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THE ACCURACY OF MEASUREMENTS OF THE SPECTRAL-LINE
FREQUENCIES IN THE STUDIES OF THE ROTATIONAL TRANSITIONS

OF THE '°0'?2C?*?S MOLECULE IN THE MILLIMETER AND SUBMILLIMETER
WAVE RANGES

G. Yu. Golubiatnikov,'* S.P. Belov,' and
A.V. Lapinov!? UDC 535.343.4+535.14+544.17

The absolute error of determining the center frequency of the molecule spectral line during a
single measurement, which is obtained by fitting the line shape to the model profile, is usually
significantly smaller than the statistical spread in the frequencies of the repeated measurements.
We discuss the possible causes of the systematic errors leading to an increase in the uncertainty of
measurements of the line-center frequency. For an example of the multiple spectral measurements
of the rotational transitions of the *0'2C32S molecule in the millimeter- and submillimeter-wave
ranges (with a frequency of up to 522 GHz), by the Lamb-dip method, we determine the abso-
lute error of the performed measurements, which amounts to 0.4 kHz. New precision values of
the center frequencies of the rotational transitions of the *602C32S molecule and more accu-
rate values of the rotational constants, which are calculated using the measured frequencies, are
presented.

1. INTRODUCTION

At present, obtaining precision laboratory values for the frequencies of the molecular transitions and
studying their hyperfine structure is a topical problem. This problem is important for the ground- and
space-based radio astronomy, as well as conducting fundamental astrophysical and spectroscopic studies [1,
2]. An absolute error of the astrophysical measurements of the frequencies of the gas-molecule spectral lines
(especially in dark interstellar clouds, where the temperature is about 10 K and lower) reaches 1 kHz [3—
5], which is about an order of magnitude lower than the absolute error 30-100 kHz of the laboratory
measurements (without the Doppler-effect shift) of the frequencies of most molecular lines in the millimeter-
wave range.

It is also known that the error of determining the spectral-line center frequency from the microwave
measurements using the method of matching the experimental line shape (most frequently, the Doppler and
Lorentz profiles) with the model profile can only be a few hertz. The statistical error of determining the
line-center frequency using this method is written as [6]

Say = K(Av Avgig) Y2 AA/A, (1)

where K is the coefficient dependent on the line shape (K ~ 1.4 and K =~ 3 for the Doppler and Lorentz
profiles, respectively), Av is the half width of the line at its half maximum, Auvgie is the frequency step

* glb@appl.sci-nnov.ru

I Institute of Applied Physics of the Russian Academy of Sciences; 2 N |. Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russia. Translated from lzvestiya Vysshikh Uchebnykh Zavedenii, Ra-
diofizika, Vol.58, No.8, pp.691-701, August 2015. Original article submitted November 5, 2014; accepted
December 24, 2014.

622 0033-8443/16/5808-0622 (©) 2016 Springer Science+Business Media New York



for the digital record of the line, A is the signal amplitude at the line center, and AA is the standard
deviation of the experimental data from the model profile of the line, which is called the residual. Therefore,
for 1000 dots per line, the ratio AA/A ~ 1000 (usually this ratio is equal to the signal-to-noise ratio),
and the Doppler linewidth Avp =~ 1 MHz, which is typical of the submillimeter-wave range, the error of
determining the line-center frequency according to Eq. (1) does not exceed 100 Hz. As was mentioned above,
the actual measurement error is as a rule tens of kilohertz. Therefore, it is necessary to clarify the cause of
such a significant discrepancy between the theoretical and experimental values of the absolute measurement
error, as well as find the actually achievable errors (relative and absolute) when measuring the spectral-line
frequencies by the microwave-spectroscopy methods.

It should be noted that Eq. (1) gives only an estimate of the statistical measurement error, which
can be obtained during a single recording of the line profile. In spectroscopy, it is assumed that the actual
experimental error in measuring the line frequency is about 1/20 of the measured linewidth. This is related
to the fact that the experiment involves systematic-error sources, e.g., the drift of the measuring-equipment
parameters, the presence of which is not determined explicitly. It is difficult to estimate their contribution,
especially using the measurements of the frequencies of individual independent lines. Therefore, to improve
the line-frequency measurement accuracy according to Eq. (1), we should first obtain a spectral line with a
minimum width and a sufficiently good signal-to-noise ratio. However, the minimum achievable linewidth
in linear spectroscopy is limited by the homogeneous line broadening, which is determined by the particle
collisions and by the Doppler broadening in the limit [7] due to the thermal spread in the particle velocities.
The microwave beam spectrometers, which employ a monokinetic molecular beam (molecules of the same
energy) are perfect for the precision frequency measurements. Because of the significant suppression of the
mechanisms of the Doppler line broadening, the resolution of such spectrometers attains 100 Hz [8]. But
such devices are fairly complex and, usually, their frequency range is significantly restricted.

