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Abstract: In this work we study numerically the generation of intense terahertz radiation in the interaction of two-color circularly polarized
laser pulses of optical or infrared wavelength range with argon. The terahertz pulses obtained in such a scheme can be used to generate
strong slowly changing electric and magnetic fields of a given configuration. To investigate the terahertz emission by a plasma source
arising from the ionization of a gas medium by femtosecond laser field with a peak intensity of 10"*-107 W/cm? a fully kinetic plasma model
consisting of the Vlasov equations for the plasma distribution function and the Maxwell equations for the self-consistent electromagnetic
field has been used. Our numerical code is based on the particle-in-cell method and employs state-of-the-art widely used algorithms, such as
finite difference time domain method for modeling the electromagnetic fields, Boris pusher to update the particle positions and velocities,
and the charge conservation scheme to satisfy the continuity equation. The field ionization is implemented using the tunneling ionization rate
Jformula. Our simulations have shown that at a sufficiently small interaction volume the plasma oscillations excited by asymmetric ionization
are almost homogeneous in space and lead to an efficient conversion of electron energy into the energy of emitted terahertz radiation.
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1. Introduction

Terahertz (THz) radiation, located on the wavelength scale
between micro- and infrared (IR) wavelengths, has in terms of
practical applications and use in physical experiments a number of
unique properties. These include above all high penetration depth
and absence of ionization losses for most materials. Furthermore,
the characteristic frequencies of vibrational-rotational modes of e.g.
organic molecules, as well as the characteristic frequencies of
quanta of crystal lattice vibrations correspond to this spectral
region. Practically important tasks related to the generation and
detection of THz radiation include medical applications, security
systems, environmental monitoring and even such an exotic
example as THz astronomy. The development of technologies for
producing high-intensity THz radiation would make it possible to
extend the methods of nonlinear optics and strong field physics to
this region of the electromagnetic spectrum. In particular, when
focusing powerful THz pulses into the diffraction limit, electric
fields of the order of 10 MV/cm can be obtained. Quasi-static fields
of such intensity can be used to excite nuclear transitions in
molecules and spin waves in solids, and to control Rydberg atoms.

Several methods of producing THz pulses of high average or
peak power are currently realized. Synchrotrons and free electron
lasers have been successfully used as THz sources for several
decades. The main disadvantage of these sources is their large size
and high cost. Furthermore, while the record average THz radiation
power is produced with such devices, it is difficult to obtain high
peak intensities with them. In contrast, THz sources based on
compact terawatt laser systems make it possible to achieve high
peak intensity at relatively low average power and small installation
size. Such sources are promising from the point of view of
applications to nonlinear atomic optics problems in which peak
values of electromagnetic field strengths are important. The
following three methods of laser generation of THz pulses of high
peak intensity are believed to be the most effective: (i) a scheme
based on the ionization of gases using dual-frequency or
multi-frequency laser pulses [1,2]; (ii) interaction of relativistically
intense laser pulses with plasma targets [3,4], and (iii) optical
rectification in crystals [5,6]. Although the maximum intensity of
the electric and magnetic fields of THz wave can be achieved by
means of optical rectification effects in organic crystals and
relativistic interaction of intense laser radiation with dense targets,
both methods suffer from the low < 100 Hz repetition rate. Instead,
the experiments on the control of nonlinear optical processes in
atomic systems require significantly higher repetition rates of at
least tens of kHz. THz wave sources based on the ionization of
gases by multi-frequency laser fields may provide the repetition
rates of hundreds of kHz range. To date, it was possible to obtain
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fields with an amplitude of about 8MV/cm [7], which is a record
value for THz sources with a high repetition rate. Further studies
have shown that the use of pump pulses with a longer wavelength
leads to an increase in the conversion factor from IR to THz ranges
[8]. The energy of terahertz radiation increases approximately five
times if to ionize argon the circularly polarized laser pulse is used
and the other parameters of the laser field and the target are fixed,
compared to the case of a linearly polarized pump laser field [9].

In this work we investigate numerically one particular scheme
[10] for the generation of intense THz radiation. This scheme is
based on the interaction of two-color circularly polarized laser
pulses of optical or IR wavelength range with a gas medium.
Theoretical analysis of both the single-atom-ionization dynamics
and the collective motion of the laser-generated plasma (restricted
to the 1D model) performed in [10] confirmed that the application
of the circularly polarized laser light with 2-4 micrometer
wavelength may result in considerable increase of the conversion
efficiency of the IR radiation into the emitted THz waves. To
calculate self-consistently the emission of THz waves by a plasma
source arising from ionization of argon by a femtosecond laser
pulse we use the code UMKA, which is based on the particle-in-cell
(PIC) method and employs state-of-the-art widely used algorithms,
such as finite difference time domain (FDTD) method for modeling
the electromagnetic fields, Boris pusher to update the particle
positions and velocities and the charge conservation scheme to
satisfy the continuity equation [11,12]. The detailed description of
the numerical algorithms can be found in [13]. The field ionization
is implemented using the tunneling ionization rate formula [14].
The paper is organized as follows. Section 2 describes the problem
statement and initial setup. In Section 3 the numerical results are
presented and discussed. Conclusion and outlook are given in
Section 4.

