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Sub-Terahertz High-Sensitivity High-Resolution
Molecular Spectroscopy With a Gyrotron

German Yu. Golubiatnikov, Maksim A. Koshelev , Alexander I. Tsvetkov , Andrei P. Fokin,
Mikhail Yu. Glyavin, and Mikhail Yu. Tretyakov

Abstract—We explore the possibility of a significant increase
in the sensitivity of high-resolution molecular spectroscopy in the
sub-THz range by the method of radio-acoustic detection of ra-
diation absorption using the gyrotron as a source of high-power,
continuous, frequency-tunable, and highly stable radiation source.
We demonstrate that the sensitivity increases in direct proportion to
the radiation power until the molecular line saturation is reached.
For unsaturated lines corresponding to rotational transitions of
methane, a sensitivity of the order ofαmin≈10−11 cm−1 is achieved
for a power level of about 20 W, which was limited in this work by
technical reasons. Examples of spectral line records of other light
molecules such as SO2, OCS, and CH3OH are given. These records
permit one to examine the spectral content of gyrotron radiation.
The presence of high harmonics without any external frequency
multiplier is revealed and evaluated for the first time. Prospects for
a further increase in the sensitivity of the method by increasing the
radiation power by one or two orders of magnitude are discussed.

Index Terms—Gyrotron, high-power radiation, molecular
spectroscopy, radio-acoustic detection (RAD), sensitivity, sub-THz
range, weakly polar molecules.

I. INTRODUCTION

A SPECTROMETER with radio-acoustic detection (RAD)
and backward-wave oscillators (BWOs) as the sources of

radiation was developed at the Institute of Applied Physics of
the Russian Academy of Sciences (Nizhny Novgorod, Russia)
[1]–[3] and was recognized worldwide [4]–[6]. The spectrom-
eter is used for the study of rotational-vibrational spectra of
molecules and precision investigations of individual lines (see
the review [7] and references therein). RAD belongs to the class
of spectrometers with an opto-acoustic method for detection of
electromagnetic radiation [8]–[10], where not a power variation
of the radiation transmitted through the sample, but the result
of the effect of radiation on matter is recorded. The excitation
of molecules at the frequency of the spectral transition and their
collisional relaxation lead to heating and expansion of the gas,
which is registered by the deflection of a membrane that is the
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electrode of a capacitance microphone. The spectrometer output
signal S is directly proportional to the radiation power Pabs

absorbed by the gas

S ∼ Pabs = P0 − P = P0

(
1− e−αL

)
whereα is the absorption coefficient, L is the optical path length,
and P0 and P are the radiation power at the input and output
of a gas cell, respectively. Under conditions of a low optical
depth (αL << 1) and assuming that α does not depend on
power, the output signal is directly proportional to the studied
gas absorption coefficient and to the radiation power fed to
the cell, S ∼ P0αL According to the principle of operation,
the signal should be observed only within the absorption lines
and be absent outside the lines. This is the so-called “zero
method,” i.e., the absence of an instrumental baseline against
which a signal from the gas absorption line is observed. In real
devices, the baseline is present due to the technical reason: the
absorption of radiation in the elements of the gas cell (mainly
in the windows) leads to their heating and related secondary
(nonradiative) heating of the gas.

A characteristic feature of RAD is weak dependence of the
spectrometer output signal on the length of the gas cell. The point
is that any film used to make a microphone membrane is more
rigid than gas at low pressures. In this case, the microphone
detects a change in pressure, which is inversely proportional
to the volume of the absorption part of the cell. The signal
increase related to an increase in the optical depth of the gas
is compensated by the same increase in volume. The optimal
length of an acoustic cell is estimated as about 10 cm [8]
and [10]–[12]. This permits registering intense and weak lines
without changing the cell dimensions. In addition, the small
length of a cell makes it compact and convenient to use, i.e.,
for shielding from external magnetic fields when studying the
spectra of paramagnetic molecules or for thermal stabilization.

Another feature of the method is the inevitability of a com-
promise between spectral resolution and sensitivity. The optimal
resolution is achieved at pressures where the collisional line
broadening is comparable to Doppler. For rotational lines of
atmospheric molecules, this occurs at tens of millitorr, and
the optimal pressure from the point of view of microphone
sensitivity is determined by the rigidity of the membrane, being
about 1 torr in real devices (see, e.g., Fig. 4 from [13]).

The versatility of the RAD method allows its use in a wide
range of wavelengths without loss of sensitivity, providing a
large dynamic range and linearity of the recorded signal. That is
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why the spectrometer is intensively used for precision measure-
ments of collisional line shape parameters (see, e.g., [14] and
references therein).

