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Abstract: We report a teraheItz time-domain spectrometer with more than 
6 THz spectral coverage and 1 GHz resolution based on high-speed 
asynchronous optical sampling. It operates at 2 kHz scan rate without 
mechanical delay stage. The frequency error of the system at 60 s 
acquisition time is determined by comparing a measured water vapor 
absorption spectrum to data reported in the HITRAN database. The mean 
error of 87 evaluated absorption lines is 142 MHz. 

OCIS codes: (300.6495) spectroscopy, terahertz; (320.7150) ultrafast spectroscopy; (320.7090) 
ultrafast lasers. 
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1. Introduction 

In the past two decades terahertz time-domain spectroscopy (THz-TDS) has become an 
important tool for diverse applications in THz science and technology, including drug and 
food inspection, explosives detection, label-free DNA analysis or environmental gas analysis 
and sensing [1-3]. Well established techniques use ultrashort laser pulses from a modelocked 
laser for the generation and a delayed probe pulse for phase-sensitive detection of THz 
radiation. Such systems have been demonstrated covering a frequency range from a few tens 
of GHz well into the near infrared [4-7]. However, a significant disadvantage of common 
conventional systems employing linear mechanical delay stages to adjust the timing between 
the THz generation and detection pulses is the inherently low acquisition rate for THz 
transients. A 1 ns long THz transient, yielding the 1 GHz resolution typically needed to 
resolve spectral absorption features of environmental gases, requires a delay stage travel 
distance of 15 cm. The time required for accelerating and decelerating the stage between 
10,000 or more data points and to efficiently average out technical laser noise leads to total 
acquisition times in the range of a few tens of minutes. This impedes applications where the 
acquisition of a THz trace must be completed within a few seconds or even milliseconds. 
Such applications include fast readout of resonant sensors [8], observation of structural 
dynamics in biomolecules [9] or experiments under rapidly varying environmental conditions, 
e.g. spectroscopy in high pulsed magnetic fields [10]. Faster mechanical approaches using 
rotating mirrors have been demonstrated with up to 400 Hz scan rate and up to I ns time delay 
[11,12]. While these present an important advance with respect to linear stages, two 
disadvantages remain: a) mechanical masses rotating at > 10,000 rpm on an optical table are a 
significant noise source and b) to effectively avoid laser noise with typical Fourier content up 
to 1 kHz, the demonstrated scan rates for rotary stages are yet too low. Furthermore, all 
mechanical delay stages are susceptible to calibration errors of amplitude and time-delay due 
to alignment errors and manufacturing tolerances. 

Asynchronous optical sampling (ASOPS) is a time-domain spectroscopy technique first 
introduced with picosecond lasers in the late eighties that employs no mechanical delay stage 
and thus eliminates the problems outlined above [13]. A recently introduced high-speed 
implementation of ASOPS uses two Ti:sapphire femtosecond lasers whose repetition rates of 
1 GHz are linked with an offset NR of a few kilohertz [14]. As a result of the offset, the delay 
between pairs of pulses from the lasers is repetitively ramped between zero and the inverse 
laser repetition rate at a scan rate equal to !:lfR. The key advantage of high-speed ASOPS lies 
in the scan rates of several kilohertz, a performance that is impossible with conventional 
systems. It allows completing the acquisition of a time-domain trace before technical noise of 
common femtosecond lasers with significant Fourier content in the acoustic regime up to 
1 kHz can affect the signal. This permits measurements at the shot-noise limit without the use 
of lock-in amplifiers or other noise suppression measures. 
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To realize a THz-TDS system, one laser is used to generate the THz radiation, the second 
laser is used to detect the THz waveform in the same detection geometry as in a conventional 
THz-TDS setup [4-7]. The THz waveform is mapped onto the intensity of the detection laser 
beam which is measured and digitized as a function of real-time t and recalibrated to a time
delay scale r using a factor !J,./I/fR, where fR is the repetition rate of the THz generation laser. 
High-speed ASOPS has been realized with a time resolution of 160 fs, limited by timing jitter 
between the offset-locked lasers, and has enabled THz-TDS at 1 GHz resolution and 10 kHz 
scan rate without mechanical delay stage at a spectral coverage of 3 THz [14]. In this letter we 
report a high-speed ASOPS based THz-TDS system with a significantly enhanced time 
resolution of 40 fs, now determined by the laser pulse duration, leading to a spectral coverage 
of more than 6 THz. To assess the utility of the system for rapid and precise spectroscopy, we 
have carefully compared a measured water vapor absorption spectrum to data reported in the 
HITRAN database [15,16] and find a mean frequency deviation of 142 MHz and a maximum 
deviation of 461 MHz at 60 s acquisition time. While frequency repeatability tests have been 
reported previously [8,17], our experiment is - to the best of our knowledge - the first 
systematic accuracy evaluation of a THz-TDS system. 

