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I. INTRODUCTION

.During the last decade, in connection with the develop-
ment of quantum radiophysics, much progress was made
in the accuracy of measuring of one of the most funda-
mental physical quantities—the time interval. The ac-
curacy of time measurement has increased from sev-
eral times 10~8 to several times 10~12. This progress
was attained as a result of the use of atomic resonances
to stabilize the frequency of coherent electromagnetic
oscillations of quartz oscillators (quantum frequency
standards). Both active frequency standards, in which
microwave coherent radiation is generated as a result
of stimulated emission of molecules or atoms [1~51, and
passive frequency standards, in which the frequency of
microwave generators is stabilized against the aborp-
tion lines of atoms [6~8], have been developed and are
now in use. The most advanced devices are: a quantum
generator using a hydrogen-atom beam[3] (stability on
the order of 10~4), a generator using a molecular
ammonia beam (stability on the order of 1CT11 ) t4], a
generator stabilized by a rubidium gas cell (stability
on the order of 1CT11), and a generator stabilized
against the absorption line of a beam of cesium atoms
in a resonator (stability on the order of 10"11). Certain
standards have a high relative frequency stability when
the position of the generation frequency relative to the
peak of the spectral line is not known but remains con-
stant with a high degree of accuracy for the given
standard (for example, rubidium standard). There
exist, however, standards with high absolute frequency
stability, in which the generation frequency coincides
with or can be tuned to the "peak" of the spectral
line* with a high degree of accuracy (for example,
cesium and hydrogen standards). In 1964, the Inter-
national Committee on Measures and Weights adopted
as a standard for the physical measurement of time an
instrument based on the Cs143 spectral line (transition
F = 4, m j = 0 — F = 3, mp = 0 between the levels of
the hyperfine structure of the 2Fi/2 ground state of
Cs133 in the absence of external fields). The frequency
of this standard has been assigned a value 9 192 631 770
Hz t .

In view of recent development of methods for gener-
ating coherent radiation in the visible and infrared
bands[12~161, it became feasible in principle to develop

Owing to the hyperfine structure of the line, the position of the
generation frequency relative to the vertex of the spectral line may not
be known, but can be reproducible with a high degree of accuracy in
independent samples of the standard.

t More detailed information on atomic frequency standards can be
found in the monographs [9>149] and in the special review [10>1' >139>

frequency standards in the 1013-1015 Hz band (optical
frequency standard). It is obvious that even if the fre-
quency stability already attained in the microwave
band can be achieved in optical generators, the region
of their physical applications will greatly increase. An
essential feature of optical-band frequency standards
is the appreciable reduction of the time of frequency
measurement with a given accuracy, since the accuracy
of frequency measured within a finite time interval is
inversely proportional to the frequency. Therefore, at
a frequency 1014 Hz, measurements with accuracy 10~14

can be performed within a time on the order of 1
second, but at the frequency of the hydrogen maser
(u = 1420.405 MHz) this would require a time on the
order of a day.

To produce a frequency standard in the optical band,
it is necessary to solve two rather complicated prob-
lems. First, it is necessary to produce an optical-
oscillation generator with a highly stabilized emission
frequency, and second it is necessary to produce a
"meter" for the frequency (and not for the wavelength)
of the optical oscillations. The solution of the first
problem makes it possible to produce a length standard.
To this end, it suffices to use the radiation from an
optical generator of stable frequency in interfero-
metric length-measuring devices.*

The solution of the second problem makes it possi-
ble to develop a frequency or time standard. Independ-
ent measurements of the frequency and of the wave-
length make it possible to measure the speed of light
with the accuracy with which the time and the distance
are determined. In other words, this means that it is
possible to dispense with separate standards for time
and length.t19'201

Most papers on optical frequency standards deal
with the solution of this problem. We shall therefore
naturally pay principal attention to this question
(Ch. II-V). The problem of absolute measurement of
the frequency of optical oscillations is dealt with in
only a few papers (see Ch. VI). In the last section of
Ch. VII we shall discuss briefly the fundamental physi-
cal experiments that can be realized with the aid of
optical frequency standards. This discussion is more
of an illustration of the possibility of the frequency
standards, and therefore does not claim to be complete.

1. Possible Methods

The frequency w of a quantum generator depends on
the frequency w0 of the center of the spectral line and

At the present time, the primary wave standard is the wavelength
of the 2Pl0—5d5 spectral line of Kr86. The international meter spans
1 650 763.73 such wavelengths (resolution of the International Commit-
tee on Measures and Weights, 1960) [18 ].
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on the natural frequency a>r of the resonator in the
following manner[2>21]:

AC0a
(1.1)

where Au>r is the bandwidth of the resonator and a>a is
the width of the spectral line. The natural frequency
wr of the resonator is inversely proportional to its
length and is therefore known to be unstable. The in-
fluence of this instability on the generation frequency
can be eliminated in two ways.