The nonlinear-spectroscopy methods [9, 10] allow one to obtain narrow lines (dips) in the Doppler
profile such that the spectrometer resolution under room temperature can be improved by over two orders
of magnitude. A further increase in the frequency resolution without the signal-power loss is possible by
increasing the spectrometer-cell diameter and the beam width [11].

In this work, we use a sub-Doppler direct-absorption microwave spectrometer [12] with the backward-
wave oscillator (BWO) as a radiation source. The spectrometer allows us to obtain resonance exactly at
the spectral-line center as a result of the population saturation of the molecule-transition levels by the
counterpropagating waves. In this case, a narrow dip (Lamb dip) is formed at the Doppler-profile top and
the width and depth of this dip are functions of the gas pressure in the cell, the radiation flux, the ratio of
the intensities of the counterpropagating waves, and some other factors.

In molecular spectroscopy, the measurement error can be determined from fitting the spectral form of
the signal for not only a single line, but also all the measured lines of the molecule rotational spectrum, i.e.,
fitting the preliminary known theoretical model of the molecule energy levels, to the experiment by varying
the independent parameters of this model. The standard deviation of the measured frequencies of a large
number of lines from their values, which are calculated within the framework of the theoretical model, more
accurately characterizes the experimentally achieved measurement error. The fact is that some systematic
measurement errors are not found if only one line is measured, but can be determined when fitting the entire
set of the line frequencies as a whole.

To ensure reliable estimation of the measurement error of the spectral-line frequencies, we performed
comparative measurements of the frequencies of the rotational transitions of the °0'2C32S molecule in
the millimeter- and submillimeter-wave ranges, which were carried out by the authors of this work [12,
13] and by other researchers many times (see references in [13]). This molecule is convenient for a study,
because its rotational spectrum with a step of 12 GHz is well described within the framework of a simple
model of the rigid rotor with only three variable parameters, while a large dipole moment, which is equal
to 0.71 D [14], allows one to easily obtain narrow Lamb dips at the spectral-line centers. In addition, the
rotational transitions of this molecule have no internal hyperfine structure since the nuclear spin of the main
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isotopes of the oxygen, carbon, and sulfur atoms is equal to zero. The above-mentioned molecule does not
show the collisional line shift in response to variations in the gas pressure in a cell [15], which simplifies the
measurements and improves their repeatability.

In this work, we briefly describe the experimental setup and the measurement technique and consider
the causes of possible inaccuracies and systematic errors when measuring the center frequencies of the lines.
The results of new precision measurements of the center frequencies of the rotational transitions of the OCS
molecule in the millimeter- and submillimeter-wave ranges by the Lamb-dip method are presented. The
rotational constants are determined using the measured frequency set and comparison with other works is
performed. The absolute error in measuring the line-center frequencies was below 0.4 kHz.

2. THE METHOD FOR MEASURING THE FREQUENCIES OF THE SPECTRAL LINES
AND ITS ERROR

A detailed description of a sub-Doppler direct-absorption microwave spectrometer with a BWO as a
radiation source is given in [12]. The spectrometer employs the effect of nonlinear saturation of the spectral
transitions in counterpropagating waves (the Lamb-dip method) [9, 10]. The BWO signal coherence is
ensured by the phase-lock loop (PLL) [16] using the frequency harmonics of the output signal from the
multiplying circuit of a PTS-6400 reference synthesizer. The BWO output radiation frequency and its
absolute accuracy and stability primarily depend on the accuracy and stability of the frequency v of the
rubidium-standard signal whose data-sheet long-term frequency stability values amount to Av/v ~ (1-
3) - 10712, where v is the radiation frequency. During the measurements, the spectral width of the BWO-
radiation line did not exceed 10 Hz (e.g., see the spectrum measurements for a BWO with the PLL [17]).

