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Abstract: The frequency-resolved terahertz (THz) beam profile characteristics of a two-color
air-plasma THz source were investigated in the broadband frequency range (1-15 THz). The
frequency resolution is achieved by combining THz waveform measurements and the knife-edge
technique. Our results show that the THz focal spot size is strongly frequency dependent. This has
important implications on nonlinear THz spectroscopy applications where accurate knowledge of
the applied THz electrical field strength onto the sample is important. In addition, the transition
between the solid and hollow beam profile of the air-plasma THz beam was carefully identified.
Far from the focus, the features across the 1-15 THz range have also been carefully examined,
revealing the characteristic conical emission patterns at all frequencies.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

After more than two decades since Cook and Hochstrasser [1] first reported efficient two-color
terahertz (THz) generation in air, the field of THz air photonics has firmly cemented its role as the
toolbox of choice for generating and detecting ultra-broadband high-energy THz transients. These
transients have found their applications within ultra-broadband and nonlinear THz time-domain
spectroscopy (THz-TDS), and have allowed material scientists to probe nonlinear THz-matter
interactions on different materials in the previously hard-to-reach frequency range [2]. The
generation methods use femtosecond (fs) laser amplifiers providing ultrashort near-infrared pulses,
which induce an elongated plasma filament when focused onto a gas [3-6]. The fs laser pulse
together with its second harmonic, produced by a frequency-doubling nonlinear crystal, provide
an asymmetric electric field in the generated plasma, resulting in a net transverse photocurrent
and the subsequent radiation of THz transients. The near dispersion-free and self-replenishing
nature of air simultaneously allows for ultra-broad bandwidth (>20 THz) and strong electric field
strengths (>MV/cm). The corresponding air-biased coherent detection (ABCD) scheme exploits
the third-order nonlinearity of air in order to directly sample the THz electric field and provides a
detection bandwidth only limited by the duration of the near-infrared probe pulse [7,8]. As the
bandwidth and peak electric field strength attainable by contemporary air-plasma THz sources
continually improve, the spatial distribution of frequencies within the THz beam is becoming an
increasingly important quantity to understand.

Throughout the past decade, the conical emission pattern of the two-color air-plasma THz
generation process has been under intensive investigation, in order to illuminate the underlying
physical mechanisms behind the characteristic donut-shape. In 2012, You, Oh, and Kim [9]
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presented a model that explains the observed conical emission pattern as a consequence of the
off-axis phase-matching due to local THz emission along the plasma filament. Modifications and
improvements to the model have since then been proposed, such as the inclusion of the interaction
between the THz waves and the plasma filament itself [10], as well as the consideration of the
Kerr-contribution from air [11-13]. Additionally, several experimental and numerical studies
have provided complementary insights on the matter of the two-color air-plasma THz beam
profile. While most reported experiments utilized raster scanned pyroelectric/Golay detectors
or THz cameras [9,10,14—19], some also include THz bandpass filters for enhanced frequency
resolution at certain specific frequencies [9,16—18], interferometric detection [11,15], angular
THz-TDS [17,19], and knife-edge assisted THz-TDS up to 2 THz [20]. Despite these efforts, an
accurate spatiospectral distribution of the air-plasma THz beam profile and its evolution from
focus to far-field still remain to be fully understood. For instance, far away from the focus,
general consensus is that spectral content above 3-5 THz is always conical in nature, exhibiting a
frequency-dependent angular distribution, whereas the lower frequency content has been subject
to some debate. In the vicinity of the THz focus, the beam profile has been shown to collapse
into a solid beam [14], but the details of the transition between solid and hollow beam profiles
are yet to be further explored.

The knife-edge beam profiling technique combined with time-domain waveform measurements
has been employed to characterize features of photoconductive antenna based THz emitters
[21-23]. As mentioned above, it has also been used to study the strong spatial confinement of
THz waves inside the two-color fs laser induced filament, albeit with the measured frequency only
up to 2 THz [20]. As the knife-edge assisted THz-TDS technique inherently provides accurate
frequency resolution, careful implementation with a two-color air-plasma THz source combined
with an ultra-broadband ABCD detection scheme could potentially lead to a more comprehensive
and unified understanding of the complicated spatiospectral properties of this uniquely important
THz source.

