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Abstract.  We present the results of investigation of water vapour 
absorption spectra in the 7184 – 7186 cm–1 range that is of particu-
lar interest from the viewpoint of possible application of the data 
obtained for monitoring water vapour in the Earth’s stratosphere. 
The doublet of H2

16O near n = 7185.596 cm–1 is analysed. The coef-
ficients of broadening and shift of water vapour lines are found in 
the selected range in mixtures with buffer gases and compared to 
those obtained by other authors.

Keywords: diode laser, water molecule, parameters of line broadening 
and shift.

1. Introduction

Precise measurement of absorption spectra of water vapour in 
the near-IR range is an important problem especially under 
the  conditions  of  the  increasing  greenhouse  effect.  Water 
vapour is one of the main gases involved in this effect which is 
responsible for the transfer of solar radiation in the Earth’s 
atmosphere. Unfortunately, present information about absorp-
tion of radiation by water molecules in the near-IR range is 
not complete and precise. First of all,  this  is explained by a 
sufficiently  complicated  structure  of  absorption  spectra  in 
this range due to overlapping of composite and Raman bands.

Many  works  are  devoted  to  studying  a  fine  rotational 
structure of absorption spectra of water vapour in the near-
IR wavelength range. Here we may mention most remarkable 
and complete works [1 – 8]. Thus, Lepère et al. [4] used a three 
mirror cell in a stabilised diode laser spectrometer for investi-
gating the profiles of water vapour  lines near the frequency 
of  7185.59  cm–1. They  employed model Voigt, Galatry  and 
Rautian – Sobelman profiles for analysing the lines. A Fourier 
spectrometer was employed in [5 – 8] for obtaining high-reso-
lution (0.01 – 0.02 cm–1) spectra of the gas mixture comprising 
HDO, D2O, H2O. In the 6000 – 7700 cm–1 range, 2445 lines of 
HDO were detected which belong to the bands (101) – (000), 
(021) – (000), (210) – (000) and (002) – (000) [7]. The fine rota-

tional structure of vapour spectra of water with natural iso-
topic contents in the near-IR range was most completely iden-
tified  in  [9 – 11]  by means  of  Fourier  spectroscopy  and  the 
cw-cavity ring down spectroscopy (CW-CRDS). The spectral 
range of 6885 – 7408 cm–1, which corresponds to a first hexad 
of  interacting  vibrational – rotational  bands  of  H2O,  was 
investigated and the frequencies and intensities of more than 
12 700  lines were determined. This made  it  possible  to  sub-
stantially correct spectral databases (HITRAN, GEISHA, etc).

In  this  paper  we  present  the  results  of  investigation  of 
water  vapour  absorption  spectra  in  the  frequency  range  of 
7184 – 7186 cm–1. This range is of particular interest because 
the data obtained may help monitoring water vapour in the 
Earth’s stratosphere. The H2

16O doublet which comprises the 
vibrational – rotational lines 661 ¬ 660 of the band n1 + n3 and 
523 ¬ 616  of  the  band  2n1  is  analysed.  The  coefficients  of 
broadening and shift for these lines in collisions with buffer gas 
molecules are found and compared with the results obtained 
by other authors [4, 7].

2. Experimental setup

The absorption lines of water vapour in the spectral range of 
diode laser (DL) tuning were investigated on an experimental 
setup shown schematically in Fig. 1.

The experimental setup is a two-channel diode laser spec-
trometer with the reference and analytical channels and a pre-
evacuation  system  for  filling,  evacuating  and preparing  gas 
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Figure 1. Schematic diagram of the experimental setup.
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mixtures for the analytical cell. The reference channel is used 
for stabilising the temperature during the DL pumping cur-
rent scanning cycles by the absorption line of the investigated 
gas  and  for  absolute  frequency  calibration  of  absorption 
spectra. The channel comprises the cell with a length of 20 cm 
and volume of 25 mL filled with the (reference) gas in ques-
tion. The cell windows are made of S-52 glass (molybdenum 
glass) and have a wedge with the angle of 1.5° for preventing 
the  interference  effects  of  laser  radiation.  The  pressure  of 
the water vapour inside the cell at a temperature of 25 °C was 
13 mbar. The cell was hermetically sealed.

