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The optical analog of the nuclear magnetic resonance rotary saturation effect is demonstrated and analyzed.
A 9.6-um CO, laser resonance excitation of vibrational transitions in gaseous CH;F creates an effective
splitting in the interaction representation of the optical two-level system. A radio-frequency standing-wave
Stark electric field is tuned in rotary saturation resonance with the splitting. The change in transmitted laser
beam intensity, because of rotary resonance, is measured in terms of transient optical signals obtained by the
Stark switching method of Brewer and Shoemaker. The measured single and multiphoton rotary saturation
resonance signals are compared with perturbation and computer solutions of nonlinear Bloch-Maxwell
macroscopic equations. Doppler-free rotary saturation spectra are obtained in the presence of inhomogeneous
Doppler broadening by a special scheme of Fourier analysis. A discussion is presented of the coupling of
energy between two traveling waves that are in double resonance with the optical two-level system. The
concept of spin temperature is discussed in relation to a coherently excited optical level system with a long
fluorescence lifetime. The possibility of a cross-relaxation double resonance experiment between an optical

system and a spin system is outlined.

I. INTRODUCTION

It is well known that a system with discrete
quantum levels subjected to strong coherent re-
sonance radiation can be described by an effective
Hamiltonian that differs from the original unper-
turbed Hamiltonian in the absence of radiation.

If a second weak probe field in a double-resonance
experiment simultaneously inspects the resonance
susceptibility of the modified system, the probe
resonance response will show additional level
splittings (not removal of degeneracies) or fre-
quency shifts that depend upon the power and tun-
ing of the strong field. Effects of this type (not
necessarily involving double resonance) are the
Bloch-Siegert,' Autler-Townes,? and alternating
current (AC) Stark shift® effects. In an early NMR
experiment in a liquid, Anderson? demonstrated
very clearly the Rabi frequency shifted sidebands
induced in a two-level system by a strong driving
field. To account for the effects of strong NMR
rf irradiation in solids Redfield® devised a spin
temperature picture in which separate dipolar
and Zeeman energy reservoirs inthe same crystal
could be defined at different spin temperatures
simultaneously. In this picture effective splittings
and population differences in the new interaction
representation correspond to different spin tem-
peratures for any given pair of spin levels. If

the level splittings of two different spin reservoir
species are made to coincide,® double resonance
dipole-dipole coupling takes place, and the two
spin reservoirs are viewed as arriving at a com-
mon spin temperature equilibrium. Alternatively,
a particular reservoir may be subjected to a
properly aligned external oscillating magnetic

field applied at low frequency corresponding to
the level splitting induced by the strong coherent
radiation. In this case, transitions are induced
between the two levels of the system while it is
subjected to the strong field. The reduction of
the two-level population difference because of the
second low-frequency resonance in the rotating
frame labels this effect as “rotary saturation.”®

In this investigation we obtain the optical analog
of the NMR rotary saturation effect.” By means
of a double resonance technique, an ensemble of
electric dipole moments is brought into inter-
action simultaneously with two oscillating electric
fields at widely disparate frequencies. The in-
tense field from a 9.6 CO, propagating laser
beam excites two-level vibrational transitions at
or near resonance in gaseous *CH,F. This two-
level laser excitation gives rise to a much lower
two-level splitting in the megacycle range. At the
same time a standing wave electric field excitation
of Stark plates in the gas cell at the rotary re-
sonance frequency causes saturation of the co-
herent polarization induced by the laser beam in
the laboratory frame. The rotary rescnance re-
sponse is measured in terms of the change in
coherent transient signals at 9.64 emitted by the
sample after the double resonance excitation is
suddenly switched off.

Our quantitative analysis of the rotary saturation
experiment is based upon the optical two quantum
level analog® of NMR spin dynamics, requiring
the solution of modified Bloch-type equations. As
a qualitative illustration of the effect, the sche-
matic energy level diagram of Fig. 1 is very help-
ful. The rotary saturation experiment involves a
probe excitation of the smaller direct splitting
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FIG. 1, Spectroscopy of
a two-level system in the
presence of intense coher-
ent resonance radiation at
frequency w;. As shown on
the right, the effective
Hamiltonian of the two-
level system in the pre-
sence of resonance radia-
tion at Zw; presents four
eigenlevels, Rotary re-
sonance saturation per-

T tains to transitions at
the induced splitting 7#g.
Transitions of the type
7w, + B) were first ob-
served in NMR also.

in the rotating frame of reference, in our case

by a standing wave, although a probe rotary re-
sonance traveling wave could be applied instead.
Because of the saturation effect of the strong laser
beam, the apparent probe resonance susceptibility
is conditioned to be correspondingly negative or
positive, depending upon which side of the labora-
tory frame transition frequency the strong laser
excitation is applied. In other words, when the
two level system appears to have its population
inverted with respect to an effective field in the
rotating frame, the system acts as an amplifier
for the probe beam, although in fact the two-level
population is not inverted in the laboratory frame.
This interesting effect introduces a new optical
susceptibility mechanism by which two fields of
coherent radiation at different frequencies may
couple to one other by means of nonlinear re-
sonant coupling to a single two-level atomic sys-
tem. Thus the rotary double resonance principle
is similar to the two-level system double resonance
effect of two laser beams in the laboratory frame,
one an intense beam and the other a weak probe
beam, tuned within a linewidth of one another.®
This similarity will be discussed later.

