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Abstract

We present a spectroscopic study of the water vapor continuum absorption in the far-IR region from 10 to 90cm™'
(0.3-2.7THz). The experimental technique combines a temperature-stabilized multipass absorption cell, a polarizing
(Martin—Puplett) interferometric spectrometer, and a liquid-He-cooled bolometer detector. The contributions to the
absorbance resulting from the structureless H,O-H,0 and H>,O-N, continua have been measured in the temperature range
from 293 to 333 K with spectral resolution of 0.04-0.12cm™". The resonant water vapor spectrum was modeled using the
HITRANO4 database and a Van Vleck—Weisskopf lineshape function with a 100cm™' far-wing cut-off. Within
experimental uncertainty, both the H,O-H,O and H,O-N, continua demonstrate nearly quadratic dependencies of
absorbance on frequency with, however, some deviation near the 2.5 THz window. The absorption coefficients of 3.83 and
0.185 (dB/km)/(kPaTHz)*> were measured for self- and foreign-gas continuum, respectively. The corresponding
temperature exponents were found to be 8.8 and 5.7. The theoretically predicted foreign continuum is presented and a
reasonable agreement with experiment is obtained.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The significant dependence of the atmospheric absorption on humidity is an important factor affecting the
accuracy of ground-based radio astronomy and satellite-based spectroscopic applications [1]. In many regions,
the water vapor absorption spectrum strongly contributes to the baseline absorption used as a background
signal. In the far-IR region, due to the large number of strong rotational lines of water vapor, most of the
observations will be mainly limited to a few relatively transparent windows shown in Fig. 1. To lower the
impact of humidity over an absorbing pathlength, a few ground-based facilities including ALMA in northern
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Fig. 1. Expected absorption coefficient at 0.25% (lower spectrum) and 25% relative atmospheric humidity at 7= 296 K. Continuum
absorption is not included. The vertical bars indicate the windows considered in this paper.

Chile and Mauna Kea Observatory were developed in unusually high and dry locations. Nevertheless, reliable
calibration data for atmospheric transmittance in THz window regions are required for a wide range of
temperatures and relative humidities [2].

From the experimental point of view, the continuum absorbance is defined as the difference between the
measured absorbance and contributions to the absorbance from local lines, calculated based on a specified
resonance spectrum model. The latter is usually characterized by a database (consisting of frequencies,
intensities, and shape parameters for individual lines), an upper frequency cut-off to limit the local lines
included in the model, and a line-shape function (such as the VVW shape commonly adopted). Sometimes, an
additional cut-off is introduced on the line far-wing shapes beyond which their magnitudes are set to be zero.
It should be mentioned that any reasonable choice of the model parameters are applicable. However, a crucial
point regarding any discussion of continuum absorbance is the complete specification of the resonance
spectrum model used. Given the fact that in the THz windows, local line contributions dominate the
absorbance and different resonance spectrum models could yield quite different local line contributions;
therefore, the continuum values derived from the same raw data depend sensitively on the resonance spectrum
model selected. Variation of continuum data due to the choice of the spectroscopic database and line-shape
parameters was previously demonstrated in Refs. [3—6].

In the present study, we prefer to choose the two cut-offs mentioned above based on experimental accuracy
considerations. This means that both cut-offs may be reasonably limited whereupon further increases make
only minor contributions compared to the measurement uncertainty. In particular, it was found in Ref. [3] that
the increase of the far-wing cut-off beyond 100 cm ™' had no practical effect. Meanwhile, we would like to use
the most updated database in calculating resonance spectrum.

Most continuum studies, both theoretical and experimental, have been performed in the microwave region
below 350 GHz [5-7], while only a few data are available above this frequency [4,8—10], and no experimental
data are reported between 55 and 100cm~'. For a typical continuum absorption coefficient, e.g.,
kv, T)<10™>cm™', the measurement of such a weak absorption is possible mostly with long optical
pathlengths that can be realized in situ, as well as in laboratory multipass cells [3] or microwave cavity devices
[6]. Certainly, laboratory conditions provide better control of the basic parameters of the absorbing media
such as pressure and temperature. Recently, we have reported the broadband measurements of the water
vapor continuum in the 12-55cm™' spectral region [3]. Those measurements were performed at a fixed
temperature of 7= 297K. An extension of both the frequency and temperature ranges of the continuum
measurements is needed for validation of different models.

