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The room-temperature nitrogen- and oxygen-broadening coefficients of hydrogen

cyanide spectral lines have been measured in the 0.5–3 THz (17–100 cm�1) frequency

range (purely rotational transitions with 5pJp36) by a continuous-wave terahertz

spectrometer based on a photomixing source. An improved version of the Robert and

Bonamy semiclassical formalism has been used to calculate the oxygen-broadening

coefficients and resulted in a good agreement with these measurements. The nitrogen

and oxygen data are combined to provide the air-broadening coefficients as used by the

HITRAN database. A significant difference is observed between the measured and

tabulated values for transitions with high values of the rotational quantum number.

A new polynomial representation is suggested for inclusion in HITRAN. A similar

polynomial expression has been derived for the nitrogen broadening to aid the studies

of Titan’s atmosphere.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen cyanide (HCN) is an important gas in astrophysical and atmospheric research. It is present in comets,
interstellar clouds and the atmospheres of some planets and moons such as Titan for example [1,2]. Therefore, an extensive
knowledge of its spectroscopic parameters is very important and they are tabulated in the major spectroscopic databases
such as HITRAN [3]. The knowledge of HCN spectral parameters is also important for the star formation models as well as
for industrial pollution monitoring and burning of bio-mass. The HCN line broadening by various foreign gases is of
particular interest. For example, the values of the foreign gas broadening parameters can be used to estimate temperatures
and concentrations of the gas in different astrophysical objects [4]. There have been extensive experimental studies of these
broadening parameters in the infrared region for air and N2 perturbation [5–8] and references therein. The terahertz (THz)
region has been studied far less extensively and only the N2-broadening parameters have been measured using a far-
infrared Fourier spectrometer [9]. The O2-broadening data in any spectral region are very limited. The purpose of the
experiments described in this paper is to extend the available oxygen-broadening information. The N2-broadened
coefficients have also been measured allowing the air-broadening coefficients to be determined.
ll rights reserved.
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Computations of collisional broadening coefficients for HCN–N2 system are currently available for (0,1, 0) band at room
[10] and low [11] temperatures in the framework of the traditional Robert and Bonamy (RB) semiclassical approach with
parabolic trajectories for the relative molecular motion [12]. Recently, the room-temperature coefficients had been also
evaluated [13] by the improved version of the RB formalism [14] involving the exact solutions of the classical equations of
motion [15] (RBE). In contrast, the oxygen-broadening coefficients for HCN (vib)rotational lines to our knowledge have
never been computed. We present therefore their theoretical values by the semiclassical RBE approach. Since for the case of
two linear molecules this approach had been already discussed in detail elsewhere [14], in Section 4 we briefly present its
key features and main formulae relative to the linewidth calculation. The numerical results are given and compared with
the experimental data in Section 5. In Section 6, the air-broadening coefficients deduced from the measured data are
compared to existing infrared data and are used to determine a new polynomial function which is suggested for inclusion
in HITRAN as it extends to higher rotational levels.
2. Experimental procedure

The use of ultra-fast electronic components and optical heterodyning or ‘‘photomixing’’ can provide access to
frequencies from 0.1 to 3 THz (3.3–100 cm�1). Photomixing [16] is a frequency down-conversion technique where two
lasers close in frequency are used to create a beatnote at the target frequency. A semiconductor material with a suitably
short carrier lifetime is employed to convert the beatnote into an electrical current which is subsequently radiated by an
antenna. Photomixing sources have already demonstrated their utility for the spectroscopy of gases [17–20] along with the
quantitative analysis of complex samples such as cigarette smoke containing many chemical species and a high degree of
aerosols [21].