The method has a high sensitivity, and with a small length
of the cell it detects the absorbed power Pabs at the level
10−10–10−11 W [12], [15]. The absence of a signal outside the
absorption line makes it possible to detect weak lines and gas
impurities at extremely low relative concentrations of up to 10−13

[8]. The use of radiation sources with a higher power improves
the spectrometer sensitivity. The weaker the dipole moment of
the molecular transition, the greater the improvement which can
be achieved (assuming that the technical problem of heating the
cell elements by radiation power is resolved). In [16] it was noted
that this circumstance, in particular, may open up a possibility for
studying forbidden transitions, i.e., rotational spectra of nonpo-
lar molecules. In the optical range, in the presence of high-power
laser sources of coherent radiation, the opto-acoustic method
has long shown its capabilities and advantages both in nonlinear
spectroscopy [17] and when recording weak lines, as well as
when microimpurities are detected [18]. For example, in [19],
where high-power pulsed lasers of the optical range are used,
the sensitivity defined as the minimum detectable absorption is
evaluated as αmin = 6.8 · 10−10 cm−1.

In the millimeter (mm) and sub-millimeter (sub-mm) wave-
length ranges, it is possible to find only a few papers in the
field of high-resolution molecular spectroscopy using sources
with a high power (more than 1 W). For example, in [20] it was
demonstrated that the use of an orotron as a radiation source
with a radiation power flux of about 1 W/cm2 at a wavelength
of 2 mm permits observing two-photon rotational transitions
of the OCS and CHF3 molecules. The estimates made in [21]
indicate that the presence of radiation sources with a power flux
of more than 0.1 W/cm2 would make it possible to obtain a
noticeable change in the ratio of spin isomers in the 13CH3F
molecule, which is detectable when observing the corresponding
rotational lines. As an exotic spectroscopic case the observation
of the forbidden ortho-para transition of positronium at 204 GHz
using over 20 kW radiation of a gyrotron can be mentioned [22].

The first attempt to use high-power sources of mm radiation
for molecular spectroscopy was made in 1974 [23]. An absorp-
tion signal corresponding to one of the rotational transitions
of the formic acid molecule (HCOOH) was observed using a
gyrotron emitting at a frequency of about 34 GHz. The signal
was recorded only at the maximum of the absorption line, since
the gyrotron did not have a smooth and reproducible tuning of
the radiation frequency. This problem explains why the existing
gyrotrons were not in demand for spectroscopy in the subse-
quent decades, although according to the estimates made, the
experimental sensitivity was about 10−11 cm−1 for a gyrotron
power of 103 W, which was a record value for that time.

Improvements in the design of gyrotrons manufactured in
recent years (see, e.g., the reviews [24], [25] and references
therein), made it possible to address again the possibility of
their application in the interests of molecular spectroscopy in the
mm and sub-mm wavelength ranges. The first trial of molecular
spectrum observation with a smoothly tunable but nonstabilized
or “free-running” gyrotron is reported in [26].

Fig. 1. Block diagram of the RAD spectrometer with a gyrotron having a
frequency stabilization system in its version with modulated radiation power.

In this study, we used the same 263-GHz gyrotron operated
in the continuous-wave mode. Details on the gyrotron design
can be found in [27]. The gyrotron design allows controlling
the radiation frequency by changing the voltage at the control
anode. This feature was recently used for development and
implementation of a phase-locked loop (PLL) system operated
by the signal of the reference microwave synthesizer [28]. The
PLL system provides precision scanning of the frequency of
radiation, as well as its frequency modulation (FM) and phase
modulation (PM), which is currently a necessary attribute of
most spectroscopic tools. The spectral range available when
working with a gyrotron can be significantly extended due to har-
monics of the fundamental frequency, which are shown to be an
intrinsic property of the powerful gyrotron radiation [29]–[32].
These factors, combined with the conventionally high output
power, extend the application range of the gyrotron, making it
an attractive tool for high-resolution molecular spectroscopy.

The specifics of using the gyrotron as a highly coherent radia-
tion source in a RAD spectrometer and the new possibilities that
have been opened up are demonstrated in this work by recording
known rotational lines of the SO2, CH3OH, and OCS molecules
at both the fundamental and the second, third, and fourth har-
monics of the gyrotron radiation frequency. To demonstrate the
sensitivity of the method, theoretically predicted low-intensity
rotational lines of methane were used. High-power radiation
with a high stability provided by the PLL system allowed reach-
ing the absorption sensitivity at a level of 10−11 cm−1 with a
clear prospect of further improvement.

II. EXPERIMENTAL SETUP AND FEATURES OF

HIGH-POWER SPECTROSCOPY

A block diagram of the RAD spectrometer with a gyrotron
and a system for stabilizing its radiation frequency is shown
in Fig. 1. The gas cell, which was similar to that used in
[13], [14], and [26], was 2 cm in diameter and 10 cm long.
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The acoustic signal was received by a condenser microphone
with a Mylar membrane 70 mm in diameter and 0.9 μm thick.
The system of capacitance variation recording was made in the
form of a high-frequency balanced circuit with the sensitivity
ΔC/C ∼ 10−11 [33].

