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Rotation commensurate echo of asymmetric molecules—Molecular

fingerprints in the time domain
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Using the pulses of terahertz free electron laser and ultra-fast Schottky diode detectors, we
observed the coherent transients within a free induction decay of gaseous nitrogen dioxide NO,.
The laser excited different sub-bands of rotation spectra of NO, containing about 50—70 lines. The
free induction signal continued more than 30 ns and consisted of many echo-like bursts duration
about 0.2 ns. Unlike the similar effect observed previously for linear and symmetric top molecules,
the sequence of echo bursts is not periodic. The values for delay of individual echo are stable, and
the set of these delays can be considered as a “molecular fingerprint” in the time domain. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905205]

The analysis of chemical compositions is a typical task
in molecular spectroscopy. In the last decade, the Terahertz
time-domain spectroscopy (THz-TDS) has developed into a
versatile characterization tool in the far-infrared spectral
region.! This technique exploits the changes in the temporal
structure of the short pulses of broadband terahertz radiation
after passing through a test medium. These changes can be
described in terms of free induction decay (FID) of the
medium.? The spectrum of test media then can be evaluated
from the FID signal and then can be used in a usual way.
Mittleman and co-workers® suggested another approach that
implies the use of the FID waveform for analysis instead of
using the spectrum. They discuss the chemical-recognition
system based on linear digital filter for FID signal. Since the
FID waveform has an oscillating character, the analogy with
speech recognition systems was used.

Such approach might be good for automatic control
systems, which operate without human assistance. For quali-
tative analysis, to determine the specific chemical component,
it is better to use the characteristic features of the experimen-
tal signal. Typically, the FID signal consists of various oscil-
lations and does not contain such characteristic features, in
contrast with molecular spectrum. But in some cases, the FID
signal looks like a sequence of short spikes, repeated with pe-
riod, which is specific for a certain molecule. Such signals
occur in the excitation of the rotational spectrum of a linear
molecule by a short broadband pulse of terahertz radiation.
This phenomenon was called commensurate echo.” The
origin of these THz pulses (echoes) is a periodic rephasing,
during the free-induction decay, of many coherently excited
rotational lines with commensurate transition frequencies.
The rotational spectrum of linear molecules contains several
tens absorption lines, with approximately equal spacing. The
frequency spacing between lines is 2B, where B is rotation
constant. That means that with the period t=1/2B, the
phases of all emitters, related to different absorption lines,
have to coincide. In the experiment with nitrous oxide N,O
molecule, approximately fifteen echo signals were observed*
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with a period of 39.81ps (B=12.561 GHz). For carbonyl
sulfide COS molecule,’ the period of the echo signals was
82.65 ps. Analogous echo signals were observed for nonlinear
molecule® of methyl chloride CH3Cl, which is symmetric top
type. The rotation spectrum of a symmetric top is similar to
the rotation spectra of linear molecule, therefore, the same
signals are expected.

Commensurate echo is a linear effect and can be observed
at low energies of optical pulse. Recently, the similar effect
was studied with two time-delayed moderate energy THz
pulses.” It was shown that two properly delayed THz pulses
can significantly enhance coherence of rotational levels of the
COS molecule relative to that induced by a single THz pulse.

The existence of such echo-like coherent transients for
the asymmetric molecules that have three different moments
of inertia is not clear. Up to this time, only the study of meth-
anol molecule is publishe:d.8 A few transients were observed,
following with a period of 21 ps, which is equivalent to the
rotation constant 23.8 GHz. Methanol molecule is a slightly
asymmetric top with two almost equal rotation constants
B =24.68 GHz and C =23.77 GHz.’ Therefore, its rotation
spectrum has some features that are typical for symmetric
top and linear molecule.

