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A tunable, single frequency, continuous wave, dye laser has been used to optically pump various lines
of the BaO A 'I-X!Z electronic transition. Microwave optical double resonance (MODR) spectra are
recorded as changes in the intensity of dye laser induced photoluminescence. Fourteen microwave
rotational transitions in the X'S (v = 0,1) and A '3 (v = 0-5) states of **Ba'®0 and one transition in
the A'3 (v = 1) state of '¥’Ba'®0 have been observed. Partially deperturbed rotational constants
obtained for BaO A 'S are B(v) = 0.25832(2) — 0.001070(5) (v + 1/2) em™". Two physical models are
described which account for microwave optical double resonance effects in the strong (nonlinear) and
weak (linear) optical pumping limits. Observed changes in photoluminescence polarization caused by
excited state microwave transitions are predicted by a semiclassical transition dipole model. A three
level steady state kinetic treatment of microwave optical double resonance indicates that the BaO
MODR transitions reported in this paper are observed near the strong optical pumping limit. It is
shown that for most allowed transitions in diatomic molecules a 100 mW single frequency, dye laser is
sufficiently intense to significantly deplete rotational levels of the electronic ground state with respect to
neighboring rotational levels and to cause the populations of the depleted ground state and optically

pumped excited state levels to become comparable.

I. INTRODUCTION

A tunable, continuous wave, dye laser has been
used to obtain microwave optical double resonance
(MODR) spectra of BaO. In a MODR experiment,

a single molecule absorbs (or is stimulated to
emit) two photons: one microwave and one optical
(ir, visible, uv). Resonant absorption of one type
of photon is detected as a change in the absorption
or emission of the other type of photon. In the
MODR experiments reported here, microwave
transitions are observed between adjacent rotation-
al levels in several vibrational levels of the BaO
X'> and A'Y electronic states. Microwave transi-
tions are detected optically as a change in the in-
tensity of rotationally unresolved photolumines-
cence. These experiments establishthe possibility
of observing microwave spectra in vibrationally
and electronically excited states of the large class
of molecules which will absorb light within the
tuning range of extant cw dye lasers.

Microwave optical double resonance experiments
have been reported previously using incoherent!'2:3
and laser*®%" optical pumps. Both pulsed®® and
cw!® dye lasers have been used for high resolution
spectroscopy, but no double resonance experiments
have been reported using dye lasers. Optical pump-
ing effects in molecules in which a laser aligns a
ground state rotational level by preferentially de-
pleting certain magnetic sublevels |{M | have been
described by Drullinger and Zare.'' MODR ex-
periments reported here are near the strong opti-
cal pumping limit in which the population of one
ground state rotational level is significantly de-
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pleted with respect to adjacent rotational levels
and in which the population of the optically pumped
excited level is at least 1% of the population of the
optically depleted level of the ground state.

The purpose of this paper is threefold: first, to
expose the physical basis for the observability of
MODR, second, to describe the first successful
use of a dye laser in a double resonance experi-
ment, and, third, to present results of MODR ex-
periments on BaO which validate the physical mod-
els given and which exemplify the precision, quan-
tity, and significance of MODR spectroscopic
measurements. A combination of two physical
models accounts for MODR effects observed with
BaO. Most of the MODR signal is explained by a
three level steady state kinetic treatment of MODR
near the strong optical pumpinglimit. Inaddition,
clearly observable polarization dependent effects
in excited state MODR are explained by a semi-
classical transition dipole model. An important
feature of the transition dipole model is that large
excited state MODR effects in the weak optical
pumping limit are predicted. It alsowillbeshown
that it is reasonable to expect, even for molecular
transitions where the excited state has a consider-
ably shorter radiative lifetime than BaO A T (300
nsec), that it will be possible to achieve the strong
optical pumping limit with available cw dye lasers.

The BaO A 'T state is known to be perturbed!?!®
and these perturbations are evident in the rotation-
al constants we report. It has been possible to
adjust the A'S rotational constants to compensate
for the effects of the largest perturbations. One
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FIG., 1. Three level system corresponding to ground
state [1(a)] and excited state [1(b)] MODR. S and S,, are,
respectively, the laser and microwave transition rate
constants, Only levels of the lower electronic state (X)
are in equilibrium with the heat bath and have a relax-
ation time 7,. The upper state levels (A) radiate with
radiative lifetime 7,. It is assumed that when the upper
states spontaneously emit a photon, Ay, the molecule
enters the heat bath rather than returning to the optically-
depleted ground state level,

of the important future applications of MODR spec-
troscopy will be the detailed analysis of interac-
tions between electronically excited states.

I1. DISCUSSION

MODR experiments on BaQ belong {o a general
class of experiments in whichthe occurrence of a
microwave transition is detected optically. A
change in the intensity, polarization, or wave-
length of emitted optical radiation occurs as a re-
sult of resonant absorption of microwave radiation.
In previously reported related optical detection ex-
periments, the emitting levels have been populated
chemically, 1 by electron bombardment (MOMRIE),P5
indirectly by optical pumping followed by intersys-
tem crossing (PMDR, ODMR, and optically de-
tected ENDOR), '® and by direct optical pumping
(ORFDR!-® and MODR). " The proliferation of
acronyms should not obscure the close similarity
of various experimental techniques. In each, ab-
sorption of a microwave photon with energy much
less than k7T (at 300 °K) is observed by detection
of an emitted optical photon of energy much great-
er than £T. Direct optical pumping MODR experi-
ments may be divided into two limiting types:
weak (linear absorption)*~® and strong (nonlinear
absorption)®” optical pumping.

In linear optical pumping experiments, the in-
tensity of photoluminescence is linearly propor-
tional to optical pump power, the population of the
initial level is unaffected by optical pumping, and
the population of the excited (pumped) level is in-
significant (< 0.1%) with respect to the initial level.
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With a weak (linear) optical pump, a ground state
microwave transition is detectable if microwave
transitions alter the small Boltzmann population
inequality between rotational levels; an excited
state microwave transition is detectable if with
some specific detection geometry and polarization
or sufficient optical spectral resolution, the light
emitted from one of the two excited state rotational
levels connected by the microwave transition is
preferentially detected. Although microwave
transitions between rotational levels of electronic
ground and excited states will be shown below to
be detectable in the weak optical pumping limit, in
the experiments reported here and particularly for
MODR transitions in electronic ground states,
strong optical pumping effects are larger and are
easily attainable with dye laser optical pumps.

