, up to now optical pump-THz probe spectroscopy was
not used for investigation of ionized gases. Due to the above mentioned
sensitivity to free electrons, time-resolved THz spectroscopy appears to be a
useful tool to study the properties of the plasma generated by photoionization
of atmospherical gases. By this method we could obtain information about
the parameters of the plasma and about its temporal evolution. To interpret



our experiments, it was necessary to develop new methods of evaluation of
the measured data. In addition, fingerprints of rotational spectra of products
of the photoionization could be also detected in the THz data.

The knowledge of the nonlinear properties and of the dynamics of pho-
toionized air would be useful to understand the propagation of intense laser
pulses in the air. Ionization of oxygen also plays a significant role in the upper
atmosphere in absorbing the ultraviolet radiation coming from the Sun.

The aim of this work was namely to show that the time-domain THz
spectroscopy is a viable tool for the investigation of photoionization processes
by probing the nascent electron-ion plasma. We aimed to understand and
describe its interaction with the pulsed THz radiation and to map the phe-
nomena which can be observed. We devoted a considerable effort to prepare
an experimental protocole for subsequent more extensive investigations.

This work has the following structure. A review of the principles of THz
spectroscopy is provided in Chapter 2. Our experimental setup is described
in Chapter 3. Chapter 4 describes the photoionization processes in oxygen
and nitrogen and the interaction of the pulsed THz radiation with a pho-
toionized gas. The method of our analysis of the experimental data is also
introduced and discussed. The experimental results are shown and inter-
preted in Chapter 5 and the whole work is summarized in Chapter 6.



Chapter 2

Principles of THz spectroscopy

2.1 THz generation

2.1.1 Photoconductive antennas

Using photoconductive antennas is a well established method to generate
THz pulses with non-amplified optical ultrafast laser sources. A semicon-
ductor wafer or film with an applied bias voltage is irradiated by an ultra-
short laser pulse with photon energy exceeding the bandgap energy to create
free carriers. These are accelerated by the applied electric field (see Fig.
2.1). Following the semiconductor material used the free electron lifetime
can span roughly from 100 fs to several ns depending on the trapping and
recombination mechanisms. Fast changes of the current are connected with
the radiation of a picosecond THz pulse into the free space. Its bandwidth
is essentially determined by the optical pulse length, the geometry of the
antenna, the lifetime and the mobility of free electrons in the semiconductor.
Externally biased emitters are often based on radiation damaged silicon-on-
sapphire, semi-insulating InP, GaAs or GaAs grown at low temperature.
There are two versions of this method:

e The first emitters were small aperture antennas [1]. In this case the
laser pulse is focused between the electrodes which are separated typ-
ically by several tens of microns, so that the dipole source is much
smaller than the THz wavelengths. This technology allows using rel-
atively low power laser sources (energy per pulse < 1 nJ) and low
voltages can be applied to the antenna electrodes (typically tens of
volts). On the other hand, the large divergence of the output THz
beam requires utilization of hemispherical or hyperhemispherical high-
resistivity silicon lenses put in optical contact with the emitter body.
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Figure 2.1: (a) Ilustration of THz generation by photoconductive antenna.
(b) Scheme of large aperture antenna (c) Small aperture antenna

e For large aperture emitters the electrode pads are spaced by several
millimeters and a collimated laser beam (it covers the whole gap be-
tween the electrodes) is used for photoexcitation. Voltages higher than
1 kV and pulses with > 1 nJ energy are then usually used for an effi-
cient THz generation. These antennas allow generation of intense THz
pulses at lower divergence [2].

2.1.2 Optical rectification

Optical rectification is a three-wave mixing nonlinear optical effect, so it can
take place only in noncentrosymmetric media. It is a difference frequency
generation process, i.e. optical photons with frequencies w; and wy generate
a photon with frequency Q = |w; — ws|. When a femtosecond laser pulse
propagates through the crystal, the mixing of spectral components of the
pulse may lead to an efficient generation of far infrared pulses centered near
1 THz. The nonlinear generation process can be described by Maxwell equa-
tions, with a second order nonlinear polarization as a source term. Their
solution yields the amplitude of each spectral component of the THz pulse



Er at the output of the crystal [3]:
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where L is the thickness of the crystal, C'(Q) = [ Ep(w) Ef (w + Q) dw is
the Fourier transformation of the intensity profile of the input pulse, v, is
the group velocity of the optical pulse. x® = x@ (Qw — £, w+ 2) is the
second-order susceptibility of the medium; k (€2) is the wave vector of the
THz wave: k(Q) = N (2) /¢, where N (€2) is the complex THz refractive
index. It is clear from Eq. 2.1.1 that the spectral contents and the intensity

of the radiated field is determined essentially by 3 factors:

Er(Q) =il @ (Q)C(Q) x

1. the spectral width of the correlation function C (§2) of the optical ex-
citation pulse (this spectra width is inversely proportional to the pulse
length in the time domain)

2. the magnitude of the nonlinear coefficient y®

3. the degree to which the phase matching condition (related to the last
term of Eq. 2.1.1) is fulfilled.

Efficient generation of THz radiation by optical rectification was found in
several systems:

e Polar semiconductors, where the optical pulse creates free carriers. In
this case, the laser pulse is absorbed typically within a few microns. The
nonlinear susceptibility is resonantly enhanced by interband transition
of the carriers. Consequently, the THz generation is efficient even when
the phase-matching condition is not satisfied. THz generation by this
method can be achieved using for example GaAs [4,5], InP and CdTe

[6].

e The nonlinear crystal is transparent to the optical radiation, and phase
matching condition is satisfied. ZnTe is the most commonly used ma-
terial to generate THz radiation this way. The spectral range of the
generated THz pulse spreads from 0.1 GHz up to 3 THz [7]. It is used
also in our laboratory. Using 50 fs pulses with 0.2 mJ pulse energy and
810 nm mean wavelength, THz pulse with maximum electric field ~ 4
kV/cm can be generated. Temporal profile of a typical THz pulse is on
Fig. 2.2
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Figure 2.2: A typical THz pulse generated by optical rectification in ZnTe

e Some transparent organic molecular crystals can also efficiently gener-
ate THz pulses even if the phase matching condition is not satisfied.
They have very high nonlinear susceptibility, because of their high elec-
tronic polarizability [8-10]. This is the case of organic ionic salt 4-
N,N-dimethylamino-4’-N-methylstilbazolium tosylate (DAST) [9] and
-2-(a-methylbenzylamino)-5-nitropyridine (MBANP) [10]. These ma-
terials have not yet found widespread use.

e Recently, optical rectification at metal surfaces has been demonstrated
as an effective way of THz generation [11,12]. The second order sus-
ceptibility vanishes in the bulk of the centrosymmetric metals, but is
non-zero at the surface due to the absence of the inversion symmetry.
In this case the response is nonlocal and the nonlinear susceptibility
is strongly enhanced by the contribution of the ballistic transport of
electrons.



2.2 THz detection

It is possible to conceive gating detection techniques which are sensitive to
the electric field of the THz pulse. Using these methods it is possible to
reconstruct the time profile of the THz electric field as it propagates through
the free space. The Fourier transformation of the measured (time-domain)
pulse then provides both amplitude and phase of each spectral component.
The phase-sensitivity is an advantage of this method in comparison to clas-
sical spectroscopic methods: a complete broadband response function can
be obtained from a single measurement without using the Kramers-Kronig
relations.