As was mentioned above, the treatment of
optical rotary saturation in a gas requires the
solution of a nonlinear set of modified Bloch
equations” applicable as well to NMR rotary
saturation in liquids, where the dipole-dipole-
coupling energy reservoir does not exist. These
equations differ from the Bloch equations be-
cause of additional time-dependent terms which
account for the probe field modulation. Since no
closed-form analytic solution exists, a per-
turbation expansion approach is used, resulting
in solutions applicable under conditions to be
outlined later. In fact, the solution applies to the
general resonance response of a two-level system
line during magnetic or Stark modulation, tra-
ditional in measuring lineshapes in the regime

where the modulation frequency  is slow com-
pared to the inverse time width T3'. For the
condition @ ~ 1/T,, faithful lineshape modulation
response no longer is displayed, so that a type

of “Debye resonance” response of the system
polarization is predicted in the rotating frame.

For values of £ in excess of T3', comparable to
effective Hamiltonian frequencies in the rotating
frame, and for weak modulation amplitudes, single
photon rotary resonance occurs. As the probe
field intensity is increased, multiphoton resonances
appear'® and the system can no longer be described
by the simple level diagram of Fig. 1.

It should be noted that the analog of NMR “spin
temperature” equilibrium in solids does not
generally carry over into the optical case. A
single species optical dipolar energy reservoir
probably cannot be realized. In a solid, electric
dipole-dipole interaction energy is not readily
conserved within an isolated two-level ensemble
of dipoles, which prevents the onset.of a quasi-
equilibrium temperature different from the lattice
temperature. Naturally, such an equilibrium
would be possible if the isolated system energy
would remain intact for times long compared to
the formally estimated dipole-dipole coupling
time, designated as T',. For optical dipoles this
equilibrium is not favored due to rapid spontaneous

‘emission or strong coupling to broad collisional

phonon degrees of freedom, which introduce com-
petitive lifetimes comparable to or shorter than
the optical system electric dipole-dipole coupling
time. However, a very dilute system of optical
dipoles may be assigned a temperature if it is
prepared in such a way that it interacts exclus-
ively, for example, by resonance coupling with an
abundant species of spins, where the spins are in
dipolar thermal equilibrium contact among them-
selves. A temperature may therefore be assigned
to the dilute optical dipoles even though they do
not couple directly among themselves: As pointed
out in a later discussion, this would require a
doped constituent in a solid with a forbidden
transition that provides a long fluorescence life-
time.

II. OPTICAL ROTARY RESONANCE ANALYSIS

Consider a two-level system irradiated by a
laser field E,(z,t) linearly polarized in the x
direction and propagating as a plane wave in the
2z direction:

E,(z,t) =8, cos(w;t - kz) . (1)

&, is the laser amplitude modulus, w, is the laser
frequency, and k=2n/A, where A is the wavelength.
The standing wave Stark rotary saturation field
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E,(t) =&, cosQt (2)

is applied parallel to E,(z,t) by means of a pair

of Stark plates aligned parallel to the z direction
in the gas cell. The function of E,(t) is to modu-
late the energy level spacing. The field E, could
as well be a traveling wave. For a particular
rotational angular momentum quantum number

M, assigned to a pair of eigenlevels, a vibrational
transition frequency w,~ w; for AM; =0 in gaseous
BCH,F is sinusoidally modulated at the low fre-
quency 2. The maximum linear Stark shift in
energy splitting away from 7Zw, is given by

2hw, =A (M) &, . @)
The linear Stark shift constant A(M;) for a par-

2(wo~ w;)+ w, cos Nt k8,

k8, — 3wy — w;) = wecos Nt

where
¥op = exp[i6Cy/ Fiwe) wt]3 exp[— i o/ Fiwy) w;t] -

In general, w, may obtain from any diagonal
susceptibility (Zeeman, Stark, or acoustic); but
if there is no such susceptibility, the equivalent
effect of Eq. (4) may be obtained by subjecting
the laser to phase modulation so that

wit—~ wit+ (2w,/Q) sinQt .

This phase modulation will result in the same
Hamiltonian matrix 3C; given by Eq. (5).

The coupled optical Bloch-Maxwell equations
well known in the literature'® form the basis for
analysis of the optical rotary resonance experi-
ment. The Bloch equations for polarization source
terms with inclusion of rotary perturbation’ follow
directly from the Liouville equation for the density
matrix p (with addition of T',, T,-type damping
terms)

= (Aw; + 2w, cOSQ)V —~u/T,,
V== (Aw;+2w, cosQtyu+k8w-v/T,, (8)
-k - -wy)/T,.

il

w
The radiating source polarization®®

P=Npou+iv) (7
is coupled to the energy density

Nw(37w,) =W =NTr(3C,p) ) (8)

of the two-level system, where N is the number
density of two-level atoms, and

ticular M, relates the shift in vibrational eigen-
level energy to the applied Stark electric field.
This constant applies as well for Stark pulse
switching of levels into and out of resonance, a
technique of Brewer and Shoemaker,*! which we
apply in order to observe free induction signal
transients that give a measure of the rotary re-
sonance effect. With the conditions «&;, w,,
< w;, a two-level Hamiltonian can be defined

50 =30, [1 + (20,/wy) cOS QU] -, Ey(z, 1) , @

where k =2p,/% and p, is the dipole transition
matrix element. The matrix for the doubly per-
turbed system in the interaction representation
for rotary saturation is therefore

(5)

U=P2+ Py,
U=—i(p12—921), (9)
W=Pop =Py, -

For the two-level system defined by 1:ground
state, 2:excited state, the complete ground state
occupation gives w,= — 1, and W,= ~3N#iw,. The
off-resonance parameter

Wo = w; = Aw, (10)

will pertain to packets of dipoles off resonance
with respect to the laser frequency applied within
the Doppler spectrum of gaseous CH,F.