The question is whether a similar phenomenon can be
observed for large asymmetric molecules, their rotational
spectra have no obvious periodicity. The structure of the
spectrum of such molecules is much more complex than for
linear molecules. Usually, it contains many overlapped sub-
bands. For this reason, one should not expect the existence
of the periodic structure of lines for the whole spectrum. A
better way to find a periodic line structure is to use separate
sections of the spectrum. Rotational spectra of complex mol-
ecules often have the condensation regions of absorption
lines, such as Q-type sub-bands'® or heads of the sub-bands.
If the experimental source of short laser pulse can be tuned
to such regions, the possibility of getting echo-like signals
will be greater.

Another feature of the rotational spectra of asymmetric
molecules is the higher density of absorption lines. The inter-
val between rotational lines for large molecules is smaller

© 2014 AIP Publishing LLC
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than for linear molecules. Hence, for large molecules such
echo signals should appear with longer delay, and therefore
can be detected in real time experiment without using scan-
ning technique.

In this letter, we report the observation of such echo-like
signals in the free induction decay in gaseous NO, using the
short pulses of tunable free-electron laser. The observed
signals differ from those observed in literature for linear mole-
cules. Like a previously observed commensurate echo in linear
molecules, echo signals in NO, contain short spikes, but this is
not simple periodic sequence on time. Each signal can be char-
acterized by several values of time, showing the moments
when different spikes arise. The set of these values is stable
for the specific region of the spectra (sub-band) and can be
considered as a “fingerprint” of the molecule in the time scale.

Experiments were performed on Novosibirsk Free
Electron Laser (NovoFEL).!' This laser is continuously
tunable in the range of 42-90cm ™' with a spectral width of
0.12-0.25cm ™. It emits a sequence of pulses at repetition
frequency of 5.6 MHz with the energy of 5-20uJ and
FWHM duration about of 100 ps.

The experiment is very simple in essence.'? The laser radi-
ation passes through the gas sample to the detector. The
response of the detector is proportional to the radiation power,
so the phase information of the FID is not available in the
experiment. Self-made ultra-fast Schottky diode detectors with
rise time of less than 20 ps were used.'® Signals were accumu-
lated by a 30 GHz LeCroy digital oscilloscope. Before entering
the sample, a small fraction of the laser beam was reflected by
a flat 30 um polypropylene film to the second Schottky diode
detector, which was used to trigger the oscilloscope. Signals
were measured in real time in contrast to the slow scanning in a
typical time-domain spectroscopy. Two gas cells 20 and
100 cm long with polypropylene windows were used.

Due to the large value of the rotational constant
A =28.00236cm™",'* the pure rotation spectra of NO, stretch
over a large spectral interval up to 100 cm ™. In the low reso-
lution spectra, different Qg bands are clearly visible. Each
Qr band contains many absorption lines corresponding to
different (J,K,+ 1) < (J,K,) transitions. The internal struc-
ture of each Qg band is rather complicated. It contains
sub-bands of two spin-rotation components and hyperfine
structure.'” Figure 1 shows the rotation spectra of NO, in
35-130cm ™" region, recorded by a conventional FTR spec-
trometer. The internal structure of Qg5 band is shown in the
inset. This structure was calculated using the data of line fre-
quencies and intensities from Ref. 16. The total width of Qg
branches roughly coincides with the spectral width of the
laser pulse. There are three Qg branches in the tuning range
of the laser, from Qg3 to Qgs. For each of these branches, the
laser can be tuned to excite most of the lines in the branch.

Figure 2 shows the FID signal observed for the Qgs
branch at 82cm™'. The laser pulse was accumulated sepa-
rately with empty cell and subtracted from the signal. The
FID signal consists of many echo signals that look like a short
burst; some of them are repeated periodically over time, some
are not periodic. The initial fast decay of the FID signal at
t < 0.5ns is associated with dephasing of the individual emit-
ters with different frequencies. Due to overload of the detector
by laser pulse, this part of the FID is not registered accurately.
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FIG. 1. Low resolution rotation spectra of NO,. (L=50mm, 70 Torr).
Inset—The internal structure of Qgs band, calculated based on spectroscopic
data.

Subsequent short bursts occur at the moments when the
phases for a large number of emitters coincide.

