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Abstract

The pressure broadening parameters TN, and 70, of pure rotational transitions of water vapor with nitrogen and oxygen
as foreign gases, respectively, were measured with a terahertz time-domain spectrometer (THz-TDS) in the frequency
region from 0.5 to 3.5 THz. A White-type multi-pass cell was introduced in the THz-TDS system to precisely measure the
absorption spectra of water vapor. The parameters of 36 lines were determined for both N, and O», of which 25 parameters
for VNZand 28 parameters for V0, Were the first laboratory experimental data. The quantum number dependence of the
parameters was experimentally observed for the first time due to the good signal-to-noise ratio of this system compared
with the conventional Fourier transform infrared spectrometer (FT-IR) experiments.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of femtosecond lasers has led to the time-domain spectrometer (TDS) becoming a
widespread spectrometry tool in the terahertz (THz) region [1,2]. Since a THz-TDS system detects signals with
femtosecond time window and is less affected by thermal noise, it works without liquid helium cooling and
enables relatively easy experiments in THz. In addition, the detector has a better signal-to-noise ratio (SNR)
and a higher dynamic range (10°~10%) than conventional Fourier transform infrared spectrometer (FT-IR) in
the 0.3-4.0 THz frequency region, because the THz-TDS system is more stable than the combination of a
mercury lamp and a Si bolometer [3]. Due to these advantages, THz-TDS has been recently used for various
spectroscopic studies in the THz region [1].

In 1991, H. Harde et al. applied THz-TDS to gas-phase spectroscopy and measured the self-pressure
broadening parameters of N>O molecules. Since then, applicability of THz-TDS to gas-phase spectroscopy
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has been discussed [4—13]. Because spectral resolution of the THz-TDS is limited to GHz due to the length of
the optical delay stage, the experiments using continuous wave sources such as the tunable differential
frequency lasers or the backward wave oscillator (BWO) are still advantageous in high-resolution gas-phase
spectroscopy [4]. On the other hand, the principles of THz-TDS system lead to the good SNR and large
dynamic range below 3THz [3], and the system allows both strong and weak lines to be measured
simultaneously. THz-TDS may show an advantage for the measurement within their frequency resolution,
such as the measurements of pressure broadens lines.

Water vapor plays an important role in the Earth’s temperature balance. Pressure broadening parameters
for water vapor are basic physical parameters to calculate the radiation budget on the Earth. Many
measurements have been made for the pressure broadening parameters of the water vapor from the far to the
near infrared regions, and are summarized in the HITRAN database [14]. However, data in the 1-5THz
region are not sufficient because there is no optimum method in this frequency region. Consequently, the
present data in the HITRAN database in the region was complemented by theoretical values computed by
Gamache et al. [15,16].

In this paper, we report the measurement of the pressure broadening parameter of H,O with a system in
which a White-type multi-pass cell is combined with a conventional THz-TDS in the frequency region
0.5-3.0 THz. The pressure broadening parameters N, and 70, of pure rotational lines of water vapor were
obtained in the pressure of 19-115 and 44-119 kPa, respectively. The obtained parameters were compared
with those measured by FT-IR [17] and the theoretical values [15,16]. The accuracy and precision in the system
was also examined.

2. Experiment
2.1. THz-TDS setup for gas-phase spectroscopy
The measurement system was built based on a commercial THz-TDS (Aispec: pulse TRS-2300) with a