A detailed description of the design features and operating
parameters of the gyrotron used as a source of continuous
coherent radiation can be found in [27] and [28]. The spectral
purity and width of the spectral line of the gyrotron radiation
were determined by the PLL system. Measured width of the
emission spectrum did not exceed 1 Hz, which corresponded
to the maximum resolution of the Keysight N9010A spectrum
analyzer being used [28]. Frequency stability was determined
by the frequency and time standard SRS FS740, synchronized
by a GPS signal and amounted to ∼10−13 for long-term and
∼10−11 for short-term relative stability. The range of continuous
electronic tuning of the radiation frequency, which was achieved
by changing the intermediate frequency in the operating PLL,
averaged 20 MHz, reaching 60 MHz for certain parameters of
the gyrotron. A wider smooth tuning of the gyrotron frequency in
the PLL mode was carried out by a precisely controlled resonator
temperature tuning in the same way as in [26]. In this work, we
managed to smoothly tune the gyrotron frequency in the PLL
mode from 263.1 to 264.0 GHz.

The main part of the gyrotron radiation was directed to a
matched load and was measured using a water calorimeter. A
small (less than 1/10) part of the radiation, using a quasi-optical
divider (a sheet of mica, the thickness of which is much less than
the wavelength), was sent to the gas cell of the spectrometer and
varied within the range 0.1–20 W.

The main physical constraint on the radiation power and, as
a consequence, on the sensitivity of the spectrometers is the
maximum power that can be absorbed by the gas in the chosen
line, which corresponds to the equalizing of the level populations
of the corresponding transition and is characterized by the satu-
ration parameter. If the collisional interaction of molecules can
be neglected, the change in the level population difference under
the action of continuous resonant radiation has a harmonic form
characterized by the Rabi frequency νR = d · E/h (where Е is
the amplitude of the electric field of the radiation, h is the Planck
constant, and d is the matrix element of the dipole moment of
the transition) [34]. The saturation of the spectral transition is
reached when the oscillation period of the population difference
becomes equal to the collisional relaxation time of the molecules
τ = (2πΔν)−1, where Δν is the collisional half-width of the
spectral line of the transition. Herein, the absorption coefficient
α0 at the line center decreases by a factor of 2. The corresponding
value of the power flux density Isat is called the saturation
intensity, which turns out to be proportional to the parameters
defining the effect as Isat(ν) ∝ Δν2/d2 [35].

With allowance for saturation, the absorption coefficient of
the collisionally broadened line with the center frequency ν0
has the form

αsat (ν) = α0 · Δν2

(ν − ν0)
2 +Δν2 · (1 +G0)

where G0 = (νR/Δν)2 is the saturation parameter. Saturation
increases the line width by a factor of

√
1 +G0 and decreases

absorption in the maximum by a factor of (1 + G0). In terms
of spectrometer sensitivity, exceeding the saturating radiation
intensity is inexpedient.

The maximum signal will be observed for the radiation
source power Pmax

sat = Isat(ν0) ·D ∝ hν0 · n2 ·D (where n is
the particle density and D is the cross-sectional area of the
interaction of electromagnetic beam with gas), which depends
only on the number of absorbing molecules in each particular
case [3]. To avoid saturation of the line with increasing power,
it is necessary to reduce the power flux density (increase D) or
increase the gas pressure. Note that the maximum acoustic signal
Smax ∝ α0 · Isat(ν0) at the center of the line of any molecular
transition does not depend on the value of d, because the line
intensity is directly proportional to d2, while the saturating
power is inversely proportional to d2. The increase in one is
compensated by the same decrease in the other.

The Rabi frequency at a radiation power of 1 kW in a gas cell
with a diameter of 2 cm, which is used to record the spectral
lines of molecules with matrix elements of the transition dipole
moment ranging from 0.1 to 1 D, is from 30 to 300 MHz.
Therefore, for recording such lines at pressures of the order of 1
torr that are optimal from the point of view of sensitivity of the
used RAD spectrometer cell, which corresponds to a collisional
width of several MHz, the power should not exceed 10 W.

Note that a much higher power is needed for a notable sat-
uration of the lines of molecules with a small dipole moment.
For example, the asymmetric isotopologue of the carbon dioxide
molecule 16

О
12
С

17
О has a dipole moment of less than 10−5 D,

and the corresponding saturation power is about 1 GW.

III. EXPERIMENT AND DATA ANALYSIS

A. Spectroscopy of Light Polar Molecules

All measurements were carried out under laboratory condi-
tions at room temperature. The gas pressure in the cell was con-
trolled using a baratron with a manufacturer-declared accuracy
of 0.25% of the readings. When choosing gases for research,
we proceeded from the need to work with well-studied spectra,
which ensures the reliability of the results when demonstrating
the capabilities of the method, especially when dealing with
harmonics of the radiation. For the first experiments, sulfur
dioxide (SO2) having a dense rotational spectrum, which was
studied in, e.g., [36]–[38] was chosen. The lines of this spectrum
fall into the range of gyrotron operation, and we used it in
the previous studies with an unstabilized gyrotron [26]. The
collisional broadening coefficient for most lines in a pure gas
is approximately 15 MHz/torr [39]. The pressure of SO2 in the
cell was chosen in the range 0.02–0.05 torr, then the absorbing
gas was diluted with argon as a buffer gas that broadens the SO2

lines with a coefficient of about 3 MHz/torr [38] up to a pressure
of 0.5 torr, which corresponded to the range of optimal operating
pressures of the RAD spectrometer. Thus, the collisional line
width was about 2 MHz and the Doppler width was 0.2 MHz.