2.2.1 Photoconductive antennas

This mechanism of detection is practically inverse to the THz pulse genera-
tion with photoconductive antennas. Here the electric field of the THz pulse
plays the role of an external bias. An incident (sampling) laser pulse gener-
ates free charge carriers in the semiconductor film or wafer. These carriers
are driven by the THz field. If the lifetime of the carriers is very short (com-
pared to the THz pulse duration), the generated current is proportional to
the instantaneous THz field coinciding with the optical pulse. By changing
the point of coincidence of the THz pulse with the sampling pulse (by means
of a moveable delay line) the whole time profile of the THz pulse can be mea-
sured [13]. The first phase-sensitive detector for the THz range was based
on this mechanism [1]. Low-temperature grown GaAs [14], semi-insulating
GaAs [15,16] and semi-insulating InP [15] are the most often used materials
for the receiver antenna.

2.2.2 Free space electrooptic sampling

This method is based on the Pockels electrooptic effect. The sensor is a crys-
tal with second order (electrooptic) nonlinearity. The electric field of the THz
pulse induces in the sensor a time-dependent birefringence, which practically
follows its profile. The birefringence is probed by a polarized optical pulse
with a variable delay. The most frequently used sensor is a (110)-oriented
ZnTe crystal (generally ZnTe - noncentrosymmetric cubic crystal). A typical
setup is in Fig. 2.3. The THz pulse is polarized linearly in the (110) direc-
tion. The induced indicatrix projected to the input face of the crystal is on
Fig. 2.4 Tt is rotated by 45° with respect to the horizontal and vertical axes.

Within the simplest model of the sensing process and assuming, that the
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Figure 2.3: Ilustration of free space electrooptic sampling

birefringence of the crystal is weak:
An = N1 — N9 X ETHz (221)

The optical sampling pulse is circularly polarized. During its propagation
through the crystal its polarization will change to slightly elliptic. The hor-
izontally and vertically polarized parts are separated by a Wollaston prism;
their intensities are measured by a pair of balanced antiparallel photodiodes
(see inset in Fig. 2.3). In this arrangement the output signal is proportional
to the electric field intensity:

Al x IysinAp ~ IhyAp (2.2.2)

where Ap = “AnL. L is the thickness of the crystal, w is the mean frequency
of the optical pulse. The advantage of using a circularly polarized sampling
pulse is that the measured signal is proportional to the THz field (the linearity
is satisfied with a precision better than 1% for 1 mm thick ZnTe crystal for
fields below 10 kV/cm) [17]:

Al  Erp. (2.2.3)

To understand the sensing process more in detail we need to describe the
propagation of both the sampling and the THz pulse in the sensor. One
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Figure 2.4: The optical indicatrix induced by THz electric field projected to
the input face of the crystal

introduces a response function of the sensor [18] D (¢) such that:

AT (7) x / Ers. (1) D (7 — t') d¥ (2.2.4)
To evaluate D (t), it is necessary to account for the nonlinear wave-mixing
of the sampling and THz radiation in the sensing crystal. It can be shown
that the spectrum of the response function of the sensor reads [18]:

D (9) ﬁxi?f (0w — Q) C(Q)

< Lexp {—i (k: Q) + U%) ﬂ sinc Kk; Q) — U%) g] (2.2.5)

where ch)f is the effective nonlinear susceptibility of the medium for the

given geometrical setup, Ery, (€2) is the complex amplitude of the THz wave.
C (), L, vy, k(£2), ¢, are the same as in Eq. 2.1.1. There are three effects
that can have crucial effect on the distortion of the measured waveform com-
pared to the true one which is incident on the sensor:

1. The absorption of the nonlinear crystal in the THz range. In the case
of ZnTe it is caused by a TO-phonon resonance near frequency 5.3
THz. As a result ZnTe crystal can be used as a THz detector only for
frequencies below ~ 4 THz. For higher frequencies, materials such as
GaAs and GaP constitute a more suitable choice [19].

11



2. The optical pulse length related to the spectral width of the function
()

3. The phase-matching condition. If the phase-matching condition is sat-
isfied, the delay between the THz and the optical pulse remains con-
stant during the propagation through the sensor. Unfortunately, it is
rarely possible to achieve the phase-matching condition for the whole
bandwith of the THz pulse. For ZnTe, the phase-matching condition
is quite well satisfied for frequencies below 2 THz if sampling pulse at
800 nm is used [19].

Under assumption of an ideal sensing process (i.e. we assume that the phase-
matching condition is satisfied and that C' (§2) is a broad and flat function)
we obtain D (2) independent of 2. Then we can use the simple formulae
2.2.1 and 2.2.3.

2.3 Various setups in THz spectroscopy

THz spectroscopy can be applied to investigation of equilibrium and non-
equilibrium (photoexcited) systems. It can determine the dielectric response
function of equilibrium systems in the THz frequency range. For nonequilib-
rium systems, the aim is to obtain the temporal evolution of the dielectric
function after photoexcitation.

2.3.1 Transmission spectroscopy of samples in steady-
state

This setup is used to determine the steady-state dielectric properties of sam-
ples which are sufficiently transparent in the THz range. It is the most often
used method in the THz region. It has been applied to study a great variety
of materials: dielectrics [20], semiconductors [21], superconductors [22], or-
ganic materials [23], liquids [24], gases [25] and flames [26]. The experimental
setup is shown in Fig. 2.5. The determination of the dielectric constants of
the sample consists in two consecutive measurements:

e measurements of the THz pulse transmitted through the sample

e measurement of a reference waveform obtained when the sample is re-
moved from the beam path (the THz pulse propagates through an
empty diaphragm).

12



The temporal profile of the measured THz field E,,..s can be expressed as a
convolution of a number of terms:

Emeas (7—) = Eemit (T) * Pbef * T Paft * D (231)

Eepit (1) is the emitted THz field, Pyer (7) and P,y (7) characterize the pulse

Emitter
|

Diaphragm

Delay line T

Sampling pulse

Figure 2.5: Experimental setup for THz transmission spectroscopy

propagation before and after the sample, D (1) is the response function of the
detector (see Eq. 2.2.5, where D () is expressed in the Fourier space); T (1)
is the transmission response function of the sample. The Fourier transform
of the waveform gives:

Emeas (Q) = Eemz't (Q) Pbef (Q) Tsam (Q) Paft (Q) D (Q) (232)

where () is the THz frequency. It is possible to obtain the transmission
function of the sample without the knowledge of the instrumental functions
by measuring a reference waveform without a sample. The Fourier transform
of the reference waveform gives:

Erer (Q) = Eemit () Poey (Q) Trep () Poge () D (2) (2.3.3)

13



So we can obtain the transmission function of the sample:

Emeas (Q)

Tsam (Q> = E'ref (Q)

Tre () (2.3.4)

In the most common case the sample is placed in air (or vacuum), so the
reference transmission function describes the propagation in free space:

Trep () = exp (i€2d/c) (2.3.5)

Assuming that the THz beam is collimated and the sample is a plane-parallel
plate with input face perpendicular to the THz beam, the complex refrac-
tive index of the sample is obtained by numerical solution of the complex
equation:

AN , [N-1 2
Tsam () = m exp [iQ2Nd/c] kZ:% {N 1P [iQNd/c| (2.3.6)

where N = N (Q) is the frequency-dependent refractive index of the sample.
The first term stands for the Fresnel losses at the input and output face of
the sample, the second describes the change of phase (and absorption) in the
bulk of the sample. The internal reflections of the THz pulse are accounted
for in the summation term.

