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Abstract: Terahertz time-domain spectroscopy as well as all optical pump-probe techniques
with ultrashort pulses relies on the exact knowledge of an optical delay between related laser
pulses. Classical realizations of the measurement principle vary the optical path length for one
of the pulses by mechanical translation of optical components. Most commonly, only an indirect
measurement of the translation is carried out, which introduces inaccuracies due to imprecise
mechanics or harsh environment. We present a comprehensive study on the effect of delay in-
accuracies on the quality of terahertz spectra acquired with time-domain spectroscopy systems
and present an interferometric technique to directly acquire the optical delay simultaneously to
the terahertz measurement data. This measurement principle enables high-precision terahertz
spectroscopy even in harsh environment with non-systematic disruptions.
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1. Introduction

As real-world applications of terahertz technology are becoming more and more realistic [1–
3], the demands on measurement devices in terms of stability and robustness are rising. The
employment of these systems in harsh industrial environments is challenging in particular for
time-domain spectroscopy systems. The measurement principle of these systems [4,5] relies on
the exact timing of two optical branches, which are fed with femtosecond pulses realizing the
sampling method. Although complex delay-line concepts have been reported in the past [6–9],
the timing variation is mostly realized by introducing mechanically movable optical components
like mirrors or retroreflectors. The effort to increase the timing accuracy by employing very
precise mechanical and electronic components only partially alleviates the problem. Moreover,
these high-end products increase the system price inevitably, which impedes the application of
these systems to real-world industrial tasks. Furthermore, any influence on the timing due to
external factors has impact on the measurement quality and has been investigated in detail by
many groups [10–14].

Instead of improving the component’s accuracy, we realize the improvement of measurement
quality by simultaneously measuring the inaccuracy and deviation from the perfect desired tim-
ing and taking into account these deviations in time-information on the analysis of raw terahertz
time-domain data. The measurement of component translation is accomplished by implement-
ing a coaxial interferometer into the delay-line section of the time-domain spectroscopy system.
With this principle, it is possible to achieve very precise results even by using mechanically
most inaccurate and highly cost-efficient translation components, e.g. servo motors from the
RC model market.

2. Simulation

To fully understand the influence of delay-line uncertainties on terahertz spectra from time-
domain systems, numerical simulations are carried out. The best indicators for the quality of
terahertz spectra are the positions and line shapes of water vapor absorptions in ambient air, due
to the fact, that they are present in most of the terahertz spectra of real-world applications and
are therefore well-known to the community [15]. Furthermore, the HITRAN database [16] pro-
vides accurate parameters to calculate the absorption spectra of water vapor at various ambient
conditions. For this reason, we focus in this paper on the influence of delay uncertainties on the
absorption spectra of moist air. A scheme of our simulation principle is sketched in Fig. 1. As
the source of the timing deviation is obviously located in the time domain, we have to transfer
the frequency-domain data from HITRAN to the time domain. To do so, we first calculate the
absorption spectrum for a given setup and take into account the terahertz optical path length, the
relative humidity, the pressure and the temperature. By applying Kramers-Kronig relations [17],
we calculate the complex index of refraction, which is needed to determine the influence of
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absorption on amplitude and phase of a terahertz spectrum. This terahertz spectrum of an ideal
terahertz pulse is derived via fast Fourier transform of a calculated terahertz pulse. The terahertz
pulse is numerically generated with a simple model taking into account the laser pulse duration
and charge carrier lifetime in the semiconductor of the photoconductive switch. Once the tera-
hertz spectrum contains the information of the water vapor absorption, an inverse fast Fourier
transform leads to the terahertz pulse in the time domain with the characteristic echoes after the
main pulse originating from the water vapor absorption lines. This time-domain data is the base
for further investigation, representing a perfect measurement result based on a perfectly linear
time base. This linear time base is then distorted by addition of a characteristic delay error. After
distortion, the amplitude information is mapped onto a linear time base by linear interpolation,
resulting in a distorted time-domain pulse. Applying fast Fourier transform finally reveals the
influence on the terahertz spectrum.
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Fig. 1. Scheme of the simulation to determine the effect of delay distortion on terahertz
time-domain spectra. Starting from HITRAN data, a water vapor absorption spectrum is
calculated taking into account the optical path length, temperature, relative humidity, pres-
sure and partial gas pressure. Kramers-Kronig transformations are used to calculate the
complex refractive index. The information of the complex index of refraction is added
to the simulated spectrum without absorption features (obtained from a pulse model in
the time-domain and following Fourier transformation) to retrieve a perfect spectrum with
water vapor absorption lines. Subsequent inverse fast Fourier transformation provides the
undistorted pulse with absorption features. Its linear time base is superimposed with a dis-
tortion and the resulting distorted pulse is transfered to the frequency domain by fast Fourier
transform.
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Fig. 2. Simulation result of a high frequency delay deviation typical for motor-driven lin-
ear axes. The upper part of this figure shows the assumed deviation, which consists of two
frequency components (periodicities of 6.7 ps and 0.1 ps). The lower part shows the influ-
ence of this deviation on the terahertz spectrum. Besides the asymmetry of the water vapor
absorption lines, a very prominent ghost spectrum around 10 THz appears, whose location
is related to the periodicity in the time domain.