First, it is possible to exclude in practice the de-
pendence of the generation frequency on the resonator
frequency u>r by making the bandwidth Au>r of the
resonator larger by several orders of magnitude than
the bandwidth A« a of the spectral line of the active
medium:

. 1. (1.2)

Fairly high values of the factor S 103—105 were at-
tained in the radio band, by using a number of effective
methods of obtaining narrow spectral lines (the molec-
ular-beam method11'21, the Dicke method of buffer
gas[22], the Ramsey method of separated resonators[40],
the Ramsey storage-tube method1-31). In the optical
band, the value of S usually does not greatly exceed
unity. However, recently, a number of methods has
been proposed for obtaining high values of the stability
factor in the optical band, by narrowing down the spec-
tral line or by broadening the resonator bandwidth.
Two methods of obtaining narrow spectral amplifica-
tion lines are considered in[23>24]. These methods make
it possible to obtain in principle a spectral line width
Awa = 103—105 Hz, determined only by the finite time
of interaction between the atoms and the light field. An
effective method of broadening the resonator band by
completely destroying the resonant properties of the
feedback (method of numbers in feedback) is proposed
int25].

Second, the instability of the natural frequency of
the resonator can be eliminated by automatically tuning
the generation frequency either to the peak of the spec-
tral line employed in the laser, or to the peak of the
spectral line of an external resonant element. This
method is the basis of numerous schemes for stabiliz-
ing the frequency of gas lasers. A review of these
schemes is contained in[3O'31], so that these are con-
sidered in the present article only very briefly (Ch. V).
We shall consider in greater detail only the further de-
velopment of this method, namely the use of a beam of
atoms or molecules as an external resonant element[32],
and self-tuning of the generation frequency to the cen-
ter of the spectral line without an external feedback
loop (the method of autoresonant feedback1331).

In the ideal case, when the influence of the frequency
drift of the generator is completely eliminated, the
stability of the generation frequency is determined by
the stability of the center of the spectral line.

2. Frequency Stability of Optical Spectral Lines

The shape and width of spectral lines in the optical
band are determined by the joint action of three princi-
pal effects: 1) radiative broadening, 2) Doppler broad-

ening, 3) broadening due to particle collisions. Usually
the Doppler widths AO>D of the lines used in lasers
exceed greatly the radiative and the collision widths,
so that a Doppler line shape is obtained in practice.
The Doppler broadening is inhomogeneous: the position
of the spectral line of each particle S0(w) depends on
its velocity v, and the spectral line of the entire aggre-
gate of moving particles S(a>) consists of the spectral
lines of the individual particles in accordance with
their velocity distribution. Thus, the spectral line of
the absorption of the traveling light wave
E cos(wt - k • r) is of the form

S (a), k) = § So (to — kv) W (v) dv, (1.3)

where S0(w) is the spectral line of one particle and
W(v) is the particle velocity distribution. If the distri-
bution W(v) is isotropic, then only broadening of the
spectral line takes place. However, in the case of an
anisotropic velocity distribution, for example, as a re -
sult of particle drift in the gas covering the beam, a
shift of the spectral line, which depends on the direc-
tion of the traveling wave, is possible.

A feature of an inhomogeneous ly broadened Doppler
line is the formation of a "hole" in the spectral line
under the influence of the intense light wave
E cos(wt - k - r ) causing saturation of the transition.
The hole is produced at the frequency w of the light
wave, and its width equals the homogeneous width of
the spectral line A(x>hom. In the optical range, the
homogeneous width consists of a radiative width and of
a width determined by the collisions. At an appreciable
intensity of the light wave, it is necessary also to take
into account the broadening due to the saturation
effect1-58-1. This question is discussed in greater detail
in Sec. 2 of Ch. III.

The symmetry of the spectral line depends on the
hyperfine structure of the levels and on the particle
collisions. The hyperfine structure of the levels can
lead also to asymmetry of the spectral line, which de-
pends on the random external electric and magnetic
fields. Particle collisions not only lead to a shift of the
peak of the spectral line, but can also lead to asym-
metry of the line contour, for example, as a result of
correlation of the broadening due to the interaction and
the Doppler broadening following the collisions of the
particle[51].