White-type multi-pass cell. Fig. 1 shows a schematic diagram and an overview picture of the spectrometer.
The outline of the TRS-2300 system is as follows. For the generation and detection of pulsed THz waves,
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Fig. 1. Schematic diagram and overview picture of THz-TDS system: (a) mode-locked Ti:Saphire laser, (b) beam splitter, (c) pump beam,
(d) probe beam, (e) photoconductive emitter, (f) elliptical mirror, (g) photoconductive detector, (h) optical delay stage, (i) He—Ne
interferometer, (j) flat mirror, (k) gas cell, (1) pressure gauge, (m) polypropylene windows, (n) optical delay path and (o) flat mirrors.
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a mode-locked Ti:Sapphire laser (High-Q Laser Co.) with a pulse width of 100 fs, a repetition rate of 80 MHz,
and an output power of 200 mW was used. The laser output, (a) in Fig. 1, is divided by a beam-splitter (b) into
a pump (c) and a probe beam (d). The pump beam is attenuated to 20 mW and then focused onto the 5 um gap
of a dipole-type GaAs photo-conductive antenna (e) with the applied bias voltage of 37 V. The production and
extinction of photocarriers at the antenna causes a single-cycle electric field with a time length of 1 ps, which
corresponds to a broadband radiation from 0.1 to 4.5 THz. In the default optical path of the spectrometer
(Path I), the THz radiation emerges from the silicon super-hemispherical lens attached to the antenna
substrate and is focused by an elliptical mirror (f) to the center of the sample chamber, and then focused again
on the other photo-conductive detector antenna (g) with a 5um gap. The amplitude of the transmitted THz
electric field at the moment when the probe laser pulse reaches the detector is determined from the
measurement of the output current caused by the movement of the photocarriers produced by the probe pulse.
The bias voltage of the emitter antenna is modulated and the output current from the detector antenna is lock-
in amplified after the current amplifier for the detector in order to reduce the low-frequency system noise. The
THz time-domain waveform is recorded by changing the time delay of the probe pulse, which is achieved by
scanning the optical delay stage (h) whose position is monitored by a co-mounted He—Ne interferometer (i).

A 30-cm-long White-type multipass cell was designed and built so as to fit the default optical path, Path I, of
the IRS-2300 system. The cell was attached on the top of a vacuum chamber (see the photograph in Fig. 1). By
the insertion of two flat mirrors (j), the THz wave was reflected into the multi-pass cell (k) (Path II). The
introduced THz beam was reflected 7 times by gold spherical mirrors, and the total path length is about
2.05m. The cell was made of PYREX®, and four NW-25 vacuum ports were attached on the sidewall. The
pressure in the cell is monitored by a capacitance manometer (MKS Baratron®™) (I). The cell was sealed with
o-rings and 2-mm-thick polypropylene windows (m) glued at the entrance and exit of the THz beam. Since the
dipole radiation from the antenna is totally polarized, the reflection from the window was minimized by tilting
the windows at the Brewster’s angle of 54°. A time delay unit (n) is inserted into the probe beam path by
moving a pair of mirrors (0) in order to compensate the path length of the probe pulse with that of THz beam
passing through the gas cell. The mirrors (j) and (o) are controlled by a PC to switch between paths I and II.
The sample chamber (enclosed by a dashed line in Fig. 1) surrounding the THz path is purged by a continuous
flow of nitrogen gas to minimize water vapor of the path outside the gas cell.

The optical delay stage (h) is scanned over a range of 82.9 mm producing a change in the optical delay of
332 mm. This length corresponds to a frequency resolution of 1.0 GHz. The signal is recorded every 0.316 pm
triggered by the fringes of the He—Ne interferometer. The stage moves at 0.6 mm/s and takes about 2 min for a
single scan. In our experiments, multiple scans (n times) are applied and the time-domain waveforms are
averaged over the scans.

2.2. Fourier transform and the absorbance spectra

The observed time-domain waveforms are Fourier transformed (FT) to the frequency-domain spectra.
Before FT, zero values are added at the end of the time-domain waveforms in order to complement the points
in the frequency domain spectra. This method is the same as the “zero-filling” technique of FT-IR
spectroscopy [18]. We added seven times zero-filling data at the end of the observed waveform, and thus the
total length becomes eight times of the observed one. No apodization function was applied.

The absorbance of the sample a(w) was obtained as

OC(Q)) = _loglo(lsa(w)/lref(w)) (1)

where /g,(w) was the sample spectrum and 7..f(w) was the reference spectrum. The reference spectrum was first
measured and then the sample spectrum. The stability of the THz-TDS system is experimentally examined as
discussed in the last section.