A continuous-wave terahertz (CW-THz) spectrometer was constructed using a photomixing radiation source, Fig. 1. The
instrument can be divided into the following functional units: a dual-frequency optical source, the photomixer element, a
THz beam propagation path including the sample cell and a detector (bolometer). The optical source contains two (Toptica
DL-100) extended cavity diode lasers (ECDL) operating at 780 nm. The lasers are spatially mixed using a beam splitter to
create a beatnote in the THz frequency range. In order to optimize the spectral resolution of the source, a frequency
stabilization scheme was applied to each laser. The first laser was frequency locked to a saturated absorption feature of the
rubidium D2-line, using commercially available apparatus (TEM Messtechnik, CoSy). The second laser was stabilized using
a low-contrast Fabry–Pérot interferometer system (TEM Messtechnik, iScan). Unlike many Fabry–Pérot systems that can
only provide information at the resonant frequency, the advantage of this low-contrast interferometer is that it is capable of
providing a stabilization signal at any frequency. An error signal generated by the difference between an arbitrary set-point
and the Fabry–Pérot is applied to the peizoelectic element of the laser. Hence the laser can be frequency scanned across its
gain profile with an active frequency correction being provided by the interferometer. In the particular case of an ECDL, the
fine adjustment of the grating alignment using the piezoelectric allows a continuous tuning range of around 10 GHz to be
routinely obtained. Larger frequency steps are realized by manual adjustments of the grating alignment along with current
and temperature of the laser diode. A tapered semiconductor optical amplifier (Toptica, BoosTA) was used to increase
available power of the dual-frequency source up to 1.5 W. To verify the correct operation and stabilization of the lasers and
Fig. 1. CW-THz spectrometer composed an optical source, the photomixer element, THz beam propagation path and bolometer. Optical isolators are

placed at the entry and exit of the amplifier.
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Fig. 2. Beatnote between two ECDL, measured at the exit of the tapered amplifier with a sweep time of 5 ms.
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the amplifier, a microwave beatnote was measured using a fast photodiode and a spectrum analyzer, Fig. 2. The spectral
purity of the beatnote was determined to be 0.5 MHz at �3 dB.

The photomixing elements were fabricated by the Institut d’Electronique de Microélectronique et de Nanotechnologie
(IEMN, Lille, France). They consist of a GaAs substrate with a 1mm layer of low-temperature grown GaAs (LTG-GaAs)
deposited by molecular beam epitaxy at a temperature of 300 1C. An electrode array and the radiating antenna are
patterned on the device surface using electron beam lithography. The electrode array has a dimension of 8mm�8mm and
consists of 5 interdigitated electrodes each of 0.2mm width. The electrode array is located at the center of a pair of log spiral
antenna. The dual-frequency laser beam is focused onto the center of the electrode array to which a voltage VBIAS is applied.
The LTG-GaAs has a sufficiently short carrier lifetime in order to conserve the difference frequency of the THz beatnote;
hence, a corresponding current iTHz is created. The current is coupled to the broadband spiral antenna radiating a THz
electromagnetic wave. This device is capable of producing up to 100 nW of THz radiation and operating at frequencies
between 0.1 and 3 THz. The highly divergent THz beam produced by the photomixer is collimated by a combination of a
hemispherical silicon lens placed on the device substrate and a metal off-axis parabolic mirror. The collimated beam passes
through a sample chamber of length 104 mm by means of two Teflon windows before being focused onto the detector by a
second parabolic mirror. The detector used is a silicon bolometer operating at 4.2 K and having a noise equivalent power of
2.0�10�12 W/Hz1/2.

Gaseous HCN was produced by reacting potassium cyanide with phosphoric acid. Due to the strong permanent dipole
moment of HCN which results in particularly intense rotational transitions, a small quantity, typically 0.02 mbar, of HCN
was introduced into the sample chamber and subsequently diluted with either nitrogen or oxygen. Resulting maximum
observed absorptions remained smaller than 90%. Spectra were recorded for the ground-state (0, 0, 0) and upper
degenerated-state (0,12

1, 0) HCN transitions in the frequency range of 0.53–3.26 THz (J ¼ 5 to 36). An instrument
background recorded under identical conditions accompanies each measured spectra, as illustrated in Fig. 3. The
oscillations present in the data are caused by a Fabry–Pérot effect established between the photomixer and the bolometer.
The periodicity corresponds to the total length of the THz propagation path of 81 cm. For each transition examined, a
minimum of 15 independent spectra were recorded covering pressures up to 40 mbar.
3. Results and data analysis

The measured spectra were normalized by an instrument background and fitted, taking account of the Beer–Lambert
law, to a Voigt profile based on the complex probability function [22] by a non-linear minimization routine. Typical
normalized data are presented in Fig. 4 showing the broadening of HCN by oxygen. The Doppler contribution was
calculated for each transition, while the collisional broadening DuHWHM, integrated line intensity area and center frequency
were minimized for each recorded spectrum. The collisional broadening was determined for both oxygen and nitrogen as a
function of pressure up to total pressures of 40 mbar.

