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Abstract: The second overtone band (3-0) of pure hydrogen spectra at different 
temperatures and hydrogen gas densities is reviewed with particular emphasis on the most 
recent theoretical and experimental results. Different experimental and theoretical 
techniques were used to record and calculate the second overtone band profiles. The 
calculated theoretical binary and ternary absorption coefficients are in good agreement with 
experimental values obtained. Different line shapes were used to fit the experimental 
profiles. The fitting values are tabulated in the references therein. The goal of this article is 
to draw the attention of the absorption spectroscopy community to the fact that there have 
been only a few investigations on the latter subject on the second overtone band (3-0) on 
hydrogen, even though the investigations on the other bands are quite abundant. 
Keywords: Collision-induced spectroscopy, Infrared absorption, CIA, IR spectra, H2, 

Second overtone band, Line shape functions, Roto-vibrational state. 
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Introduction 

There has been substantial interest in the 
study of the hydrogen spectra driven by the fact 
that the hydrogen molecule is the simplest of all 
diatomic molecules. Further, hydrogen is the 
most abundant element in the atmospheres of the 
planets and stellar objects and constitutes about 
75% of all matter in the universe. Indeed, the 
collision mechanism of H2-H2 yields the 
associated thermal emission and absorption 
spectra. Within this context, the second overtone 
band of hydrogen is important for studies of both 
planetary and stellar atmospheres [1-8] and 
appears between the visible and the near-infrared 
spectral region, approximately between 11000 
and 13800 cm-1. The properties of this band have 
not been precisely delineated due to the 
weakness of absorption and the experimental 
difficulties encountered in its investigation. It 

consists of the short-range electron-overlap 
interaction and the long-range quadrupole 
induced transitions of the types:  

(a) single transitions (3 0) Q3(J) + Q0(J), S3(J) 
+ Q0(J) and Q3(J) + S0(J),  

(b) double transitions [(2 0) + (1 0)] Q2(J) + 
Q1(J), S2(J) + Q1(J), Q2(J) + S1(J) and S2(J) + 
S1(J), and  

(c) triple transitions [(1 0) + (1 0) + (1 
0)] Q1(J) + Q1(J) + Q1(J),  

where the subscripts 0,1,2 and 3 indicate ∆v, the 
change in the vibrational quantum number and J 
indicates the rotational quantum number. 

The collision-induced absorption spectrum 
(CIA) arises from transient electric dipole 
moments that exist during binary, ternary and 
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higher-order collisions. Three mechanisms 
contribute to the induction of an electric dipole 
moment: (a) the polarization of one hydrogen 
molecule in the multipolar field of another 
hydrogen molecule, (b) electron exchange in the 
H2-H2 molecule at near range and (c) the 
dispersion interaction. When the transient 
induced-dipole moments interact with the 
electromagnetic field from an infrared radiation 
source, the colliding molecules absorb infrared 
radiation in the spectral regions corresponding to 
roto-vibrational, pure rotational and translational 
states. The major properties of the absorption 
lines in this case are: (a) the line widths are 
large, typically 10-50 cm-1; (b) the absorption 
profiles and the integrated absorption 
coefficients ∫(𝑣) 𝑑𝑣 are proportional to the 
square and the cube of the density for pure gases 
in the case of binary and ternary collisions, 
respectively; (c) the integrated intensity of the 
band is temperature-dependent and (d) a dip at 
Q3(1) with characteristic low and high 
wavenumber components QP and QR is observed 
which is temperature-dependent. 

There have been many theoretical and 
experimental investigations on the CIA of the 
second overtone band of hydrogen at different 
temperatures [1-20]. Initially, Herzberg 
identified a diffuse feature at 12093 cm-1, 
observed in the spectra of Uranus and Neptune 
by Kuiper earlier, as the collision-induced S3(0) 
line of the second overtone band of H2 [2]. 

Later, Herzberg photographed the second 
overtone band of H2 at a gas pressure of 100 atm 
at 78K with a path length of 80 m. Herzberg 
interpreted the spectrum as consisting of a pure 
second overtone band, in which one of the two 
colliding molecules makes a vibrational 
transition Δν = 3 such as: Q3(J) + Q0(J)  and a 
double vibrational band in which one molecule 
makes a vibrational transition  Δν = 2, while the 
second molecule makes a vibrational transition 
Δν = 1, such as: Q1(J) + Q2(J), Q1(J) + S2(J) and 
Q2(J) + S1(J) [3]. Subsequently, Hunt recorded 
the same band at room temperature and pressures 
up to 2200 atm [4]. 