2.3. Frequency calibration

The frequency calibration was performed using the center peak positions of the rotational lines of pure
water vapor at the pressures of 10Pa. The peak positions were obtained from the center frequency in the
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Fig. 2. Linear fitting between the observed transition frequency and the values from the NASA-JPL spectroscopic catalog [20] for the
rotational lines of water vapor. The upper graph shows the residuals of the least-squares fitting.

spectral fitting by a Lorentzian function to the peaks. Note that the pressure shift of the center frequency is
typically less than a few MHz in our pressure conditions and is much smaller than the uncertainty of the
obtained frequency as shown below [19]. In total, 81 lines in the range from 0.5 to 3.5 THz were used in the
calibration. The center peak positions of each line were compared to the known transition frequencies from
the NASA-JPL spectroscopic catalog [20]. Fig. 2 shows the relationship and the result of a linear fitting
between the observed transition frequencies and the values from the NASA-JPL spectroscopic catalog. The
upper graph in Fig. 2 shows the residuals of the least-squares fitting. The frequencies of the spectrometer were
calibrated from fitting as

£ = 1.000942)f )

where f is the observed frequency and f'is the frequency based on the NASA-JPL data. The accuracy of the
frequencies of THz-TDS mainly comes from the accuracy of the position of the optical delay stage ((h) in
Fig. 1) monitored by the He—Ne interferometer. The calibrated frequencies were used for the measurements of
pressure broadening parameters.

2.4. Measurement of THz absorption spectra of water vapor

The pressure broadening parameters were obtained from the pressure dependence of the rotational line
shape of water vapor mixed with a foreign gas (N, or O,). A reference spectrum was first measured using
the vacuum cell evacuated below 107> Pa by a turbo molecular pump. The reference spectrum was obtained by
the averaging of 100 scans. Then, the water vapor was introduced via a vacuum line. The partial pressure of
the water vapor was set to 250 Pa, at which the most of the rotational lines can be observed without saturation.
In the measurements, the partial pressure of the water vapor might vary gradually due to the adsorption on
the surface of the cell. To minimize the effect, the water vapor of about 500 Pa was first introduced into the
cell, and the cell was left for 30 min to wait for the pressure to reach the equilibrium, and then the pressure
was adjusted to 250 Pa by pumping. Subsequently, N5 (99.9999%) or O, (99.9999%) was added until the
total pressure reached the experimental condition. Six conditions for the total pressure for each foreign gas
(from 19.3 to 115.2 kPa for N, and 44.0 to 118.5kPa for O,, respectively) were used. The change of the total
pressure was less than 0.1 kPa during the measurement time of 1 hour. The cell and the spectrometer were
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placed at room temperature of 7=22+1°C during the measurements. In the THz-TDS measurements,
50 scans were applied and the averaged time profiles are used to derive the spectra.

3. Results
3.1. The least-squares fitting of the rotational line shape

The rotational lines of water vapor mixed with nitrogen and oxygen gas were fitted with a Lorentzian line
shape function. Fig. 3 shows examples of the observed absorption spectra of H,O with N», the result of non-
linear least-squares fitting and the residuals. The upper trace shows the 2, < 17; and the lower trace shows the
31,303 and 177« 0o rotational transitions. The pressure of H,O was 250 Pa and the pressure of N, was
19.3kPa. A data subset with the width of about 0.1 THz was taken for each fit.