The broadening coefficients gHCN�O2
and gHCN�N2

were determined by the linear regression of these data for each
transition and are presented in Tables 1 and 2. An example is presented in Fig. 5 for the oxygen broadening of the line
corresponding to the transition J ¼ 22’21 at 1946.2 GHz where the calculated Doppler broadening HWHM is 2.3 MHz. As
expected, the oxygen- and nitrogen-broadening coefficients decrease with increasing J, Fig. 6, and the interaction with
nitrogen is approximately 1.7 times stronger than for oxygen. The correct operation of the spectrometer was confirmed by
comparison of the nitrogen-broadening results with those previously published by Sergent-Rozey et al. [9], Table 1. For the
majority of the lines, the difference between these data sets is commensurate with the measurement uncertainties.
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Fig. 3. Observed spectrum of 0.02 mbar of HCN diluted in oxygen, total pressure 24.2 mbar (filled squares), for the transition J ¼ 22’21. Instrument

background (open circles). T ¼ 294 K.

Fig. 4. Observed transmission spectra for HCN and oxygen mixtures, for the transition J ¼ 22’21. The HCN partial pressure was 0.02 mbar, the total

pressures after dilution with oxygen were (circles) 8.2 mbar, (squares) 16.0 mbar and (triangles) 28.3 mbar. Spectra are shown with a fitted Voigt

absorption profile (solid lines), the residual for the spectra at 28.3 mbar is also shown. T ¼ 294 K.
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4. Theoretical study of oxygen-broadening coefficients

In the simplest case of linear active molecule perturbed by a diatom, the HWHM of a spectral line corresponding to the
optical (radiative) transition f’i is given in the framework of the RB formalism [12] by

gfi ¼ nhv½1� e�Re S2 �ib;v;J2
(1)

where n is the number density of perturbers and the averaging is made over the relative velocity of colliding molecules v,
the impact parameter b and the rotational quantum number of the perturbing molecule J2. Instead of the averaging with
the Maxwell–Boltzmann distribution for the relative velocities, the mean thermal velocity is traditionally used:
v̄ ¼ ½8kBT=ðpmÞ�1=2, where kB is the Boltzmann constant, T is the temperature in Kelvin and m is the reduced mass of the
colliding pair. The quantity S2 represents the second-order contribution (proportional to the second power of the
anisotropic interaction potential) to the scattering matrix S which is detailed in [12] and can be specified for the RBE
approach as soon as the interaction potential and the trajectory model are chosen.
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Table 1
HCN–nitrogen broadening coefficients for transitions J+1’J

J Frequency Ground state Ground state Frequency (GHz) Upper degenerated state

(GHz) gHCN�N2
gHCN�N2

gHCN�N2

(0, 0, 0) (0, 0, 0) (0, 02
1, 0)

This work [9] This work

(MHz/mbar) (MHz/mbar) (MHz/mbar)

5 531.7 4.07(4)

6 620.3 3.80(8) 3.78(14)

7 708.9 3.17(5) 3.62(12) 712.4 4.12(7)

8 797.4 3.58(4) 3.38(17) 801.4 3.58(4)

9 886.0 3.35(4) 3.48(13) 890.3 3.40(5)

10 974.5 3.39(4) 3.30(16) 979.3 3.63(5)

11 1063.0 3.35(4) 3.39(11) 1068.2 3.40(4)

12 1151.5 3.47(5) 3.37(13) 1157.1 3.67(7)