2.3.2 Optical pump THz probe spectroscopy

The fact that THz spectroscopy uses picosecond THz pulses synchronized
with optical pulses, makes it possible to examine the temporal evolution of
the sample after optical excitation. If the optical pulse generating the THz
radiation and the excitation (pump) pulse are provided by the same source,
an optical pump-THz probe experiment can be carried out. The wavelength
of the pump beam can be changed by nonlinear conversion. An illustration
of this method is in Fig. 2.6. Two independent delay lines can be varied in
the experiment: the time 7 is connected to the sampling of the THz pulse
transmitted through the sample and it has the meaning of the real time; 7, is
the pump-probe delay and characterizes the decay of the sample excitation.
In the case, when the state of the sample changes on time-scale compara-
ble to the temporal length of THz pulse (see Fig. 2.7), it is needed to perform
a 2D scan of £ (7, 7,) in order to obtain the maximum information about the
system dynamics. It means that THz waveforms have to be measured for
different pump-probe delays close enough to have reasonable resolution of
the dynamics. However, each part of the THz waveform has different delay

14
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Figure 2.6: Optical pump THz probe experiment

with respect to the time of the excitation. This may lead to complications
in analysis of the measured data.

Let us define 7" (t,t') = T (t) + AT (t,t') the response function of the
photoexcited sample. T () is the response function in equilibrium, AT (¢,t")
represents the change induced by the pump beam. Then the transmitted
waveform Ej.qnsm can be described by expression [27]:

Etransm (7-7 Tp) = / ETHZ (t/> T/ (7' - t/, Tp + t/) dt/ (237)

—00

where Erp. is the field incident on the sample. The equilibrium term can
be easily eliminated by measuring a reference waveform, which in this case
will be a THz pulse transmitted through unexcited sample (the pump beam
is suppressed). The THz field induced by the photoexcitation reads:

AE(r,7) = / Erw. () AT (r —t', 7+ ) dt’ (2.3.8)

This expression is not a simple convolution, so the transient response function
of the sample cannot be extracted by a simple Fourier transformation. The
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Figure 2.8: Illustration of a system with slow dynamics

problem was solved in [27], by applying 2D Fourier transformation. Anyway,
in order to extract meaningful data from the experiment, it is needed to know
the instrumental functions of the THz propagation and detection.

In the case of slow dynamics, when the state of the sample does not
change significantly during several ps (the THz pulse width - see Fig. 2.8),
the evaluation of transmission function induced by photoexcitation can be
simplified. It is enough to measure THz transients at several pump-probe
delays, and apply a treatment very similar to that applied to the equilibrium
THz spectroscopy. In this case Eq. 2.3.8 becomes:

AE (1,7,) = / Erp, (t)AT (1 —t',7,) (2.3.9)
This is a true convolution, so by applying Fourier transformation the time-
dependent transmission function induced by photoexcitation can be obtained:
AT (1) AFE(Q,7,)

At (2, 7,) = P — _P 2.3.10

S T TR () (2:3:10)

where E,.f (§2) is the spectrum of the reference waveform transmitted through
the sample in equilibrium (the pump beam is suppressed). From the trans-
mission function, a complex transient dielectric function Ae (€2,7,) can be

16



obtained either analytically or by a numerical inversion of analytical formu-
lae (this depends on the sample geometry). Our experimental arrangement
for THz probing of gas photoionization is very specific. We developed a
method tailored for this specific setup allowing us to quantify complex di-
electrics spectra of ionized gas. This method will be described in detail in
paragraph 4.5.

17



Chapter 3

Experimental setup

The source of the ultrashort laser pulses is a Ti:sapphire oscillator (Mira seed,
Coherent) pumped by laser Verdi. This produces 8 nJ pulses of temporal
width 80 fs and repetition rate 76 MHz. These pulses are then amplified in a
multipass amplifier (Odin, Quatronics) pumped by laser 527-DP Nd:YLF. At
the output we get 1 mJ pulses at 810 nm mean wavelength, 1 kHz repetition
rate and 50 fs length.

In our experiments the pulses were divided into two parts by a beamsplit-
ter: up to 80% of the laser power was used for the excitation of the sample,
(gas ionization), the remaining part was used for the THz generation and
gated detection.

The whole THz setup was enclosed in a box, which was evacuated, then
refilled with the examined gas at atmospheric pressure. For the generation
and the detection of the THz probe pulse a pair of identical 1 mm thick
(110) oriented ZnTe crystals was used. The THz beam was focused by two
ellipsoidal mirrors (see Fig. 3.1). A circular aperture with diameter 0.5 mm
was placed to their common focal point. In this way up to 90% of the THz
signal was blocked by the diaphragm; on the other hand this arrangement
allowed us to define more properly the interaction volume of the photoionized
gas (see below).

The pump beam was also focused to this pinhole, so that it made an angle
of approximately 10° with the THz beam. Note that generally in pump-probe
experiments it is recommended to use excitation beam with larger waist than
the width of the probing beam. In these conditions, the excitation of the
sample can be considered as homogeneous. However, such an arrangement
cannot be achieved in our case. On the one hand, the pump beam has to be
strongly focused to reach high enough intensities for multiphoton and strong-
field ionization processes in the gas; on the other hand, the probing radiation,
due to its long wavelength, cannot be focused down to submillimeter spot

18
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Figure 3.1: Scheme of the experimental setup. The ”Control” box represents
a specific setup designed for changing the intensity and polarization of the
pump beam (in detail, see in Fig. 3.2 for both pump wavelengths used). The
chopper is positioned either to the probe (as depicted in the scheme) or to
the pump branch.

size. This fact has to be considered during the evaluation and interpretation
of the measured data.

We studied the gas ionization using two pump wavelengths: 810 nm and
the second harmonic 405 nm. For the second harmonic generation an LBO
crystal was used. To distinguish between the possible ionization mechanisms,
we examined gas ionized by laser beam with linear and circular polarization.
For switching between the two polarization states we used a tunable retar-
dation plate.

The photoionization of O, and Ny at 810 nm and 405 nm are highly
nonlinear optical processes. Consequently, the excitation intensity was con-
trolled with a great care. In the case of excitation by blue laser beam, the
control of the pump power was possible due to the polarization selectivity of
the second harmonic generation. The polarization of the laser pulse incident
on the frequency doubler was controlled by a A/2-plate (see Fig. 3.2 a). A
control of the orientation of the optical axis of the A\/2-plate with respect
to the beam polarization (achieved by its rotation around the beam axis)
allowed us to vary the blue pump beam intensity by more than an order of
magnitude without any other adjustment in the pump branch.

