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1200.' A measurement to 1 part in 10' would

then give a value of o with a precision of 4.2 in
10'. This is significantly more precise than the
present 1.6 in 10' determination of z from mea-
surements using the ac Josephson effect.

The determination of the fine structure of the
He' ion gives an even more fertile field for the
multiple- quantum- transition technique. In heli-
um there is no hyperfine structure and one can
envision using a multiple-quantum transition in
the n = 6 state with a q of 10' to 10' for determin-
ation of the fine-structure constant.
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We present an experimental technique enabling a direct observation of the momentum
transfer distribution generated by rotationally inelastic molecular collisions of CO& with

H&, He, CO&, and Kr. The observations indicate that the rotational transition results
primarily from peripheral collisions which are effective in transferring angular momen-
tum, but which conmunicate a relatively small linear momentum transfer. The mean
change in the z component of velocity is presented for CO&-H& collisions.

%e report initial experimental observations of
the momentum-transfer distribution generated
by rotationally inelastic molecular collisions of
CO, with H„He, CO„and Kr. The general pro-
cess under examination is

CO, (j, v) +M = CO, ( j', v')+M,

where the pair ( j, v) labels, respectively, the ro-
tational quantum number and velocity of the CO,
molecule, and M represents the appropriate col-

lision partner. Previous studies examining the
velocity dependence of collisions of atomic and
molecular systems have involved molecular-
beam experiments, ' coherent spectroscopy, '
treatment of collisional effects on spectral line
profiles, "determination of infrared pressure-
broadening coefficients, ' the role of velocity
cross relaxation on the Lamb dip, ' and two-pho-
ton, double-resonance studies of collisionally re-
distributed populations. ' In the technique de-
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scribed below, the methods of saturation spec-
troscopy are utilized to detect the velocity dis-
tribution arising from rotationally inelastic col-
lisional processes and therefore provide an eval-
uation of the mean change of one component (z

component) of the molecular velocity, viz. , (v
—v'), t,„,-=(8 v, ), in these collisions. These data
provide direct information on the characteristics
of the intermolecular forces' and supplement the
findings of alternative methods such as pressure
broadening and kinetic studies. '

Basically, the experimental technique involved
the generation of a perturbed velocity distribution
of a particular rotational level and the detection
of the collisional transfer of this perturbation to
a nearby rotational state using the apparatus il-
lustrated in Fig. 1. Two pairs of stable single
TEN«-mode CO, sources" (1, 2) and (3, 4) were
used; the two labeled 1 and 4 served as local os-
cillators stabilized" to the centers of their re-
spective P( j) and P(j ') operating transitions. The
beams from oscillators 2 and 3, with intensities
of 20 and 2 W/cm', respectively, were passed
collinearly through an absorption cell which con-
tained a gaseous mixture of CO, and the collision
partner M. Part of the beams co, and ~, were
heterodyned with their respective local oscilla-
tors, establishing the frequency measurements

2 I and 1 ~, —~4 I. The 4.3-pm fluorescence

arising from the 00 1 —00 0 transition in the CO,
contained in the cell falls on a liquid-nitrogen-
cooled Insb detector and is observed by mechan-
ically chopping the ~, beam at 780 Hz and the ~3
beam at 540 Hz, and detecting synchronously at
the sum frequency of 1320 Hz as oscillator 3
was scanned in frequency. The 4.3-pm intensity
and the frequency of oscillator 3 were simulta-
neously recorded on magnetic tape for subsequent
numerical data reduction.

Figure 2 illustrates typical data obtained with
this experimental method for pure CO, at a pres-
sure of 30 mTorr. In Fig. 2, trace a, a narrow
resonance is exhibited when both lasers 2 and 3
are operated on the 10.6-pm P(20) transition.
The full width at half-maximum (FWHM) of this
resonance is 1.7+ 0.1 MHz and is primarily de-

10—

CUa
'I

E
IQ

local
oscfllato

1
Feedback

0Untel sgstem

2

Probe
osc)llato

sorptfon cell

In: 5b
etector

1.0

0.8

3
Probe

osc 1 1 1 a to

4

Local
osc)llator

e sensftive
@pl i f3 er

X-Y
ounter recorder

0.6

0.4

OT

-12 -8 -4 0 4 8 12

Frequency (/hz )

FIG. 1. Schematic diagram of the experimental ap-
paratus illustrating the two pairs (1,2) and (3,4) of
stable probes and local CO2 oscillators operating on
&(g) and I'(g) transitions, respectively. The probe
beams ~& and ~& are combined by a beam splitter (&)
and pass in spatial coincidence through the absorption
cell. Modulation of the two probe beams is provided by
the chopper. The oscillator frequencies are established
by heterodyne techniques.

FIG. 2. Saturated resonance observed in the 4.8-pm
CO& fluorescence using the apparatus of Fig. 1. The
abscissa is the frequency ~& -~4. Trace &, oscillators
2 and 8 both set on the 10.6-pm &(20) line. Curves b,
&, and d, oscillators 2 and 3 operating, respectively,
on the 10.6-JLfm P(20) and P(18) transitions. Oscillator
2 is locked (u& -~&) 0,1 MHz below the P(20) line cen-
ter in b, 5 NHz below in c, and 5 MHz above in d.
Trace b has been depressed slightly for clarity. Inset,
levels involved for the lower data traces.
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termined by power broadening. This width is a
measure of the velocity spread of the radiatively
produced perturbation of the molecular popula-
tion. The lower three traces of Fig. 2 exhibit
the nature of the signal when the sources 2 and
3 are operating on the 10,6-gm P(20) and P(18)
transitions, respectively. In the trace labeled
5, oscillator 2 was locked 100 kHz below the
P(20) line center; in traces c and d, source 2

was set, respectively, at 5 MHz below and 5 MHz

above the P(20) center frequency. The fact that
the widths of these resonances are significantly
greater than that of Fig. 2, trace a, and the fact
that the location of the peak of the resulting reso-
nance is determined by the frequency setting of
oscillator 2 clearly establishes the velocity se-
lective property of the collisional transfer be-
tween the two rotational levels in the lower 10'0
level. Under the conditions of this experiment,
it can be shown that the influence of the popula-
tions in the upper 00'1 level is negligible. This
aspect was verified experimentally by the ab-
sence of any detectable effect when oscillator 2

was operated on the 10.6-pm P(20) transition and
oscillator 8 was operated on the 9.6-pm P(18)
transition. "