The experimental procedure for obtaining and
measuring optical rotary resonance in the presence
of a broad Doppler spectrum employs a scheme
of Fourier analysis. Doppler-free spectral in-
formation concerning more than one type of two-
level transition with a specific matrix element
can be obtained in the presence of an inhomogen-
eously broadened spectrum.'* At a given applied
rotary frequency © the steady-state rotary re-
sonance is obtained while the laser two-level
excitation is at equilibrium. A differential method
of comparison (subtraction) of optical free in-
duction signal amplitudes is first carried out.
As shown in Fig. 2, a subtraction of successive
free induction signals (FID) yields a differential
signal D(t) dependent only on rotary resonance
because one signal depends on the past existence
of rotary perturbation (w,#0), and the following
subtracted signal does not (w, =0). Steady-state
equilibrium resonance by the laser alone (w, =0)
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FIG. 2. Stark voltage sequence (below) and corre-
sponding two-level energies (above). The differential
signal caused by rf rotary saturation is obtained by
subtracting the FID signal with no rf from the FID
signal with rf, The 80 V/cm Stark pulse corresponds to
wso/27r= 3.55 MHz,

is established in a time ¢’ > T, before free pre-
cession is obtained. The equilibrium polarization
P,(w,=0), which later yields the free precession
signal, is obtained by setting # =9 =#=0 in Egs.
(6). Therefore

P, (w, = 0) = Npo(u, +1v,) , (11)
where

U =] Aw, w, T ¥1 +B2T)]w,, (12)

Ve=lw,T/(1+B3T%)] w, , (13)

w,=[ 1+A3T?/(1+8%T%)|w,, (14)
with T,=T,=T, w,=k&;, and

B=(awi+K*8Y2. (15)

The polarization P, radiates freely for the time
t= 0 after a step-function Stark field E, is switched
on at t=0. Dipole transitions initially tuned to
w;~ w, are switched out of laser resonance to a
new frequency w,+ ws, and the polarization P,
emits at that new frequency. The laser field §;
does not perturb the freely radiating P, for the
condition

ws > T 1+ k&, T)}V2=T""", (16)

where 1/7' is the excited spectral width. The
Bloch equations (6) then apply for &;=w,=0 during
t=0. We specify that the laser is tuned near the
center of the Doppler distribution, given by

glwy) = (2162)=2exp[~ (o — we)2/26%] , (17)

where w,=wy+ kv, With wy, the two-level transi-
tion for the molecule at rest, and kv the Doppler
frequency shift corresponding to molecular ve-
locity v parallel to the z axis. Essentially, a flat
distribution over the excited spectrum occurs
since the Doppler width is large enough (~60 MHz
for CH,F) so that

8> w>»T/"t, (18)

As a result, we set g(w,)~ (216%)~Y/2,

The laser beam, which is always present, pro-
vides a heterodyne reference signal which beats
with the radiated free precession dipole field at
frequency w,. The optical-free precession signal'?
during ¢ = 0 is measured in terms of a slowly
varying field intensity |E ()% at the detector placed
at the output from the gas sample

4/21 &, w,NpLe™t'"

|E(t)2lwa=0=5?+ Py

xf [, sin(Aw; + wy)t

+2, cos(Aw; + wy)t]daw; . (19)

A term proportional to N%2 in Eq. (19) is dropped
as negligible.

The action of rotary saturation (w,+# 0) changes
the laser-beam intensity |E(t)?,,-, to a different
value |E(#)?|,, - The rotary resonance solutions
to the Bloch equations (6) in dynamic steady state
obtain again for t' > T,, but they do not derive
simply from the condition % =9 =i#=0 which was
applied when w,=0. The presence of the term
2w, cosQt gives rise to steady-state oscillatory
polarization components which oscillate at fre-
quency 2. No closed-form analytic general so-
lutions exist for these equations. Exact solutions
for P,(w,#0) must be obtained by numerical in-
tegration. Corrections to the unperturbed P,(w,
=0) solution are obtained by a perturbation treat-
ment presented in the Appendix for the condition
wa/k8,< 1. We present the first-order perturba-
tion results since they reveal the essential physi-
cal principles of rotary resonance. The full de-
tails of this calculation are given elsewhere.!®
For steady-state rotary perturbation, Eq. (11)
may be rewritten

P,(w#0)=P,(w,=0) + AP
=Npolu, + Au+i(w, + Av)], (20)

where Au =u, +u,, and Av=v, +v,,. The first-
order solution for the AP change has resonant
(,,v,) and antiresonant (u,,,v,,) parts. The anti-
resonant terms are obtained by Q - sub-
stitution in the expressions below, where we ex-
press only the resonant terms :

AP, (t') = an(_u, +14v,) .