19



""""" 7 RP PM

7\‘ﬂ/2 ~from | S
s } | - SHG | =
0 ‘
a) e o=
M2 [ fom | GF BP BP Cfom | < PM
gy >}u —H >} ¥
) O 2
L _ _I Lo _
oo =|
A2 P GFBp BP . RP| or i @PM
At t—=H =
é)}or | iior Cor o FM
C) e~ o =
polarization:
—e-o—= yertical —t#—=horizontal —&—= circular

Figure 3.2: Scheme of the pump power control. Pumping with a) 405 nm,
linear or circular polarizations; b) 810 nm, linear polarization; c¢) 810 nm,
linear or circular polarizations. A/2: half-wave plate, SHG: second-harmonic
generation; RP: tunable retardation plate; BP: Brewster plate; GF: thin gray
filter; FM: flipping mirror; PM: power meter

For experiments with 810 nm pump wavelength we used the polarization
selectivity of the reflection under the Brewster angle (see Fig. 3.2 b). The
Brewster plate reflects only light polarized perpendicularly to the plane of
incidence (s-polarized light). So in our setup the vertically polarized compo-
nent of the laser field transmitted through the plates is reduced, while the
horizontal component has negligible losses. Consequently, by varying the ori-
entation of the incident laser beam polarization by a A/2-plate it is possible
to change the laser intensity. The polarization of the laser beam transmitted
through the Brewster plates will be linear with a general orientation. How-
ever, this method allowed only a limited control of the pump beam intensity
such that the minimum pump power achievable by the A/2-plate rotation
was ~ 50% of maximum power. To reach lower intensities, we used a thin
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(0.5 — 1 mm) gray filter for the laser power reduction, assuming that it does
not change significantly the pulse length.

A tunable retardation plate (thin Berek compensator) was used to achieve
the linear or the circular polarization of the pump beam. The optical axis
of this plate was fixed at 45° with respect to the horizontal and vertical
beam polarizations. A small tilt of the plate between 0 and A\/4 retardation
position allowed us to switch between linear and circular polarization. Note
that for the red pump beam, our setup does not allow continuous tuning of
the power of the beam with circular polarization ( see Fig. 3.2 ¢). Only two
possible pump powers with circular polarization are available for any grey
filter used.

We characterize the pump strength by the peak pulse intensity. The
pump beam waist was determined by measuring the intensity profile with
a CCD camera at low pump energy. The peak intensity was calculated
assuming a Gaussian spatial and temporal profile of the pump pulse. The
systematic error in the determination of intensity can be high. We estimate
that A(log I) ~ £0.3 (i.e. the pump intensity is comprised between one half
and the double of the estimated intensity). On the other hand, random errors
within a series of measurements do not exceed 10% of 1.

Part of the sampling beam was lead to a quadrant diode, yielding a feed-
back for a motorized adjustment of a mirror at the output of the amplifier to
improve the beam-pointing stability laser beam. In this way, various random
effects ( temperature variation of the laser sources etc) , which could change
the beam path, were eliminated.

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 used the following notation. FE (7) is the time profile of a THz pulse
transmitted through unexcited gas (the pump beam is blocked). E (7,7,) is
the THz waveform transmitted through photoexcited gas for a pump-probe
delay 7,. The transient waveform defined as AE (1,7,) = E(7,7,) — £ (7)
reflects the photoinduced changes in the examined gas. It can be measured
directly if the chopper is placed into the pump branch.

In the most general case, an acquisition of a two-dimensional transient
data AE (7, 7,) provides full information about the ultrafast infrared dynam-
ics of the system studied (see Sec. 2.3.2). In the present case, experimental
results indicate that the transient THz signal varies only very slowly with
the pump-probe delay, a significant change starts to show up after a hundred
of picoseconds. In this case, it is possible to use Eq. 2.3.10 for the evaluation
of the THz transient transmission spectra.

Three kinds of measurements were performed:
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(1)

Measurement of the peak values of AE (7, 7,) with 7 fixed at the max-
imum of the transient signal AE,,,, and for selected 7, (10 ps after
photoexcitation). These experiments were performed for both linear
and circular polarizations as a function of the pump intensity. These
measurements are quite fast, so that it was possible to ensure a very
good stability of the laser output during the whole intensity scan. This
is important for monitoring highly nonlinear transient signals.

Measurement of the transient waveform AE (7,7,) at selected values of
pump-probe delay. By this measurement we access transient spectra
of the plasma. In order to extract the plasma characteristics (electron
density and scattering time) a reference waveform E (1) was always
measured.

Measurement of AE (7,7,) with 7 fixed at the maximum of the tran-
sient waveform and with variable 7, (pump-probe scans). Such mea-
surements map the plasma decay.
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Chapter 4

Ionization of gases

4.1 Motivation

Strong laser pulses have found widespread use in a large variety of appli-
cations. For example, they are used for ionization [28], generation of laser
pulses on different wavelengths (high harmonics [29], x-ray pulses [30-32])
in rarefied gaseous media, controlled damage [33,34] and ablation [35,36] in
condensed matter. In all these examples, ionization is either a principle step
of the experiment, or it is a side-effect impossible to eliminate. Also plasma
generation in the focus of a strong laser pulse directly affects the propagation
of the pulse itself, because the properties of the plasma are connected with
the intensity of the laser field [37]. So characterizing the evolution of pho-
togenerated plasma would be useful in understanding the above mentioned
experiments and phenomena more in detail.

Besides its contribution to laser generated plasmas in the air, photoionized
oxygen is of great importance in the upper atmosphere as the source of ozone.

4.2 Recent research of ionized gases using THz
spectroscopy

The dynamics of ionized gases at THz frequencies has been studied by two
techniques: by analysis of the THz pulse emission from an ionized gas and
by THz probing of electron/ion gas plasma.

Loffler et al. reported THz emission from plasma generated by photoion-
ization of electrically biased air. A dc bias voltage of up to 850 V was applied
between copper electrodes separated by 0.8 mm from each other. 150 fs laser
pulses at wavelength 775 nm with maximum energy of 500 pJ were focused
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between the two electrodes. THz generation using these methods is less
efficient than from semiconductor antennas or by optical rectification, how-
ever, this method could be improved by optimizing the gas pressure or using
pulsed high-voltage biasing to reach higher breakdown fields and by choice
of better-suited gases [38]. On the other hand there would not be absorption
from phonon modes of the transmitter material.

Cook et al. reported generation of THz pulses by four-wave mixing in
the air. The nonlinear four-wave mixing of 800 nm pulse of peak intensity
5.10' W /em? with its second harmonic lead to generation of a THz pulse with
peak electric field 2 kV/em [39]. Kress et al. showed that plasma generation
is essential for this type of THz emission [40]. Both the fundamental wave
and its second harmonics is required for an efficient THz generation. Note
that in our experiments we use either 810 nm or 405 nm pump wavelength
and never both at the same time: THz emission by four-wave mixing thus
was not possible in our experiments.

Hamster et al. studied THz generation via ponderomotive acceleration of
electrons in He plasma by extremely intense laser field. The ponderomotive
forces present in the laser focus with peak intensities of ~ 10 W/cm? lead to
ultrafast separation of ions and electrons, thus generating a THz pulse [41,42].
These intensities are by several orders of magnitude higher than those used
in our experiments (10 — 10 W/cm?).

Concerning the latter method - THz probing - Jamison et al. [43] stud-
ied the dynamics of ionized He gas (pressure 24 mbar) by THz time-domain
spectroscopy. The plasma was created by a high voltage pulse power supply,
providing ~ 0.5 kV/ecm bias field, synchronized with the THz pulses. Vary-
ing the delay between the THz probe pulse and the electrical pump pulse the
properties of the plasma were probed over several microseconds after ioniza-
tion, with 30 ps time resolution. The authors determined the time evolution
of the free electron density and scattering rate. They obtained electron den-
sities in the range 102 — 10¥em =3 and scattering times ~ 10 ps for electron
kinetic energies of ~ 5 eV. The recombination time of electrons with ions
was found longer than 1us.

