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The double-resonance concept is extended to the situation of two coherently driven op-
tical transitions that do not share a common level but are coupled by molecular collisions
that tip the angular momentum vector while preserving the molecular velocity and the ro-
tational energy. This collision-induced double resonance is observed as sharp resonances,
free of Doppler broadening, and can be explained in the same order of perturbation theory
as the ordinary double-resonance experiment. They appear as satellite lines accompany-
ing the usual double resonance or Lamb-dip spectra.

In the double-resonance effect, which is well
known at both radio and optical frequencies,'™® a
molecule interacts simultaneously with two radia-
tion fields, causing a transition from an initial to
a final state through an intermediate level [Fig.
1(a)]. This Letter reports observations and theo-
ry for a double-resonance phenomenon that in-
volves a single molecular velocity group undergo-
ing two optical transitions that do not share a
common level [Fig. 1(b)]. The two transitions,
excited by monochromatic laser radiation of fre-
quencies , and §,, are coupled by molecular col-
lisions that change the magnetic quantum state
but tend to preserve molecular velocity. Recent
quantitative measurements?® have revealed this
persistence in velocity for a molecular gas such
as CHGF where the average velocity jump for a
binary collision is only 200 cm/sec. It has not
been realized until now, however, that even if
the velocity remains essentially unchanged by a
collision, the molecular angular momentum vec-
tor for a symmetric top may be readily tipped,
causing a transition from an initial M state to a
neighboring one. This circumstance causes an
unusual double-resonance effect, characterized
by a sharp resonant tuning behavior, free of Dop-
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FIG. 1. (a) Traditional double~resonance level con-
figuration. (b) Collision-induced double-~resonance
level configuration; wavy lines indicate collision-in-
duced transition. (c) Experimental arrangement for
monitoring optical double~-resonance signals.

pler broadening, and with an intensity comparable
to the traditional double-resonance signal. In-
deed, the new and the older double-resonance ef-
fects appear, as we shall show, in the same or-
der of perturbation theory. The effect thus pro-
vides a new and simple way of studying molecular
collisions that reorient the angular momentum
vector.

Collision-induced double resonance clearly is
not restricted to angular momentum tipping alone
but can involve other degrees of freedom as well.
Velocity preserving collisions involving molecu-
lar inversion® or angular momentum transfer®
have been reported also in other double-reso-
nance experiments.”

Collision-induced double resonance can be un-
derstood easily in terms of the level structure of
Fig. 1(b) and the optical geometry of Fig. 1(c).
Consider first the coherent optical field E, exp[i
X (Q,¢ - k,2)] (z is the direction of the optical
beam) which is in resonance with the transition
a-b for a narrow velocity group v,, where satura-
tion takes place. The second transition c-d in-
volving the resonant field E, exp[i(2,t - k,2)] will
communicate effectively with the first transition
only (1) if it is tuned to the same velocity group
and (2) if velocity-preserving collisions cause
transitions of the type c~a and b ~d, which in
the present case represent AM +0 transitions. In
this way, population changes induced by the first
field can be monitored by the second. The two
laser fields select resonant velocity groups ac-
cording to Q;=w,,—kv and Q,=w, - kv, and the
two transitions communicate when the velocities
coincide giving the double-resonance condition

2, = Q=W — Wy, (1)

where w;; is the transition frequency.
This tuning behavior, as well as other features,
is contained in a more rigorous calculation,® de-
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rived from the coupled Maxwell-Scrodinger equations. The change in intensity of both optical fields
arising from collision-induced double resonance is thus of the form (after time and Doppler averaging)

NLaLzazz(ApdC°+Apﬂo(y’/y)exp[_Af/(ku)z] @)
[(AZ—A1)2+4y2]ku ’

£ (AE?) =16V7 (i)
87T

where we do not distinguish between £, and £, in [
the prefactor ZQ. Equation (1) is now evident in observed in our laboratory in two different types
the resonance denominator where A,=Q, - w  and of experiments. Consider again the experimental