In the rotating frame of reference these terms
have driven rotary oscillatory character

u, (t') =u, , cosQt’ +u, , sinQ¢’
1)
v, (') =v,, cosQt’ +v, , sinQt’,



where the different times ¢’ and ¢ are defined in
Fig. 2 and the coefficients are given by

w, TV, @T1*+2/8)€ - B)
“C-"TfszTT?[“A“)?TZ 1+@-p)1? ] ’
(22a)
_ w,Tv, QT2Q/B -3)+pT2-1/B
(22b)
2 —
vc,r= waAluilz;zv:(;z)gjﬁ‘z 2) b (220)
“and
_ @AW, Tv,[@ —B)T?+1/p]
Vg == 1 O 5T . (22d)

After a time ¢/ > T during which the above steady
state is established, the Stark field step function
E, is switched off and initiates the free precession
signal at a particular time defined as t=0. The
phase of the rf oscillation in Egs. (21) must there-
fore be locked to the Stark pulse so that the pulse
is always switched off at the same phase Q¢',
" where we chose cos2t'=0 or 1.

The difference transient signal intensity caused
by rotary saturation is

D)= E®)fy20 ~ | E@WIE=0 » (23)

where |E(¢)?|,, -, is obtained by replacing u, and

v, in Eq. (19) by «, + Au and v, + Av, respectively.
If a perturbation solution is desired, D(t) is ob-
tained directly by replacing u, and v, in Eq. (19)
by the desired order of Au and Av, respectively.
It should be noted that a nutation signal*! is created
from those transitions that are Stark switched into
resonance with w;. This signal comes from mole-
cules tuned to w{=w, - w, in-the Doppler spectrum
before E is switched. The differential signal
method in our experiment cancels out the nutation
signal since it occurs with equal amplitude after
every switching of E;.

The changed (|E(f)f,, .,) and unchanged (|E(#)|2,-,)
FID signals are sampled and stored electronically.
The differential signal D(¢) is amplified, averaged
in a boxcar integrator, and finally Fourier-ana-
lyzed by a computer. The Fourier transform

S(Q,Aw,)=/m D(t)et¥tdt (24)

is obtained at a particular frequency w=ws+Aw;.
The experiment is repeated for different values
of Q. The response S(Q, Aw;) ultimately may be
plotted for all ranges of  and Aw;.

A. Measurements of CHy F

Our measurements apply to the case of vibra-
tional transitions in *CH,F which is 95% isotopical-
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ly enriched in 3C. The (J, K)= (4, 3)— (5, 3) ro-
tational transition of the v, fundamental vibra-
tional mode is excited by the P(32) CO, laser
line at 9.66 pm. With the laser field E; polarized
parallel to E; and E,, there exist nine separate
two-level transitions, independent of one another,
defined by AM; =0 with M; =0, x1, +2, +3, +4.
The step Stark field E; provides equally spaced
level separations where

ws=MJw50:EsA(MJ)ﬁ_11 (25)

similar to Eq. (3). Two sets of four spectral lines
are obtained from the AM =0 transitions that are
equally spaced by frequency wg,. Each set is sym-
metric about the M =0+ M =0 transition. This
transition by itself does not contribute to the data
because it does not respond to a Stark field and
cannot be probed by the Stark switching method.

If w,=M;ws, is sufficiently different for each of
the transitions, then each of the four lines can,

in principle, be distinguished from one another

in the Fourier analysis providing that the con-
dition w,,> 1/T' [Eq. (16)] permits resolution

of these lines.' In the measurement of multi-
photon rotary saturation responses to be discussed
later, w,, must be made even larger to prevent

the multiple photon satellite lines of one M, transi-
tion from overlapping with satellites from neigh-
boring lines.

B. Multiphoton resonances

The obvious single photon optical rotary re-
sonance occurs for £ =g, as seen in resonance
denominators of Eqs. (22), for w,<<«&;. The first
terms of Egs. (22a) and (22b) provide a curious
effect which would relate to observations in which
the condition 2~ 1/T, applies. Ordinarily, the
lineshape modulation technique in conventional
spectroscopy would require  <1/T,. A violation
of this condition would result in such terms, with
u,,, absorptive and u, , dispersive. These terms
are of the same form as those obtained for Debye
resonance of polar molecules. Here we have a
type of “Debye resonance in the rotating frame,”
which refers to the extent to which the polarization
can relax and follow 2w, cost as it oscillates near
Q~1/T.

When higher rf power is applied (corresponding
to at least 20 V/cm) so that wy,/k 8, 2 3, the desig-
nations of perturbation probe field and intense
pump field are no longer meaningful. As a re-
sult, multiphoton rotary saturation transitions
are obtained as pointed out in the Appendix. A
second-order perturbation calculation predicts
terms oscillating at 22 with resonant denomi-
nators of the form 1+ (6 - 2Q)3T2, typical of a
two-photon transition. For an n-photon transition
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FIG. 3. Exact numerical solution for multiphoton
rotary saturation resonances at Q=8/n. The plotted
quantity v,=Av=v—v, is calculated in steady state with
ending phase Q#'=0. Other parameters are Aw,;
=15 rad/p sec, w,=w;=3 rad/usec, and Ty =T, =3 usec.
wy =1 defines the normalization.

in general we have the rotary resonance condition
Q=8/n. (26)

The positions and widths of such transitions are
shown in the computer plot of Fig. 3.

