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Laboratory experiments on collision-induced emission are reported. The light source
is hydrogen-argon mixtures, shock heated to temperatures up to 2850 K and densities
up to 49 amagats in a shock tube. For the fundamental vibration-rotation band of H,,
absolute intensity, band strength and shape, and the dependence on temperature and

density have been determined.

PACS numbers: 33.20.Ea, 34.50.Ez

This paper reports the first laboratory observa-
tions of collision-induced emission (CIE), the in-
verse process of the collision-induced absorption
(CIA) that has already been well characterized!
for a number of gases at and below room temper-
ature. Collision-induced (or “pressure-induced”)
processes give rise to optical spectra for mole-
cules that, by virtue of their symmetry, do not
have an electric dipole moment in the electronic
ground state. Such collisional processes can
make significant contributions to radiative trans-
fer in gases. For example, CIA by H, is the dom-
inant source of infrared opacity in stellar at-
mospheres? and CIE by H, has been found to be an
important source of infrared radiation in planetary
atmospheres.®*”® Van Kranendonk and co-work-
ers® 7 developed the theory for collision-induced
absorption in H,, assuming that a collision be-
tween two H, molecules induces a transient dipole
in them due to both their permanent quadrupole
moments and the overlap of the molecular elec-
tron clouds. The induced dipole, modulated by
internal molecular motions, gives rise to vibra-
tional, rotational, and translational transitions.
At elevated temperatures, line structure in the
bands is obliterated, establishing broad, con-
tinuous emission bands in the near, middle, and
far infrared.

The present measurements on the fundamental
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collision-induced H, vibration band at 2.4 pm
were undertaken to verify that CIE could be stud-
ied quantitatively under controlled, high-tem-
perature conditions. A shock tube® is used to
heat H,:Ar mixtures to temperatures of 1000-
3000 K and densities in the range 10-49 amagats.
The test time near the end of the shock tube be-
hind the reflected shock wave is ~1 ms for steady
gas conditions in thermal equilibrium. A high-
speed scanning spectrometer® records the spectra
of infrared emission from the shock tube, sweep-
ing over the range 2.1-2.7 pm in 300 us. For
the fundamental vibration-rotation band of H,, we
have determined absolute emission intensity,
band strength and shape, and the dependence on
temperature and-density.

The shock tube was chosen for this work be-
cause it rapidly heats and compresses a large
volume of gas that equilibrates quickly (¢ <1 us)
to steady, thermal conditions. Temperature,
pressure, and density are readily calculated
from the shock-wave velocity via the Rankine-
Hugoniot conservation equations for fluid mass,
momentum, and energy.® In prior experiments
the agreement of temperature, density, atomic
and molecular excitation, etc., with shock-wave
calculations has been noted.'® Possible discrep-
ancies due to viscosity and heat conduction are
minimized by operating at the high gas densities

1913



VOLUME 49, NUMBER 26

PHYSICAL REVIEW LETTERS

27 DECEMBER 1982

used in the present work. Lastly, the simultane-
ously elevated temperatures and densities at-
tainable with a shock tube greatly exceed those
available with other devices. Thus, the high den-
sities needed to manifest collision-induced spec-
tra could be obtained while elevating the tempera-
ture enough to examine high-temperature effects.

The ultimate objective of this work is to use
high temperatures to bring out particularly the
overlap contributions to collision-induced phenom-
ena. By studying the temperature dependence of
the spectral moments (e.g., see Futrelle'') or
from quantum calculations of line shape (e.g., see
Birnbaum et al.'2) it will be possible to investi-
gate important aspects of the intermolecular po-
tential. Although the parameters in the model for
the induced dipole produced by overlap forces
have been established for H, from measurements
at and below room temperature,””* * similar
parameters for elevated temperature have not
been determined. Since collision-induced emis-
sion is sensitive to the repulsive region, the tem-
perature dependence of the line shape and spec-
tral moments at high temperatures should be
sensitive to the overlap mechanisms. The H,/
rare-gas systems offer an especially attractive
opportunity for observing this, since induction is
strongly influenced by the overlap interaction.