In the analytical channel, a vacuum optical cell of length 
199.8 ± 0.2  cm was  placed with  a  gas mixture  under  study. 
Stainless steel with the polished internal surface was used to 
fabricate the cell and its windows of 30 mm in diameter were 
made of high-temperature CaF2 glass in the form of wedges 
with an angle of 7'. A temperature sensor for instantaneous 
measurement  of  the  temperature  of  external  surface  of  the 
cell was mounted on  the  cell  housing. There were  also  two 
pressure sensors: Elemer [12] (with the measurement range of 
0 – 1000 mbar  and measurement  error  of  0.2 %)  and Sensor 
[13]  (with  the measurement range of 0 – 100 mbar and mea-
surement error of 0.1 %). A Fabry – Perot interferometer (FPI) 
was used for alignment of the frequency scale of absorption 
spectra.  It  was  a  quartz  resonator  with  partially  deposited 
faces for producing a high-quality interference pattern (with 
the free spectral range Dl/l2 = 1/(2LFPI nFPI) = 0.04922(2) cm–1, 
where LFPI = 69.39(4) mm, and nFPI is the refractive index of 
the FPI material). The output radiation beam from the laser 
was made parallel and focused to a photodetector by lenses. 
As photodetectors,  pin-diodes  (Hamamatsu)  [14] were used 
with the diameter of active area 2.0 mm and detection ability 
of 5 ́  1012 cm Hz1/2 W–1. A maximal spectral response at the 
wavelength of 1.7 mm was 1.1 A W–1.

The preamplifiers of the reference and analytical channels 
had the following parameters: the conversion coefficient and 
bandwidth were 10 V mA–1 and 120 kHz, respectively.

Absorption spectra of water vapour were  investigated by 
using a diode laser (NTT Electronics) [15] with a central radia-
tion frequency of 1.39253 mm and a single-mode fibre output. 
The output optical power was 30 mW, the threshold pumping 
current was 10 mA, the maximal current was 120 mA and the 
tuning range was 10 nm. The temperature stabilisation system 
of the DL based on a thermistor and a Peltier thermoelectric 
heatsink provided the temperature variation of the active ele-
ment from 2 to 55 °C with temperature instability of 2 ́  10–4 °C. 
The temperature stabilisation system realised the proportional-
plus-integral operation and the additional regime of tempera-
ture stabilisation by the absorption line of the reference gas.

The control and data acquisition system of the diode-laser 
spectrometer (DLS) comprised a 16-bit input/output card 6289 
(National  Instruments) with  the  sampling  rate  of  333  kHz, 
two ADC channels and eight-channel differential ADC. The 
card was a multiplexed one and therefore the resulting sam-
pling rate in our experiments was 111 kHz.

The optical cell was connected through vacuum valves to 
the forevacuum system which is schematically shown in Fig. 2. 
The forevacuum unit was employed to evacuate optical cells 
and  to prepare mixtures of various compositions. This unit 
comprised a DP-5 differential pressure sensor (measurement 
range  0 – 133.3 mbar,  error  0.5 %),  standard  pressure  gauge 
and  VT-2A-P  thermocouple  vacuum  gauge  (measurement 
range 0.0013 – 0.267 mbar). The total internal volume of the 
system was 150 mL.

3. DLS characteristics

Typical  signals  from  DLS  photodetectors  are  presented  in 
Fig. 3. In accumulating and averaging the sample comprising 
20 absorption spectra of gases under investigation, the signal-
to-noise  ratio  was  above  104  at  the  characteristic  time  of 
sample averaging of 2 s. The spectral resolution of the DLS 
equal  to  2 ́  10–4  cm–1  was  determined  by  the  width  of  the 
instrumental function of the spectrometer, which was directly 
connected with the width of the DL generation line. The error 
of  finding  the  centre  of  the Doppler-broadened  absorption 
line was no greater than 2 ́  10–5 cm–1 and was determined by 
the accuracy of fitting the line profile to model spectra.

