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A B S T R A C T

Here we for the first time report an enhancement of terahertz (THz) radiation generation in air by a partial
blocking of bichromatic pump beam consisting of the femtosecond Ti:Sapphire laser fundamental and its second
harmonic. Both the experimental results and numerical analysis of the generation process demonstrated an
increase of THz radiation yield by 15–20 percent over a wide range of the pump power and other experimental
parameters. The dominant mechanism of THz radiation generation enhancement was found to be the pump
pulse splitting suppression during its propagation in the plasma channel induced by the distorted beam.
Introduction

Terahertz (THz) radiation generation in air by focused bichromatic
femtosecond laser pulses [1,2], allows to obtain very high THz field
strengths and extremely broadband spectral widths [3–6]. However,
in most experiments the simple set-up based on the fundamental and
its second harmonic (FH and SH, respectively) of Ti:sapphire laser has
been used as a pump source, which resulted in a quite low generation
efficiency, typically not exceeding 10−4−10−3 [5,7–9]. Therefore, many
sophisticated methods have been proposed to solve this problem. Thus,
the use of longer wavelength femtosecond laser pulses showed a strong
wavelength scaling of THz generation efficiency [10–13]. In addition,
there were reported both the experimental and theoretical findings on
THz generation by two-color laser pulses with uncommon frequency
ratios [14–18] as well as by three-color [17,19–21] or even multicolor
pump pulses [22]. Also, it was demonstrated [2,23,24] that the circu-
larly polarized FH and SH pulses produce a significantly (by a factor
of up to 8) higher THz yield in comparison with the linearly polarized
ones. However, the above mentioned methods to increase THz yield
usually require specific and complex set-ups, which can make their
practical implementation quite difficult and time consuming. On the
other hand, it is commonly known that the source of THz radiation in
air plasma, created by bichromatic laser pulses are the microcurrents
induced by asymmetric pump fields. Therefore it is naturally to expect
that in presence of preexisting plasma THz generation efficiency could
increase, in a way similar to that, for example, of third harmonic
generation [25]. However, in contrast to the expectations there are
many reports, indicating that under such conditions the efficiency of
THz generation significantly (up to 60 percent [26–29]) decreases.
The only exception is the case when two plasma filaments created
by the separate laser pulses are concatenated, which results in an

∗ Corresponding author.
E-mail address: Virgilijus.Vaicaitis@ff.vu.lt (V. Vaičaitis).

increase of THz generation efficiency due to artificially prolonged
plasma filament [30]. Thus, the modification of the plasma filament
parameters (plasma density, spatial and temporal distribution, etc.)
may significantly affect THz generation in the plasma. Therefore in
this paper we for the first time demonstrate both experimentally and
numerically the increase of THz radiation yield due to the partial
pump beam blocking. Note that though the THz radiation yield is
enhanced the plasma density as well as the pump intensity in the
filament decrease under these conditions. We show that the origin of
this counterintuitive phenomenon is the suppression of the pump pulse
splitting during propagation in the plasma when the beam is distorted
and becomes asymmetric. Although there exist other more efficient
methods to enhance the THz generation the reported method of cutting
the pump beam with a knife is quite simple since it does not require
scaling of neither laser power nor pump wavelength.

Experimental

As a source of femtosecond laser pulses a 1 kHz repetition rate
Ti:sapphire laser system (Legend elite duo HE+, Coherent Inc.) was
used. Laser pulse duration was 35–40 fs (FWHM), its central wave-
length was about 790 nm and a maximal available pulse energy of 5 mJ
could be varied with the help of an optical attenuator (a zero-order half-
wave plate and a thin polarizer). The laser pulses were focused in air by
a lens with the focal length of 50 cm through a 0.2 mm-thick nonlinear
BBO crystal (type I, cut angles: 𝜃 ≈ 29◦ and 𝜑 ≈ 90◦). As a result, the
pump beam consisted of the FH and SH waves and produced a plasma
filament, where THz radiation was generated. While the location of SH
crystal with respect to the plasma filament could be tuned during the
experiment, its azimuthal angle was set at the point of maximal THz
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Fig. 1. Experimental setup.
Fig. 2. Laser beam intensity profile (red dashed line) near the knife edge and (black
solid line) just before the focusing lens. Red dotted line represents the pump beam
power as a function of knife edge position. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

radiation generation efficiency [3,31]. At about 33 cm from the lens a
part of the focused beam could be fully or partially blocked by the edge
of a metallic knife (Fig. 1). Near the knife edge the laser beam diameter
was about 2.6 mm (FWHM), while at the input of focusing lens it was
about 6.4 mm (Fig. 2).