A few years later, Mckellar and Welsh 
recorded the second overtone band spectra of H2 
at gas densities of about 37 amagat (1amagat = 
44.614981 mol/m3) at 85 K with a path length of 
137m. Their analysis of the absorption profiles 
showed several discrepancies between the 
experimental and calculated profiles. They 

suggested that these discrepancies arise because 
of the overlap-induction contribution to the 3-0 
band that has not been included in their 
calculations [5, 6].  

Further down the road, Gillard recorded the 
induced spectra of H2 and D2 in the second 
overtone region at 77K and densities in the range 
500-930 amagat using a 2m absorption cell. He 
was the first to record the second overtone band 
of deuterium. Further, he also interpreted the 
observed peaks in the spectra and calculated the 
binary and ternary absorption coefficients of the 
measured integrated absorption. But, he met 
some difficulties in the analysis of the CIA 
spectra due to lack of information on the 
available values of the quadrupole-moment 
matrix elements, polarizability and anisotropy of 
the polarizability of H2 and D2 [7]. 

Fan Xiang recorded the absorption spectra of 
the second overtone region of H2 for gas 
densities up to 1000 amagat at 77, 201 and 298 
K using a 2m absorption cell. He observed a dip 
at Q3(1) with characteristic low and high 
wavenumber components QP and QR. The dip 
occurs due to the short-range electron-overlap 
interaction of the collisions of the second 
overtone band. Good agreement between the 
experimental and calculated absorption profiles 
has been obtained by reducing the matrix 
elements of the quadrupolar moment <0J|Q|v'J'> 
for the first and second overtone band by a factor 
of 0.68 [8]. Reddy et al. [9] presented the first 
observation of simultaneous vibrational 
transitions involving three molecules in CIA 
spectra. They analyzed the experimental profiles 
resulting from triple-collision transitions using 
the Lorentz line-shape function as well as 
Birnbaum-Cohen line-shape function. 

Brodbeck et al. recorded the CIA spectra of 
H2 in the region of the second overtone at 0.8µm 
and temperatures of 298 and 77.5 K for gas 
densities ranging from 100 to 800 amagats. The 
spectra were recorded with a Fourier transform 
spectrometer using two high-pressure absorption 
cells. These authors obtained the binary 
absorption coefficients by extrapolating their 
measurements and compared the calculated 
binary absorption coefficients with results from 
ab initio calculations [11, 12]. More recently, 
Abu-Kharma [18-20] studied the second 
overtone bands of hydrogen and deuterium at 
different temperatures for gas densities up to 
1000 amagat. Also, the binary and ternary 
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absorption coefficients have been determined. 
Satisfactory agreement between the calculated 
and the recorded profiles has been observed.  

Many methods have been used to calculate 
the spectral lines of the second overtone band [7-
19]. In parallel to experimental research, 
theoretical investigations took place, such as 
those following. Yi Fu et al. conducted a 
quantum mechanical computation of the 
collision-induced roto-vibrational absorption 
spectra of hydrogen in the second overtone band 
[13]. Borysow et al. presented a semi-empirical 
numerical method to compute the binary 
collision-induced roto-vibrational absorption 
spectra of hydrogen molecules in the second 
overtone band of hydrogen, at temperatures from 
50 to 500 K [14]. They compared their semi-
empirical model with the CIA spectra of normal 
hydrogen for the second overtone band at 77.5 K 
and 298 K measured by Brodbeck et al. [15]. 
Brodbeck et al. studied the CIA spectra in the 
second overtone region at ambient and liquid 
nitrogen temperatures. They found good 
agreement between the experimental and 
calculated binary absorption coefficients [11, 
12]. Abel studied the CIA in the roto-
translational band of H2-H2 and in the 
fundamental, first and second overtone bands of 
H2 in dense hydrogen gas. He compared the 
existing measurements of the latter overtones of 
H2 with ab initio calculations based on new 
dipole and potential energy surfaces. Over the 
full range of frequencies considered, the 
agreement between theoretical calculations and 
measurements is remarkable. His method can 
reproduce the measured spectra with high 
accuracy [16]. Abel et al. [17] computed the 
binary absorption coefficients at wavelengths 
near 5 µm at temperatures of 77.5 and 297K 
based on an ab initio interaction-induced dipole 
surface of collisionally interacting molecular 
hydrogen pairs H2-H2 and compared their results 
with an existing laboratory measurement. 