Based on this simulation procedure, the influence of different delay deviations can be investi-
gated. The type of delay deviation is determined by the assumed delay unit. Delay lines based
on motor-driven linear stages typically show deviations with a periodicity related to the drive
(leadscrew or circulating ballscrew). Common pitches are in the range of 1 mm per revolution,
which results in a periodicity in time domain of about 6.7 ps, when assuming a classical single-
pass delay line. In our considerations, we assume a deviation consisting of multiple components.
In Fig. 2, two components are considered with 6.7 ps and 0.1 ps periodicity, respectively. The
influence of this delay deviation on the terahertz spectrum is shown in the lower plot. The pe-
riodicity of 6.7 ps leads to line shape deviations in the terahertz spectrum, whereas the 0.1 ps
component leads to the formation of a symmetric ghost spectrum around 10 THz. The time step
and span of the data in the simulation was 0.025 ps and 100 ps, respectively.

Voice-coil driven delay units most commonly show a fundamentally different deviation, as
they base on oscillating components. Therefore, the systematic delay deviation is a superpo-
sition of the fundamental and higher harmonics of the oscillation frequency, but can vary in
phase, depending on the individual device, fundamental oscillation frequency and amplitude.
Fig. 3 shows three examples of the simulated influence of typical delay deviations of a voice-
coil driven delay unit. The periodic delay deviation assumed in this case is a sum of the first
three harmonics of the fundamental frequency and varies in amplitude and phase. Depending
on these factors, the influence on the absorption features is different. The amplitude in general
defines the shift in frequency, whereas the phase determines the direction of this shift and the
asymmetry of the line shape. The impact of this delay deviation is higher at higher terahertz
frequencies, emphasizing the need for a solution of this problem, as the accessible and usable
frequency range increases in recent time-domain spectroscopy systems.
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Fig. 3. Simulation results of low frequency delay deviations typical for voice-coil driven
delay units. Different amplitudes lead to different shifts, whereas the phase of the devi-
ation determines the direction of frequency shift and asymmetry. The spectra are vertically
shifted for clarity.

With these simulation results, observed experimental results can be fundamentally interpreted
and sources of measurement imperfections can be determined more precisely. The final aim
of our approach is not only to understand the influence of this delay deviations, but to mea-
sure them and taking them into account when acquiring terahertz data from time-domain spec-
troscopy systems.

3. Experimental setup

Our approach to measure the delay deviations is based on interferometrically measuring the
time delay in a terahertz time-domain spectroscopy system parallel to the main data acquisition.
The first version of the experimental setup of the proposed method is shown in Fig. 4. A stan-
dard terahertz time-domain spectroscopy setup driven by a titanium-sapphire laser is used and
upgraded with a helium-neon laser fed Mach-Zehnder interferometer. These two subsystems
are described in the following subsections.