The RAD method allows using modulation of the radiation
power followed by synchronous detection of the absorption

Authorized licensed use limited to: Federal Research Center Inst Applied Physics - RAS. Downloaded on September 03,2020 at 06:26:43 UTC from IEEE Xplore.  Restrictions apply. 



GOLUBIATNIKOV et al.: SUB-TERAHERTZ HIGH-SENSITIVITY HIGH-RESOLUTION MOLECULAR SPECTROSCOPY WITH A GYROTRON 505

Fig. 2. Examples of the recordings of the 32SO2 line JKa,Kc = 446,38 ←
455,41, obtained with a RAD spectrometer and a gyrotron in the PLL mode by
different methods of the radiation modulation: (a) modulation of power; (b) and
(c) modulation of frequency of the radiation and demodulation of the signal at
the (b) first and (c) second harmonics of the modulation frequency, respectively.
The dotted line in Fig. 2(a) shows a baseline of the form (a·v + b) resulting from
a model function fitting to the experimental recording.

signal at the modulation frequency. This gives certain advantages
in the study of the shape of the spectral lines, since it minimizes
the number of influencing factors. However, the use of this type
of modulation to achieve an ultimate sensitivity (for recording
weak signals), and especially with a high radiation power, is
not rational, since the spurious signal (baseline) mentioned in
the Introduction increases with increasing radiation power. In
this case, a weak line is observed against the background of the
signal, which can be comparable to or even exceed the amplitude
of the line. Moreover, the frequency variations of the spurious
signal related to low-Q resonances and radiation interference
in the cell and in the waveguide path of the spectrometer can
significantly reduce the contrast of recorded lines (see, e.g.,
Fig. 4 in [26]). To reduce the influence of the baseline when
recording a weak signal from the lines, spectroscopy uses the
method of the radiation FM followed by demodulation using a
synchronous detector. For this purpose, an arbitrary waveform
generator (Tektronix AFG3101), which allows modulating the
frequency with a given modulation index, was used in the
gyrotron PLL as the source of a 35-MHz reference signal for
the phase detector. Synchronous detection of the absorption
signal was carried out both at the first and second harmonics
of the modulation frequency. A 180-Hz frequency modulation
was used with a given deviation, the value of which was chosen
approximately equal to the collisional width of the observed
molecule lines. Examples of experimental recordings of the
SO2 line JKa,Kc = 446,38 ← 455,41, obtained with different
methods of modulating the radiation signal, are shown in Fig. 2.
The baseline determined by optimizing the model profile for the
experimental spectrum recorded in the radiation power modula-
tion mode is shown in Fig. 2(a) with a black dotted line.

Fig. 3. Spectrum of a SO2 mixture with argon (0.027 and 0.26 torr) obtained
with a RAD spectrometer and a gyrotron in the PLL mode with modulation
of the radiation frequency and synchronous detection of a signal at the second
harmonic of the modulation frequency. The factor of radiation power increase
is shown in the figure (Р0 ∼ 0.1 W).

When interpreting the observed spectra, it is important to take
into account that the use of frequency modulation for wide-range
recordings leads to the fact that the ratio of amplitudes of the lines
[corresponding to the absorption coefficients at the center of the
α(ν0) lines] may not correspond to the ratios of their tabular
intensities, since the signal amplitude depends on the ratio of
the deviation to the line width [40], [41]. When the transition
is saturated, absorption decreases at the line center and there
occurs a line broadening determined by the value of d, which
can vary significantly for the observed spectral lines of the same
molecule. That is, in the mode of wide-range recording of the
spectrum with frequency modulation of high-power radiation, it
may turn out that the signal from a more intense but broad line
will be less than the signal from a weak but narrow line.

A typical example of a change in the observed spectrum with
increasing radiation power is shown in Fig. 3. The expected
broadening and decrease in peak absorption up to the almost
complete disappearance of the line (leftmost and middle lines
in Fig. 3) indicate strong saturation of the corresponding transi-
tions. The unusual behavior of the rightmost line becomes clear
from the further analysis of the spectra.

Fig. 4 shows a survey recording of the SO2 spectrum for
a radiation power of the order of 100 mW (upper panel) and
the corresponding model spectra, which indicate that some of
the observed lines are due to radiation absorption at the strictly
doubled and tripled fundamental frequency of the gyrotron radi-
ation. We will call this radiation the corresponding harmonics.
It is important not to confuse it neither with the radiation of
the operating modes of the gyrotron at the harmonics of the cy-
clotron frequency, the generation of which is observed for other
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Fig. 4. Survey spectrum of a SO2 mixture with argon in the gyrotron tuning
range, which was recorded using frequency modulation of the radiation with
detection of the absorption signal at the fundamental harmonic of the modulation
frequency. The lines are identified as absorption at the fundamental (first),
second, and third harmonics of the gyrotron and are marked with corresponding
numbers. Bottom panels show the calculated spectra for respective harmonics
of the gyrotron radiation.

parameters of the gyrotron [27], nor with the harmonics obtained
with external nonlinear elements (frequency multipliers).

