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Accurate spectroscopic data for H»!00 in the 1.1 um region are particularly important for the study of Earth’s at-
mosphere. The pure water vapor molecular spectra were measured based on direct laser absorption spectroscopy using a
narrow line-width external cavity diode laser combined with a high-precision Fabry—Pérot etalon. A total of 31 H,1°0
transitions were studied for the first time by using the speed-dependent Nelkin—Ghatak profile and the Hartmann—Tran
profile. From an accurate line-shape analysis, we obtained the line intensities and the self-broadening coefficients, and they
are compared with the available data reported in the HITRAN 2016 database and the HITRAN 2020 database. Finally, we
obtained information on the influence of Dicke narrowing, as well as the correlations between Dicke narrowing and speed

dependence, and of speed-dependent effects.

Keywords: pure water vapor molecule, the speed-dependent Nelkin—Ghatak profile, the Hartmann—Tran pro-

file, line intensities
PACS: 33.20.—t, 33.20.Ea

1. Introduction

In the Earth’s atmosphere, the pure water vapor molecule
(H,'0) is the principal atmospheric absorber of infrared (IR)
radiation with many strong absorption bands ranging from
the microwave to the visible portions of the spectrum.!!]
Among these bands are the window regions with much weaker
absorption.?! The analysis of H,'°0 weak absorption charac-
teristics in the atmospheric transmission window is of great
Indeed,
1.1 um is one of the important atmospheric transmission win-

significance for the study of atmospheric optics.

dows that are of key importance for various fields of science
and technology, such as remote sensing of the atmosphere, !
atmospheric absorption simulation,#! and reliable quantitative
studies of laser atmospheric transmission.®! To fulfill the re-
quirements of these important applications, precise line pa-
rameters (i.e., positions, intensities, and broadening coeffi-
cients) of the H,'00 spectral lines are required.
HITRAN molecular

database!®! is a prime resource for the reference spectroscopic

Currently, the spectroscopic
data for H>'®O at 1.1 um for atmospheric applications. How-
ever, the new edition of the HITRAN 2020 database can only
provide Voigt profile (VP) parameters. Additionally, due to
the importance of H,'°O spectral parameters in this region,
the region has been extensively studied by many groups. Pre-
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viously, the line parameters of H,'®O around 1.1 um were
studied by Regalia et al,!”) Oudot et al.,® and Schermaul
et al.,””) but all the studies were also performed with the VP.
For a long time, the VP accounting for pressure/collision
and Doppler broadening has been the standard for the high-
resolution line-by-line modeling of IR molecular absorption
due to its simplicity and its fast computation time. However,
with the ever-increasing sensitivity and accuracy of measure-
ment techniques, the non-Voigt line-shapes that consider more
physical effects should be introduced for the correct fit of
the experiments.!'%121 To the best knowledge of the authors,
for the H,'%0 spectrum around 1.1 um, only Zheng et al.!'3!
have reported the line-shape parameters fitted by the quadratic
speed-dependent Voigt profile (qSDVP). Therefore, further re-
search on H,'®0 spectra with more refined profiles is needed
for 1.1 pwm.

Using a narrow line-width external cavity diode laser
combined with a high-precision Fabry—Pérot etalon, we re-
cently measured 31 spectral lines of H,'°O near the 1.1 um
band based on direct laser absorption spectroscopy.!?l A
multi-spectrum fitting (MSF) program was used in conjunc-
tion with the gSDVP and the VP to extract the line parameters.
This work is the continuation of a series devoted to the system-
atic study of the absorption spectrum of H,'60 around 1.1 um

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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by our group.!'3!4 In this study, we revisit our analysis us-

ing the speed-dependent Nelkin—Ghatak profile (SDNGP) and
the Hartmann—Tran profile (HTP) because of their more phys-
ically realistic properties.

The organization of this paper is as follows. Section 2 in-
troduces the experimental equipment and describes the HTP
and SDNGP models used as well as the fitting quality. In
Section 3, the fitting quality for the HTP, SDNGP, speed-
dependent Voigt profile (SDVP), and VP is compared. Next,
the uncertainty of the line intensity and self-broadening are an-
alyzed. Then, the line intensities and the self-broadening co-
efficients obtained in this work are compared with the values
in the HITRAN 2016 database and HITRAN 2020 database,
and the correlation between the self-broadening coefficients
and the rotation frequency is observed. Finally, the Dicke nar-
rowing effect, the speed-dependent broadening, and the corre-

