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ABSTRACT

Using a two-color plasma in air or gas allows for the generation of ultra-broadband and highly intense terahertz (THz) pulses. Precisely con-
trolling the shape of THz pulses, particularly the carrier envelope phase, is crucial for a wide range of technological and scientific applications.
Recent research has revealed that the phase difference between the fundamental laser wave and its second harmonic influences the shape of
the emitted THz pulse. However, the combined impact of laser chirp and the air-dispersion-induced phase difference between the two colors
has not been explored in detail. This study aims to fill this gap. The results show that both of these factors have a significant impact on the
THz waveform and emitted pulse energy. Positive and negative chirps lead to distinct effects on the pulse shape. A positively chirped pump
laser produces a THz waveform with a negative monopolar shape, while a negatively chirped pump laser results in a positive THz pulse shape.
Additionally, our findings indicate that the relationship between THz pulse energy and chirp changes with variations in the specific phase dif-
ference between the first and second harmonics. These results underscore the importance of carefully tuning both parameters to achieve max-
imum generation efficiency for a given waveform.
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The emission of terahertz (THz) radiation from laser plasma
formed by focusing two-color femtosecond pulses in air or gas is a
widely used technique due to its ultra-wide emission spectrum and rel-
atively high THz pulse energy and peak power."” Efficiency scaling in
such THz-generation schemes could be obtained by increasing the
wavelength of the driving laser' or by optimizing the generation pro-
cess.”” One important aspect of this optimization is the control of the
THz-optical conversion process through pulse chirp, which influences
the properties of the generated THz fields. The study by Zhang et al.’
delves into the influence of chirp on the generated THz power, reveal-
ing a non-monotonic dependence characterized by two maxima and a
local minimum. The authors explain that, from a theoretical point of
view, this trend arises from the group velocity walk-off in air. Another
study by Mou et al." investigates the effect of adding chirp to the fun-
damental frequency, highlighting how this results in a phase shift

between the fundamental wave (FW) and the second harmonic wave
(SHW). Furthermore, they conduct an in-depth study to explore the
relationship between chirp and the polarization of the generated THz
radiation. The findings of their study reveal that the polarization of
THz waves generated by a positively chirped pump laser rotates clock-
wise, accompanied by an increasing phase difference between the
waves. Conversely, it rotates counterclockwise when generated by a
negatively chirped pump laser.

The objective of this study is to extend the previous research and
investigate the impact of chirp on the temporal shape of the generated
THz signal. In fact, none of the previous studies have delved into this
aspect, which is crucial in various applications. For example, in molec-
ular orientation control, it is essential that the applied THz electric field
breaks the rotational parity, expressed as [ E(t) dt = 0, to induce the
desired dipole force.” A similar condition is required in order to induce
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ferroelectric domain switching with precise control over the micro-
scopic path from the initial to final structure.” Also, there are specific
applications where precise control over the shape of the terahertz pulse
is crucial. In some cases, the characteristics of the sample being ana-
lyzed determine the preference for a specific polarity. For instance, in
applications where terahertz is employed to emit ions or electrons
from a tip-shaped sample, the electric field experienced by the tip
(near-field) becomes distorted based on the geometric and structural
properties of the sample itself. This phenomenon is observed in THz-
assisted atom probe tomography, for instance, where the emission and
acceleration of material ions require a positive monopolar near-field
pulse, while the emission and acceleration of electrons necessitate a
negative monopolar near-field pulse.” Similarly, in THz-assisted scan-
ning tunneling microscopy, the specific waveform of the terahertz sig-
nal can excite the lowest unoccupied molecular orbital (LUMO) states
when the near field is positively monopolar, and the highest occupied
molecular orbital (HOMO) states when negatively monopolar, and
both states when it is bipolar.”