;
-

LASER PULSE

Figure 1. Schematic setup. The two-color laser pulse enters the numerical
box through the boundary x = 0 and propagates into the region x > 0.
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2. Model and Simulation Setup

Our numerical code is based on the mathematical
modelconsisting of the Vlasov equations for distribution functions
of the ions and electrons
)
o TV
and the Maxwell equations for the electromagnetic fields (here we

write the Maxwell equations in CGS units)
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Here f L, - are the distribution functions of ions and electrons, i is

the Lorentz force, B and E are the magnetic and electric fields, p
and j are the charge and current densities. The Vlasov equations
are solved using the PIC method in which the continuous
distribution functions of plasma components are sampled by a large
set of individual macroparticles, whose trajectories coincide with
the characteristics of the Vlasov equations. Boris pusher [15] is
applied to update the particle positions and velocities. Current and
charge densities are calculated from the particle position and
velocities _
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Here q,,are the ion and electron charges. The charge conservation

scheme is implemented to satisfy the continuity equation [11]. The
Maxwell equations are solved by the FDTD method on the 2D
regular Cartesian grid. The second order weighting is used to
interpolate the electric and magnetic fields to the particle positions.
The initial 2D simulation setup is shown schematically in Fig. 1.
The two-color laser field, consisting of a superposition of an
intense circularly polarized fundamental pulse of frequency w and
its circularly polarized second harmonic with intensity on the level
of 5% of the fundamental, enters the numerical box through the left
boundary x = 0 and propagates into the region x > 0. The
intensity of the fundamental harmonic is in the range

14 15 2 i .
I =10 —10 W/cm . Note that the restriction to circular

polarization in both contributing colors eliminates any dependence
on the initial relative phase of the two fields. The two-color laser
pulse irradiates a gas cell filled with argon with a concentration in

the range of 10" = 10"em ™.

In simulations a spatial resolution of Ax = Ay = A/20, with A
being the shortest wavelength of the two-color ionizing laser pulse,
and 64 macroions per cell were used. Absorbing boundary
conditions for the fields and particles were employed in the
propagation direction x, periodic ones in y. The size of the
simulation box was chosen big enough to rule out any boundary
effect on the observables of interest due to reflections or particles
leaving the box.

In our PIC code field ionization is taken into account within the
cascade mechanism by means of tunnel formulas [14]. In particular,
the ionization rate of an ion with the charge state Z — 1 and the
ionization potential I in an electric field with amplitude E reads

2\ 2 2F
h k"h ch
w(E) = = . — - exp|— .
( ) ( E ) 41'[27718 Ech p( 3E )
2m, 2m [ i I,
Here k = W E =— —n=17 -, m and e are the
h ch 4 me e

electron mass and charge, [ u is the ionization potential of atomic

hydrogen, h is the Planck constant. At each point in the
computational domain where there are neutral particles or ions in a
low ionization state, ionization occurs randomly with probability
p = w(E) - At. When an ionization event takes place a free
electron at rest is created at the position of an ion. The energy
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needed for ionization is subtracted from the laser field, while only
external fields can do work. To that end after an ionization has
occurred, energy is taken out of the field via an ionization current
parallel to the electric field at the ion location. The value of the

ionization current is such that (}inn . E) is equal to the work spend

on ionization per time step A t. If the remaining field energy in a
cell is insufficient for further ionization, this cell is not considered
anymore during the current time step [16], so that the energy
conservation is accounted for during the whole process.

The scheme of the two-color ionization setup with circularly
polarized strong pulse of frequency w and the weak pulse of
frequency 2o for excitation of THz currents in a gas target can be
introduced in the following way. A strong laser field quickly ionizes
atoms creating a plasma channel. The initial phase-space
distribution of this plasma is determined by the probability of

ionization into a state with momentum p of an atom placed at

position 7. In a monochromatic field, photoelectron momentum
distributions possess inversion symmetry, which results from the
respective  inversion symmetry of the electric field
E(t + T/2) =— E(t), with T = 2n/w being the period of the
fundamental wave. A weak second harmonic with the relative
amplitude € K1 Dbreaks the field symmetry,
E(t + T/2) #— E(t), and results in an asymmetric (in
momentum space) emission of photoelectrons. This asymmetry
leads to the excitation of a  nonvanishing time-dependent net

electron current ]T(;, t) which emits radiation. During and after the
interaction with the laser pulse this asymmetric current excites

I . . 2 .
plasma oscillations with frequencies w 4me ne/me , with n,

. . 11 13 -1 .
being the electron concentration, w = 1007 — 10" s 7, leading to

the emission of radiation into this frequency domain. Typically, only
a small fraction of the photoelectron kinetic energy is converted into
coherent radiation of high harmonics (HHG) and of THz waves,
while more than 99% of this energy goes to bremsstrahlung or
recombination radiation. We show here that a significant fraction of
incoherent radiation can be transmitted to the coherent THz domain.
For that we are looking at conditions making THz emission fast, so
that a significant fraction of the electron energy is radiated out
within a single THz cycle or even faster.