A calibrated pyroelectric detector (TPR-A-65 THz, Spectrum Detec-
tor Inc.) was used for power measurements of generated THz radiation.
In order to increase its sensitivity and signal to noise ratio the pump
beam was modulated by a mechanical beam chopper (modulation rate
5 Hz), synchronized with a computer-controlled lock-in amplifier. Both
the knife and nonlinear BBO crystal were placed on the computer-
controlled translation stages, thus, most of the measurements were
automated during the experiment.

By using a well-known knife edge (Razor-blade) technique [32–
34] we have measured the power of transmitted beam as a function
of knife edge position across the beam. A plot of these data shows
a characteristic S-shaped curve of the error function decreasing from
the total beam power to zero (Fig. 2). Note that first derivative of
this function yields beam intensity distribution shown by the solid and
dashed lines.

Numerical

The model. The numerical simulation is based on the model presented
in [35]. The main difference is the absence of the cylindrical symmetry
in the present simulations. Therefore, fast Fourier transform instead of
the Hankel transform was performed. The boundary conditions differ
as well. However, the model equation is the same as in [35], so we
refer to this cited work for the detailed description of the equation
terms (Eq. (1) below). The governing equation of the unidirectional
2

propagation was written for the Fourier transform ̂(𝜔, 𝛽𝑥, 𝛽𝑦, 𝑧) of the
analytical signal (𝑡, 𝑥, 𝑦, 𝑧):

𝜕̂
𝜕𝑧

= 𝑖𝐾𝑧̂ + 𝑖𝑃𝐾𝑒𝑟𝑟 − 𝑖𝑃𝑝𝑙 − 𝑃𝑙𝑜𝑠𝑠. (1)

Here, 𝑡 is time and 𝑥, 𝑦, 𝑧 are the Cartesian coordinates. The electric
field 𝐸 = Re(), where Re(◦) denotes the real part. The first rhs. term
𝑖𝐾𝑧̂ is the linear propagation term which includes the time walk-off
and higher dispersion terms as well as beam diffraction. The second
rhs. term 𝑖𝑃𝐾𝑒𝑟𝑟 describes the third-order nonlinearity of air. Third
and fourth rhs. terms −𝑖𝑃𝑝𝑙 and −𝑃𝑙𝑜𝑠𝑠 are the plasma and nonlinear
losses terms, respectively. These two last terms require an additional
equation for the plasma density. As in [35], we utilize Yudin–Ivanov
formula [36] of the plasma generation, see also Eq. (15) in [37].

Input waves. At 𝑧 = 0 the input analytical signal of FH is given by

(𝑡, 𝑥, 𝑦, 𝑧 = 0) = 𝐸0 exp

(

−(𝑥2 + 𝑦2)

[

1
𝑟210

+ 𝑖𝜋
𝜆10𝑓

]

− 2 log(2) 𝑡
2

𝜏2
− 𝑖𝜔10𝑡

)

.

(2)

This is a beam focused by a lens of the focus length 𝑓 . 𝜏 is the pulse
duration at FWHM. 𝑟10, 𝜆10 and 𝜔10 are the FH beam radius, wavelength
and angular frequency, respectively. 𝐸0 is the input amplitude.

The propagation of the FH from lens to BBO crystal (distance 𝐿0)
was calculated without inclusion of nonlinear and plasma terms. Here,
the linear propagation equation was solved. At BBO crystal, the SH was
generated:

(𝑡, 𝑥, 𝑦, 𝑧 = 𝐿0) = 1(𝑡, 𝑥, 𝑦, 𝑧 = 𝐿0) +
𝑎𝑚

max (1)
2
1 (𝑡, 𝑥, 𝑦, 𝑧 = 𝐿0), (3)

where 𝐸1 is the analytical signal of FH and 𝑎𝑚 is the fraction of the SH
and FH amplitudes.