As the radiation passes through an absorbing gas layer with thickness L (the experimental cell length
and diameter were Ly = 200 cm and 11 cm, respectively), the radiation intensity I(v) decreases according
to the Beer-Lambert—-Bouguer exponential law:

I(v) = Ip(v — vo) exp[—a(v — ) L], (2)

where Iy(v — 1) is the incident-radiation intensity, which can generally be a function of frequency, a(v — vy)
is the absorption coefficient in a gas due to the considered transition, and v is the line-center frequency. In
the case of a small optical thickness («(0)L < 1), the radiation that arrives at the detector can be written
as

I(v) =Iy(v — ) [1 — a(v — )L, (3)

where I(v—1yp) is the signal intensity of the so-called base line. The dependence of the absorption coefficient
a(v—1yp) on the radiation frequency is determined by both the collisions of the absorbing molecules (Lorentz
profile) and their thermal motion (Doppler profile), and is generally given by the convolution of these profiles,
or the Voigt profile [7].

As was mentioned above, to improve the measurement accuracy for the line-center frequency, i.e.,
obtain narrower lines compared with the Doppler ones, the Lamb-dip method was used. Although the profile
of the line with the Lamb dip generally has a fairly complex shape [18], in many cases it can satisfactorily
be described within the framework of the model of decreasing the absorption coefficient at the Doppler-line
maximum, which has the Lorentz profile.

To increase the signal-to-noise ratio and improve the frequency contrast of the recorded lines, the
frequency (phase) modulation is used. During the demodulation, the signal is proportional to the frequency
derivative of the absorption variation. Therefore, the recorded amplitude of the spectral line turns out to
be much greater than the base-line amplitude. We use the sinusoidal law of the frequency variation of the
radiation source whose instantaneous frequency v(t) can be written as

v(t) =v — 1y + Asin(§2), (4)
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where t is the time, € is the modulation frequency, and A is the frequency deviation. The subsequent
demodulation of the signal from the radiation detector is performed using a synchronous amplifier such that
the absorption line is the frequency discriminator. To obtain a symmetric line with respect to its center and
a further decrease in the base-line influence, reception at the second harmonic of the modulation-frequency,
i.e., the frequency 2Q, was used. For a small frequency deviation compared with the half linewidth Ay, (i.e.,
A/Av, < 1 and /Ay, < 1), the response value is proportional to the second derivative of the line profile.
The recorded line shape becomes more complex with increasing deviation and modulation frequency [18-20].

Let us consider some basic causes leading to the errors when measuring the spectral-line center
frequency:

1. The line-center shift because of the finite gas pressure (as well as the Stark and Zeeman shifts). 2.
Spectral-line overlapping. 3. Low signal-to-noise ratio and the presence of the “non-noise” residual during
the fitting of the used model profile (inadequacy of the employed line-contour model). 4. Distortion of the
line profile as a result of the hardware or absorption nonlinearities. 5. The dependence of the radiation-
source power on frequency. 6. Influence of the base line or the standing wave, which results from the
electromagnetic-wave reflection from the channel elements. 7. Influence of the modulation method of the
signal reception on the line shape. 8. An additional line distortion because of the arrival of the neighbor
modulation harmonics at the receiving channel during the frequency modulation. 9. Interference of a signal
and the uncontrolled radiation coming to the detector without passing through the cell with the studied
material. 10. Influence of the radiation-frequency retuning rate. 11. Uncontrolled drifts of the measurement
parameters, the temperature, the working-gas pressure, and the radiation-source power. 12. Accuracy of
the reference frequency standard.

The influence of the first two factors is eliminated by choosing a suitable substance. In the case consid-
ered, we used an OCS molecule having separated lines without internal structure, for which no pronounced
pressure shifts were observed.

A high signal-to-noise ratio in the direct-absorption spectrometers is primarily due to the radiation
power and phase noise of the source, the receiving-detector sensitivity, and the relative absorption value at
the spectral-line frequency, which is determined by the line intensity and the absorbing-cell length. The
power increase is not always possible since it leads to the nonlinear broadening and distortion of the line.
Therefore, during the experiment, one should choose an optimal power for each line, i.e., decrease the power
to obtain a narrower line without a significant deterioration of the signal-to-noise ratio. This condition
imposes special requirements to the spectrum of the reference oscillator (it should have low phase noise)
and the quality of the BWO PLL.