Even though two-color air-plasma THz beam profiles have been intensively studied, and there
is a common perception that the beam profile could vary significantly between very high and
low frequencies; detailed frequency-resolved characterization of such broadband-by-nature THz
emission across its ultra-broad bandwidth is very desire but still missing, primarily due to the
poor availability of high-performance bandpass filters and flat-response imagers in the broad THz
spectral range. To fully exploit the ultra-broadband and high-energy air-plasma THz transients
for spectroscopic applications, accurate information on the frequency-dependent THz field
distribution is important. In this work, we apply knife-edge assisted THz-TDS, to characterize
frequency-resolved two-color air-plasma THz beam profiles in the extended frequency range of
1-15 THz. We measure the frequency dependent THz beam profile both near and far away from
the focal plane. Our results show a strongly frequency-dependent focal spot size, highlighting the
advantage of our technique over using a microbolometer-based THz camera. This has important
implications on the calibration of the actual peak electrical field strength in the THz focus. The
intermediate zone, where the solid focus spot transitions into a hollow beam profile, was carefully
identified. We also examined the hollow, donut-shaped beam profile in the region far from the
THz focus (= "far-field") and the frequency-dependence of its divergence angle. The experimental
measurements agree well with the aforementioned model [9], relying on the dephasing between
the two colors of the pump pulse along the plasma channel. Our findings contribute to further
understanding of the fundamental two-color air-plasma THz generation physics, and provide
important information for linear and nonlinear THz-TDS based on two-color air-plasma THz
sources, where accurate knowledge of the frequency-resolved THz beam profile, near or far away
from the THz focal plane, is important.
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2. Experimental details

Figure 1(a) shows our experimental setup driven by a commercial Ti:sapphire laser amplifier with
a 1 kHz repetition rate and a pulse duration of = 40 fs. The 800 nm output (5.5 mm FWHM beam
diameter, 0.9 mJ pulse energy before second harmonic generation), together with its 400 nm
second harmonic, generated from an inline S-barium borate (BBO) crystal (6 = 29.2°, ¢ = 90°,
100 um thick, approximately 35% second harmonic conversion efficiency), are employed to
drive the plasma. An ultra-thin (45 pm) dual wavelength waveplate is inserted after the BBO to
ensure horizontal polarization of both the 800 nm beam and its second harmonic. Due to the 300
mm lens (L1) in front of the BBO crystal, the two-color beam is focused into a nitrogen-purged
atmosphere (focal spot size ~ 40 wm) in order to generate ~ 0.2 uJ ultra-broadband THz transients.
Four off-axis parabolic mirrors (OPM) collimate and focus the THz beam (the first OPM has a 4"
effective focal length, and the others 3"), resulting in one intermediate focus and one final focus
at the high voltage (HV) electrodes, where an ABCD system, in conjunction with a variable delay
stage and an avalanche photodiode (APD), is used for THz waveform sampling. The residual
pump laser is blocked by a high-resistivity silicon wafer, which has previously been reported
to affect the THz beam profile due to photoinduced carriers when placed close to the plasma
[19]. However, with the silicon inserted in the collimated beam path, we did not measure any
noticeable impact of photocarriers on the THz beam profile. Specifically, the measured THz
beam profiles did not show any difference when inserting an additional teflon filter before or
after the silicon wafer (the teflon filter blocks 99.9 % of the residual laser beam when placed in
front of the silicon wafer). This minimal impact of photocarriers could be attributed to different
spatial distributions between the THz transients and the residual laser pulses and/or the fact
that the THz waves might arrive before the photocarrier density fully builds up. The reliable
bandwidth of the experimental setup is ~ 0.5-20 THz. The OPM focusing system was carefully
aligned using a THz camera, in order to minimize irregularities caused by focusing misalignment.
It is also worth mentioning that THz emission from optical rectification of the BBO crystal
has a negligible influence. At any point along the THz beam path, a sharp metallic knife-edge
on a motorized linear stage may sequentially be translated across the THz beam (in either the
horizontal or vertical direction), from fully unblocked to fully blocked. For each knife-edge
step, a full THz waveform is recorded, resulting in a dataset as illustrated in Fig. 1(b), with
corresponding spectra as seen in Fig. 1(c), obtained by Fourier transformation. In Fig. 1(b) and
(c), the knife-edge is translated by 0.3 mm between each waveform/spectrum shown. From these
THz spectra, any desired frequency component may be selected, and the THz spectral power,
Py, can be plotted as a function of knife-edge position (Fig. 1(d) shows an example using the
4 THz component), allowing us to study the spatial distribution of the selected THz frequency
within the beam. The minimum bandwidth of the selected THz component is determined by the
length of the temporal window used in the waveform detection. In this work, we use a single
frequency from the calculated spectra, resulting in a bandwidth of = 0.4 THz. In the case of a
Gaussian transverse beam profile, the knife-edge profile takes the form of a complementary error