lation between them are discussed.
He—Ne laser

ECDL

Laser head

Lo

2. Experimental setup and basic principles
2.1. Experimental setup

The experimental equipment used for data collection is
described in detail in Ref. [13], so it is only briefly discussed
here. As shown in Fig. 1, the external cavity diode laser
(ECDL) is selected as the laser source in this device, and
the wavelength coverage of the laser is from 9090 cm™! to
9750 cm~!. The output laser light source is divided into two
parts. One light source enters the gas absorption cell (which
can provide a long optical path of 7246 cm and a short op-
tical path of 3623 cm) for optical path absorption, and the
other light source enters the Fabry—Pérot cavity for relative
wavenumber calibration (the FSR of the Fabry—Pérot etalon
is 750 MHz and the resolution is 1.2 MHz). Because near-
infrared light is invisible, a He—Ne laser is used for optical
path tracking. Finally, a data acquisition card controlled by
the LabVIEW program receives the signal detected by the de-
tector.

Motor } i Piezo

signal § i signal

PZT
module

Motor
module

Laser controller

i | Pressure I ;
gauge & & !
v v \ Signal acquisition
Voltage
drivegr R J— DAQ card __Signal generation

Fig. 1. Experimental apparatus for spectral measurement.

To obtain a high signal-to-noise ratio, the long optical
path (7246 cm) of the gas absorption cell was selected in the
experiment. The temperature was controlled at approximately
300 K in the process of data acquisition. Spectral data were
measured at the three pressures of 1400 Pa, 1800 Pa, and
2000 Pa. Five sets of data were measured for each spectral
line at the three pressures. In the process of pressure stabi-
lization, the water vapor in the cell is filled and emptied many
times. The purpose is to ensure that the water is absorbed by

the cavity wall of the cell until the cavity wall is close to the
saturation point and can no longer absorb water vapor easily.
In this way, the experimental error caused by pressure fluctua-
tion caused by water adsorption can be reduced.

2.2. Line-shape models

The HTP model is described as the partially cor-
related quadratic-speed-dependent hard-collision profile
(pCqSDHCP).!"3! The model is represented as

1
IHTP (V) = ;Re {

A(v) } o

1—[we—1(Co—3C/2)]A(v) + (nCa/vE) B(v)
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The terms A (v) and B(v) depend on the complex probability

function
S e 2
w(z):i/ ¢ dr=e Terfe(—iz), )
TJ)-w Z—t
where erfc is the Gauss error function. Therefore,
nc . .
A) = Y w(iz.) —w(iz,)], )
Vo Va0
v2 Nz
B(v) = 2 1+ X (1-22)w(iZ_
=21 -2)wiiz)
VT 2 }
———(1=-Z7)w(iZy) |, 4
where
Zi =VX+Y+VY, 5)
il — )+ C
¥ = 1(v0~v)—|— 0’ ©)
G
Vovao \ 2
Y = ( 0 f‘°> . (7)
2CC2
In these expressions, vg is the most probable speed, and
. 3C
COZ(I—TI)(Co—;)JrVVQ ®)
G=01-1)C, )
Cy=1I,+iA,, (10)
2kgT I7
o kB o Clp (11)

Vao = = .
0 M VIn(2)vo

This model fully considers the influence of multiple physical
effects on spectral fitting.[!6! It not only contains the Doppler
broadening (Ip), pressure shift (Ap), and collision broaden-
ing (Ip) parameters of the VP but also includes the non-
Voigt-effect parameters, such as the speed-dependent collision
broadening coefficients (I3), the speed-dependent shift coeffi-
cients (A;), and the Dicke narrowing coefficients (vyc). It also
considers the relationship between the Dicke narrowing effect
and the speed-dependent effect. The relationship is denoted by
n.

The ratio of the speed-dependent broadening to the colli-

sional broadening (aw)7!

o = 22 —
W= T

can be expressed as
2 mp/my
1—n)s—2 2 12
where 7 is the temperature dependence coefficient and my/m,
is the perturber-to-absorber mass ratio.

The vy 8 can be expressed as
ksT

=— 13
271'6‘le2’ ( )

Vvc

where kg is the Boltzmann constant, ¢ is the speed of light, m
is the H,O molecular mass, and D is the mass diffusion coef-
ficient, which can be calculated based solely on the molecular
gas properties.['”) When 1 = 0, the modified model can be
simplified to the SDNGP.!?’!

2.3. The quality-of-fit

In addition to the SNR, the effect of spectral fitting can
also be evaluated using the quality-of-fit (QF),/?!! which is ex-
pressed as follows:

; (14)

where Ofmax — Omin 1S the peak absorption signal and Sk is the
standard deviation of the fitting residual. Sy is expressed as

oM e (vi) — g (vi)’
S = \/ TR (1)

where M is the number of measured spectral points, &, is the
number of adjustable parameters in multi-spectral fitting, v; is
the first frequency of the measured spectrum, and deyp (v;) and
age (v;) are the experimental and fitted absorption coefficients
of the given spectral measurement points, respectively.