In our experiments, we employ an electro-optic detection system
to measure how the THz waveform changes’ by simultaneously vary-
ing the fundamental-beam chirp and the air-dispersion induced phase
difference between the FW and its SHW. Our analysis will focus on
studying both the variations in the THz time shape and its impact on
the pulse energy curve. This investigation will contribute to a deeper
understanding of how chirp and phase differences can be harnessed to
control and optimize the energy of the generated THz pulses, their
waveform, and the spectral content of THz signals. In the following,
we will provide a thorough explanation of our theoretical model and
the experimental setup. Then the results will be presented and carefully
analyzed, with a focus on how they align with theoretical predictions
derived from numerical simulations. We will also delve into the specif-
ics of the simulations, discussing their details to further validate the
results and provide a comprehensive understanding of our research
findings.

In order to understand the impact of chirp on THz signal genera-
tion, we employ the photocurrent model as described by Nguyen
et al."’ According to this model, the THz field Ey, is proportional to
the first derivative of the photocurrent 7 induced by free electrons,

ETHZ(zv t) :gatf(-’_é? t)? (1)

where the geometrical factor g originates from Jefimenko’s theory."'
More precisely, we study the problem in the local current approxima-
tion (LC), where the right-hand side of Eq. (1) is evaluated based on
the laser field E,,, , and the spatial distribution of J is shaped by a delta
function. At moderate intensities (<10 Wcm™2), the temporal
shape of J follows a plasma fluid model, described by the following
equation:

4 J(t) = —N([E(®)], 1) E(t). ()

Here, e and m, represent the charge and mass of an electron, respec-
tively, and v, & 3 ps~! denotes the electron-neutral collision rate.'”
The density of free electrons, N,, is governed by

dN (1)

dt = W(|E(t)|)(Na _Ne(t))v (3)
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where N, & 2.16 x 10" cm™ represents the initial gas density,'” and
W(|E(t)|) denotes the ionization rate. In the approximation of the
standard quasi-static tunneling model,” the ionization rate is

7 K 8
W(E(t)]) = =—————¢ FE0l/km, ()
|E(t)]/Eau
where K:4waur15{/2’ ﬁ:2/3r13-1/27 E, = _mfzfes/h57 and Wgy =

mee* /I, while ryy = UN /UH s the ratio of the ionization potential
of nitrogen (Uf;’n = 15.6 V) to hydrogen (Ui’jn =13.6 V).

By applying these assumptions to Egs. (1) and (2), the Fourier
transform of the electric field is found to be

g No(0) * (), (5)

ETHZ(CU) = m

where * denotes the convolution product and the hat symbol is the
Fourier transform in time. The temporal behavior of the THz signal is
the anti-Fourier transform of Ep, ().

At this point, we just have to fix the mathematical expression that
describes our source with chirp. In particular, here, we will use the fol-
lowing expression for the FW:"*

10 2
E,, (1) = Ay, ll%lcczexp -1+ 1'C)21n21i—2 et (6)
where C is the chirp parameter and @y is the carrier frequency corre-
sponding to the carrier wavelength 7, with 7 = 19v/1 + C? and 1,
being the FWHM durations of the stretched and transform-limited
input laser pulse, respectively. Details on the derivation of this expres-
sion may be found in the supplementary material.
In the following, we will neglect the vectorial nature of the electric
field and assume that it is linearly polarized: E(t) = E(t). The field of
the second harmonic is calculated as

VR E2 (t)e ™, (7)

By (t) = ————
2w0() |Ew0(t:0)| [on)

where R is the fraction of FW intensity converted into the SHW inten-
sity, ¢ accounts for the phase difference between the two waves, intro-
duced by propagation in air from the beta-barium borate (BBO)
crystal at the plasma front. In this respect, we note that our model is
local, not accounting for any phase variation during propagation along
the plasma filament. Despite this approximation, we show that this
model demonstrates a reasonable ability to describe our experimental
observations. The initial conditions in our calculations are
E(t) = Ego(t) + Exuo(t), 20 = 800 nm, and the intensity of the main
and second harmonics is I, = 10 W/cm? and Ly, = 0.21,,,
respectively.