A. Linear Optical Pumping Steady State Effects

In the linear optical pumping limit, the popula-
tion of the initial level of the optical transition
[level 1 of Fig. 1(a)] is not affected by the presence
of optical pump radiation. The steady state rate of
production of emission from excited molecules
[level 3 of Fig. 1(a)] is (n;—n3)S. S is the optical
transition rate constant and is proportional to laser
power and »n, and n; are populations of levels 1 and
3, respectively. Since ng<<n,, photoluminescence
intensity is proportional to #;S. If the microwave
transition between levels 1 and 2 is saturated, then

ny= (24092 =0+ (3 = n)/2, @

where n? and np are thermal equilibrium popula-
tions of ground state levels 1 and 2 with energies
E; and E,. Thus the fractional change in n, at
microwave resonance is

(n —ny) /0= (E, - E,)/2kT. (2)

For example, for the J''= 2~ 1transition of BaO
at 300 °K, n, would change by 0. 2%.

Figure 1(b) is the level diagram for excited
state MODR effects. Note that the levels are la-
belled differently than in Fig. 1(a). Levels are
numbered so that microwave transitions are al-
ways between levels 1 and 2 and optical transitions
are always between levels 1 and 3. In excited
state MODR [Fig. 1(b)] the ground state is level
3. Microwave transitions between the excited
levels 1 and 2 are observable in the linear optical
pumping limit, but not because the optical pump-
ing rate (23 ~n,)S changes. A saturated micro-
wave transition alters n, by dividing excited mol-
ecules equally between levels 1 and 2. A change
in n#, results in an unobservably small change in
the optical pumping rate because n<<nz. Excited
state MODR is observable in the weak pumping lim-
it because light emitted from level 1 is polarized
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differently than light emitted from level 2 (as
shown in Sec. I. B). Light emitted from level 1
also has a slightly different wavelength than light
emitted from level 2. At microwave resonance
when excited molecules are transferred from level
1 to level 2, emission is transferred from level

1 to 2, but the total number of photons/sec emitted
is unchanged. By taking advantage of either the
difference between levels 1 and 2 in emission po-
larization or wavelength, the microwave induced
transfer of emission from level 1 to 2 is observ-
able.

B. Linear Optical Pumping Polarization Effects

Excited state MODR polarization effects in the
linear optical pumping limit will be described with
a semiclassical optical transition dipole model.
One wishes to know the time-averaged squared pro-
jection of the molecular transition moment along
the laboratory fixed Z axis ( u%). The radiation
pattern from a dipole has a line of nodes along the
dipole axis, is most intense in the plane normal
to the dipole axis, and is linearly polarized parallel
to the dipole axis. (p%)is proportional to the

“fraction of molecular fluorescence emitted with Z
polarization (and which propagates inthe XY plane).
It will be shown how microwave transitions with
AJ=+1 and AM=0 change {u3).

Microwave transitions have the effect of chang-
ing the orientation of the molecular transition di-
pole with respect to the laboratory Z axis. A mi-
crowave induced change in {1%), A(u%), results
in compensating changes in the projection of the
transition dipole on other laboratory axes

Adudy=-a(uly-a(u). 3)

There is no net change in (ua Y. In the transition
dipole model, the total number of photons/sec
radiated is unaffected by microwave transitions.

The transition moment for a 'Z-1% transition in
a diatomic molecule is located along the molecular
axis, Ina 'T molecule the angular momentum vec-
tor J is perpendicular to the molecular axis, The
projection of J on the space-fixed Z axis is M and
the angle 6 between J and Z is defined by

cosd = M/[J(J+1)]/2 . @)

Let ¢ be the angle (see Fig. 2) of rotation about
J by which u is rotated out of the plane defined by
Z and J. The projection of u on Z is then

1z= tcos[(n/2) - 8]cose, (5)
¢ =9t

where @ is the molecular rotational frequency in
rad/sec. Since the rotational period is short with
respect to a radiative lifetime, it is appropriate to

FIG. 2. Projection of transition dipole on laboratory
fixed Z axis. 6 is the angle separating J and Z. J and
¢ are orthogonal. J and Z lie in the plane of the paper.
¢ is the angle of rotation about J by which u is lifted out
of the plane of the paper.

average over ¢:

(KZ0))=(1/27) f;, v?sin0 cos®p d ¢, (6)

(H50m)=4 p*{1-[M*/J(J+ )]}, (7)

If the molecules are excited into some distribution
of M levels f (M) such that 35, f(M)=1, then

2
()= & B senf-prousnl @
This summation over M is equivalent to averaging
over all orientations of J with respect to the space-
fixed Z axis. Suppose, for simplicity, that the ex-
cited molecules are subjected to a microwave field
with the E vector parallel to Z and which is so in-
tense that (J, M)~ {(J +1, M) transitions are satu-
rated for each M. Thus, with equal populations of
levels (J, M) and (J +1, M),

pr 1 M2
<“zz>Microwave= ? MQ}‘W) \:1_2 JJ +1)

-3 el 5 Dre[1- 7,

J+1)T+2)
, ©)
A(BE)= (1 Dt crmmane = W)= T 20 £ (1)
M? M? u? M?
X[J(J+1) - J(J+2)] =7 ?f(M) JT+T+2) °
(10)
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Thus for J~J+1, (p%) will increase. This means
that, at microwave resonance, emission propagat-
ing in the XY plane will increase in intensity at the
expense of emission propagating in the Z direction
and that Z polarized emission will increase in in-
tensity. For J—J -1 the resonant changes will be
opposite in sign, It is clear that f (M), which is
determined by the intensity and polarization of the
optical pumping radiation, can have no qualitative
effect on the above conclusions. However, since
this double resonance effect is proportional to Mz,
an optical pumping scheme which favors the high-
est M| levels will maximize the double resonance
effect. If optical pump radiation is X or Y po-
larized, high |M | levels will be favored and the
double resonance effect will be maximized.

If we let £ (M)=(2J+1)"}, then the fractional
change at microwave resonance is

INARIAE ;& M3[J+ 2]'/2 [J(T+1) - M?]

- 1/[2(+2)]. (11)

If a J'=2-~ 3 microwave transition is saturated,

a 12% increase in emission polarized in the Z di-
rection (parallel to the microwave electric field)
is expected. Emission propagating in the X or Y
direction is expected to increase by about 6% (cor-
responding to a 12% increase in Z-polarized radia-
tion and a 6% decrease in Y- and X-polarized ra-
diation).

