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V. S. Letokhov. Nonlinear Narrow Molecular Reso-
nances Induced by Laser Radiation, and Their Applica-
tion in Spectroscopy and Quantum Electronics

One of the characteristic marks of the development
of physics in the last two decades is, perhaps the pro-
duction of narrow, frequency-stable resonances of the
interaction of an electromagnetic radiation with quan-
tum transitions. The techniques for obtaining narrow
resonances in the microwave region with the aid of
atomic and molecular beams were developed in the
fifties. Such narrow radio-frequency resonances were
the basis of quantum standards of frequency and of the
atomic time scale now adopted the world over. Ex-
tremely narrow resonances in the higher frequency
spectral region in nuclear transitions were discovered
by Mossbauer in 1958. The narrow resonances of re-
coilless nuclear transitions in a crystal now ensure the
highest sensitivity of physical experiment, on the order
of 107**~107*%, In the intermediate optical region of the
spectrum the resonance width was until recently
usually not less than 10°°. We consider in the paper how
we can with the aid of laser radiation produce narrow
resonances inside a Doppler absorption line of relative
width 10°~107° of the molecules in a gas (see'"®]),
The values of the relative width of the narrowest quan-
tum-transition resonances in the microwave, optical,
and y-ray regions of the spectrum are shown in Fig. 1.

Doppler broadening is nonuniform—the center ¢ of
the spectral absorption line of each particle depends on
the velocity v of the particle (w = wo + kv, where o
is the center of the line for the stationary particles and
k is the wave vector of the light wave). The Doppler
width Ayp may considerably exceed the homogeneous
width 2I" determined by radiation damping and colli-
sions. A plane coherent light wave of frequency p and
intensity sufficient for absorption saturation excites
only the particles whose velocity satisfies the reso-
nance condition

| @ + kv —w T,
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As a result, a “‘hole’’ of width Ay = 2I'(V1 + G2), where
G® = a £? is the degree of absorption saturation deter-
mined by the field intensity, is burnt out at the fre-
quency yp in the Doppler contour. The saturation-ab-
sorption coefficient is determined by the expression

k = kol 1 + G®)'V%, where , is the absorption coef-
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FIG. 1. Relative width of the narrowest resonances in the spectra
of atoms (Cs, H) in the radio-frequency region, of molecules (CH,, 1,,
SF,) in the optical region, and of nuclei (Cs!3?, Zn®’, Fe57, Ta!'®!) in
the o-ray region.
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FIG. 2. Narrow resonances observable during absorption saturation
in rotational-vibrational transition lines of the v; band of the SF4 mole-
cule under the action of the radiation of a CO, laser tuned on: a) the
P(18) and b) the P(16) lines of the 10.6-u wave band (the width of the
Doppler line of SF; is equal to 30 MHz).

ficient for a weak field. Thus, if the light wave is:
1) monochromatic, 2) plane, and 3) intense, then in the
wide Doppler contour is formed a ‘‘hole”’ containing
information about the narrower homogeneous width.
To produce a narrow resonance at the center of a
Doppler line, it is sufficient to send, in exact opposi-
tion to a strong wave, a weak plane test wave of the
same frequency as the strong wave. The test wave
interacts with the molecules whose velocity satisfies
another resonance condition:

|wg — kv —v [T,
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i.e., with particles having the same velocity component
in the direction opposite to the direction of propagation
of the strong wave. It follows from the conditions (1)
and (2) that if the frequency v of the waves does not
coincide with the frequency wo of the quantum transi-
tion, then both waves interact with entirely different
groups of molecules, i.e., the test wave does not feel
the strong wave. If, however, the frequency of the
waves coincides with the center of the line (v = wo),
then both waves interact with the same group of mole-
cules having a null velocity component in the direction
of the waves. Thus, the absorption of the test wave de-
creases resonantly at the center of the Doppler line,
since it interacts with molecules the absorption of
which has been saturated by the strong field!*!, This is
the narrow molecular resonance induced by laser radi-
ation.