Moraldi and Frommhold [10] studied the 
triple transition Q1(J1) + Q1(J2) + Q1(J3) near 
12466 cm-1 in compressed hydrogen. They used 
the model of the overlap-induced, irreducible, 
ternary dipole component of three interacting H2 
molecules to calculate the intensity of the triple 
Q1 transition observed by Reddy et al. [9] in pure 
hydrogen gas near 12466 cm-1. The calculated 
intensities agree with measurements within a 
factor of 2 or 3.  

In the present paper, we present the collision-
induced absorption spectra of H2-H2 with 
emphasis on the second overtone band. Also, we 
include the most recent experimental and 
theoretical results.  

Experimental and Theoretical Details  

The pressure cells used in the CIA 
experiments are constructed of polished stainless 
steel and equipped with sapphire windows. The 
lengths of the cells are 300.5 cm, 215.25 cm [11, 
12], 194.2 cm, 194.5cm, 194.8cm [7,8]. Further, 
an absorption optical path of 80m or 137m 
length has been obtained with a cell 3.5 m long 
[5]. 

The spectra are recorded using different 
spectrometers: 

1- A Perkin-Elmer model 112G single beam 
double pass grating spectrometer equipped 
with a plane grating of 300 lines/mm. The 
spectral resolution is ~2cm-1 at 11782 cm-1. 

2- A Bruker IFS 66V FT spectrometer with a 
resolution of 0.5 cm-1.  

The infrared source of radiation is a General 
Electric FFJ 600 W quartz line projection lamp 
housed in a water-cooled brass jacket. 

Different detectors suitable and sensitive to 
the second band region have been used: 

1- A Hammamatsu model R758 
photomultipliers tube. 

2- A Si diode running at room temperature. 

For more experimental details, the reader is 
referred to the references therein. 

Binary and Ternary Absorption Coefficients  

The absorption coefficient () of a pure gas 
at a given wavenumber  is: 

(𝑣) =
ଵ

௟
ln ቂ

ூబ(௩)

ூ(௩)
ቃ            (1) 

where I0 (𝑣) is the transmitted intensity of the 
radiation source through an evacuated cell of 
optical path length l and I (𝑣) is the transmitted 
intensity through the cell which contains the 
absorbing pure gas at a given density  (amagat). 
The dimensionless absorption coefficient reads: 

෥(𝑣) ≡
(௩)

௩
             (2) 

which is given by: 

෥(𝑣) = ∑
෥೙೘

బ ௐ೙(∆௩)

ଵା௘(ష೓೎∆ೡ/ೖ೅)௠ ௡            (3) 
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where n stands for the induction mechanism and 
n = ov, q or h are overlap, quadrupolar or 
hexadecapolar induction, respectively, m 
represents a specific transition arising from a 
given mechanism, ෥௡௠

଴  is a parameter equal to 
twice the maximum absorption coefficient at the 
frequency 𝑣௠ and 𝑊௡(∆𝑣) with ∆𝑣 = 𝑣 − 𝑣௠ 
represents the line shape function of the n type. 
The factor ൣ1 + 𝑒(ି௛௖∆௩/௞்)൧ satisfies the 
detailed balance condition and converts the 
symmetric into asymmetric line shape function.  

The integrated absorption coefficient for the 
pure gas is given by: 

∫(𝑣)𝑑𝑣 = ଵଶ + ଶଷ + ⋯           (4) 

where ଵand ଶ are the binary and ternary 
absorption coefficients. Eq. (4) can be rewritten 
in the form: 

(1 ଶ⁄ ) ∫(𝑣)𝑑𝑣 = ଵ + ଶ + ⋯          (5) 

The plot of (1 ଶ⁄ ) ∫(𝑣)𝑑𝑣 versus  gives a 
straight line of slope ଶ and an interception of 
ଵ. The integrated binary absorption coefficient 
due to quadrupole induction for a given band is 
given by Poll [21]: 

𝛼෤௤௠ =
ଵ

ఘమ ∫
೘(௩)