C. Nonlinear Optical Pumping Steady State Effects

In nonlinear optical pumping experiments the
total emission rate changes at microwave reso-
nance because optical pumping has significantly de-
pleted the initial (ground state) level and has caused
the pumped (excited state) level to have a popula-
tion comparable to the initial level. At microwave
resonance the rate of production of excited mole-
cules increases regardless of whether resonant
microwave radiation induces a transition connected
to the initial [level 1 of Fig. 1(a)] or final level
[level 1 of Fig. 1(b)] of the optically pumped transi-
tion. The rate of production of excited state mole-
cules |z, —n3]S increases at microwave resonance
because ground state microwave transitions in-
crease the steady state population of the optically-
depleted level or because excited state microwave
transitions decrease the steady state population of
the optically-pumped level.

Strong optical pumping MODR effects may be
understood from a steady state rate equation ap-
proach similar to that used by Takami and Shimo-
da.!” One assumes that the rotational levels of the
lower state are in equilibrium with a heat bath and
have a characteristic relaxation time 7, and that
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the excited state levels relax by spontaneous emis-
sion with a relaxation time 7,. The (velocity de-
pendent) optical transition rate constant S and the
(velocity independent) microwave transition rate
constant S,, are

S=&X¥/2)(r/{1+[w -v/c) - wg; %}, (12)

Spm= X2 /2)(1 /{1 + (wp = w3y P72 Y), (13)
where

X=|us|E/R, (14)

Xp= | Moy En /7, (15)

TR T,

T™ Te [for ground state double resonance,
Fig. 1(a)],

T~ T, [for excited state double resonance,
Fig. 1(b)],

U is the electric dipole moment matrix element,

2E and 2E,, are the peak to peak electric field
strengths of the optical and microwave fields, v is
the component of velocity in the propagation di-
rection of the laser, w and w, are the angular fre-
quencies of the laser and microwave radiation, and
ws; and wy are the angular frequencies correspond-
ing to molecular energy level separations.

1. Ground State MODR

The rate equations which correspond to Fig. 1(a)
(ground state microwave transition) are

dny/dt=Sg—n) +S,0ny —n,) + ) —n,)/7,, (16a)
dnz/dt=S,,,(n1—n2)+(ng—nz)/7',, (16b)
dng/dt=S(n,~ng) ~ (n3/7,). (16c)

n,; is the population per unit velocity of the ith level
(with velocity v) and #] is the value of »; in the ab-
sence of both radiation fields. The photolumines-
cence intensity is proportional to the total popula-
tion of level 3, integrated over all velocities:
7/2X?1, exol - (&= w3L> zi] N+ (N} +N9)S, 7,
2wlu/c) p[ < wu/c 28,7 +1

Nj=

2 ST T +2T )+ T, +7, :l'”a, 17

xl:1+'rX 4S,7,+2

where u =[2¢T/M]"/%. In the strong microwave
limit (S,,7,> 1), the ratio of the photolumines-
cence intensity with microwaves on resonance to
the intensity with microwaves off is

Ion)/100ff) ={[1 + 3(1, + 7,) 7X%]/[1 + 1(7, + 27, )T X*[}/2,

(18)
In the strong optical pumping limit (v, 7X%> 1), the
value of the fractional change in photoluminescence
at resonance is



MICROWAVE OPTICAL DOUBLE

aI/I= [Ion) — Koff)]/Ioff) (19)
AI/I-+40% if 7,<7, (20a)
AI/I-+15% if T,=T,. (20b)

As the microwave power is decreased, the high
optical power limiting values of AI/T decrease,

and the limiting value is reached at about the same
laser power (1/27,7X%~1). AlI/I saturates at con-
siderably lower laser power than the photolumines-
cence intensity I. At the high optical power limit

ar/1={[1+ 25,7, 1/
[1+(mp+27 )7, +7,)78S, 7, ]} 2-1, (21)

In this limit AI/I increases approximately linear-
ly with microwave power until S,,7,~ 1 at which
point saturation occurs.

2. Excited State MODR

The rate equations which correspond to Fig.
1(b) (excited state microwave transition) are

dny/dt=Slng—ny) +S,n—ny) -y /7,), (22a)
dng/dt=S,n, ~ny) ~ (ny/7,), (22b)
dna/dt=S(n1—n3)+(ng-n3)/7'g- (22¢)

Level 1 is populated directly by optical pumping
while level 2 is populated only by microwave in-
duced transitions from level 1., Photolumines-
cence intensity is proportional to the sum of the
total populations of levels 1 and 2. It was shown
in Sec. II. B that photoluminescence from levels
1 and 2 will have different polarizations. For
many detection geometries, including some in
which linear polarizers are not included, dif-
ferent fractions of the photons emitted from levels
1 and 2 will strike the detector. The change in
detected photoluminescence caused by excited
state microwave transitions is

AI/I=[N,+aN,=N,(S,,=0)]/N,S,=0). (23)

N,(S,,=0) is the population of level 1 in the absence
of microwave radiation and N, and N, are popula-
tions in the presence of microwave radiation with
angular frequency w,=w;z. @ is the fraction of
light striking the detector emitted from level 2
divided by the corresponding fraction of light emit-
ted from level 1. For example, @ =0 if rotational-
ly-resolved photoluminescence originating ex-
clusively from level 1 is monitored. In rotational-
ly-unresolved experiments a is approximately but
not exactly 1.

In the strong microwave limit (S, 7,> 1)
AI/T=[(1+a)/2]{[1 +3(r, +7,) TX?])/
[1+1(r,+2m)rX3|}/2 -1, (24)
As in ground state MODR, AI/T saturates at much
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lower laser power than I. If 7,<T,, at the strong
optical limit (r,7X%> 1)

Al/T-(a-1)/2 . (25a)

Note that in the unusual case when @ =1 there is no
double resonance effect. If 7,=T1,, then

AI/T- @) Y¥1+a) - 1.

In the strong optical limit
AI/T=[1+(1+a)7,S,]/{(1+27,8,)[1 +(r,+27,)

X (T +7) " Su7, J}2-1 (26)

(25b)

and if 7, < 7., then

al/I=(a-1171,8,/(1+27,S,). 27)

Excited state MODR always disappears at the
strong optical limit when o=1 and 7, <7, be-
cause rotational relaxation in the ground state can-
not keep up with optical depletion of the ground
state. The rate at which the laser pumps mole-
cules out of level 3 can be no larger than the rate
at which level 3 is collisionally repopulated.
Ground state repopulation rates are unaffected by
excited state microwave transitions.

