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The differential cross sections for the electron-impact excitation of the lowest triplet states of molecular

hydrogen (b 32.%,

a 3Z,%) have been calculated from threshold to 85 eV impact energy using the Ochkur—

Rudge theory. For the X 12,+—b 32,* transition, the relative differential cross sections were measured
with a low-energy, high-resolution electron-impact spectrometer from 10° to 80° scattering angle and
impact energies of 25, 35, 40, 50, and 60 eV. Theory and experiment are in good agreement for the shape
of the differential cross section for energies of 35 eV and above. However, at 25 eV, the theory continues
to predict a rather well-developed maximum in the cross section at around 40° while the experimental
cross sections are more isotropic. An appreciable contribution to the inelastic scattering in the energy loss
region from 11 to 14 eV due to excitation to the g 3Z,* and/or ¢ 3, states is definitely established from the
observed angular distributions. A quantitative evaluation of the individual angular behavior of the excita-
tions in this region, however, would require a resolution higher than the presently available one of 0.030 V.

I. INTRODUCTION

Low-energy electron-impact spectroscopy has been
found to be a very powerful tool for locating and
identifying energy levels of molecules, especially those
to which transitions from the ground state are for-
bidden by optical selection rules.!® (The low-energy
range as defined here is from a few electron volts up to
100 eV. This corresponds to the binding energy of outer
electrons in atoms and molecules and is a very impor-
tant region from the point of view of spectroscopy,
photochemistry, plasma physics, and study of many
atmospheric phenomena.) Both the energy and angular
dependences of the differential cross section are impor-
tant in identifying a given transition. The energy
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dependence of the differential cross section has been
investigated to some degree in the past.*® However,
there is very little information available on the angular
dependence of excitation cross sections at low impact
energies. The Born-Oppenheimer approximation is not
valid at these impact energies; in fact, no theory has
proved reliable in predicting the energy and angular
dependences of differential cross sections for even the
simplest system of electron—atomic hydrogen.

Recent studies of He % CoH,,® H,, Ny, CO, CO,, HoO,
and C,H,!? indicate that the measurement of the differ-
ential cross section at a fixed incident energy and vari-
able scattering angle yields more information about the
nature of the electronic excitation than does the meas-
urement of the energy dependence of the differential
cross section at a fixed scattering angle. In order to
learn more about the angular behavior of differential
cross sections for different types of electronic excita-
tions, it is important to carry out experiments on
transitions of known character. The information ob-
tained from such studies is useful in the evaluation of
different approximate theories and may lead to rules
for assigning unknown transitions.

The hydrogen molecule, being the molecule most
amenable to theoretical calculation, was the natural
selection for comparison between theory and experi-
ment. Cartwright and Kuppermann have calculated
total cross sections for the electron-impact excitation
of the two lowest triplet states of molecular hydrogen
using the Ochkur-Rudge (OR) theory.”? These cross
sections agree well with Corrigan’s experimental elec-
tron-impact dissociation cross sections'® from threshold
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to about 50 eV. A comparison between the theoretical
and experimental angular distributions as functions of
incident energy provides an additional and more sensi-
tive test of the theory, since integration of the differen-
tial cross section may conceal a failure of the theory
while still leading to the correct total cross section.
Green* has pointed out that the arguments of
Rudge'?-2d and Crothers™ justifying Rudge’s modifica-
tion of the Ochkur theory are of doubtful validity and
the best test of these theories is comparison with experi-
mental differential cross sections. Hence, the (OR)
approximation has been used to calculate the differen-
tial cross sections for the X 2,/ 32, * and X 1Z,t+—
a3Z,* excitations for comparison with the equivalent
experimental measurements. The singlet-triplet transi-
tion provides an unambiguous test of rearrangement
scattering theories since they are due entirely to ex-
change excitation with no contribution from the direct
process.

