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Abstract

Free induction decay radiation was observed in low pressure hydrogen bromide that continued
for more than 180 ns after excitation by a terahertz pulse from a free electron laser. The signal
was measured in real time using an ultrafast Schottky diode detector. Such a signal
corresponds in frequency domain spectral resolution to about 10 MHz, which allows for
resolution of the isotopic and quadrupole structure of the absorption line.

(Some figures may appear in colour only in the online journal)

Terahertz time-domain spectroscopy (THz-TDS) has devel-
oped into a versatile characterization tool in the far-infrared
spectral region [1]. In such experiments, changes in the
temporal structure of the short pulses of broadband terahertz
radiation are used for investigation of a test medium. These
changes can be described in terms of free induction decay
(FID) of the medium [2]. The FID signal generated in
absorbing media by a short optical pulse contains the complete
information on absorption spectra within the frequency range
of the input pulse.

In conventional THz-TDS, temporal profiles of FID are
measured by scanning the time interval between the THz
pulse and probe pulse using a mechanical translation stage.
The spectral resolution in THz-TDS is defined as a reciprocal
of the maximum time delay of the probe pulse. A typical
maximum delay is several hundred ps and the resolution is
several GHz [3]. A commercially available instrument [4]
has a resolution of 7.5 GHz. An alternative approach is
the asynchronous optical sampling (AOS) technique [5]
which requires two mode-locked lasers with slightly different
repetition rates. The time delay in the AOS technique can be
longer than the one achieved by the conventional mechanical
stage; a spectral resolution of 80 MHz has been reported [6].
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Direct detection of the FID signal using ultrafast terahertz
detectors [7] does not require delayed pulses; furthermore,
the signal can be recorded in a longer time interval.
Using this technique allowed the observation of an FID
signal in low pressure hydrogen bromide (HBr) gas which
continued for 180 ns, corresponding to a spectral resolution
of about 10 MHz which is better than can be delivered
by any other time-domain spectroscopy method. Note that
long FID signals, formed by Stark switching of absorption
lines, were observed in experiments with a continuous wave
COy-laser [8], but this technique has limited application for
time-domain spectroscopy.

As a source of terahertz radiation a Novosibirsk Free
Electron Laser (NovoFEL) [9] was used. The laser emits a
continuous sequence of pulses at a repetition frequency of
5.6 MHz with an energy of 5-20 wJ and pulse duration of
100-150 ps. The width of the laser spectrum was Fourier
limited. The complete experimental setup is described in [7].
It consists of a gas cell 20 cm in length and a detection system.
The latter has a rise time of better than 30 ps and includes
custom-made ultrafast Schottky diode detectors [10] and a
30 GHz LeCroy direct oscilloscope. The laser beam passed
through the gas cell filled with HBr gas to the detector. When
the center of the laser line was tuned to 66.7 cm~!, an FID
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Figure 1. FID signal observed at 0.045 Torr HBr.

signal that looked like an oscillating tail was observed after
the laser pulse. The duration of the FID signal depended on
the HBr gas pressure; at low pressure the signal became very
long. It was possible to detect the FID signal in the whole
180 ns time range corresponding to the period between laser
pulses (figure 1).

Figure 2 shows part of the experimental signal and
calculations based on available spectroscopy information. In
this experiment the laser line (width 0.15 cm™') overlaps
the absorption line (/ = 4 < 3) in the rotation spectra of
HBr. The absorption line splits into several components due
o 7Br and 3!Br isotopes and the quadrupole moment of Br
nuclei [11]. The isotopic splitting is 0.021 cm~!, while the
quadrupole splitting is one order of magnitude lower. The
insert in figure 2 shows the structure of this absorption line.
The intensities of the spectral components and their positions
are taken from [12]. The temporal behavior of the FID signal
was calculated using this spectral pattern (the calculation
procedure is described in [7]). The calculated signal is shown
in figure 2 by ared line, demonstrating a good correspondence
to the experiment in most of the details.

The time-domain FID signal contains information on
absorption spectra. As mentioned in [13], certain information
can be gained directly from the time-domain waveform,
without the need for a Fourier transformation. In our case such
information can be obtained from FID oscillations. The period
of the main oscillations is 0.16 ns which corresponds exactly
to the isotopic splitting. Slower oscillations originate from the
quadrupole splitting and from the ‘top hat’ shape of absorption
lines [7].

In the current experiment the detected signal was
proportional to the intensity of the FID and did not
have information on the phase. Additional assumptions are
necessary in order to obtain the spectra from this signal
by Fourier transformation. Figure 3 shows the Fourier
transformation of the experimental FID which was made
using the phase information from the calculated signal.
In this approximation the transformation does not deliver
the absolute value of the frequency, therefore only relative
positions of the absorption lines are presented.
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Figure 2. Thick black line: part of the experimental FID signal
observed in HBr at 0.045 Torr; thin red: calculated signal. The
calculated curve is shifted up for clarity. In the inset: isotopic and
quadrupole structure of the rotation line of HBr near 66.7 cm™!.
The dashed line shows the laser spectrum in this region.
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Figure 3. Lower panel: spectra obtained by Fourier transformation
of the experimental FID (only relative positions of the absorption
lines are shown). Upper panel: literature data of the absorption
spectra of HBr in this region.

Line positions reported in the literature [12] are plotted
in the top panel of figure 3. All lines are observed in
the reconstructed spectrum. The frequency differences of
the strong lines of H3'Br and H’”Br are 12 and 15 MHz
respectively. In the reconstructed spectrum these pairs appear
resolved although their positions are slightly shifted. The real
resolution can be estimated from the width of the individual
lines in the reconstructed spectrum which is about 20 MHz.
Maximal resolution for our experiments can be estimated as
twice the pulse repetition of the FEL which is 5.6 MHz.
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A probable origin of the distortion of the spectrum and
the decrease of the resolution are the approximations made
in the procedure for the reconstruction of the spectrum.
A proper procedure for the spectrum acquisition using
Fourier transformation would require the measurement of the
electric field of the FID, which in principle is possible using
heterodyne detection with a terahertz gas laser as a local
oscillator.
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