3. Results and discussion
3.1. Comparison of line-shapes

In this work, the measured data are reprocessed and
then fitted with the multi-spectrum analysis tool for spec-
troscopy (MATS).!??! To better distinguish the fitting effects
among different line-shapes, we test four line-shapes, which
are the VP, SDVP, SDNGP, and HTP for spectrum fitting.
Figure 2 displays an example of a spectrum recorded near
9129.21791 cm™! for the fitting residuals of the HTP, SDNGP,
SDVP, and VP for the same experimental conditions. As can
be seen from Fig. 2, the residual values for the HTP, SDNGP,
and SDVP are clinically almost indistinguishable but are all
smaller than those determined with the VP. This is also simi-
lar to the situation mentioned in Ref. [15] in that the obvious
residual with the VP is mainly caused by the line narrowing
effect.

T
g sf 1400 Pa
EE — 1800 Pa
g 2 2200 Pa
& okc — L n I —
s 3 —OTP _ —SDVD
_0.04f () 1400 Pa —SDNGP — VP
T OF
£ —0.04 Eo 1 1 1 1
S
£ 0.04F(b) 1800 P
B OF —HTP _ —SDVP
— —0.04F , ) . —SPNGPR —VP
=
o] — —<]
F 0.04F(c) 2200 Pa Bk “5RVP
o OE
—0.04 F 1 1 1 1 1

9129.10 9129.15 9129.20 9129.25 9129.30 9129.35
Wavenumber (cm~1!)

Fig. 2. Absorbance profiles fitted by HTP and the residuals for VP,
SDVP, SDNGP, and HTP for the transition at 9129.21791 cm™" in pure
H;'90 at the pressures of 1400 Pa (a), 1800 Pa (b) and 2200 Pa (c).
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To investigate the fitting effects of different line-shapes,
the QF have been computed. In Fig. 3, we have noticed that:
firstly, all the QF values increase with the pressure; secondly,
QFyrp > QFspngp > QFspyvp > QFyp was noticed from the
dataset. Since the better results are obtained using the SDNGP
and HTP, these two line-shapes were used for the following
data processing.

1000

900

800

9 |
& 700
600 |

500

o

400

1600 1800 2000 2200

Pressure (Pa)

1400

Fig. 3. The QF values as a function of the pressure at various profiles
for the transition of 9129.21791 cm ™! of H,'60.

3.2. Uncertainty analysis

The integral absorbance of the absorption line of a water
molecule transition is

A= f/Lmln [IIO((‘;))} dv=L ;mNG(v)dv

~+o0
=NL[ Séy(v)dv=NLS, (16)
N = Na-P (17)

8.314472 x 106. T’

where N (molecule-cm™3) is the number concentration of wa-
ter molecules, L (cm) is the actual optical path of the absorp-
tion spectrum, Ny is the Avogadro constant, and P (Pa) is the
pressure of water molecules. According to Egs. (16) and (17),
the line intensity of the absorption spectrum can be obtained
as follows:

8314472 x 10°-A-T
= 1
S Na-P-L ’ (9

and from Eq. (18), the estimated uncertainties AP/P, AL/L,
AT /T, and AA/A can be combined in the usual way

A5 APV (AR L (ATY L (MY )
s P L T A)’
where AP/P = 1% (due to the pressure gauge error and the

adsorption of water), AL/L = 0.13% (standard deviation ob-
tained by averaging the optical path lengths of the inversion at

different pressures), and AT /T = 0.1% (the floating range is
0.3 K for the temperature of 300 K). The uncertainty AA/A is
obtained with MATS software fitting (converting the error of
the integral absorbance into the error of the line intensity). The

values of AA/A from SDNGP-based fitting and HTP-based fit-
ting are 2.50% and 3.27%, respectively. The comprehensive
uncertainty estimates of the SDNP and HTP spectral line in-
tensities obtained from Eq. (19) are 2.70% and 3.42%.

The total uncertainty of the self-broadening coefficient is
calculated as follows:

A AP\? [(Ayc\® (AT’
R GRC R
YVself P Ye T
where the uncertainty AP/P = 1%, AT /T = 0.1%, and Ayc is
the value of the collision broadening. The uncertainty Ayc/Yc

is obtained with MATS software fitting (the error of collision
broadening is converted into the error for the self-broadening
coefficient). The values of Ayc/Yc from the SDNGP-based fit-
ting and HTP-based fitting are 4.17% and 4.82%, respectively.
According to Eq. (20), the total uncertainty estimates of the
self-broadening coefficient are 4.29% (for the SDNGP) and
4.94% (for the HTP).

