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NEAR-RESONANT VIBRATIONAL ENERGY TRANSFER IN N,-CO, MIXTURES*

R. D. Sharma and C. A. Brau
Avco Everett Research Laboratory, Everett, Massachusetts
(Received 19 October 1967)

Recent experiments indicate that the Ny-CO, near-resonant vibration-transfer cross
section has a strong negative temperature dependence for temperatures below about
1000°K, in contrast to the behavior predicted by the theory of Schwartz, Slawsky, and
Herzfeld. It is shown that this anomalous behavior is due to the long-range dipole-quad-

rupole interaction between the molecu’

Because of the adiabatic character of vibra-
tional motions in molecular collisions, it has
generally been assumed that only the strong,
short-range, repulsive forces are effective in
producing vibrational transitions. In fact, the
theories of Landau and Teller,! and Herzfeld
and Litovitz,2 which are based on this assump-
tion, have been successful in explaining a wide
variety of vibrational relaxation rates. An im-
portant exception to this rule is the near-res-
onant vibration-transfer reaction

C0,(001) +N,(0) — CO,(000) +N,(1) +AE, (1)

in which AE=18 cm™!. Recent experimental

evidence obtained by laser-induced fluorescence®»*

and shock-wave techniques® indicates that the
cross section for this reaction has an anoma-
lous negative temperature dependence in the
range T S1000°K, as shown in Fig. 1.6 In this
note it is shown that this effect can be explained
by the relatively weak long-range forces, which,
in collisions typical of temperatures below about
1000°K, act for a sufficiently long time to be
the dominant source of vibrational energy trans-
fer.”

If we expand the long-range interaction in
terms of multipole moments, the first nonvan-
ishing contribution is the interaction of the N,

quadrupole moment® @ with the CO, dipole mo-
ment, pu. To avoid the complexity of rotation-
al transitions, we replace the true dipole-quad-
rupole interaction with the spherical potential
V=u@/2r%, which corresponds to the rms val-
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FIG. 1. Ny-CO, near resonant-vibration-transfer
cross section: square, Moore, Wood, Hu, and Yard-
ley (Ref. 3); triangle, W. A. Rosser (Ref. 4); circles,
Taylor, Camac, and Feinberg (Ref. 5); dashed line,

K. F. Herzfeld, J. Chem. Phys. 47, 743 (1967); straight
line, present theory.
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ue of the dipole-quadrupole interaction aver-

aged over all molecular orientations. The short-

range forces are adequately represented by
a rigid sphere interaction with a collision di-
ameter o, independent of the internal states
of the molecules.

As long as AE and V are small compared
with the relative kinetic energy at infinite sep-
aration %mvz, where m is the reduced mass
of the CO, and N, molecules, and v is the rel-
ative velocity at infinite separations, and as
long as the deBroglie wavelength A =7/mv is
small compared with 0, we may calculate the
vibration-transfer probability using the semi-
classical approximation.® These conditions
are fulfilled by the N,-CO, system at room tem-
perature and above. The probability of vibra-
tion transfer in a collision is then given by the
expression
flQO z
2n

©exp(iwt/n) |2
I_oo r4(t) al @)

p:

in which ,,=(000111001) is the dipole matrix
element between the (000) and (001) states of
CO,, @, ={11Q10) is the quadrupole matrix ele-
ment between the v=1 and v =0 states of N,,
w=AE /7l is the Bohr frequency of the transi-
tion, and T(¢) is the classical trajectory describ-
ing the relative position of the centers of mass
of the molecules during the collision. This
trajectory may be found from the rigid-sphere
interaction. For collisions with an impact pa-
rameter b greater than the hard-sphere colli-
sion diameter, the trajectory is a straight line
for which 7%(t)= 4% +v%2. The transfer of prob-
ability is then given by the formulat®

P,0)= 1T, Q0,/40% If(wT), 3)

where 7=b/v is the effective “time of interac-
tion.” The “adiabaticity factor” f(w7)= (1+ lwTl)
X exp(—-|w7l) is a function which resembles a
Gaussian of half-width (wT),,,=~2.

The total vibration-transfer cross section
is easily estimated by making the following
simplifications. For impact parameters of
the order of the hard-sphere collision diame-
ter we note that |w7| $2 in typical collisions
occurring at or above room temperature. Since
the factor b8 in Eq. (3) insures that collisions
occurring with larger impact parameters con-
tribute little to the total vibration-transfer cross
section, we do not introduce too large an er-
ror if we set f(w7)=1 and use the approximate
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formula
P,b)= ITp, oQo,/403% |2 (4)

for b 2 0. For smaller impact parameters,
the classical trajectory corresponds to two
straight segments, but the distance of closest
approach is always »(0)=0. We therefore use
the approximation

p(,b)=p,0) (5)

for 5 = 0. Summing the contributions from all
impact parameters, using Eqs. (4) and (5), we
find that the total cross section for vibration
transfer with incident velocity v is

1(0)= [, 2mbp (v, b)db = 310% (v, 0). ()

Averaging over all collisions occurring in a
gas at the temperature 7, we obtain the formula

(7= 811’(%)2]1)1(7)) exp (— %)d\’f

=313m | 1@, 12/ 64R%0% T (7)

for the mean vibrational-transfer cross sec-

tion, where m is the reduced mass of the col-
liding N, and CO, molecules. This expression
has a pronounced negative temperature depen-
dence.