4.3 lIonization mechanisms

In this work we study the photoionization in two regimes: multiphoton ion-
ization and strong-field tunneling. Multiphoton mechanism consists in ion-
ization by simultaneous absorption of several photons. It can be described by
perturbation theory: the laser field represents the perturbation in the hamil-
tonian describing the matter-light system. Within the tunneling mechanism
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the laser ac field changes the Coulomb potential of the atoms and valence
electrons can escape through a potential barrier. These mechanisms are
quantitatively distinguished by the value of the Keldysh ~ parameter [44,45]

(expressed in SI units):
EB Me
= — 4.3.1
V=N T e (4.3.1)

Ep is the ionization potential of the atom or molecule, m, is the electron
mass, zg = 377 £ is the vacuum wave impedance, and e is the electron charge.
The multiphoton ionization regime is dominant for v > 1, the tunelling for
7S L

The adiabatic ionization potential of the examined gases [46]:

EB (Og) =12.07 eV and EB (NQ) = 15.60 eV

For blue light of wavelength 405 nm, which corresponds for photon energy
3.06 eV, 4 photons are required to ionize an oxygen molecule. For nitrogen,
energy of 5 photons 5x3.06 = 15.3 eV is slightly below the required ionization
energy, but 5-photon process may be still possible from higher vibrational
states of the ground state or in combination with the strong-field tunneling
effect. The value of the Keldysh parameter for the highest excitation intensity
used at this wavelength (I = 15 TW/cm?):

'Yblue <O2) - 51 and f)/blue (NQ) = 58

so multiphoton ionization is expected to be the dominant mechanism of ion-
ization for both gases. Figure 4.1 shows a partial potential-energy diagram for
neutral oxygen and nitrogen molecule and for their cations with the ionization
pathways expected in our experiment. A resonantly enhanced (3+1)-photon
process passing through the Schumann-Runge system X*¥ — B*%, which
is the strongest absorption band of oxygen, is the most probable [46]. This
process also leads to dissociation of oxygen molecules, and subsequently to
the formation of ozone. The resonant enhancement via two-photon absorp-
tion in the Herzberg band X *%X — A%} is forbidden due to symmetry. For
nitrogen, 5-photon process may be possible, but more probable is a (5+1)-
photon process resonantly enhanced passing for example through electronic
states ¢'II, or ' 'S to X?X} (see Fig. 4.1). However, there are many more
combinations of possible transitions and we cannot determine the dominating
process.

In contrast, with 810 nm pulses (1.53 eV') 8 resp. 11 photons are required
to ionize an oxygen, resp. nitrogen molecule. This is a quite improbable
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Figure 4.1: Potential-energy diagram displaying the states of oxygen and
nitrogen molecule and their cation which are the most important for our
experiment. The arrows show the most probable excitation and ionization
processes with 405 nm photons.

process for the used pump fields. The Keldysh parameters for the highest
pump intensities (150 TW/cm?):

Yrea (O2) = 0.8 and  peq (Vo) = 0.9

In this case the strong-field tunneling is expected to be the dominant ioniza-
tion regime in the experiments with linearly polarized pump beam. Moreover,
for sufficiently high fields the Coulomb potential can be suppressed entirely,
so the bound electrons can escape from the attracting field of the ion with-
out tunneling (see Fig. 4.2) [47]. Assuming a quasistatic approximation and
considering the effective ionic potential acting on the valence electron Z =1
the threshold intensity leading to the Coulomb barrier suppression can be
estimated to be Iy, &~ 85 TW/cm? for Oy and ~ 240 TW/cm? for Ny [47).
In contrast, the strong-field effects are expected to be less efficient with
excitation by circularly polarized light, which drives the bound electrons on
circular orbits [28]. In addition, for small linear molecules like Oy and N», a
rapid molecular alignment with the laser polarization can occur due to the
torque on the dipole moment induced by the laser field. This alignment is
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Figure 4.2: Illustration of the tunnelling ionization mechanism in quasistatic
approximation - The influence of the laser electric field on the Coulomb
potential of the molecule

possible only in linearly polarized light [48]. It was shown by modeling the
tunneling ionization that the ionization rate has a maximum when the long
axis of the molecular potential axis is parallel with the laser field [49, 50].
From these facts is clear, that comparative measurements by linearly and
circularly polarized excitation beams can distinguish between multiphoton
and tunneling ionization mechanisms.

4.4 Interaction of plasma with THz field

The THz pulse interacts mainly with free electrons. Interaction with ions
can be neglected, because of their greater mass. The dielectric properties of
the system can be modeled by the Drude-Lorenz model [51]. The motion of
the electrons can be described by equation:

dv(t) v e

— = — F.. 4.4.1

dt Te Me : ( )

where Ej,. is the local electric field acting on the charges, v (t) is the elec-
tron velocity, 7, the electron scattering time, —e the electron charge, m,
the electron mass. For homogeneous plasma Ej,. is equal to the THz probe
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Optical pump

Figure 4.3: Illustration of the charge separation leading to the screening of
the THz field

field. Then we obtain the Drude formula for the dielectric function of the
plasma [51]:
s
Q)1 + Q2
where (2, is the plasma frequency connected with the electron density N,
by equation Q2 = Ne*/ (egm.). However, in our case the excitation beam
is narrower than the THz beam, so at early times after photoionization the
plasma is localized in a cylinder of much smaller diameter than the waist of
the THz beam (see Fig. 4.3). As a result, application of the THz field may
lead to a separation of charges. Consequently, we have to account for the
polarization P in the plasma induced by the THz electric field which reduces
the effective local field Ej,.:

e(Q) =1 (4.4.2)

P
Eie = Erg, — — 4.4.3
oo = Erti: = 5 (1.4
where the factor 2 comes from the geometry (cylindrical symmetry) of the
system. The rate of change of the polarization is related to the current

density:

dP
i —eN v (4.4.4)
Then from Eqs. 4.4.1, 4.4.3 and 4.4.4 we get:
Q2
e(Q) =1 - (4.4.5)

Q)T+ 2 — Q22

It can be seen, that the real part of the denominator in Eq. 4.4.5 van-
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Figure 4.4: Comparison of the simple Drude model with a Drude-Lorentz
model accounting for the screening of free carriers. (Computed for N, =
2.10%em™3 and 7, = 300 fs.) The transverse plasma oscillations can be
identified at frequency Qp/ (2\/§7T) ~ 28 em L.

ishes for Q = 2,/v/2, so for long scattering times 7, (underdamped plasma)
the transverse plasma oscillations can be directly observed at the frequency

Q,/V2 (see Fig. 4.4).

4.5 FEvaluation of the experimental data

From the measured time-domain transient signals we obtain the complex
transmission functions At (€2, 7,) (see paragraph 2.3.2). These are raw data,
from which we need to calculate the dielectric function in order to get more
quantitative information about the plasma and the ionized gas. The trans-
mission of the THz beam through the sample is in principle influenced by
two phenomena.

(i) The impedance mismatch at discontinuities and inhomogeneities of the
complex refractive index leads to reflection losses (or more generally to
scattering losses).

(ii) The propagation through the sample leads to an exponential attenua-
tion of the wave and to its phase change.

In the following we study the conditions where the contribution due to the
impedance mismatch can be neglected and we try to quantify the effective
length d.¢s of the interaction.
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D=0,5 mm

Figure 4.5: Paths of optical and THz beams close to the diaphragm placed
to their common focal plane.