function, Pty, o« erfc \/E(x —x0)/ w] , where x is the knife-edge position, xq a fit parameter, and

w is the 1/e* width of THz beam. The black curve in Fig. 1(d) shows an example of such a fit,
where the discrepancy between fit and data indicates a non-Gaussian beam profile. To explain
the features of the knife-edge profiles that are not encompassed by the simple error function fits,
knife-edge profiles constructed from numerically generated beam intensity profiles with hollow
shapes are produced, as illustrated by the green curve in Fig. 1(d), which was constructed by
simulating a horizontally (left-to-right) moving knife-edge across the numerical beam profile in
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the inset. A simple radially symmetric donut-shaped transverse beam profile is generated by

- 2 2
Laonut(r) = exp (_z(r;ﬂ) + exp (_2(r-;gﬂ) , )

donut donut

where rgony is the radius of the ring, and wyony is the width of the donut-ring itself. The
second term ensures that d,1qonut(r)|,=0 = 0, and is relevant for beam profiles with a small radius
compared to the donut-width (7gonut < Wdonut)- In the case where rgonue = 0, the two terms fully
overlap, and the intensity distribution reduces to a Gaussian distribution. This radially symmetric
donut profile is then modified in various ways to account for the possible non-symmetric features
seen in the data, e.g., multiplication by a linear gradient map to account for the aforementioned
asymmetry, or anisotropic scaling to account for astigmatism (see Supplement 1 for more details).
In Fig. 1(d), the typical signature in knife-edge measurements of a hollow beam profile is shown
by the green curve: near the middle of the curve (corresponding to the center of the beam), the
slope is smaller than that of the Gaussian fit, whereas it is steeper towards the outer ends.
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Fig. 1. (a) Schematic of the air-based experimental THz-TDS setup, with the inclusion of
a metallic knife-edge to variably block the THz beam. (b) A typical dataset consisting of
many THz waveforms, and (c), their corresponding spectra (linear scale), with the red line
marking an arbitrary THz frequency (here 4 THz). With each successive waveform/spectrum
shown, the knife-edge has moved by 0.3 mm. (d) The spectral power of the chosen 4 THz
component as a function of the knife-edge position. The black curve shows an error function
fit, corresponding to a Gaussian beam profile, whereas the green curve is the horizontal
knife-edge profile of the numerically generated hollow beam profile shown in the inset.
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One limitation of the knife-edge assisted THz-TDS is the inherent ambiguity of the measured
knife-edge profiles, arising from the inability to resolve the beam intensity distribution perpen-
dicular to the knife-edge movement, e.g., for a horizontally moving knife-edge alone, we cannot
extract any information regarding the vertical distribution of the measured signal. This issue is
compounded by the fact that the far-field THz beam profiles generated by the 40 fs laser are often
slightly asymmetric, due to the spatial walk-off between the fundamental and second harmonic
in the BBO crystal for in-line SH generation, and can therefore not simply be assumed to be
circularly symmetric. This asymmetric behavior is both observed experimentally in the knife-edge
data, in the THz camera images, as well as in our numerical simulations. The ambiguity of
the knife-edge profiles can be largely alleviated by using two complementary measurements:
one measured with vertical knife-edge movement, and one measured with horizontal knife-edge
movement. Constructing a numerical beam profile which simultaneously reproduces both the
vertical and horizontal knife-edge data much more reliably reveals the true transverse profile of
the THz beam.

