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An absorption cell containing low-pressure gas is placed inside a CO~-N20 infrared laser
cavity and microwave resonances in the gas are detected through the off-resonant response
of the infrared laser. The small variation in molecular population in certain rotational lev-
els produced by a microwave pumping changes the bulk susceptibility of the gas through
dispersion and thus changes the effective cavity length and the output power of the laser.
This new mode of "double resonance" does not require exact coincidence between the laser
lines and molecular transitions and is more widely applicable than the normal double-
resonance method although its sensitivity is not as great. Characteristics of this method are
theoretically studied and compared with experimental results obtained by using the simple
molecules CH3F, D2CO, D20, and NH3. Microwave resonances are observed through laser
lines which are off from molecular infrared transitions by several cm '

~ Some unexpected
asymmetry of the signals with respect to laser settings has been observed and discussed.

I. INTRODUCTION

The extremely high sensitivity of infrared-
microwave [or radio frequency (rf)] double-
resonance experiments inside a laser cavity has been
w'ell demonstrated and applied to many molecules
(see Refs. 1 —3 for the earliest work, and Refs. 4—6
for summaries of later work). An absorption cell
containing a low-pressure sample gas is placed in-

side a laser cavity and subjected to microwave radi-
ation (with frequency v~). At a microwave reso-
nance, a sharp variation of the laser power is ob-
served because of a variation of molecular pop
ulation induced by the microwave pumping. This
method of observing microwave or rf transitions is
at least several orders of magnitude more sensitive
than the direct absorption method because (1) the
laser "pumps" molecules and produces an
anomalous population difference which is larger
than that at the thermal equilibrium by a factor of
-kT/2hv~, (2) the three-level system of molecules
converts the effect of a microwave photon into that
of an infrared laser photon (with frequency vt) on
the one-to-one basis and thus a gain in energy of
vt/v~ is obtained, and (3) the nonlinearity and
high-Q response of the laser system further ampli-
fies the signal by a factor of up to —l0 if right
conditions are chosen. While the reasons (1) and
(2) above are common to all optical-microwave dou-
ble resonance, (3) is special for the in-cavity double
resonance.

The purpose of the present paper is to consider
the case in which the laser radiation is off-
resonance from a molecular absorption. This study
is motivated from the accidental observation of mi-
crowave resonance signals in NH3 with fair intensi-

ty for such a case. ' If this observation can be gen-
eralized, the in-cavity observation of microwave
transition is no longer limited to cases of accidental
coincidences between laser lines and molecular tran-
sition and is applicable with more generality.

Because of the relation

X ~ [(Qi—Q, )+iI ]

between the molecular susceptibility X, the frequen-
cy mismatch QI —0, between the angular frequen-
cies Qi and Q, of the laser radiation, and the
molecular absorption, respectively, and the damping
constant I', the effect of dispersion [the real part of
X which falls off as (Qi —Q, )

' for Qi —Q, » I ]
is much larger than that of absorption [the ima-
ginary part of X which falls off as (Qi —Q, ) ] at off
resonance. The laser "feels" the presence of the in-
cavity gas through dispersion. Thus, among the
three reasons for the high sensitivity given earlier
(1) does not apply for this case, but (3) applies and
(2) applies partially. The variation of molecular
population due to the microwave pumping changes
the dielectric constant of the bulk gas slightly and
thus affect the laser power by varying the effective
cavity length of the laser. %e examine the strength
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and line shape of the signals as functions of the
laser tuning, the molecular infrared absorptions and
other parameters of the incavity gas. We could ob-
serve "double-resonance" signals even when laser
lines are off from molecular transition by several
cm '. The double-resonance due to refractive in-
dex has also been studied in the microwave region
by Macke who also discussed the case of infrared-
microwave double resonance of Ref. 1.