This paper addresses the needs of both terrestrial and satellite programs for an accurate model of the water
vapor continuum in a far-IR region up to 2.7THz. To achieve these goals, we utilize an experimental
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spectroscopic method, employing a broadband Fourier transform spectrometer and a temperature-controlled
multipass cell to enhance absorption. Resonance water vapor spectra were modeled with the latest
HITRANO04 database updated for the self-broadening parameters in the THz region. The absorbance due to
both H,O-H,O and H,O-N, continua was measured in the temperature range from 293 to 333 K. The
experimental continuum absorption coefficients and the exponent n representing the (300/7)" dependence of
the continuum absorbance on temperature were obtained from fits in individual windows and from global fits
that covered all windows with an assumed v* frequency-dependent formula.

2. Experiment

The detailed description of multipass cells used in these experiments was presented in Ref. [3]. The basic
design has a typical white cell configuration [11,12] with a 60-mm input aperture and f/2 optics to compensate
for the expected diffraction losses in the low-frequency end of the operational range. Gold-coated mirrors
were used throughout to minimize the reflection losses in the far-IR. The upper limit for the operational range
of the polarizing (Martin—Puplett) interferometric spectrometer was set to 125cm™" and the high-frequency
radiation was attenuated by a long-pass filter to avoid additional background noise in the range below
90cm~! where the measurements were performed. The actual filter cut-off was chosen as a compromise
between filter efficiency in the operational range and attenuation of blocked radiation. The coupling optics
were designed to provide minimum losses of signal between the cell and spectrometer. The effective cell
pathlength for this experiment is 23.3(2) m. This value differs from 24 m for 40 passes defined by geometrical
optics [3].

For these measurements, the major upgrade to the multipass cell is a stabilized temperature control unit.
Twelve silicon rubber heaters, two on each side of an aluminum 70-1 box, serve to provide maximum uniform
heating. To avoid any expansion stress and temperature gradients, the heating rate was maintained at about
5°C/h. This accounts for the heat supplied to the multipass cell itself (internal part of design) and
environmental contact losses. Two thermometers attached to the box and to the cell optics provided
independent temperature measurements. Normally, during the measurements, the difference between the
readings of two thermometers did not exceed 0.4 °C after sample equilibration. The operational temperature
was considered as the average value of two readings. Because the whole system is surrounded by a
thermoinsulation cover to improve uniformity of heating, the uncertainty in a measured temperature is
expected to be about 0.2 °C. The maximum operational temperature is limited primarily by the material used
for both the input and output windows. In the range from 10 to 90cm ™', the best material was found to be a
high-density polyethylene. While its melting point is about 135°C, polyethylene softens at much lower
temperatures and may distort when the chambers are at different pressures. For this reason, temperatures
above 70 °C were not applied.

A typical measurement session consisted of the following steps. The cell was filled with gaseous He for better
heat transfer and stabilized at the operational temperature for a few hours. Then a total of four consecutive
spectra were recorded including (i) a reference spectrum with the cell evacuated below 0.1 Pa, (ii) the sample
spectra of H,O vapor, (iii) H,O-N, mixture, and finally (iv) a second reference spectrum. Sample mixtures
were prepared by evaporation of triply distilled water mixed with high-purity nitrogen (99.9999% purity).
Normally, the temperature stabilization of the gas mixture takes about 0.5-1 h, thus increasing a session time
beyond that required for recording the spectrum. It is therefore important to have two reference spectra that
characterize the dynamics of the instrumental drift in order to get a better measure of the minimum
uncertainty of the measured absorbance. Based on a compromise between baseline drift, signal-to-noise ratio
and required resolution, most spectra were obtained with a spectral resolution of 0.12cm™". The baseline drift
is the largest instability component and caused an error of about +0.006 on the scale of measured absorbance
from 0 to 1. Originating from the instrument and related software used here, the absorbance, 4, is expressed as
A =logo(1/T), where the maximum transmittance, 7T, is equal to unity. For convenience, the second scale in
dB/km is also presented. For the pathlength used here (23.3m), the absorbance of 4 =1 corresponds to
absorption coefficient of 429 dB/km.
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3. Results and discussion