Fig. 3 shows the FID signals observed in two other Qg
branches in the tuning range of the laser. Unlike the previous
case, these signals do not contain periodically repeating echo
signals at all.

All of the observed FID signals were very stable in
shape. With increasing gas pressure, the positions of individ-
ual echoes on a time scale do not change. Only the total
duration of the FID signal becomes shorter. Signal shapes
were also stable at a detuning of the laser relative to the cen-
ter of the Qr band. At detuning of the laser, we observed a
change in the relative intensities of individual echoes. The
position of the echoes on a time scale has not changed. Each
signal can be characterized by a set of delays, which corre-
spond to main echo signals with the highest amplitude. For
example, the FID signal for Qgr4 branch has characteristic
peaks at 2.96, 4.79, 5.63, 9.23, 9.53, 11.56, 13.71, 15.33ns,
and so on. Due to stability, such set of delays can be consid-
ered as a “fingerprint” of the molecule.

Fig. 2 also shows FID signal calculated using the literary
data of Qg¢s, branch of the NO,. In calculations, we used 354
absorption lines of NO, with intensity more than 10~%"cm. '
Each absorption line was considered as a Lorentz with a width
of 0.0005cm ' that corresponds to collision broadening at
1-2 Torr. Doppler broadening is about 10 *cm™' and was
neglected. Real and imaginary parts of the refractive index
were calculated by summing the contributions from each of
the absorption line. The laser spectra were assumed to be
Gaussian of 0.25cm ™' width. FID signal was obtained by
Fourier transformation.
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FIG. 2. (Upper panel) intensity of experimental FID. Laser is tuned to Qgs
branch in rotation spectra of NO,. The laser pulse at t =0 was accumulated
separately with empty cell and then was subtracted from the experimental
signal. Experimental conditions: length 100cm, P NO, 1 Torr, number of
accumulated pulses 1000. Part of the experimental signal at t > 30 ns is mag-
nified by a factor of 5. (Lower panel) intensity of the calculated FID.
Calculations were made by Fourier transform of the molecular spectrum in
the Qgrs region, consisting of 354 Lorentz lines, weighted by the laser
spectrum.

Although the numerical calculation shows a very good
agreement with experiment, it can not explain the nature of
the echo bursts. In order to understand their origin, we use a
simple qualitative approach. Each short echo in the FID sig-
nal indicates a partial regularity in the rotation spectra. This
regularity can be clarified in the following way. To make a
phase of many emitters coincide in the time, t=71, their
frequency must obey the condition
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FIG. 3. The FID signal of NO, at Qr4 and Qg3 branch. Length 100 cm,
P 1 Torr and 1.9 Torr.
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V" =F+2nn/t, (1

where 7 is an integer number. Constant F is a frequency offset
that does not affect the signal, because the signal is insensitive
to the total phase of the wave. Equation (1) forms a grid in the
frequency scale. In fact, the exact match of the frequencies is
not necessary for spike behavior of a signal. If many of the
actual absorption lines are close to this frequency grid, the
phases of many emitters will be close to each other at t=r,
and the intensity of the FID arises at that point.

The frequency and intensity of the absorption lines of
NO, are known with a high accuracy.'® Therefore, for each
echo of the FID, one can find the real absorption lines that
form it. In order to find the lines that are located close to the
grid nodes, we varied frequency offset in (1). Specifically,
the value of F was chosen to maximize the following expres-
sion which is proportional to echo power

S= (ZAi cos (2n(v; — Vﬁr)f)>2. )

Summation in formula (2) was made over absorption lines
which are close enough to the grid nodes. A; denotes the am-
plitude of the corresponding emitter and was derived from
the intensity of the absorption line. The absorption line was
considered as “close enough,” if |v; — vt < 0.1

The FID signal of Qgs branch has several intense echoes.
The first one has a doublet structure and consists of two peaks
at t=3.54ns and t=3.72 ns. Fig. 4(a) shows the results of the
search of absorption lines which are involved in the formation
of the echo at t=3.72ns. Thin blue lines show the frequency
grid defined by formula (1). Below the internal structure of
this rotation branch is shown. The thick red segments at the
top indicate the contribution of the absorption line into the
echo signal according to the formula (2). The length of the
segment is proportional to the term in the sum (2).