13 1239.9 3.20(2) 3.37(10) 1246.0 3.08(3)

14 1328.3 2.90(1) 3.21(9)

16 1505.0 3.06(3) 3.18(11)

17 1593.3 3.27(2) 3.25(10)

19 1769.9 3.18(2) 3.09(14)

20 1858.0 3.21(3) 3.23(15)

21 1946.2 2.97(2) 3.10(12)

22 2034.3 3.20(4) 3.00(14)

23 2122.4 3.16(2) 3.01(14)

24 2210.4 3.06(4) 2.97(15)

25 2298.3 2.84(3) 2.72(16)

28 2561.8 2.84(3) 2.84(14)

30 2737.2 2.79(2) 2.67(16)

31 2842.8 2.81(2) 2.41(16)

32 2912.3 2.46(3) 2.25(17)

34 3087.2 2.19(5)
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For HCN interacting with a homonuclear diatomic molecule, the electrostatic forces are the most important and yield
the totality of the linewidth value [11,13], except the very low values of the rotational quantum number for which the short-
range terms give an additional contribution. In a similar manner, we suppose that for the HCN–O2 system the anisotropic
part of the interaction potential can be modeled as

Vaniso ¼ Vm1Q2
þ VQ1Q2

þ 4�g1

s
r

� �12
�

s
r

� �6
� �

P2ðcos yÞ (2)

In this equation the long-range electrostatic dipole–quadrupole and quadrupole–quadrupole interactions are completed
by a Lennard–Jones function with usual parameters e and s which is multiplied by the polarizability anisotropy
of HCN g1 ¼ 0.257 [11] and the Legendre polynomial P2 in order to account for the angular dependence of the short-range
forces. Since the multipole moments of the interacting molecules are quite well known, for all computations we fixed
their values to m1 ¼ 2.963 D for the (0, 0, 0) ground state and m1 ¼ 2.915 D for the (0,1, 0) vibrational state of HCN [23] as
well as to Q1 ¼ 3.10 DÅ [24] and Q2 ¼ �0.39 DÅ [25]. The Lennard–Jones parameters were calculated by the usual
combinations rules using eHCN ¼ 569.1 K, sHCN ¼ 3.63 Å [26] and �O2

¼ 113 K, sO2
¼ 3:433 [27], so that e ¼ 253.6 K

and s ¼ 3.532 Å. In contrast with the HCN–N2 case (where the electrostatic contributions in the linewidth are clearly
dominant even for very small values of the rotational quantum number), the short-range forces contribution for HCN–O2 is
quite important at small J and can be adjusted to fit better the experimental values, as it is shown below. To employ
the model of exact trajectories, the interaction potential (2) must be put in the form invariant under overall rotations of
the system:

Vanisoð~rÞ ¼
X
l1 l2 l

Vl1 l2 lðrÞ
X

m1m2m

Clm
l1m1 l2m2

Yl1m1
ðy1;j1ÞYl2m2

ðy2;j2ÞC
�
lmðy;jÞ (3)

This expansion into a series of three spherical harmonics tied to the orientations of both molecular axes ðYl1m1
;Yl2m2

Þ and
the intermolecular distance vector ~r ðClmðy;jÞ ¼ ½4p=ð2lþ 1Þ�1=2Ylmðy;jÞÞ in the laboratory-fixed frame enables the
separation of the angular (spherical harmonics) and radial ðVl1 l2 lðrÞÞ dependences of the interaction potential energy.
The asterisk stands for the complex conjugation and Clm

l1m1 l2m2
is the Clebsch–Gordan coefficient. For the three terms of (2)

the corresponding radial components read

V123ðrÞ ¼ 4pm1Q2

r4
V224ðrÞ ¼

4p
ffiffiffiffiffiffi
70
p

5

Q1Q2

r5
V202ðrÞ ¼

4p
5

4�g1

s
r

� �12
�

s
r

� �6
� �

(4)
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Table 2
HCN–oxygen broadening coefficients for transitions J+1’J