To analyze the gyrotron radiation and confirm the presence
of harmonics in the gyrotron radiation, we used two dichroic
plate filters [42], [43] available in the Lab, which did not pass
radiation with frequencies below 300 and 600 GHz. The result
of using a 300-GHz high-pass filter (HPF) to analyze the SO2

spectrum is shown in Fig. 5.
The 33SO2 line 146,8 ← 155,11 at a frequency of

263 686.4 MHz “disappears” in the spectrum, and the other
two lines remain virtually unchanged, which indicates their
higher frequency nature. This is also evidenced by the fact
that the lines corresponding to the second harmonic appears
having almost half the width than the lines at the fundamental
radiation frequency, since when the frequency of the operating
mode is changed by Δf, the frequency of the second harmonic
changes synchronously by 2Δf. Note that the synchronism of
harmonics with the fundamental frequency is also confirmed by
the invariance of the phase of the signals from the observed lines
during the synchronous detection and use of the PLL system for
FM of the radiation.

Assuming the linear dependence of the RAD signal on the
radiation power, it is possible to estimate the ratio of the har-
monic radiation power to the fundamental radiation power:
for unsaturated lines it is equal to the product of the ratio of
amplitudes of the observed spectral lines and the inverse ratio of

Fig. 5. Spectrum of a SO2 mixture with argon (0.035 and 0.475 torr), which
was registered (a) without the filter and (b) with an HPF fcut = 300 GHz
(perforated with holes 0.5 mm in diameter) by the RAD method using FM
with the absorption signal detected at the second harmonic of the modulation
frequency. Vertical thick lines at the upper axes show the tabular (see Table I)
positions and intensities of the corresponding transitions.

absorption coefficients at the center of these lines. For example,
for the second harmonic

P 2
0

P 1
0

=
S2

S1

(
α2
0

α1
0

)−1
=

S2

S1

Δν2

Δν1
I1

I2

where the superscripts 1 and 2 correspond to the lines at the first
and second harmonics, and I is the tabular integrated intensity.
An analysis of the observed spectra shows that in our exper-
iments, the radiation power at the second and third harmon-
ics was, respectively, about 1% and 0.1% of the fundamental
radiation power. This estimate explains the behavior of the
rightmost line in Fig. 2. It corresponds to the transition observed
at the second harmonic, the power of which is insufficient for
saturation; therefore, the corresponding acoustic signal increases
with increasing power, and the line does not broaden.

To confirm the possibility of observing the lines at harmonics,
we recorded the lines of OCS carbonyl sulfide (Fig. 6) and
CH3OH methanol (Fig. 7) molecules, the measured frequencies
of which also conform well to the tabulated values (Table I)
and confirm the correct identification of the lines of the survey
spectrum (Fig. 4).

To detect radiation at the fourth harmonic, we chose the
98,2 ← 109,1 transition of the SO2 molecule at a frequency of
1.0559 THz. The calculated absorption coefficient at the center
of a collisionally broadened line without saturation for pure SO2

is α0 ≈ 6.5·10−2 cm−1. To reduce the effect of radiation at the
fundamental and second harmonics of the gyrotron frequency,
we used the 600-GHz HPF. A recording of the line and the fitted
model function are shown in Fig. 8. The measured transition
frequency and a comparison with known data are given in Table I.
The calculated absorption coefficient α0 at the line center in the
studied mixture of SO2 with argon is about 2·10−2 cm−1. This
allows us to estimate the radiation power at the fourth harmonic
frequency as 0.001% of the power of the fundamental harmonic.
Note that our estimates of the fraction of radiation at harmonics
are rather qualitative. They are only related to the power inside
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TABLE I
TRANSITION FREQUENCIES DETERMINED FROM THE SPECTRA PRESENTED IN FIGS. 2–12 AND THEIR COMPARISON WITH TABULAR VALUES

∗Determined as a mean value of hyperfine structure components
∗∗Data from HITRAN are at 296 K, from JPL at 300 K, from [44] at 293 K.
Typical error of determining the frequencies of studied transitions is 10–50 kHz.

Fig. 6. Recording of the OCS line J = 65←64 (dots) at the third harmonic of
the gyrotron frequency with a 600-GHz HPF (perforated with holes 0.3 mm in
diameter). The result of optimizing the model profile based on the Voigt profile
to fit the experimental spectrum is shown by a solid line. The difference between
the experimental and model profiles is shown at the bottom. The vertical dashed
line shows the tabular position of the transition.

the gas cell and do not take into account neither the transmittance
of the filters we used nor the difference in the power transfer
coefficients from the gyrotron. The latter difference is due to the
frequency dependence of the reflection coefficient of the power
divider we used and to the different absorption of radiation by
atmospheric air in a long (2.5-m) waveguide.

Fig. 7. Experimental spectra of methanol CH3OH (red curve) recorded at
room temperature using RAD spectrometer with a frequency-stabilized gyrotron
at the second harmonic (radiation at the first harmonic was cutoff by a 300-GHz
HPF); methanol pressure in the cell was 0.16 torr. Blue curve is model spec-
trum which was obtained using JPL frequencies and intensities [45], HITRAN
self-broadening coefficient 0.4 cm−1atm−1 [39] and experimental conditions
(pressure, temperature, and frequency deviation).