In brief, from the knife-edge assisted THz-TDS data we can construct knife-edge profiles (THz
power as function of knife-edge position) for any frequency component, at any location along the
THz propagation axis, and from these quantify the size and shape of the transverse THz beam
profile. We note that, in general, the absolute noise at the left (unblocked THz beam) end of the
knife-edge profiles is more severe than at the right (blocked THz beam) end, due to the increased
influence of pump laser fluctuations.

3. Results

Prior to the knife-edge characterization, THz camera (uncooled microbolometer, NEC-T0831)
beam profile measurements sweeping through the focal plane were taken, which indicate a
few-mm zone with a solid focus spot, and a hollow donut beam profile away from the focal plane,
which agrees fairly well with previous experimental work [14]. As a first step, we focus on the
knife-edge assisted measurements around the few-mm focal zone exhibiting a solid THz beam
profile, which is also the relevant sample insertion location for most of air-plasma THz-TDS
applications.

3.1. Near the THz focus

For the solid THz beam focal spots, the measured frequency dependent knife-edge curves can be
well fitted by Gaussian intensity profiles. Figure 2(a) shows the THz FWHM extracted from error
function fits across the focal region between 2nd and 3rd OPM, for five frequency components.
The inset shows a zoom-in near the spectroscopically important THz focus (black rectangle),
showing a strongly frequency-dependent THz spot size. The shaded zone in Fig. 2(a) highlights
the region where the knife-edge curves for all measured THz frequencies are well-fitted by error
functions (not shown), indicating that the beam profile has collapsed into a solid near-Gaussian.
Outside the shaded region, the frequency dependent knife-edge curves are not all well-fitted by
error function curves anymore, which indicates that the transverse THz beam profiles significantly
deviate from Gaussians. Therefore, this shaded region should provide the optimal sample location
when performing spectroscopy. Special care should be taken if nonlinear THz spectroscopy
data is to be collected on a sample placed outside of these boundaries, due to the non-trivial
spatiospectral distribution and its influence on light-matter interactions depending on the absolute
field strength.

The experimentally extracted frequency-dependent spot size at the beam waist is shown in
Fig. 2(b), together with the theoretical value for a diffraction-limited Gaussian beam focus, given
by FWHM = 2V21n 2 Aty, (A1, )/ 7, where £(A1y,) is the effective f-number of the focusing
system in our setup [24], which takes the frequency-dependent THz beam size impinging on
the focusing mirror into account. The impinging beam sizes were extracted as the difference in
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Fig. 2. (a) THz FWHM across the focal zone (between 2nd and 3rd OPM), for five different
frequency components. The inset shows a zoom-in of the black rectangle near the immediate
focus. The shaded area highlights the region where the beam exhibits a solid Gaussian
intensity profile for all frequencies. (b) FWHM/beam radius as function of frequency. The
red dots are values extracted from knife-edge data, and the black curve is the theoretical
diffraction-limited value for a Gaussian beam focused by an OPM. (c) Example of THz
electric field calibration (encompassing the whole spectrum of Fig. 1(c)) performed with a
single THz spot size extracted by THz camera (blue) versus a frequency-weighted spot size
from the knife-edge data (red).

knife-edge position between 95% and 5% THz transmission, from knife-edge profiles with the
knife-edge in the collimated region (between 1st and 2nd OPM), and, due to the asymmetry of the
far-field profiles, have some degree of uncertainty, which carries over to the plotted diffraction
limit. The relatively low signal-to-noise ratio at the upper and lower extremes of the 1-15 THz
spectrum also presents an additional source of uncertainty. Although our THz beam evidently has
a donut-shaped far-field profile, and is therefore not a Gaussian beam, we see that the THz focal
spot size is close to the diffraction limit at the lower and higher ends of the detected spectrum,
whereas the intermediate part deviates more significantly. The deviations in the mid-frequency
range are subject to further studies, but we note that the theoretical diffraction limit applied here
is valid for a Gaussian beam, and we observe clear non-Gaussian behavior of the beam.