Noise of the DLS optoelectronic section was investigated 
by using the Allan variance technique [16], which determines 
the square root from the dispersion of the measured parame-
ter as a function of the averaging time. The Allan variances 
for  the optical density D  and  temperature of  the DL active 
element, measured in the cell of length 2 m with no absorbing 
gas inside, are shown in Fig. 4. One can see that at the accu-
mulation time of 4 s the minimal detectable value of the opti-
cal density reaches 8 ́  10–6 and the temperature instability in 
this case is 4 ́  10–5 °С. At a longer accumulation time the drift 
of the measured value of D is observed. It is caused by fluc-
tuations of the detected signal in the absence of the absorp-
tion gas in the cell (the base line of the DL) and by other fac-
tors which  affect  the  accuracy  of  the  experiment  (tempera-
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Figure 2. Schematic diagram of the forevacuum system.
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Figure 3. Typical  signals  from photodetectors  of  a  two-channel DLS 
recording radiation: ( 1 ) passed through the cell, ( 2 ) passed through the 
analytical cell and ( 3 ) FPI.



  A.I. Nadezhdinskii, A.A. Pereslavtseva, Ya.Ya. Ponurovskii952

ture, gas pressure, etc.). Allan variances for the optical density 
and temperature should be taken  into account  in  long-term 
measurements of absorption line profiles.

For  the  noise  characteristics  of  the  spectrometer  to  be 
investigated, we also analysed the sources of noise related to 
the interference of laser radiation on the surfaces of mirrors 
and cell windows (secondary sources of interference). Specific 
features of image formation on the mirrors and cell windows, 
as well as imperfect mirrors, used in the installation result in a 
parasitic interference, which affects the noise level of the spec-
trometer [17]. For investigating the role of secondary sources 
of  interference we  used  the  dependence  of  the  fast  Fourier 
transform of the output signal on a distance between the DL 
and source of the secondary radiation, which interferes with 
the basic DL radiation  in  the  evacuated  cell of  length 2 m. 
This dependence is presented in Fig. 5. The peaks correspond-
ing to distances 30 (reflection from the input windows of the 
cell),  114  (reflection  inside  the  cell)  and  200  cm  (reflection 

from the output window of the cell) are clearly seen. Influence 
of these sources on the spectrometer sensitivity results in that 
the noise  level  reaches 1 ́  10–5. Such a noise  level yields  the 
error comparable with existing systematic errors of the exper-
iment  (temperature and pressure  inaccuracy), and hence no 
special suppression of interference noise was performed.

4. Measurements of intensity of absorption 
lines of H2

16O vapour near l = 1.392 mm

The  tuning  range  of  the DL  includes  lines with  the  central 
frequencies 7185.597 cm–1 (Q-branch, band n1 + n3, transition 
661¬660) and 7185.394 cm–1  (P-branch, band 2n1,  transition 
523¬616). The parameters of the investigated lines taken from 
the  spectral  database  HITRAN-2008  [18]  are  presented  in 
Table 1.

The error of determining line intensities is no greater than 
10 %  and  uncertainty  of  finding  line  centres  varies  from 
0.01  to  0.001  cm–1.  Figure  6  presents  a model  spectrum  of 
water vapour near l = 1.39 mm, which was obtained by using 
data from HITRAN-2008.

The  installation  described  above  (Fig.  1)  was  used  for 
obtaining the absorption spectra of water vapour in the range 
7184 – 7186 cm–1. The cell of length 2 m was filled with water 
vapour at a temperature of 23 °C. The pressure of water vapour 
varied from 0.15 to 11 mbar. Prior to recording a spectrum, 
the cell was cleaned by dry nitrogen and evacuated; then, the 
base line (line of zero absorption) was recorded. The experi-
ments  were  controlled  by  a  specially  written  programme. 
Figure  7  shows  the  experimental  spectra  of  water  vapour 
without a buffer gas.

The intensities of absorption water vapour lines under the 
conditions of broadening by a native gas were found by using 
the  ‘hard-collision’ model  (Rautian – Sobelman profile  [19]), 
because  the Voigt model,  which  neglects  the  effects  of  line 
narrowing  in  collisions  of  molecules,  is  not  correct  in  this 

0.1 1 10 100

Time/s

A
lla

n
 v

ar
ia

n
ce

/1
0–5

10

1

3

0.3

a

0.1 1 10

Time/s

A
lla

n
 v

ar
ia

n
ce

/1
0–5

10

1

3

0.3

b

Figure 4. Allan variances for (a) the optical density inside cell and (b) for 
temperature of the DL active element.