Our experimental results are also relevant for the
study of laser operation with an intracavity ab-
sorber. The frequency pulling effect produced by
the intracavity gas has already been observed in the
earliest experiments, for instance by Barger and
Hall on the 3.39-pm He —Ne line with a methane
cell. These phenomena have been considered
theoretically by Letokhov' and Greenstein, " but
the analysis of the experimental results was not
clearcut because both absorption and dispersion has
to be considered. The analysis of our case is much
simpler because the molecular absorption is suffi-
ciently far from the laser line that only the effect of
dipersion has to be considered (except for the
anomalies discussed in Sec. IV). We leave the inter-
mediate case for future studies, the case in which
the interplay of the effects of absorption and disper-
sion produces peculiar line shapes and shifts of the
resonance maximum as observed in the double-
resonance experiment of SiH4. '

In Sec. II of this paper, we describe a theoretical
treatment for the laser operation with intracavity
absorber and its application to off-resonant double
resonance. The experimental apparatus used in this
work has been given elsewhere' and will not be
presented. The experimental results for different
molecular systems are presented in Sec. III and
analyzed. Special attention will be made to an
unexplained phenomenon in Sec. IV.

II. THEORY

A. Laser operation

Qi+P =Q, ——Re(X),
2

where Q and Q, are the quality factor and the reso-
nance frequency of the laser cavity and X is the
electric susceptibility of media in the laser cavity.
In our experimental set up, 7 is composed of two
parts

Lg L~
X— Xg+ Xg (2)

where Xg and X, are the susceptibilities of the gain
medium and the absorption, respectively, and Lg/L
and L~/L are their filling factors. We use the solu-

tion of Eq. (1) for Ps given in Ref. 14 and treat X,
as a perturbation.

The expression for the susceptibility of Jg is
determined from the third-order solution of the
density-matrix equations and its subsequent integra-
tion over the Maxwellian velocity profile. The
first-order term (gain) and the third-order term (sat-

uration) are given in Eqs. (10.28) and (10.38),
respectively, in Ref. 14 as rather complicated func-
tions of the laser frequency. Substituting these ex-

pressions in Eq. (1) and equating E=O, we obtain
the steady-state solution of the dimensionless inten-

sity as

Our experiment is schematically shown in Fig. 1.
The laser cavity of length L contains a gain cell of
length Lg and an absorption cell of length L, . The
effect of the absorption medium on the laser opera-
tion is very small because we consider only off-
resonant cases. Therefore we study the laser opera-
tion using the traditional Lamb's method' ' and
threat the effect of the absorption medium as a per-
turbation.

If the laser oscillation occurs in a single cavity
mode with an electric field E, a frequency QI, and a
phase P, Lamb's self-consistent equation written
as'4

1 0I 0(EE+— E= — Im(X),
2 Q 2

Lg

FIG. 1. Double-resonance apparatus. An absorption
cell containing low-pressure gas is placed inside the laser
cavity. Microwave radiation is applied to the gas and the
laser output power is monitored.

p E
I(Q) =

2' I g

I —~ 'exp[(Qi —Qp) /(Ku) ]
1+1 /[(Qi —Qo) +I ]

(3)
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quency we should take a sum of terms. Since the
imaginary part of X, is negligible, we see from Eqs.
(1) that the absorber does not affect the laser power
directly but only indirectly through a change EQ in
frequency which is

Q( L,
2(1+S) L X, QI

2
Pa%a I.a QI

2@oh'(1+S) L Q, —QI
(5)

where S is the stabilization factor. ' The power
variation then is

I

-20 h, t (MHz) BI(Qg )
M(QI )= EQ .

I
(6)

-0.02—

FIG. 2. (a) Laser intensity I as a function of cavity
tuning hv=Q calculated by Eq. (3). Doppler width
Eu /2~ of 30 MHz, the homogeneous width I g/2m of 15
MHz and the relative excitation parameter of g=1.12
have been used; (b) the derivative BI!BQas a function of
hv. Dispersive double-resonance signal is proportional to
this quantity as shown in Eq. (6).

The values of BI(Q)/BQ are plotted in Fig. 2b.
Thus we see that M(Q~) =0 for the central frequen-

cy Q~ ——Qo and a decrease or increase in laser power
is observed depending on which side of the gain
curve the cavity is tuned. For a typical value of
p, =0.2 debye, N, =3X10' cm ', Lg/L- —,, and

~
Q, —Q~

~

=0.5 cm ', we have a calculated fre-
quency shift of hv-40 kHz. The power variation
of the laser could be on the order of 5%o on the far
sides of the gain curve.

where pg, Qo, and I z are the dipole moment, the
center frequency, and the damping constant of the
gain transition, respectively, Eu is the most prob-
able Doppler shift, and M=Ns/NT is the relative
excitation, that is, the ratio of the population differ-
ence in the gain medium and the threshold popula-
tion difference for the laser operation. The values
of I(Q) are plotted in Fig. 2(a} as a function of the
laser frequency Q for a typical condition of our
CO2 laser; Ku/2n. =30 MHz, 1 s/2'= 15 MHz,
and N= 1.56 so that the laser oscillates over the full
40-MHz tuning range of the cavity.