Some intense transitions, such as 31, < 33 in Fig. 3, do not fit with a Lorentzian curve around the peak top.
When the absorbance « is too strong, the signal of the sample spectrum I, is depleted and it is difficult to
overcome the system noise. In such cases, the data-points with higher absorbance are not reliable, and should
not be used for the fitting. We decided to remove data with higher absorbance (more than 3 for example), and
fit only with the tails of the line shape. To find the appropriate threshold for data cutting, the fitting procedure
was repeated by removing data-points one by one until the obtained parameters stabilized. We rejected very
strong lines (2,7« 119 at 2773.80 GHz and 414« 393 at 2640.32 GHz, for example), whose parameters were
diverging due to the lack of data-points.
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Fig. 3. Observed absorption spectra of H,O with N, (solid line), the result of non-linear least-squares fitting (dashed line) and the
residuals. The dashed lines are shifted by —0.2 for upper trace and —0.5 for lower trace, respectively, to make ease to show the difference.
The upper trace shows the 2g,« 11, and the lower trace shows the 315« 393 and 1;; < 0y rotational transitions. The pressure of H,O is
250 Pa and the pressure of N, is 19.3 kPa.
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In the case, where neighboring lines overlapped, the line shapes were fitted using linear combinations of
Lorentzian functions. However, when the lines were too close, such as lines 2,1 <2, and 2, « 19 at 1660.96
and 1669.74 GHz, respectively, the fitting does not converge, and we rejected them also.

As seen in the fitting residuals in Fig. 3, the observed line shape was well fitted by a Lorentzian function. We
did not use Voight and van Vleck Weiscopf line functions for the line shape fitting due to the following
reasons. First, the Doppler broadening width of water vapor at 300 K is negligible (~10 MHz) [19] compared
to our resolution of Af=1GHz. Moreover, no significant difference was found between those from the
van Vleck Weisskopf functions and the Lorentzian functions, because of our measurement conditions,
Af<0.01/19].

The obtained fitting parameters for the 19« 1o1, 211 202, 202« 111, 312303 and 1;; < 0q transitions in
different pressure conditions are summarized in Table 1. The integrated intensity o, transition frequency f, and
line width 4 are shown. The values in the parenthesis show the standard deviation of the fitting. In the table,
the increase of the integrated intensity with the pressure was seen and we will discuss it in the next section.
There was no significant shift of the center frequency of each transition, and the pressure shift was much
smaller than the accuracy of the obtained frequency.

3.2. The pressure broadening parameter

The pressure broadening parameters yNzand Yo, Were obtained as the slope of the linear fitting of the
half-width at half-maximum (HWHM) as a function of the pressure. Before plotting the line widths, we
should first check the resolution limit of the measurements. Since no apodization function was used for FT,
the spectral line shape was obtained as the convolution of the real line shape and a sinc window function.
Assuming that the transition is homogeneous, the time-domain waveform can be described as a
slowly damping oscillation [21]. The Fourier transformed line function obtained in the finite time window is
written as

2

T
F(w) x / e A cos(2mvyt)e ! dt (3)
0

where w is frequency, ¢ is time, v is the resonance frequency, Av is the real width of the line in HWHM in the
Lorentzian function, and T is the measurement time window of the spectrometer. The frequency resolution of
the spectrometer is Af = 1 GHz, which corresponds to a measurement time window of 7= 1ns. When the
observed line width is smaller than the frequency resolution, the line shape described in Eq. (3) is different
from the Lorentzian line shape. We calculated the line shapes in Eq. (3) numerically and plotted the ratio of
the obtained HWHM values in the fittings by a Lorentzian function to the real line width, Av, as a function of
the ratio of Af'to Av in Fig. 4. The plot shows that as the resolution of the spectrometer becomes greater, the
observed line shape gets distorted from the Lorentzian line shape and the line width becomes broader than the
real one. This effect becomes important when the real line width is narrower, i.e., the pressure is lower. For
example, at the lowest pressure of N, at 19.3kPa, the observed HWHM of the 2, « 11; rotational transition
was 0.65+0.01 GHz. From the ratio of Af/Av~1.5, the HWHM/Av was estimated to be 1.02 from the above
calculation. Using this factor, we corrected the obtained HWHM to 0.66+0.01 GHz. Thus, all of the obtained
line widths were corrected when they were below the resolution of the spectrometer. In reality, the correction
was only effective at the lowest pressure for N, and O, in our experiments, because the obtained line widths
were greater than Af' = 1 GHz for other pressure conditions. Note also that the error due to this correction is
expected to be negligible (much less than 1% in HWHM) compared with the ones in the spectral fittings. This
means that the correction errors do not affect the following results.