Continuum absorption was measured in a few windows centered at 22.5, 28.3, 34.3, 45.0, 50.3, 66.4, 70.1
and 84.1cm™'. These regions are located near the minimum absorbance between strong resonance water lines
(see Fig. 1). A detailed description of the retrieval of the continuum absorbance from the raw data can be
found elsewhere [3]. In this study, all the individual line parameters for water vapor in the THz range were
taken directly from HITRANO4 database. The resonance absorption spectra of water vapor were modeled by
the JB9S5 program [13] using a 100cm ™" far-wing cut-off for a Van Vleck—Weisskopf lineshape [14] and a
185cm ™" high-frequency cut-off. The intensity was set to zero beyond the far wing cut-off and no resonance
water vapor lines were taken into account beyond the high-frequency cut-off. The program input parameters
included pressure, temperature, pathlength, lineshape, far-wing cut-off and high-frequency cut-off factors.

The total absorbance A4 of an H,O-N, mixture has two parts, which are measured in the experiment as their
sum,

AW, T) = Ar + Ac, (1)

where the indexes L and C specify a local contribution from the discrete water vapor spectrum and continuum
absorption, respectively. The continuum part, Ac, may be described by the combination of three components

AC(V: T) = Aself(P2 20) + Aforeign(PNZPHzO) + Aforeign(Plz\Jz)a (2)

some of which, depending on the composition of the mixture, may be neglected due to their small relative
value. In our case, where the water vapor content is high (wet continuum), the third term in Eq. (2) will be
significantly smaller than the remaining two. Indeed, within the experimental uncertainty, no absorption in
pure nitrogen was detected. Furthermore, due to the different pressure dependence of the self- and foreign-
continua, the latter becomes dominant at the low water content of the mixture. A more detailed formula
describing the absorption of the H,O—N, mixture accounts for the absorption coefficients and temperature
exponents for water vapor and foreign gas separately [5,06]:

Ac(, T) = [Kser(v)(300/T)™ + Kor(v)(300/ TY" V2L, (3)

where K f(v) and Kp.,(v) are the absorption coefficients, respectively, v is the frequency and L is the
pathlength.

3.1. Self-continuum

The summary of self-continuum data is presented in Fig. 2 and Table 1. As seen from these data, with an
exception of the window at 84.1cm™', most of the data may be satisfactorily fitted by a simple function
reflecting a nearly quadratic dependence of self-continuum absorbance on frequency. Such a trend is observed
in the microwave [5,15], but deviations from this quadratic dependence in the submillimeter and the far-IR
regions were also reported [16,17]. In particular, the model used in Ref. [16] predicts a lower rise of the
continuum in the region close to its maximum value at about 120cm™'. As seen from Fig. 2, with an extension
of the range toward higher frequencies, up to 90cm™" in our case, the deviation from v*-function appears to
increase and exceeds the experimental uncertainty. At this point, there are two choices for the treatment of the
experimental data. The first one comprises consideration of individual windows separately. In this case, the
data in each window are fitted with a A4(300/7)" function, where 4 and n would be absorbance and
temperature exponent, respectively. In the second case, the absorbance data for single temperature are first
fitted to a v>-function. Then the fit over temperature is performed as described above. Notice that in this latter
case, the absorbance, A4, is taken from more data already fitted with a v2-function.