The width of the narrow resonance is determined by
the homogeneous width and, at a low pressure of the
gas (~107° Torr), can be limited only by a finite time
of flight of the molecules through the light beam, i.e.,
is ~10° Hz'Y, Figure 2a shows the shape of the narrow
resonance observable at the center of the Doppler line
of one rotational-vibrational transition of the y; band
of the SF¢ molecule with the aid of the radiation of a
CO. laser tuned to the P(18) line of the 10.6-; band!®),
If an absorption Doppler line consists of several lines
masked by the Doppler broadening, then a narrow reso-
nance is produced at the center of each line, i.e., this
method allows the realization of laser spectroscopy
inside the Doppler line. An example of such an obser-
vation with the molecule and the P(16) radiation line of
a CO: laser is shown in Fig. 2b{®,

A high-precision stabilization of a laser frequency
can be realized on a narrow molecular resonance be-
longing to a symmetric molecule without a dipole
moment, i.e., to a molecule not subjected to an apprec-
iable influence of external electric and magnetic
fields!'*), We consider in the report ways for increas-
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ing the stability and reproducibility of a laser frequency
to within 107*—10" with the aid of narrow molecular
resonances, and also consider the use of lasers for
measuring small changes in optical lengths with a
sensitivity A7/1 of up to 107%%,
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Optical methods of information processing possess
a number of advantages over electronic methods when
performing multichannel integral transformations
(measurement of spectra, correlation functions, and
probability distributions). These operations can be
carried out simultaneously in many parallel channels
with the aid of optical systems. In connection with the
appearance of lasers and the advances made in the
field of holography, considerable attention is being
given to the development of the optical methods of in-
formation processing based on the properties of co-
herent light. However, the requirement of coherence of
light, which is the basis of the calculating machine, is
difficult to fulfil when the signal under investigation is
introduced into the processing scheme, Optical calcu-
lators are known which allow the use of noncoherent
light, but the comparative ease with which information
can be fed into them reduces considerably the accuracy
of the computations. The decrease in the computational
accuracy occurs owing to the fact that the result of the
computations is observed in a strong interfering back-
ground, which is absent when coherent light is used.

We describe in the report a new principle of con-
struction of optical calculators which allows us to
simply feed the information in question into the
machines and at the same time maintain a high compu-
tational accuracy. The principal idea of the proposed
method consists in the application of a matched spatial
and time modulation of the luminous flux. One type of
modulation is used for computations: either spatial or
time modulation, and the other type is used for raising
the computational accuracy by means of spatial or time
filtering of the useful signal. Experimental investiga-
tions of the principles considered showed that it is pos-
sible to construct the corresponding apparatus for
optical information processing (the OSA system )],
which will not be inferior in respect of computational
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accuracy to the apparatus using coherent light. At the
same time the OSA systems utilize better the region of
low spatial frequencies and, therefore, less accurate
optical elements can be used in them'),

The application of the OSA methods for solving con-
crete problems led to the development of an effective
method for preliminary information processing—the
method of generalized two-dimensional holograms(®],
A generalized two-dimensional hologram is obtained
by representing the initial information f(t) in the form
f(t)f(t - 7), i.e., as functions of two coordinates t and
7. By inverting the generalized hologram with respect
to 7 and averaging over t, we can measure the spec-
tral parameters of the process f(t) with a high resolu-
tion and with a simultaneous simplification of its struc-
ture, which is necessary for the solution of a number
of problems. The method has been successfully applied
for the measurement of the technical width of the line
of the quartz generator'®! for the measurement of
spatial correlation functions of wave fields with a long
averaging time[‘], to some problems of stereophonic
audio reproduction’?!, and in operational interference
spectroscopy!®l.

The application of the method for the solution of a
number of problems of medical diagnosis proved to be
fruitfull®"), The recording of a phonocardiogram signal
in the form of a generalized hologram in the frequency-
time plane allows us to efficiently use the surplus in-
formation in the signal and to get rid of it when it is
fed into the calculating machine; in a number of cases
such a representation makes it possible to establish
simple diagnostic symptons[a]:

A generalized hologram of a ballistic cardiogram
permits an easy measurement of the absolute levels of
the forces acting on the cardiovascular system®), The
measurement of the relative levels of certain harmonic
components of these forces allows objective estimates
of the force of a heat muscle, the relative activity of
operation of the right and left halves of the heat, and a
number of other parameters of physiological and diag-
nostic importance!"].
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