It should also be ensured that the chosen model of the spectral-contour processing meets the experi-
mental conditions since the model inadequacy leads to significant systematic errors in determining the main
parameters of the line (i.e., its intensity, center, and width). The effects leading to the line asymmetry [21],
which are not always adequately allowed for in the chosen model of the line-shape fitting and, thus, result
in the apparent shift of the line-center frequency, are the most critical ones for the line-center measurement
accuracy.

For example, it is known that the BWO is characterized by the frequency dependence of the radiated
power. For narrow lines, the frequency dependence of the incident radiation can be written in the form
of the linear function Iy(v) = Iy[l + a1(v — vp)], where a; is the constant. The frequency dependence of
the base-line signal is also related to the standing-wave appearance in a cell [22]. Multiple reflections from
the elements of the quasioptical channel of the spectrometer lead to modulation of the effective length of
an absorbing cell, which in the linear approximation is equal to L(v) = Lg[l 4+ b(v — 1g)], where b is the
constant. As the cell length increases, the standing-wave influence becomes stronger. Since the frequency
period v, = ¢/(2Lg) of the standing wave where ¢ is the speed of light, decreases with increasing length,
the response from the base line in the synchronous detector becomes higher for the frequency modulation.
Interference of a useful signal, which is related to the line, with the radiation that arrives at the receiver
apart from the cell leads to an additional frequency dependence of the received signal.
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The frequency-dependence coefficients of the base-line intensity for various effects may have opposite
signs and result in recording a symmetric line thereby masking the possible hardware shift of the line. To
reveal the base-line influence on the spread in the obtained values of the line-center frequencies, the following
method was used. The line location on the standing-wave slope was varied by displacing the receiver [12,
23], the radiation source, and the reflecting elements of the quasioptical channel, and the BWO-radiation
parameters were also varied by changing the filament voltage and the BWO location in a magnetic field.
The center was determined by averaging the line-center frequencies, which were obtained under various
conditions (see [12, 13, 23]) and, as a result, the spread in the obtained values of the line frequency was
found.

As was mentioned in [18; 21, 24], the line asymmetry can also be related to arrival to the second
harmonic (with the frequency 2€) of the signal at the receiving channel and additional dispersion distortion
of the line [18, 25]. Varying the frequency deviation, one can estimate the influence of these effects so that
one can significantly reduce such line distortions by decreasing the deviation.

The systematic error in determining the line-center

A, rel. un.
frequency because of the influence of the time constant
1601 of the receiving system was eliminated by recording the
140 signal during the upward and downward frequency tun-
120 ing at identical rates and independent processing of each
100 record (or processing the arithmetic mean of the data of
80 two records). The biased line-center frequency is deter-
mined as an average value over all measurements. The
28 rate of the digital frequency tuning usually did not ex-

ceed 5 kHz/s such that the BWO-radiation phase re-

20 mained unchanged. Since the value and shape of the line
0 : : : : : : signal are functions of the pressure in the spectrometer
AAZL fel' un. cell, it should not significantly vary during the measure-
ment time. In the case studied, the pressure variation

2 ’ amounted to AP = 10~ Torr for 5-10 min.
0 To attain maximum accuracy in determining the
oL line-center frequency and maximum spectrometer reso-
lution, the measurement regime was chosen such that
_4 1 1 1 1 1 | . . . . . o . .
—150 =100 —50 0 50 100 150 the Lamb-dip line is obtained with a minimum possi-
v — vy, kHz ble width and a large signal-to-noise ratio. The colli-
Fig.1. On the top panel, the dots show the sional self-broadening of the OCS-molecule lines is about

recorded Lamb-dip line for the frequency modu-
lation at the J = 43 < 42 rotational transition of
the OCS molecule at the pressure P < 0.4 mTorr,
whereas the solid curve shows the result of fit-
ting the experimental data to the Voigt profile.
The bottom panel shows the frequency depen-
dence of the residual. The value of the frequency
detuning A f from the frequency (522594351.18 +
0.04) kHz, which was determined from the fitting
procedure, is indicated on the horizontal axis.