Methods of obtaining narrow spectral lines, pro-
posed in[23j24], are based on separating in the inhomo-
geneous ly broadened line, with the aid of the saturation
effect*, a homogeneous line with a maximum located in
the ideal case in the center of the Doppler line. There-
fore the limiting width of the lines is determined by the
homogeneous width. For allowed transitions, the radi-
ative part of the homogeneous width in the optical range
usually amounts to 107—108 Hz. Therefore, to obtain
narrow and ultranarrow lines, it is necessary to use

One more method of separating a narrow spectral line in the Doppler
contour is considered in [147 ]. It is based on the effect of "dragging" of
the atoms in an intense standing light wave without using the saturation
effect. The limiting width of the spectral line is determined in this case
also by the finite time of the interaction of the atoms with the field.
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forbidden transitions with a probability A12 ^ 103—105

sec"1. In this case the radiative width can amount only
to 7 = 102—104 Hz or even less. The broadening due to
the collisions is determined by the expression11311

r = 2iv<c'l,>, (1.4)

where N and v are the density and velocity of the
particles, and a' is the effective broadening cross sec-
tion. In broadening by neutral particles, the cross sec-
tion a' usually exceeds the gas-kinetic cross section,
and for rough estimates we can use a' = 10"15 cm2. At
an average particle velocity v = 105 cm/sec, the
broadening due to the collisions amounts to 1 MHz/torr.
In individual cases, for example in collisions with reso-
nant excitation transfer or in collisions with small-
angle scattering, when a' exceeds the gas-kinetic cross
section by several orders of magnitude, the broadening
is much larger'1311. To obtain spectral lines with a
width on the order of 103—104 Hz, the pressure of the
gas should not exceed 10"4—10"3 torr. At small homo-
geneous widths on the order of 103—104 Hz, it is neces-
sary to take into account broadening effects that are
negligibly small in ordinary cases: namely, broadening
due to collisions with the vessel walls and broadening
due to the finite time of coherent interaction of the
particles with the light beam. As will be shown later
(Ch. II and III), the broadening due to saturation and
broadening due to the finite time of interaction deter-
mine the maximum principally attainable value of the
width of the spectral line. We note that it is precisely
these two effects which determines the limiting width
of the spectral lines in the radio band. Thus, in the
optical band, it is possible to obtain in principle ultra-
narrow spectral lines with a width close to the line
widths in the radio band.

To produce a frequency standard it is necessary to
have high stability of the center u>0 of the spectral line.
The greatest contribution to the frequency stability of
the spectral line is made by the line shape due to the
collisions of the particles with one another. The mag-
nitude of the shift is determined with the expression'1311

A = N{o"v). (1.5)

The magnitude of the shift A due to the collisions is
usually of the same order as the broadening F due to
the collision11311, it amounts to several MHz per torr
of gas pressure. In presently existing lasers, the pres-
sure of the gas mixture reaches several torr and the
dependence of the generation frequency on the pressure
is fully observable in the experiment'26'271. To obtain a
frequency stability better than 10"11 it is necessary to
maintain the pressure constant within 10 3—10"4 torr,
which is not feasible in practice. A natural way of
getting around this difficulty is to use active media
with very low pressure. This is perfectly feasible in
principle, since the pressure of those active "atoms"
that are at the two working levels is quite small, and
in an He-Ne laser, for example, it does not exceed
10"6 torr. Of course, it is quite difficult to obtain in-
verted population in a low-pressure gas by standard
methods (gas discharge in the gas mixture). It is more
realistic to obtain population inversion by optical

pumping*'35'12'29'80'811. To this end it is necessary to
choose atoms or molecules that absorb resonantly the
radiation of well known gas lasers. This is perfectly
attainable both using atomic or molecular beams'23'281

or by using low-pressure vapor in a laser with non-
resonant feedback'291. The situation is even simpler in
the method of a nonlinear absorbing gas cell'241, where
there is no need for inverted level population. The gas
pressure in an absorbing cell can be less than 10"3 torr.

The position of the spectral line is influenced by
external magnetic and electric fields. For example, the
linear Zeeman splitting of the level is determined by
the relation'1311

A v ^ ^ f f , (1.6)

where g is the g-factor of the level. Usually g = 1 and
the splitting amounts to 107 Hz/Oe. The linear Zeeman
effect does not shift the center of gravity of the line,
but owing to the polarization of the radiation, to the
hyperfine structure of the levels, and to the collisions,
an asymmetry unavoidably takes place, and we can
expect a generation-frequency shift by an amount on
the order of several MHz/Oe. Experimentally, this was
recently observed in an He-Ne laser'261. The genera-
tion frequency shift amounted to several tenths of a
MHz/Oe. The Stark splitting is quadratic in the field
and amounts to several MHz in a field of intensity of
several V/cm. It is clear that in order to obtain high
frequency stability, random external magnetic and
electric fields should be quite small, and the operating
regime should be chosen such as to make the depend-
ence of the frequency on the external fields sufficiently
small. From this point of view, there is a certain
danger in the use of a gas discharge to produce inverted
population, all the more since a shift of the spectral
line is possible in discharge tubes, owing to the effects
of the ion and electron drift and of the corresponding
motion of the emitting or absorbing ions. Effects of
this kind were observed with a krypton length stand-
ard'1411. However, these difficulties are eliminated
when optical pumping is used.