III. EXPERIMENTAL

A. A cw Dye Laser as a MODR Optical Pumping Source

Microwave optical double resonance spectros-
copy requires a light source for optical pumping
which meets several requirements. It must have
output at the wavelength of a molecular absorption
line and it should be reproducibly and systematical-
ly tunable to preselected wavelengths. Frequency
stability should be sufficient to remain within the
Doppler width (+ 150 MHz) of an absorption line for
times as long as 1 h. Amplitude stability better
than +20% is desirable. Sufficient optical pump
power (>20 mW) to cause the optically-pumped ex-
cited level to become comparable in population to
the optically-depleted absorbing level is useful,
but not absolutely necessary. Wavelength tunabil -
ity is important to allow optical pumping experi-
ments on a variety of rotational, vibrational, and
electronic states of several molecules.

A cw rhodamine 6 G dye laser has been con-
structed after the design of Dienes ef al.'® as
shown in Fig. 3. Astigmatic compensation, de-
scribed by Kogelnik et al. ™ is used. A 514.5 nm
Ar' laser with maximum power output of 2.5 W ex-
cites the dye laser. Selection of a steering mirror
for the Ar* laser with 6 m radius of curvature
(M, of Fig. 3) mode matches the Ar* and dye lasers
within the dye cell. An aqueous dye solution with
3% detergent by volume flows at 10 m/sec through
a 1 mm thick dye cell oriented at Brewster’s angle.
Dye concentration is adjusted for maximum dye
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QUTPUT

BEAM

FIG. 3. cw dye laser single frequency configuration.
M;~=M; are dielectric mirrors (radius of curvature, re-
flectivity) as follows: M (%, 100%), M, (10 cm, 100%),
M; (5 cm, 94% at 580 nm), My (6m, 100%), M; (», 100%).
Thedyecellis DC. E, and E, are solid etalons (flat A/10,
wedge <0.5 sec). Ej is 1.5 mm thick, with 30% reflec-
tivity both sides. E, is 15 mm thick, with 20% reflecti-
vity both sides. L is a 15 cm focal length antireflection-
coated lens, P is a SF4 glass prism, F is a short wave-
length cutoff filter (to exclude transmitted 514.5 nm
radiation), and A is a 2.5 mm aperture. The end mir-
rors of the dye laser resonator M; and M; are separated
by 190 cm. For clarity, the region of the dye cell is
shown expanded.

laser power output in the wavelength region of in-
terest.

Coarse wavelength tuning of the dye laser is
accomplished without altering the position of the
output beam, by rotating the return mirror (M,
of Fig. 3) in the dispersion plane. The dispersive
element in the cavity is two prisms. A lens is
used to bring the strongly divergent output of the
dye laser to a focus at the photoluminescence view-
ing region.

The dye laser operates from 563.5 to 629.0 nm
with output power from 10 to 400 mW, but with
frequency stability insufficient for our experiment.
Frequency stability is improved when a 2.5 mm
aperture is inserted in the cavity at the output
mirror (M; of Fig. 3) to obtain spatial mode sta-
bility. In this configuration, the spectral band-
width over which the laser has sufficient gain to
lase is 100 GHz. However, the spectral bandwidth
of the laser output is 10-15 GHz.

Additional frequency stability is obtained with
intracavity etalons. % Optimum etalon free spec-
tral range (FSR) is determined by cavity geometry,
wavelength, and most importantly by the spectral
bandwidth over which the laser has sufficient gain
to lase (not the bandwidth over which the laser
actually lases). Etalon reflectivity is selected
for sufficient finesse, yet also to allow tuning of
the etalon through at least one free spectral range
without resulting in intolerable single pass intra-
cavity losses (<5%). A 1.5 mm thick solid etalon

(FSR 70 GHz) with 30% reflectivity on each side is
used. The resulting output of the laser is in two
modes each with stability of + 100 MHz and ap-
proximately equal intensity (+ 10%) separated by

1 GHz.

In some experiments single mode operation is
desirable because of interference when a second
mode optically pumps another absorption transi-
tion. Single mode operation is accomplished with
a second solid etalon 15 mm thick (FSR 7 GHz),
with 20% reflectivity on both sides. The output is
50 mW, stable to + 100 MHz and +20% in amplitude,
with 2 W of 514.5 nm pump. The spectral band-
width is less than 10 MHz FWHM.

B. Production of BaO and Observation of Photoluminescence

The experimental arrangement used for observ-
ing microwave optical double resonance is shown
in Fig. 4. The vacuum system is assembled from
commercial 10 cm i.d. stainless steel sections
with simple O-ring and clamp interconnections.

Dye laser light, focused to a beam diameter less
than 1 mm enters the photoluminescence region
from the top through a Brewster angle window and
a 3 mm aperture. Barium metal is vaporized from
an alumina crucible in a tungsten basket heater.
Barium vapor is entrained in argon and carried
into the photoluminescence region where it reacts
with oxygen. &l Microwave radiation is introduced

LASER BEAM

PHOTOTUBE

FIG. 4. The photoluminescence region in the MODR
experiment. Dye laser radiation passes through the
Brewster window and into the oven. Photoluminescence
is observed as a vertical column of light, 1 cm in front
of the microwave horn. Laser light is polarized along
the microwave propagation direction and the microwave
E vector is in the horizontal plane.
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FIG. 5. Barium oven. Electrical connections to the
tungsten basket heater are water-cooled, copper-jack-
eted (not shown) stainless steel rods. The crucible is
surrounded by a tantalum-lined, water-cooled copper
heat shield. The heat shield is electrically insulated
from the heater electrodes by boron nitride spacers.

into the photoluminescence region by a horn radia-
tor. Photoluminescence is monitored by side
window photomultipliers with S-5 spectral re-
sponse. One photomultiplier views the output of

a 3/4 meter double monochromator (dispersion

0. 54 nm/mm at 600 nm) and another photomulti-
plier monitors the photoluminescence through a
short wavelength cutoff filter and a 20 nm FWHM
interference filter.