The presented data demonstrate some features of echo
formation in our experiment. First, not all absorption lines
are involved in echo formation. The number of lines with the
matched phases, which are marked at the top of the picture,
iS Nparen =25 while the total number of absorption lines in
this branch Ny~ 70. The second feature of echo formation in
our experiments is that the regularity of absorption lines is
not connected with any spectroscopic parameter. This is
completely different from the formation of commensurate
echo for linear molecules, for which the interval between
the absorption lines is defined by rotational constants. As
follows from Fig. 4, in our case the set of lines with com-
mensurable frequencies is formed even from different
sub-branches. This set originates likely due to some statisti-
cal law, rather than due to spectroscopic regularities.

The set of rotation lines that forms echo signal at
t=3.54ns is shown in Fig. 4(b). In this case the grid in fre-
quency scale has a 5% wider step than the previous one.
Although the grid was stretched only slightly, the set of
absorption lines that forms echo is completely different. We
found a similar behavior for other echoes. Despite the fact
that the total set of rotation lines is not periodic, some sub-
sets of them can make periodic structures and create echo
signal. The value of echo delay for this subset is determined
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FIG. 4. Frequency grids that form the echo at different delays in experiment
at Qgs sub-band. Grid nodes are shown by narrow vertical blue lines. Period
of the grid corresponds to the time delay of the echo. The spectrum of NO,
in the region of Qgs sub-band is shown near the bottom of each panel.
Molecular lines that are close to the grid nodes form the echo signal. Thick
red segments at the top of the panel show the contribution of the absorption
line into the echo signal.

by its period. One can expect that this value is characteristic
of the molecule as the line frequencies in this subset are
characteristic.

We found similar patterns for forming echo spikes in
other Qg sub-branches of rotation spectra. In all cases, com-
mensurate subset of the absorption lines looks like a random
sampling from the entire set of rotational lines. If the number
of the lines in this subset N, is large enough, it forms a
short echo in the time domain. For the required number of
lines, one can make a simple estimate. The intensity of echo
is expected to depend on the number of lines as (Nmmh)2,
while the intensity of total FID with random phases of emit-
ters is proportional to the total number of excited lines N,,;.
If we want the intensity of the echo signal to be 10 times

Appl. Phys. Lett. 105, 261107 (2014)

larger than the average FID intensity, the following condition
is required: Nygen > v/T0Nr. If N, A 10%, about 30% of
absorption lines have to participate in this periodic structure.
This imposes some restrictions on the statistics for the fre-
quency intervals in the spectrum.

Each commensurate subset of lines forms an echo at
t=1. The echo also can be formed at t =27, at t = 371, and so
on, but it requires more accurate match of the frequencies of
absorption lines to periodic structure. We observed such per-
iodic echoes only for r=3.54ns at 82cm™'. This echo is
accompanied by the echo at 1=7.09ns, at = 10.6ns, and so
on up to t=35.46ns (Fig. 2). Most of the other echo spikes
in our experiments are not periodic. This confirms the sto-
chastic origin of the commensurate subset of lines, for which
the phase matching is sufficient at the moment 7 = 7, but not
sufficient at r = 27.

Based on this study, one can suggest that in the case of
exciting a significant number of narrow rotation lines, the for-
mation of short coherent transients within free induction decay
is a common effect. For linear molecules with equidistant
absorption lines, such transients form a periodic sequence on
time. For asymmetric top type molecules, such echoes are not
periodic, and the set of delays of the echoes reflect some regu-
larities in the location of the absorption lines.

This work was carried out with the involvement of
equipment belonging to the shared research center SSTRC
and supported by the Ministry of Education and Science of
the Russian Federation.
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