The susceptibility of the off-resonant absorber at
the laser frequency Q is

2+
X (Q) n. —n, +ir.

2
PaN,

eofi(Q, —QI )

where p, and Qa are the dipole moment and the
center frequency of the absorption transition arid

Xa is the number density of absorbing molecules. If
more than one transitions are close to the laser fre-

B. Double resonance

The frequency shift 5Q and the resulting power
variation dd of laser due to microwave pumping are
obtained by substituting the resulting change of
population 5N, into Eqs. (5} and (6) instead of the
total population E,. The Karplus-Schwinger
theory of saturation' ' gives

Aa)0 (p E /R)
5%a =+%a

2kT (~ —~0)'+y,'+(p E /&)'

where ~ and E are the frequency and the electric
field of the applied microwave radiation, respective-
ly, and coo, p, and y, are the center frequency, the
dipole moment, and the damping constant of the
microwave transition, respectively. The + sign
shows possible decrease or increase of relevant pop-
ulation due to the microwave pumping as shown in
Figs. 3(a) and 3(b), respectively. For a sufficiently
high microwave power,

PmEln /~ && Va

and
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5N, —+N, ficoo/2kT

for the resonance co=coo. Thus the frequency shift
of the laser is given by

ACOp

P,N, ficop L,2

2eDA'(I+S) 2kT L 0,—0 (8)

(a) (b)

FIG. 3. Energy-level schemes for the infrared-
microwave double-resonance experiments with the off-
resonant detection. Q~ and co are applied infrared and
microwave frequencies, respectively, and 0, and co0 are
the resonant infrared and microwave frequencies, respec-
tively.

For the experimental condition given in the previ-
ous subsection, the frequency shift is on the order
of 100 Hz and the power variation 10 -10
which is easily detectable.

When p„E~lk&&y, does not apply, the mi-
crowave pumping is not perfect; we then use Eq. (7)
and obtain more general formula

n 1&R3M I V. I
RiM & «iM I V~ IR2M & I

'E' ~&'
50=+

4@0kTL (1+ S) 0,—II ~ (co co0)—+y, + ( (R (M
~ p~ ~

R2M & ( E~ IA
(9)

where half =0 transition are considered both for the
infrared transition and the microwave transition be-
cause the two radiation electric fields are parallel
with each other. R&, R2, and R3 are rotational
quantum members of the levels 1, 2, and 3, respec-
tively.

III. EXPERIMENTAL RESULTS

A "CHF

We started the experiment from CH3F which has
the well-known v3 band absorption in the 9.6-pm
region and has a large infrared transition moment
and a large permanent dipole moment. The rota-
tional transition (J,K)=1,0: 0,0 in the ground vi-

brational state was pumped by an OKI 50-V 10
klystron at 51.072 GHz. ' Double-resonance sig-

nals have been observed on several CO2 laser lines

whose positions relative to the CH3F absorption are
accurately known from the laser Stark spectros-

copy. ' Figure 4 shows the strong signal observed

on the output of the laser oscillating on the 9 P(16)
CO2 line, which is 4.4 GHz off the sR(0,0) v3~ in-

frared transition. The microwave radiation was fre-

quency modulated and swept, and the resulting

change in laser power was processed by a phase
sensitive detector and displayed on an oscilloscope.
In accordance with the discussion given in the pre-
vious section, no double-resonance signal was

detected when the laser cavity was tuned at the
center of the CO2 gain curve [Fig. 4(b)] and signals

with approximately equal amplitude and opposite
phase were observed when the laser was set on the
two sides of the gain curve as shown in Figs. 4(a)
and 4(c). The apparent asymmetry in the derivative
line shape of the signal was due to a nonlinear
sweep caused by a capacitive coupling of the
sawtooth sweep voltage and is not genuine.