The barium oven is shown in Fig. 5. A basket-
shaped tungsten heater is used which consists of
three strands of 1 mm diameter wire. Approxi-
mately 20 g of Ba is placed in a 5 cm?® alumina
crucible covered by a tantalum cap with a 3 mm
aperture. Typically the oven is heated by 55 A at
5.5 V (ac) and the temperature inside the crucible
is 1000 °K.?!' Under these operating conditions,
one charge of barium lasts 10 h or more. The
crucible is suspended inside a water-cooled, tan-
talum-lined copper chamber. Argon flows into
this chamber at 1 cm®/sec STP and sweeps barium
vapor into the photoluminescence region through
a 6 mm aperture in a 0.1 mm thick tantalum baf-
fle. Normal operating pressure in the photolumi-
nescence region is 0.2 torr. A flow of 0.01 cm®/
sec STP of oxygen is injected 6 cm from the pho-
toluminescence region. In the photoluminescence
region, the partial pressure of **Ba'®0 X!= (v=0)

is ~10* torr.™ A 7 liter/sec mechanical vacuum
pump is used.

Before beginning a search for a double resonance
transition, it is necessary to select a microwave
transition between a specific pair of rotational
levels. In this work the choice of microwave tran-
sitions was limited to rotational levels below J=86,
since microwave oscillators above 77 GHz were
unavailable. Suppose, for example, that a double
resonance transition between electronically excited
rotational levels J' =2 and J' =3 is chosen. Then
for a specific A'T-X ' vibrational band, there
are four transitions by which either J'=2 or J'=3
can be optically pumped. Two of these are R-
branch (J''=J'=J'' +1) transitions, R(1) and R(2),
and two are P-branch (J''—J'=J'' — 1) transitions,
P(3) and P(4). If either R(1) or P(3) is optically
pumped, J'=2 is populated and the microwave ab-
sorption J' =2~ 3 transition will be observable. If
either R(2) or P(4) is optically pumped, J'=3 is
populated and the microwave stimulated emission
J' =3 -2 transition will be observable. If for ex-
ample one wishes to observe the J''= 2~ 3 transi-
tion in the ground state, one of the R(2), P(2),
R(3), or P(3) lines would be optically pumped.

Tuning the dye laser to one of four usable transi-
tions is not a trivial matter. There are two dis-
tinct problems: how to determine which vibrational
and rotational molecular transition the dye laser
is pumping, and then how to tune the laser sys-
tematically to pump one of the four useful rota-
tional transitions.

C. Assigning the Photoluminescence-Optical Spectroscopy

Dye laser-induced photoluminescence is ob-
served in which BaO molecules are optically pumped
out of the first eight vibrational levels (v''=0-7)
of the X 'T electronic ground state. Photolumines-
cence involving rotational levels from J=0 to
J~100 and from the two most abundant isotopic
species *®*Ba!®0 (70%) and ®"Ba'®0 (12%) is ob-
served.

If the laser pumps the X = (', ') =42 (v',J)
transition, the photoluminescence will consist of
transitions from A '3 (', J)=X % (many v"/,
J''=J"+1). The photoluminescence spectrum will
appear as a progression of doublets. The energy
splitting between members of a doublet is B,/
(4J'+2). Thus, if B, is known, and it is possible
to measure the doublet splitting with an accuracy
of +2B,'(0.6 cm™!~0.02 nm), it is possible to de-
termine J'. Successive doublets will be separated
by vibrational intervals of the X != state and
(Franck-Condon factors permitting) the shortest
wavelength doublet will be near the position of the
A'T (v)-X'T (v''=0) bandhead.® For BaO A-X,
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the position of the shortest wavelength doublet and
the wavelength of the laser line determine the vi-
brational quantum numbers of the optically-pumped
transition,

Once v’ and J' are known, it is also useful to
know if the laser is pumping the P(J’ +1) transition
(J''=J'+1) or the R(J' - 1) transition (J''=J' - 1).
If the photoluminescence doublet at the wavelength
of the dye laser line is scanned, the transition
which coincides with the laser line will appear more
intense due to nonresonantly scattered laser light.
The P(J' +1) line is always at longer wavelength
than the R(J' —1) line. In this work all microwave
transitions are observed when the laser pumps a
P-branch transition.

Due to the small size of isotopic shifts in BaO,
it is not possible to establish, by the optical spec-
troscopic means at our disposal, which BaO iso-
topic species is being optically pumped. However,
since microwave spectra for the X T state of
188p,160, 137Ba180, BB,1%0, and 1853, 160 are
known, # it was possible to identify the isotopic
species being pumped by a double resonance ex-
periment. The laser was tuned to the P(3) line of
the A-X (3, 1) band. The **Ba'®0 Xz (v''=1,
J''=2-3)transition was observed at 55. 855 GHz
and then, without changing the wavelength of the
laser, the AT (v'=3, J' =2~ 3) transition was ob-
served at 45. 740 GHz.

D. Tuning the Dye Laser to a Specific Molecular Line

When solid intracavity etalons are used to stabi-
lize a dye laser, tuning the laser frequency is
necessarily discontinuous and often requires a com-
plex iterative sequence of adjustments of the tuning
mirror and two etalons. With a single 1.5 mm
thick etalon in the laser cavity, it is not possible
to tune the laser more than 0.05 nm without ad-
justing the tuning mirror. However, it is possible
following the procedure described below to tune the
laser to pump any BaO transition between 570—-600
nm.,

The laser is tuned with the return mirror (M, of
Fig. 3) to within 0. 05 nm of the calculated position
of the desired transition by measuring the laser
wavelength with a calibrated monochromator. In-
sertion of a 1.5 mm thick etalon into the dye laser
cavity causes the laser to oscillate in two modes
separated by 1 GHz. Tilting the etalon perpendic-
ular to the plane of dispersion tunes the laser in
90 MHz jumps, the longitudinal mode separation
of the laser cavity. The laser is tuned to the near-
est BaO transition by observing photoluminescence
either by eye or with a photomultiplier—filter com-
bination. The optically pumped transition is then
assigned from the measured P—R spacing as de-
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scribed in Sec. III. C. The calculated wavelength
of the transition being pumped is compared with the
calculated wavelength of the desired transition.

If the transition being pumped by the laser is more
than 0.05 nm from the desired transition, the
laser is tuned in 0.1 nm steps (the free spectral
range of the 1.5 mm etalon) by adjusting the tun-
ing mirror. If the laser is within 0.05 nm of the
desired line, it is often possible to tune the laser
to the line by tilting the 1.5 mm intracavity etalon.
Once the desired line is found, a 15 mm thick
etalon also is inserted in the cavity to obtain single
mode operation. In this configuration the laser
will usually continue to pump the desired transition
for several hours with occasional adjustments. It
is convenient to monitor the spectral purity and
stability of the dye laser with three extracavity
etalons: a 3 GHz free spectral range spectrum
analyzer and two solid etalons with free spectral
ranges of 200 and 20 GHz.