The pressure dependence of the four-level res-
i

onance for CO, in collision with H, was investi-
gated; and by fitting the resulting data with a
Lorentzian plus an appropriate background sig-
nal, a zero-pressure intercept FWHM of 9+4
MHz was obtained.

A brief investigation has also been made of the
dependence of the four-level, collision-induced
resonance on the value of 1 j —j'1. For the case
of CO, in collision with H„ the velocity-selec-
tive resonance has been observed for" I j —j '

t

=2 and 4, but was not detected for I j —j'1&4.
This observation is related to data obtained from
line-broadening studies" which can be used to
estimate the maximum orbital angular momen-
tum l,„operative in the collision. For CO, -H,
collisions at 300 K, lm, „=4, a value which is con-
sistent with our observations.

In an attempt to describe these four-level, col-
lision-induced resonances, we are employing an

analysis similar to that of Freed and Haus, ' but

generalized to include rotational1y inelastic col-
lisions. Ignoring the roles of particle diffusion
and polarization effects, "we may write the equa-
tions of motion for the velocity-distribution func-
tions f, (v) and f, (v) of the lower two levels, in-
cluding the influence of the saturating radiative
fields I, and I,', as

af (v)/st = Q (fd'v'[K;, (v'v) f (v') —K,, (v, v')f (v)]j+ g, (v, I, , ~,)+R, (v) —y, (v)f (v). (2)

A similar equation for Sf, (v)/St is obtained with
the interchange j- j'. The quantity K„(v,v') is
the collisional matrix of which the off-diagonal
elements (rc s) describe rotationally inelastic
scattering and which are directly related to the
angle-dependent forces occurring during a colli-
sion. The functions g, (v, I, , ~,) describe the per-
turbation generated by the radiation field of the
P(j ) transition at frequency &u, with intensity I,.
Since the transitions are Doppler broadened, the
radiative excitation is highly selective in velocity
space as indicated by the narrow resonance illus-
trated in Fig. 2, curve a. The quantities R, (v)
and y, (v) describe, respectively, the excitation
and decay processes coupling the population of
the jth level to all other molecular states exclu-
sive of j '. The resulting steady-state distribu-
tion derived by equating Eq. (2) to zero is estab-
lished by the competition between the strong ve-
locity-selective perturbing influence of the radia-
tion fields I, and I,' and both elastic and inelastic
collisions which tend to restore the equilibrium
Boltzmann distribution. For all other conditions

fixed, an increase in the perturber gas pressure
enables the collisional redistribution to compete
more effectively with the se1ective radiative pro-
cesses, causing the width of the observed reso-
nance to broaden linearly with increased density.
The zero-pressure intercept indicates the mini-
mum observable width of the collisionally trans-
ferred population and is a measure of the mean
change of the z component of the molecular veloc-
ity in a rotationally inelastic collision. With pow-
er broadening and the influence of CO, -CO, col-
lisions taken into account, the intercept of the
CO, -H, data indicate a value of (be, ) = (8+ 2) &10'
cm/sec for j = 20 —j' =18 collisions.

Considerable velocity selectivity was observed
for CO, in collision with light perturbers such as
H, and He, as well as the more massive systems
CO, and Kr. For the latter case this suggests
that the rotationally inelastic collisions are main-
ly peripheral encounters occurring at a large in-
teraction radius, favoring the transfer of angular
momentum with a relatively small linear momen-
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turn transfer. We note that at sufficiently large
intermolecular separations, allowing the neglect
of exchange forces arising from electron overlap,
the main contributions to the angle-dependent in-
teraction will arise from anisotropic dispersion
forces in CO, -He and CO, -Kr scattering and the
quadrupole-quadrupole interaction in addition to
the anisotropic disperison forces for CO, -H, and

CO, -CO, scattering. " Finally, the CO, -CO, case
has the additional possibility of exchange process-
es. The details of these effects with a wide va-
riety of collision partners are currently under
study.

In summary a new experimental technique has
been developed enabling a direct observation of
the momentum-transfer distribution in rotation-
ally inelastic molecular collisions. With this
method, velocity-selective rotational transfer
has been detected for CO, in collision with H2,

He, CO„and Kr. Specifically, for H, the data
indicate a value of (At', ) =(3+ 2)x 10' cm/sec for
j =20—j' =18 transitions at 300'K, a quantity
which is far less than the mean thermal speed.
These data provide direct information on the
anisotropic component of the intermolecular in-
teraction and also demonstrate that collision-in-
duced transitions between closely spaced levels
can occur with a small effect on the molecular
velocity for states that have no transition dipole
moment. This is an extension of the conclusion
reached by Anderson" for cases involving a tran-
sition dipole moment. Finally, we note that the
extension of this experimental technique to three
spatial dimensions will enable studies equivalent
to molecular-beam scattering investigations in
the examination of differential scattering cross
sections.
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