Based on these considerations, the pressure broadening parameters TN, and 70, of each line were obtained
by the least-squares fitting of the obtained line widths with a linear function of the pressure conditions. As
an example, Fig. 5 shows two plots of the observed HWHM for the 1,9« 1¢; rotational transition as a
function of the pressure of N, and O,. The slope corresponds to the pressure broadening parameter of the
line due to the foreign gas, and the intercept at zero pressure corresponds to the self-pressure broadening line
width and Doppler broadening line width of the water molecule. Pressure broadening parameters of 36
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Table 1

2309

The integrated line intensity o, the transition frequency f, and the line width 4 obtained by the least-squares fitting with a Lorentzian line

shape function

19.3kPa 38.7kPa 56.0kPa 75.8kPa 95.6kPa 115.2kPa

H,O (250 Pa)+ N,
556.92 (1 10€ 101)

o (GHz) 6.61(3) 7.84(3) 8.26(4) 8.32(4) 9.13(5) 9.29(6)

f(GHz) 556.97(0) 557.05(1) 557.07(1) 557.06(1) 557.07(2) 557.23(3)

4 (GHz) 0.72(1) 1.35(1) 1.96(2) 2.58(3) 3.30(4) 3.99(5)
752.02 (21 1€ 202)

o (GHz) 4.48(2) 5.26(3) 5.60(3) 5.73(4) 6.03(5) 6.46(6)

f(GHz) 752.07(0) 752.10(1) 752.14(1) 752.16(2) 752.19(3) 752.18(4)

A (GHz) 0.67(1) 1.3202) 1.89(2) 2.56(4) 3.18(6) 3.93(7)
987.85 (202 1 11)

o« (GHz) 3.22(3) 3.76(3) 4.15(4) 4.32(3) 4.69(3) 4.78(5)

f (GHz) 987.90(0) 987.90(1) 987.88(1) 987.86(1) 987.82(2) 987.75(3)

4 (GHz) 0.65(1) 1.28(2) 1.88(5) 2.52(5) 3.12(5) 3.86(9)
1097.28 (312 <« 303)

% (GHz) 21.3(3) 24.7(2) 26.2(2) 26.7(1) 26.9(1) 27.9(1)

f(GHz) 1097.32(0) 1097.44(1) 1097.52(1) 1097.53(1) 1097.53(1) 1097.60(2)

A (GHz) 0.71(1) 1.32(1) 1.87(2) 2.50(2) 3.16(2) 3.29(2)
11 ]326 (1 11 1—000)

o« (GHz) 6.6(1) 7.6(1) 8.3(1) 8.5(2) 8.9(2) 9.4(3)

f(GHz) 1113.40(2) 1113.45(2) 1113.43(2) 1113.38(3) 1113.36(4) 1113.41(5)

A (GHz) 0.66(1) 1.31(1) 1.91(2) 2.59(3) 3.32(3) 3.90(4)

44.0kPa 58.9kPa 75.3kPa 90.8 kPa 104.2kPa 118.5kPa

H,0 (250 Pa)+ O,
556.92 (110« lo1)

« (GHz) 4.00(1) 4.67(2) 4.91(2) 5.04(3) 5.07(3) 5.05(4)

f (GHz) 556.98(0) 556.99(0) 557.01(1) 557.05(1) 557.01(1) 557.07(1)

A (GHz) 0.86(1) 1.10(1) 1.38(2) 1.67(3) 1.89(3) 2.14(4)
752.02 (211 < 202)

o« (GHz) 2.65(1) 3.09(2) 3.29(2) 3.18(3) 3.24(3) 3.24(4)