In addition, there are also relativistic effects of the
shift of spectral lines: the transverse Doppler effect
and the Doppler shift due to the recoil effect. The
Doppler effect of second order produces a line shift in
the red direction

Av

which at thermal velocities amounts to 10 n—10

(1.7)

It
contributes to the frequency instability if the average
thermal particle velocity is unstable. The recoil effect
leads to a shift of the spectral emission line relative to
the absorption line by an amount

Me2

where M is the particle mass. In the visible and in the
infrared bands, for particles with atomic weight

In this case the generation frequency may depend on the pump fre-
quency. Methods of suppressing this effect are considered below (Sec. 1
of Ch. II and Sec. 6 of Ch. IV).
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A = 102, this shift amounts to 10"n-10"12. The recoil
effect makes no contribution to the frequency instability
of the spectral line, but is capable of limiting the ulti-
mate spectral width in a laser in which emission and
absorption are simultaneously used, particularly in a
laser with coherent excitation[23].

Thus, in principle, optical spectral lines of atoms
and molecules make it possible to attain a high long-
time stability. Short-time frequency stability is deter-
mined by the spectral width of the generating radiation.

3. Spectral Width of Laser Emission

In an ideal laser with resonant feedback (with a
Fabry-Perot interferometer), the spectral emission
widths in one oscillation mode is determined only by
the spontaneous noise fluctuation1121 and by the thermal
(Brownian) motion of the resonator mirrors [1431. The
line width AvSp due to the spontaneous-radiation noise
in one oscillation mode is determined by the relation

. 8ixfto) / Av a Av r \ 2 /•• Q \
A V m = = \ -. . . U - O ^

where Ai/a is the width of the spectral line of the active
medium, Afr is the line width of the resonator, P is
the generation power. At Aj/r = 1 MHz, At>a = 100 MHz,
a generation power P = 10~3 W, and a wavelength
X = 1 /J., which are typical of ordinary He-Ne lasers,
the emission spectrum width is AySp = 5 x 10"3 Hz, or
A^sp/" - 10~17. In optical frequency standards with
narrow spectral lines, Aya s 103—105 Hz, the spectral
emission widths due to the spontaneous noise should be
even smaller. The emission line widths connected with
thermal fluctuation motion of the mirrors is determined
by the relation

AvT =
Ava &L

Ava + Av r L
(1.10)

where L is the resonator length and 6L is the mean-
square fluctuation variation of the resonator length. If
the mirrors are securely fastened on a solid rod having
a volume V, a Young's modulus Y, and a temperature
T, then, according to Javan[143], the thermal excitation
of the lowest mode of the rod yields the following value
of 5L:

2kT
YV (l .H)

For a metallic rod (Y s 2 x 1011 dyne/cm2) with vol-
ume V = 103 cm3, at a temperature T = 300°K, the
relative fluctuation change of length 5L/L = 2 x 10~14.
For ordinary gas lasers, when AvT « Ava, the corre-
sponding "thermal" width of spectrum is t^v^/v
= 2 x 10~14, i.e., higher by three orders of magnitude
than the width due to the spontaneous noise. However,
for an optical frequency standard with Ai/ r/Aya 3> 1,
the "thermal" width is much smaller. For example,
at S = 103 the broadening of the spectrum due to the
thermal fluctuations of the mirrors is of the same
order as the width due to the spontaneous noise, and
amounts to 10~17. Thus, we can expect a rather high
limiting short-time stability for optical frequency
standards. In a laser with nonresonant feedback, owing
to the fluctuations inherent in this type of laser, the
short-time frequency stability is apparently much

l o w e r . A d e t a i l e d d i s c u s s i o n o f t h i s q u e s t i o n i s c o n -

t a i n e d i n S e c . 6 o f C h . I V .

I I . M E T H O D O F C O H E R E N T E X C I T A T I O N O F A

B E A M O F A T O M S O R M O L E C U L E S

1 . I d e a o f M e t h o d

T h e u s e o f b e a m s t o r e d u c e t h e D o p p l e r w i d t h o f

e m i s s i o n l i n e s i n t h e o p t i c a l s p e c t r u m i s w e l l k n o w n [ 3 4 1 .