2. Experimental setup 

The laser system and optical setup are equivalent to a previously reported system with 
fR = 1 GHz that was offset-locked at the third repetition rate harmonic with NR = 10 kHz [14]. 
However, we have implemented four major improvements to enhance the bandwidth 
performance. (a) The phase-locked loop electronics used to offset-stabilize the two lasers in a 
master-slave configuration now operate at the tenth harmonic of the repetition frequency. Due 
to the resulting enhanced phase-noise sensitivity, the feedback loop is able to perform a tighter 
offset lock with reduced timing jitter. At the same time, the frequency shifter previously used 
to define the offset frequency has been replaced by direct-digital synthesis electronics 
allowing for a better calibration of the experimental time-delay axis [18]. (b) The repetition 
rate difference is reduced to 2 kHz, a value that was previously impossible to attain due to 

. adverse effects of sidebands generated in the frequency shifter employed to define the 
repetition rate offset [14]. The reduced repetition rate difference in combination with the 
1 GHz repetition rate and the 100 MHz detector and ND-converter bandwidth yields an 
enhanced data point density of one point every 20 fs, supporting the time-resolution enabled 
by the 40 fs laser pulses. (c) The trigger signal for the data acquisition is generated optically 
via two-photon absorption in a GaP photodiode instead of electronically via mixing of 
electronic signals at the repetition rates. This eliminates slow drifts on the order of 100-200 fs 
that previously occurred between the THz signal and the trigger signal. (d) The ZnTe crystal 
used for electro-optic detection via the Pockels effect was replaced because of the crystal's 
reststrahlen band between 5.3 THz and 6.1 THz. Instead a 400 /lm thick (llO)-GaP crystal 
was used whose TO phonon frequency lies at 11 THz, safely beyond the bandwidth expected 
for our setup due to the 40 fs duration of the laser pulses [19-21]. 

3. Results and discussion 

Figure 1 shows the first 35 ps of a I ns long THz transient obtained with the spectrometer 
under purging with dry air and with 9 minutes data acquisition time. The main THz pulse is 
generated by an optical pump pulse of 40 fs duration and 55 /lm spot size (FWHM) with an 
average power of 550 mW in a large area photoconductive THz emitter. The emitter is biased 
with 10 V which corresponds to an electric field of 20 kV/cm for the acceleration of electrons. 
Details of the emitter are described elsewhere [22]. The satellite signals at 9 ps and 16 ps and 
combinations of these values at later time-delays result from internal reflections of the main 
THz pulse in the 400 /lm thick GaP detector crystal and in the 645 /lm thick GaAs emitter 
substrate, respectively. The inset of Fig. I shows the corresponding Fourier transform of the 
full time-domain data. The modulation arises from the multiple reflections of the main THz 
pulse. The spectral coverage above the noise floor ranges from 0.2 to 6.5 THz. 
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Fig. 1. Transient with mUltiple reflections of the THz pulse in the THz emitter substrate and 
GaP detection crystal. The inset shows the corresponding Fourier transform. 

Fast oscillations present on the signal after the main THz pulse (Fig. 2 (a)) arise from the 
propagation of phonon-polaritons in the GaAs emitter substrate [20,23]. The phonon-polariton 
dispersion is given by 

OJ = ck / .je(OJ) , (1) 

where e( OJ) is the dielectric function of a diatomic cubic lattice without damping, OJ the 
angular frequency, k is the coupled mode wavevector and c the vacuum light speed. 