C. Experimental results

The technique of optical Stark switching by
Brewer and Shoemaker!! is adapted for the ob-
servation of optical rotary resonance. A principal
experimental modification is the superposition
of an oscillating field E,(¢) upon the dc pedestal
field Eg. Parallel Stark plates, consisting of
aluminum coated on glass, are separated by
rigid quartz supports and housed in a two-meter
long cell. The laser beam traverses the length
of the cell four times by three reflections from
mirrors at each end of the cell. The intensity
of the TEM,, mode Gaussian profile beam, with a
2 cm diameter, is about 0.25 watts/cm?, giving
a peak value of k&,;/2nr~ 1 MHz. Figure 4 com-
pares the theoretical computer prediction plot for
single-photon rotary resonance with experiment,
with the condition w, <k&;. For a chosen value
of Aw;, only the Fourier transform magnitude
W3+0v2)Y?= 1S, Aw;)| is plotted versus 2. From
Eqgs. (22) we define ug; =u, , +us o and v,=v; ,
+Vg,q- This magnitude is chosen in order to
avoid the experimental phase uncertainty which
mixes the cosine and sine transform functions inEq.
(19). We display rotary resonance data for Aw?
> w3, Under this condition 8~ Aw; and the rotary
saturation difference transient signal D(t) [Eq.
(23)] will be affected mainly by those components
of the spectrum which are far off resonance.
Therefore it can be shown that the function (%
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Q/27 (MHz)

FIG, 4. Single photon rotary resonance response for
Aw;=2,5 rad/usec, w; =3 rad/usec, 2w,=0.5 rad/usec,
and Q# =ir at rf turnoff. The solid curve is the per-
turbation solution 1S (2,Aw,) |= @+ v%)1/2 fitted to
T=2,2 usec. ‘3CH3F pressure of 1 micron applies to
all experimental results presented here,

+02)? obtained from the squares of the cosineand
sine transforms, exhibited by the form of Eq.
(19), is approximately valid if the effect of the
decay factor e™*/T is included by redefining T as
L7 in the Bloch equations. Thus we set e”*/T=1
in Egs. (19) and (23), since it will manifest itself
instead in S(Q, Aw,) [Eq. (24)] (only for large Aw,)
in terms of the added linewidth. This approxima-
tion is well justified in the perturbation limit

W, <K&, kE; <Aw,;, where the analysis presents
a convolution of two Lorentzian functions of width
T-'. A resultant Lorentzian function is obtained
of width 3T7°*. For w,~ k&, the multiphoton re-
sonance responses are shown in Fig. 5. All data
is displayed for the M; =1+ M ;=1 transition only.
The values of 2.« at which the resonance peaks
occur, from the condition £ =§/n, are plotted

(ARB. UNITS)

ug+v

0 0.5 1.0 1.5
Q /27 (MHz)

FIG. 5. Multiple photon resonance for Aw;=7.5
rad/pusec, w; =1 rad/usec, 2w,=4,6 rad/usec, with Q¢
=47 at rf turnoff. The solid curve is the numerical
solution for 1S(Q,Aw,) I= (@} +v%)/2 to Eqs. (6) for the
above parameters, with T, =T,=2.2 usec.
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FIG. 6. Experimental rotary resonance maxima
Qpmax for »=1,2,3 photon transitions vs Aw, . The solid
curves are plots of @, = (k*8? + Aw})!/2/n, the rotary
resonance relation, for x§, =3 rad/usec. The data was
taken with Q¢ =0 at rf turnoff, although data with Q#
=37 at rf turnoff also fit the relation. The one photon
curve has been verified out to Q,, /2r=2.5 MHz for low
rf powers.

versus Aw,; in Fig. 6. The error in the theory
associated with the 3T ansatz above for w,~ k&,

is less than the 10% to 15% error contributed by

a number of experimental conditions to be out-~
lined below. The validity of the effective 37 =T,
relaxation time definition is borne out by a fit

of the one-photon and multiphoton rotary resonance
curves to a relaxation time of T,=2.2 usec, which
corresponds well within experimental error to a
measured photon echo envelope lifetime* of T,

~ 5 pusec for the M; =1+~ 1 transition at a CH,F
pressure of 1 micron.

As our data points pertain mostly to the con-
dition (Aw;)?> (k&,)? for two sets of four spectral
lines symmetric about the M; =0+ 0 transition,
the rotary resonance maxima occur essentially
at the same Q= Aw,. We emphasize that since
ws =My wg, is different for each transition M,
—M;(|M,;|=1, 2, 3, 4), each of the four lines
in the Fourier analysis can be distinguished from
one another in their response to rotary resonance.
When multiphoton satellite lines appear for higher
vf power (E, = 20 V/cm), the Stark field E and the
corresponding wg, parameter must be increased
to avoid overlap of satellite resonances from
neighboring M, lines. This problem is avoided
in our experiment by analyzing the M; =1 rotary
resonance multiphoton lines for negative |Aw,|,
thus avoiding the satellite resonances from the
M; =2 transition on the other side (+|Aw,;|) of the
M; =1 line.'®

From Eq. (3) the parameter A(M;)=0.044 M,
(MHz/volt-cm™!) inpractical units applies to CH,F.
A Stark field Eg = 80 volts/cm corresponds to
Wgo= wg =22.3 X10°® rad-sec™! for the M; =1 transi-
tion. Initial phase uncertainty in Eq. (19) and a
smaller signal amplitude reduction in transient
signals due to a slight amount of adiabatic follow-

ing is caused by the finite Stark voltage turnoff
time ¢,~ 50 ns. The effect of resultant phase un-
certainty of ws~ 1 rad is avoided by use of the
phase independent (u%+v%)*/? in plotting data. The
finite turnoff time also causes a slight violation
of the adiabatic condition (in the rotating frame),