I n t h e c a s e o f o b s e r v a t i o n i n a d i r e c t i o n p e r p e n d i c u l a r

t o t h e b e a m , i t i s p o s s i b l e t o r e d u c e t h e D o p p l e r w i d t h

o f t h e l i n e b y o n e o r t w o o r d e r s o f m a g n i t u d e . * F o r

e x a m p l e , a b e a m o f m e r c u r y a t o m s e x c i t e d b y a r e s o -

n a n t - r a d i a t i o n b e a m e m i t s a 2 5 3 6 . 7 A l i n e w i t h w i d t h

1 0 " 5 A , d e t e r m i n e d b y t h e r a d i a t i v e d a m p i n g o f t h e

l e v e l [ 3 9 ] . B y v a r i o u s m e t h o d s ( s e e , f o r e x a m p l e , 1 3 5 " 3 7 1 )

i t i s p o s s i b l e t o p r o d u c e i n v e r t e d p o p u l a t i o n o f t h e

l e v e l s o f t h e a t o m s i n t h e b e a m a n d t h e n o b t a i n c o h e r -

e n t g e n e r a t i o n . H o w e v e r , s u c h a u s e o f a b e a m o f

a c t i v e a t o m s i s n o t e f f e c t i v e i n a l a s e r , s i n c e t h e l i n e

i s q u i t e b r o a d .

A m e t h o d o f o b t a i n i n g v e r y n a r r o w a m p l i f i c a t i o n

l i n e s ( w i t h w i d t h s 1 0 4 — 1 0 5 t i m e s s m a l l e r t h a n t h e

D o p p l e r w i d t h ) , b a s e d o n c o h e r e n t e x c i t a t i o n o f a t o m s

o r m o l e c u l e s i n a l i g h t b e a m , w a s p r o p o s e d i n [ 2 3 1 .

T h e b e a m o f a t o m s i n t e r s e c t s , p a r a l l e l t o t h e w a v e

f r o n t , t h e c o h e r e n t - l i g h t b e a m w h o s e f r e q u e n c y a>

c o i n c i d e s w i t h t h e t r a n s i t i o n f r e q u e n c y O J 0 o f t h e a t o m s

i n a n e x c i t e d l o n g - l i v e d s t a t e . S i n c e t h e r e i s n o r e l a x a -

t i o n , t h e a t o m o s c i l l a t e s i n t h e r e s o n a n t f i e l d b e t w e e n

t w o l e v e l s w i t h a f r e q u e n c y Si p r o p o r t i o n a l t o t h e i n -

t e n s i t y o f t h e l i g h t f i e l d . I f t h e t i m e T 0 t h a t t h e a t o m s

s t a y i n t h e l i g h t b e a m c o i n c i d e s w i t h t h e h a l f - p e r i o d

TI/SI o f t h e o s c i l l a t i o n s , t h e n t h e i n i t i a l l y u n e x c i t e d

a t o m s t u r n s o u t t o b e e x c i t e d a f t e r t h e p a s s a g e o f t h e

l i g h t b e a m . T h e s m a l l d i m e n s i o n o f t h e l i g h t w a v e A

c o m p a r e d w i t h t h e b e a m d i a m e t e r a l e a d s t o a u n i q u e

s h a p e o f t h e a t o m - b e a m l i n e a f t e r p a s s a g e o f t h e l i g h t

b e a m . A s w i l l b e s h o w n l a t e r , t h e o n l y i n v e r t e d a t o m s

a r e t h o s e i n t h e n a r r o w s p e c t r a l i n t e r v a l w i t h c e n t e r

a t a f r e q u e n c y ui a n d w i t h a w i d t h

A f f l ^ A ^ c o - ^ L A . , ( 2 . 1 )

d e t e r m i n e d b y t h e t i m e o f f l i g h t o f t h e a t o m s t h r o u g h

t h e l i g h t b e a m T 0 = a / v 0 ( v 0 — a v e r a g e v e l o c i t y o f t h e

a t o m s i n t h e a t o m b e a m ) . T h e a m p l i f i c a t i o n l i n e w i d t h

i s s m a l l e r b y a f a c t o r j r a / A . t h a n t h e D o p p l e r l i n e w i d t h

o f t h e e m i s s i o n o f t h e a t o m s . F o r e x a m p l e , a t a = 1 c m

a n d x = 1 M , t h e a m p l i f i c a t i o n l i n e i s n a r r o w e r t h a n t h e

D o p p l e r l i n e b y a f a c t o r 2 x 1 0 4 .