/(GHz) 752.06(0) 752.08(0) 751.11(1) 752.13(1) 752.13(1) 752.16(2)

4 (GHz) 0.86(1) 1.10(2) 1.39(3) 1.60(4) 1.81(5) 2.02(6)
987.85 (202« 111)

% (GHz) 1.97(1) 2.33(1) 2.43(1) 2.52(2) 2.54(2) 2.54(2)

f (GHz) 987.95(0) 987.96(0) 987.96(1) 988.00(1) 987.97(1) 988.00(1)

A (GHz) 0.86(1) 1.12Q2) 1.372) 1.66(3) 1.86(3) 2.08(4)
1097.28 (312 3¢3)

o (GHz) 12.8(1) 14.2(1) 15.6(1) 16.3(1) 16.5(1) 16.2(1)

f (GHz) 1097.41(1) 1097.40(3) 1097.42(0) 1097.49(1) 1097.47(1) 1097.55(1)

4 (GHz) 0.91(1) 1.14(1) 1.35(1) 1.56(1) 1.76(1) 1.99(1)
1113.26 (1 11 <—0()())

« (GHz) 4.0(1) 4.6(0) 4.9(1) 5.0(1) 5.0(1) 5.0(1)

/(GHz) 1113.45(2) 1113.37(1) 1113.41(1) 1113.46(2) 1113.42(2) 1113.43(4)

4 (GHz) 0.84(1) 1.10(1) 1.40(1) 1.68(3) 1.92(2) 2.17(3)

The parameters of the transitions of 179« 1o1, 211 202, 200 111, 312 303 and 1;; «0gg are shown in different pressure conditions.

transitions were obtained for both N, and O,. The resulting parameters are shown in Table 2 along with their
standard deviations. The standard deviations of the parameters were about 1% for transitions with good

SNR.
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Fig. 4. The change of line shape with spectral resolution. The upper traces show the calculated line shape for Av = 2.5, 1.0, 0.66, 0.5, 0.4,
0.33 GHz by assuming the system resolution as Af = 1 GHz. The lower plot shows the obtained HWHM by fitting the calculated line shape
with a Lorentzian function.
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Fig. 5. Examples of the pressure broadened line width for the 1o« 1¢; rotational transition of H,O as a function of the pressure of N, and
O,. The error bars indicate 1 sigma limits. The linear least-squares fitting to the data is given by a solid line.

4. Discussion
4.1. Comparison of the parameters with other works

The pressure broadening parameters obtained by FT-IR [17] are listed in the fourth and seventh columns of
Table 2. The parameters of 11 lines were obtained for TN, and 10 lines for yozin Ref. [17]. In addition, 25
parameters of yy,and 28 parameters of yo, were obtained for the first time by our measurement. Compared to
the FT-IR data, the number of parameters is about three times larger and the standard deviations were about
five times smaller. The higher precision of this work is mainly due to the better SNR of the THz-TDS. As
discussed in Ref. [3], a THz-TDS has a potential to achieve a better SNR than FT-IR below 3.0 THz, because
the femto second laser is more stable than the mercury lamp and the Si bolometer used in FT-IR.

The pressure broadening parameters of water vapor and its isotopomers were theoretically calculated by
Gamache et al. [15]. The complete tables of parameters were released on their website [16], and a part of them
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Table 2
The obtained TN, and Y0,

Observed /K({pKZ: <« J/I/Q’i’,Ké’ TNy (MHz/kPa) 70, (MHz/kPa)
frequency (GHz) [19]
This work FT-IR [16] Calc. [15] This work FT-IR [16] Calc. [15]

