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wave result when all "distorting potentials" were
set equal to zero. These two codes agreed to
better than l%%uo.

The results of Fig. 1 confirm the claim of Ref.
2 that this process can be understood with con-
ventional second-order theory. Finite-range ef-
fects are 20 to 40%, depending on the scattering
angle. Thus, finite-range theory would be needed
only for a detailed study. Future plans for the
method outlined here include adding the second-
order term to the finite-range DWBA (p, t) re-
sults of Ref. 8 and to the ("0,"0) calculations
of Charlton a
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Inverse Lamb dips caused by two-photon and multipho'ton processes of infrared and radio-
frequency radiations have been observed for methyl Quoride in a CO~ laser cavity. The
observations reveal interesting characteristics of the line shape and fine structures of
Lamb dips which are explained by using Schimizu's theory. Analysis of the fine structure
leads to identification of velocity-tuned multiphoton processes.

We report observations of infrared (IR)-radio-
frequency two-photon and multiphoton Lamb dips
which are caused by couplings of various multi-
photon processes. Two types of processes rele-
vant to our discussion are shown in Fig. 1.

The IR-rf two-photon processes are shown in
Figs. 1(a) and l(b); one rf quantum is (a) added
to or (b) subtracted from the IR quantum through
nonlinearities of molecular transition processes.
In general more than one quantum of rf radiation
can be added or subtracted. Such multiphoton
processes are well known in microwave spectros-
copy' and Mossbauer spectroscopy' where the
Doppler broadening is small. Ne observe such
processes in the infrared region by using Lamb-
dip spectroscopy. By utilizing stabilized lasers,
the two-photon Lamb dips provide us with a con-
venient means to perform infrared spectroscopy
with the absolute accuracy and resolution of mi-
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FIG. 1. Energy-level schemes (a), (b), for IR-rf two-
photon processes and (c},(d), for velocity-tuned three-
photon processes.

crowave spectroscopy.
Infrared multiphoton processes, which we call

velocity-tuned three-photon processes, are shown
in Figs. l(c) and l(d). They are caused by com-
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binations of IR radiations Doppler-shifted up (v+)
and Doppler-shifted down (v ) with frequencies
v+ = v~(1 + v/&). The resonance conditions with a
molecular transition at vo are

v~ —v + v~ = vt (1 + 3U/c) = vc.

Therefore, if the saturation condition is met, the
velocity-tuned three-photon processes burn holes
in the velocity profile of molecules at one-third
the velocities + s, at which normal single-photon
processes burn holes. In general velocity-tuned
(2l+1)-photon processes burn holes at velocities
+ v, /(2l+ 1). Radiative processes similar to these
have been considered in theoretical work on the
line shape of Lamb dips. ' ' Although they were
shown to affect the line shapes of Lamb dips, a
clear identification of them requires some cou-
pling with other radiative processes. The pres-
ent experiment reveals the velocity-tuned three-
photon processes through couplings with the IR-
rf two-photon processes.

The transition moments (in the unit of angular
frequency) for the two processes are obtained by
perturbation treatment as"

((1IP, E,I1&-&2lp, E, I2&)(1li. Eil2&
2I (0~

M, = 9l(1lIT,„E,[2& l'/16m'(~, -~,)',

where E„and E& are the electric fields of the rf
and the IR laser radiation, respectively, p~ and

p.„are the permanent dipole moment and the vi-
brational transition moment, respectively, and
co„=2zv„ is the applied rf frequency. Equation (2)
indicates that the levels 1 and 2 in Figs. 1(a) and

1(b) must have nonzero diagonal Stark matrix ele-
ment and thus be of double parity; symmetric-
top molecules such as CH, F satisfy this condi-
tion. The, minus sign in the parentheses shows a
destructive interference between the two process-
es in each of Figs. 1(a) and 1(b). Thus for the
worst case of parallel, Q-branch transitions with

E„ll E, (&J=O, &K=0, &M =0), M, is very small
in spite of the fact that an individual two-photon
process may have a large transition moment. A
configuration E„&E, is preferred for such tran-
sitions. Using typical values for our experimen-
tal conditions (E„-50V/cm, E, -200 V/cm, p&
=1.66 D, p,„-0.1 D, direction cosine -1/M3, and
pressure broadening of 40 kHz), we find that the
IR-rf two-photon processes and the velocity-
tuned IR three-photon processes may saturate

3V
2

pl/ 2v4

I MHz
I-—

I I I I i 1 I

20 50 i 50 I 70 230
I

240

(MH )

FIG. 2. Observed IR-rf two-photon and multiphoton
Lamb-dip signals. The lines correspond to the J= 5 4
transition of the v3 fundamental of CH3F with E= 1,2,
3,4. The sample pressure was 2 mTorr and the time
constant for the detection was 300 msec. The fine
structure associated with the E= 3 line is due to cross
couplings of IR single-photon and IR-rf two-photon pro-
cesses for 2v and IR three-photon and IR-rf two-photon
processes for 2v/3 and 4v/3, respectively.