6.5 kHz/mTorr [15]. To obtain resolution above 10 kHz,
the pressure in the spectrometer cell should not exceed
1 mTorr. The absorption intensity of the OCS-molecule
lines at the frequencies exceeding 100 GHz and the pres-
sure P ~ 1 mTorr is about a(ry) ~ 1073 cm~! [14],
and the optical thickness a(1p)Lo ~ 0.8 at a frequency of
0.5 THz for the cell length L = 2Ly = 400 cm. Thus, we
had to decrease the pressure down to 0.1 mTorr. However,
the half width at half maximum of the measured lines in
our experiments exceeded the homogeneous broadening
and amounted to about 15-30 kHz. The causes of the

Lamb-dip broadening are discussed in [12]. Note that the main restriction imposed on the linewidth is
related to the broadening due to radiation. The Rabi frequency in a beam of 10 cm in diameter amounts
to Avg ~ 25 kHz for the source power 1 mW (the dipole moment 0.71 D of the molecule). Therefore, to
improve the spectrometer resolution, we reduced the power and, hence, the signal-to-noise ratio.
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Figure1l shows the Lamb-dip record for the J = 43 <« 42 rotational transition, where J is the
quantum rotational number of the OCS molecule. When fitting the line by the least-square method, we
used the model function

I(v — 1) = ag[l + a1 (v — vp)] exp{—a(v — 1) Lo[1 + a2 (v — 1p)]} + as(v — vp) + au, (5)

where a,, and n =1, ... , 4 are the coefficients reflecting the frequency dependence of the base-line intensity
and a(v —1y) is the absorption coefficient for a Doppler line with the Lamb dip. The center frequency of this
single line record, which was obtained by fitting this model profile (eight free parameters were used), was
equal to (522594351.18 +0.04) kHz and the error was only about 40 Hz. The estimated error in determining
the line-center frequency from Eq. (1) yields a close value (about 35 Hz for K ~ 1), whereas the statistical
spread over several measurements of this line is about 1.2 kHz.

Figures 2 and 3 show the results of multiple measurements of the line-center frequencies of the OCS-
molecule rotational transitions J = 28 < 27 and J = 33 < 32. Obviously, the spread in values is about
1 kHz in one case and 0.2 kHz in the other case, respectively, i.e., significantly exceeds the line-frequency
determination error for single measurements, which is about 50 Hz. Therefore, the actual measurement
accuracy is much worse than it follows from Eq. (1). The quality discrepancy of the experimental data
shown in Figs. 2 and 3 is related to the fact that in the latter case, we used experience gained in the process
of choosing the most optimal measurement technique and tuning the appropriate spectrometer equipment.

3. DISCUSSION OF THE MEASUREMENT RESULTS FOR THE !¢0!2C?*’S MOLECULE LINES

Although the multiple-measurement procedure requires long time, it allows one to evaluate possible
systematic errors, as well as to eliminate them and improve the measurement accuracy. The statistical error
of the repeated measurements should tend to the single-measurement error, which is determined by Eq. (1).
This is a criterion of absence of the uncontrolled factors leading to the measurement errors, but is not a
criterion of that the absolute error is equal to the statistical one, which is obtained from fitting the line
profile. The absolute error can be estimated only from the comparative experiments, e.g., those performed
in different laboratories by different techniques, as well as by comparing with the spectral-line frequencies of
other molecules and analyzing the results of global fitting of the lines that are measured in a wide frequency
range.

We measured the OCS-molecule lines for several years within the framework of the spectrometer
tests, i.e., the frequencies of these lines were used as the secondary frequency standards. The measured
frequencies were compared with those given in [13]. As a result of the repeated experimental tests, we
obtained a more accurate data set compared with that presented in [13]. A typical spread in the values of
the measured frequencies of the OCS-molecule rotational transitions in the range 40-500 GHz usually did
not exceed 1 kHz.

The fact that the measurement error for the spectrometer [12] used in this work is lower than that
presented in [13] is confirmed by an example of the test measurements for the CO molecule whose lines were
also recorded many times and used for additional tests. The maximum frequency spread according to the
data of 38 independent measurements of the line-center frequency (J = 3 < 2) in [12] for the CO molecule
(Fig.5 in [12]), which were performed on different days with three different reference synthesizers in the
spectrometer and with different PLL configurations, amounted to about 1.5 kHz. However, the spread in
the center frequencies of the CO lines (J = 4 < 3), which are shown in Fig. 2 in [13], was about 4 kHz. This
is related to the fact that the spectrometer resolution in [13], was worse than 30-60 kHz while the base-line
influence was stronger (the total length of the channel was 2L ~ 17 m).