A broad feature in the electron-impact spectrum of
H, corresponding to the X 1Z,+—b 32, transition has
been observed by Schulz? and Dowell and Sharp® using
the trapped-electron method. By this method the total
cross section is measured very near threshold energy.
Kuppermann and Raff* also observed the X !Z,t—
b3%,* transition at 60-eV impact energy with an
apparatus which collected scattered electrons from 22°
to 112°) the collection efficiency being highest at 90°.
To our knowledge there are no experimental or theo-
retical differential cross sections for electron-exchange
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processes in molecular hydrogen to which our results
can be compared.

II. THEORY

Most previous calculations of the exchange excitation
of atoms by low-energy electrons have been performed
in the Born-Oppenheimer (BO) approximation.!® The
results of such calculations, however, indicate that the
(BO) approximation fails badly for incident electron
energies below about 100 eV.” The calculation of similar
exchange processes involving diatomic molecules has
been limited by the mathematical difficulty of treating
the noncentral molecular force field and the nuclear
motion. Ochkur'® and Rudge'® have proposed modifi-
cations of the (BO) approximation which have been
found to give reliable total cross sections for exchange
processes in atomic systems. Recently, this (OR)
approximation was employed to calculate total cross
sections for excitation of the (832,%) and (a3Z,%)
states of molecular hydrogen.! The methods used in
the cross-section calculations reported here are very
similar to the ones used in the total-cross-section calcu-
lations and consequently are only briefly outlined.

Within the framework of the (BO) separation of
nuclear and electronic motion®® and the (OR) approxi-
mation to the exchange scattering amplitude of an
electron by a diatomic molecule, the differential cross
section for exchange excitation from initial state
i(n, v, J, M) to final state f(n/, ', ' XM’) can be
written as

3% 2
I/ (ko, 8, 0) = s l/ g (R)Y*5M (x, ¢) T tnss (R) Y™ (x, ¢) R%RAQ| (1)
RO

where
2a,
Lack’ —i(1./®) 7

T,'/(ko, 07 '} R; X d’)E

/eXP(i(I‘fl)'//*n'(rl, I2; R)Yn(ry, Iy; R)drydrs. (2)

In Egs. (1) and (2), ¢, & and ¥ are the spatial electronic, vibrational and rotational wavefunctions; I, is the
ionization energy of state #; ® is the Rydberg energy; aq is the Bohr radius; R is the internuclear distance; x, ¢
are the polar orientation angles of the internuclear axis with respect to a space-fixed coordinate system; d is the
element of solid angle in the direction of the internuclear axis;  and ¢ are polar angles defining the direction of
scattering with respect to the direction of the incoming free electron; t; and r; are the coordinates of the bound
electrons in the molecule-fixed coordinate system; #, », and J are the electronic, vibrational and rotational quantum
numbers; ko, k' are the initial and final wavenumber vectors of the free electron which are related by

K (ko, i, f) =Lk~ (2m/R?) (E,— E;) T, 3)
where E; and E; represent the total energy of the molecule before and after collision, and finally
q=k,— k'

The factor of 3 in Eq. (1) comes from integration over spin variables. Since the presently available experimental
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energy resolution is not sufficient to resolve rotational transitions, only rotationally averaged differential cross
sections will be considered here. If the temperature of molecular hydrogen is appreciably higher than its rotational
characteristic temperature (174°K), then the rotationally averaged differential cross section for a gaseous thermal
target is given by

3" 2dQ

Iﬂ'" r (ko, 0: 50) = ko '/ﬂ I/I;ERS"','(R) ]*Tﬂvn,'l(kﬂy 0’ ®; R: X d)) [RE,,,(R) :Id‘R E ’ (4)

where

k' (koy 1, v, v, v') =[ki?— (2m/7i2) (Eprpr— E,,) JV2. 3
In the derivation of (4), the vibrational wavefunctions and the wavenumber of the scattered electron were assumed
independent of J and J’. This assumption is consistent with present experimental energy resolution capabilities.