T h e f r e q u e n c y o f t h e c e n t e r o f t h e a m p l i f i c a t i o n l i n e

i s d e t e r m i n e d b y t h e f r e q u e n c y u> o f t h e e x c i t i n g l i g h t

b e a m , a n d t h e r e f o r e t h e g e n e r a t i o n f r e q u e n c y s t a b i l i t y

c a n n o t b e b e t t e r t h a n t h e s t a b i l i t y o f t h e p u m p f r e -

q u e n c y u>. T h i s d i f f i c u l t y c a n b e c i r c u m v e n t e d b y

u s i n g a s t h e e x c i t i n g l i g h t b e a m t h e r a d i a t i o n o f t h e

b e a m l a s e r i t s e l f . T o c o m p e n s a t e f o r t h e i n e v i t a b l e

r a d i a t i o n l o s s e s i n t h e l a s e r , i t i s n e c e s s a r y t o p r e -

A beam laser for the submillimeter band with a Fabry-Perot re-
sonator was proposed in [' * ].
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Beam of atoms or molecules
t } t Resonator

Output

Quantum amplifier

FIG. 1. Diagram of beam laser with coherent pumping by its own ra-
diation [2 3].

amplify the laser emission. As a result, we obtain a
beam laser with coherent pumping by its own radiation,
as shown in Fig. 1. The most important feature of this
scheme is the high stability of the emission frequency.

2. Line Shape of Excited Beam

By considering the resonant interaction of an atom
with a light beam during the time of flight of the atom
through the light beam T = a/v, we can calculate the
probability amplitudes ai and a2 for finding the atoms
at the ground level 1 and the excited level 2. The ex-
pression for the inversion of one atom is

^ 2 (2.2)

where

(2.3)

and P12 is the matrix element of the dipole moment,
and % is the intensity of the field in the beam. The
Doppler frequency shift k . v is due to the fact that the
atom velocity v is not parallel to the wave front of the
light beam (k is the wave vector of the beam). If <p is
the angle of deviation of the velocity from the wave
front of the light beam, then k • v = kvcp (<p <C 1). The
inverted population per atom A is determined by the
relation (2.2) averaged over the velocity distribution
of the atoms:

A = < | a21
2 — K|2>. (2.4)

The average inversion A of the atom depends, obvi-
ously, on two parameters: on the ratio y of the average
time of flight T 0 of the atoms through the light beam to
the time of the total inversion at exact resonance
(w = u>0), Tin = 7T/U = irh/2pi2 <>?, and the detuning A of
the field frequency u> relative to the absorption fre-
quency o>0 - k-v. It is physically clear that the inver-
sion A is maximal at y = 1 . The exact A(y, A = 0)
dependence obtained by numerical averaging at A = 0
is shown is Fig. 2.

In the real case of a beam of atoms with angular
divergence <p0 3> x/ira., the Doppler width of the beam
AOJJ) = (pokvo greatly exceeds the line width Aaiiim

= 2 / T 0 due to the finite time of flight of the atoms
through the light beam. In this case the absorption line
is inhomogeneously broadened, and it is natural to ex-
pect that only the atoms whose Doppler frequency shift
lies within the limits of the homogeneous widths Awjjxn
relative to the field frequency <x> will be inverted. The
dependence of the inversion of the atoms A(y = 1, A)
on the detuning of the field frequency relative to the
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FIG. 2. Dependence of the inversion A of the atoms in the beam af-
ter passage of the exciting light beam on the parameter 7 = T0 /rjn at zero
detuning (A = 0) [2 8].
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FIG. 3. Dependence of inversion A of atoms in a beam after passage
of an exciting light beam on the detuning A of the transition frequency
relative to the field frequency at 7 = 1 [2S ].

absorption frequency w = w0 - k • v, obtained by
numerical averaging at optimal y = 1, is shown in
Fig. 3. In the upper part of Fig. 3 is shown the absorp-
tion line shape of the atom beam after passage of the
light beam a(oj') = A(a/ )a o ( <«>'), where ao(a>') is the
initial absorption line shape of the atom beam. The
line width of the negative absorption is determined only
by the average time of flight of the atoms through the
light beam*.

3. Generation Regime

A beam laser with coherent excitation by its own
radiation should have a number of properties that
greatly distinguish it from ordinary lasers 1 2 8 ' 3 8 1 .

When a beam of atoms falls into a resonator after
being acted on by the exciting light beam, absorbing
atoms for which A < 0 enter into the resonator to-
gether with the amplifying atoms for which A > 0. If
the wave fronts of the field in the resonator and in the
exciting light beam are strictly parallel, then at a suf-
ficiently prolonged time of flight of the atoms through
the resonator, only the amplifying atoms will interact
effectively with the field. The contribution of the ab-

It is interesting to note that level population inversion of atoms can
be obtained also in an incoherent light field. In this case, besides the re-
quirement with respect to the field intensity (7 = 1), it is necessary to
satisfy the following conditions:

where Tc o n and r c o n are the coherence time and the dimension of the
coherence area of the incoherent field.
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0,5 •

-05 •

" s o f t " s e l f - e x c i t a t i o n r e g i m e .