௩
𝑑𝑣 =

ସ௘మగమ

ଷℏ௖
𝑛଴

ଶ 𝑎଴
ହ ቀ

௔బ

ఙ
ቁ

ହ
𝐽ሚଶ𝑋ଶ௠  

        (6) 
where 

𝑋ଶ௠ =

∑ 𝑃௝ଵ𝑃௝ଶ

⎣
⎢
⎢
⎢
⎢
⎡

𝐶(𝐽ଵ2𝐽ଵ
ᇱ ; 00)ଶ⟨𝑉ଵ 𝐽ଵ|𝑄ଶଵ|𝑉ଵ

ᇱ 𝐽ଵ
ᇱ⟩ଶ 

𝐶(𝐽ଶ0𝐽ଶ
ᇱ ; 00)ଶ⟨𝑉ଶ 𝐽ଶ|𝛼ଶ|𝑉ଶ

ᇱ 𝐽ଶ
ᇱ ⟩ଶ

+𝐶(𝐽ଶ2𝐽ଶ
ᇱ ; 00)ଶ⟨𝑉ଶ 𝐽ଶ|𝑄ଶଵ|𝑉ଶ

ᇱ 𝐽ଶ
ᇱ ⟩ଶ 

𝐶(𝐽ଵ0𝐽ଵ
ᇱ ; 00)ଶ⟨𝑉ଵ 𝐽ଵ|𝛼ଵ|𝑉ଵ

ᇱ 𝐽ଵ
ᇱ⟩ଶ ⎦

⎥
⎥
⎥
⎥
⎤

+

𝑌ଶ௠              (7) 

and 

𝐽ሚଶ = 12𝜋 ∫ 𝑥ି଺ 𝑔଴ (𝑥)
ஶ

଴
dx.           (8) 

where e is the charge of an electron, 𝑛଴ = 
2.3871019 molecules/cm3 is Loschmidt's 
number, 𝑎଴ is the Bohr radius and  is the 
intermolecular separation corresponding to the 
intermolecular potential V() = 0, ⟨𝑣𝑗|𝑄ଶ|𝑣′𝑗′⟩ is 
the matrix element for the quadrupole induction, 
⟨𝑣𝑗|𝛼|𝑣′𝑗′⟩ is the matrix element of the isotropic 
polarizability, 𝑔଴ (𝑥) is the pair correlation 
function for the gas, 𝑥 = 𝑅 𝜎⁄ , R being the 
intermolecular separation and the numbers 1 and 
2 refer to the two colliding molecules. PJ stands 
for the normalized Boltzmann factors:  

𝑃௃ =
௚೅(ଶ௃ାଵ)௘

ቀషಶ಻ ೖ೅⁄ ቁ

∑ ௚೅(ଶ௃ାଵ)௘
ቀషಶ಻ ೖ೅⁄ ቁ

಻

           (9) 

with 𝑔் being the nuclear statistical weight of 
the molecule in each rotational state, 𝐸௃ is the 
rotational energy and 𝑔் is 1 and 3 for the even 
and odd J, respectively, for H2. C(JLJ';00)'s are 
Clebsch-Gordan coefficients, the values of 
which are given by Rose [25]. The Y2m term is 
small compared to X2m and accounts for the 
contribution of the anisotropy of polarizability of 
the quadrupole transitions.  

The Line Shape Function 

The line shape function in Eq. (3), 
𝑊௡(∆𝑣) for the overlap transition is represented 
by: 

𝑊௢௩ (∆𝑣) = ൤ቀ
ଶ∆௩

ఋ೏
ቁ

ଶ
𝐾ଶ ቀ

ଶ∆௩

ఋ೏
ቁ൨ ቈ1 −

𝛾 ൜1 + ቀ
∆௩

ఋ೎
ቁ

ଶ
ൠ

ିଵ

቉          (10) 

It is formed of two parts: the intra-collisional 
line shape function (Levine-Birnbaum shape 
function) and the inter-collisional line shape 
function [26], where K2 is the modified Bessel 
function of the second kind, d is the intra-
collisional half-width at half-height,  is a 
constant that equals one unit yields zero 
absorption at the dip at m and c is the inter-
collisional half-width at half -height equal to 
(1 2𝜋 𝑐𝜏௖⁄ ), where 𝜏௖ is the mean time between 
collisions. 