The problem of the interaction volume in highly nonlinear optical experi-
ments has been discussed in detail from a general point of view in [45]. More
specifically, in our case the interaction volume corresponds to the intersec-
tion of a cylinder defined by the pump beam near the focus (note that the
Rayleigh confocal parameter of the focused optical beam is ~ 3 cm) and of a
cylinder defined by the diaphragm opening (see Fig. 4.5). Consequently, we
assume that our sample can be considered as a 2.8 mm long cylinder with ra-
dius r related to the pump beam diameter. However, the intensity profile of
the pump beam is approximately Gaussian and the mechanisms of ionization
are highly nonlinear. As a result, the plasma is not homogeneous and the
estimation of the effective volume and shape is not unambiguous [45]. The
main part of the transient signal will come from the central region of the
plasma, where the laser intensity reaches the highest values. We expected
that from our experiment it would be possible to obtain quantitative results
for 405 nm pump wavelength. For this wavelength the radius of the plasma
r was determined as follows:

The ionization process is four-photon in Oy and five-photon in Ny. There-
fore we identify the parameter r with the half-width of the radial profile of
I* for oxygen and I° for nitrogen.
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As it was already pointed out, the nonlinearity in experiments with 810
nm pump wavelength is even much higher than that with 405 nm pump. Very
high inhomogeneity of the plasma is expected. The experimental results will
be analyzed only qualitatively.

Assuming that the approximations above are valid (our sample is homo-
geneous plasma with clearly defined geometry), we can define a procedure
for the evaluation of the data. The volume of the sample is V = mr?d (d
is the length of the cylinder, d = D/sin«). The average path of the THz
radiation propagating through this volume is

wr

defs = (4.5.1)

2sin o

We transform the cylindric sample to a parallelepiped with an effective thick-
ness derp and an effective front surface Sepp (= V/desy).

Considering this simple arrangement, the transmittance of the probed
region consists of two terms:

e One part of the THz beam does not propagate through the ionized
volume of the gas. Its transmission function is t; = 1.

e The other part propagates through the plasma of thickness d.;s. The
transmission function then reads:

£ (Q) = tpexp [iQ (N — 1) dusy/c] (4.5.2)

where N = n + ik is the refractive index of the plasma, tr accounts for
effective transmission losses due to interfaces.

The transmission function of the whole probed region can be obtained from
the weighted average of these contributions:

t1 (Sa — Seff) + t2Seff

t:
Sa

(4.5.3)

where S, is the surface of the aperture. The photoinduced change in trans-
mission function then reads:

Se
At =t—1=[tpexp (i (N — 1) dess/c) — 1] Sff (4.5.4)
We assume that the optical constants of the excited gas are very close to
the equilibrium values (n ~ 1 and x ~ 0). The Fresnel transmission coeffi-

cient for a homogeneous sample with such properties is very close to unity.
One can find tr ~ 0.998 for AN =~ 0.1 and tp ~ 0.96 for AN ~ 0.5. It
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means that the effects caused by the inhomogeneity of the plasma (partial
reflections, scattering) are very small comparing to the propagation effects
described by the exponential term. So the refractive index can be obtained
from transmission function using equation:

At = {exp [iQ (N — 1) dos/c] — 1} f—; (4.5.5)

The evaluation of the dielectric function of the plasma is then straightfor-
ward:

£(Q) = (N () (4.5.6)

From the shape of the dielectric function, the electron density and scattering
rate can be determined using Eq. 4.4.5.

For the lowest pump intensities, when AE < F, the exponential term
can be developed into Taylor-series. Neglecting the higher terms nonlinear
in N, Eq. 4.5.5 can be written:

Q. V
At = . [i(n—1)— k] 5 (4.5.7)
So within this appproximation the transmission function scales linearly with
the interaction volume and AN = N — 1.

The evaluation of the optical constants depends to some extent on our
choice of the interaction volume, which cannot be unambiguously determined.
However, the good agreement of our data with the fits by the Drude-Lorentz
model, namely the correct position of the resonance at €2,/ V2 (see Chapter
5) confirms our choice.
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Chapter 5

Experimental results and
discussion

In the first two sections of this chapter we present and analyze the results
which are obtained at early times after photoionization (7, =5 — 10 ps). In
this regime we probe the plasma in a state when processes of the geminate
recombination and a possible secondary ionization of molecules by high en-
ergy electrons are over. On the other hand, the diffusion of the plasma is in
its initial state.

In section 5.3 we briefly analyze the plasma expansion observed when 7,
is increased.

Section 5.4 is devoted to the analysis of specific sharp features observed in
the THz spectra which are interpreted as rotational fingerprints of molecular
and ionic products of chemical reactions.

5.1 Probing the photoionization process

We examine the photoionization process by measuring AE,,,, (i.e. the tran-
sient signal AE (7,7,) with 7 fixed in its maximum and 7, fixed at 10 ps)
with variable pump intensity, for both linearly and circularly polarized pump
beams at wavelengths 405 and 810 nm. For better comparison the results
are normalized by E,,q., i.e. the maximum value of the measured reference
waveform E,..r (7).

The measured values of AE,,q./ Fyq. for linear polarization are displayed
in Fig. 5.1 for both oxygen and nitrogen.

For blue excitation, in oxygen the peaks follow the simple I* rule cor-
responding to four-photon ionization for pump intensities I < 4 TW/cm?.
Similarly, at pump intensities lower than 17 TW/cm? for nitrogen we get a
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Figure 5.1: Comparison of the measured signal peaks for oxygen and nitro-
gen, linearly polarized pump beam. For lower pump intensities the peaks are
fitted by the simple IV rule.

o 158 dependence demonstrating a competition between five- and six-photon
absorption. Apparently, the six-photon absorption process is the dominant
one. For the red pump beam we get comparable signals for nitrogen and
oxygen, while for blue pumping the signal peaks are significantly higher for
oxygen (see the comparison in Fig. 5.1).

The comparison of signals measured at linearly and circularly polarized
pump beams gives us a picture of the dominating ionization mechanisms.
The ratios of signals obtained for the two polarization states are displayed
in Fig. 5.2 for oxygen and in Fig. 5.3 for nitrogen. For blue pump beam, we
get AFE e/ AE;, ~ 0.6 — 0.7 for oxygen, ~ 0.4 — 0.5 for nitrogen. It means
that the multiphoton ionization process is dominant, but the contribution of
the strong-field tunneling process is not negligible. The slightly lower values
obtained for nitrogen may be related to the presence of 5-photon process
accompanied with a strong field Coulomb potential renormalization. For the
red pump beam, the value of this ratio is ~ 0.1 for the pump intensities
below 65 TW/cm?, so strong field ionization is the dominant process.

For higher values of the pump intensity AFE;,../AEy;, comes closer to one.
However, Fig. 5.11 clearly shows, that in this regime AFE,,../FEmaz, which
is measured for the linear polarization, tends to one, too. It means that the
observed effect for high pump intensities is due to the saturation of the THz
absorption rather than to a change of the ionization mechanism.

For oxygen, at I ~ 75 TW/cm? a dielectric breakdown occurs accom-
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Figure 5.3: The ratio of signal peaks measured for circularly and linearly
polarized pump beam for nitrogen

panied by a white-light continuum generation in the focal spot [52]. This
threshold intensity is close to intensity 85 TW/cm? needed to suppress the
Coulomb barrier of the molecule in a quasistatic limit (see section 4.3). For
nitrogen, we did not observe such an effect, as the threshold intensity for
Coulomb barrier suppression is ~ 240 TW/cm? and we use pump intensities
lower than 150 TW/cm?.