For this analysis, we therefore perform both the individual fits to the data in each window and a quadratic
fit in the range up to 70.1 cm™"'. By carrying out fits for each of the windows, the self-continuum absorption
coefficients and the temperature dependence index ng can be derived and are presented in Table 1. Meanwhile,
by assuming a v>-dependence of the absorption, the self-continuum absorption coefficient found may be
presented as K¢ = 3.83 (dB/km)/(kPa THz)” within the range from 10 to 70.1cm™'. A small deviation from
the value reported in Ref. [3] is likely due to differences between the explicit self-broadening parameters used
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Fig. 2. Self-continuum absorption of water vapor at P = 2.13kPa at different temperatures. Data for the 84.1 cm™' window are not
included in the v*-fit presented by solid curves.

Table 1
Experimental self-continuum absorption coefficient, K¢ (dB/km)/(kPaTHz)?) and temperature exponent, n,, obtained from each
transmittance window. The same parameters shown below the dashed line were determined from the complete set of v>-fitted curves (see
Fig. 2)

Window center (cm™') Keir 7

22.5 3.94 5.4
28.3 491 7.8
34.3 3.75 6.8
45.0 3.94 9.6
50.3 3.89 9.5
66.4 3.66 8.0
70.1 3.89 9.3
84.1 2.98 7.9
v-fitted 3.83(300/7)"* 8.8

Note: The theoretically predicted values of K¢ and g s are missing in Table 1 because the H;O-H,O system is more complicated than the
H,O-N,, and theoretical calculations have not been completed yet.

in HITRANO4 database and the scaling parameter of 4.8 ( x air-broadening parameter) used in HITRANO1
to describe self-broadening. It should be noticed that the minimum uncertainty in the whole range from 10 to
90cm ™' was reached at a relatively high pressure of water vapor of 2.13kPa. This is due to the use of the
optimum range of the measured absorbance near the maximum values of 1-1.2. At the same time, the lowest
measured absorbance should reasonably exceed the experimental uncertainty caused mainly by baseline drift.

3.2. Foreign continuum

Typical far-IR absorption spectra of H,O-N, mixture are presented in Fig. 3. As the temperature increases,
the absorbance in all windows becomes lower indicating reduced contributions from both the local and
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Fig. 3. Absorption spectra of a mixture composed of water vapor at 0.67kPa and nitrogen at 70 kPa. Top and bottom spectra were

obtained at 293 and 333 K, respectively.
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Fig. 4. Foreign continuum data for two different mixtures of H,O/N,: 1.43/78.5kPa (triangles) and 0.67/70 kPa (rhombs). For clarity,
only the end-temperature data are shown. The curves present the v>-fit of absorbance data over all available windows.

continuum absorption. For the mixture composed of 0.67 kPa of water vapor and 70 kPa of nitrogen, the
simultaneous measurements of absorbance are available in all windows. Further increases in pressure
benefits the low-frequency measurements but leads to saturation effects at the high-frequency end of the
spectrum. We use the following two sets of data obtained for different H,O/N, mixtures: 0.67 kPa/70 kPa and
1.43kPa/78.5kPa, together with the previously measured self-continuum absorbance for each water vapor
pressure.

Fig. 4 presents the data on the foreign continuum absorption as a function of mixture composition and
temperature. For clarity, only the end-temperature data and a few fitting curves are shown. Compared to
the self-continuum absorbance shown in Fig. 2, a smaller deviation of the data from the v*-dependence
in the 84.1cm™' window was observed. We believe this may be due to the remaining uncertainties in the
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self-broadening parameters in the far-IR. The absorption coefficients for the foreign continuum were found
from the fitted parameters and averaged over two sets of data assuming that the continuum scales as a product
of pressures, Pp,0 X Pn,. From the present study, the value over all windows was best defined by
Kror = 0.185(300/7)>7 (dB/km)/(kPa THz)?. This value is presented in Table 2 along with the set of absorption
coefficients found from individual windows as described in Section 3.1.