The line shape function for the quadrupolar 
transitions is given by: 

(a) the dispersion-type function: 

𝑊௤(∆𝑣) =
ଵ

ଵା൬
∆ೡ

ഃ೜
൰

మ           (11) 

where 𝛿௤ is the quadrupolar half-width at half-
height. Gillard [7] modeled quadrupolar 
transitions with a modified dispersion line-shape 
function: 

𝑊௤(∆𝑣) =
ଵ

ଵା൬
∆ೡ

ഃ೜భ
൰

మ

ା൬
∆ೡ

ഃ೜మ
൰

ర         (12) 

where the fourth-power term better reproduces 
the spectrum. 

(b) The Birnbaum-Cohen (BC) line shape 
function is given by: 
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𝑊௤
஻஼(𝛥𝜐) =

ଵ

ଶగమ௖ఋభ
exp ቀ

ఋభ

ఋమ
ቁ exp ቀ

௛௖௱జ

ଶ௞்
ቁ

௭௄భ(௭)

ଵା(௱జ భ⁄ )
        (13) 

where 

𝑧 = [1 + (𝛥𝜐𝛿ଵ)ଶ]ଵ ଶ⁄ ൤ቀ
ఋభ

ఋమ
ቁ

ଶ
+ ቀ

௛௖ఋభ

ଶగ௞்
ቁ

ଶ
൨

ଵ ଶ⁄

 (14) 

∆𝑣 = 𝑣 − 𝑣௠, K1(z) is a modified Bessel 
function of the second kind of order 1, 𝛿௜ =
1 2𝜋𝑐𝜏௜⁄  is a wavenumber parameter and 𝜏௜ is a 
characteristic time in the dipole moment 
correlation function. Lewis [22] modified the BC 
line-shape with a new one referred to as the 
Lewis-Birnbaum-Cohen (LBC) line-shape which 
is given by: 
𝑊௅஻஼(∆𝜔) =

ଶ

ଵା௘షഁℏ∆ഘ

௘ഓమ ഓభ⁄

గ

ఛమ

ටଵା∆ఠమఛభ
మ

𝐾ଵ ቀඥ1 + ∆𝜔ଶ𝜏ଵ
ଶ 

ఛమ 

ఛభ 
ቁ 

           (15) 

where ∆𝜔 = 𝜔 − 𝜔௠ + 𝜔௦, with 𝜔௠ being the 
frequency of the mth transition (𝜔 = 𝑐/𝑣). The 
LBC line-shape function is derived from the BC 
line-shape function with a slight modification of 
the procedure used. Beside the semi-line-shapes 
discussed earlier, there are:  

(a) A semi-empirical numerical method to 
calculate the binary collision-induced roto-
vibrational absorption spectra of H2-H2 
complexes in the second overtone region of 
hydrogen at temperatures from 50-500 K. The 
numerical procedure uses simple analytical 
model line-shapes and can generate the roto-
vibrational CIA spectra of hydrogen pairs 
easily [14].  

(b) Quantum line-shape functions which are 
derived from quantum mechanical 
computations of the roto-vibrational CIA 
spectra of H2-H2 in the second overtone band 
[13]. 

Results and Discussion  

Summary of Experimental Work 

Illustrative examples of CIA spectra of the 
H2-H2 second overtone band in the pure gas at 
77, 86, 201 and 298 K are shown in Figs. (1-4). 
Fig. 5 represents absorption profiles of the 
second overtone band of gaseous H2-H2 at 77, 
201 and 298K obtained with a two-meter cell. 
Also, typical absorption profiles of deuterium in 
the pure gas at 77K and densities 685, 830 and 
929 amagat in the second overtone region are 
shown in Fig. 6 by a plot of Log [I0(ν)/I(ν)] 

versus the wave number (cm-1). The recorded 
profiles mainly consist of the overlap component 
which occurs due to the short-range electron-
overlap interaction of the collisions and the long-
range quadrupole-induced transitions of the 
single, double and triple transitions. The possible 
quadrupolar and overlap transitions which 
contribute significantly to the absorption at 
different temperatures are listed in Table 1. 
These transitions are calculated from the 
constants of the free hydrogen molecules (Foltz 
et al. for v=3 and Bragg et al. for v=0,1 and 2 
[23,24]).  