5.2 'Transient dielectric spectra - plasma os-
cillations

It is interesting to make a connection between AFE,,,, shown in the previous
section and the density of free electrons N, and to make in this way the
experimental results more quantitative. This is possible by measuring the
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Figure 5.4: Example of a measured transmission function; linearly polarized
pump beam at 405 nm

intensity [TW/em?| | electron density [10'° em™?] | scattering time [fs]
3.2 0.35 320
4.4 0.8 420
5.6 1.7 420
6.8 2.9 370
8.0 3.7 350
10.6 4.7 450

Table 5.1: Fitted plasma parameters for oxygen

transient THz waveforms for several pump intensities and to analyze the
transient THz dielectric spectra using the approaches described in sections
4.4 and 4.5.

The transient transmission functions were measured for both oxygen and
nitrogen, linearly polarized blue pump beam at pump-probe delay 10 ps.
An example of transmission function is in Fig. 5.4. Using equations 4.5.5
and 4.5.6 the dielectric functions were obtained. The results for oxygen
are shown in figures 5.5, 5.6, 5.7 and for nitrogen in Figs. 5.8, 5.9. The
dielectric functions were fitted by formula 4.4.5. The obtained values of
electron densities and scattering times are in tables 5.1 for oxygen and 5.2
for nitrogen. We estimate an error of 20% for electron density and about
50% for scattering time.

It can be seen that oxygen gives a higher signal than nitrogen for compa-
rable pump intensities and that the concentration of free electrons is higher.
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Figure 5.5: The measured dielectric spectra for oxygen fitted by the Drude-
Lorentz model (solid lines), first part
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Figure 5.6: The measured dielectric spectra for oxygen fitted by the Drude-
Lorentz model (solid lines), second part
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Figure 5.7: The measured dielectric spectra for oxygen fitted by the Drude-

Lorentz model (solid lines), third part
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Figure 5.8: The measured dielectric spectra for nitrogen, fitted by the Drude-
Lorentz model (solid lines), first part
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Figure 5.9: The measured dielectric spectra for nitrogen, fitted by the Drude-
Lorentz model (solid lines), second part

intensity [TW/cm?| | electron density [10'° em™] | scattering time |[fs]
10.8 0.75 230
12.8 2.5 200
14.1 3.1 210

Table 5.2: Fitted plasma parameters for nitrogen

A comparison of dielectric functions in the two gases for the same pump
intensity is displayed in Fig. 5.10.

The transverse plasma oscillations can be directly seen in the dielectric
spectra as a steep anomalous dispersion of the real part of the permittivity
around frequencies 10 —30 em ™. For higher pump intensities, the concentra-
tion of free electrons is higher. As a result, the plasma frequency is higher and
the part of Re ¢ with anomalous dispersion is shifted to higher frequencies.
This effect can be seen in Fig. 5.11.

The concentration of the free electrons N, is well defined by the position
of the steep anomalous dispersion of the real part of the permittivity. We
checked that the values of the fit parameters do not change significantly if
we use slightly different values d ¢ to get dielectric spectra from the trans-
mission function. To verify the robustness of our analysis and the fit, we
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Figure 5.10: Dielectric spectra of nitrogen and oxygen ionized at comparable
pump intensities

calculated and fitted trial spectra, where d. ;s was lowered by about 20%. We
found that the values of N, are practically not influenced by such a change in
the data analysis. On the other hand, these changes lead to a slight decrease
of the fitted values of the scattering time 7, (by about 10%). A comparison of
two spectra obtained using different values of d.s¢ is displayed in Fig. 5.12.

We performed an additional independent check of the validity of our eval-
uation of the data. We calculated trial spectra assuming a significantly differ-
ent interaction volume V' of the photoexcited sample: this was achieved by a
trial increase of the radius r of the sample cylinder by about 50% in equations
4.5.1 and 4.5.5. The agreement of the fit with the extracted THz dielectric
spectra was then significantly lower than that shown in Figs. 5.5, 5.6 and
5.7. In fact, an uncorrect choice of the sample volume leads to a significant
change of the behaviour of the high-frequency part of the dielectric function
(frequencies higher than 30 cm™!) while the anomalous low-frequency part
of the spectra remains practically unchanged. The two parts of the spectra
then cannot be satisfactorily fitted by the Drude-Lorentz model.

The values of electron scattering times were found of about 400 fs for
oxygen and 200 fs for nitrogen independently on the pump intensity. The
concentration of the free electrons is about four orders magnitude smaller
than the concentration of neutral molecules. Consequently, the dominant
scattering mechanism for free electrons is scattering on neutral molecules [53].
The scattering time can be described by formula:

1
Ts =
O'No’Ue

(5.2.1)

where Ny is the concentration of neutral molecules (Ny = 2.7 x 10" cm™
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Figure 5.11: Dielectric spectra of oxygen plasma for several pump intensities.
The arrow shows the shift of the anomalous part of Re ¢ to higher frequencies
when the intensity of the pump beam is increased.
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Figure 5.13: Density of free electrons N, versus the pump intensity for O,
and Ny. Pump at 405 nm, linear polarization.

for both oxygen and nitrogen at atmospheric pressure), o is the electron
momentum scattering cross section (o &~ 10~%¢m? for the given gases [54,
55] and v, is the thermal velocity of the free electrons. For the measured
scattering times we obtain the electron velocity of the order of v, ~ 10% m/s.
This corresponds to kinetic energy of several eV, which can be achieved in
our experiments. The scattering time of electrons in ionized nitrogen is two
times smaller than the values obtained in oxygen. The reason may be that
for nitrogen the sum of the photon energies used in a six-photon absorption
process is 6 x 3.06 = 18.36 eV and this value exceeds the energy required to
ionize the molecule by 2.8 eV, whereas in oxygen 4x3.06 = 12.24 eV is almost
identical to the ionization potential of the oxygen molecule of 12.07 eV. As
a result, the generated free electrons in nitrogen acquire higher velocity.

The values of AFE,,,, measured in the previous section can be connected
with the appropriate electron densities obtained in this section determined
from the dielectric spectra of the plasma. The results we obtained are shown
in Fig. 5.13.

For the red pump beam we could not obtain quantitative results from the
analysis of the transient dielectric spectra. In these experiments the plasma
is highly inhomogeneous.

e In the radial direction the electron density is proportional in average

to IV, where I is the pump intensity and N is the order of the inter-
action. The effective volume of the sample is considerably decreased
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compared to that considered in the experiments with blue pumping.
Consequently, the sensitivity of our experiment is lower and plasma
with higher density can only be probed. For such intensities, the ap-
proximation leading to Eq. 4.5.5 serving for the transient data analysis
becomes questionable.

e The plasma is expected to be highly inhomogeneous even along the
pump beam path (i.e. along the axis of our cylindrical sample) when the
strong field ionization mechanism is dominant. Hot free electrons with
high kinetic energies sufficient for subsequent ionization by collisions
may become available. This may lead to an inhomogeneous distribution
of free electrons.