E. Microwave Spectroscopy

50 to 500 mW of microwave radiation at fre-
quencies between 12 and 77 GHz is generated by
various oil-bath-cooled klystrons. Microwave
radiation enters the photoluminescence region from
a rectangular horn radiator. Neither microwave
resonant cavities nor lenses to focus the micro-
wave radiation are employed, nor is any attempt
made to measure absorption of microwave radia-
tion., Microwave transitions are observed and the
frequencies are measured in two ways. When
searching for a new microwave transition, micro-
wave frequency is repetitively swept over a 100
MHz interval by applying a voltage ramp to the
klystron reflector. The sweep rate is typically
50 MHz/msec. The frequency at any point in the
sweep is measured by beating the klystron against
a phase-locked, frequency-counted, 4-8 GHz
oscillator. Sweep voltage for the klystron is
generated by a 100 channel signal averager. In-
put to the signal averager is the 1 MQ terminated
output of the monochromator (1.1 nm bandpass)~
photomultiplier. Typically the double resonance
signal appears with S/N> 10 after about 2 min of
signal averaging. The signal FWHM, broadened
by Klystron frequency drift, is typically 15-20
MHz.

Once a transition is found it is often possible to
obtain a slightly more accurate measure of its
frequency using phase sensitive detection. The
microwave radiation is amplitude modulated (on—
off ratio > 10 dB) at 100 Hz by a ferrite switch.
The Klystron is phase locked by a continuously tun-
able frequency stabilizer which is capable of being
voltage tuned by 0.1%. A frequency-counted
4-8 GHz oscillator is phase locked to the
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Klystron. The frequency of the klystron is
swept 50 MHz in lock at 5 MHz/min. Observed
linewidths are 10-15 MHz FWHM. Narrower
(2-6 MHz) linewidths were observed in previously
reported Ar* laser MODR experiments with BaO. "
A radiative lifetime of 300 nsec corresponds to a
radiative linewidth of 0.5 MHz. At this time the
dependenceof MODR lineshapes on pressure, laser
power, and microwave power are not understood.

Typically the double resonance signal for transi-
tions in the X 'T state is 5% of the total photolumi-
nescence and 2% for transitions in the A 'S state.
The sensitivity of MODR experiments reported
here is limited by noise of a nonstatistical nature
which seems to constitute a fixed percentage of
the photoluminescence (0, 2% with 1 sec time con-
stant). For microwave transitions in the A 'Z
state, the double resonance signal is proportional
to microwave power. Saturation of the MODR sig-
nal at high microwave power is observed for mi-
crowave transitions in the X 'T state. Double
resonance signal strength Al varies nonlinearly
with laser power, but the percentage increase in
photoluminscence intensity at microwave reso-
nance, Al/I, is independent of laser power. Pho-
toluminescence intensity I varies nonlinearly with
laser power; a decrease in single mode laser pow-
er from 50 mW to 5 mW results in a less than six-
fold decrease in photoluminescence. Focussing
the laser has not observably altered AI/I.
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IV. RESULTS
A. Microwave Spectra of BaO X 'Z and A 'Z

Rotational transition frequencies and resultant
rotational constants for the BaO X 'T and A '%
states measured in this work are listed in Table
I. Rotational constants are calculated from ob-
served microwave transition frequencies and pre-~
viously reported centrifugal distortion constants
fortheA'S (D=8.4 kHz)?and X '= (D = 8. 165 kHz)'
states. For the J-1-/J transition

v=2BJ - 4DJ* (28)

Microwave transitions in A ! (v =2-5) and in
X' (v=1) are observable because BaO X' mole-
cules are continuously produced in the photolumi-
nescence region with significant populations of vi~
brationally-excited states. The occurrence of
significant populations of vibrationally-excited
molecules considerably extends the number of
MODR transitions accessible within the limited
tuning range of available dye lasers. Molecules
in vibrational levels as high as X'Z (v="7) have
been optically pumped thereby exciting photolumi-
nescence from levels as high as A'T (v=9). Al-
though quantitative measurements have not been
made, the population of X 'Z (v="17) is no more than
a factor of 100 smaller than the population of X 5
(v=0). Listed in Table II are the A-X vibrational
bands that were optically pumped while the various

TABLE 1. Observed MODR transition in BaO Xly and A IE.
Transition Measured frequency
Electronic state v Jo—rdJd+1 {MHz) B,(MHz)*¢
X'z 0 0-1 18702. (1)¢

1-2 37404. (1)
2-3 56106. (1) 9351.1
1 2~3 55855. (2) 9309.3
Als 0 2-3 46376. (2) 7729.5

1 1-2 30760.5(1.0)

2-3 46142, (1) 7690. 3
137paté0 2-3 46177.7(1) 7696, 4
2 2-3 45986. (1) 7664.5

3 1-2 30493. (2)

2-3 45740, (1)

3—4 60984,5(1,5)

4—5 76226. 8(1.5) 7623.3
4 2-3 45551, (1) 7592, 0
5 2-3 45397.3(1.0) 7566. 4

7 1-2 29927.6°
2-3 44891, 4° 7482.0

2Uncertainty in each B, is +0.3 MHz.
PFrom Ref. 7,

¢ Corrected for centrifugal distortion; D (X13) =8.165 kHz, D (A'%)=8.4 kHaz.

4 Uncertainties in (

} are two standard deviations.
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TABLE II. A—X bands pumped for observed MODR
transitions.

Optically -pumped

Laser

Microwave transitions observed BaO A'£~X'g band A (nm)
Xz v=0 1-0 580, 8
7-0 496.5%

v=1 3-1 570.3

Als p=0 0-0 598.1
v=1 1-0 580.8

v=2 2-1 586.7

v=3 3-1 570.3
v=4 4-2 576.1

v=5 5-3 581.9
v="T 7-0 496, 52

2Ar* laser line.

microwave transitions were observed.