Synchronous generation of radiation harmonics in gyrotrons
was discussed in experimental [29], [30] and theoretical [31],
[32] papers and is apparently a typical phenomenon associ-
ated with parametric radiation generation. However, harmonics
above the second were not experimentally observed previously
by anyone. This is most likely due to difficulties in detecting
“weak” harmonics against the background of a strong funda-
mental frequency signal using standard methods, i.e., signal het-
erodyning, i.e., transferring the frequency to the low-frequency
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Fig. 8. Recording of the SO2 line JKa,Kc = 98,2 ← 109,1 in a SO2 mixture
with argon (0.035 and 0.465 torr) at the fourth harmonic of the gyrotron
frequency with a 600-GHz HPF (gray broken curve). The result of fitting the
model profile on the basis of the Voigt profile to the experimental spectrum is
shown by a solid line. The vertical dotted line shows the tabular position of the
line.

range and studying it using a spectrum analyzer. In our work,
it was demonstrated that recording the spectrum of a known
gas by the RAD method permits one to uniquely determine the
spectral composition of the radiation employed. Thus, a RAD
spectrometer cell filled with a gas and having a well-known
and fairly dense spectrum can be used as an analyzer of the
coherent radiation spectrum of high-power sources. Previously,
this opportunity was used for the analysis of the BWO radiation
spectrum [47].

The increase in the sensitivity of the RAD cell with increasing
radiation power is demonstrated by recording a part of the
spectrum of SO2 using a BWO and a gyrotron (Fig. 9).

In both experiments, we used a mixture of SO2 (with natural
abundance of isotopologues) with argon (1:14) at total pres-
sure of 0.5 torr. The synchronous detection of the absorption
signal at a double modulation frequency was employed. The
signal accumulation time at each frequency point was 0.6 s.
The BWO radiation power was approximately 5 mW and the
gyrotron power increased from recording to recording. The
frequency range under consideration contains the line of a purely
rotational transition 251,24←244,21 of the 32SO2 molecule in
the first excited asymmetric stretching vibrational state (ν0 =
263 151.5 MHz, d ∼ 0.12 D) and the line 6411,53←6510,56 of
the 34SO2 isotopologue (ν0 = 263 161.63 MHz, d ∼ 0.45 D).
The line 6411,53←6510,56 becomes saturated at 0.1 W, and the
further increase in power does not lead to an increase in its
amplitude. Moreover, this line can overlap on the spectrum
recording with the 356,30←355,31 line of the 34SO2 molecule
(ν0 = 526 321.87 MHz, ν0/2 = 263 160.93 MHz) observed at
the second harmonic of the gyrotron radiation (Fig. 4(c)). The
signals from the lines at the first and second harmonics become
comparable with each other when the radiation power is more
than 0.5 W, which makes their quantitative analysis virtually
impossible. The 251,24← 244,21 line has a significantly smaller
matrix element of the transition dipole moment. The signal from

Fig. 9. Recordings of the SO2 (a mixture with argon in 1:14 proportion at a
pressure of 0.5 torr) spectrum using a radio-acoustic cell for different radiation
powers, spaced apart on a vertical scale for clarity. The gray spectrum shows a
typical recording with a single range scan obtained using a BWO and the black
spectrum is the result of averaging of 50 such recordings. The spectra obtained
using a BWO (gray and black) are increased in amplitude by

√
50 times for

easy comparison with other traces. The single scan recordings obtained with
a gyrotron for different radiation powers are shown on top. Vertical lines are
tabular positions and relative intensities of the lines. The inset shows the S/N for
the low-frequency line in the spectra as a function of the radiation power. The
dashed line shows a fitted straight line passing through the origin of coordinates.
The colors of dots correspond to the colors of spectra on the left.

it increases with increasing power up to 1 W. The further increase
in power leads to saturation of the transition and a decrease in the
signal from the line. In the spectra obtained using a BWO, the
amplitudes of both lines are several times lower than the noise
level. The lines can only be detected by repeating recordings
many times and averaging them. The result of averaging of 50
recordings is shown in Fig. 9. The signal-to-noise ratio (S/N)
on the line was defined as a difference between the minimum
and maximum of the model function fitted to the observed line,
divided by the standard deviation of noise in the corresponding
spectrum recording. An analysis of the obtained spectra confirms
that the S/N on the observed line, and therefore the sensitivity of
the spectrometer, increase in direct proportion to power till the
transition saturation.

This preliminary experiment gives grounds for confidence that
an increase in the power of the radiation by many orders of
magnitude compared to conventional spectroscopic sources will
make it possible to achieve an outstanding sensitivity of the RAD
method in the study of lines with a transition dipole moment of
0.01 D or less.