5.3 Measurement of the signal peak with vari-
able pump-probe delay

By these measurements we examined the change of the average THz response
of the plasma: the delay time 7 was fixed to the value AF,,,, for which the
transient signal AE(7,7,) reaches its maximum and the delay time 7, was
scanned. The measured results are in Fig. 5.14 and 5.15 (for both pump
wavelengths). At zero pump-probe delay the signal shows a sharp rise. Over
approximately 100 ps after excitation the signal has nearly constant value.
This plateau is followed by a decay which can be fitted by an exponential
curve with time constant ~ 400 ps. The same shape of the signal is observed
also for lower pump intensities than those reported in Fig. 5.14. Overall, the
shape of the signal confirms the application of our approximation of slowly
varying dynamics.

We have already pointed out that for low pump intensities the transient
THz signal is proportional to the total number of electrons probed by the
THz field. It means that for early time delays 7, where the plateau is observed
in the pump—probe scan of AFE,,,, 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.

The origin of the plateau in the pump—probe scans (see Fig. 5.14) for high
pump intensities (I > 4.4 TW /cm?) can be understood from Fig.5.16, where
the transient transmission spectra are shown for 12 TW/cm? pump intensity
at several pump—probe delays. Unfortunately, for these intensities the ap-
proximations allowing us to calculate the dielectric spectra are no more valid
and we can draw some qualitative comments only. At early times after photo-
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Figure 5.14: The peak THz signal from Oy depending on the pump-probe
delay

ionization, the electron plasma is dense and confined to a rather small volume.
In these conditions, the electron plasma density amounts ~ 10'® cm 2 and the
plasma frequency €,/(27) ~ 30cm™'. Note that the excitation of the trans-
verse plasma oscillations by the THz field at 7, = 10 ps is clearly observed as
a decrease of the transient transmission around €,/(2v/27) ~ 21cm™! (see
Fig. 5.16). Subsequently, a plasma expansion in the radial direction (with
respect to the direction of the pump beam propagation) occurs leading to the
reduction of the electron density. However, the sample is not in the linear
regime described by Eq. 4.5.7. Consequently, the transient spectrum must
change its shape. The transverse plasma oscillations are shifted to lower
frequency and the high-frequency part of the transient signal is reduced (cf.
curves in Fig. 5.16 obtained for 10 and 60 ps pump-probe delay). The total
number of probed free electrons being still conserved we come to the conclu-
sion that the volume of the plasma cylinder has significantly increased in the
radial direction and, in this regime, the product N.d%; remains constant.

For the delays higher than 100 ps the free electrons with the highest
velocities can reach the boundary of the probed region, i.e. they get out of
the clear aperture of the diaphragm and the overall signal decreases. These
hypotheses seem to be in qualitative agreement with the results published
in [43], where the recombination time of electron plasma in He was found to
be larger than several us.
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Figure 5.15: Scanning the peak THz signal from N, with variable pump-
probe delay.

5.4 Rotational lines in the spectra

Ozone rotational spectral lines were detected at frequencies 21.9 and 28 em ™!

in the spectra of both reference (pump-beam off) and transient (pump beam
on) waveforms in experiments with oxygen (see Fig. 5.17) [46]. This demon-
strates pump-induced formation and long-lived presence of ozone in the ex-
perimental box. The main source of the ozone are the oxygen atoms created
by the dissociation of oxygen molecules (see paragraph 4.3). The forma-
tion of ozone is not a transient effect, its presence was detected only after
sufficiently long pumping, not immediately after refilling the experimental
chamber with fresh oxygen. As the whole path of the THz beam is about 60
cm long, even relatively low concentration of ozone could be detected. In the
transient transmission functions (ratio of the transient and reference spectra)
these lines are not present.

Rotational lines of residual water vapor were also detected in both tran-
sient and equilibrium waveforms (see in Fig. 5.17). We estimate that the
ratio of concentrations of water vapor and oxygen was 1:1000.

In contrast to these quasi-equilibrium spectral lines, a marked transient
feature is observed near 37 cm™! for the pump intensities higher than 8
TW /cm?. This line is observed both in amplitude and phase spectra (see
Fig. 5.16); its shape evokes an oscillatory mode with a lifetime exceeding
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
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Figure 5.16: Transient transmission functions measured for different pump-
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The arrows show the detected transient spectral line at frequency ~ 37 cm™1.
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Figure 5.17: Rotational spectral lines of ozone and water in the spectrum of
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density. Indeed, the position of this line is practically independent on the
pump intensity. The evolution of the plasma contribution (i.e., the whole
transmission function less the feature around 37 cm™') upon increasing the
pump—probe delay is clearly marked in the spectra by a net vertical scaling
of the transmission function and by significant changes of its shape below 25
em ™! (Fig. 5.16). In contrast, the line at 37 cm™! does not change its shape
and exhibits only a very small red-shift at early times.

We have searched for a possible molecular origin of this line. Gaseous
impurities, such as water vapor, could be possibly responsible for the 37
cm~! spectral feature. Note that this feature is very close to a prominent
water molecule rotational line. [46] Moreover, simple ab initio calculations (at
the MP2/aug-cc-pvtz level) show that HoOT has almost the same geometry
(and thus also rotational spectrum) as HoO and that it has about 15 %
larger dipole moment than a neutral water molecule. Therefore, HyO™, if
formed in the experiment, would show a strong rotational line around 39
cm~!. However, it is not clear, why other water lines (e.g., at about 47 cm™!
and 55.5 cm ™!, which exhibit even a stronger absorption in equilibrium water
vapor transmission measurements) are not observed. [56]

As described above, ozone is formed in the chamber during the exper-
iment. The "non-plasma” spectral feature could possibly also come from
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rotation of a transient OF ion. This ion can be most likely formed via sec-
ondary ionization of ozone. The lifetime of ozone cation should be very short
since it can readily neutralize by electron capture and/or react chemically.
Since the geometry of OF 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 eval-
uated at the MP2/cc-pvqz level are 6.595, 0.403, and 0.380 cm™!). Ozone
cation should thus exhibit strong rotational line around 31 and 43 cm™!.
These are the K =2 — 1 and K = 3 — 2 lines within the near-prolate top
approximation. [46] Our estimates are in a good agreement with the results of
a most recent comprehensive study of the rotational structure in the spectra
of photoionized ozone. [57] They are, however, somewhat short of a perfect
match with the present experiment. [56]
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Chapter 6

Summary

In this part, we summarize the results of this work. The original achievements
of this thesis are:

e We applied optical pump-THz probe spectroscopy to the investigation
of photoionization processes in oxygen and nitrogen. We developed a
method to extract the dielectric function of the plasma from the mea-
sured THz data. This method was based on the existence of transverse
oscillations of an inhomogeneous plasma in the photoionized gas. The
free electron density in the plasma was determined from the position
of these oscillations in the THz dielectric spectra of the plasma. We
obtained electron densities in the range 10 — 10'¢ ¢m ™ and scatter-
ing rates of 400 and 200 ps for the plasma in oxygen and nitrogen,
respectively.

e We prepared an experimental setup that enabled controlled ionization
of gases: it allowed changing the wavelength, intensity and the polariza-
tion of the pump beam. Using this setup we distinguished between the
mechanisms of the photoionization of the selected gases. For 810 nm
pump wavelength, the strong-field tunneling mechanism was dominat-
ing in contrast with the pump at 405 nm, where the contribution of
the multiphoton process was the most significant.

e We detected ozone as a product of the ionization of oxygen by its
rotational spectra. We also observed a transient spectral line in the
transient THz transmission spectra of oxygen active only for pump
intensities higher than 12 TW /cm?. The origin of this feature may be
in the presence of ozone cation OF , but firm evidence is still elusive.
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