3.1. Terahertz time-domain spectroscopy system

The terahertz time-domain spectroscopy system is pumped by a passively modelocked titanium-
sapphire laser (Coherent© Micra-5™). This laser provides about 200 mW average optical
power at a repetition rate of 80 MHz and pulse durations of about 65 fs. As many dispersive
optical elements are used in the setup, a pulse compressor prechirps the optical pulses to obtain
an optimal pulse duration at the terahertz emitter and detector. In the emitter branch of the time-
domain spectroscopy system, a delay-line section is included, containing multiple delay units
which are independently investigated in the experimental phase (described in subsection 3.3).
The photoconductive switches (Menlo Systems TERA8-1) used as terahertz emitter and detector
are pumped with an average optical power of 20 mW each (dipole lengths of 20 µm). The emit-
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Fig. 4. Experimental setup. A helium-neon laser driven Mach-Zehnder interferometer
(green beam path) is integrated into a Ti:Sapphire laser pumped (red beam path) terahertz
time-domain spectroscopy system. Both systems share one delay section, in which several
different delay lines can be investigated without changing adjustment. This section is only
schematically depicted and will be described in more detail in subsection 3.3.

ter antenna is biased with 40 V DC and the detector antenna is connected to a transimpedance
amplifier at 107 V/A and 200 kHz bandwidth. A data acquisition card with 200 kS per second
is used for acquiring the terahertz and interferometer signals simultaneously.

3.2. Interferometer

The integrated Mach-Zehnder interferometer is pumped by a standard helium-neon laser with
1 mW average output power. The coherence length of this source is determined to be longer
than 10 cm, which is enough for standard time-domain spectroscopy measuring a maximum
delay of a few hundred picoseconds. Polarizing beam-splitter cubes are used to split the output
of the laser into the two interferometer branches and to overlap one branch of the interferometer
with one branch of the time-domain spectroscopy system perfectly collinear. The delay section
therefore is located in the interferometer as well as the time-domain spectroscopy system. After
the delay section, the 632.8 nm beam (feeding the interferometer) is separated from the 800 nm
beam (driving the time-domain spectroscopy system) by another polarization beam splitter and
at the same time overlapped with the reference beam of the interferometer. As the overlapped
interferometer beams have different polarization, they do not directly interfere and keep open the
possibility to apply an IQ-detection scheme [18, 19]. IQ-detection enables direction detection
of movements of the delay, essential for using this principle with highly inaccurate delay units.
The output signals of the IQ-detection are connected to counter inputs of the data acquisition,
which are synchronized with the input channel of the terahertz detection unit and are acquired
at a rate of 200 kHz. The counter is driven in X4-decoding configuration, which provides a
time base resolution of 0.53 fs. This high resolution is expected to be also sufficient when using
high-bandwidth terahertz time-domain spectroscopy systems in the range of 5 to 30 THz (e.g.
air-photonics based systems).

3.3. Delay section

As this experimental setup is built to test and investigate a variety of linear axes and voice-coil
driven delay lines, several of them are integrated in series into the delay arm of the time-domain
spectroscopy and interferometer setup. This ensures the comparability between the results of
different units, as no realignment is necessary when switching between the units. The general
scheme of this section is shown in Fig. 5 with sketches of two different spindles used in the

                                                                                                     Vol. 25, No. 7 | 3 Apr 2017 | OPTICS EXPRESS 7552 



experiments with linear stages. The leadscrew version is in general a low-cost solution to drive

voice-coil driven
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w/o drive

servo motor

stepper motor

controller

microcontroller

controller

PCDAQ
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Fig. 5. Delay section of the experimental setup. To evaluate the influence of different de-
lay units, several of them were set up in series. Two stepper-motor controlled linear axes
with different spindles (leadscrew and ballscrew version), one linear axis with an attached
servo motor (Graupner HBS860MG) as well as a voice-coil driven device were used in the
experiments.

linear axes, whereas the circulating ballscrew promises high precision and a uniform movement.
The axes in our experiment provide a scan range of several hundred picoseconds and are capable
of scanning at velocities up to 20 ps per second. The voice-coil driven delay unit used in this
work is a commercially available delay line, which is capable of scanning a delay up to 50 ps
or 100 ps (when using double-pass configuration) at frequencies up to 25 Hz. It provides a
voltage proportional to the mirror position, derived from an internal position sensitive detector.
This signal is usually used as the time base in conventional terahertz time-domain spectroscopy
systems employing this delay unit. To prove the applicability of our proposed method, we also
combined a servo motor (Graupner HBS860MG) usually used in RC models with a linear guide.
This unit represents the most inaccurate delay unit in our setup, as it does not provide any
position sensor and shows a highly nonlinear velocity profile.