The effect of microwave pumping was observed
also in several other CO2 laser lines in the 9.6 JMm

region. Figure 5 shows intensities of the observed
signals. From the behavior of the signals upon laser
tuning we could determine the sign of the frequency
shift. We tried to operate the laser in the same con-
dition for all different lines so that apart from a
common scaling factor, the measurements shown in

Fig. 5 represent the frequency shift produced by the
microwave pumping. The solid curves in Fig. 5

show the calculated values using Eq. (8). In this
calculation, we had to take into account three in-
frared transitions ~R(0,0), R(1,0), and P(1,0) which
are all connected to the rotational transition in the
ground state. Note that ~R(0,0) corresponds to the
case of Fig. 3(a) whereas the other two to Fig. 3(b)
so that they have opposite effect on 50. Note also
that only molecules with M =0 contribute to the
signal because the R(0) rotational transition was

pumped and the infrared and microwave fields were
parallel.

In order to measure the absolute value of the shift
in the laser frequency caused by the microwave

pumping we have compared the signal with that
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FIG. 5. Intensities and signs of double-resonance sig-

nals observed on CO2 laser lines (points from the left)

P(24), P(22), P(20), P(18), P(16), P(14), and P(12). Vertical
bars show the uncertainties in the measurements. Solid
lines are the theoretical calculation using Eq. (9).
Theoretical curves have been scaled to the observed
values for the P(16) line. Vertical scale for the frequency
shift (in Hz) of laser radiation was obtained from the ab-

solute measurement on the P(16) line as discussed in the
text. Uncertainty in the absolute vertical scale is 20%.

FIG. 4. Signals of ' CH3F. Sample pressure 35-
m Torr, . laser line P(16) line at 1050.44 crn ', v~ —v, =4.4
GHz from the v3 R(0,0) transition, microwave transition

J,%=1,0~-0,0 at 51.072-GHz, time constant 10 rn sec,
sweep time 5 MHz/cm. No signal was observed when

the laser was set at the center of the cavity mode, (b) and

signals with equal amplitude and opposite phase were ob-
served when the laser was set on the two sides of the cav-

ity mode.

produced by applying a modulation voltage on the
piezoelectric mount of the output mirror. The
latter signal can be converted to the frequency shift
from the measured voltage of modulation and the
known response characteristics of the piezoelectric
material. From this analysis we obtained a shift of
160+35 Hz caused by microwave pumping of a gas
of 25-mTorr pressure detected on the P(16) CO2
laser line. On the other hand, using the transition
dipole moment of 0.144 debye calculated from the
intensity measurement of Hodges and Tucker' we
obtain from Eq. (8) a predicted value of 114 Hz
which is in agreement with our observation.

One anomaly was observed in higher pressure re-
gion. We observed that in such a region the
double-resonance signal does not have the same in-
tensity when the laser is tuned to the two opposite
sides of the cavity gain curve. Figure 6 shows this

+05--
~ ~

0 e-e--
50 IOO

I

I50 200P (m Torr)

FIG. 6. Observed asymmetry in intensities of the ob-
served signals when the laser was on the high- or low-
frequency side of the cavity mode. Results for the P(16)
CO2 laser line at 1050.44 cm

behavior for the P(16) CO2 laser line. The asym-
metry parameter g plotted in Fig. 6 is defined as

II —II
Ip +II

where I~ and II are signal intensities on the high-
frequency side and on the low-frequency side of the
gain curve, respectively. As noted in Fig. 6, at high
pressure, the signal on the high-frequency side is
approximately three times stronger than that at the
low-frequency side. This behavior will be discussed
in Sec. IV in detail.