Table 1. Parameters of investigated lines taken from HITRAN-2008 spectral database [18].

n0/cm–1 Transition S0/cm–2 atm–1 g0air/cm–1 atm–1 g0H2O/cm–1 atm–1 E/cm–1 n d/cm–1 atm–1

7185.394 2n1, 616®523 0.001279 0.0924 0.435 447.25 0.72 –0.00892

7185.597 n1 + n3, 660®661 0.019701 0.0413 0.195 1045.1 0.19 –0.01346

Note:  n0 is the frequency of the line centre; S0 is the line intensity; g0air, g
0
H2O are the coefficients of broadening in air and in native vapours of H2O; 

E is the lower level energy; n is the coefficient of a temperature dependence (exponent); d is the shift coefficient.
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Figure 5. Fast-Fourier transform (FFT) of the output signal vs. the dis-
tance  l between the DL and source of secondary radiation interfering 
with the primary radiation of the DL in the evacuated cell of length 2 m.
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case. The profile of the absorption line in the model chosen 
has the form
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gL is the half width at half maximum of the Lorentzian pro-
file;

gD = 3.5812 ́  10–7 M
T n0  (4)

is  the  half  width  at  half  maximum  of  the Doppler  profile; 
z = z0P is the Dicke narrowing parameter, which characterises 
the efficient frequency of collisions; P is the buffer gas pres-
sure; z0 is the coefficient of narrowing (in cm–1 atm–1); T is the 
temperature; and M is the molecular mass.

The parameter z describes the change of the particle veloc-
ity  in  a  collision,  which  should  reduce  the  contribution  of 
Doppler broadening.

For approximating line profiles by the Rautian – Sobelman 
model, the software was used which was capable of operating 
with line multiplets [20]. The fitting procedure was performed 
in the ‘line-by-line’ regime where each experimental point of 
the  absorption  coefficient  was  a  sum  of  additive  contribu-
tions from absorption coefficients of each line residing in the 
fitting spectral range. Four parameters were varied for each 
line: intensity, frequency shift, collisional half-width and Dicke 
narrowing parameter. The Doppler  contribution  to  the  line 
width was fixed and calculated by formula (4).

Processing of line profiles of water vapour yields the line 
intensities (see Table 2). The intensity of the stronger line at 
n = 7185.597 cm–1 coincides with results of other authors within 
the measurement accuracy. For the line at n = 7185.394 cm–1 
the measured intensity is above the results of the cited works. 
It may be explained by the fact that in those works an addi-
tional line at n = 7185.400 cm–1 was analysed and its intensity 
was 2.7 ́  10–3 cm–1 atm–1, that is, the intensities also differ by 
~10–3.

From the absorption spectra of water vapour experimen-
tally recorded in the range mentioned above, we estimated the 
width of  the DL generation  line  ( ggen)  related with  fluctua-
tions of the emission frequency. The procedure of determin-
ing the width of the generation line comprised the fitting of 
the narrow Doppler-broadened absorption line of H2O to the 
profile Re(W(x,y)) (2) and determination of the Lorentz com-
ponent gL. The Doppler part of the line width gD (cm–1) in this 
case should coincide with its theoretical value for a given gas 
temperature. The fitting procedure yields ggen = 0.00016(1) cm–1 
(5.3 MHz), which well agrees with data on the width of the 
generation line for a distributed feedback DL.
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Figure 6. Model spectrum of the absorption lines of water vapour near 
1.39 mm in the cell of length 2 m at the pressure of 101.3 mbar; the con-
centration of water vapour is 10%, the temperature is 23 °C.
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Table 2. Intensities of H2O doublet  lines obtained in the present and 
other works.

