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Abstract: We demonstrate a self-referencing method to reduce noise in a single-shot terahertz
detection scheme. By splitting a single terahertz pulse and using a reflective echelon, both the
signa and reference terahertz time-domain waveforms were measured using one laser pulse.
Simultaneous acquisition of these waveforms significantly reduces noise originating from shot-
to-shot fluctuations. We show that correlation function based referencing, which is not limited
to polarization dependent measurements, can achieve anoise floor that is comparable to state-of -
the-art polarization-gated balanced detection. Lastly, we extract the DC conductivity of a30 nm
free-standing gold film using asingle THz pulse. The measured value of oo = 1.3+0.4x 10’ S
m~1isin good agreement with the value measured by four-point probe, indicating the viability
of this method for measuring dynamical changes and small signals.

OCIS codes: (300.6495) Spectroscopy, terahertz; (320.7100) Ultrafast measurements; (320.0320) Ultrafast optics,
(040.1880) Detection; (110.0110) Imaging systems; (310.0310) Thin films.
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1. Introduction

Terahertz (THZz) time-domain spectroscopy (THz-TDS) using pulsed THz radiation isaversatile
tool for studying the properties of insulating and conducting materials[1-5]. Unlike many other
spectroscopic techniques used in the visible or infrared regimes of the electromagnetic spec-
trum, THz-TDS relies on recording the THz time-domain waveform by essentially performing
a pump-probe experiment to determine the THz-induced transient birefringence in an electro-
optic (EO) crystal [6, 7]. Measuring the birefringence while varying the time delay between
the THz pulse and the femtosecond readout pulse yields the THz time-domain electric field,
E(t), from which one can extract the complex-valued spectrum E (w) = |E(w)| exp (i¢(w)) by
performing a numerical Fourier transform. Because the amplitude and phase of the field are
obtained, this has the advantage that complex-valued material parameters (e.g. refractive index,
fA(w) = n(w) + ik(w) and conductivity, o(w) = o’ (w) + ic”’ (w)) can be evaluated from a



single transmission or reflection mode measurement without needing to invoke the Kramers-
Kronig relations. By taking advantage of multi-shot averaging, the signal-to-noise ratio (SNR)
of a THz-TDS measurements can exceed 10*:1 when using an amplified laser system [8], or
even 108:1 when using a high repetition rate oscillator based system [9], leading to sensitive
and quantitative measurements. While THz-TDS has proven extremely successful, the multi-
shot, scanning-based nature of THz-TDS is time-intensive, and studies of short-lived states of
matter undergoing irreversible changes are impractical using conventional methods.

In order to overcome these issues, single-shot THz detection methods have been devel oped as
a means for quickly and accurately measuring THz temporal waveforms [10]. These methods
rely on the ability to capture a full THz waveform using a single temporally [11-13] or spa-
tialy [14-17] shaped readout pulse to sample the temporal profile of the THz field on a multi-
element detector. Single-shot THz detection methods have been used to successfully measure
the THz frequency static material properties of lactose [17], characterize radiation from elec-
tron bunches [12], and study the dynamics of photoexcited silicon [18, 19], laser heated dense
plasmas[20], and silicon in strong magnetic fields [21]. Although these detection schemes have
been referred to as “single-shot", they require at least two separate measurements to record a
THz waveform: one with the THz induced change on the readout pulse, |, and one of the unper-
turbed readout pulse, 1. These are used to determine the relative intensity change in the readout
pulse, Al/lg = 1/lg — 1, which can be related to the THz field. However, as these measure-
ments are not taken simultaneously, noise can be introduced from the shot-to-shot fluctuations.
This can be particularly damaging for high-energy and low-repetition rate lasers, where multi-
ple amplification stages, large size, and long path length often result in appreciable changesin
both the beam pointing and the pul se energy. Furthermore, many of the single-shot experiments
performed have still utilized averaging of single-shot traces to determine the THz time-domain
waveform and spectrum, and variationsin the THz pul se between signal and reference can affect
the measurement.