J Frequency Ground state Theory Frequency Upper degenerated state Theory

(GHz) gHCN�O2
Viso1 (GHz) gHCN�O2

Viso1

(0, 0, 0) (MHz/mbar) (0, 02
1, 0) (MHz/mbar)

This work This work

(MHz/mbar) (MHz/mbar)

0 2.54 2.52

1 2.53 2.50

2 2.51 2.49

3 2.49 2.46

4 2.43 2.41

5 531.7 2.11(2) 2.36 2.33

6 620.3 2.29(1) 2.27 2.25

7 708.9 2.10(5) 2.20 2.17

8 797.4 2.05(2) 2.13 801.4 2.38(3) 2.11

9 886.0 2.18(2) 2.09 890.3 2.12(3) 2.06

10 974.5 2.22(3) 2.05 979.3 2.05(3) 2.02

11 1063.0 2.17(1) 2.02 1068.2 2.02(2) 1.99

12 1151.5 2.13(2) 2.00 1157.1 2.08(5) 1.97

13 1239.9 1.90(1) 1.98 1246.0 1.94(2) 1.96

14 1328.3 1.92(2) 1.97 1.94

16 1505.0 1.85(1) 1.96 1.93

17 1593.3 2.02(2) 1.95 1.92

19 1769.9 1.91(1) 1.93 1.91

20 1858.0 2.03(1) 1.91 1.89

21 1946.2 1.67(2) 1.89 1.86

22 2034.3 1.81(2) 1.86 1.83

23 2122.4 1.81(1) 1.83 1.80

24 2210.4 1.68(1) 1.79 1.76

25 2298.3 1.62(1) 1.75 1.72

28 2561.8 1.54(1) 1.70 1.67

30 2737.2 1.52(2) 1.65 1.61

31 2842.8 1.65(1) 1.59 1.56

32 2912.3 1.62(2) 1.53 1.50

34 3087.2 1.43(2) 1.47 1.44

36 3261.7 1.23(4) 1.41 1.38

37 1.34 1.31

38 1.28 1.25

39 1.21 1.18

40 1.15 1.12

41 1.08 1.05

42 1.02 0.99

Fig. 5. Collisional linewidths as a function of pressure for the transition J ¼ 22’21. A weighted least-squares fit provides a broadening coefficient of

1.6570.01 MHz/mbar. T ¼ 294 K.
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Fig. 6. Oxygen- (filled symbols) and nitrogen- (open symbols) broadening coefficients for the J+1’J ground-state transitions (squares) and upper

degenerated-state transitions (triangles) at T ¼ 294 K. The error bars of the broadening coefficients are smaller or equal to the size of the symbols used.
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These radial components are computed numerically for r varying from the minimal distance of the closest approach rc min

(defined by the relative velocity v and the isotropic potential parameters) to 13 Å (where the contributions to the linewidth
become negligible).

The second-order contribution S2 is then given by

S2 ¼ 2_�2 rc

v

� �2X
l1 l2 l

X
j
0

i j02

C
j0i0
ji0l10

� �2
C

j020
j20l20

� �2
f l1 l2 l þ

X
j
0

f j
0

2

C
j0f 0

jf 0l10

� �2

C
j020
j20l20

� �2
f l1 l2 l �

X
j
0

2

ð�1Þj2þj02 C
j020
j20l20

� �2
Dðl1Þji jf

f l1 l2 l

2
64

3
75 (5)

where the primed rotational numbers stand for the states induced by collision Dðl1Þji jf
¼ 2ð�1Þjiþjf ½ð2ji þ 1Þð2jf þ 1Þ�1=2

Cji

ji0l10C
jf

jf 0l10Wðjijf jijf ;1l1Þ with Wðjijf jijf ;1 l1Þ denoting the Racah coefficient, and f l1 l2 lðrc; kcÞ is the so-called resonance
function defined by the distance of the closest approach rc (for a given value of the impact parameter b) and the resonance
parameter kc ¼ orc/v (the frequency o ¼ oii0 þo220 characterizes how close are the pairs of states ii0 and 220 to the exact
resonance):

f l1 l2 lðrc; kcÞ ¼
X

m

ðl�mÞ!ðlþmÞ!