B. Spectroscopy of Weakly Polar Molecules

The line of a purely rotational transition of the CH4 molecule
JK = 72 ← 64 with symmetry F1 in the ν4 + ν5 vibrational
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Fig. 10. Results of observation of the CH4 line JK = 72 ← 64 in the
vibrational state ν4 + ν5 with a peak absorption of about 10−9 cm−1. The black
line is a single step-by-step recording of the spectrum, the gray dots correspond
to all amplitude samples obtained as a result of 104 such recordings, and the red
line is the result of averaging of all the samples. The blue line is the residue of
fitting the model function to the averaged spectrum.

state excited by collisions and having an integrated intensity of
1.249�10−29 cm/mol [39] was chosen for the trial. The dipole
moment of the transition is due to the centrifugal distortion of
the symmetrical structure of the molecule. For the experiment,
we used a gas sample with a 99% content of CH4. The spectrum
was recorded for a pressure of 0.26 torr. The radiation power was
increased up to ∼15 W. The further increase led to overheating
of the gas cell windows made of high-density polyethylene
and not designed for radiation intensity so high in ordinary
spectroscopy. The heating of the windows of the acoustic cell
led to an increase in the spurious signal mentioned above, and
the turbulent air flows arising in front of the input window of the
cell due to heat emission impaired the stability of experimental
conditions. It appeared most optimal for recording spectra under
such conditions to decrease the synchronous detection time
constant to 0.1 s and increase the number of averaged spectra. A
single (back-and-forth) step-by-step recording of the spectrum
at 200 points in the vicinity of the line center took a little less than
1 min. A total of 104 such recordings were obtained. The signal
was detected at a double modulation frequency. The results of
two-hour recording of the spectrum and its preliminary analysis
are presented in Fig. 10. The model function used to analyze
the line was built on the basis of the Lorentz profile. Hardware
effects, including the dependence of the average radiation power
on frequency and the presence of a baseline, were approximated
by polynomials of the first and second order, respectively. The
residue of fitting the model function to the averaged spectrum is
shown in the lower part of Fig. 10 with fivefold magnification.

The achieved absorption sensitivity of the spectrometer or the
minimum detectable signal αmin was determined by dividing
the absorption coefficient α0 at the line center by the S/N on
the spectrum recording. For the estimates, we used tabular data
on the integrated intensity I normalized to the concentration of
absorbing molecules and the collisional broadening coefficient
γ [39], as well as the fact that the integrated intensity of the
Lorentz profile is proportional to the product of its width and
amplitude [35]

αmin =
I

πγkT (S/N)

Fig. 11. Normalized standard deviation σN/σ1 of the fit residual for the
JK = 72 − 64 line of CH4 obtained by fitting the result of averaging of N
repeated experimental records of the spectrum.

Fig. 12. Result of observation of the CH3D line (82←83, E, ν5) with the peak
absorption of 6·10−10 cm−1. The dots show averaging of 40 single recordings
(back-and-forth) of the spectrum. The black line is a fitted model function. The
blue line is a residue.

where k is the Boltzmann constant and T is the gas temperature.
The S/N on the methane line shown in Fig. 10 is about

80, while αmin = 1.3�10−11 cm–1 or taking into account the
integration time αmin = 8.4�10−10 cm−1Hz−0.5.

The multiple line records from this experiment (Fig. 10)
were used for determining the total signal integration time after
which the averaging process becomes inefficient or even coun-
terproductive. The corresponding Allan variance plot (Fig. 11)
demonstrates decreasing of the standard deviation σN of the fit
residual as N−0.5 up to N = 60, which can be considered an
optimal number of single records of the line in the conditions of
our experiment.

To verify the achieved sensitivity, we recorded another low-
intensity line corresponding to the rotational transition JK =
82 ← 83 of the monodeuterated methane isotopologue in the
excited vibrational state ν5 with an integrated intensity of
7.89�10−30 cm/molec (parameters of the line were determined
within the framework of our recent spectroscopic study [48]).
The CH3D content in the sample was approximately 90%. The
dipole moment of the molecule is∼6�10−3 D with a significant
rotational dependence [49]. The spectrum was recorded for a
pressure of 0.3 torr following the same procedure as in the
previous experiment, but in a wider frequency range. The result
of averaging of 40 single recordings is shown in Fig. 12. To
adequately describe the observed signal with a model function,
we had to increase the degree of the polynomial responsible
for the frequency dependence of the baseline to the fourth. The
fitting result and the residue are shown in Fig. 12.
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The S/N in the spectrum recording is about 30. To evaluate
the sensitivity, we used the data on collisional broadening of
the CH3D ro-vibrational transitions with the same rotational
quantum numbers from [50]. Taking into account the 90%
concentration of absorbing molecules in the gas, the mini-
mum detectable absorption was 1.6�10−11 cm−1 or 6.5�10−10

cm−1Hz−0.5, which fully confirmed the previous result.
Note that both methane lines presented here were not previ-

ously observed in experiments. Their frequencies and intensities
were predicted in [39], [48], and [51]. Despite the fact that
the error of the line frequencies determination is estimated by
HITRAN experts as 30–300 MHz, the observed positions of the
CH4 and CH3D lines differ from the predictions by −0.13(3)
and −0.001(20) MHz, respectively, which indicates that the
error estimate in HITRAN is conservative. The line intensity
uncertainty is estimated in HITRAN as ≥20%.