3
% >>—ﬁ— N
it w,

producing a signal amplitude change of a few per-
cent, as borne out by computer modelings. Other
sources of experimental error are as follows:

(i) Inhomogeneity of §, over the laser Gaussian
beam profile, laser beam divergence, beam losses
due to mirror reflections, and beam overlap ef-
fects (Lamb-dip-type interactions) account for
uncertainty in assignment of §; as a parameter

in the experiment. The values of &; quoted in our
data are averages deduced from data fitting,
whereas an integral over a distribution of &,
values would be formally appropriate but im-
practical in view of all the experimental uncer-
tainties in the final data. (ii) Power drifts from
the CO, laser during the course of Fourier trans-
form measurements affect the uncertainty in fitted
values. Nevertheless, the values of &; quoted

are reasonably confirmed from measurements of
optical nutation oscillation periods.!' Laser fre-
quency (w,;) stability is necessary for only short
times ¢t~ T,. (iii) Errors occur in computer
Fourier transform calculation resulting from finite
cutoff in bandwidth of the Fourier analysis.

The above errors combine to contribute an esti-
mate of about 15% spread in the amplitude of ex-
perimental rotary resonance plots. There re-
main, however, unexplained deviations from the
predicted computer plot shapes for multiphoton
behavior, as shown in Fig. 5. However, for n
not exceeding 3 in Eq. (26), the multiphoton re-
sonance frequencies Qm.x fall within experimental
error, and we have not confirmed transitions for
n>3.

III. RELATED APPLICATIONS
A. Double optical resonance coupling between traveling waves

The rotary saturation experiment may be thought
of as a low-frequency resonance phenomenon
which takes place in the frame of reference ro-
tating at the high frequency of the laser. The
laser is near resonance with the two-level sys-
tem in the laboratory frame. If one applies a
second traveling wave laser beam

E,(z,t)=8,cos[(w, +e)t+ k2],

in place of the low-frequency rotary perturbation
field E,, again a double resonance coupling effect
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may be achieved® similar to rotary saturation.

Let e <w; and k,~ k. As € varies, w;+¢€isscanned
across the resonance line driven by the laser at
frequency w;. In the frame of reference rotating
at w, the laser field modulus &, appears stationary,
while the modulus §, of the second laser appears
to rotate at angular frequency +e with respect to
&;, depending on the applied frequency w,+€. If
the matching condition

B=(Aw?+Kk382)1V2=¢

occurs, the rotation of &, is synchronous with the
rotation of the optical pseudopolarization vector
P, in the rotating frame, quite similar to the
mechanism of rotary resonance. A component of
&, perpendicular to f becomes effective in pro-
ducing saturation of P,, justas the component
(w,/Aw;)8, (for Aw, > w,) is effective in causing
rotary saturation of P as seen by inspection of
Egs. (22). Stimulated gain or loss of rotary field
standing energy density (or flux for a traveling
wave) depends upon the sign of Aw; inv, , (i.e.,
let =), showing that gain is obtained if P cor-
responds to an inverted amplifying two level sys-
tem for —|Aw,|, and an absorber for +|Aw,|.
These cases are shown schematically in Fig. 7.

With the definitions w,=«&, and £ an arbitrary
phase angle between two coupled traveling waves
(which must remain constant for a relaxation time
of order T,), the Bloch-type equations analogous
to Eqs. (6) are easily shown (from the classical
torque equation) to be

= Aww — w, sin(et +E)w —u/T,,
U= —Awu+ [w,+wycos(et+ E)w —v/T,,  (27)
W= w,sin(et + Eu ’

~ [w,+ w, cos(et+ &)y - w -w,)/T,.

These equations may be solved directly by com-
puter, but in the limit of small w,, a first-order
perturbation result again has been obtained for v
equivalent to Eq. 2 of Ref. 9. Just as one requires

calculation of gain or loss in the & reference frame

for the rotary field, the same is required for cal-
culation of gain or loss at the frequency w; +¢€ of
the second laser beam.

B. Coupling between two traveling waves

In the limit of weak rotary perturbation, the
gain or loss of the rotary field E, as a traveling
wave or as a standing wave may be obtained in
terms of the intense laser field &, which is as-
sumed constant. Just as in stimulated Raman
gain phenomena, one could as well allow these
fields to couple arbitrarily and nonlinearly, but
we will only show the linear coupling case here.

(a) 1° (b) °

u, u,
o KE} (o]
o PN
% v W

B Duwy

FIG. 7. Bloch vector diagrams of a two-level system
(a) not inverted in the rotating frame (Pr+5>0) and ()
inverted in the rotating frame (Py+B<0). Note that in
neither (a) nor () is the population of the two-level
system actually inverted,

Suppose Eq. (2) is specified as a traveling wave
E,(z,t) =58,()e @t %)y ¢ c. : (28)