The excited (b3Z,*) state is unbound and hence there is a continuum of »’-vibrational states. The differential
cross section for excitation to all final vibrational states is formed from (4) by “summing” over »’. Application
of the delta-function approximation® to (4) leads to a rotationally averaged differential cross section for excitation

from the ground vibrational state to all excited vibrational states which is given by

3kll Ko
19k, 6, ¢) = = [ PO(E) (| TWORD (B [94E, (6)
kﬁ Do
where
PO(E)= | RO(ED&OTRO (BN [ [ RO (5 0[RS (8)1 P ™
Do

In the above, Dy is the dissociation energy of the ground
electronic state; Fois the energy of the incident electron;
£©@ is the lowest vibrational wavefunction of the ground
electronic state; and the angle brackets represent an
average over all orientations of the internuclear axis
with respect to the incident electron beam. The integra-
tion over the internuclear distance R has been trans-
formed to an integration over the corresponding poten-
tial energy Fi. E1(R) is the expression for the potential
energy of the b 32, state as a function of internuclear
distance and R® (E;) is the inverse of this function.

The ¢ 32, state is bound (dissociation energy 2.91
eV) and has about 16 vibrational states and no con-
tinuum whose left classical turning points fall within
the Frank-Condon vertical band from the ground
electronic-vibrational state. The calculation of the
differential cross section for this state is performed
similarly to that of the & 32,7 state.

In the calculations reported here, the electronic wave-
functions used were those of Weinbaum? for the ground
state, Phillipson-Mulliken? for the b 3Z,* state, and a
two-parameter Hartree-Fock wavefunction for the
a3, state. The numerical methods used were similar
to those discussed previously™ and the results reported

here are believed to have computation errors of less
than 10%.
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ITI. MEASUREMENT OF THE CROSS SECTIONS

A. Apparatus

The low-energy electron-impact spectrometer used in
these experiments is basically the same type as the one
described by Simpson?? and Kuyatt and Simpson.? It
consists of a low-energy electron gun, a scattering
chamber, two hemispherical electrostatic analyzers (for
generating a monochromatic electron beam and energy-
analyzing the scattered electrons), and a detector. The
resolution of each of the two electrostatic analyzers is
variable in the 0.030-0.300-eV energy range by appro-
priately adjusting the sphere potentials. The scattering
chamber is a welded-bellows cylinder, which allows a
variation in scattering angle from —30° to +90°. The
convolutions of the bellows have an “s” shape and form
an electron trap which reduces the effect of wall scat-
tering which could seriously interfere with the measure-
ments at higher angles. The scattering-chamber sample
pressure is normally in the 10-5-10—%-torr region. The
pressure is measured with miniature ion and thermo-
couple gauges and is kept constant during an experi-
ment by a variable leak and a pressure controlling
system. Temperature control of the target gas is
possible by introducing cooling or heating media into
the area between the scattering chamber and a second
bellows which surrounds it. The second electrostatic
energy analyzer is tuned to pass electrons with the same

227, A, Simpson, Rev. Sci. Instr. 35, 1698 (1964).
2 C, E. Kuyatt and J. A. Simpson, Rev. Sci. Instr. 38, 103
(1967).
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energy as the first energy selector. A sweep voltage is
applied between scattering chamber and center of the
second analyzer. When this voltage is zero, electrons
that did not lose any energy during the scattering will
pass this analyzer and reach the detector, a 20-stage
electron multiplier. The multiplier output can be cou-
pled to a count rate meter or a 1024 channel scaler.
As the sweep voltage is gradually increased, electrons
that have lost the corresponding energy in exciting the
molecular target will reach the detector. The number of
electrons counted per unit time versus the sweep voltage
furnishes an energy-loss spectrum. The energy-loss
sweep voltage is controlled either by a sweep generator
or by the multichannel scaler whose memory channel
number (into which counting occurs) is converted to an
analog voltage. External field effects are eliminated
with appropriate radio frequency and magnetic shield-
ing. The entire apparatus is bakeable to 400°C. A more
detailed description of the system is given elsewhere.