Here, we present a self-referencing method for simultaneously collecting signal and refer-
ence waveforms in a single-shot by detecting multiple images and using a set of correlation
functions to compensate the shot-to-shot fluctuations. To test the method, we use a single-shot
technique based on areflective 1D echelon [18, 21, 22]. The 1D echelon is a modified version
of the 2D transmissive echelon demonstrated for THz spectroscopy by Kim et. al [16], and
has the additional advantage that there is no loss of temporal resolution due to broadening of
the pulse duration caused by material dispersion. In the manuscript by Minami et. al., [22], a
self-referencing approach was suggested to reduce the noise of the measurement. We quantified
the root-mean-square error of this approach and compared it against conventional referencing
and a polarization-based balancing scheme [10, 21]. Finaly, we illustrated the utility of this
method by experimentally determining the DC conductivity of a 30 nm free standing gold film
by THz-TDS in atransmission geometry. This has been previously reported using conventional
THz-TDS[23], and demonstrates the capahility of the correlation function method for perform-
ing measurements which require ahigh SNR.

2. Experimental setup and methods

The setup used is shown schematically in Fig. 1. All the experiments were performed using
a Ti:Sapphire laser system with a regenerative amplifier and second-stage multipass amplifier.
This system delivers approximately 5.5 mJ pulses, centered at 800 nm, with a duration of 45
fs FWHM at a maximum repetition rate of 120 Hz. The repetition rate was lowered to 20 Hz
using a Pockels cell and a polarizer. Approximately 3 mJwas split using a non-polarizing beam
splitter and used to pump a 1 mm thick ZnTe crystal, which produced THz pulses through
optical rectification. A polyethylene plate was placed immediately after the crystal to block any
residual pump light while allowing the THz pulse to be transmitted. The THz pulse was then



focused using a 2 inch diameter, 2 inch effective-focal length off axis parabolic reflector onto
the sample. This spot was then relay imaged onto a 1 mm thick ZnTe crystal for EO detection.
Additionally, a 2 mm thick 20 kQ cm silicon wafer was placed between the generation crystal
and the first focusing parabolic reflector, and was used to direct a portion of the THz pulse to
another ZnTe crystal. The waveform of this pulse was simultaneously measured and served as
the reference.

The remaining laser pulse energy was used for single-shot EO sampling using a reflective
stair-step echelon [22]. The echelon used in these measurements consisted of 500 gold coated
steps which were 30 um wideand 5 umtall. This split the singleincident pulseinto 500 smaller
pulses separated by adelay that is dependent on the step height and theincidence angle. Inthese
experiments, theincidence angle was approximately 10°, corresponding to atime delay between
pulses of t ~ 33 fs and and maximum time window of T ~ 17 ps. The time resolution, which
was limited by the 100 um spatial resolution of the imaging system, was 100 fs.

After setting the polarization of the readout pulse to vertical, the readout pul se was reflected
off the echelon and then was split into three arms and used to detect (a) a THz waveform which
probed the sample, in thiscasein transmission, (b) a THz waveform which did not encounter the
sample, and (c) the unmodified probe which monitored the laser pointing and energy fluctuation.
Readout pulses to probe waveforms (a) and (b) were focused through a hole in their respective
off-axis parabolic reflectorsusing f = 10 cm lenses and overlapped with their appropriate THz
pulsesin 1 mm thick ZnTe crystal for EO detection of the THz fields. A second f = 10 cm lens
placed after each ZnTe crystal was used to produce an image of the echelon on identical CCD

Echelon
/

f=10cm jf=10cm

time ; > <t time —>
(max. 17ps) (max. 17ps) (max. 17ps)

Fig. 1. Schematic illustration of the setup. The THz field was split into two arms — one
probed the sample in transmission mode while the other served as a reference. The read-
out sampling beam was reflected off the echelon and split. Two of the arms measured (@)
probing and (b) reference THz waveforms. The remaining arm (c) monitored shot-to-shot
fluctuations. The horizontal stripesresult from imperfectionsin theimaging system. Images
(@), (b) and (c) are the raw images taken on a single shot by the 3 CCD cameras |abeled (a),
(b), and (c) in the schematic.