CH, F gas of 2 mTorr up to v„-1 6Hz and l v~ —vol

-50 MHz.
The experiment was done in the cavity of a CO,

laser oscillating in the 9.4-p. m band. The ab-
sorption cell was a coaxial 50-0 transmission
line of 66 cm in length terminated at one end with

a dummy load. It was sealed with NaCl windows

at the Brewster angle and was placed inside the
laser cavity near the grating. The rf radiation
of about 10 % was frequency modulated at 10 kHz
and swept by a saw-tooth voltage. Lamb dips
were detected as sharp variations of the laser
output power.

Examples of two-photon and multiphoton Lamb
dips are shown in Fig. 2. These dips are caused
by a set of A-branch rotation-vibration transi-
tions (Z= 5 4, K K, K=4, 3, 2, 1) for the v, fun-
damental band of "CH,F, which lie within 300
MHz of the P(32) line of the CO, laser in the 9.4-
p, m region. The frequency of the K = 4 transition
is higher than that of the laser line and the fre-
quencies of the K= 3, 2, 1 transitions are lov;er.
This can be easily checked by observing shifts of
the resonant rf frequencies when the laser fre-
quency is manually tuned. The K = 0 transition
was not observed because the levels have single
parity. We have also observed the J'=3 3, %=3
and 2 transitions for "CH,F by using the P(40)
line and the J= 12 12, K= 3 and 2 transitions
for "CH,F by using the P(20) line. The observed
rf frequencies for the two-photon Lamb dips, to-
gether with accurate frequencies of the CO, laser
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lines, ' provide us with frequencies of the infrared
vibration-rotation transitions with a high accura-
cy. The results of such measurements have been
included in an extensive analysis of the v, band
of CH, F.' Many other Lamb dips have been ob-
served but as yet have not been assigned. We be-
lieve that they correspond to either high-J (J
~ 10) or hot-band transitions.

Our observation revealed two unexpected fea-
tures of multiphoton Lamb dips: (i) When the rf
frequency was of the order of the Doppler width
(-30 MHz) the two-photon Lamb dips at v„= v
=—

~ v& —v, ~
were accompanied by satellite lines at

v„=2v!3, 4v!3, and 2v (see the K= 3 lines in
Fig. 2 where v, —v, =25.8 MHz). When v, was
manually varied they moved together keeping the
frequency ratio constant. (ii) For weaker two-
photon Lamb dips, for which v=

~ v, —vJ is much
larger than the Doppler width, the dips were of
dispersion shape (note that the signals in Fig. 2

represent derivatives of dips because of the fre-
quency modulation). For stronger Lamb dips for
which v is smaller, the line shape varied between
the Lorentzian absorption form and the disper-
sion form depending on the rf power and the sam-
ple pressure. Shimizu" has recently developed
a theory for two-photon Lamb dips in which he
solved a density-matrix equation for molecules
interacting with two traveling optical radiation
fields and an rf field. We use his solutions to ex-
plain our results qualitatively.

Lamb dips are caused when a group of mole-
cules with a certain velocity component are in
resonance with both of the oppositely traveling
optical radiations v+ and v . For most of the IR-
rf two-photon Lamb dips in which v =

~ v, —vo~ is
much larger than the Doppler width (such as K
=4, 2, and 1 signals in Fig. 2), this condition is
met only for molecules with v=0 and v++ v= v

+ v= v, + v= v, (we assumed v, & v,). However when
v is of the order of the Doppler width, the condi-
tion for Lamb dip is met also by molecules with
nonzero velocities. Figure 3 illustrates various
couplings of IR single-photon, IR-rf two-photon,
and velocity-tuned IR three-photon processes.
The Lamb dip at v„= 2v is caused by molecules
with the velo'city kv/2m = + v through couplings of
IR single-photon (v+) and IR-rf two-photon (v+
+2v) processes. This dip has a linewidth double
that of the center dip at v„= v as expected from
the theoretical formula given later. The Lamb
dips at 2v/3 and 4v/3 are caused by molecules
with kv/2m = + v/3 through couplings of velocity-
tuned IR three-photon (v+ —v~+ v+) and IR-rf two-

I I I

—&/3 0 &1&

= kv/277

photon (v+ +4v/3, v, +2v/3) processes. These
results provide the first experimental verifica-
tion of the velocity-tuned multiphoton processes.