22l
ððl�mÞ=2Þ!2ððlþmÞ=2Þ!2

Z ymax

1

dyVl1 l2 lðrcyÞy cos kcA0ðyÞ þm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V�isoðrcÞ

p
A2ðyÞ

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 � 1þ V�isoðrcÞ � y2V�isoðrcyÞ

p
( )2

,

AnðyÞ ¼

Z y

1

dz

zn�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 � 1þ V�isoðrcÞ � z2V�isoðrczÞ

p (6)

In contrast with the resonance functions of the Anderson–Tsao–Curnutte theory [28] (which are tabulated for the long-
range interactions) or those of the RB formalism with parabolic trajectories [12] (which are expressed analytically through
the Bessel functions), the exact-trajectory resonance functions, (6), are computed by a numerical integration over the
reduced trajectory parameter y�r/rc and depend on the reduced isotropic potential V�iso ¼ 2V iso=ðmv2Þ which governs the
relative molecular motion.

The parameters of Viso approximated as usual by a Lennard–Jones function V iso ¼ 4� ðs=rÞ12
� ðs=rÞ6

j k
influence greatly

the resonance functions and, consequently, the linewidth computation. We analyze below various Viso parameterizations
available for HCN–O2.

The calculation of the resonance parameter kc corresponding to the simultaneous collisional transitions in the active
and perturbing molecules needs the rotational constant values for the active molecule in the ground state or degenerated
vibrational state (only pure rotational radiative transitions are considered here) as well as for the perturbing molecule in
the ground state (collisions are supposed to induce only rotational transitions). For HCN we took B0 ¼ 44.315909 GHz for
the ground and B1 ¼ 44.534538 GHz for the degenerated vibrational states [29]. For O2 B0 ¼ 43.103110 GHz calculated with
Be and ae of Herzberg [30] was used.

5. Analysis of isotropic potential parameterization and comparison with experimental data

The oxygen-broadening coefficients were computed for the ground state (0, 0, 0) using the isotropic potential
Lennard–Jones parameters e ¼ 95.854 K, s ¼ 3.676 Å (obtained by the combination rules with eHCN ¼ 81.31 K, sHCN ¼

3.918 Å, as recommended in [11], and �O2
¼ 113 K, sO2

¼ 3:433 [27], as for the anisotropic potential component V202).
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Fig. 7. Comparison of theoretical and experimental dependences of HCN–O2 broadening coefficients on the rotational quantum number at 294 K.

Experimental data for (1, 0, 0) R(J) lines are calculated from the nitrogen- and air-broadening data [1]; for (0,1, 0) R(J) lines they are obtained from the

measurements of [2] (air-broadening) and [3] (nitrogen-broadening).

C. Yang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 109 (2008) 2857–28682864
The results are plotted on Fig. 7 (theoretical curves ‘‘Viso1’’) together with the experimental data of the present work and
the measurements of Colmont [31] and Kaghat [32] for the rotational transition J ¼ 1’0. Since, at present, no apparent
vibrational dependence has been observed for the HCN-broadening coefficients [3], in order to extend the comparison to
small values of the rotational quantum number we plotted on the same figure the broadening coefficients estimated from
the measurements of Rinsland et al. [7] for the (1, 0, 0) R(J) lines of air- and N2-perturbed HCN at 296 K as well as from the
measurements of Devi et al. [5] (air-perturbed) and those of Smith et al. [8] (nitrogen-broadened) (0,1, 0) R(J) lines at 296 K.
The oxygen broadening was estimated using the common equation

gair ¼ 0:79gN2
þ 0:21gO2

(7)

As can be seen from this figure, the chosen Viso parameterization leads to a very good agreement with the measurements.
The dominant character of the electrostatic interactions (curve ‘‘elec Viso1’’) for middle and high values of J is also
demonstrated. The agreement with (1, 0, 0) experimental data for very low J can be further improved by changing the
Lennard–Jones parameters in the V202 term of the anisotropic potential. Indeed, taking e ¼ 95.854 K and s ¼ 3.676 Å
(the same parameter values as for Viso) reduces the contribution of the component V202 in the linewidth (thick solid line
‘‘V202�Viso1’’ in Fig. 7).