B. Experimental

In these experiments the electron current scattered
into a given solid angle of approximately 1072 steradian
was measured as a function of energy loss at a fixed
electron-impact energy. A typical energy-loss spectrum
is shown in Fig. 1. It is an X-¥ recording of the count-
rate-meter output. The X axis represents the energy

8§, Trajmar, J. K. Rice, and A. Kuppermann, JPL Tech.
Memo, No. 33-373.
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loss of the electrons and the ¥ axis corresponds to the
number of electrons per min reaching the detector with
each particular energy loss. This spectrum was obtained
with an electron-impact energy of 50 eV and a scat-
tering angle of 40°. The elastic peak shown on the left-
hand side determines the zero energy loss point.

The apparatus for the b 3Z,* excitation was tuned to
about 0.2 eV resolution (full width at half-maximum
FWHM of the elastic peak). This was a reasonable
choice to insure high signal level and partial resolution
of the vibrational structure of the X 'Z,%#C 11, transi-
tion. Most of the measurements were made with a
count rate meter with a time constant that varied from
0.5 sec for the elastic peak to 10 sec for the triplet
transition at high angles. The energy-loss sweep rate
was adjusted accordingly to give an undistorted repro-
duction of the features. The energy-loss scale is absolute
being measured with a digital voltmeter with respect
to the center of the elastic peak. Its accuracy (about
10 mV) is verified by the optical values of the portions
of the vibrational bands of the C I, excitation.

For the experiments in the 11-14-eV energy-loss
region the instrument was retuned to obtain an over-all
resolution of about 0.040 eV (FWHM). Typical spectra
at this resolution are shown on Figs. 2 and 3 and dis-
cussed below.

In order to monitor the conditions at different angles
during the experiment, and check the over-all instru-
ment stability, the pressure and the beam current in the
scattering chamber were measured and the elastic peak
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Fic. 2. Electron-impact spectrum of H, in the 11-14-eV
energy-loss range at 40-eV impact energy and 20° scattering angle.
Incident beam current: 1.0X1078 A, Elastic peak FWHM: 0.040
eV.

was scanned before and after each energy-loss spectrum
was taken. The pressure of H; was kept constant (to
within about 5%,) at a value between 1 and 2 u during
each experiment and the linearity of the scattered
current with pressure was established from 0.1 up to
2 u.

C. Scattering Volume Correction and Error Estimation

Measurements taken at different scattering angles
correspond to different scattering geometry. If one
wants to compare cross sections at different angles, a
normalization of all measurements to the same scat-
tering geometry is necessary. It is customary® to carry
out this normalization by multiplying the scattered
current by sind, where 8 is the scattering angle. This
procedure yields proper normalization only if the elec-
tron beams entering the scattering chamber and the
electron optics of the detector system have small diam-
eter and angular divergence.

In our instrument, circular apertures are used for
collimating and focusing the electron beam. The scat-
tering geometry is shown on Fig. 4. Both the electron
beam entering the scattering chamber and the directions
viewed by the electron optics at the exit of this chamber

3 L, Vriens, J. A. Simpson, and S. R. Mielczarek, Phys. Rev.
165, 7 (1968).
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are represented by cones. Typical values for the incident
beam and exit viewing cone half-angles are 3° and 4.5°,
respectively. The intersection of these two cones defines
the volume from which scattered particles can reach
the detector. The solid angle extended by the detector
varies from point to point within this volume; in fact,
it drops to zero at the extremes. One has to average,
therefore, the solid angle over this volume to get an
effective value of (scattering length) X (solid angle) =
(ldQ) esr. This problem has been discussed by Breit,
Thaxton, and Eisenbud,®* and by Critchfield and
Dodder.®® Every differential volume element within
this volume has to be properly weighted for electron
density and solid angle subtended at the entrance of
the detector optics. For normalizing our measurements,
the incoming beam was considered as a cone with a
truncated Gaussian electron density distribution having
its maximum along the cone axis. The density-weighted
volume elements of the beam cone were integrated
within the limits defined by the surface of the view cone.
Each element was also weighted by the inverse square
of the distance from the entrance aperture of the detec-
tor to allow for the solid angle of the detector at the
volume element. The value of (IdQ) s at each angle was
normalized to the value at 90°. At §=10°, the difference
between these calculations and the approximate sind
correction is about 109. The differential scattering
cross section for a particular excitation is propor-
tional to the peak height (after correction for scattering
geometry) provided that the cross section is independ-
ent of angle within the range defined by the view cone
and that the line shape is independent of angle.
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Fre. 3. Electron-lmpact spectrum of M, in the 11-14-eV
energy-loss region at 80° scattering angle. The experimental
conditions are the same as for Fig. 2.