3.3. Line intensities analysis

In this work, thirty-one lines of H,'°0 in the 9090
9750 cm™! region have been studied. All the parameters were
converted to 296 K and 1 atm conditions.

In Figs. 4 and 5, the line intensities from our mea-
surements were compared with those given in the HITRAN
2020 database and the HITRAN 2016 database, respec-
tively. The percent differences (present work — other re-
sults)/(other results) x 100% between our SDNGP results and
the HITRAN 2020 values are shown in Fig. 4(a). Except
for the lines of 9182.87814 cm~!, 9731.64094 cm~!, and
9734.20309 cm ™!, our line intensities are smaller than those of
HITRAN 2020. The average percent difference between our
results and HITRAN 2020 is —3.85%. Additionally, the per-
cent differences between our HTP values and those from HI-
TRAN 2020 are shown in Fig. 4(b). Similarly, the line intensi-
ties with HTP fitting are smaller than those of HITRAN 2020,
except for the three absorption lines of 9323.18107 cm™!,
9731.64094 cm™!, and 9734.20309 cm~'. The average per-
cent difference between our HTP results and HITRAN 2020 is
—3.71%. Overall, the HTP results of this work are close to the
HITRAN 2020 values.

We also compared our work with the results in HITRAN
2016, and the percent differences are shown in Fig. 5. It can
be noticed that the percent differences of these 31 absorption
lines, whether for SDNGP-based fitting or HTP-based fitting,
are evenly distributed on both sides of the axis 0. Additionally,
the average percent differences between HITRAN 2016 and
SDNGP-based fitting as well as HTP-based fitting are 2.61%
and 2.40%. It should be noted that the HTP values are slightly
larger than the SDNGP values.

123301-4
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Fig. 4. The percent differences of the line intensities of the pure water
vapor molecular lines obtained using the SDNGP (a) and the HTP (b)
to those reported by HITRAN 2020.
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Fig. 5. The percent differences of the line intensities of the pure water
vapor molecular lines obtained using the SDNGP (a) and the HTP (b)
to those reported by HITRAN 2016.

For the two absorption lines of 9731.64094 cm™! and
9734.20309 cm™!, our line intensities are obviously smaller
than the HITRAN 2016 values. The percent differences are
about —30.5% and —28.4% between our results by SDNGP
fitting and those from HITRAN 2016, respectively. At the

same time, the percent differences are about —27.5% and
—27.3% between our results by HTP fitting and those from
HITRAN 2016, respectively. It is worth mentioning that the
line intensities of these two pure water vapor molecular lines
have been updated in HITRAN 2020, and their values have
changed greatly. The line intensities obtained with SDNGP
fitting are slightly larger than those reported in HITRAN 2020
with average differences of 0.08% and 0.93%. Similarly, the
percent differences for these two lines between our study by
HTP fitting and the values in HITRAN 2020 are 4.45% and
1.67%, respectively.

3.4. Self-broadening coefficients analysis

The self-broadening coefficients for the SDNGP and HTP
fitting from this study are presented in Fig. 6 and compared
with the data from HITRAN 2020 (the self-broadening co-
efficients of these thirty-one water vapor absorption lines are
consistent in HITRAN 2016 and HITRAN 2020). As shown
in Fig. 6, the average percent differences between HITRAN
2020 and SDNGP-based fitting as well as HTP-based fitting
are 2.70% and 3.26%. Most of the self-broadening coefficients
of each spectral line that is fitted with the SDNGP and HTP in
this work are larger than those provided by the HITRAN 2020
database. Note that the self-broadening coefficients of these
lines from the HITRAN database are obtained using the VP.
It is however worth mentioning that when using more refined
models, several studies showed that the line broadening deter-

mined by the VP can be significantly underestimated. [>3-2]

12F (a) N % 7YSDNCP tO YHITRAN2020
< 10}
= s g}ﬁ
§ 6., e
g 4P x
3 2* # Average percent difference =2.70
S Ot e oo - -1
B ool xx
T —4r
o L
o —8

—10¢ #
a 9200 9400 9600 9800
Wavenumber (cm™1)

12 (b) o YHTP O YHITRAN2020
< 10
X = D
— 8H
n o o
g 6r a] o
S 42 G0
e 1= LT T
E 2t o o § Average percent difference = 3.26
c‘%“ OF- _D_ A S
B —2F p"
[aF —6t B]