For comparison with the sensitivity of other methods, we
refer a reader to two recent studies of the rotational spectrum
of CH4 [52], [53]. The first paper presents the first observations
of the CH4 spectrum using the SOLEIL synchrotron facility and
a high resolution Fourier-transform spectrometer equipped with
a 150-m path-length gas cell. Lines with integrated intensity
greater than 2�10−26 cm/molec were observed after about 30
h of integration time. The photomixing CW-THz spectrometer
coupled to the 20-m path-length cell was used in the second
work. The R(7) line with integrated intensity of 2.94�10−25

cm/molec was recorded with S/N= 8 after a signal accumulation
period of 4 h.

IV. CONCLUSION

The possibilities of increasing the sensitivity of radioacoustic
molecular spectroscopy by using a high-power gyrotron source
operating in the sub-THz frequency range have experimentally
been explored as follows.

1) The possibility of detecting molecular spectral lines with
an intensity of about 10−30 cm/molec for a line recording
time of about 1 min is shown.

2) The system of precision monitoring and digital control of
the gyrotron radiation frequency based on the PLL system
combined with high stability of the radiation power, per-
mitted high-precision studies of high-resolution molecular
spectra with the analysis of the shape of the observed
lines and determination of their spectroscopic parameters,
including long-term (a few hours) accumulation of the
absorption signal. Signal accumulation for about 1 h made
it possible to achieve an absorption sensitivity of about
10−11 cm−1 or better than 10−9 cm−1Hz−0.5.

3) Further increasing the absorption detection sensitivity by
increasing the radiation power was limited by the technical
reason, namely, overheating of the windows used in the
RAD cell. The maximum power was less than 20 W, which
is several orders of magnitude higher than the radiation
power of the mm-sub-mm wavelength sources that are
conventional for spectroscopy and 1 or 2 orders of magni-
tude lower than the maximum power for the gyrotron we
used. The possibility of the further sensitivity increase will

be verified after low-loss diamond windows for the gas cell
are manufactured. Radiation loss in diamond is about two
orders of magnitude less than in high density polyethylene
(HDPE) which was used for the current windows.

4) The possibility of spectroscopy at harmonics of the gy-
rotron has been demonstrated. Harmonics are an intrinsic
property of the gyrotron radiation; they are multiple and
synchronous with the fundamental radiation. The spectral
analysis of gyrotron radiation performed in this work
confirmed the possibility of using the RAD method to
evaluate the frequency and power characteristics of radi-
ation sources.

The most important result seems to be the potential possi-
bility of further increasing the sensitivity of the spectrometer
by increasing the power of the radiation. This can be imple-
mented after manufacturing the gas cell windows from artificial
diamond. The sensitivity increase opens up a possibility for
detecting weak, and therefore poorly studied, molecular lines
corresponding to transitions with very small matrix elements of
the dipole moment. One example of such lines is transitions of
paramagnetic molecules occurring due to the magnetic dipole
moment. The latter is usually equal to 1 Bohr magneton, which
is equivalent to an electric dipole moment of about 0.01 D. As
a typical representative, one can point to the rotational spectra
of an oxygen molecule in excited vibrational states, which were
never studied in the sub-mm range due to the lack of sensitivity of
the spectrometers. Note that the rotational-vibrational spectrum
of oxygen is not observed in the IR range because of the absence
of the derivative of the dipole moment with respect to the
bond length between atoms. Another object of research can
be poorly explored rotational spectra of isotopologues of sym-
metric diatomic and linear molecules, such as 14N15N, 16

О
17
О,

16
О

12C17
О, etc., whose individual lines were studied only in

the cm and mm wavelength range [54]–[57]. Another class of
objects relates to molecules of the symmetric and spherical top
type. These are analogues of the CH4 line observed in this
work, which are forbidden in the rigid top approximation. A
small dipole moment occurs during the rotation of molecules
due to distortion of its structure by centrifugal forces. Studies
of the quadrupole transitions of nonpolar molecules, which
are forbidden in the electric dipole approximation, as well as
transitions between spin isomers of the molecules, which are
still more forbidden, i.e., transitions between para and ortho
states, are most interesting for fundamental spectroscopy (see,
e.g., [21], [58]). The opening field of the spectroscopy of non-
polar molecules in a strong electromagnetic field is even more
exciting. In contrast to conventional spectroscopy, which usually
does not disturb either the state of the gas or the molecular
structure, it might be possible to study the effects associated
with molecular polarizability (field induced dipole moment)
[35]. For polar molecules, the almost unlimited (in terms of
conventional spectroscopic standards) power of highly coherent
radiation permits one to consider the possibility of multiphoton
spectroscopy (see, e.g., [20]).

Cumulative result of this work allows us to talk of a RAD
spectrometer with a gyrotron as a radiation source and a PLL-
based frequency control system as of a promising terahertz
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spectrometer (GyroRAD) for studying the weakest molecular
lines corresponding to a small dipole moment of molecular
transitions and determining their quantitative characteristics.
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