Several features of these profiles are worth 
mentioning. First, the appearance of a 
characteristic dip in the Q3(J) lines with its low 
and high wave-number maxima QP and QR. The 
separation between QP and QR increases with 
density and becomes more obvious at room 
temperature. Further, the dip position is shifted 
to high wave-numbers with increasing density. 
The sharp absorption dip occurs due to the inter-
collisional interference effect which arises from 
the negative correlations existing between the 
short-range overlap of dipole moments induced 
in successive collisions [26]. It appears that 
either the overlap induction is active in the 1-0, 
3-0, 5-0, … etc. bands and absent in the 2-0, 4-0, 
6-0, … etc. bands; or it is absent for some reason 
only in the first overtone band [5]. In the future, 
we shall seek to find an explanation for the latter 
absence. The line width increases with 
temperature. Second, the spectral band profiles 
defined by [1/l2] Ln(I0)/(I) vary significantly 
with the gas density  [12]. The increase of () 
with the density, observed in the region 12400-
12600 cm-1, may be partially arising from the 
contribution of the ternary transitions. Third, the 
quadrupolar lines in the second overtone profiles 
appear to be somewhat narrower than the 
corresponding lines in the fundamental and first 
overtone bands. This is attributed to the 
diffusional narrowing which occurs at high 
densities used to record the second overtone 
region. Fourth, the recorded profile at 86 K 
shows no dip in the Q3(J) branch and only five 
peaks are displayed because of the low gas 
density used. Fifth, the number of peaks 
increases with decreasing temperature, as shown 
in Figs. 1 to 4. Absorption peak positions and the 
assignments of the transitions contributing to 
these peaks are listed in Table 2. The observed 
positions of the peaks 1 to 9 and their 
assignments are listed in Tables 1 and 2. 
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FIG. 1.  Absorption profiles of the second overtone band of H2 at 77 K with a path length of 194.2 cm. 

  

  

 
FIG. 2.  Absorption profile of the second overtone band of normal hydrogen at 86 K with a path length of 137m 

[5]. 
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FIG. 3.  Absorption profiles of the second overtone band of H2 at 201 K with a path length of 194.5 cm.  

  

  

 
FIG. 4.  Absorption profiles of the second overtone band of H2 at 298 K with a path length of 194.8 cm. 
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FIG. 5. Absorption profiles of the second overtone band of H2 at 77, 201 and 298 K.  

  

  

 
FIG. 6.  Absorption profiles of the D2 second overtone region at 77K with a path length of 194.6cm. 
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TABLE 1. Transitions that contribute to the (3-0) band of H2-H2 at different temperatures. 

# Transitions Wavenumber (cm-1) 
Number of components 

for different temperatures 

1 
Single 

Transitions 

Q3(J=0-5) + S0(J=0-5) 
Q3(J=0-5) + Q0(J=0-5) 
S3(J=0-3) + Q0(J=0-5) 
S3(J=0-3) + S0(J=0-3) 

11532-12997 
11550-11678 
12085-12754 
12439-13595 

4-22 
4-24 
4-24 
4-13 

2 
Double 

Transitions 

O1(J=2-5) + S2(J=0-4) 
S1(J=0-3) + O2(J=2,3) 
Q1(J=0-5) + Q2(J=0-4) 
Q1(J=0-5) + S2(J=0-5) 
S1(J=0-5) + Q2(J=0-3) 
S1(J=0-2) + S2(J=0-3) 

11498-12899 
11986-12597 
11988-12248 
12480-13376 
12412-13534 
12904-13702 

0-16 
0-8 
4-22 
4-31 
4-22 
4-13 

3 Triple Q1(J1) + Q1(J2) + Q1(J3) 12300-12700 8 
4 Overlap transition Q3ov(J=0-5) 11793-11798 2-5 

 

TABLE 2. Assignment of the observed absorption peaks and the dip of the H2-H2 second overtone 
region. 

Peak 
number 

Wavenumber of 
observed peak cm-1 

at 77K [7,8,19] 

Wavenumber of 
observed peak 
cm-1 at 201 [8] 

Wavenumber of 
observed peak 
cm-1 at 85 [5,6] 

Wavenumber of 
observed peak cm-1 

at 298 [8,20] 

Assignment 

1 11773-11775 11732 11765-11782 11740 Q3(J)+Q0(J) 
2 11793-11798 - - - Q3(J) overlap dip 
3 12120 - 12085-12137 - S3(0)+Q0(J), 