The value of the continuum temperature exponent of 5.7 was also derived from absorbance data in all
available windows preliminary fitted with a v*> function. The related temperature dependence is shown by the
solid curve in Fig. 5. The other dashed curves illustrate the (300/7)" fit of the continuum absorbance in single
windows over the different temperatures. Each curve is normalized so that unity of the absorbance factor
occurs at 300 K. The temperature exponents found from the single windows range from 4.1 (at 22.5cm™") to
6.3 (at 45.0cm™") as shown in Table 2. This difference may be due to both the experimental uncertainty and to
the individual nature of the continuum in these windows.

Table 2
Foreign continuum absorption coefficient, K, (dB/km)/(kPa THz)?) and temperature exponent, ng, obtained from each transmittance
window. The same parameters shown below the dashed line were determined from the complete set of v>-fitted curves (see Fig. 4)

Window center (cm™") Kior ne
Exp. Theory Exp. Theory
22.5 0.178 0.178 4.1 5.02
28.3 0.178 0.188 4.3 4.75
343 0.169 0.175 4.6 4.83
45.0 0.188 0.177 6.3 4.28
50.3 0.186 0.177 5.8 4.29
66.4 0.182 0.163 5.7 3.94
70.1 0.183 0.176 6.2 4.03
84.1 0.172 0.172 5.4 4.07
v>fitted (Exp.) 0.185(300/T)>7 5.7
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Fig. 5. Fit of the foreign continuum data to a (300/7)" function. The solid curve is based on the data smoothed by the v>-fit over all
windows. Dashed curves demonstrate the scatter of the exponent n when obtained from a single window.
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4. Theoretical method in calculating the foreign continuum

A few years ago, two of the present authors have developed a theoretical method based on the Lanczos
algorithm to calculate the continuum for the H,O—N, pair in the microwave region [7]. The method is based
on the idea that because the microwave windows are on the low-frequency side of the pure rotational band of
H,O0, one can treat the band as a whole and calculate the pressure-broadened absorptions directly without
accounting for contributions from each of the individual lines. As a result, the sharp absorption features of the
individual lines have been averaged out, and the theoretically calculated values of the continuum vary
smoothly with the frequency and can be compared with measured results. As shown in Ref. [18], the derived
theoretical values in the windows below 1000 GHz agree with Liebe’s semi-empirical MPM results and the
experimental measurements of Bauer and co-workers reasonably well. However, this method is not applicable
for THz windows because the latter are located within the pure rotational band. Fortunately, for the THz
windows of interest in the present study (i.e., below 2.7 THz), most of strong lines of H,O are still located on
the high-frequency side. As a result, one is able to make modifications in the Lanczos method and extend
theoretical calculations into these THz windows. In practice, one divides the pure rotational band into two
parts: a major part that consists of lines whose frequencies are higher than a given window, and a minor part
consisting of the lower-frequency lines. Then, one can apply the Lanczos method to the major part and treat
the minor part as individual local lines. A more detailed discussion of the extension of the Lanczos method is
presented elsewhere later.

As mentioned previously, the continuum and the local contributions in a given window are intertwined.
Therefore, it is necessary also to specify how the local contributions are calculated when we present theoretical
results, and thus a new problem arises. From the theoretical point of view, different windows should have
different upper-frequency cut-offs (i.e., the frequency range above the window frequency beyond which the
local contributions are excluded). Unfortunately, with the present Lanczos method one can only estimate
ranges of the upper-frequency cut-off, v, for each of the windows, but not to determine this value exactly. As
a result, these upper-frequency cut-offs become adjustable parameters. It is worth mentioning that the upper-
frequency cut-offs discussed here differ from those introduced previously when one derives measured
continuum results. But, once the former have been selected, there is no problem to adjust the theoretical
continuum values to match the same cut-off used to find the measured continuum. This can be easily done by
subtracting an amount of absorptions representing the differences between the spectrum used to analyze the
raw data and the theoretically predicted spectrum from the original theoretical continuum values. More
specifically, the formula used to account for the differences between two local line absorptions is given by