Although the X 'T state is free of perturbations,
the A 'S state is known to be extensively perturbed
by four states or substates designated X, Y, Z,
and Q.'®*® The effect of these perturbations, shown
in Fig, 6, is evident in the failure of the measured
rotational constants to be fit smoothly by the func-
tional form B(v)=B,- ¢,(v+3%). Also shown in Fig.
6 are rotational constants which are adjusted to
compensate for the largest perturbation of each
AT level, that due to the Y state. The corrected
rotational constant is

(29)

H,y is the interaction between the A and Y states
measured by Lagerqvist et al.? The corrected
rotational constants show significantly less scatter
than the observed constants. For v»=1 and 3 signif-
icant perturbation effects, due to perturbations by
the Z state, still remain. The B(v) function ob-
tained from a least squares fit to the corrected ro-
tational constants is

B(v)=0. 25832(2) — 0.001070(5) (v + ) em™!. (30)

Beorr= Bons +IHiy(BA ~By)l/(E4 ;EY)Z .

It is not possible to correct the previously reported
rotational constant for A 'S (v="7) which is serious-
ly affected by perturbations by the X and Y states.

Kovacs and Lagerqvist13 predict a perturbation in
A'® (y=3) near J=5 and 6 by the @ state. In an
attempt to observe this perturbation the J=1+- 2,
2+~-3, 3~4, and 4 5 transition frequencies were
.measured and no trace was found of a perturbation,
which would appear as a discontinuity in the rota-
‘tional energy. However, if the predicted energy of
the @ state is in error by as little as +2 cm™!, the
point of maximum perturbation would occur at eith-
er J<0 or J> 7 and no discontinuity in the rotational
energy would have been observed. Additional dis-
cussion of the BaO perturbations and related per-
turbations in CaO and SrO will appear elsewhere. *
The observed and corrected rotational constants
for A 'S are compared with the constants reported

FIELD, ENGLISH, TANAKA,

HARRIS, AND JENNINGS

TABLE III, Comparison of observed and corrected
Alz rotational constants (in cm“).

Als v Bpe Beorr Bom:imlaL
0 0,25783(1)° 0.25783 0.2578(1)
1 0. 25652(1) 0.25667 0. 2564(2)
2 0.25566(1) 0.25567 0,2556(2)
3 0.24529(1) 0. 25450 0.2541(2)
4 0.25324(1) 0, 25353 0.2532(2)
5 0.25239(1) 0.25246 0.2523(2)
7 0.24957(1) e e
B, 0.25841(2) 0.25832(2)P 0.2583(2)
@, 0, 001151(3) 0.001070(5)° 0.00113(7)

*From Ref, 12,

Y Recommended constants for BaO A1z,

®Uncertainties in ( ) correspond to two standard de-
viations.

by Lagerqvist ef al.'® in Table II All rotational
constants measured in this work agree with the
optical spectroscopic constants obtained by Lager-
qvist et al. ' within the stated optical error limits.
Error limits for the MODR rotational constants are
10 times smaller than the optical limits. Pertur-
bation effects become considerably more visible
with the higher precision of MODR spectroscopy.

xlo‘f

vt

4 5

-30 1 L
o] | 2

v

FIG. 6. Scatter in BaO A!Z rotational constants due
to perturbations. A=B,—0,25832+0,00107 (v +3) is
plotted vs v for both observed (O) and corrected (o)
rotational constants. Error bars correspond to two
standard deviations. Dotted and solid lines, respec-
tively, connect the points corresponding to observed
and corrected rotational constants,
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The observed J=2— 3 transition in *'Ba’®0
A'S (p=1) cannot be used to obtaina hyperfine eqQ
constant. The ratio of the corresponding **Ba'é0
and *"Ba’®0 transition frequencies is, within ex-
perimental error, equal to the ratio of the reduced
masses. Even if there were a residual isotope shift
not accounted for by the change in reduced mass,
perturbation effects could be considerably larger
than any expected hyperfine shift.

Initial attempts to measure electric dipole mo-
ments by MODR Stark effects have been frustrated
by electrical breakdown at electric field strengths
less than 200 V/cm.

B. Test of MODR Models

Three experimental observations show that opti-
cal pumping of BaO A-X transitions by a single
frequency, 50 mW, cw dye laser is near the strong
optical pumping limit. Photoluminescence intensity
varies nonlinearly with laser power. MODR transi-
tions in BaO X T are observed with AI/I= 5%, which
is considerably larger than the predicted 0. 2% ef-
fect {Eq. (2)] for the weak optical pumping limit,
The large observed MODR signal implies that the
dye laser depletes level 1 {(n,<n?) by pumping mole-
cules out of level 1 faster than thermalizing col-
lisions can replenish them. MODR transitions
J-J+1 and J-J -1 in BaO 4 'S are always ob-
served to correspond to an increase in total photo-
luminescence intensity. An increase in total photo-
luminescence intensity implies an increase in opti-
cal pumping rate. An excited state microwave tran-
sition increases the optical pumping rate Gig—n,) S
by decreasing ;.

The transition dipole model for excited state
MODR is supported by a sequence of three observa-
tions of BaO A T (#=1) J =2+ 3 transitions under
various optical pumping and detection polarization
conditions. In these experiments the microwave
electric field is Z directed and the microwaves and
detected photoluminescence propagate in the X di-
rection. FirstJ'=2 was populated by optically
pumping a P(3) transition. The laser was polarized
perpendicular (X polarized) to the microwave elec-
tric field, a polarization predicted by the transition
dipole model to optimize the MODR effect. For the
J=2-3 transition, an increase in Z-polarized pho-
toluminescence is predicted, accompanied by a
smaller decrease in X or Y polarized photolumines-
cence. Observed AI/I was +5.1+0.5% for Z-po-
larized photoluminescence and +3.3+0. 3% for ¥ po-
larization. The polarizationdependent MODR effect
is superimposedonapolarizationindependent strong
(nonlinear) optical pumping MODR effect. Next,
with a Z-polarized dye laser, observed al/I is 3.5
+ 0. 8% for Z-polarized photoluminescence and 2. 7
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+0.6% for Y polarization. Thus the predicted de-
crease in AI/I is observed when the optical pump
polarization is not optimal for populating (M |=J
sublevels. Finally, the X-polarized dye laser was
tuned to pump the P(4) line and the J= 3 2 transi-
tion was observed. The transition dipole model
predicts a decrease in Z- and an increase in Y-po-
larized photoluminescence. Al/I was +2.5+0.3%
for Z and +5.0+0.8% for Y polarization, exactly
the expected opposite of the observed AI/I's for the
J=2~3 transition.

Near the strong optical pumping limit, AI/I is
expected and observed to be nearly independent of
laser power [Eqs. (18) and (24)] and to vary linear-
ly with microwave power [Eqs. (21) and (27)]. The
critical parameters in the three level steady state
model are £ 7,7X% (or $7,7X% and S, 7, (or S, 7,).
These saturation parameters should have values
near 1 when AI/I no longer increases linearly with
laser or microwave power.