A,=Q, - w,, and the linewidth of 2y is just twice arrangement of Fig. 1(c). The two radiation fields
the width predicted for the ordinary double reso- are derived from two fixed frequency, continuous-
nance. Like the ordinary double resonance,® this wave CO, lasers and propagate together through a
new effect is proportional to the product of the SCH,F gas sample that can be tuned by sweeping
two intensities a,?a,? where o,= u,, E,/2% and a, a dc Stark field.' In Fig. 2, a double-resonance
= E,/2K. Here, ku is the Doppler width, L is spectrum is shown for the 3CHgF vg4-band line (J,
the optical path length, and Ap; is the zeroth-or-  K)=(4,3)~- (5, 3) at 1035.474 cm ™!, One laser is
der difference in occupation probability of levels frequency locked to the other with §, - £,=30,008
i and 7. It will be noticed that Eq. (2) is virtually MHz by a servo loop that compares their beat fre-
the same as that for the usual double-resonance quency with an rf reference. After being expanded
effect except that it is reduced by the factor (y'/ to 1 cm diam, the two beams have power densi-
¥), where v’ is the linewidth contribution for the ties of ~1.2 and 0.4 W/cm?; they are polarized
specific collision channel which couples the two perpendicularly to the Stark field, imposing AM
transitions and y represents the total linewidth =1 selection rules.
arising from all sources. Since y is composed of All of the lines of Fig. 2 satisfy the relation ,
a pressure-independent contribution (molecular - Q,=(mA, -nA )€, where € is the Stark field, m
time of flight across the laser beam) and a pres- and n are integers, and A and A, are the first-
sure-dependent part, the new double-resonance order Stark tuning rates of the upper and lower
signal will vary as the molecular density N at el- vibration-rotation states.!* Thus, in Fig. 2 we
evated pressure and as N? at low pressure. find that (©, - 2,)/€ equals 4A,; - 2A, (line a), 34,
Other mechanisms, based on purely optical in- -4, (), 24, (c), A,+A, (@), 24, (e), and 3A, - A,
teractions, could also give double-resonance be- (f) to an accuracy of one part in 1000 or better.
havior for Fig. 1(b). However, calculations show The strong lines ¢ and e are the ordinary double
these effects to be too weak and with a line shape resonances [Fig. 1(a)] and correspond to AM =2
contradicting the experiments.® intervals in the lower and upper vibrational states.
Collision-induced double resonance has been The other lines are the collision-induced reso-
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FIG. 2. Optical double-resonance spectrum for 13CH3F at ~3 mTorr pressure and Qy— 2,=30.008 MHz. Lines ¢
and e correspond to the level configuration of Fig. 1(a) and the others to Fig. 1(b). The Stark sweep is computer
driven in steps and the output signal is digitized (squares) and least-squares fitted to Lorentzian line shapes (solid
line). The Stark gap spacing is 0.602 56 cm and the sample path length is 10 cm.
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nances; they all have the level configuration of
Fig. 1(b) where the two transitions do not share
a common level; they display linewidths (~800
kHz) about twice as large as that of ¢ and e, in
agreement with Eq. (2), but considerably narrow -
er than a 60 MHz Doppler width. If the plane of
polarization of one or both beams is rotated by
%n, to allow AM =0 transitions, the spectrum is
drastically altered but the fundamental behavior
remains unchanged. From Fig. 2, both types of
double-resonance signals are seen to be of the
same order of magnitude and, furthermore, de-
pend on the product of the two field intensities,
as predicted by Eq. (2). As expected, the colli-
sion-induced signals vary linearly with pressure
at high pressure and appear to approach a qua-
dratic dependence at very low pressure.

We have also observed analogous collision-in-
duced resonances in Lamb-dip spectra for the
same transition of ®*CH,F. For example, when
the selection rule is AM =0, Lamp dips are moni-
tored for the M =3 —3 and 4 — 4 transitions, but
an additional line occurs midway between them
due to the collision-induced resonance. Clearly
it cannot be an ordinary double resonance (“cross-
over” resonance) since there is no level common
to both transitions. In this case, a double reso-
nance occurs when the resonance conditions ,
-kw,=w, and Q,+kv," =w, are simultaneously
satisfied for the same velocity group, v,=v,’.
Consequently, the double-resonance condition be-
comes £, = (w,+w,)/2. Here, the two oppositely
propagating waves play the same role as the two
unidirectional waves of different frequency in the
above discussion, and the two transitions are sim-
ilarly coupled by collisions.

The mechanism which tips the angular momen-
tum vectors of two colliding CH,F molecules is
the long-range anisotropic interaction of their
permanent electric dipoles. For this process,
collision partners will retain their initial rota-
tional energy but will exchange a small orienta-
tional or Stark energy for translational energy,
which is not detected in the linewidth. The colli-
sional transition (J, K, M)~ (J, K, M +1) occurs for
this interaction because symmetric tops like CH F
have a nonvanishing dipole matrix element.’® To
first order, the corresponding transition rate for
one of the collision partners will be proportional
to the matrix element squared K2(J+M + 1)(J+ M)/
[72(J+1)?]. Hence, molecules with high rotational
quantum number J or small K are not tipped easi-
ly in agreement with the classical gyroscope de-
scription. It is for this reason that collision-in-

duced double resonance has been seen here in the
18CH,F transition (J, K)= (4, 3)~ (5, 3) but not in
our earlier studies' of the *CH,F (J, K)= (12, 2)
- (12, 2) transition. From the intensity ratio of
lines d to c or d to e, we obtain (y’/y)=0.15, and
a cross section of ~100 A% for AM =1 reorient-
ing collisions of the (J, K)= (4, 3) or (5, 3) state.
Hence, for this case about 15% of the collisions
change the M state while J remains fixed and the
remaining 85% presumably involve changes in

J and M. Microwave experiments®® in OCS, on
the other hand, failed to show any evidence for
AM =+ 1 collisions, because the symmetry of a
linear molecule prevents electric dipole transi-
tions between magnetic sublevels of a given J.

In future experiments, the collisional selection
rules might be tested. Multiple quantum jumps
in M could occur either in a single step or se-
quentially and might depend critically on the
choice of a foreign buffer gas and its specific in-
teraction with CHZF.
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UThe first-order Stark shift is given by AW, =ueMK/ significantly mix the Mlevels of a particular vibration-
@ +1)] and the rate A=AW,/€. From lines ¢ and e of rotation state are small.
Fig. 2, we obtain the dipole moment u for the lower 2p, w. Anderson, Phys. Rev. 76, 647 (1949), see
and upper vibration-rotation states, 1.8578(6) and Part II.
1.9038(6) D, respectively. Spectra taken for different 34, p. Cox, G. W. Flynn, and E. B, Wilson, Jr., J.
(21— £, show that the Stark effect is highly linear and, Chem. Phys. 42, 3094 (1965); M. L. Unland and W. H.
hence, molecular or optical perturbations which might Flygare, J. Chem. Phys. 45, 2421 (1966).
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