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Performance analysis of tabletop single-pulse terahertz detection at rates
up to 1.1 MHz
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Standard terahertz time-domain spectroscopy uses a relatively slow multidata acquisition process that
has hindered the technique’s ability to resolve “fast” dynamics occurring on the microsecond timescale.
This timescale, inaccessible to most ultrafast pump-probe techniques, hosts a range of phenomena that has
been left unexplored due to a lack of proper real-time monitoring techniques. In this work, chirped-pulse
spectral encoding, a photonic time-stretch technique, and high-speed electronics are used to demonstrate
time-resolved terahertz detection at a rate up to 1.1 MHz. This configuration relies on a tabletop optical
source and a setup able to resolve every terahertz transient generated by the same source. We investigate
the performance of this single-pulse terahertz detection system at different acquisition rates in terms of
experimental noise, dynamic range, and signal-to-noise ratio. Our results pave the way towards single-
pulse terahertz time-domain spectroscopy at arbitrarily fast rates to monitor complex dynamics in real

time.
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I. INTRODUCTION

Terahertz time-domain spectroscopy (TDS) relies on
resolving the oscillating electric field of a terahertz pulse in
order to access its frequency components via Fourier trans-
form. This technique provides full amplitude and phase
information on the light passing through a medium, allow-
ing the complex dielectric function of the medium to be
extracted without the need for Kramers-Kronig relations,
a powerful capability compared with other spectroscopic
techniques monitoring only the transmitted optical power.
Terahertz TDS is often performed with a detection tech-
nique involving the mechanical scanning of an ultrashort
near-infrared (NIR) pulse across the terahertz waveform
as the two interact in a nonlinear crystal. Because this
technique intrinsically relies on the acquisition of multiple
data points to reconstruct the full terahertz waveform, it
requires the sample under study to exhibit the same char-
acteristics every time it is probed by the terahertz wave.
Thus, the standard pump-probe technique is not viable in
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evaluating samples whose properties evolve chaotically
or experience irreversible changes. Many studies have
tackled this issue by enabling single-shot terahertz detec-
tion, eliminating the need for a mechanical delay line to
retrieve the time-domain terahertz waveform. These tech-
niques, however, require data averaging to reach a suffi-
ciently high signal-to-noise ratio (SNR) to extract relevant
information. These systems, collecting data at kilohertz
rates [1], often rely on a detection scheme using echelon
mirrors [2], chirped-pulse spectral encoding [3], or spec-
tral interferometry [4]. Operation at megahertz rates has
also been demonstrated with a combination of chirped-
pulse spectral encoding and a photonic time-stretch tech-
nique [5,6], where the repetition rate of the NIR source
used for spectral encoding sets the acquisition rate [7—10].
However, these single-pulse megahertz-rate experiments
were achieved with high-energy terahertz pulses from
synchrotron facilities to achieve a satisfactory SNR. To
perform spectroscopic studies of materials, synchrotron
facilities are not as easily accessible and practical as table-
top terahertz sources, which also generally offer a more
stable output. Recently, single-pulse terahertz TDS at a
rate of 50 kHz with an ultrafast source was used to resolve
pulse-to-pulse microsecond carrier dynamics in a
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semiconductor [11]. Reaching faster terahertz-TDS rates
with tabletop sources would allow complex dynamics at
submicrosecond timescales to be recorded and would sig-
nificantly expedite the data-acquisition process in some
experiments, such as those involving terahertz two-
dimensional spectroscopy [12]. In this work, we present
a quantitative study on the noise limitations of a table-
top single-pulse terahertz-TDS system. The single-pulse
detection technique uses chirped-pulse spectral encoding
and a photonic time-stretch technique operated at a rate
up to 1.1 MHz, the fastest rate achieved to resolve ter-
ahertz waveforms with a single tabletop optical source.
We characterize the system through its dynamic range
and SNR, which are crucial parameters in establishing
the suitability of the technique for practical spectroscopy
purposes. With standard terahertz detection techniques,
these parameters can be extracted by well-known meth-
ods [13], and they depend on the measurement integration
time [14]. Since single-pulse data acquisition intrinsically
cannot rely on time averaging, a benchmark must be estab-
lished to evaluate the performance of single-pulse terahertz
systems. Here we propose such an approach and present
measurements that can serve as references for future work
on single-pulse spectroscopy. Interestingly, when terahertz
transients are recorded as frequently as every 5 ps, we
still measure a spectral dynamic range (more than 30 dB
in power) and SNR (approximately 25) that is sufficient
to enable a range of spectroscopic applications. This sen-
sitive detection regime is, however, achieved only when
we avoid using a noisy spectral region of the supercon-
tinuum (SC) gating pulse, which is located around the
wavelength of the excitation NIR pulse. Our results lay the
foundation for tabletop terahertz TDS at high acquisition
rates as a real-time monitoring tool with submicrosecond
resolution [15].