In Fig. 2(c), we illustrate the impact of using an accurately extracted frequency-dependent
THz spot size, where the electric field strength of a THz waveform has been calibrated for two
different THz spot size values, using the following equation [25]:

8m(t) 27]0 U

max(IEn(ON'\ [ dxdy G(x,y) [ dt—maii\”ét)z)lz)

E(1) @)

where &,,(t)/max,(|E,,(¢)|) is the normalized THz waveform, ny = 377 Q is the vacuum
impedance, U is the THz pulse energy, and G(x, y) is the Gaussian spatial intensity profile of the
THz beam, which depends on the spot size. This equation is a somewhat crude approximation,
since the transverse spatial beam profile obviously has a spectral dependence and therefore
cannot be separated from its temporal profile, but is nonetheless a widely used tool for estimating
the electric field strength of a given THz source. In the first case (blue waveform), the THz
spot size was extracted by fitting a Gaussian to an image from a THz camera. The THz
camera has an uncalibrated frequency sensitivity, but is suspected to overemphasize the more
energetic high-frequency THz photons, leading to an underestimated spot size, due the increased
focusability of higher frequencies. This, in turn, leads to an overestimation of the THz electric
field strength. In the second method (red waveform), the THz spot size is calculated using the
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knife-edge extracted spot sizes as a frequency-dependent power-weighted average:

[ Pri(w)wo(w) dw
[ Pri,(w) dw

; 3

W0,weighted =

where wy(w) is now the frequency-dependent spot size extracted from the knife-edge data. In the
example shown, the difference between the two methods is approximately a factor 2, which is a
sizeable discrepancy when working with, e.g., field-sensitive nonlinear spectroscopy.

3.2. Intermediate region

We now turn our attention to the transition between the solid beam profile at the THz focus and the
hollow beam profile in the far-field, i.e., the region near the edge of the shaded area in Fig. 2(a).
In Fig. 3, knife-edge profiles (dots) and their numerical derivatives (dashed lines) are shown for
3, 6, and 9 THz, and for each of the three regions: (a) near the THz focus, where the beam profile
is mostly Gaussian, (c) far away from the focus, where the beam profile exhibits hollow features,
and (b) in the transitional zone between (a) and (c). In (a), the differentiated knife-edge profiles
exhibit mostly single-peak and near-Gaussian profiles for all the three frequency components.
The frequency-dependence of the spot size is clearly visible, with the 9 THz component being
narrower than those at the lower frequencies. In (b), we see that the splitting starts to appear,
with a double peak emerging in all three frequency components. This feature corresponds to the
suppression of on-axis radiation in the THz beam profile, i.e., a hollowing of the beam profile. In
(c), all three frequency components now clearly exhibit double-peaked structures, indicating that
the beam profile has fully opened up into a donut-shape. In this case still, we observe that the
overall transverse size of the knife-edge curve is smaller for higher frequencies, meaning that the
conical emission angle decreases for increasing frequency, in agreement with previous studies
[9,11,16].
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Fig. 3. Experimental knife-edge profiles for 3, 6, and 9 THz at three locations (offset for
clarity): (a) Near the THz focus, (b) at the transitional region, and (c) far from the THz focus.
The dashed lines are the numerical derivatives of the knife-edge profiles.
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3.3. Far from the THz focus