2 (a) G. Breit, H. M. Thaxton, and L. Eisenbud, Phys. Rev.
55, 1018 (1939); (b) C.'L. Crithfield and D. C. Dodder, tb4d. 75,
419 (1949).
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F16. 4. The scattering geometry show-
ing the target volume and the beam and
view cones.
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The errors inherent in the reduced measurements are
of three types:

(1) Random fluctuations and background noise: If the
number of counts per second reaching the detector is
N, then from the statistical nature of the counting
process, the uncertainty in V (one standard deviation)
is &= (N/7)V2, where 7 is the time constant (in seconds)
of the rate meter.? This fluctuation was always less
than 5% for the X 'Z,+—b 32,* peak. In addition, there
is a background noise due to stray electrons, electronic
noise, and cosmic rays. This noise is relatively inde-
pendent of scattering angle and amounts toabout 2
counts/sec.

(2) Effective scattering volume correction: Another
source of error arising from the effective volume correc-
tion is due to the ==1° uncertainty in the scattering
angle and the uncertainties in the beam and view cone
angles. These latter angles cannot be determined
directly with the present experimental setup. The last,
however, can be estimated from the electron optics with
satisfactory accuracy. The beam cone angle is then
obtained from the direct beam intensity profile as
measured on the first dynode of the multiplier as a
function of scattering angle. (The peak position of this
curve defines the zero scattering angle.)

(3) Instrumental error: This includes all effects asso-
ciated with the variation of pressure, beam intensity,
and over-all instrument detection efficiency during the
measurements. The constancy of these quantities is
monitored during each energy-loss sweep but a signifi-
cant change of instrument detection efficiency with
scattering angle could go undetected. The fact that the
optimum tuning conditions are found to be the same at

¥ R. D. Evans, The Atomic Nucleus (McGraw-Hill Book Co.,
New York, 1955), p. 807.

1.5

any angle and that the scattering intensity is symmetric
around zero angle indicates that this effect is negligible.

The error bars assigned to the measurements include
estimated contributions from these three sources of
error.

IV. RESULTS AND_DISCUSSION

As seen in Fig. 1, the inelastic feature corresponding
to the X 12 +-p3Z,t transition has a maximum at
about 10 eV energy loss. Since the 432, * state of H,
is unstable with respect to dissociation into two hydro-
gen atoms, the transition is represented by a broad
feature whose shape seems to be determined by the
Frank-Condon overlap integrals.®s In the 11-14-eV
energy-loss region several singlet and triplet transitions
overlap.® The optical vibrational band progression for
the X 13+»C I transition is shown.

To determine the angular dependence of the differen-
tial cross section for this transition, the corresponding
maximum ordinate was read off the energy-loss spec-
trum at each angle and normalized to the same scat-
tering volume with the calculated effective scattering
volume described above. Using this peak height instead
of the area under the band does not introduce any error
if the line shape is the same at all angles. We found that
this was indeed the case for both the elastic and inelastic
features of the energy-loss spectra. In order to compare
the absolute theoretical and relative experimental cross
sections, the latter are multiplied at each energy by a
factor which is the average of the ratios of the calcu-
lated absolute and experimental relative cross sections
at each angle. The possibility of appreciable contribu-

% (a) G. Herzberg, Spectra of Diatomic Molecules (D. Van
Nostrand Co., Princeton, N.J., 1953), 2nd ed., p. 387; (b) p. 530.
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tion from the strong CI, tail was eliminated by
plotting the cross sections obtained not only from the
maximum ordinate measurements, but from measure-
ments at 0.5 and 1.0 eV away from that maximum.
No change in the shape of the curves of relative cross
section versus scattering angle was observed.