The pressure dependence of the absolute signal
intensity is as expected. The signal increases linear-

ly with pressure at the low pressure region due to
the increased density of absorber, reaches a max-
imum, and then decreases and the microwave sa-
turation becomes incomplete as expected from Eq.
(7)
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B. ' CH3F

Signals observed for ' CH3F were similar to those
for ' CH3F given above. One interesting case, how-

ever, was the collision-induced double-resonance
signal observed on the 9 P(32) CO2 laser line. This
laser line is coincident with the ~R(4,3) transition in
the v3 band of ' CH3F (Ref. 19) within the Doppler
profile and thus the double-resonance signal is
caused through absorption rather than dispersion.
The discussion of such a signal is outside the scope
of this paper, but this weak signal is useful for corn-

paring the effects of dispersion and absorption.
A signal was observed on the P(32) CO2 laser line

when the microwave radiation pumped the
J,E= 1,0= 0,0 transition of ' CH3F at 49.725
GHz. ' The fact that this signal was not caused by
dispersive response of the laser was obvious from
the behavior of the signal on the cavity tuning. The
signal did not change sign on the two sides of the
gain curve and simply decreased the intensity when
the laser frequency was shifted away from the
center of the ~R(4,3) line. This signal must be
caused by the collision-induced transfer of the
nonthermal molecular population in the (J,K)= (1,0)
and (0,0) levels by the microwave pumping to the
(J,E)=(4,3) level. It is known that such transfer al-

ways has some preference rule and leads to a
nonthermal population in other levels. In this mse
the collision-induced signal was weak because
5k=3 and hJ & 1 collision-induced transitions are
involved. When compared with the dispersive sig-
nal observed on the P(38) laser line [which is 9 GHz
off from the ~R(0,0) transition], the collision-
induced signal observed for a mixture of 10 mTorr
of ' CH3F and 30 mTorr of He was about five
times weaker. Note that for the collision-induced
double resonance, the laser operates near the Q-
switching region and is very sensitive.

C. D2CO

The band origin of the v4 out-of-plane vibrational
mode of D2CO is at 938 cm ', ' and this band can
be studied with 10.4-pm CO2 or N20 laser line. We
pumped the lo&~oo transition at 58468.68 MHz
(Ref. 22) by an OK1 55V10 klystron and detected
the effect on the laser output power of several CO2
and N20 laser lines. Here we found that most of
the signals were caused by collision-induced
double-resonance effect rather than by off-
resonance dispersive effect. The distinction between
these effects were clear from the behavior of the
signal as a function of laser tuning. The results are

hvL

(arbitrary
units)

+iQ--

0--
940

II

l

I

I

l

I

I I

945'
I ~ I

R(00) ( t 'R(I, Q)

I l

I I

I

I

0~CO 95 m Torr

off-resonance

o collision

Microwave 58 468 GHz

iol Qoo

vL (cm ~)

FIG. 7. Intensities and signs of double-resonance sig-
nals observed for D2CO on (points from the left) CO2
P(24), P(22), N20 R(5), CO2 P(20), N20 R(6), R(7), CO2
P(18), and P(16) lines. Black circles represent off-
resonant dispersive signals and open squares represent
collision-induced signals. Former signals are plotted for
increase or decrease of the laser frequency and the latter
that of intensity. Solid curves represent the theoretical
calculation which was scaled to the value observed for
the P(20) line. Sample pressure 95 mTorr, microwave
power 200 mW, microwave transition 10~+—Ooo at
58 468.68 MHz.

summarized in Fig. 7 where the dispersive signals
are shown with black circles and the collision-
induced signals are shown with squares.

The dispersive signals can be explained as due to
the "R(0,0) and "R(1,0) transition. The theoretical
curves are shown with solid curves. The dispersive
signals are considerably weaker than those for
CH3F because of the weakness of the v4 band of
D2CO. From the relative intensities of the infrared
spectra of H2CO and CH3F listed by Pugh and
Rao, we estimate the vq band of D2CO to be 20
times weaker than the v3 band of CH3F. This ex-
plains the measured intensities of the dispersive sig-
nals.

Collision-induced signals were found on P(16),
P(18), and P(24) CO2 laser lines and R(5), R(6), and
R(7) N20 laser lines. Unlike the case of CH3F they
are stronger than dispersive signals partly due to the
weakness of the latter discussed above but presum-
ably also partly due to more efficient transfer of
non-Boltimannian population from the pumped
levels to the other levels. For the P(18) CO2 laser
line the collision produces an increase in the laser
power thus indimting a decrease in the molecular
population in lower level while for the other lines
they are opposite. Whether this was due to the par-
ity preference rule or due to the heating of the
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gas was not clear. An attempt was made at as-

signing these coincidences by using the analysis of
Coffey et al. ' and Nakagawa but was not possi-
ble. The coincidence between the P(16) CO2 line
and the D2CO gas has subsequently been assigned

by Orr and Nutt to be the v4, "Q(12,2) transition.
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FIG. 9. Intensities and signs of double-resonance sig-
nals observed for DqO on (points from the left) CO2
R(12), R(14), R(16), R(18), R(20), R(22), R(24), R(26), and
R(28) lines. Solid curves represent the theoretical calcula-
tion which was scaled to the value observed for the R(18)
laser line. Absolute value of the shift in the laser fre-
quency was not precisely measured but was approximate-
ly 100 Hz comparable to the CH3F signals.