Q3(J)+S0(0) 
4 12226-12227 12255 12230-12369 12255 S3(1)+Q0(J), 

Q2(J)+Q1(J) 
5 12345 - - - Q3(J) +S0(1) 
6 12560-12562 12572 12568-12585 12571 S2(0) +Q1(J), 

Q2(J) +S1(0) 
7 12760-12762 12786 12760-12800 12780 S2(1) +Q1(J), 

Q2(J) +S1(1) 
8 13100-13107 - - - S2(1) +S1(0), 

S2(0) +S1(1) 
9 13310 - - - S2(1) +S1(1) 

 
The integrated absorption coefficients 

∫ 𝛼()𝑑  of the second overtone region are 
determined by integrating the areas under the 
experimental profiles. Fig. 7 represents a plot of 
(1 𝜌ଶ⁄ ) ∫ 𝛼()𝑑 versus density  for the 
experimental profiles at 298, 201 and 77K. The 
intercept and the slope of the best straight line, 
which gives the values of the binary and ternary 
absorption coefficients, respectively, are 
calculated by a least-square fit of the 
experimental data. The binary and ternary 
absorption coefficients obtained by different 
researchers are given in Table 3. 

An example of the profile analyses is shown 
in Fig. 8. The B-C and L-B lines were used for 
this purpose. We fit the Birnbaum-Cohen (BC) 

line shape function to the experimental profiles. 
The BC function is given by: 

 

            (16) 

where 

  

           (17) 
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FIG. 7. (1 𝜌ଶ⁄ ) ∫ 𝛼()𝑑  versus density  for the experimental profiles at 298, 201 and 77K. 

  

 
FIG. 8.  Analysis of the absorption profile of the second overtone band of H2-H2 in the pure gas density 891 

amagat at 77 K, density 785 amagat at 201 and density 678 amagat at 298K. The black curve is the 
experimental profile. The blue square represents the summation of single, double and overlap transitions. The 
curve represented by red circle around 12,460 cm-1 is the difference between the experimental and the 
previous sum and is attributed to the triple transitions of the type QI (J1) +QI(J2) +QI(J3). 
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TABLE 3. The binary and ternary absorption coefficients of hydrogen and deuterium (experimental 
and theoretical values). 

Temperature Binary absorption coefficient 
1×10-6 (cm-2amagat-2) 

Ternary absorption coefficient 
2×0-9 (cm-2amagat-3) 

77K H2 (1.98±0.20) [19] 
(1.35±0.04) [8] ෥ଵ=4.53±0.3×10-39 (cm6s-1)] 
0.86±0.06[෥ଵ=4.4±0.3] ×10-39 (cm6s-1)] [7] 
[෥ଵ=7.18] ×10-39 (cm6s-1)] [7] 
(2.10) [11,12] 
(1.9) [11,12] (calculated) 

 
0.8±0.2 [8] 
0.76±0.08 [7] 

85K H2 [෥ଵ=5.4×10-39 (cm6s-1)] [5]  
201K H2 2.13±0.02 ෥ଵ=7.11×10-39 (cm6s-1)] [8] 0.4±0.1 [8] 
298K H2 (3.25±0.07) [20] 

(2.33±0.02) ෥ଵ=7.88×10-39 (cm6s-1)] [8] 
(3.14) 
(2.74) [11,12] (calculated) 

 
0.9±0.3 [8] 

77K D2 (0.17±0.05) [෥ଵ=0.78±0.24] ×10-39 (cm6s-1)] 
theory [2.14×10-39] [7] 

[෥ଵ=0.32±0.06] ×10-39 (cm6s-

1)] [7] 
 

It is applied in the case of quadrupolar, 
single, double and triple transitions. Also, the 
Levine-Birnbaum (LB) line shape function is 
applied for the overlap transitions and reads:  

  

      (18)  

A typical CIA spectrum of H2-H2 in the 3-0 
band recorded at a gas density of 891 amagat at 
77 K is shown in Fig. 9, where Log [I0()/I()] is 
plotted versus the wave-number (cm-1). The 
positions of several transitions are marked a long 
the wave-number axis. The black curve 
represents the experimental profile. The dashed 
curves show the individual quadrupolar 
components and the red solid line represents the 
individual overlap components. The green 
circles represent the sum of the overlap and the 
quadrupolar components.  