At 𝑧 = 𝐿0 the nonlinear and plasma terms start to be included. At
𝑧 = 𝐿0+𝐿𝑘 the beam is cut by a knife, Fig. 1. The knife direction is the
𝑥-axis direction. Then, the propagation to the lens focus is simulated.

Parameters. Eq. (1) was simulated by the use of the symmetrized split-
step Fourier transform method [38]. The longitudinal step ℎ𝑧 was
different: at 𝐿0 ≤ 𝑧 < 𝐿0 +𝐿𝑘, ℎ𝑧 = (𝑓 −𝐿0)∕𝑛𝑧, where 𝑛𝑧 = 120. Then,
at 𝑧 ≥ 𝐿0 +𝐿𝑘, ℎ𝑧 = (𝑓 −𝐿0)∕(80 × 𝑛𝑧). In the time and space domains,
a fast Fourier transform was used. The domain of the (𝑥, 𝑦) coordinates
2𝑟10 ≤ 𝑥, 𝑦 < 2𝑟10 was divided into 128 equal steps and the time domain
𝑡 ∈ [−2.5𝜏, 2.5𝜏) was divided into 1024 equal steps. The parameters:
𝜆10 = 790 nm, 𝑓 = 50 cm, 𝐿0 = 20 cm, 𝐿𝑘 = 13 cm, 2𝑟10 = 3 mm, 𝜏 = 40
fs. Input FH energy was 100 𝜇J and fraction 𝑎2𝑚 = 0.01.

Results and discussion

In the experiment, using the set-up described above we have mea-
sured THz power dependence on the knife edge position. Surprisingly,
in contrast to the transmitted beam power, by moving the knife edge,
the power of THz radiation first increased by up to 20% and only then
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Fig. 3. Dependences of THz power as a function of (a) the knife edge position for
various pump powers and (b) the distance between the nonlinear BBO crystal and
plasma filament (solid lines represent the case of unperturbed beam, while the dotted
lines show the corresponding data when the beam was partially blocked). Black dashed
line in (a) represents the pump beam intensity, corresponding to the knife edge
coordinate (beam radius). Experimental results.

Fig. 4. Plasma fluorescence intensity in the filament as a function of coordinate along
the optical axis for the pump power of 2, 3 and 4 W. Solid lines represent fluorescence
of the filament created by the non-truncated beam, while dashed curves represent
fluorescence from the filament created by the partially blocked beam. Experimental
results.

decreased to zero (Fig. 3a). The similar knife-induced increase of THz
power has been observed for various pump beam powers and distances
between the air plasma filament and nonlinear second harmonic crystal
(Fig. 3b).

Note that the knife position at which the maximal THz generation
efficiency took place was clearly dependent on the pump power: for the
pump power of about 4.2 W the maximal increase of THz power has
been observed, when the knife was positioned at about 1.2 mm from the
3

Fig. 5. Dependences of THz efficiency on the knife position (solid lines). THz efficiency
was calculated at 𝜈 ≤ 40 THz, 𝜈 ≤ 70 THz and 𝜈 ≤ 100 THz. Dashed line: beam profile
before cutting. Numerical results.

beam axis, while for the pump power of about 2 W the optimal position
of the knife edge was a little less than 1.4 mm, which corresponds to
the 54 and 44 percent of maximal beam intensity, respectively. Thus,
for the higher pump powers the larger portion of the beam had to
be blocked in order to get the maximal increase of THz generation
efficiency. In addition note that the increase of THz yield was larger
for the higher pump powers, which indicates the nonlinear nature of
this phenomenon. Therefore, we have also compared plasma filaments
created by the truncated and non-truncated laser beams. While it was
quite difficult to study their differences by a naked eye, the plasma
fluorescence, captured by a CCD camera revealed some interesting
features (Fig. 4). Thus, the beam truncation resulted in some decrease
of the fluorescence at the trailing edge of the filament, which indicates
that the plasma density slightly decreased along with the decrease of
the overall filament length. This result is somewhat counterintuitive,
since as it was mentioned above, a strong increase of THz generation
efficiency in artificially prolonged plasma filaments has been reported
in [30]. On the other hand, recently under the similar experimen-
tal conditions we have demonstrated a white-light supercontinuum
generation enhancement, which has been interpreted as a result of
diffraction-induced laser beam intensity modifications [39].