II. EXPERIMENT

For these experiments, an amplified ultrafast source cen-
tered at a wavelength of 1030 nm delivers 180-fs pulses for
terahertz generation and detection. The laser is operated
at its maximum average power of 6 W and its repetition
rate is modified via software between 1 kHz and 1.1 MHz,
with only the output peak intensity altered, while chirp
and pulse duration remain effectively unaffected. Most of
the output power (90%) is used for terahertz generation
via optical rectification in a lithium niobate crystal with
the tilted-pulse-front technique [16]. The terahertz pulse
is guided by a series of off-axis parabolic mirrors and
focused by one of these mirrors (NA approximately 0.5)
to achieve a relatively tight terahertz focal spot of approx-
imately 500 wm (1/e®). The rest of the beam is set to a
constant pulse energy of approximately 10 nJ and launched
into a 2-m-long polarization-maintaining fiber (PMF; OZ
Optics PMF-980-6/125-0.25-L) to generate a chirped NIR
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FIG. 1. Experimental setup. A Yb:KGW amplifier with aver-
age power of 6 W and a tunable repetition rate is used for
terahertz generation and detection. Most of the optical power
is used for terahertz generation with a tilted-pulse-front tech-
nique in a lithium niobate (LN) crystal wedge. The remainder
is launched into a 2-m-long PMF to generate a chirped SC with
100-nm bandwidth and 6-ps duration (FWHM). The terahertz
pulse and the chirped SC are overlapped in a 2-mm-thick GaP
crystal to achieve chirped-pulse spectral encoding, imprinting the
terahertz waveform onto the chirped NIR spectrum through the
Pockels effect. After polarization filtering with a quarter-wave
plate (QWP) and a linear polarizer (P), photonic time stretch is
realized by our injecting the terahertz-modulated SC into a 2-km-
long SMF and detecting it with a fast photodiode (12 GHz) and
oscilloscope (8 GHz). HWP, half-wave plate.

SC spanning approximately 100 nm with a duration of
6 ps (FWHM) for each of the explored repetition rates.
Low NIR-pulse energies were used to ensure SC stabil-
ity and to considerably reduce the risk of thermal damage
over long periods of laser exposure. A chirped SC with
these specifications allows frequencies up to 1.6 THz to be
detected through chirped-pulse spectral encoding, imprint-
ing the time-domain terahertz waveform onto the chirped
NIR spectrum through nonlinear effects [3,11]. Here we
achieve chirped-pulse spectral encoding by overlapping
the resulting terahertz pulse and chirped SC in a 2-mm-
thick (110)-oriented gallium phosphide (GaP) crystal, a
material with favorable phase-matching conditions, featur-
ing a coherence length exceeding 3.5 mm, for excitation
wavelengths near 1 pwm and terahertz frequencies below
2 THz. The NIR pulse containing the terahertz informa-
tion is transmitted through a quarter-wave plate and linear
polarizer to optimize detection sensitivity while main-
taining the phase information of the terahertz pulse [17].
Finally, the encoded NIR pulse is launched into a 2-km-
long single-mode fiber (SMF; Corning HI1060 flex) to
achieve photonic time stretch, dispersing the pulse dura-
tion from a few picoseconds to tens of nanoseconds,
which can then be sampled with a high-speed photodiode
(12-GHz bandwidth, Newport 1544-B) and oscilloscope
(8-GHz bandwidth, Tektronix MSO64B). A diagram of
the experimental configuration is shown in Fig. 1. With
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this technique, the terahertz detection rate can be arbi-
trarily high and is determined solely by the repetition
rate of the ultrafast source providing NIR-pulse energies
of at least a few microjoules. Our single-pulse terahertz
detection technique, based on electro-optic sampling, has a
detection sensitivity limited mainly by the nonlinear con-
version efficiency in the terahertz detection crystal. This
efficiency could potentially be increased, notably by one
(1) using a more-powerful NIR source to achieve higher
terahertz-pulse energies, (ii) relying on a detection crystal
with a larger second-order nonlinearity, while still ensur-
ing a long nonlinear interaction length, or (iii) ensuring a
tighter terahertz focusing on the detection crystal.