3. Simulation Results

E,(x,y;t)

160fs

50pum 10%%cm3

240fs [PMERTR]

20pm 10Ycm3

Figure 2. Interaction of a two-color laser pulse with small argon cells.

Distribution of the electric field in the (x,y) plane for a 50um cell

L . 19 -3
and initial atom concentration n 0= 10 "cm = (upper row) and a

. 17 -3
20um cell and concentration n 0= 10 "¢cm = (lower row) are shown

in Fig.2 for different time instants. White line shows the electric
field strength in units of the external laser field amplitude measured
in the center of the cell, black line — the same for the cell edge.
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Laser intensity in both cases is [ = 2 - 1015W/cm2, the
wavelength of the fundamental harmonic is A = 2nc/w = 0. 8um.
Coherent dipole oscillations are excited in both targets via the
asymmetric two-color ionization.

At t = 320 fs for a larger cell and at t = 400 fs for a smaller
cell the short THz pulse propagating in forward direction is clearly
observable. Note that in simulations a considerable emission is also
observable in the backward direction as well. Inside the ionized cell
the field distribution with a complicated dependence on the cell size
is formed.

Fig. 3 shows the time-dependence of the electric field averaged
over the time interval of several laser periods inside the SOum cell.
The inset shows the energy of electrons and that emitted into the
THz domain. Comparison of the radiated energy for different cell
sizes have shown that small cells emit with higher efficiency per
electron. In particular depending on the initial gas concentration and
fundamental wavelength of the pump laser pulse 20um cell emits
2.7-4.7 times more energy per electron than the 50pm cell.

0.03 Wrh,

10"

0.01

-0.01

100fs

Figure 3. Electric field inside the S0pm cell as a function of time.

Series of simulations with different fundamental wavelength have
shown that the total dipole radiated energy is approximately 50
times bigger for A = 3. 2um than for A = 0.8pum. The spectra of
the THz radiation for different pump laser wavelengths
A = 0.8um, 1.6pm, 3.2 um of the circularly polarized laser

pulse with intensity I = 3.5 - 1015W/cm2 are shown in Fig.4. The
power of the THz emission for A = 3.2pm is significantly bigger
than that for A = 0.8um and A = 1. 6pm.
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Figure 4. Spectra P(v) of the THz radiation.

Figures 5 and 6 show the snap-shots of the averaged, over the laser
period T, distributions of the current density inside the large
160X x 150A argon cell at 3 different time instants. Fig. 5
demonstrates the formation of the quasi-periodic configuration. By
the time t = 840 fs (Fig. 6) the dynamical non-radiating
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quasi-periodic configuration is formed. Oscillations are present
long after the pump laser pulse is gone. The one-dimensional
distributions along the axis of the cell (y = 0) and on the border of
the ionized region are shown in black and blue correspondingly. The
results of the simulations suggest that the observed non-radiating
dynamical configuration with a complex dependence of the field
and current density distributions on the gas cell size is formed under
the action of the strong coherent radiative reaction effect.

t=440fs

0.03

-0.03

Figure 5. Current density inside the large argon cell at t = 173 fs and at
t = 440 fs after the beginning of the interaction.
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Figure 6.Current density inside the large argon cell at t = 840 fs after the
beginning of the interaction.

4. Conclusion and Outlook

Results of our 2D PIC simulations of the post-ionization plasma
dynamics excited in a small gas cell by a strong two-color circularly
polarized IR pulses show a considerable enhancement in the
IR-to-THz conversion efficiency in the case when mid-IR
wavelengths are applied. As a result, the quasi-static electric field
with the amplitude up to 20 MV/cm is generated inside the target
and in the near-field zone. When a gas cell is sufficiently small,
highly coherent dipole oscillations of the electron plasma are shown
to be excited leading to a further increase in the conversion
efficiency. The damping of dipole oscillations results from a
coherent multi-particle effect of the radiation reaction force. Full 3D
simulations are necessary to verify 2D predictions. The simulations
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have shown that coherent radiation reaction plays a major role in the
plasma dynamics. Most likely, the observed non-radiating
dynamical configuration with complicated dependence of the field
and current density distributions on the gas cell size forms under the
action of this strong radiation effect. Further more detailed

investigations are required to validate this assumption.
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