T h e t h r e s h o l d g a i n o f t h e a m p l i f i e r k t h r i s g i v e n b y

21 tf/ta

F I G . 4 . G a i n o f a t o m b e a m in r e s o n a t o r vs . ra t io o f t h e t i m e o f f l ight

r r o f t h e a t o m s t h r o u g h t h e r e s o n a t o r t o t h e t i m e o f f l ight r 0 t h r o u g h

t h e l ight b e a m , for the s imple s t m o d e l o f t h e laser -beam a b s o r p t i o n l ine

shape a (co ' ) s h o w n in t h e t o p o f F i g . 3 . [3 8 ]

s o r b i n g a t o m s w i l l b e q u i t e s m a l l , s i n c e t h e r e s o n a n c e

c o n d i t i o n i s n o t s a t i s f i e d f o r t h e m . F i g u r e 4 s h o w s t h e

d e p e n d e n c e o f t h e g a i n o f t h e l a s e r b e a m i n t h e r e s o -

n a t o r o n t h e r a t i o o f t h e t i m e o f f l i g h t T r o f t h e a t o m

t h r o u g h t h e r e s o n a t o r t o t h e t i m e o f f l i g h t T o t h r o u g h

t h e l i g h t b e a m f o r t h e a b s o r p t i o n l i n e a f t e r t h e e x c i t a -

t i o n , a s s h o w n i n F i g . 3 . T h e r o l e o f t h e a b s o r b i n g

a t o m s b e c o m e s n e g l i g i b l y s m a l l a l r e a d y i n t h e c a s e

w h e n TT/T0 = 2 . I t i s s h o w n i n f 3 8 ] t h a t t h e r e e x i s t a

" s h a r p " d e p e n d e n c e o f t h e g a i n o f t h e l a s e r b e a m i n t h e

r e s o n a t o r o n t h e d e t u n i n g o f t h e f i e l d f r e q u e n c y u>

r e l a t i v e t o t h e a b s o r p t i o n f r e q u e n c y u>0 o f t h e a t o m s

t r a v e l i n g p a r a l l e l t o t h e w a v e f r o n t o f t h e b e a m . T h e

l a s e r b e a m h a s p o s i t i v e g a i n i f | u> - u>0 | ~ l / x 0 , w h i c h

i s m a x i m a l w h e n u> = o> 0 . P h y s i c a l l y t h i s i s e x p l a i n e d

b y t h e f a c t t h a t , i n t h e p r e s e n c e o f a d e t u n i n g u>0 - w ,

t h e i n v e r t e d a t o m s a r e t h o s e h a v i n g a t r a n s v e r s e

v e l o c i t y u = ( w 0 - w ) / k . O n e o f t h e t r a v e l i n g w a v e s

p r o p a g a t i n g i n t h e d i r e c t i o n o f t h e e x c i t i n g b e a m i n t e r -

a c t s r e s o n a n t l y w i t h t h e a m p l i f y i n g a t o m s ( w i t h A > 0 )

i n t h e r e s o n a t o r , a n d t h e o t h e r , p r o p a g a t i n g i n t h e o p -

p o s i t e d i r e c t i o n , i n t e r a c t s r e s o n a n t l y w i t h t h e a b s o r b -

i n g a t o m s ( w i t h A < 0 ) , w h i c h h a v e a t r a n s v e r s e

v e l o c i t y c o m p o n e n t u = - ( w 0 - w ) / k .

A n o t h e r f e a t u r e o f t h e l a s e r c o n s i s t s i n t h e f a c t t h a t

t h e g a i n o f t h e a t o m s e n t e r i n g t h e r e s o n a t o r i s d e t e r -

m i n e d b y t h e a m p l i t u d e o f t h e g e n e r a t e d f i e l d S:

( 2 . 6 )

w h e r e A(y) i s t h e e x c i t a t i o n f u n c t i o n s h o w n i n F i g . 2 ,

T i s t h e t i m e o f f l i g h t f r o m t h e p u m p l i g h t t o t h e r e s o -

n a t o r ( d e l a y t i m e ) , k 0 i s t h e r a t i o o f t h e f i e l d a m p l i -

t u d e i n t h e r e s o n a t o r a n d i n t h e e x c i t i n g l i g h t b e a m