556.92 lig<1loy 33.58(27) 35.93 16.96(33) 15.11
752.02 211202 33.38(36) 31.2(27) 34.17 16.02(48) 14.66
987.85 200« 111 32.90(48) 33.2(35) 33.96 16.58(39) 12.7(13) 14.67
1097.28 312303 32.32(29) 34.2(8) 32.71 14.10(11) 14.1(38) 13.60
1113.26 111000 34.33(25) 27.5(16) 33.78 17.87(29) 17.08(86) 14.64
1153.06 31222, 34.43(52) 29.2(40) 32.15 19.32(49) 15.4(27) 13.48
1162.86 321312 27.72(30) 32.7(8) 31.72 11.85(10) 12.87(45) 13.26
1207.58 4rr<45 31.44(21) 30.4(13) 31.61 14.44(21) 11.90(59) 12.81
1228.73 200211 31.51(24) 32.0(13) 32.71 15.75(28) 16.38(72) 13.85
1321.99 655535 28.2(11) 27.95 12.62(88) 11.3
1410.51 5,3¢514 30.98(17) 32.8(7) 31.30 12.60(08) 12.60(50) 12.35
1541.91 633540 34.4(90) 27.61 10.0(30) 11.12
1602.12 413404 31.43(22) 31.82 15.80(9) 12.85
1716.63 303<212 27.8(13) 32.61 18.30(60) 13.51
1761.92 633624 38.05(84) 30.20 12.72(50) 11.98
1867.62 532523 24.34(30) 30.08 11.67(16) 12.05
201591 835826 26.2(17) 29.68 11.34(66) 11.49
2040.40 43145, 29.64(19) 29.85 13.55(8) 12.21
2074.29 41335, 31.83(29) 31.41 14.46(14) 12.78
2164.04 315202 32.59(84) 33.55 14.80(28) 13.78
2196.23 3304321 27.87(58) 29.47 13.93(29) 12.36
2221.67 514« 505 27.90(83) 30.02 13.11(26) 12.03
2264.07 4dr34i4 29.70(75) 30.23 13.84(46) 12.39
2317.64 945< 936 26.9(42) 28.81 11.6(15) 11.27
2344.15 Trs<Tis 23.77(48) 27.72 12.57(17) 11.11
2365.80 331325 26.06(47) 29.13 14.82(20) 12.26
2391.48 404313 29.83(14) 30.6(72) 31.42 11.85(41) 12.73
2428.08 936927 26.9(30) 27.35 11.54(71) 10.92
2446.73 844835 28.84 10.9(12) 11.26
2462.85 43,455 28.17(99) 32.9(22) 28.33 12.83(33) 11.80
2567.04 T34+ 643 28.8(22) 28.01 12.14(81) 10.98
2664.41 Taz<T34 28.56 12.26(63) 11.10
2685.51 54515 27.51 14.90(54) 11.44
3210.16 T35 T26 23.2(16) 22.55 10.20(71) 9.83
3229.96 643634 19.4(11) 23.77 6.76(30) 10.23
3331.29 322211 42.3(19) 32.62 16.3(14) 13.56
3494.90 845836 15.3(17) 21.13 8.17(63) 9.40
3509.27 954« 945 22.4(98) 25.66 10.06
3536.72 Ti6< 707 22.08(75) 22.71 9.73(34) 10.03

The first and second columns show the center frequency of the lines (calibrated) and the assignment based on the JPL catalogue [20]. The
other column shows the pressure broadening parameters TN, and 70, obtained by this work, FT-IR measurements [17] and calculation
[15,16]. In the parentheses the value of one deviation of the parameters is given.

is included in Table 2. Fig. 6 shows the parameters obtained by (a) this work, (b) FT-IR measurement [17] and
(c) calculation [15,16] as a function of energy-ordered index, J(J+ 1)+ Ka—Kc+1 [15]. In the calculated
values, the quantum number dependence of the parameters is clearly seen. The parameters show a tendency to
decrease at higher quantum numbers. A similar clear dependence on the quantum number is also seen in our
results, but not confirmed by FT-IR because of its uncertainty. Fig. 7 shows the correlation plot between the
calculated parameters and the experimental values. The parameters obtained by THz-TDS show a strong
correlation with the theoretical values. This is the first result that gives an experimental value of the quantum
number dependence of these parameters in the 0.5-3.0 THz region. As shown in Figs. 6 and 7, the quantum
number dependence of the obtained parameters is stronger than the theoretical prediction. We expect that our
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Fig. 6. The pressure broadening parameters N, and V0, obtained by (a) this work, (b) FT-IR measurements [16] and (c) calculation
[15,16] versus an energy-ordered index, J(J+ 1)+ Ka—Kc+ 1. The error bar shows the statistical error (1 sigma).
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Fig. 7. The correlation plot between the pressure broadening parameters calculated by the theoretical model [15,16] and those obtained
from the experiments [17].