The first-order terms given by Egs. (21) in the
rotating frame of the laser behave as independent
Maxwell equation source terms for stimulated
changes of E,(z,t) as a propagating rotary per-
turbation field at frequency Q. Similarly, such
changes would occur for E, () as a standing wave
in a tuned cavity. Let Q=p at exact rotary re-
sonance, and by taking Q7 > 1 and dropping terms
with @T) *<(@QT)"?, the term v, , in Eq. (22)

is therefore the principal source term. Under
these conditions, the effects of dispersion can be
neglected, (i.e., u,, <<v, ,,). In the retarded time
frame the slowly varying Maxwell equation'? for
the rotary field plane wave modulus in Eq. (28)

is given by

a8, 218 N
—a—z‘az—c'.—vc,r:Féué’lAwl ’ (29)
where
_ —mQAM)KT?
F= rt+oor?) (30)

is obtained from use of Egs. (22¢), (3), and (13).
The saturating laser field is defined in first
order by

8,(z)=8,(0)e"* , (31)

where a=2Npk2w,;/c&,(0), and &;(0) is the laser
amplitude at z=0. Equation (31) is applied to Eq.
(29) which yields

8ale) = Sa(0)expla'F8, (0)Aw; (1= )]
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The low-frequency field modulus &, therefore
undergoes a reduction or gain according to

8.z > a"Y)=§,(0)expla~!|F|&;(0)aw,] ,

for az > 1, or 8,(z)= &,(0)exp[zF&,(0)Aw,;] for

az <1, depending upon Aw; =z |Aw;|. The choice
of signs reflects which side of resonance the laser
beam is applied. A complete analysis of the real
physical case would require an integration over
the inhomogeneous spectrum, i.e., Eq. (17),
which would entail a competition between loss

and gain because of simultaneous effects of terms
with both signs above.

C. Rare optical dipole <abundant spin double resonance
coupling in a solid

The example of energy exchange between waves
coupled to the optical two-level gaseous system
above bears a similarity to the coupling among
separate spin species carried out by double spin
resonance experiments in solids.® With the con-
dition of sufficiently long-lived optically excited
states, it appears that a system of laser irradiated
optical dipoles in dilute concentrations could be
made to couple and exchange energy with neigh-
boring spins in a solid. Consider the well known
“solide effect” double resonance method!”*!8 for
obtaining polarized nuclei. The polarization of a
nuclear spin reservoir is enhanced with positive
or negative (inverted) orientation, determined
by coupling with corresponding positive or nega-
tive orientations of electron spin neighbors strong-
ly irradiated above or below resonance (+ Aw,;),
as viewed in the electron spin precession rotating
frame. The optical rotary resonance coupling
principle would be similarly operative in a solid
where we now consider the optical system and
the laser field &; in place of the electron spins
and the resonance microwave field, respectively.
If the Larmor frequency w; of a foreign species
of abundant spins is adjusted so that

wp=R=6, 32)

the spins therefore can act as internal rotary
perturbing field sources, analogous to E,, and
couple with the optical two-level system. The
internal local field coupling may derive from
magnetic dipolar or electric field interactions
depending upon the nature of the optical two-level
diagonal susceptibility.

In order to detect the transfer of energy be-
tween the two systems, one may monitor any
measurable change in the character of the laser
transmitted beam or a change in the spin popula-
tion. This follows when conditions allow time
for preparation of disparate two-level system

“temperatures” or nonequilibrium population dif-
ferences among level pairs. Therefore, at low
temperatures optical systems with long lifetimes
are required which have some character of a
forbidden transition.

Without providing details here, we state below
the necessary approximate relations among the
essential double resonance parameters which
would make the optical ion-spin system double
resonance experiment feasible. The reader is
referred to the double resonance literature for
details and discussion.®'® Define R~' as the
resonance coupling time constant for equilibration
of the dilute optical reservoir temperature with
that of the spin system, and define €~ N,/Ng <1
as the ratio of the quantum two-level heat capacity
of the optical system to that of the spin system
during resonance coupling, where N, and Ng are
the optical ion and spin number density, re-
spectively. Therefore (eR)™' is roughly the cor-
responding longer time constant for the spin sys-
tem temperature change if the optical system is
maintained away from its own equilibrium popula-
tion or “heated” relative to the spin reservoir
temperature. Since T is essentially the optical
system fluorescence lifetime, this nonequilibrium
heating is maintained if

T<R™. (33)

However, the double resonance effect will have
no resolution whatsoever and be washed out unless
the condition T > 27/w, applies, where 27/w, is
the spin precession Larmor period. Also, T must
not be too small with respect to the spin-spin
coupling time T, and the time T, for a single
photon exchange between an optical ion and its
nearest neighbor. If it is too small the double
resonance rate constant R~ (1/T2)[TT /(T +T )]
would then become ineffectively small. A change
AM in spin polarization owing to the analogous
coupling process in nuclear double resonance ex-
periments?® is given by

AM(t) = Moexp(=t/T N1 — e [ERAR DI

where T ¢ is the spin lattice relaxation time. At
time £ =0 the spin system is initially prepared
at a different temperature from the lattice. The
resonance coupling signified by R # 0 produces
the AM(¢) change in relaxation of the abundant
spin species.

For arbitrary values of e~ N,/Ng, except for
the restriction that N, must be small enough to
avoid complications of direct coupling among the
optical ions, the steady state polarizations which
result from resonance coupling between the two
systems can be estimated. Let the laser field &,
saturate the optical system at the exact resonance
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condition # = Aw;=0. The rotating frame tem-
perature model predicts that an electric polariza-
tion P=Npu' will build up (from P~ 0) parallel

to &;, if in addition the resonance condition w;
=k¢&, from Eq. (32) is satisfied. Therefore,

P=eMR/(R+W,).