The phonon-polariton dispersion leads to a delay of the higher frequency components 
close to OJTO upon propagation through the emitter substrate, which is directly observable in 
the time-domain trace. To point this further out, Fig. 2 (b) shows a Fourier transformation of 
the time-domain trace after the main pulse. A Fourier transform window of 1 ps length is 
swept over the trace to obtain the 2D plot. All frequencies above 4.5 THz are delayed, the 
maximal observed time delay is 10 ps. The additional pulses in Fig. 2 (b) at 6 and 9 ps arise 
again from internal reflections of the THz main and the probe pulse in the emitter and detector 
substrates. For comparison, the analytical dispersion relation is used to generate a 2D plot of 
the delayed frequency components (Fig. 2 (c)). The calculated spectrum does not include 
lattice damping of the phonon-polariton, which causes the broadening of the spectrum at 
larger time delays. Apart from this and the fact that the calculation omits the additional 
maxima at 6 and 9 ps the calculated plot shows a good agreement with the experimental data. 

The spectral coverage of the spectrometer is limited to 7 THz due to the nonlinear 
response function of the GaP detection crystal. In the THz frequency ranfe an electronic part 
as well as an ionic part contributes to the second order susceptibility X . The ratio between 
both parts is described by the Faust-Henry coefficient [24]. For many semiconductors such as 
GaP the Faust-Henry coefficient is negative describing the fact that the contributions subtract 
from each other for frequencies below the TO phonon frequency. In the case of GaP, both 
contributions cancel out in the frequency range around 7 THz [19,20,24]. While the response 
of GaP recovers beyond the minimum around 7 THz, in the current configuration the 
spectrometer is still limited to frequencies below 8 THz due to the TO phonon of the GaAs 
emitter substrate. This problem could be solved by either using the emitter in reflection 
geometry or by thinning down the emitter substrate [25]. Beyond 8 THz, the 40 fs pulse 
length of the 1 GHz Ti:sapphire lasers would limit the spectral coverage. 
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Fig. 2. (a) Zoom-in into the first picoseconds after the main THz pulse. The larger delay of 
higher frequency components is readily visible in the time-domain. (b) FFT with a sweeping 
time window of I ps length of the time-domain data shown in (a). (c) Corresponding calculated 
2D plot of the delayed frequency components, generated from the phonon-polariton dispersion 
relation. The color of both 2D plots maps the FFT intensity onto a logarithmic scale. 

The frequency accuracy of a THz-TDS system is determined by the factors influencing the 
accuracy of the time-delay scale r. For a conventional THz-TDS system this is entirely given 
by the calibration of the delay stage and its alignment. In a high-speed ASOPS based system 
the time-delay is given as r = t x I1fR / fR and its accuracy is thus determined by that of the 
spectrum analyzer or frequency counter used to measure the repetition rates and the system 
clock of the AID converter that defines the real-time scale t. In principle, these instruments 
can be provided with frequency references with an accuracy that can be as good as that of a 
cesium atomic clock (10- 15

) or a more readily available commercial GPS-referenced 
Rubidium reference (10-12

). Here, however, we have used a lower cost oven stabilized crystal 
oscillator with a relative frequency uncertainty of approximately 10-7

• Another factor 
influencing the accuracy of a high-speed ASOPS based system are fast systematic deviations 
of the true AfR/fR value from the nominal value that occur during a measurement cycle and are 
in phase with the trigger signal, i.e. they repeat for each measurement and thus persist despite 
averaging. These systematic deviations can be caused by modulations of AfR due to 
imperfections in the offset-locking electronics. Using a cross-correlation technique, we have 
found that the mean relative deviation of NR/fR from the nominal value is 9.8 x 10-5

, the 
maximum relative deviation of the frequency calibration is 1.7 x 10-4 [18]. 

To test the spectral accuracy of our THz-TDS system, atmospheric water vapor is one of 
the samples best suited [26]. Between 0.2 and 6.5 THz more than 1000 absorption lines are 
well known from experimental and theoretical investigations and are documented in the 
HITRAN database [15,16]. The reported frequency error of the HITRAN data for water vapor 
is between 300 kHz and 3 MHz, enabling us to test our system at this accuracy level. The 
width of each absorption line at atmospheric conditions lies in the range of 10 GHz. This is 
well-matched to the 1 GHz resolution of our THz-TDS system determined by the 1 ns 
observation window. Figure 3 shows the comparison between a measured and calculated 
water vapor absorption spectrum. The acquisition time for the trace with water vapor was 
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60 s, the reference data are the 9-minute data shown in Fig. 1. The data for the calculation are 
taken from the latest version of the HITRAN database [16] and the calculation is carried out 
according to the formulas of reference [15]. During the 60 s measurement the ambient 
parameters were kept constant (temperature 20°C, pressure 1015 hPa, relative humidity 26%). 