It is also noted that the slight overestimation of the broadening coefficient for small J values ( J ¼ 1–6) can be attributed
to the use of the mean thermal velocity in our computations. Indeed, it has been shown for HCN–N2 [13] that the Maxwell
averaging even with three values of n (0:5v̄, v̄ and 1:5v̄) enables a more realistic decreasing of the theoretical RBE linewidths
for the small values of the rotational quantum number. The analogous computation for HCN–O2 (‘‘MB’’ curve in Fig. 7)
confirms this explication. The somewhat low values of the theoretical broadening coefficient for high values of J initiated us
to test other possible parameters for the isotropic potential. Since the multipole moments were fixed in our computations
and only the electrostatic contributions are responsible for the high J value linewidths, solely the Viso potential can be
modified to improve the fit of the experimental data. An alternative set of Lennard–Jones parameters for O2 molecule
(�O2
¼ 88 K, sO2

¼ 3:541 ) [33] resulted in slightly different parameters for HCN–O2: e ¼ 84.85 K, s ¼ 3.730 Å, but no
significant change was observed for the computed linewidths. We made therefore one more computation taking this time a
deeper HCN isotropic potential [26], so that the Lennard–Jones parameters for the anisotropic V202 term and the isotropic
potential were exactly the same. The resulting theoretical curve (‘‘Viso3’’) in Fig. 7 reproduces very well the broadening
coefficients for high J values but obviously overestimates the linewidths at middle and small J. As it had already been
performed previously [11], we did not test the Lennard–Jones N-6 or spherical average of the atom–atom interactions
models for the isotropic potential, since no significant difference between the broadening coefficients obtained by these
and the usual 12–6 Lennard–Jones form was stated by the authors. For HCN–O2 we retained therefore the Viso1
parameterization of the isotropic potential as the most appropriate, Table 2. The best parameterization for the anisotropic
potential component V202 appears to have the same values of e and s as Viso1.

For the rotational transitions referring to the (0,12
1, 0) vibrational state (the rotational constant value and the dipolar

moment of HCN change as mentioned at the end of Section 4), the theoretical curve is practically indistinguishable from
that of the (0, 0, 0) ground state (thick dashed line in Fig. 7). The corresponding numerical values are presented in Table 2.
This is less clear for the experimental data where the measurement uncertainty does not allow the vibrational dependency
to be excluded.
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6. Air-broadened half-widths

The air-broadened half-widths in the pure rotational band were estimated from our oxygen- and nitrogen-broadening
data using (7). These values are shown in Fig. 8 along with the polynomial (dashed line) that was used to estimate the
values for all the bands of HCN in the HITRAN2004 database [3]. The polynomial was derived from the fit to the
experimental data from the (1, 0, 0) and (0, 2, 0) bands [6,7]. The polynomial was used for jmjp29, where m ¼ �J00 for the P

branches and m ¼ J0 for R-branches. For jmj429 the constant value of 0.088 cm�1 atm�1 was used (the horizontal dashed-
dotted line in Fig. 8) due to lack of the experimental information for higher J-values.

It is obvious that the value of 0.088 cm�1 atm�1 significantly overestimates the air-broadened half-widths for higher J

transitions measured in this work. In Fig. 8 the data from P and R branches of (1, 0, 0) and (0,1, 0) bands [5,7] are also shown.
They were fitted together with the values from this work to obtain a fourth-order polynomial

gair ¼ A0 þ A1jmj þ A2jmj
2 þ A3jmj

3 þ A4jmj
4 (8)