cameras (Allied Vision Manta G-201, 12-hit 30fps). Pulse (c) was also imaged onto a CCD
camera using identical lenses, but no ZnTe was placed at the focus of the first lens. Representa-
tive images recorded with the modified and reference sampling pulses are shown in Figs. 1(a),
and 1(b), and 1(c). The horizontal stripesin Figs. 1(a) and 1(b) come from imperfectionsin the
imaging system and needing to image through the hole in the off-axis parabolic reflector. These
stripes are also visible in Fig. 1(c), but are visible to alesser degree because the beam was not
imaged through afinite aperture.

For both of the methods, the THz waveforms were determined using two images— one where
the THz pulse overlapped with echelon pulses, and one with the THz pulse absent. The former
was divided by the latter to construct a ratio image in which the relative signal modulation,
Al/lp, was related to the THz field amplitude. Due to the 1D structure of the echelon, the
horizontal axis represents the time-delay in a conventional delay-stage measurements. Theratio
images were averaged as Al /1 was uniform along the vertical axis. In practice, we found it
was necessary to apply linear perspective transformations on the images in either Python or
MATLAB to correct for tilting before extracting the waveforms.

2.1. Correlation function-based approach

Our proposed self-referencing method used two types of correlation functions to extract and
analyze the THz waveforms: image correlation functions and a spectral correlation function.
For the transmitted and reflected THz pulses, the image correlation functions were determined
by averaging the ratio images obtained with camera (a) or (b) asthe “signal” and camera (c) as
the “reference”: Ig’b = Ig*b/lg. Thiswas then used to transform an image measured on camera
(c) to the equivalent reference image on cameras () or (b):

Ala,b |a,b

= -1 (1)

I c a,b
0 Igle

THz waveforms were measured by EO detection with anearly crossed-polarizer (6 ~ 10° de-
viation from crossed) placed after the ZnTe crystal. The THz field-induced birefrigence rotated
the polarization of temporally overlapped echelon pulses resulting in arelative intensity change
given by [24],

Al“P  sn?(A¢/2+T/2) —sn’(1/2) _ 3(A8)(D) ?
lo n+sn2(C/2) T +T2/4°
where I and n are contributions to background light arising from the static, strain-induced
birefringence of the ZnTe crystal and the misaligned polarizer, and

2nt
Ap = Tn3r41 Eo, ©)

is the phase shift caused by the transient birefringence. Here Eg is the THz electric field, ¢
is the thickness of the ZnTe, n is the refractive index of the ZnTe at 800 nm, and rg4; is the
EO coefficient of the ZnTe. THz traces were extracted from ratio images by averaging along
the vertical axis. Note that A1%-? /15 behaves linearly only in the limit of small THz fields. To
verify linearity of our detection scheme, we measured the mean value of the time-domain THz
waveform without any sample. We found that this value was on the order of the minimum
detectable signal limit of our measurement with no base line offset. Because the THz waveform
should integrate to zero [25], this is a good indication that our measurement was within the
linear regime. For sufficiently large signals, contributions from the non-linear dependence on
the signal on A¢ have a non-negligible effect on the waveform recorded [24], and the average
the waveform differs significantly from zero. Thisisimportant for spectroscopic applications as
it affects the spectrum measured when the sample is present compared to when it is absent.