For the OCS triatomic linear molecule, the frequency of the J + 1 < J rotational transitions as
a function of the number J, is readily determined from the model of a rigid rotor with three rotational
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Fig.2. The measured line-center frequency of the
OCS-molecule rotational transition J = 28 «+ 27.
The transition frequency averaged over all measure-
ments is 340449.27391(82) MHz. The measure-
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Fig.3. The measured line-center frequency of the
OCS-molecule rotational transition J = 33 «+ 32.
The transition frequency averaged over all mea-
surements is 401191.38104(12) MHz.

ment number is shown on the horizontal line. The
vertical segments denote the confidence interval.

constants By, Dy, and Hy [26]:
v(J) = 2By(J + 1) — 4Do(J 4+ 1)> 4+ 2Ho(J + 1)3(3J% + 6.J + 4). (6)

In [12], to fit the OCS-molecule spectrum and determine the rotational constants, we used the line-
center frequencies of the molecule, which were obtained by the authors of this work and other workers. Using
the Lamb-dip method, we obtained less than one-third of the frequency values in the range up to 1.1 THz.

In this work, only the last measurements in the range from 36 to 522 GHz, which were made by
the Lamb-dip method using the spectrometer [12], and 11 frequencies near 1 THz, which were measured by
us previously [13] by another method using the spectrometer with the acoustic cell [16], were used for the
fitting. Although the measurements near 1 THz have a larger error (the Doppler linewidth reaches 1 MHz),
they allow one to more accurately determine the constant Hy, which is required for a more exact prediction
of the transition frequencies for J > 100. To ensure the check and a more accurate determination of the
constant, the measurements for J = 0,1, and 2 were also carried out using the beam spectrometers [27—
29]. The constants and the corresponding frequencies were calculated using a code described in [30]. The
rotational constants, which were obtained and taken from [13], are shown in Table 1.

The measured (f) and calculated (f.) frequencies of the rotational transitions are given in Table 2.
The standard deviation of the fitting is about 0.4 kHz for frequencies of up to 522 GHz (Lamb measurements)
and about 9 kHz for all frequencies of up to 1.1 THz. The standard deviation for frequencies of up to 0.52 THz
in [13] amounts to about 3 kHz, which is almost an order of magnitude worse than that for the described
fitting. Comparing the calculated frequencies obtained by fitting in [13] with those in this work, we see that
the rms difference among all frequencies is about 1.5 kHz, which exceeds the error 0.4 kHz. of the described
measurements.

Therefore, the obtained frequencies of the rotational transitions of the OCS molecule and the corre-
sponding rotational constants testify to an improvement in the measurement accuracy compared with the
previous measurements [13].
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4.

CONCLUSIONS

41 | 498323.50802(54) | 498323.50782(17) 0.20
42 | 510459.58671(109) | 510459.58606(19) 0.65
43 | 522594.35135(117) | 522594.35166(20) | —0.31
74 | 897950.171(7) | 897950.16026(215) | 10.74
75 | 910026.384(11) | 910026.38170(231) 2.30
76 | 922100.248(16) | 922100.25608(248) | —18.08
76 | 922100.238(11) | 922100.25608(248) | —8.08
77 | 934171.756(13) | 934171.75197(267) | 17.03
77 | 934171.769(10) | 934171.75197(267) 4.03
78 | 946240.830(11) | 946240.83796(286) | —7.96
79 | 958307.437(28) | 958307.48261(307) | —45.61
85 | 1030654.359(27) | 1030654.32214(460) | 36.86
86 | 1042702.991(16) | 1042702.99714(491) | —6.14
87 | 1054748.975(16) | 1054748.97921(524) | —4.21
88 | 1066792.231(10) | 1066792.23690(558) | —5.90
90 | 1090870.459(29) | 1090870.45318(632) 5.82

It has been shown that the error of determining the center frequency of the molecule spectral line
by a single measurement is significantly lower than the statistical spread in frequencies of the repeated
measurements and, thus, is not correct. The possible causes of the systematic errors, which lead to an
increase in the uncertainty of the measurements of the center frequencies, and the methods for revealing
these errors have been discussed. The experimental values of the rotational-transition frequencies of the
16012328 molecule have been obtained with an absolute error of about 0.4 kHz and the rotational constants
have been determined for the range up to 522 GHz. The spectrum calculation performed using the results
of processing the experimental data allows one to employ the measured and calculated line frequencies as a
secondary frequency standard.
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