The absolute magnitude of the cross section
is also of interest and may be calculated as
follows. From the experimentally determined
lifetime of the (001) state of CO,,'* it is found
that the dipole matrix element has the value
[ty 12=1.0X107% statC? cm® Although no sim-
ilar measurements are available for the N,
quadrupole matrix element, recent Hartree-
Fock calculations'? yield the value [Q 2l =6.0
x 107% gtatC? cm*. Using the hard-sphere col-
lision diameter 0=3.91X 108 c¢m,® we obtain
the result

7=6.9x10715/7T, (8)

where T is in cm?, and 7 is in °K.

Equation (8) is compared with experimental
data and the theory of Herzfeld'® in Fig. 1.
We see that the present theory correctly explains
the temperature dependence in the range T
$1000°K, but is about a factor of 2 or 3 too
high. This is because rotational transitions
have been neglected. In fact, because of the
angular dependence of the correct dipole-quad-
rupole potential, the matrix element u,, van-
ishes for molecular states with the same ro-
tational quantum number; and every vibration
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transfer is accompanied by simultaneous ro-
tational transitions of AJ=+1 in the CO, mol-
ecule and AJ =0, +2 in the N, molecule. Since
large rotational-energy changes will destroy
the resonance of Reaction (1), only the low-
lying rotational levels of the CO, and N, mol-
ecules, which are closely spaced, will contrib-
ute significantly to the vibration-transfer pro-
cess, reducing the effective cross section.

The temperature dependence will not be strong-
ly affected, however, even though the popula-
tion of the low-lying levels is inversely propor-
tional to the temperature. This is because high-
er temperatures correspond to shorter inter-
action times, 7, allowing greater resonance
defects (and therefore higher rotational levels)
according to the criterion |w7| 5 2. Calcula-
tions are currently in progress which proper-
ly account for rotational transitions, and the
results will be reported when they are complet-
ed.

Above about 1000°K we see that the experi-
mental cross sections increase with temper-
ature. This is in agreement with the theory
of Herzfeld,'® and indicates that above about
1000°K the short-range repulsive forced dom-
inate the vibration-transfer process.

*This research was sponsored by the U. S. Air Force
Avionics Laboratory and the Advanced Research Pro-
jects Agency under Contract No. AF33(615)-3832.

11,. Landau and E. Teller, Physik. Z. Sowjetunion

10, 34 (1936).

%K. F. Herzfeld and T. A. Litovitz, Absorption and
Dispersion of Ultrasonic Waves (Academic Press, Inc.,
New York, 1959).

8C. B. Moore, R. E. Wood, B. L. B. Hu, and J. T.
Yardley, J. Chem. Phys. 46, 4222 (1967).

4W. A. Rosser, private communication.

R. L. Taylor, M. Camac, and R. M. Feinberg, in
Eleventh Symposium on Combustion, Berkeley, Cali-
fornia, 1966 (unpublished), p. 49.

8Recent experimental data obtained by W. A. Rosser
(private communication) indicate a negative tempera-
ture dependence above room temperature. Further
shock-tube measurements by R. L. Taylor (private
communication) also support the negative temperature
dependence of the cross section in the range T < 1000°K.

"B. H. Mahan, J. Chem. Phys. 46, 98 (1967), has al-
so pointed out that long-range, dipole-dipole interac-
tions dominate exactly resonant energy-transfer pro-
cesses among infrared-active molecules.

8For an axially symmetric charge distribution the on-
ly nonvanishing quadrupole moment is

= = 2,42
Q=Q,, Eiqi(3zi D

where g; is the i¢th charge, z; is the axial coordinate,
and 7= (x2+y2+2,)Y? is the radius.

%A. Messiah, Quantum Mechanics (North-Holland
Publishing Company, Amsterdam, The Netherlands,
1962), p. 728.

Bateman Manuscript Project, Table of Integral
Transforms, (McGraw-Hill Book Company, Inc., New
York, 1954), Vol. I, p. 118,

15, T. Houghton, Proc. Phys. Soc. (London) 91, 439
(1967).

2R, K. Nesbet, J. Chem. Phys. 40, 3619 (1964).

18k, F. Herzfeld, J. Chem. Phys. 47, 743 (1967).

FREQUENCY-CORRELATION EFFECTS IN CASCADE TRANSITIONS
INVOLVING STIMULATED EMISSION

Helen K. Holt
Atomic Physics Division, National Bureau of Standards, Washington, D. C.
(Received 5 July 1967)

In a recent Letter,! Cordover, Bonczyk, and
Javan report the measurement of the frequen-
cy profile of the light emitted in the second
part of the cascade process 2s,—2p,—~1s, in
neon. The neon gas was part of a He-Ne laser
tuned to the 2s, - 2p, neon transition (1.15 u).
The spontaneously emitted 2p, — 1s, light (0.6096
1) was viewed along the direction of the laser
light propagation and was found to have two
bumps superimposed on the Doppler-broadened
profile. The bumps were due to light sponta-
neously emitted by 2p, atoms populated by the
laser transition from the 2s, state. The Dopp-

ler background was caused by the emission from
2p, atoms populated in other ways, e.g., by
electron bombardment or by cascade from high-
er states.

The shape of the bumps depends on the nat-
ural widths of the three states and on the fre-
quencies of the two photons. In an erratum
to Ref. 1,2 the shape of each bump was said
to be a Lorentzian of width (full width at half-
maximum)

y=lw, /o My +7,)+(y, +y ) rad/sec, (1)
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