The effect of the image correlation functions can be seen by comparing Figs. 2(a) and 2(c),
which measure 5 raw single-shot THz waveforms transmitted through a 30 nm gold film before
and after the correction by image correlation function, or Figs. 2(b) and 2(d), which report fields
reflected off the silicon wafer. Traces with matching colors are derived from the same laser pulse.
In this case, the image correlation function was constructed by averaging 20 images of the
echelon with the THz pulse blocked. The large variations in Figs. 2(a) and 2(b) result from the
shot-to-shot fluctuation of the laser pulsesthat illuminated the echelon. After applying theimage
correlation function, all the traces are well overlaid on each other as shown in Fig. 2(d). The
improvement is much more prominent between Figs. 2(a) and 2(c) because only asmall portion
of the THz pulse is transmitted through the film, and the peak amplitude is on the order of the
minimum detectable signal. This demonstrates that by using the image correlation functions to
determine a reference image on the same laser pulse as the signal image significantly reduces
distortionsin the image which arise from shot-to-shot fluctuations, enabling measurements with
low SNR.
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Fig. 2. Fiveindividual single-shot THz waveforms obtained from a THz field: (a), (c), trans-
mitted through a 30 nm gold film, and (b),(d) reflected using a silicon wafer. In (a) and (b)
lo was measured at amuch later time, while (¢) and (d) used theimage correlation functions
to estimate |g. The mean of the traces were subtracted to center them around 0. The same
color THz waveformsin (a) and (b) were taken in a same shot. (€) Test of the spectral cor-
relation function. The green dashed line is the experimentally measured transmitted THz
(IE¢ (w)]) from asingle shot spectrum; the red line is the reflected THz spectrum (|E; (w)])
measured from the same shot and the blue line is the correlation function (|C(w)|) between
the transmitted and reflected THz; the black line is the product of |E, (w)| and |C(w)].

Next, the spectral correlation function, C(w), was determined using simultaneously meas-
ured THz transmission E(w) and reference spectra Ex (w). These were obtained by Fourier
transformation of the time-domain waveforms. The spectral correlation function, C(w), was
then calculated from the average ratio of the transmitted spectrum to the reflected spectrum:

C(w) = Er(w)/Er(w). 4)

To demonstrate the robustness of this approach, 20 single-shot measurements werefirst taken
to construct a spectral correlation function with no sample present. This was then tested by
taking individual single-shot measurements and cal cul ating the spectrum of the transmitted THz
waveform based on the measured reflected waveform from the same shot. Figure 2(€) shows
the result, where the measured transmission spectrum from one single-shot measurement is
shown in the green dashed line, and the cal culated transmission spectrum is shown in the black



solid line, using the measured reflected THz (red line) and correlation function (blue line). The
excellent agreement between the traces illustrates the utility of the spectral correlation function.

In practice, we found that the correlation functions are most effective when calibrations are
recorded shortly before carrying out the actual measurements. This most accurately compen-
sates for the long term drift of conditions such as of beam pointing, beam profile variation,
and the overlapping between the sampling pulse and the THz beam in the EO sampling crys-
tal. Although the correlation functions were stable within a day, we found that the correlation
functions needed to be tested at |east once per day to ensure proper corrections.

2.2. Polarization-gated balancing

In order to benchmark our approach, we compared the noise performance of the self-referencing
scheme to the state-of-the-art polarization-gated balancing scheme. Polarization-gated balanc-
ing is typically used in THz-TDS and has aso been successfully adapted for near-field THz
imaging [26-28] and single-shot methods using echelons [10, 21]. Here, a quarter-waveplate
with itsfast axis rotated 45° from vertical and a Wollaston prism set to transmit s-(+) polarized
and p-(-) polarized pulses were placed after the ZnTe crystal used for EO detection. Using a
small splitting (3°) angle Wollaston allowed us to capture both polarization states on a single
CCD camera. Images were recorded with the THz pulse present, 1 *, and absent, 1. Therelative
intensity change for this arrangement is given by [29]
+ +
izlj—lZiSin(A¢). (5)
o lo
Thisisequivalent to equation 2 but with I'= £7/2 and = 0. Compared to the self-referencing
method, the measured signal can always be made linearly proportional to the applied field.
Figure 3(a) and 3(b) show the ratio images and the extracted THz waveforms for the s- and
p-polarizations. Balancing is implemented by taking advantage of the fact that the waveforms
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Fig. 3. Echelon ratio images and extracted THz waveforms for (a)s-polarized and (b) p-
polarized images. The sign of the THz field is opposite between the two cases. (¢) Polariza-
tion balanced echelon image and corresponding THz waveform. (d) Spectrum of balanced
THz waveform.



recorded in the different polarization states have opposite sign from each other. Since fluctua-
tions that arise due to power or pointing instabilities have the same sign, subtracting the wave-
forms from the two polarizations reduces noise while al'so doubling the signal. In this case, the
images were put into register by taking a 2D cross-correlation. The result of the balancing pro-
cedure is demonstrated in Fig. 3(c), where there is a clear doubling of the signal amplitude and
the images and traces are centered around Al /1o = 0.