A good fit between the experimental and the 
synthetic profile is obtained except in the range 
12300-12700 cm-1. The difference between the 
recorded and the sum profile is interpreted as 

arising from the triple transitions Q1(J1) + Q1(J2) 
+ Q1(J3) of hydrogen with (J1, J2, J3) tacking 
values (111), (110), (100) and (000). These 
transitions contribute to the absorption, where J 
takes values 0 and 1 at 77K. Fig. 10 represents 
absorption profiles of the triple transitions of the 
type Q1(J1) + Q1(J2) + Q1(J3) of H2 at 77, 201 and 
298 K at different densities of the gas in the 
second overtone region. The plot of 
(1 𝜌ଷ⁄ ) ∫ 𝛼()𝑑 versus gas density  for the 
triple transition profiles of H2 at 77, 201 and 
298K is given in Fig. 10. The intercepts obtained 
from the least-square fit give the ternary 
absorption coefficients. The calculated values 
are listed in Table 3.  

Profile analyses of the recorded spectrum 
were carried out using the Birnbaum-Cohen 
(BC) line shape function for the quadrupolar 
transitions and the Levine-Birnbaum (LB) line 
shape function for the overlap transitions. The 
observed spectra were modeled with synthetic 
profiles, which are composed of the 
superposition of an overlap-induced profile and a 
quadrupolar induced profile. The values of the 
fitting parameters at different temperatures are 
given in Table 4. 
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FIG. 9.  Analysis of an absorption profile of normal H2 in the pure gas at 891 amagat and 77 K in the second 

overtone region. Here, the rotational quantum number J takes the values 0 to 3. The black curve is the 
experimental profile. The red curve represents the computed overlap-induced profiles, while the dashed 
curves are quadrupoler-induced profiles. The green circles represent the sum of the computed overlap and 
quadrupolar components. The difference between the experimental and the sum represented by the curve in 
open circles is the contribution due to triple transitions. 

 
FIG. 10. Absorption profiles of the triple transitions of H2-H2-H2 and (1 𝜌ଷ⁄ ) ∫ 𝛼()𝑑  versus density  for the 

experimental profiles at 298, 201 and 77K. 
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TABLE 4: Results of profile analysis of H2-H2 in the 3-0 band [8, 9]. 

T 
Intra-

collisional 
half-width 

Collision 
duration 

Quadrupolar 
half-width 

Collision 
duration 

BC 
Profile 

parameters 

BC 
Profile 

parameters 

Overlap 
contribution 

Quadrupolar 
contribution 

(K) 𝛿ௗ (cm-1) 𝜏ௗ (10-14s) 𝛿௤ (cm-1) 𝜏௤(10-14s) 𝛿ଵ (cm-1) 𝛿ଶ (cm-1) (%) (%) 
77 983 5.4 501 11.1 473 3154 11 89 
201 1043 5.1 821 6.5 1001 2973 15 85 
298 1186 4.5 1063 5.0 1355 2644 19 81 

 

Summary of Theoretical Work  

A semi-empirical numerical method has been 
used to compute the binary collision-induced 
roto-vibrational spectra of hydrogen complexes 
in the second overtone region at different 
temperatures. Also, quantum mechanical 
computation was used to calculate the second 
overtone profile of hydrogen [11-14].  

This code is modified by Borysow and her 
group. Illustrative examples are given in Fig. 11 
and Fig. 12. Fig. 11 shows two profiles 
calculated at 77 and 298K using the semi-
empirical method. Fig. 12 represents two profiles 
calculated with two methods of normal hydrogen 
at 77K. These figures are calculated using the 
code given by Borysow, see: 

https://www.astro.ku.dk/~aborysow/programs/.  

  
FIG. 11. Two profiles of the CIA spectra calculated theoretically at 77 and 298K. 

  
FIG. 12. Theoretical calculations of the CIA spectra of hydrogen at 77K. 
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Conclusion  

The spectra of the second overtone band of 
H2-H2 at 77, 201 and 298K were recorded for 
different gas densities. Profile analyses of these 
spectra were carried out using the Birnbaum-
Cohen (BC) line shape function for the 
quadrupolar transitions and the Levine-
Birnbaum (LB) line shape function for the 
overlap transitions. The observed spectra were 
modeled with synthetic profiles, which are 
composed of the superposition of an overlap-
induced profile and a quadrupolar induced 
profile. Satisfactory agreement of the 
measurements with the calculated profiles was 
observed. The calculated binary and ternary 

absorption coefficients are in good agreement 
with theoretical values found by other 
researchers. 

We have reviewed the second overtone band 
spectra of H2-H2 spectra at different temperatures 
and densities that were studied since 1949. The 
aim of this article has been to shed more light on 
the important results obtained since then. 
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