The values from the (0, 2, 0) band [6] were not included in the fit as they are very close to the values from (1, 0, 0) band
which is also a parallel band. The results of the fit are given in Table 3. The new polynomial is suggested for the new edition
of the HITRAN database, because it takes into account values for the higher J transitions and also derived from both parallel
and perpendicular bands. Although the fitting data were only available for jmjp34, it appears that the polynomial follows
the trend up to jmj ¼ 40; therefore, it seems to be safe to use for jmjp40, with HITRAN uncertainty code 5 (5–10%) [3]. For
jmj440 it is suggested to use the polynomial value for jmj ¼ 40 until more data become available. The HCN-broadening
parameters are currently used to study the atmospheric composition of Titan; it is therefore important to have a similar
polynomial expression for the nitrogen-broadening coefficient. Such an expression was derived in [8] and it is interesting to
see if it can be improved by utilizing the high J data from this work. Data for the (1, 0, 0) band [7], the (0,1, 0) band [8,11,34]
and the pure rotation band of this work and [13,31] were together fitted to a third-order polynomial analogous to (8). The
results are shown in Fig. 9. Apart from the polynomial derived in this work (the coefficients are also given in Table 3), the
polynomial function from [8] is also plotted. Interestingly, it also follows the data very well even at higher jmj values.
Fig. 8. Air-broadened half-widths of HCN from pure rotational, (1, 0, 0) and (0,1, 0) bands.

Table 3
Fourth-order polynomial fit (Eq. (8) to experimental air and nitrogen broadened half-widths)

Parameter Value (air) Error (air) Value (N2) Error (N2)

All bands All bands

A0 0.15694 1.4�10�3 0.17396 1.1�10�3

A1 �9.86�10�3 5.0�10�4
�0.00997 2.7�10�4

A2 6.29144�10�4 5. 7�10�5 5.039�10�4 1.8�10�5

A3 �1.71209�10�5 2.4�10�6
�8.58211�10�6 3.5�10�7

A4 1.47824�10�7 3.5�10�8

R2 0.97205 0.96844

St. dev. 0.0024 0.00313

N points 133 161
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Fig. 9. N2-broadened half-widths of HCN from pure rotational, (1, 0, 0) and (0,1, 0) bands.

Fig. 10. A comparison of nitrogen-broadened half-widths of R-branch lines of HCN from pure rotational, (1, 0, 0) and (0,1, 0) bands. The widths of lines

from pure rotational and (1, 0, 0) bands are plotted against widths of the corresponding (0,1, 0) lines.
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Therefore either polynomial can be used safely, although the polynomial derived here seems to account slightly better for
the widths of pure rotational lines.

Although it was previously suggested that there is no strong vibrational dependence for the foreign gas broadening of
HCN lines [3], the observations of Figs. 7–9 suggest the possibility of such a dependence. In Fig. 10 the N2-broadened half-
widths (R-branches) from (1, 0, 0) [7], (0,1, 0) [8] and pure rotation bands measured here and in [13,31] are compared. The
half-widths of (0,1, 0) band are taken as reference values. It seems that the values from (1, 0, 0) and (0,1, 0) bands are a little
different at lower J’s (wider widths). Unfortunately, there is not enough experimental information to study the vibrational
dependence for the oxygen broadening.
7. Conclusion

The construction of a CW-THz spectrometer based on two ECDL has allowed the HCN-broadening coefficients for oxygen
and nitrogen to be measured at frequencies from 532 GHz to 3.26 THz (5pJp36). The correct operation of this newly
constructed instrument was validated by the good agreement between the measured nitrogen data and that published by
Sergent-Rozey et al. [9]. The oxygen-broadening coefficients were computed as a function of the rotation quantum number
using the semiclassical RBE formalism for various parameterizations of the isotropic part of the interaction potential which
governs the relative molecular motion and influences significantly the theoretical linewidth values. Although all tested
parameterizations provided a reasonable agreement with the experimental data, the Viso1 set of parameters was retained
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as optimal. Since the application of the measured data to the air-broadening parameter tabulated in the HITRAN database
displayed a significant discrepancy for jmj429, a new fourth-order polynomial was therefore suggested for inclusion in
HITRAN to improve the accuracy for these transitions. Comparison between the data measured for nitrogen broadening
with the (1, 0, 0) and (0,1, 0) bands recorded in the infrared region indicated the possibility of a vibrational dependency;
further investigations are required in order to confirm this tendency.
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