The numerically obtained dependences of THz efficiency on the
knife position are presented in Fig. 5. As in experiment, the THz
efficiency is enhanced when the beam blocking is applied. The strongest
effect is seen at 𝑥 = 300 μm. This value is smaller than the exper-
imental one (Fig. 3a) since in the numerical simulations the size of
the input beam was taken smaller in order to save the computational
time. However, the knife position corresponds to around 60 percent of
maximal beam intensity which is in good qualitative agreement with
the experiment.

In Fig. 6, the numerical evolutions of THz generation efficiencies,
plasma densities and beam intensities during the propagation are com-
pared for optimally blocked and not blocked pump beams. One can see
that THz efficiency saturates at 𝑧 > 𝑓 = 50 cm. Although the partially
blocked beam yields higher output THz yield, the plasma density is
lower compared to the undisturbed beam, Fig. 6b. This finding is in
agreement with the experimentally registered fluorescence, Fig. 4. The
light intensity becomes lower as well, Fig. 6c.

Another interesting finding can be seen in Fig. 7. When the pump
beams are distorted, the THz spectrum is modified: it becomes broader.
Since in the experiment THz spectrum has spanned up to 70 THz,
this broadening made influence to the registered efficiency. The effect
becomes weaker when the integration up to 40 THz is applied, compare
red and blue solid lines in Fig. 5.

An explanation of the findings discussed above can be given by
comparing pulse propagation evolutions of undistorted and partially
blocked pump beams. Typically, the pump pulse splits into two pulses



Results in Physics 42 (2022) 105985V. Vaičaitis and V. Tamulienė
Fig. 6. Dependences of THz efficiency (a), plasma density (b) and maximum intensity
(c) on propagation distance. No cutting (blue dashed lines) and knife at 𝑥 = 300 μm (red
solid lines) applied. Numerical results. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

due to the beam tail refocusing [40] and this pulse splitting is observed
for the undistorted beam, left panel of Fig. 8. However, the distorted
beam keeps localized structure (Fig. 8 right panel) and although its
maximum intensity is slightly lower than that of the undistorted beam
(Fig. 6c), the pulse is more localized in time domain. Specifically, since
the pump beam was distorted by a knife, the refocusing process meets
obstacles: the beam is not symmetric and the intensity is lower. As a
result, the generated THz pulse is more localized in time domain as
well, Fig. 9. Then, the THz pulse obtains higher intensity (Fig. 9) and
broader spectrum (Fig. 7), and as a result the overall THz generation
efficiency is enhanced.
4

Fig. 7. THz spectrum amplitude profiles at the output. No cutting (left) and optimal
cutting at 300 μm (right) applied. 𝑥 (bottom) and 𝑦 (top) projections are presented.
Numerical results.

Fig. 8. FH intensity distributions at the vicinity of the lens focus (𝑧 = 48.6 cm). No
cutting (left) and optimal cutting at 300 μm (right) applied. 𝑥 (bottom) and 𝑦 (top)
projections are presented. Numerical results.

Fig. 9. THz intensity distributions at the vicinity of the lens focus (𝑧 = 48.6 cm). No
cutting (left) and optimal cutting at 300 μm (right) applied. 𝑥 (bottom) and 𝑦 (top)
projections are presented. Numerical results.
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Conclusions

In conclusion, we have demonstrated, for the first time, a beam-
distortion enhanced THz radiation generation in air by focused fem-
tosecond laser pulses. The numerical modeling based on an analysis
of a unidirectional pulse propagation equation showed a good qualita-
tively agreement between the experimental and numerical results. The
explanation of the THz efficiency enhancement based on the analysis of
the pump pulse propagation in plasma channel is provided. The power
of THz radiation is enhanced due to the suppression of the pump pulse
splitting that is caused by the suppressed refocusing when the beam
is cut with a knife. As a result, the pump pulse becomes shorter and
more localized in time domain, therefore generated THz pulse is shorter
and more intense, and its spectrum is broader. This raises the output
THz power. Though increase of THz radiation generation efficiency in
the filament created by partially blocked bichromatic pump beam was
only 15–20 percent higher than that obtained from a simply focused
beam, apart from the scientific importance this effect also could find
practical applications, whenever the laser power scaling is not available
or limited.
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