For the experiment, we use a Ti:Sa laser system (Spectra Physics)
which emits near-infrared pulses with 35 fs duration at a central wave-
length of 800 nm; at a repetition rate of 1 kHz and maximum energy
of 3m]J per pulse. The laser beam is divided into two parts, with the
higher energy beam dedicated to terahertz generation. The higher
energy beam is mechanically chopped at a frequency of 500 Hz in
order to increase the signal-to-noise ratio as explained below. As
shown in Fig. 1, this beam is then focused in air using a 30 cm focal
lens. Before reaching the focal plane, the laser beam passes through a
beta-barium borate (BBO) crystal having a thickness of 100 um, which
generates the SHW with a central wavelength of 400nm. By
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FIG. 1. Schematic diagram of the experimental setup. The pump beam passes
through a BBO crystal to generate a second harmonic. Both beams are focused in
air to form a plasma that produces a strong THz pulse. The probe beam is directed
to the post-compression system to enable EO sampling.

combining the FW at 800 nm and its SHW, a plasma filament is gener-
ated, leading to the emission of terahertz radiation with high field
strengths. The latter is directed onto the electro-optic sensing (EOS)
system for further analysis. To reduce the THz absorption by air, a
nitrogen environment is created from the plasma filament to the detec-
tion crystal. The probe laser beam is compressed independently from
the FW beam, as shown in Fig. 1, and it is used as a probe for the EOS
stage, which comprises a 100 um thick gallium phosphide (GaP) crys-
tal, a quarter-waveplate, and a Wollaston prism. The latter two optical
elements project the probe polarization on the two circularly polarized
states. These components are then detected by two balanced photodio-
des connected to a lock-in amplifier (Ametek’s 7265 Dual Phase) that

ARTICLE pubs.aip.org/aip/apl

is locked at the chopper frequency. This scheme allows a precise mea-
surements of the polarization changes induced on the probe by the
THz field impinging on the GaP crystal. By adjusting the time delay
between the pump and the probe beams, a full reconstruction of the
THz waveform is obtained. To manipulate the phase shift due to air
dispersion, we adjusted the position of the BBO crystal relative to the
plasma position. The calibration curve of the phase difference as a
function of the BBO position may be found in the supplementary
material. As illustrated in Fig. S1, achieving a phase variation of a frac-
tion of 7 necessitates significant translations of several millimeters.
Naturally, one might anticipate a potential impact on the intensity of
the fundamental beam reaching the BBO crystal. However, as depicted
in Fig. S1, when inducing a peak inversion by moving the BBO crystal
more than 20 mm, the magnitude of the THz field remain relatively
constant. This observation suggests that, given the high intensity of the
fundamental wave, we could be operating in a saturation regime for
second harmonic generation. This phenomenon may explain the
absence of a dramatic effect upon crystal movement. Additionally, we
induced chirp variation by acting on the compressor stage of the laser
system. The time duration of the pump pulse measured by means of
an autocorrelator (APE-pulseCheck) provides with an estimate of the
chirp. As shown in Fig. 1, the latter is placed between the pump com-
pressor and the chopper.

In Figs. 2(a)-2(c), we present the measured electro-optic traces
obtained in a nitrogen environment. For each fixed BBO crystal con-
figuration, we systematically varied the chirp, exploring both positive
and negative values. By acting on the pump compressor (see Fig. 1),
we can generate positively or negatively chirped pump pulses with a
maximum duration of 80 fs. In the following, we indicate with a “+”
and “—” exponent, a positive and negative chirp, respectively. In
Fig. 2(a), the THz electric field is given for a phase shift of ¢ = 7/2