8l 5

10 L L L L

9200 9400 9600 9800

Wavenumber (cm~1)

Fig. 6. The percent differences of the self-broadening coefficients of the
pure water vapor molecular lines obtained using the SDNGP (a) and the
HTP (b) to those reported by HITRAN 2020.
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The relationship between the thirty-one absorption lines’ 0.40 (@) SONGP
self-broadening coefficients and rotational quantum number 0.35¢ HTP
. . .. 0.30
(m) are shown in Fig. 7. All the results present similar m- 0.95
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by the HITRAN database versus rotational quantum number (/). 9200 9400 9600 9800

3.5. Line narrowing parameters analysis

All the speed-dependent broadening coefficients (o) fit-
ted with the SDNGP and HTP for our work are given in
Fig. 8(a). The average values of ay obtained with the SD-
NGP and HTP are 0.051 and 0.092, respectively. Addition-
ally, the ratios of the Dicke narrowing coefficients to the self-
broadening coefficients in our work are shown in Fig. 8(b).
The average values of Vyc/¥er fitted with the SDNGP and
HTP are 0.078 and 0.253, respectively. It is interesting that
the values of ow and Vyc/%err using the HTP are slightly
larger than those using the SDNGP. The outcome indicates
that both the Dicke narrowing coefficients and the speed de-
pendent broadening coefficients contribute to the analysis of
the spectral line-width.

To check the influence of the Dicke narrowing effect
and speed dependent effect on our line-shapes, the values
of otw/ (Vvc/%err) obtained with the SDNGP are shown in
Fig. 9(a). The result indicates that there is little difference in
the narrowing degree of the spectral lines produced by these
two effects. Hence, neither of the effects can be ignored and
nor can the correlation between them. This result is consistent
with the view of Wéjtewicz et al.!?®! that it is difficult to decor-
relate the speed dependence of collision broadening and Dicke
narrowing. Fig. 9(b) displays the results vyc and o obtained
by HTP as a function of 1. It can be seen from Fig. 9(b) that
there seems to be an inverse relationship between the value
difference between the two effect-related parameters and the
correlation coefficient.

Although the SDNGP and HTP are used to analyze the
spectral line parameters in this experiment, we consider what

Wavenumber (cm™1!)

Fig. 8. (a) The speed dependent broadening coefficients from SDNGP
and HTP fitting. (b) The ratio of Dicke narrowing coefficients and self-
broadening coefficients obtained from SDNGP and HTP fitting.
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Fig. 9. Spectral line narrowing effect parameters. (a) Comparison be-
tween O and Vyc/%elr obtained by the SDNGP. (b) The relative pa-
rameters of the Dicke narrowing effect (square) and the speed dependent
effect (triangle) obtained by the HTP.

was mentioned in the literature:['%>°1 “Whether the experi-
mental conditions consider an important factor of parameter
n, that is, HTP parameters need to be obtained under the high
signal-to-noise ratio spectrum and high precision frequency
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standard”. In view of the relatively low signal-to-noise ratio
(QF < 1000) in our experiment, the spectral line parameters
obtained with the SDNGP are more reasonable than those ob-
tained with the HTP.

4. Conclusion

We recorded thirty-one absorption spectra of pure water
vapor molecules around 1.1 pm. The HTP and SDNGP line-
shape models were used to retrieve the spectroscopic parame-
ters from spectral fits. The comparison of the present results
with HITRAN 2020 shows that the line intensities of this study
for the HTP and SDNGP are smaller than those in HITRAN
2020, with mean differences of —3.53% and —3.85%. The
line intensities obtained by fitting with the HTP and SDNGP
are less than those in HITRAN 2016, and the differences be-
tween them are —2.40% and —2.61%. Additionally, the self-
broadening coefficients of our work are larger than those of
HITRAN 2020 (or HITRAN 2016). The self-broadening co-
efficients from our HTP- and SDNGP-based work have aver-
age percent differences of 3.26% and 2.70% compared with
HITRAN 2020 (or HITRAN 2016), respectively. For the line
intensities and self-broadening coefficients, preferable agree-
ment is obtained between the present results and the two HI-
TRAN datasets. Therefore, the line parameters obtained in
this work are credible. Finally, we discussed the influence of
the corresponding parameters of these two effects on the spec-
tral line-width, which has never been reported in the HITRAN
database. The spectral line parameters obtained with the SD-
NGP in this experiment are more reasonable. We believe that
the data we obtained will be helpful to the spectral analysis of
atmospheric water molecules.
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