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Abstract
Using the strong field approximation we calculate photoelectron momentum
distributions generated in the interaction of low-frequency two-color laser fields
with atomic gases. The field consists of an infrared linearly or circularly polarized
pulse of intensity close to 1014W/cm2 and its second linearly polarized harmonic
whose intensity does not exceed 10% of the fundamental. Our calculations aim to
find a field configuration, which maximizes the photoelectron current left after the
interaction. Such net currents result from asymmetries of photoelectron distributions
in non-monochromatic coherent fields with fixed phases between the frequency
components. We show that combining a circularly polarized intense pulse with a
linearly polarized pulse of the second harmonic one could approach the highest
possible asymmetry of the photoelectron distribution and therefore the highest value
of the net current.

Keywords: terahertz radiation, strong-field ionization, photoelectron currents, strong
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1. Introduction

Over the past two decades a new direction in the strong-field atomic and molecular
physics has emerged which is the generation of light pulses of terahertz (THz) fre-
quencies in the interaction of intense infrared laser radiationwith atomic andmolecular
gases including ambient air. For the history and the state of the art of this research field,
we direct the reader to [1–4] and the papers quoted there. Coherent light pulses with
the carrier frequency 𝜈 ∼ 1 ÷ 10THz are potentially useful for a variety of applications.
In particular, they can be applied for excitation of spin waves, orientation of molecules
and for terahertz spectroscopy of different materials, see [6–8] for details.

One of the promising schemes for the generation of THz radiation is based on ioniza-
tion of gases by intense optical or infrared two-color (bichromatic) laser radiation. In
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a monochromatic electromagnetic field of nonrelativistic intensity the probability dis-
tribution 𝑤(𝑝)in final photoelectron momenta 𝑝 possesses inverse symmetry: 𝑤 (−𝑝) =
𝑤(𝑝) that results from the respective symmetry of the electric field, 𝐸 (𝑡+ 𝑇

2 ) = − 𝐸(𝑡)
of the laser, with 𝑇 = 2𝜋/𝜔 being the optical period and 𝜔 – the laser frequency. For
a non-monochromatic field this symmetry does not hold, resulting to an asymmetric
photoelectron distribution and a nonzero net photoelectron current.

An efficient way of breaking the symmetry of photoelectron distributions consists
in the application of a two-color laser field, viz. a coherent superposition of an infrared
laser pulse and its second harmonic generated after the propagation of the main laser
pulse through a nonlinear crystal. It was shown both in experiments and theoreti-
cally [10–13] that such scheme leads to the generation of a considerable THz light
signal even when only few percent of the fundamental pulse energy is converted
into the second harmonic. By now, most of the studies explored the scheme with
two linearly polarized pulses. It was shown in particular that the configuration with
parallel polarizations leads to higher photoelectron currents and THz signals than the
one where the polarization directions are orthogonal. The main disadvantage of the
scheme with linear polarizations is connected to the fact that the asymmetry of pho-
toelectron distributions is maximal when the electric fields of the two components
are phase shifted by 𝜋/2, so that the enhancement in the ionization rate due to the
presence of the second harmonic is minimal (see, e.g., [9, 14] for details). As a result,
the average photoelectron momentum 𝑝0, which can be acquired within this scheme,
appears proportional to the vector potential of the second field at the time instant
when the first field has a maximum:

𝑝0 ∼ 𝐴2 (𝑡0) ≈ 𝜖𝐸1
𝜔 . (1)

Here, 𝐸1 is the amplitude of the fundamental filed and 𝜖 = 𝐸2/𝐸1 is the ratio of
the field amplitudes. For realistic experimental situations, this ratio is small, 𝜖 ≪ 1,
corresponding to a few-percent efficiency of the nonlinear conversion. As a result,
the net momentum can only be a relatively small fraction of the characteristic field
momentum

𝑝𝐹 = 𝐸1/𝜔. (2)

Such regime corresponds to the linear part of the plots shown on Figure 1.

A higher degree of asymmetry can only be achieved if both fields are of compa-
rable amplitudes as it is also illustrated by Figure 1. However, the regime with 𝜖 ≈ 1
simultaneously with the fields coherently superimposed is difficult for experimental
realizations.

DOI 10.18502/keg.v3i6.3014 Page 352



 

Breakthrough Directions of Scientific Research at MEPhI

Figure 1: Average (net) photoelectron momentum in arbitrary units calculated versus the parameter 𝜖 =
𝐸2/𝐸1 for the case when the field phases are shifted by 𝜋/2. The fundamental wavelength 𝜆 = 800 nm,
and the intensities are shown on the inset in W/cm2. Ionization of argon is considered. Sharp spikes on
the curves result from the channel closing effect taking place with the growth of the total intensity; see
[14] for details of the calculation.

As is seen from the plot, the linear regime, when the effect of the second field on
the average momentum is perturbative extends up to 𝜖 ≈ 0.2, which corresponds to
4% of the laser intensity converted into the second harmonic, the value close to typical
experimental numbers.