Moving farther away from the focus, we now examine the far-field region, where the THz beam
profile has opened up considerably, exhibiting its characteristic hollow shape. This hollowing
of the THz beam profile introduces significant deviations between the experimental knife-edge
profiles and the attempted error function fits, and these deviations must be accounted for by
using non-Gaussian beam profiles. As previously mentioned we employ two complementary
knife-edge datasets to capture the asymmetry in the resulting beam profiles. Two such datasets
are shown in Fig. 4(a) and (b), where the former dataset was collected with a horizontally moving
knife-edge, and the latter with vertical movement. Specifically, we display knife-edge profiles
from the collimated region (between OPM 1 and 2), for 1, 3, 6, and 9 THz, along with error
function fits corresponding to Gaussian beam profiles (black curves). In order to encompass
the deviating features of all four frequency components, we numerically generate the hollow
THz beam profiles seen in Fig. 4(c)-(f) (see Supplement 1 for details) and perform knife-edge
simulations on them, resulting in the green curves seen in Figs. 4(a), (b). For example, the
green curves for the 9 THz components in Fig. 4(a) and 4(b) are both generated by simulating a
knife-edge translation across the same numerical beam profile, Fig. 4(c). In this way, differences
between vertical and horizontal knife-edge profiles can be explained by asymmetry (e.g., BBO
walk-off as previously discussed), astigmatism (more evident in the lower frequencies), and other
beam imperfections.

We see that the the knife-edge profiles generated by the hollow beam profiles accurately
represent the experimental knife-edge data. In Fig. 4(g), the four generated beam profiles from
Fig. 4(c)-(f) are weighted by their respective spectral power (Fig. 1(c)) and added together. The
resulting beam profile in Fig. 4(g) is thus an approximation of the true THz beam intensity
profile: in this case using four frequency components, but in practice extendable to any frequency
resolution supported by the THz-TDS data. This can be compared to the beam profile obtained
from a THz camera, as seen in Fig. 4(h). The camera sensor was too small to capture the full
THz beam profile in the collimated beam, so the image was obtained after the focus, in the
far-field between OPM 2 and 3. Its size is therefore not comparable to Fig. 4(g), but the general
shape of the beam profile shows good qualitative agreement to one generated from knife-edge
data. Figure 4(i) shows a far-field beam profile obtained from unidirectional 3D simulations (see
Supplement 1 for more details), where the inclusion of the aforementioned spatial walk-off gives
rise to the qualitatively similar asymmetric beam profile seen in Figs. 4(g), (h).

In Fig. 5(b), we show the frequency-angular spectrum experimentally obtained in the far-field,
based on the previously discussed fits to the frequency-resolved knife-edge profiles. The 0° angle
corresponds to the center of the constructed beam profiles, i.e., = 0 in Eq. (1). The original
power spectrum measured by THz-TDS is recovered after integration over the emission angle for
each frequency component, see Fig. 5(a). In general, we see that none of the frequencies have
their maximum on the optical axis, indicating that the THz emission is conical throughout the
1-15 THz range, with the divergence angle decreasing from 9° to 2° and reaching a maximum at
about 3°-5°. Additionally, the cone angle decreases with increasing frequency. The results agree
very well with multiple previous studies [9,10,16]. It has been previously been reported that the
radiation pattern from an elongated electromagnetic source follows the relation ¢ o« 1/+/vr,
[18], which is largely in agreement with our data and illustrated by the dashed line in Fig. 5(b).