IT1. RESULTS AND DISCUSSION

To retrieve the terahertz waveform through the photonic
time-stretch technique, the signal is recorded on the oscil-
loscope with and without the terahertz pulse impinging on
the GaP crystal, as shown in Fig. 2(a) (red line and dashed
black line, respectively). Subtraction of the square root of
each measurement yields the terahertz waveform in the
time-stretch domain [11]. The recovered waveform is pre-
sented in Fig. 2(b) when the delay between the chirped SC
and the terahertz pulse is varied in increments of 500 fs. By
our imprinting the terahertz waveform on a different por-
tion of the NIR spectrum, the time axis of the oscilloscope
can be calibrated to retrieve the picosecond information
for the terahertz pulse. The linear relationship between the
terahertz peak measured on the oscilloscope and the rela-
tive delay allows us to extract a time-stretch factor of 1138
and confirms that higher-order dispersion in the 2-km-
long SMF is negligible [5]. The input NIR-pulse energy
injected into the PMF is set at 10 nJ to optimize pulse-to-
pulse stability. This ensures a stable SC spectral width and
corresponding time-stretch factor, which is experimentally
verified.

The shaded gray areas in Fig. 2 correspond to the portion
of the spectrum where the terahertz waveforms are subject
to deformations, and that we have therefore deemed sub-
optimal for spectral encoding. This spectral region, near
the pump wavelength, is dominated by characteristic sharp
ripples of self-phase modulation, which are extremely sen-
sitive to minor fiber-coupling fluctuations, while optical
wave breaking smooths out the rest of spectrum [18]. The
flat portions of the spectrum do not possess this fiber-
coupling sensitivity and therefore have lower noise, except
at the extreme edges of the spectrum [Fig. 2(c)]. Delaying
the pulses such that the terahertz waveform is imprinted
on the most stable parts of the NIR spectrum is a valid
method of performing these experiments as the terahertz
information is contained within only approximately 4 ns
and the time-stretched spectrum spans more than 20 ns. It
is crucial to imprint the terahertz data within a region of
the SC where phase-matching conditions are constant for
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FIG. 2. Time-axis calibration. (a) Unmodulated (dashed black
line) and terahertz-modulated (red line) time-stretched signals
measured with the fast photodiode and oscilloscope. To isolate
the terahertz waveform, the square root of the unmodulated sig-
nal is subtracted from the square root of the terahertz-modulated
signal. (b) Extracted terahertz waveforms as the relative delay
between the terahertz pulse and the chirped SC is shifted in
increments of 500 fs, varying the frequencies within the SC
onto which the terahertz transient is imprinted. The waveforms
are stacked vertically for clarity. The shaded gray area indicates
noisy parts of the spectrum and is quantified by (c) the relative
noise of the SC, which we define as the standard deviation of the
SC signal (voltage on the oscilloscope) divided by the mean SC
signal.

all NIR spectral components, which are effectively acting
as independent gating pulses. In our experiment, this con-
dition is satisfied for terahertz frequencies between 0.5 and
1.5 THz since it relies on a GaP detection crystal and a NIR
spectral window between 970 and 1010 nm [19]. However,
a reliable decoding of a terahertz waveform overlapping
with the full SC, which extends from 960 to 1080 nm,
would require the development of a transfer function that
considers the variations in phase-matching conditions.
The noise recorded in these most stable regions is dom-
inated by electronic noise from the oscilloscope, photodi-
ode, power supply, or any combination thereof, with only
minor contributions from pulse-to-pulse laser power fluc-
tuations. The standard deviation of the total SC spectral
power, corresponding to a pulse energy of approximately
6 nJ incident on the GaP crystal, is less than 1%. To use the

054020-3



NICOLAS COUTURE et al.