4. Results

4.1. Influence of delay-line uncertainties on terahertz spectra (experimental)

As mentioned above, we employ different types of delay lines in our terahertz time-domain spec-
troscopy system, which are characterized in the following. The main parameter to characterize
linear stages is their velocity, which determines the measurement duration for the acquisition of
a terahertz spectrum at a given resolution. For that reason, we investigate the deviation from a
linear translation at different velocities. The result for two different linear stage types is shown
in Fig. 6.

For both types, clear resonances can be found, whereas the ballscrew-type linear stage shows
significantly less deviation during movement. The leadscrew-type linear stage exceeds a de-
viation of a few hundred femtoseconds, which is then relevant to the result of pump-probe
experiments. Clear resonances and higher harmonics of them can be found, which presumably
originate from the stimulation of vibrations of optical components, which were the same on both
linear axes. As expected, the ballscrew-type linear stage shows a superior behavior in compari-
son to the leadscrew-based axis, but also shows clear resonances. The influence of these delay
deviations onto the acquired terahertz spectrum when using these types of linear axis is shown
in Fig. 7. As expected from theory, symmetric ghost spectra build up at higher frequencies. In
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Fig. 6. Delay deviation in dependence on velocity for two different delay lines based on
two types of linear stages. Even though both have characteristic resonances, the leadscrew
axis shows orders of magnitude higher deviations. The periodicity of 6.7 ps corresponds to
the spindle pitch of 1 mm in both cases.

all cases, the center frequency of these ghost spectra is located at 15 THz, corresponding to a
delay deviation periodicity of 67 fs. This cannot be fully explained by the spindle pitch of 1 mm,
as it leads to a 100 fold periodicity of 6.7 ps. The stepper motor resolution in this case is 400
full steps per revolution, which also does not fit to the factor of 100. We assume mechanical
circumstances (e.g. during production of the spindles) to cause this periodicity. The measured
time span in these measurements is 200 ps.

The characterization of the voice-coil based device is shown in Fig. 8. Its deviation is ob-
tained by the difference of the position information of the internal sensor and the position in-
formation obtained from the interferometer. This difference is measured for different oscillation
frequencies and also shows specific resonances. The deviation for the forward and backward
scan direction for three oscillation frequencies is shown in the upper plot. Despite the fact, that
around the center position, the slope is close to zero and increases towards the reversal point, a
clear hysteresis can be found. We acquire the deviation span (maximum to minimum deviation
of one cycle) for all oscillation frequencies to find the resonances of the device. The result is
shown in the lower plot of Fig. 8. In the vicinity of these resonances, the device behaves very
unstable and therefore reacts very sensitive to external disturbances. Because the deviation be-
havior is not constant or linear with oscillation frequency, no simple scaling factor can be used
to correct this error.

4.2. Compensation of systematic delay deviations ("lookup table")

As the systematic deviation of the voice-coil based delay line is constant (from cycle to cycle)
when no external disturbance is present, the information from the interferometric characteriza-
tion can be used to build a so-called lookup-table solution to improve the spectral quality of
terahertz time-domain data. This can be done without the integration of an interferometer to the
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Fig. 7. Terahertz spectra acquired with the two types of linear axes at different scan veloci-
ties. In general, the ballscrew version leads to a better quality of the spectrum, which can be
seen in a less pronounced ghost spectrum and a better line shape. Corresponding to Fig. 6
and as expected from theory, the ghost spectrum is stronger when scanning on a resonance
of the deviation characteristic. For the leadscrew type, the spectrum scanned at a resonance
speed of 18 ps/s shows the most impact.

Fig. 8. Delay deviation and deviation span of a voice-coil driven delay line. The internal
sensor shows a delay deviation, which is dependent on scan direction, amplitude and fre-
quency. In the upper plot, three examples are shown for maximum amplitude and different
frequencies. The deviation span is shown in the lower plot and reveals several resonances.
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terahertz time-domain system. For this purpose, we record the mean delay deviation for each
setting of the device (2,000 individual measurement sets in total) and save this information on
the system. During operation, we monitor the setting of the delay and correct the information
of the internal sensor with the data of this lookup table. No simultaneous operation of the inter-
ferometer is required here. An example of the signal quality improvement can be seen in Fig. 9,
where the spectrum is shown with and without this correction. The improvement is obvious, but
is not resistant to external, non-systematic influences. In this experiment the voice-coil driven
delay line was used in single-pass configuration, providing a time span of 50 ps. This was taken
into account in the presented simulation for comparison.