1 v Avy Avy . )
n— Sk — + with vey < v <185cem™, 4
T zk: e (v —ve)? + Av: (v+ i) + Av? e @)

where 7 is the number density of H>O, S, are the line intensities, and Av, are the line widths. It is obvious that
as the v varies, this amount varies too. For the present theoretical values listed in Table 2, the v., has been
treated as adjustable parameters to optimize the theoretical results to get the best agreement with the measured
continuum values. Therefore, we note that due to this optimization procedure, the current theoretical
continuum thus contains an empirical feature.

5. Conclusions

The THz techniques presented here have permitted broadband measurements of absorption coefficients for
both the H,O-H,O and H>O-N, continua under well-controlled laboratory conditions. The temperature
dependence of both the self- and foreign-continuum of water vapor have been studied in a multipass cell using
broadband spectroscopic data and the HITRANO4 database. The data are available in the range from 10 to
90cm ™! (0.3-2.7 THz) and temperatures from 293 to 333 K. Both self- and foreign-continua exhibit a nearly
quadratic dependence of absorption on the frequency with an exception of the highest window at 84.1cm™".
The absorption coefficients and temperature exponents were found from the complete set of experimental
absorbance data and from the fit of continuum absorbance in a single window over different temperatures.
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Table 3
Comparison of the continuum absorption coefficients, Ky and Kp,, (dB/km)/(kPa THz)* and temperature exponents, g and ng from
different studies

Reference range, THz [5] <0.8 [6] <0.35* [4] 0.35-1.1 [16]** Present work 0.3-2.7
Experiment Theory
(@) (b) (©
Keerr 7.8 8.9-9.5 - 4.18 3.83 4.00 -
ng 7.5 7.8-8.5 - 6.9 8.8 8.5 -
Kror 0.236 0.25-0.28 0.26 0.41 0.185 0.231 0.163-0.188
ng 3 4.5-4.6 3 3 5.7 4.8 3.94-5.02

Notes on modeling parameters:

*Range of data for different parameters [6].

**Calculations at 50cm™".

(a) Same as described in Section 3.

(b) Same as in (a) except cut-off = 25¢cm™", 4 = 0 beyond the cut-off.

(c) Same as in (a). The range of data in different windows is shown (see Table 2).

Finally, with respect to a comparison between measured foreign-continuum and theoretically predicted values,
we think that we have achieved reasonable agreement with the present experimental results.

A full comparison of absorption coefficients and temperature exponents determined here with other
measurements is diminished by the lack of experimental data in the THz region and by the different
formalisms used to define the continuum. Different definitions of the continuum present an obstacle because a
direct comparison could distort the conclusions unless proper adjustments on their original values have been
made in advance. Indeed, if one selects a 25cm ™" as the far-wing cut-off in defining local line contributions,
the derived continuum values would be larger than those presented here because the latter are based on the
100cm ™" cut-off. For example, in the 66.4cm™" window (Pu,0 = 1.43kPa, Pn, = 78.5kPa, T =323K), the
local line contributions derived from these 25 and 100cm ™' cut-offs differ from each other by 21.5dB/km.
This is a few times larger than the present experimental error.

On the other hand, as long as all the resonance spectrum parameters are well specified as described in
Section 3, the adjustment processes can be carried out. A few of the experimental studies assuming the v>-
continuum dependence are summarized in Table 3. All data are converted to (dB/km)/(kPa Hz)* and given at
the same temperature of 7= 300K. To give an idea on how the choice of parameters may affect the
experimentally absorption coefficients and temperature exponents reported here relative to the basic set (with
far-wing cut-off of 100cm ™" and the upper frequency cut-off of 185cm™"), we present also the data for an
additional set of parameters with far-wing cut-off of 25cm ™" and the upper frequency cut-off of 110cm™". In
the calculations for this latter set, we still assume a quadratic dependence of the continuum on frequency.
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