The gases and thermal conditions used in our
work have been carefully chosen to minimize com-
plications such as dipole-allowed radiation by
atomic hydrogen and argon, or by H,0O as an im-
purity, and hydrogen dissociation that could lead
to H-atom collisional effects on H,. However,
not all of the relevant physical phenomena could
be anticipated by the prior theoretical treatment,
as is discussed below, and further work is
planned on the theory as well as the measure-
ments.

The emission measurements are conducted be-
hind reflected shocks in a 16.2-cm-i.d. stainless-
steel shock tube. The driver and test sections
are 3 and 6 m long, respectively. The pressure
is measured directly with a piezoelectric pres-
sure transducer located at the optical port. Tem-
perature is calculated from the shock velocity,
which is measured from the time of arrival of
the incident shock wave at successive pressure-
transducer stations located at 50 cm intervals in
the test section.

Test gases have been either mixtures of 10% or
20% H, in argon, or pure argon to determine the
background emission levels. Primary standard-
grade gas mixtures were obtained from Linde
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and used without further purification. Water-
vapor impurity levels are stated to be <3 ppm.
Before each test, the shock tube is evacuated
with a diffusion pump to ~1078 atm to minimize
contamination from outgassing. No water band
emission was expected or observed in these ex-
periments.

Optical measurements are made through 25.4
X6 mm? sapphire windows located 5 cm from the
end wall. Two detection systems are used in each
experiment. The integrated band intensity is
measured with a narrow-band radiometer, con-
sisting of an InSb detector and a 2.1 to 2.7 um
band-pass filter. Spectrally resolved measure-
ments are obtained with a 0.5-m Ebert synchro-
nized high-speed scanning spectrometer. The
instrument was built at Avco Everett Research
Laboratory, Inc. for high-temperature plasma
measurements.® At present the instrument is
equipped with a 10-line/mm grating blazed at 3
um. The detector is a 2.5X5 mm InSb detector
with a 1.5-um-long pass filter (blocking >107% to
uv). A resolution of 0.1 um is obtained with 0.5-
mm slits, and a spectral range of about 1.5 um
is scanned during a typical test time (>1 ms).
Before each measurement the absolute sensitivity
of each detector is measured with a 1200-K black-
body. The spectrometer is flushed with dry N, to
eliminate atmospheric absorption. All instru-
mentation is interfaced with a computer-con-
trolled CAMAC data-acquisition system contain-
ing two 10-bit, four-channel LeCroy digitizers.
The calibrations and the raw spectrum, recorded
as intensity versus time, are stored in the com-
puter and then converted into plots of intensity or
emissivity versus wavelength.

The data are displayed as spectral emissivity,
which is the ratio of the observed intensity to that
of a blackbody at the same temperature. A typical
spectrum of the @ branch of the H, vibration-ro-
tation band at 2.4 um is shown in Fig. 1. Total
gas density is 27.3 amagats at 1572 K (157.2 atm).
It is anticipated from both room-temperature ob-
servations and theoretical predictions®®” that the
observed emission is primarily due to the H,-Ar
interaction with a small contribution from the H,-
H, interaction. The spectrum is superimposed
over a relatively flat background emission ob-
served in measurements performed in pure argon
under similar conditions (see Fig. 1). The origin
of this latter emission is not known.

All eighteen of our observed CIE spectra of H,
in argon have this appearance, featuring a strong
broad emission band centered near 2.4 pm. Peak
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FIG. 1. Normalized spectral emissivity vs wave
number, €= 0.071. Upper trace: (20% H,)/(80% Ar),

T = 1570 K, p = 27.3 amagats. Lower trace: 100% Ar,
T = 1540 K, p = 32.5 amagats.

emissivities are at least a factor of 20 greater
than the out-of-band H,-Ar background, or the
in-band pure-argon background. The emission
intensity was found to vary as the square of the
gas density, thus confirming that the radiation
mechanism is indeed collision-induced emission.
To our knowledge, this is the first observation of
CIE under controlled laboratory conditions.

The measurements were performed over the
temperature range of 1000-3000 K. In all cases

the @ branch was by far the dominant band feature.