In this work, we discuss a similar two-color setup, but with the fundamental field
circularly polarized. This discussion is stimulated by a recent paper [15] where the
generation of THz light by a superposition of two circularly polarized pulses was con-
sidered and a gross enhancement in the THz signal compared to the case of linear
polarizations was observed at all other parameters but the field polarizations fixed.
Basing on the strong field approximation [16–19] commonly used for description of
laser-atom interaction in the strong-field regime, we show that a setup with a super-
position of circularly polarized fundamental and linearly polarized second harmonic
field can generate photoelectron spectra with an exceptional degree of asymmetry,
making the net momentum close to the field momentum (2).
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2. Photoelectron Distributions in the Presence of
a Circularly Polarized Fundamental Field

In order to justify the idea of using at least one circularly polarized pulse, we describe
the ionization dynamics within the strong field approximation (SFA) [16–19], which
allows a very simple qualitative analysis. We assume the fields in the form

𝐸1 (𝜑) = 𝐸0 (𝑐𝑜𝑠𝜑, 𝑠𝑖𝑛𝜑) , (3)

𝐸2 (𝜑) = 𝜖𝐸0 (𝑐𝑜𝑠 (𝜑 + 𝛼) , 0) (4)

and calculate the SFA ionization amplitude and probability along the standard expres-
sions:

𝑀 (𝑝) = ∫𝑑𝑡 ⟨Ψ𝑝 | ̂𝑉 (𝑡) | Ψ0⟩ , (5)

𝑑𝑤 (𝑝) = |𝑀 (𝑝)|2𝑑3𝑝. (6)

Here, Ψ0 and Ψ𝑝 are the initial and the final state wave functions correspondingly,
the latter is approximated by the Volkov wave; and ̂𝑉 (𝑡) is the laser–atom interaction
operator. For a detailed discussion of Equations (5) and (6) and of approximationsmade
there, we send the reader to review [19].

The time integral in the amplitude (5) is usually calculated by the saddle-point
method. In the strong field limit we are considering here saddle points with real parts
close to that time instants where the field is maximal give an exponentially dominant
contribution into the amplitude. At the same time, the corresponding photoelectron
momentum is close to the minus vector potential of the laser field taken at this time
instants,

𝑝 ≈ −𝐴(𝑡0). (7)

This qualitative picture is summarized in Figure 2.

Given that, one could easily estimate the net momentum as −𝐴(𝑡𝑚) with 𝑡𝑚 being
the time instant where the field has its absolute maximum. The resulting momentum
distribution calculated along the SFA and shown in Figure 3 fully confirms this qualita-
tive picture: It consists on a single pronounced maximum at the momentum close to
the one of the fundamental field vector potential and of two secondary maxima that
gives a minor contribution into the net photoelectron momentum.
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Figure 2: (Color online) Polar plot of the electric field vector (green line) as a function of the rotation
angle in the polarization plane for 𝜖 = 0.3 and 𝛼 = 0. Red ovals indicate the areas close to the local field
maxima. The absolute maximum of the field corresponds to 𝜑 = 0. Blue arrows indicate the direction and
the absolute value (in relative units) of photoelectron momenta for ionization instants corresponding to
the respective maxima. The symmetry of the plot clearly shows that the net photoelectron momentum
will be directed downwards having a value close to the field momentum.

3. Discussion

The obtained results show that a two-color laser field consisted of a strong circu-
larly polarized fundamental harmonic and of a linearly polarized second harmonic of
infrared radiation generate photoelectron distributions highly asymmetric in the polar-
ization plane. This asymmetry almost maximizes the net momentum of photoelectrons
after the interaction with the laser pulse is over. Besides, the distribution near the
maximum appears quite narrow in the momentum space, making the photoelectron
current almost monoenergetic.

As far as emission of THz radiation caused by this current is concerned, the absolute
value of the net momentum determines the radiation intensity. Thus, the optimal
choice of the laser parameters should be dictated bymaximization of the vector poten-
tial amplitude. At the same time, the laser intensity cannot be infinitely increased
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Figure 3: 3D plot of the photoelectronmomentum distribution (in arbitrary units) calculated from Equations
(5) and (6) for ionization of hydrogen by a laser pulse consisted of an 800-nm circularly polarized
fundamental harmonic of intensity 1014W/cm2 and a linearly polarized second harmonic with intensity
equal to 5% of the fundamental (𝜖 = 0.22). The relative phase of the fields 𝛼 = 0. Horizontal axes show
the projections of the photoelectron momenta in the polarization plane measured in atomic units.

because of the fast saturation of ionization at intensities exceeding 1014W/cm2. As
a result, the natural way for increasing the THz signal lies in the application of mid-
infrared laser fields with wavelengths 𝜆 ∼ 2 ÷ 4𝜇𝑚 that should be possible with the
presently existing laser sources.
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