I I

2 MHz
FIG. 8. Microwave transition 4~533 at 55.842 GHz

of D20 observed on the R(12) CO2 laser line at 1073.28
cm '. This laser line is 2.95 cm ' off the v2 33~- ~40 in-
frared transition of D2O. Sample pressure 70 mTorr,
time constant of detection 1 sec.

D. D20

D20 has the strong v2 band extending over the 9
pm region. The R(22) CO2 laser line at 1079.8S
cm ' is only 320 MHz off the v2 4~2+—533 transition
as measured by Keilmann et al. by the acousto-
optic modulation of the laser radiation. The
440+—533 rotational transition has a resonance fre-
quency of 55482.32 MHz. This transition has a
small matrix element because of LAC, =3 but with
sufficient microwave power and low-sample pres-
sure, we could see not only a very strong off-
resonance signal on the R(26) line but also signals
on other laser lines which are much further away.
Figure 8 shows an example where the laser line was
2.95 cm ' off the interacting D20 transition. From
the analysis of the v2 band of D20 by Lin and
Shaw we found that the v2 33~.- ~40 transition also
contributes to the off-resonant signal. Figure 9
shows the relative intensities of the off-resonant sig-
nals observed on several CO2 laser lines in the 9.6-
LMm region. Since the microwave saturation was not
complete because of the small m.atrix element, we
used Eq. (9) for the calculation. The theoretical
curves explain the observed results satisfactorily.

E. NH3

The off-resonant signals of NH3 have been re-
ported earlier. ' Here we limit the discussion only to
microwave resonances with J=S and different E
values. The relative positions of the NH3 infrared
absorption lines and laser lines are accurately
known from the infrared-microwave two-photon
spectroscopy. ' Other molecular constants have
been accurately determined from laser spectros-
copy ' and the recent comprehensive study using a
submillimeter spectrometer, and infrared grating
spectrometer, and a diode laser spectrometer. We
observed strong signals due to the large transition
dipole moment of 0.239 debye and the smaller ro-
tational partition function. Thus, for example, the
off-resonance signal observed on the P(32) CO2 laser
line for the microwave inversion transition for J=5
and E =3 with 20 mTorr of NH3 sample was 150
times stronger than the CH3F signal discussed ear-
lier and given in Fig. 4. The NH3 signal corre-
sponded to the laser frequency shift of 25 kHz that
could be measured directly on a stable laser.

While the observed intensities agree with the cal-
culated using Eq. (9), we observed an unexpected
behavior of the signals as a function of laser tuning.
This anomaly is similar to that for CH3F discussed
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earlier in Sec. III A in that it is related to the asym-
metry between the signals on the high frequency
and low-frequency side of the gain curve, but it is
different in that it is line shape rather than intensity
which is different. Also the off-resonant signal was
observed even when the laser was tuned to the
center of the cavity.

A typical example is shown in Fig. 10. For the
upper trace [Fig. 10(a)j, the laser was tuned to the
low-frequency side of the cavity mode and the usual

derivative line shape was observed. When the laser
was tuned to the high-frequency side, the observed

signal had the same intensity and opposite phase
but the resonance curve was narrower as a function
of the microwave frequency. When the laser was
tuned to the center of gain curve, we saw the signal
given in Fig. 2(b) which had the appearance of
mixed first- and second-derivative shapes. This
shape can be analyzed as due to the overlap of the
"broad" and "narrow" signals that were observed
on the two sides of the gain curve.