%Tg'er can be estimated using Eq. (17) with w
Swgy, Te=T,=T, and S, =0. The observed sixfold
decrease in photoluminescence when dye laser pow-
er was reduced from 50 to 5 mW is predicted if
177,X%=1.5 at 50 mW,

The saturation parameters 37,7 X? and S,, 7, may
be calculated from known electric dipole transition
moments, estimated microwave and laser power
densities, and relaxation rates estimated from
MODR linewidths. Let

Te=Te=™Tu=T,
(277)'=10 MHz,

where 10 MHz is the FWHM of observed MODR
lines. The squared transition moment matrix ele-
ment for a (J, M=0)- (J+1, M=0) microwave or
optical transition is

[T, 0| 1| +1, 0)] 2= pB(J +1)/(27 +1)(27 + 3) = p?/4.

(31)
The dipole moment for BaO X' is 8 D?® and the
microwave electric field which corresponds to a
power density of 100 mW/cm? is 8.7 V/cm; thus
when w,,=wy,

SnTe=3 Ty TnXn=1.4

This value of S,, 7, indicates that microwave transi-
tions in BaO X !T are near saturation. In BaO
X'z MODR experiments the onset of saturation of
AI/I and microwave power broadening was ob-
served. The absence of microwave saturation ef~
fects in BaO A !> MODR indicates that the elec-
tric dipole moment of A'T is smaller than 8 D.

The transition moment for the BaO A 'z-X1x
(1,0) band (corresponding to R,=1.76 D> anda
Franck~Condon factor 26 of 0,042) is 0.36 D. The
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optical electric field which corresponds to 100 mW
uniformly distributed over a 1 mm diameter beam
is 98 V/em. Thus

17,7X%=0. 36.

This value is too small to account for observed
laser saturation of I and of AI/I. However, the
optical saturation parameter 37, 7X%is considerab-
ly underestimated by neglecting the Gaussian pro-
file of the laser beam (see Sec. V).

V. REQUIREMENTS FOR MODR

Microwave optical double resonance effects have
been shown to be observable in the weak optical
pumping limit. Somewhat larger MODR signals,
particularly for ground state MODR, occur near the
strong optical pumping limit. Four factors deter-
mine whether the strong optical pumping limit is
attainable: optical electric field strength, relaxa-
tion rates, the electronic transition moment, and
the Franck—Condon factor of the optically-pumped
transition.

The optical electric field as a function of dis-
tance X from the center of a Gaussian profile laser
beam is

E(X)=E sinwt exp[-X2%/W?],
E =21, 9I}/%/W (volts/centimeter).

(32a)
(32b)

W is the radius (centimeter) at which the laser pow-
er is 1/e® times its maximum and I, is the laser
power (watts). Beams of radius 2W, W, 0.5W, and
0.1W contain respectively 99.97%, 87.5%, 39.3%,
and 2% of the total power of the laser. A 100 mW
laser with W=0.2 mm has an optical electric field
E>270 V/em for X<0.1 mm. E=270 V/em is a
good upper limit for the optical electric field avail-
able with a 100 mW dye laser.

Nonequilibrium populations established by optical
and microwave pumping are relaxed by several
processes. Molecules diffuse into and out of the
laser beam. For a beam with W=0.2 mm the tran-
sit relaxation time is Ty ey 10" sec. Rotational
relaxation, typically 10 MHz/torr, corresponds to
Toressure %1077 sec at 0. 2 torr. Electronically-ex-
cited states decay radiatively usually with 7,,,>5
%107 sec. Lower limit values for 7, and 7, are

Tl = [(I/Ttrlnsit) + (I/Tpreauure)]-l g’ 10-7 sec,
To=[ (1/Teransst) + (1/Tpronsure) {1/ T1aa) "1 = 5107 secC.

Note that 7,=<7,. 7 and 7,, which appear in Eqgs.
(12) and (13), can be smaller than 7, or 7, near the
strong microwave and optical limits, but this effect
will be neglected.

For a '»-'% transition in which the electronic
transition moment R, (Debyes) is independent of v-
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centroid
fvlvl =4, 7X10-7qv’v" VvlvllRi. (33)

Jfyrpee 1S the oscillator strength, g,.,.. is a Franck-
Condon factor, and v, is the frequency (cm™!) of
the transition. The transition dipole p for the (J,
M=0)- (J+1, M=0) transition is related to the
electronic transition moment:

ﬂzgqvnuuRﬁ/4- (34)

If the lifetime of an excited electronic state is de-
termined entirely by radiation to the electronic
ground state, there is a relationship between the
radiative lifetime and R, :

1/7,,=3.14x10""R2 25 g upes V30,0
vll

~ 3.14x107"3,0RE. (35)

Note that the quantity 7. u? is independent of radia-
tive lifetime and transition moment:

Ty 2~ 8.0X10%q hpen v, . (36)

For ground state MODR the optical saturation
parameter is

%T’TeX2= 4.0X10187'E2qvlvn V:,?o (37)

If 7,=10"" sec, E=270 V/cm, and v=17000 cm™},
the optical saturation parameter is

17,7, X2=6X10%q 0 oo . (38a)

Thus even for a Franck~Condon factor less than
1x10%%, it should be possible to observe ground

state MODR in the strong optical pumping limit.
For excited state MODR, the optical saturation

parameter is, if 7,=5x10" sec,

1 12X%-30g,p . (38b)

Thus, even for transitions with a Franck-Condon
factor as small as 0.03 and with a radiative life-
time as short as 5x10"° sec, the strong optical
pumping limit should be attainable.

In order to observe MODR transitions, it is de-
sirable to operate near the strong microwave limit
because the MODR signal AI/I increases linearly
with microwave power until the microwave satura-
tion parameter is near 1. For ground state MODR,
the microwave saturation parameter is

3 72x% =1,3x10% pPr2E? (39)

where p is the permanent electric dipole moment
in Debyes. If 7,=10"" sec and u=1D, a micro-
wave electric field of 9 V/cm is required for satura-
tion. This corresponds to an easily attainable pow-
er density of 100 mW/cm?. For excited state
MODR, the microwave saturation parameter is
172X2 . If 7,=5x10" sec, the microwave electric
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field required for saturation is 175 V/cm or a pow-
er density of 41 W/cm® This is a high power den-
sity, but still easily attainable in a resonant micro-
wave cavity.
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