Even when v is much larger than the Doppler
width, a multiple structure is observed, if the
rf matrix element in Eq. (2) is comparable to
Sv„. This was experienced in our observation of
the J =3-3, K= 3 line of "CH,F where v& —v,
= 233.6 MHz. Using a configuration in which the
laser electric field is perpendicular to the rf
field to avoid the destructive interference, we
observed more than twenty dips at frequencies
v/n and v/(n + ~ ) (n = 2, 3, . . ., 10). This demon-
strates many multiphoton processes of the rf ra-
diation. In general, Shimizu's theory indicates'
tNat a multiphoton Lamb dip occurs whenever a
condition of the form

l v+ —(l ~ 1)v + m v„= + v, (4)

is fulfilled by two sets of integers (I, m) and (l',
m'). It follows that resonances may occur at rf
frequencies

v„= 2j v/n;

j=l'- l, n=2m'l —2ml'+m'+m .

All our observations are clearly special cases of
this general condition.

FIG. B. The Maxwellian velocity profile of molecules
in the laser cavity. The IB-rf two-photon processes v~
+ v interact with molecules with zero velocity. The IB
single-photon processes v~ and the IB-rf two-photon
processes v~ + 2v interact with molecules with veloci-
ties kv = + 2mv. The velocity-tuned three-photon pro-
cesses v~- v~+ v~ and the IB-rf two-photon processes
v~ + 4v/2 and v~ + 2v/8 interact with molecules with ve-
locities kv = + 2@v/3. Additional holes burned by higher
IR multiple-photon processes at kv = + 2wv/(2l + 1) are
not shown in the figure.
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The line shape of the two-photon Lamb dips can be discussed by considering the v„dependence of
molecular susceptibility. ' Recently, Shimizu's formulation has been modified' by using the "dressed"
atom formalism. ' This- formalism gives the susceptibility'

X=- " ' . " Z &.( )J.(~)J. .„(s)J,(s)2k „, " " "" ' (n —m)&u„+iyo 2(&u, -&uo)+(n —q)u„+2iy, 2
'

(6)

where J (z) are the Bessel functions with z = 2x„/
~, =[(llew, E,l&&-(2lv, E,I2)]/+~„N(u)=(N/
Wnu, ) exp[- (u/u, )'] is the Maxwellian velocity
distribution with u =As, yo and y» are the damp-
ing coefficients for the diagonal and off-diagonal
elements of the density matrix, respectively,
and the summations over integers m, n, and q
go from - to +. This formula is obtained
from the third-order term in the perturbation
solution of the density-matrix equation and in-
cludes all combinations of v~ +nv„processes. "
The Lamb dip at v„= v is obtained by setting n+q
=2 in Eq. (6). Using the approximation J'„(z)
-(s/2)"/nf, we find

2wip. „' M,
' N(0)

X(x e(~, —(u,) a), +(u„(d, + iy„—

for m=0

and

2wp„'M, ' Ix„l' N(0)
XB F(ru, —w, )(y, (ru, —ro, )) a)&+ru, —ra, +)y„

for m = 1 . (8)

X~ and X~ correspond to Shimizu's fifth-order
and seventh-order terms, respectively. The
shape of X& is the same as that of the normal in-
verse Lamb dip [which is obtained by setting m
=n =q = 0 in Eq. (6)], and the absorption (imagi-
nary) part of Xt) has the normal Lorentzian ab-
sorption shape. However, because of an extra i
in X„, the imaginary part of X„has a dispersion
shape. Since X„/Xs = lu& —(u, ly, /lx„l', )('„domin-
ates for large l(()~ —&o, l and large y„whereas for

! small lu( —(dol and small y„)('s dominates. This
explains the observed dependence of the two-pho-
ton Lamb dip on experimental conditions.
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