1 .
(c) — = 421s
S gis r'=80fs
o]
8
o 0
[0}
)
g 05
-1 B »
1 1 1
(d) — r’=80fs (e) — =64fs (f) rt=42fs
g 0.5 s L 05 —r'=43fs 05 — 7'=80fs
g
S
- 0 0 0
(0]
X
T-05 0.5 0.5
l—
R A A
0.5 0 0.5 1 05 0 0.5 1 05 0 0.5 1

Time Duration (ps)

Time Duration (ps)

Time Duration (ps)

FIG. 2. In the figure, we present the measured (a)—(c) and simulated (d)—(f) traces for different positions of the BBO crystal. Specifically, in (a) and (d), the phase shift between
the FHW and the SHW is 7/2, in (b) and (e), it is 77/9, in (c) and (f), it is 117z/9. Within each panel, the two traces correspond to different values of the chirp.
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and for a FWHM duration of 1~ = 80fs and 1~ = 43fs; in (b), the
phase difference is ¢ = 77/9 and 1~ = 64 fs and 1" = 43fs; and in
(c), we have ¢p = 117/9 and t+ = 42fs and " = 80 fs. It is impor-
tant to emphasize that the phase values we have reported are subject to
an uncertainty of approximately 7/180.

From the electro-optic traces, it is evident that a variation in chirp
has a significant impact on the intensity and shape of the generated
THz signal. The relationship between chirp and the variation in the
shape of the THz pulse has not been documented in the scientific liter-
ature yet. Previous studies’ have shown that a variation in chirp indu-
ces a phase difference between the first and second harmonics, which,
in turn,'” affects the shape of the THz signal. In order to study more
deeply the pulse shape variations induced by chirp, we introduce the
following estimator, only suitable for quasi-single-cycle pulses:
o = |max(Ery,(t))/min(Eqy,(t))|, which contains information about
the waveform of the THz electric field. In fact when o > 1, the signal
is positively monopolar; when o ~ 1, the signal is bipolar; when
o < 1, the signal is negatively monopolar.

The analysis of o as a function of =, as shown in Fig. 3(a), pro-
vides further insights into the relationship between chirp and the shape
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FIG. 3. Variation of o, measured via the electro-optic system (a) and simulated (b),
with FWHM duration. Negative chirp values are shown on the left, and positive chirp
values, on the right. The three curves correspond to measurements at different
positions of the BBO crystal: green curve (r/2 phase shift), red curve (77/9), and
blue curve (117/9).
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of the THz signal. In the figures, the left side of the graphs represents
results for negative chirp values, while the right side corresponds to
positive chirp values. It is evident that adding negative chirp increases
the positive unipolarity of the THz electric field, while adding positive
chirp makes the signal more negative. It is worth noting that this trend
has also been qualitatively observed through theoretical simulations
based on the local photocurrent model [Fig. 3(b)]. We notice that
while most of the theoretical curves closely align with the experimental
results, there are some deviations, particularly evident at a phase shift
of ¢ = 117/9. However, this is not unexpected, given the simplified
nature of the model employed. The crucial point is that the simulations
replicate the decreasing trend of o as the magnitude of T and, hence,
C increases, which further confirms the impact of chirp on the time
shape of the THz signal and reinforces the validity of the experimental
findings.

Commencing with the waveforms identified through the electro-
optic system, we can perform a temporal integration of the square of
the optical field magnitude. This process yields values, denoted as
Ernz, which exhibits a proportionality to the optical energy within the
THz pulse. Figure 4(a) illustrates these values normalized to the

1 [
a | —/2
( ) | — 779
0.8 | —117/9
— |
= [
7 |
g 0.6 ‘
= |
£ |
o 0.4 :
|
0.2 | —’\\
|
|
0 |
80 60 40 40 60 80
1 [
b | —l2
(b) | —7n/9
0.8 [ —117/9
Z |
< 0.6 !
g |
~ |
= |
S 0.4 :
|
0.2 | //\
|
|
0 |
80 60 40 40 60 80
7 (fs) 7 (fs)