The spectral data have been integrated so as to
specify the reduced band strength & defined as

a=[r,dv/v,

where v is the wave number, v is the position of
the band center, and &, is the absorption coef-
ficient which is proportional to the spectral emis-
sivity. (The spectral emissivity, €,, is directly
proportional to &,, if the gas is optically thin;
i.e., € <0.1.) The resulting reduced band
strengths, specific to (20% H,)/(80% Ar) mix-
tures, are shown in Fig. 2 and compared with a
room-temperature measurement taken from
Welsh’s review.! Background emission was sub-
tracted from the data, by using similar meas-
urements performed in pure Ar, prior to the
evaluation of the above integrals. In a few in-
stances the long-wavelength portion of the band
extended beyond the spectral range of the scan.
The flags about the data points of Fig. 2 represent
our best estimates of the uncertainties introduced
by these background and cutoff effects.

The absolute emission was also checked in sev-
eral cases with the integrating radiometer. The
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FIG. 2. Reduced band strength for the fundamental
vibration-rotation band of H, [specific to (20% H,)/
(80% Ar)]. Temperature dependences have been arbi-
trarily normalized at T =1000 K.

energy falling within the radiometer bandwidth
agreed to within 25% with the equivalent spec-
trally resolved data. Moreover the radiometer
showed that the infrared emission was constant
during the shock-tube test time, indicating steady
gas conditions.

As a further check on the absolute intensity ac-
curacy, we made three measurements of the
emission in the CO first overtone band®-~!7 at
2.3 um, for dilute CO-Ar mixtures over the tem-
perature range 1170-2460 K, using the same ap-
paratus. The intensities agreed to better than
40% with previous data'® and theoretical predic-
tions.'" 17

Our data are specific to H,-Ar collisions, for
which no theoretical predictions are available.
However, the following limited comparisons with
theory have been attempted by using H,-H, and
H,-He CIE predictions®: (1) The observed peak
of the emission band occurs at 2.4 um in accord
with the spectroscopic parameters corresponding
to the @ branch of H,. (2) The observed band
shape is approximately symmetrical, in contrast
to Linsky’s calculation® which shows enhanced
intensity on the high-frequency side in accord
with detailed balance. The shape we observe may
be due to contributions from the H, transition v
=2-v=1 (whose frequency is 236 cm™' less than
that for v=1-v=0), the relative intensity of the
former increasing rapidly with temperature.
This anharmonicity effect is common in vibration-
rotation bands at high temperature, and was not
considered in the theory? for H,-H, and H,-He.
(3) The full width at half maximum of the H,-Ar
CIE band is typically ~0.5 um, in general agree-
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ment? with theory, and scales approximately as
T'/2 which is similar to Linsky’s predictions.

(4) As indicated in Fig. 2, one cannot reconcile
our integrated intensities with an ad hoc combina-
tion of Hare and Welsh’s room-temperature!® data
for H,-Ar plus Linsky’s theoretical temperature
scaling for H,-H, and H,-He (approximately 7'/2).
This type of scaling clearly falls below our data
and well outside any experimental uncertainties.
Taken by themselves, our integrated emissivities
vary as T", where 1<n <3.

The existing calculations, developed for room-
temperature observations, may not be appropri-
ate for the prediction of CIE at elevated tempera-
tures. Certainly the important part of the inter-
molecular potential is more deeply probed at the
high molecular velocities studied in this work,
and the high vibrational temperatures provide
significant radiation contributions from vibration-
al levels greater than v =1,

The high-temperature CIE experiments may be
readily extended to other collision partners and
radiating molecules in order to provide a broad
and accurate base for comparison with theory.

A wider spectral range will be examined to gauge

the potential contribution from the pure rotational
bands of H, at longer wavelength, and implications
of the band shapes will be investigated.

The direct observation of CIE band strengths at
high temperature provides much more reliable
values for emissivity than evidently can be com-
puted theoretically at present. One can speculate
that these bands will be found to play a greater
role in high-temperature radiative transfer than
expected heretofore. The contribution of excited
states to collision-induced processes is impor-
tant to assess both theoretically and experimen-
tally. The work reported here demonstrates the
feasibility of quantitative collision-induced emis-
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