Correspondingly, the equilibrium laboratory frame
polarization M, of the spin system will diminish
by an amount

AM=M,Q/(1+Q),

where

Q=€RW/(R+W)Ws, Ws=T¢},
and

Wo=T"t.

IV. CONCLUSIONS

The primary resonance character of single and
multiphoton optical rotary saturation has been
confirmed. The confirmation of predicted line-
shapes by the experimental results is much less
certain, and could be improved in future experi-
ments which particularly take into account spatial
variations in laser power over the excited regions
of the gas sample. Because the semiclassical
two-level descriptions in optics and spin resonance
are essentially the same, it is not surprising that
the optical rotary saturation effect can be added
to a host of coherent optical two-level effects
already found which are analogs of experiments
in NMR. This effect can be classified as another
type of nonlinear susceptibility where low-fre-
quency radiation couples to a system which is at
resonance with a high-frequency laser beam.
Rotary saturation bears a strong similarity to the
energy coupling which takes place between two
waves tuned within the resonance line of an optical
transition. Although the energy exchange between
the coupled waves during optical rotary saturation
is not demonstrated in this report, the analysis
and mechanism of the coupling predicts a stimu-
lated process of power transfer between the
waves. .

The direct solutions of nonlinear macroscopic
Bloch equations for rotary saturation have been
presented without the aid of “two-level tem-
perature” arguments in the interaction repre-
sentation used in the case of NMR in solids. The
rotary resonance solutions are applicable to
liquids or gases where the system is isolated
except for the effects of macroscopic damping.
The notion of “spin temperature” in a driven
optical system is not generally applicable even
in a solid, except possibly where the optical sys-

tem is dilute and has an appropriately long fluor-
escence lifetime. In this circumstance, if the
optical system couples by a cross-relaxation
resonance process exclusively with another reser-
voir of two-level atoms (such as a spin system
with an assigned spin temperature), the optical
system may be described in terms of a tempera-
ture.
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APPENDIX

In the usual perturbation approach we introduce
a smallness parameter A into Egs. (6) by the sub-
stitution wy =~ Aw,. Define T,=T,=T and w,
=k&,;. Solutions are assumed of the form

V=Yt XY+ AZ o A YL A1)

where y=u, v, or w; y,=u,, v,, or w,; and y -9y,
corresponds to Au, Av, or Aw as defined in the
text. After substitution of y into Egs. (6) and col-
lecting terms of the same order in A", three dif-
ferential equations result of the form

y+a(t)y=b(t) (A2)
for each n. For Au=Av=Aw=0at =0, the first-

order (»=1) corrections yield, from Eq. (A2),

t
u1=e"/T/ et 72w, cosQt'v, + Aww,)dt’
. . &

. 1
v,=~ e"/Tf 2! /T(2w, cos Qt'u, + Awu, — ww,)dt’ ,
(4]
(A3)

and

i
= -t/T t'/T
w=-e f e Tww,dt.
0o

The coupled equations (A3) are combined by use
of the following definitions:

M,=w +iv,.
w!=(-ww, +Awu,)p"?, (A4)

Zl= Awtwaﬁ_lve - z."'-’aue s



and
T'=T"'+i8.

Applying these definitions to Eq. (A2) for n=1
yields the relation M,=2Z cosQt —I'M,, which has
the solution

t
Ml(t)=Zle—th [e(F+i9)t’+e(l"-iQ)t']dtl . (A5)
)

for M,(0)=0. Transient solutions can be obtained
from Eq. (A5), but here we present only the
steady-state results. In steady state, e"I¥—0
with the result

Zle-iQt . Zle+““
T —i@ -B) T +i@+p)

Ml(t)e =

=My, @)+ M., @),
where (A6)
M, =My, cosQt+My,sinQt,
and ‘
M, 4y =M, o COSQUE+ M 4 SiNQt .

Resonant (2 —g)-and antiresonant (Q + ) de-
nominator terms are indicated by 7 and ar, re-
spectively, and coefficients of cosine and sine terms

-

U =B =22)Aw,B~ TV, +Aw B~ v, — (B —29)Tu,, )
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are indicated by ¢ and s, respectively.

The solution for v, is obtained as v,=Im{M }.
With v, substituted into expressions for y=u,
and w, [Eq. (A3)] the solutions for », and w, are
obtained. In the text Eqs. (22) present the v,
and », resonant solutions, and the antiresonant
solutions are obtained by the substitution @ --Q.
Similarly, for w,(t) we have

w, () =w, , () +w, 4 () ,

w, ,(t)=w, , cosQt+w,, , SinQt; (A7)
Wy =0, TMA+Q* T, ,-QTv,),

Wy »=w,TMA+Q*T?QTV , +v ) -

The above procedure is repeated for obtaining
higher-order corrections (n>1). For example,
the next-order (#=2) terms, equivalent to Eq.
(A4), would define Z,= (w,Aw,;/B)v, = iwu,. In
contrast to Z,, which is a constant, Z, has a
time dependence of cosQ¢ and sinQ¢ from the v, -
and u, terms. The integration step in Eq. (A5)
therefore results in the two photon rotary satura-
tion resonant (22 —p3) and antiresonant (22 +g)
denominator terms. The nth correction there-
fore yields the »th multiphoton resonant condition
Q=p/n. For example,

Vge,r = woT

2[1+ (6 - 20)°T7

(A8)
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