PHYS. REV. APPLIED 21, 054020 (2024)

entire SC spectrum for spectral encoding, balanced detec-
tion techniques adapted to single-pulse detection, such as
diversity electro-optic sampling [20,21], can be used to
reduce pulse-to-pulse fluctuations but will not help if the
main source of noise is electronic.

Figure 3(a) displays the extracted time-domain terahertz
waveform after the time-axis calibration has been per-
formed for laser output pulse energies of 120, 20, and
5.5 wJ, corresponding to laser repetition rates of 50 kHz,
300 kHz, and 1.1 MHz, respectively. The field strength
and pulse energy of the terahertz pulses, in kilovolts per
centimeter and picojoules, are extracted with electro-optic
sampling and not the single-pulse detection configura-
tion [22]. For clarity, the data in Fig. 3(a) collected with
NIR-pulse energies 20 and 5.5 wJ are multiplied by factors
of 3 and 4, respectively. The shaded areas surrounding the
colored lines in Fig. 3(a) represent the standard deviation
measured over 10 000 pulses. Although the signal at 5.5 ,J
(1.1 MHz) is weaker, this result marks, to our knowledge,
the fastest tabletop time-resolved terahertz detection rate
to date.

The terahertz waveform is measured for several pulse
energies to form the line plotted in Fig. 3(b), where the
peak terahertz amplitude and corresponding pulse energy
inside the GaP crystal are shown as a function of the
laser output pulse energy. The linear relationship between
the NIR-pulse energy and the detected terahertz amplitude
validates the linearity of the polarization filtering scheme
in Fig. 1 [11]. For each measurement, the pulse energy
injected into the PMF is kept fixed at approximately 10 nJ;
hence, the NIR-pulse energy in the GaP detection crystal
is also fixed, indicating that the detection efficiency is not
limited by the repetition rate but instead is limited by the
terahertz-field strength inside the crystal. The highest ter-
ahertz field in this work, corresponding to the red line in
Fig. 3(a), is approximately 35 kV/cm and corresponds to a
terahertz-pulse energy of approximately 85 pJ. This value,
comparable to those obtained by other groups using similar
terahertz sources [23], partly determines the sensitivity of
the single-pulse terahertz spectrometer. In contrast to other
schemes, since our system relies on only a single laser
and a single photodiode, timing jitter is negligible. Jitter
between the terahertz pulse and the SC would appear in the
experimental data as phase noise. In this work, the standard
deviation of the phase is on the order of 1072 rad across the
whole spectrum. This feature makes it highly suitable as a
noninvasive probe in industrial assembly lines. The tem-
poral shift between the terahertz pulse and the SC induced
by a product in the path of the terahertz beam can be used
to extract the thickness of the product with great accuracy.

For a more-in-depth analysis of the measured tera-
hertz waveforms at each of the repetition rates studied,
we calculate the dynamic range of the recorded time-
domain signals [Fig. 4(a)] and their corresponding spec-
tral amplitude [Fig. 4(b)]. To optimize the SNR of our
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FIG. 3. Relative-amplitude characterization. (a) Extracted ter-

ahertz transients generated with NIR-pulse energies of 120 wJ
(red), 20 wJ (green), and 5.5 pJ (blue); corresponding to detec-
tion rates of 50 kHz, 300 kHz, and 1.1 MHz, respectively. The
solid lines represent the averaged waveforms and the shaded
areas represent the error of the measurement calculated from
the standard deviation over 10 000 pulses. For clarity, the blue
and green lines (and their corresponding standard deviation) are
multiplied by factors of 3 and 4, respectively. (b) Peak terahertz-
transient amplitude inside the GaP crystal as the pulse energy of
the ultrafast source is increased from 5.5 to 120 wJ by decreasing
the repetition rate (i.e., 1.1 MHz to 50 kHz). The linear relation-
ship between the detected terahertz amplitude and the NIR-pulse
energy indicates that the system can reach higher detection rates
at the cost of detection efficiency. The highest terahertz field,
corresponding to a detection rate of 50 kHz, is approximately
35 kV/cm or approximately 85 pl.