Fig. 9. Improvement in spectral quality when using the lookup-table method. Correction
traces are recorded in advance in a separate interferometry setup and transferred onto the
time-domain spectroscopy system, in which the delay unit was integrated. Systematic errors
can be corrected with this method. Spectra are vertically shifted for clarity.

4.3. Interferometry-aided terahertz time-domain spectroscopy (ITDS) - compensation
of systematic and statistic delay deviations

To be fully independent on position sensors of the delay device, we realize the simultaneous
operation of the interferometer and the terahertz time-domain spectroscopy system. To demon-
strate the potential of this approach we implement a very imprecise servo motor drive (Graupner
HBS860MG) in the delay unit without any position feedback during movement. The only feed-
back is then provided by the interferometer signal. The obtained spectrum is compared to a
vertically shifted simulated spectrum in Fig. 10 and proves the applicability of the proposed
method. The absorption features from water vapor are accurately measured up to 5 THz with
this simple delay unit. In this case the time span is 200 ps for experiment and simulation.

As mentioned above, the lookup-table solution is not able to account for external disturbance.
This is also solved when simultaneously operating the interferometer and time-domain spec-
troscopy system and is of high importance when measuring in real-world industrial environ-
ment. To prove the system’s immunity to external disturbances when employing the proposed
method, we implement this principle to a fiber-coupled terahertz time-domain spectroscopy sys-
tem, placed on a table. The system based on an ultrafast fiber laser with a center wavelength of
1.55 µm is fully fiber-coupled, except a section in the delay line. During the measurement of
terahertz spectra (40 individual spectra per second) of ambient air and evaluation of the center
frequency of the 1.41 THz water vapor absorption line, we disturb the system by dropping a
500 g steel ball onto the table several times. The result is shown in Fig. 11 for conventional
operation (using the internal position sensor of the voice-coil driven delay unit) and for the
interferometry-aided operation. While the deviation in the conventional case exceeds 10 GHz
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Fig. 10. Terahertz spectrum measured with a servo motor driven delay unit using the
interferometry-aided terahertz time-domain spectroscopy method in comparison to a sim-
ulated spectrum (shifted vertically). Even though, the servo motor provides no position
feedback, nor a constant velocity during movement, the absorption features are measured
well up to 5 THz. The scanned time-domain span was 200 ps and the acquisition time was
about 10 s.

Fig. 11. Comparison of the influence of mechanical shock onto a fiber-coupled terahertz
time-domain spectroscopy system without and with interferometrically aided delay lines.
For evaluation, the 1.41 THz water vapor absorption line was analyzed for its center fre-
quency continuously. The shock was induced by dropping a 500 g steel ball onto the table,
the system was placed on. Without interferometer (conventional method), strong deviations
greater than 10 GHz occur, whose decay time is more than a second. With interferometri-
cally tracked delay line, the system shows almost no deviation (within the shown time
window, the steel ball was also dropped six times). Small deviations up to 1.4 GHz occur,
but decay very fast.
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and shows strong oscillatory and decaying behavior, the interferometry-aided case barely shows
any influence. Only singular events show a deviation of about 1.4 GHz for the position of the
absorption line. Due to the fast decay of this small deviation, we assume the origin of this to
be located somewhere outside the interferometer. This clearly demonstrates the improvement in
signal stability when employing our proposed method. When evaluating the time delay of the
terahertz signal maximum at a scan rate of 40 Hz during one minute we achieve a standard de-
viation of about 2 fs. This stability is important when averaging successive time traces without
losing spectral resolution.

5. Summary

We have presented a comprehensive study of the influence of delay deviation errors for linear-
axis-based delay lines as well as voice-coil driven delay units. By implementing a Mach-
Zehnder interferometer into a terahertz time-domain spectroscopy system, we achieve an exact
timing information for the evaluation of acquired terahertz pulses. The coaxial overlap of the
interferometer beam with one of the pump beams of the time-domain spectroscopy system en-
sures the highest accuracy of the time stamps. Our proposed method improves the stability and
accuracy of terahertz time-domain spectroscopy systems and lowers the need for mechanically
and electronically stable translation stages used for optical delay lines.
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