We see this behavior on all studied laser lines and
inversion transitions whenever the inversion transi-
tion was saturated strongly by the microwave radia-
tion corresponding NH3 pressure of 1 mTorr to
several tens mTorr. The saturation broadening of
the broad and narrow resonances had the same
dependence on the microwave power and the ratio
of the linewidth of the broad resonance to that of
the narrow resonance was constant and equal to
-2.5. A slight misalignment in the optical cavity
of the laser changed the relative intensities of the
two signals but did not change the overall behavior.
The second derivative line shape reported earlier by

(b)

P w= ~OmW (a)

(b)

(c)

Freund and Oka' is the result of the overlap of the
broad and narrow signals.

The fact that this peculiar shape results from the
saturation of the microwave transition was seen
clearly when we studied the nuclear hyperfine struc-
ture of the microwave resonance. The case of mi-
crowave resonance for the J=5, X=1 inversion
transition is shown in Fig. 11. This microwave
transition is composed of the strong central line for
overlapping EF=O transition and two weak satel-
lites corresponding to the LU' =+ 1 transitions.
When the microwave pump power was increased
from Fig. 11(a) to 11(c), the weaker satellites simply
increase their intensities while the stronger central
component changes its shape to second derivative.

FIG. 11. Hyperfine structure of NH3 (5,1) inversion
transition observed on the output power of the R(30) CO2
laser line at 1084.63 cm '. Sample pressure 13 mTorr,
vi —vo ——0.5 GHz from the v2 sa R(5,1) transition, mi-
crowave frequency 19.838 GHz. Note that as the mi-
crowave pump power is increased from (a) to (c) the
strongest central component changes its shape, while the
weaker hF=+1 satellites simply increase their intensi-
ties.

FIG. 10. Anomalous signal in NH3 observed on the

CO2 R(30) line at 1084.63 cm ' when the (5,3) inversion

transition was pumped. Sample pressure 10 mTorr,

vi —vo ——1.3 GHz from the v2 sa ~R(5,3) transition, time
constant 10 m sec, sweep time 0.5 sec. Signal (a) is the
normal signal observed for the laser oscillating on the
low-frequency side of the cavity mode. Signal (b) is the
anomalous signal which was observed when the laser was

set at the center of cavity mode. Scale in (b) is magnified

by a factor of 2.

IV. DISCUSSION ON THE OBSERVED
ASYMMETRY

The observed asymmetry of the signals with
respect to the laser tuning for CH3F and NH3 are
qualitatively different. For CH3F the asymmetry
appears at higher pressure and in intensities of the
signals, whereas for NH3 the asymmetry appears at
lower pressure and in the widths of the signals. We
discuss in this section possible effects which cause
these anomalies.
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The asymmetry in intensities of the two signals
of CH3F which appears at high pressure must be
caused by the addition of absorption effect to the
dispersive effect. For the double-resonance signal
discussed in Sec. IIIA and shown in Fig. 4, the
laser line is 4.4 GHz above the ~R(0,0) transition.
Although this is off resonant, the Lorentzian tail of
the absorption is still sizable at the laser frequency
for higher pressure. Since the microwave pumping
of the J=1+—0 transition decreases the population
of the J=0, E=O level the dissipative load of the
laser decreases and laser power is increased regard-
less of whether the laser is tuned to the higher-
frequency side or lower-frequency side of the gain
curve. The dispersive effect, on the other hand, in-
creases the laser power on the high-frequency side
[because BI/BQ shown in Fig. 2(b) is negative and

hvt shown in Fig. 5 is negative] and decreases the
laser po~er on the low-frequency side. The magni-
tude of the absorption effect adds to that of the
dispersive effect on the high-frequency side and
subtracts on the low-frequency side and this leads to
the asymmetry.

The off-resonant absorption coefficient y can be
estimated from

Using the pressure broadening parameter of 20
Mhz/Torr (Ref. 34) we calculate I s/2' for the
pressure of 0.2 Torr and the absorption at the laser
frequency (4.4 GHz off the center) to be
1 s/(Qt —Qo) -8.3X10 of the resonant absorp-
tion coefficient. From the vibrational transition
moment of 0.144 debye the off-resonant absorption

coefficient is calculated to be @=9)&10 cm
Thus, the variation of the absorption coefficient due
to the microwave pumping is of the order of
yhv/2kT-4&(10 ' cm '. Considering the path
length of 1 m and the cavity quality factor of -20
this corresponds to an absorption of -8)&10
The resonance characteristics and nonlinearity of
laser operation will further amplify this number to
produce a significant change in the output power of
the order of 10 —10 .