detected terahertz spectrum, we perform a Fourier trans-
form of the time-resolved terahertz waveform within a 4-ps
window, which avoids the noisier NIR region located
around the excitation wavelength (shaded gray region in
Fig. 2). The width of this time window is inversely propor-
tional to the smallest spectral interval one can resolve with
this technique. To increase the spectral resolution, it might
be possible to use an all-normal dispersion optical fiber to
generate an extremely broadband and low-noise SC [24].
The choice of terahertz detection crystal also has a direct
impact on the accessible spectral bandwidth. Because of
phase-matching conditions, a thick crystal provides access
to a limited spectral region, while a thinner crystal can be
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FIG. 4. Dynamic range of single-pulse terahertz detection. The
dynamic range of the presented scheme as a function of (a)
the detection rate and (b) the NIR-pulse energy. The dynamic
ranges of (a) the recorded time-domain data and (b) correspond-
ing terahertz spectra are calculated with the methods described
in Ref. [13]. The arrows in the inset in (a) indicate parts of the
terahertz waveform used to calculate the dynamic range. The
inset in (b) contains terahertz spectra (plotted on a logarithmic
scale) recorded at repetition rates of 50 kHz (red), 300 kHz
(green), 1.1 MHz (blue) and the noise floor of the single-pulse
case (dashed black line).

used to resolve a larger bandwidth, although at the expense
of lower detection sensitivity [25,26]. The dynamic range
in the time domain is defined as the mean of the peak ter-
ahertz amplitude (Ary,) divided by the off-peak standard
deviation (oop), whereas in the Fourier domain it is defined
as the maximum spectral amplitude of a single-pulse mea-
surement divided by the noise floor [dashed black line in
the inset in Fig. 4(b)] [13]. Notably, the peak dynamic
range approaches 300 in amplitude (50 dB in power) in
the Fourier domain when the system is operated at 50 kHz.
The SNR of the single-pulse data can be extracted with a
similar approach. In both domains, the SNR is defined as
the quotient between the peak terahertz amplitude and the
on-peak standard deviation [13]. The peak SNR achieved
with a repetition rate of 50 kHz is approximately 60 in
the time domain and approximately 150 in the Fourier
domain. The dynamic range in each case follows the same
trend: as the repetition rate is increased, the dynamic range
decreases correspondingly. This trend is a result of the

weaker nonlinear interactions in the GaP detection crystal
and the constant noise floor. At repetition rates exceeding
600 kHz, the frequency-domain SNR of the single-pulse
measurement can be considered too low to obtain clear
spectroscopic information without pulse-to-pulse averag-
ing. Nonetheless, in the time domain, amplitude changes
and temporal shifts of the terahertz pulse can still be moni-
tored to investigate different phenomena. Our analysis is
obtained in the absence of a sample in the path of the
terahertz beam, which is a common practice to character-
ize new photonics systems [13,14]. Sample absorption and
Fresnel reflections should therefore be considered when
one is evaluating the feasibility of experiments at high rep-
etition rates, although many samples, including polymers
and molecular gases, should not considerably affect the
values reported in Fig. 4.

IV. CONCLUSION

In summary, we have used chirped-pulse spectral encod-
ing and a photonic time-stretch technique to demonstrate
time-resolved terahertz detection at a rate up to 1.1 MHz
using a single ultrafast source, to our knowledge the
fastest tabletop single-pulse detection rate to date. By
thoroughly investigating the noise of the presented sys-
tem, we have deduced the limitation of the system to be
the terahertz-field strength at high repetition rates and,
hence, low NIR-pulse energies. With the simple addition
of high-speed electronics and commercially available opti-
cal fibers, existing systems with high terahertz fields (tens
of kilovolts per centimeter) can almost effortlessly imple-
ment the presented detection scheme. Finally, considering
potential technical improvements that can still be imple-
mented in the setup, especially regarding the reduction of
electronic noise and the increase of the terahertz genera-
tion and detection efficiencies, we foresee this technique
could be routinely used with an oscillator source operat-
ing at 100 MHz to perform real-time single-pulse terahertz
monitoring of nanosecond dynamics and explore a range
of new phenomena.
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