3. Noise comparison

In order to evaluate the noise performance of the self-referencing method, time-domain wave-
forms were measured with the the THz pulses blocked. The results give a measure of variations
arising due to noise in the electronics which cannot be compensated.

Representative resultsare shown in Fig. 4. Figure 4(a) serves asabaseline and presentsatrace
obtained using “signal” and “reference” readout pulses measured at different times. Figures 4(b)
and 4(c) correspond to traces extracted using the correlation function when the readout pulse
measured on the “signal” camera is attenuated to low [Fig. 4(b)] or high [Fig. 4(c)] levels.
Finally, Fig. 4(d) gives the results for the polarization balanced case.

In order to quantify the noise, the root-mean-square (RMS) deviation was measured for 20
single-shot traces. The average and the standard deviation in the RMS for the four cases are
shown in the bottom right corner of each figure. The data indicate that polarization-gated bal-
ancing provides the lowest noise floor, and has the smallest variation in the RMS. This can be
understood by realizing that the correlation function based approach essentially uses a cross-
correlation between related images to remove structure in the image and thereby increase accu-
racy and reduce noise. When the images are highly correlated, as in the high-light case where
thereis little structure in the correlation function, the noise suppression is effective. In the low-
light case, the correlation is weak and this raises the noise floor. These both have a smaller
deviation in RMS compared to not using a correlation function, indicating the effect of refer-
encing with the same laser pulse. In comparison, polarization-gated balancing essentially uses
an autocorrelation between identical images to remove correlated noise while also amplifying
the signal. Because this correlation is always strong, polarization gated balancing routinely pro-
duces the lowest noise floor.

It is worth noting that there are till advantages to this self-referencing scheme. In cases
where there is an isotropic change (for example, optical reflectivity measurements, stimulated
emission experiments, or certain stimulated scattering experiments) the signal modulation will
not show a polarization dependent response. In these instances, bal ancing by subtracting orthog-
onal polarizations will remove the signal. Additionally, for polarization sensitive measurements
it is possible to tune the polarizer angle to optimize the signal modulation and compensate for
the increased noise expected in the self-referencing method [24, 30, 31]. This can be useful if
the signal amplitude is very small, or when the THz field is consistently small.

4. Single-shot measurements on 30 nm gold film

Finally, in order to demonstrate the capabilities of these techniques for measuring small signals,
we measured the conductivity of a 30 nm free-standing gold film. The free-standing film was
fabricated by first depositing gold on a very thin layer of soap (LiquiNox concentrated soap)
coated on glass substrate surface using a DC magnetron sputtering machine at room temperature.
The film was subsequently lifted off by using distill water to dissolve the soap layer. The free-
standing film was mounted on a sample card with holes of 2 mm diameter, and they were
inspected to be pinhole-free using a backlit imaging system with sub 10 um resolution before
the THz transmissivity measurement. Some of the lifted off films were mounted smoothly on a
clean glass surface for thickness calibration using an atomic force microscope, and conductivity
measurement by 4-point probe, a standard method to measure thin film DC conductivity. Using
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Fig. 4. Images and time traces illustrating the noise performance when referencing with
a reference pulse measured (@) at a different time, (b)/(c) at the same time and corrected
using a correlation function, and (d) at a different time and corrected using polarization
gated balancing. The values in the lower right corner of each image are the average and
standard deviation of the RMS deviation over 20 measurements. (€) Plot of the average
RMS deviation of the 20 noise tracesin the four different cases.