FIG. 4. Variation of THz pulse energy, measured via EOS (a) and simulated (b),
with respect to =. Negative chirp values are shown on the left, and positive chirp
values, on the right. The three curves correspond to measurements at different
positions of the BBO crystal: green curve (r/2 phase shift), red curve (77/9), and
blue curve (117/9).
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maximum obtained energy and plotted against the phase shift angle ¢
and t*. As before, the left side of the graph represents results for nega-
tive chirp values, while the right side corresponds to positive chirp val-
ues. The green curve corresponds to a /2 phase shift between FW
and SHW, the red curve represents a 7x/9 phase shift, and the blue
curve corresponds to a 117/9 phase shift. Initially, it is worth noting
that the maximum pulse energy is achieved with a phase shift of 7/2,
which holds true for nearly all chirp values. This finding aligns with
the results presented in the pioneering work by Kim et al.'®
Furthermore, we observe a variation in the dependence of the THz
pulse energy on chirp as the specific phase difference between the first
and second harmonics changes. Specifically, we find that for a 7/2
phase shift between FW and SHW, the optimal THz energy generation
occurs with negative chirp and a temporal duration of approximately
70 fs. Conversely, for a 117/9 phase shift, the THz pulse energy is opti-
mized with positive chirp and a temporal duration of approximately
60 fs. Ultimately, we note that the pulse energy diminishes toward zero
as the chirp increases on both sides, underscoring the impact of pulse
dispersion and pulse lengthening on the FW and, consequently, SHW
peak intensities.

This result is of fundamental importance as it highlights the need
to adapt the chirp value based on the phase difference between FW
and SHW to maximize the generated pulse energy, taking into account
that a variation in chirp also modifies the shape of the signal, as dis-
cussed previously. Therefore, both parameters need to be considered
to achieve the optimal conditions based on the application. In particu-
lar, when fixing the temporal duration to 7~ ~ 40fs and examining
the temporal behavior of the pulse energy E7y, (see Fig. 4), we observe
that for ¢ = n/2, there is a higher peak compared to the one at
¢ = 11n/9, which, in turn, is greater than the peak at ¢ = 771/9. We
notice that, our experimental findings align closely with the photocur-
rent model, as illustrated in Fig. 4(b). In contrast to the results pre-
sented in Fig. 3(b), we observe a remarkable agreement between theory
and experiment in this instance. This discrepancy arises from the fact
that the THz pulse energy is integrated across the temporal pulse pro-
file, whereas the parameter o is greatly influenced by the temporal fluc-
tuations of the pulse shape.

In conclusion, our study has explored the influence of laser chirp
and the air-dispersion-induced phase difference on the waveform and
pulse energy of the THz signal in two-color plasma generation.
Through experimental investigations and theoretical simulations, we
have demonstrated that both these parameters play a crucial role in
controlling various characteristics of the THz radiation. The experi-
mental results show that the THz electric field polarity can be tailored
by adjusting the chirp. By varying the latter, we were able to achieve
positively monopolar, bipolar, and negatively monopolar THz signals.

Furthermore, we have explored the impact of chirp on the energy
of the generated THz pulses in combination with air-dispersion-
induced phase shifts between FW and SHW. Our findings indicate
that the optimal chirp value for maximizing THz pulse energy depends
on the specific initial phase difference, emphasizing the importance of
carefully tuning both ¢ and C parameters depending on the applica-
tion requirements.

The ability to control THz pulse shape and energy through phase
manipulation opens up further possibilities in fields such as molecular
orientation control, ferroelectric domain switching, and ion evapora-
tion techniques, among others.
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See the supplementary material for theoretical details on how air
dispersion modifies a Gaussian pulse. Moreover, the calibration curve
used to precisely determine the phase difference between FW and
SHW as a function of the position of the BBO crystal is displayed.
Additionally, the energy of the THz pulse as a function of the BBO-
crystal position is also reported.
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