In Fig. 5(c) we present the semi-analytical frequency-angular spectrum obtained from You et
al.’s model [9] that predicts off-axis emission of the generated THz field. This model is based on
the phase-mismatch between the two colors, depending on their respective optical and plasma
dispersion. In particular, the velocity mismatch between the harmonics induces a variation
along the propagation axis into the polarization of the THz bursts, which are emitted by the
photocurrents, given the laser intensity range employed in our setup. In particular, the amplitude
of the photocurrents vary with sin 6, 6 being the varying phase shift between the two optical
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Fig. 4. Far-field beam profiles. (a) Knife-edge profiles (horizontal knife-edge movement)
for 1, 3, 6, and 9 THz, along with fits corresponding to Gaussian (black) and hollow (green)
beam profiles (offset for clarity). (b) Same as (a), but with vertical knife-edge movement.
(c)-(f) Numerically generated 1, 3, 6, and 9 THz beam profiles used for the hollow fits in
(a) and (b). (g) The sum of the four beam profiles in (c)-(f), weighted with their respective
spectral power. (h) THz camera image from the far-field region between OPM 2 and 3.
(i) Far-field beam profile from unidirectional 3D simulations.
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components. The phase variations induced by a two-color pump along the plasma channel lead
to interference between the generated THz pulses, resulting in a conical shaped emission in the
far-field. By assuming that the emitting volume is a cylinder of radius a, length L, and with a
homogeneous electron density, N,, the dependency of the THz spectral power on frequency and
emission angle is given by

2
Jl(ﬁ)) ’ @)

Pr(w, ®) «« L2a*|A(w)]? (K3+KE—2K+K_ cos(290)) ( 5

where A(w) is the THz spectrum emitted by the plasma, «. = sinc [%kL (1 —cos® =+ W)]

0y an incident phase shift, 8 = kasin®, A = 2x/k is the THz wavelength, and [; is the
N,-dependent dephasing length, over which the two optical colors shift from 0 to n. It is
given by l; = Apg/[4n(2wy) — 4n(wp)], where n(w) is the refractive index that includes both
linear and plasma response and Apy is the fundamental laser wavelength. Equation (4) implies
that the privileged emission angle of the THz waves generated by a plasma is described by
cos ® = 1—2/[214(N,)], provided that the plasma length satisfies L>I;. This condition is verified
in the experimental setup of Fig. 1(a), as the generated plasma is about 2.5 cm long and the
dephasing length is close to 1 cm for the density level evaluated at N, = 5 x 10'® cm™3. The
latter value is consistent with measured density levels reported in [26] for a ratio between the
input pulse width and focal length close to 0.01, and for a ratio of incident power over the critical
power for self-focusing of 3. The plasma radius, a = 50 wm, is extracted from the unidirectional
3D simulations discussed in Supplement 1. The squared absolute value of the THz spectrum
|A(w)|? is obtained from the experimental measurements, including the ABCD detection function
response. The semi-analytical calculation based on Eq. (4) gives a good agreement with the
measured conical THz spectrum.

It is worth noting that the conical emission pattern in the low THz range (1-3 THz) was
carefully verified by additional THz camera measurements assisted with appropriate THz filters
in the lower spectral region. A typical conical feature can always be obtained when the THz
camera sensor is gradually moved away from the focal zone. It was also noticed that non-optimal
alignment from the BBO crystal or dual-wavelength wave plate inside the THz generation beam
path would significantly distort the conical patterns. The distortion could bring certain ambiguity
to the THz beam pattern, especially at the lower THz frequency range where the beam profile
and the donut-ring width are much larger. In contrast, frequencies above 3 THz tend to maintain
the donut shape, even with severe distortions, due to the sharp donut-ring feature.

4. Conclusion

To conclude, by combining the knife-edge technique and THz-TDS, we have investigated the
frequency-resolved beam profile of a two-color air-plasma THz source in the ultra-broadband
frequency range (1-15 THz). Our results show that the THz focal spot size is strongly frequency
dependent, e.g., the focus spot of the 3 THz component is more than 3 times the size of 15 THz
component. This strong frequency dependence has significant implication on nonlinear THz
spectroscopy applications, where accurate knowledge of the applied THz electrical field strength
onto the sample is important. The transition between the solid THz beam profile in the focal
zone and the hollow beam profile in the far-field was also carefully investigated, and, finally,
the far-field features across 1-15 THz have been carefully examined. A hollow donut-shape
was clearly observed for all THz frequencies, with the divergence angle of the conical emission
decreasing with increasing frequency. We hope that our results will not only be informative,
especially for nonlinear THz spectroscopy applications based on high-energy air-plasma THz
sources, but can also contribute to the fundamental understanding of two-color air-plasma THz
generation physics.
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