The asymmetry oHherved in NH3 which appears
at low pressure in the linewidth is more difficult to
interpret. Since the width of microwave pumping
efficiency should be the same regardless of the laser
setting, some very nonlinear effect must be operat-
ing in order to produce the large observed ratio in

widths of 2.5 reported in Sec. III E. The only such
strongly nonlinear effect we could think of was the

FIG. 12. Transient response observed on the output
power of the CO2 A(16) line at 966.25 cm ' when the mi-
crowave radiation pumping the (5,4) inversion transition
at 22653.00 MHz was modulated on-off at 10.5 kHz.
The laser line is 600 MHz off the vz sa ~Q(5,4) transition.
Note the difference in the transient behavior when the
laser frequency was pushed to or pulled from the cavity
center.

transient response of the laser to the modulation in-

troduced by the microwave pumping. The impor-
tance of such an effect in double resonance has al-

ready been demonstrated.
In order to clarify this point, we studied the tran-

sient response of the R(9) CO2 laser line to the
pumping of the NH3 (5,4) inversion transition. Fig-
ure 12 shows a typical result in which the mi-
crowave pumping was switched on and off at the
rate of 10.6 kHz and thus shifted the laser frequen-
cy towards or away from the center of the gain
curve. It was noticed that the transient responses
for the two steps were very different. This differ-
ence was consistently observed when the microwave
frequency was scanned over the resonance line and
when the laser frequency was tuned inside the gain
curve. Since the lock-in detection of the double-
resonance signal detects the transient signal, this
asymmetry must contribute to the asymmetry of the
signals when the laser is tuned on the opposite sides
of the cavity mode. Our observation that the
dependence of the signal intensity on the laser tun-
ing was different as we varied the modulation fre-
quency from 10-60 kHz also seems to support this
idea. However, we have not been able to explain the
observed asymmetry in more details. The line-
shape distortion produced in saturated absorption
by the transit time through a curved wave front of
radiation seems to be irrelevant to our problem.
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The influence of the asymmetry observed in intra-
cavity Lamb dip and the dependence of saturation
on the Gaussian distribution of the light and on the
diffraction effects may have to be considered care-
fully.

V. CONCLUSION

We have shown that microwave transitions in in-
tracavity absorber can be detected using the off-
resonant response of infrared lasers. The small

variation of molecular population produced by a
microwave pumping changes the bulk susceptibility
of the gas through dispersion and thus changes the
effective cavity length and the laser output power.
This method was tested for the observations of the

J,E=1, 0= 0,0 transition of CH3F and ' CH3F, the

lo~~oo transition of DECO, the 44O~533 transition

of D20 and the J,K=5, E inversion transitions of
NH3 The observed behavior of the signals were ex-

plained by a theory in which the effect of laser gain
medium treated to the third order of density matrix
and the effect of absorber as a perturbation. Unex-

pected asymmetry has been observed for CH3F at
high pressure and for NH3 at low pressure between

the signals observed when the laser was set at the
high-frequency side of the gain curve and that at
the low-frequency side. The intensity asymmetry
for CH3F was explained as due to the overlap of the
effect of absorption and that of dispersion and the
linewidth asymmetry for NH3 was ascribed to the

asymmetry of laser transients caused by the mi-

crowave switching.
As a method of double resonance, the off-

resonant detection has the following advantages:
(1) We do not have to reply on the rare accidental

coincidence between the laser lines and the molecu-
lar absorption and thus the method is more general-

ly applicable.
(2) We do not need the accurate frequency of the

infrared transition to see the double resonance.
Thus, in an incavity double-resonance experiment
using a tunable laser the two-dimensional search
for resonance can be made easier.

(3) The coupling of the microwave and the in-
frared radiation through a three-level system of ab-

sorber is much weaker and theoretical analysis is
simpler. This allows a highly accurate frequency
measurement.

The disadvantages are as follows.
(1) Since the laser does not produce population

anomaly, the sensitivity is much smaller than that
of the normal double resource.

(2) For the same reason, this method is applicably
only to microwave and millimeter wave region
where hvlkT is sizable and cannot be used effec-
tively in the radio-frequency region.
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