Figure 5 compares the theoretical and experimental
differential cross sections at 25-, 35-, 40-, 50-, and 60-eV
impact energies. The solid curves are the calculated
ones. Each experimental point was obtained from a
spectrum similar to the one shown in Fig. 1.

At 50 and 60 eV the calculated and observed curves
agree quite well. As one goes to lower impact energies,
however, the disagreement between theory and experi-
ment increases. While the theory predicts well-formed
maxima at around 40° for low impact energies, the
experiment shows fairly isotropic scattering below 35
eV. Although the measured differential cross sections
are in arbitrary units, the absolute values obtained from

them by the procedure described above should be close
to the correct ones at 50-and 60-eVimpact energies, since
for them the experimental and calculated differential
cross sections agree very well and the total cross section
obtained from the integration of the calculated differ-
ential cross sections agrees approximately with
Corrigan’s measurement.!'3 In calculating the total
cross section, Cartwright and Kuppermann' neglected
the contribution from the excitation to the ¢ I, state.
Inclusion of this contribution may improve this agree-
ment.

The validity of the Ochkur (O) and (OR) theories of
electron exchange scattering can be tested only in a
very few cases due to the lack of experimental data
and/or more accurate theoretical calculations. The (O)
approximation may be considered as an (OR) approxi-
mation with improper normalization of the wavefunc-
tion. For the 23S excitation of He, the shape of the
experimental differential cross section of Ehrhardt and
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F16. 6. Differential cross sections calculated for the X 13,t—g 3%,* excitation. The numbers over the curves represent the electron-
impact energy in eV.

Willman™ agrees with the OR predictions at 24 eV
from 20° to 120°.? The experimental data of Simpson,
Menderez, and Mielczarek® at 56.5 eV (5°~-50°) and of
Vriens, Simpson, and Mielczarek® in the 100-225-eV
energy range (5°-15°) are in complete disagreement
with the (OR) and (O) curves for the same excitation.
In the case of atomic hydrogen, a comparison of the
(OR) differential exchange cross sections for elastic
scattering and the 1s—2s excitation to the accurate
close coupling calculation of Burke, Shey, and Smith®
has been made by Truhlar, Cartwright, and Kupper-
mann.® They find that the (OR) angular distributions
are in qualitative agreement with the close coupling
results at intermediate energies but at low energies the
agreement is very poor.

2 D, C. Cartwright, thesis, California Institute of Technology,
Pasadena, California, June 1967, (unpublished).

# (a) P. G. Burke, H. M. Schey, Phys. Rev. 126, 147 (1962);
211)365) G. Burke, H. M. Schey, and K. Smith, Ibid. 129, 1256

34D, C. Truhlar, D. C. Cartwright, and A. Kuppermann, Phys.
Rev. 175, 113 (1968).

It is somewhat surprising, especially in light of the
above discrepancies, that the (OR) approximation
predicts as well as it does the shape of the angular dis-
tribution for the X 1Z,+—b3Z,* transition in H, for
energies as low as 40 eV, Since the theory is based on
first-order perturbation principles, the above compari-
son between theory and experiment implies that for
the angular regions and impact energies considered here
the deviation of the interactions from first order is not
important or that the agreement is simply an accident.
It is important therefore to do additional comparisons
between experiment and theory before the usefulness
of the (OR) approximation can be determined.