result will help in adjusting the models to enable more precise estimation of the spectroscopic parameters of
the water vapor.

4.2. The precision of the parameters

To discuss the precision of the obtained pressure broadening parameters, we should be aware of the
systematic errors in the linear fittings as exemplified in Fig. 5. In our experiment, two sources are responsible
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for the systematic errors, namely the systematic errors from the THz-TDS and those from the sample
condition.

Since the sample and the background spectrum were measured separately, the stability of the THz-TDS
affects the systematic error of the measurements. The stability of the signal intensity of THz-TDS was
estimated using two sets of reference spectra measured in the interval of several hours. The change of the
power was estimated to be less than 5% in 2 h. This fluctuation causes the overall shift of +0.02 of the baseline
in the absorbance, but does not change the line shape of the rotational lines. The fluctuation of the frequency
was estimated less than 100 MHz by the shift of the center frequencies in Table 1. The 100 MHz uncertainty of
the center frequency corresponds to the 0.01% error of the frequency axis. Thus the signal and frequency
fluctuation of THz-TDS does not degrade the precision of the measurements.

On the other hand, the linearity of the signal intensity might cause the systematic errors of the
measurements. If the signal output of the THz-TDS detector is not proportional to the THz electric field,
the obtained line shape departs from the real line shape. Most probably non-linearity increases gradually as
the absorbance increases and it does not cause random error but systematic error of the line parameters.
Unfortunately, it is difficult to check the precise linearity of the THz signal intensity by the experiments. We
can indirectly confirm the linearity by the fact that the line shape is always well fitted with a Lorentzian line
shape function.

Another source of the systematic error is the change of the partial pressure of water vapor in the cell because
the change of the partial pressure of water vapor causes a change of the self-pressure broadening line width.
Since we cannot monitor and control the adsorption of water vapor in the cell, the amount of water vapor may
change during our measurement. In our results, the intensity o increased about 40-50% for H,O-N, and
about 20-30% for H,O—-0O, along with the pressure increase of the foreign gas. If this is due to the change of
the partial pressure of water vapor, the increase of self-broadening would cause a slight change of the total line
width. To evaluate its possible impact to the pressure broadening parameters, let us assume that the increase of
o (40%) of 119« 1y of HO-N, in Table 1 was completely due to the increase of the water vapor amount.
Then, a 40% increase of water vapor amount cause a 40% increase of the self-pressure broadening. Assuming
that the initial self-pressure broadening equals the intercept of 0.04 GHz, it would increase the line width by
0.02 GHz at 115.2 kPa. Thus, the slope of the plot would increase about 0.2 MHz/kPa. This value corresponds
to about 1% of the obtained pressure broadening parameter and is comparable with the error from the linear
fitting. Thus, the systematic error of this measurement is probably within about a few percent, and the total
error is expected to be less than 3% for typical transitions with good SNR.

5. Conclusion

A White-type multipass cell was built for a THz-TDS system and absorption spectra of water vapor were
measured. The pressure broadening parameters PN, and 70, of pure rotational lines of water vapor were
obtained from the plot of HWHM versus the pressure of premixed foreign gas (N, and O;). The pressure
broadening parameters of more than 30 lines were obtained for each gas, and their precision was much better
than that of conventional results by FT-IR. Due to better SNR of this system, the quantum number
dependence of the obtained parameters was observed for the first time.
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