20 single-shot measurements, the complex-transmission coefficient, f(w), was determined and
related to the complex conductivity according to the the Tinkham equation [32]:

2 1

o = |\ — 1
7 (w) Zod (t(w) ), (6)
where Zy = 377 S~ isthe impedance of free space and d is the thickness of the film.

The result is shown in Fig. 5, along with the measured DC conductivity of gold found using
a4-point probe. These results were compared against the Drude model,

g0

()

where the o is the DC conductivity, and 7 is the carrier scattering time. For gold, the inverse
of the scattering time is much larger than the highest frequency in the THz bandwidth (1/7 ~
30 TH2), s0 o (w) = 0. In these measurements, the average conductivity from 0.7 to 1.0 THz
was (1.3 + 0.4) x 10’ Sm™1 for the correlation function approach and (1.2 + 0.4) x 10’ S
m~! for polarization gated balancing. These values are in good agreement with the the value of
(1.68 + 0.13) x 10’ Sm~* found using the 4-point probe. The significantly lower conductivity
compared to the bulk value [33] was also observed in 28 nm [23], 85 nm, and 150 nm [34] gold
thin films deposited on silicon substrates. This can be ascribed to the intrinsic defects associated
with the growth of nanocrystalline film, which are expected to play a significant rolein limiting
the conductivity [35]. In comparison against the data collected with polarization gating method,
there is good agreement between 0.8 to 1.0 THz. We believe that the discrepancies in the data
come from contamination absorption by water vapor in the experimental setup. In particular, the
strong absorption lines at 0.75 THz and 1.1 THz [36] dominate the otherwise small imaginary
component of the conductivity. This leads to the large amplitude of o’ near those frequencies,
in particular the anomalously negative values. In addition, as the experiments were performed
on different days, change in the temperature or humidity result in differences in the strength of

7(@) = l-iwt’



the water absorption. This can be dealt with systematically by purging the system with dry air,
which removes the water absorption.
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Fig. 5. Conductivity of 30nm freestanding Au measured using 4-point probe and single shot
THz detection using the correlation function and polarization gated balancing schemes. The
dashed lineisthe conductivity measured by four-point-probe. (a) 5 single-shot conductivity
measurements using a correlation function with colors corresponding to the same shotsin
Fig.2. (b) and (c) show the average of 20 measurements using a correlation and pol arization-
gated balancing respectively. o’ (w) and o’/ (w) are the real and imaginary parts of the
THz conductivity, |o-(w)] is the corresponding absolute value, and "DC only" represents
the valued measured by 4-point probe.

5. Conclusion and outlook

In conclusion, we have demonstrated a balancing scheme capable of self-referencing in single-
shot THz-TDS measurements. Fluctuations of the sampling pulse and the THz pulse are
monitored on each shot. This method is able to provide all the information needed for the
measurement once the proper correlation functions are constructed with comparable SNR to
the polarization-based balancing scheme. We have compared the noise floor of this method
against a polarization-gated balancing scheme and found that the two have comparable noise
performance. Lastly, we utilized the correlation function to measure the conductivity of a 30
nm gold thin-film using a true single-shot THz technique, and found good agreement with an
independent measurement of the DC conductivity by 4-point probe.

To further optimize of the self-referenced single-shot THz scheme, the polarization gated
balancing should be applied to both the THz sampling and reference arms to lower their overall
noise floor. Also improving the THz generation and detection efficiency by using thicker ZnTe
crystals will improve the THz field strength and hence improve the SNR. The imaging of the
echelon can aso be improved by using a pellicle beamsplitter to overlap the readout pulses
with the echelon. This would also alow for the use of a longer focal length lens and reduce
aberrations resulting from clipping by the hole in the parabolic mirror.

Understanding the limitations of single-shot THz techniquesisimportant for their successful
implementation in other experiments. In future studies probing structural or electronic phase
transitions, or short lived states of material under extreme conditions, such as warm dense mat-
ter, having accurate low-noise diagnostics is essential for obtaining accurate results. Further-
more, the concepts applied here for understanding noise reduction schemes are important for
many single-shot techniques.
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