Transition
S0/10–3 cm–2 atm–1

Present  
work

[4] [18] [7]

660¬661*
,** 

7185.597 cm–1 19.2(6) 19.5(3) 20(1) 18.8(4)

523¬616*** 
7185.394 cm–1 15.1(2) ́  10–1 13.1(6) ́  10–1 13(1) ́  10–1 11(1) ́  10–1

* Actually, this line is the unresolved Ka-doublet of the two lines 660¬661 
(strong) and 661¬660 (weak) with  the  splitting of  less  than 0.001 cm–1. 
The intensity from [4] given in the table is the net intensity of these two 
lines. ** One more line at n = 7185.575 cm–1 corresponding to the transi-
tion 616¬523 of the vibration branch (200)¬(000) is found in [4] with the 
intensity of 0.3 ́  10–3 cm–2 atm–1. *** This transition belongs to the vibra-
tion branch (200)¬(000) and the rest transitions belong to the branch 
(101)¬(000).
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5. Broadening and shift of water double line 
H2

16O in the frequency range 7184 – 7186 cm–1

For studying the broadening and shift of lines in the dou-
blet the following buffer gases were used: N2, Ar, He, Xe and 
air.  An  evacuated  vessel  of  volume  5  L was  degassed  to  a 
residual pressure of 3 – 5 mbar. Then it was filled with water 
vapours of natural  isotope composition at a temperature of 
23 °C. The pressure of water vapour inside the vessel, measured 
by  the Elemer pressure meter, was 13– 17 mbar. Then,  the 
vessel was filled with a buffer gas to a pressure of 1 atm and 
the mixture was kept at rest for twenty-four hours for better 
mixing. For recording absorption spectra of water vapour by 
the procedure described above we used the cell of length 2 m.

Figure 8 shows the experimental absorption spectra of water 
vapour in the mixtures with various buffer gases. One can see 
that both the broadening and shift (the value and direction) of 
absorption lines depend on the kind of the buffer gas.

The  spectra were  approximated  by  using  the  ‘hard-colli-
sion’  model  thoroughly  described  earlier.  The  procedure  of 
spectrum recording included the following stages. After evacu-
ating the analytical cell to a residual pressure of 1.3 ́  10–2 mbar 
the base line was recorded and saved, then the cell was filled 
with a sample gas mixture at the pressure that was continu-
ously controlled by the Elemer pressure meter. The procedure 
for  obtaining  the  optical  density D  by  using  the  Bouguer – 
Lambert – Beer law [21] was performed and the value found 
was accumulated over 128 samples. The results were saved to 
a computer memory and processed for fitting the experimental 
data to known model functions.

In this way, for various buffer gases the parameters of col-
lision  broadening,  line  shift  and  narrowing  of  the  doublet 
lines were obtained as functions of the gas mixture pressure. 
These dependences are presented in Fig. 9.

The coefficients of broadening, shift and narrowing obtained 
after processing the line profiles are presented in Table 3 along 
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Figure 8. Absorption spectra of water vapour (a) without a buffer gas and in the mixtures with (b) nitrogen, (c) air,  (d) helium, (e) argon and (f) 
xenon; the cell length is 2 m.
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with the concentrations of water vapour in the gas mixtures 
under study.

Broadening by xenon and argon was accompanied by the 
line profile  asymmetry  (Figs  8e and 8f), which  is not  taken 
into account by the Rautian – Sobelman profile. Seemingly, the 
effect of asymmetry is related to an additional, not taken into 
account, correlation of the fitting parameters of broadening 
and shift and to their dependence on relative velocities of col-
liding molecules [22, 23].

6. Conclusions

1. A two-channel DLS is created for studying absorption 
spectra of water vapour H2O in the near-IR range.

2. Software is developed for controlling the DLS and pro-
cessing  spectra  (linearization,  finding  the  central  frequency 
and intensity of lines).

3. The allowance is made for the influence of the instru-
mental function of the DL, which distorts profiles of absorp-
tion  spectral  lines.  The  width  of  the DL  generation  line  is 
found from fitting Doppler-broadened lines of H2O to theo-
retical profiles in the range 7184 – 7186 cm–1.

4. Intensities of absorption lines of H2O are measured in 
the range 7184 – 7186 cm–1 and compared to results of other 
investigations and HITRAN-2008 database.

5. The coefficients of broadening, shift and narrowing are 
obtained for absorption lines of H2O molecules in the range 
7184 – 7186 cm–1 in their collisions with various buffer gases. 
The effect of profile asymmetry was discovered for the absorp-
tion  lines  of  H2O  in  the  case  of  broadening  by  argon  and 
xenon.
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