Up to a frequency of 2.5 THz the line positions as well as the line strength agree very well. 
For greater frequencies absorption measurements are limited by the dynamic range of the 
spectrometer. Lines with an absorption higher than 0.15 cm-1 cannot be fully resolved (see 
inset Fig. 3). 

For a more accurate analysis of the water vapor absorption data, all measured absorption 
lines from 0.2 to 6:5 THz were fitted with Lorentz line shape functions given by 

a(v) = S . p. L y , 
7C y2 +(v-vo l 

(2) 

where a is the absorption coefficient in cm-1, v the wavenumber in cm-1, S the line intensity in 
cm-1/(molecule * cm-2), p the number of H20 molecules per cm3

, y the pressure dependent 
half width (HWHM) in cm-1 and Vo the pressure corrected line position in cm-1. For more 
details see reference [15]. The experimental data were evaluated by an automatic numerical 
routine, which extracts all line positions and performs a Lorentz line shape fit for every found 
absorption line. For all noisy lines - lines with> 2.5 THz and> 0.15 cm-1 - the noisy part is 
deleted by the routine before performing the fit. 

In the range from 0.2 to 6.5 THz there are 147 lines with an intensity greater than 3 x 10-21 
cm-1/(molecule * cm-2). This intensity is the lower detection limit of the spectrometer in the 
range from 0.2 to 6.5 THz. 87 lines are evaluated by the automated numerical routine. The 
other 60 lines are either too close to at least one other line and lead to non-converging fits, or 
their intensity is too weak to detect them numerically. The mean deviation of the line 
positions Vo from the HITRAN data over all fitted lines is 142 MHz. The mean relative 
deviation is 5.7 x 10-5• The largest deviation of any line is 461 MHz, corresponding to a 
relative deviation of 2.5 x 10-4. These errors are consistent with the above estimated effect of 
a systematic miscalibration of the time-delay versus real-time scale due to imperfections in the 
locking electronics. The errors of our measurements of temperature ( ± 1 K), pressure ( ± 
5hPa), and humidity ( ± 2% relative humidity) cause only negligible uncertainty (maximum ± 
1.5 MHz) in the calculation of the Vo from the HITRAN database and are not significant in the 
evaluation of the frequency error. 

The averaged relative deviation of the line intensity S from the calculated spectrum based 
on the HITRAN data is 6.0% for the fully resolved lines below 2.5 THz and increases to 
12.3% when all evaluated lines are considered. This is consistent with the 6% uncertainty in 
the calculated line intensity due to the mentioned errors of temperature, pressure and humidity 
and additional errors expected from the limited dynamic range of the spectrometer above 
2.5 THz. 

We have repeated the same evaluation for data acquired with 0.6 s acquisition time. The 
mean and maximum deviations from the HITRAN database increase only slightly to 164 MHz 
and 468 MHz, respectively. While these values are similar to the data at 60 s acquisition time, 
the available spectral coverage was reduced to 3.5 THz due to a reduced signal-to-noise ratio 
above this value. 
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4. Conclusion 

In conclusion we have demonstrated a high-speed ASOPS based THz-TDS spectrometer 
operating without mechanical delay at 2 kHz scan rate. The instrument offers a unique 
combination of more than 6 THz spectral coverage and I GHz spectral resolution. The 
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precision of the spectrometer has been evaluated relative to water vapor absorption data 
published in the HITRAN database. The mean deviation for the line positions is 142 MHz and 
the maximum deviation is 461 MHz at an acquisition time of 60 s and only slightly larger at 
0.6 s acquisition time. Our instrument should be particularly useful for applications where 
rapid data acquisition in combination with a high frequency accuracy and high resolution is 
important. 
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