Figures 2 and 3 show the energy-loss spectrum of H,
in the 11-14-eV region with a resolution (FWHM)
of about 0.040 eV at 20° and 80°, respectively. The
electron-impact energy was 40 eV for these experiments.
Many of the vibrational features of the B!'Z,* and
C I, excitation are separated and they account prac-
tically for all the intensity at 20°. At higher angles,
however, contribution to the inelastic scattering from
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the a3Z,* and/or ¢ 11, state is definitely observable.
The intensity envelope of the BZ,* vibrational bands
is easily recognized on Fig. 2. The intensity of consecu-
tive vibrational features follows this envelope smoothly.
At 80°, however, the bands with »"=4 and 6 are much
more intense than they should be according to this
intensity envelope. The extra intensity comes from the
contribution of the »'=0 and 1 bands of the a3Z,*
and/or ¢ *I, excitations. Dowell and Sharp® argue that
in their electron-trap threshold spectra the dominant
features in H, are associated with the ¢ %II, excitation
and that all other contributions are negligible. It is
not possible to tell from our spectra whether the g 3Z,+
or ¢°Il, scattering is responsible for the intensity en-
hancement we observe. At 40 eV electron energy the
singlet bands are stronger than the triplet ones even
at high angles and their interference prohibits a definite
conclusion. It would require a much better resolution
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to separate the @ 3Z,* and ¢ *II, features from the over-
lapping singlet ones.

The differential cross sections calculated for the
X 1Z,t—a 3Z,* excitation are shown in Fig. 6. No ex-
perimental data are available for comparison, for the
reasons just given.
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Shock-Tube Study of Vibrational Exchange in N,~O, Mixtures

D. R. WuItE
General Physics Laboratory, General Electric Research and Development Center, Schenectady, New York 12301
(Received 7 August 19683)

Vibrational excitation in gas mixtures can occur both by translation-to-vibration (T-V) energy con-
version in simple collisions and by the exchange of vibrational energy (V-V) between components. Nitrogen—
oxygen mixtures containing 5%, 10%, 21%, 33%, and 50%, O: have been studied in a shock tube using
both optical interferometry to measure the density profile through the relaxation zone and infrared emission
of CO added in small quantities to serve as an indicator of the degree of vibrational excitation of N,. The
density increase has been resolved into the sum of short and long time-constant exponentials. The former
is approximately that expected from excitation of the O, component. The longer time constant of the
increasing density is approximately that observed for the infrared emission of CO and is thus indentified
with the Nj excitation. This latter is found to be more rapid than can be accounted for by a T-V process
and therefore vibrational exchange with excited O; must contribute signficantly. Data have been analyzed
to obtain a transition probability per collision for the exchange process which varies from 107¢ to 2.3X107%
over the range 1000°~3000°K.

INTRODUCTION appearance of a quantum from the other, with the
energy difference being supplied from (or going to) the
kinetic energy of the colliding molecules. This is termed
a vibration-to-vibration (V-V) energy transfer process.
We shall not consider systems in which rotational
energy is known to be important.

The former T-V process has been studied intensively,
and the excitation of simple systems is relatively well
understood, where a simple system is considered as one
in which a non-hydrogen-containing diatomic molecule

The translation-rotation shock front in a diatomic
gas is followed by a relatively long region in which
the vibrational energy content of the gas increases
from its initial pre-shock value to that value corre-
sponding to thermal equilibrium. This conversion of
energy from translation to internal degrees of free-
dom may take place in at least two ways. If only
one diatomic species is present, a simple translation-

to-vibration (T-V) energy conversion process is op-
erative, i.e., for each vibrational quantum generated
in a collision, that amount of kinetic energy has dis-
appeared. Exchange of a quantum between like mole-
cules has no thermodynamic significance. When' two
diatomic species are present, the appearance of a
quantum of energy in one may be marked by the dis-

is vibrationally excited in collision with a monatomic
or a ground-vibrational-state diatomic molecule. Much
of the data prior to 1963 are referenced and correlated
in Ref. 1. Additional shock-tube data on N, and O,

, 1 R.) C. Millikan and D. R. White, J. Chem. Phys. 39, 3209
1963).
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