( k 2 = T j o k , rjo i s t h e t r a n s m i s s i o n c o e f f i c i e n t o f t h e o u t -

p u t m i r r o r o f t h e l a s e r , a n d k i s t h e g a i n o f t h e o p t i -

c a l q u a n t u m a m p l i f i e r ) . S i n c e A < 0 f o r y = 0 , t h e

l a s e r h a s a " h a r d " s e l f - e x c i t a t i o n m o d e . T h i s m e a n s

t h a t t o o b t a i n g e n e r a t i o n i t i s n e c e s s a r y t o h a v e a n

i n i t i a l f i e l d w i t h a t h r e s h o l d a m p l i t u d e . T h e f r e q u e n c y

w o f t h e e x c i t i n g r a d i a t i o n s h o u l d s a t i s f y t h e c o n d i t i o n

(u> - o > 0 ) ^ 1 / T 0 , a n d t h e i n t e n s i t y a t t h e a m p l i f i e r o u t -

p u t s h o u l d e x c e e d t h e t h r e s h o l d i n t e n s i t y g i v e n b y t h e

e x p r e s s i o n

T , Jl̂  Aft) / n B \

w h e r e A i s t h e t r a n s i t i o n p r o b a b i l i t y . A s c h e m e f o r

o b t a i n i n g a " s o f t " s e l f - e x c i t a t i o n r e g i m e w i l l b e g i v e n

b e l o w i n C h a p t e r V . I n ' 1 4 2 - 1 i t i s s h o w n t h a t t h e a m p l i -

f i c a t i o n o f t h e " m o l e c u l a r r i n g i n g " c a n l e a d t o a

"thr - ,,„„„ ( 2 . 8 )

w h e r e rj i s t h e c o e f f i c i e n t o f r a d i a t i o n l o s s i n t h e

r e s o n a t o r , i n c l u d i n g t h e t r a n s m i s s i o n l o s s : A m = A

(y = 1 , A = 0 ) ; Ko i s t h e c o e f f i c i e n t o f a b s o r p t i o n o f

r a d i a t i o n b y t h e b e a m o f a t o m s . E x p r e s s i o n ( 2 . 8 ) p e r -

t a i n s t o t h e c a s e i), r j 0 , K 0 ^ 1 . P h y s i c a l l y s u c h a l a s e r

i s r e a l i z a b l e o n l y w h e n r\ < K 0 A m . W h e n t h e t h r e s h o l d

i s e x c e e d e d , t h e r e a r e t w o s t a t i o n a r y v a l u e s o f t h e

f i e l d a m p l i t u d e , ff1 a n d 8Z. O n l y t h e s e c o n d s t a t i o n a r y

state &2 > <$•>. is s table. The presence of the delay T
leads to an upper limit of the region of stable values
of &'z. This limitation is significant only at smal l
values of the delay T 0 compared with the t ime of flight
r 0 through the light beam.

4. Frequency Stability

Let us consider first an ideal case when 1) the
Doppler line of the molecule beam has no hyperfine
s t ruc ture ; 2) the center of the amplification line
Woamp coincides exactly with the generation frequency
co; 3) the average direction of the molecule beam is
paral le l to the wave front of the standing wave in the
resonator , and 4) the distribution of the gain in the
t r ansve r se direction inside the resonator is homogen-
eous. Then the stationary value of the generation f re -
quency is determined by the expression

Urn .
( 2 . 9 )

w h e r e c o r a n d A a > r a r e t h e n a t u r a l f r e q u e n c y a n d t h e

b a n d w i d t h o f t h e r e s o n a t o r , a n d A a > r j i s t h e D o p p l e r

l i n e w i d t h o f t h e b e a m . I t i s p o s s i b l e t o o b t a i n r e a l i s -

t i c a l l y a s t a b i l i t y f a c t o r S = A a > r / A « i i m = 1 0 3 , p a r -

t i c u l a r l y w h e n A w i i m = 1 0 5 s e c " 1 a n d A w r = 1 0 8 s e c ' 1 .

T h e n , t o o b t a i n a f r e q u e n c y s t a b i l i t y o n t h e o r d e r o f

1 0 ~ 1 2 i t i s n e c e s s a r y t o s t a b i l i z e t h e r e s o n a t o r l e n g t h

a c c u r a t e t o 1 0 " 9 . H o w e v e r , i n p r a c t i c e t h e f r e q u e n c y

s t a b i l i t y i s i n f l u e n c e d b y t h e e f f e c t s 1 ) — 4 ) , w h i c h a r e

n o t a c c o u n t e d f o r b y t h e r e l a t i o n ( 2 . 9 ) .

O w i n g t o t h e h y p e r f i n e s t r u c t u r e o f t h e l e v e l s w i t h i n

t h e l i m i t s o f t h e D o p p l e r l i n e o f t h e m o l e c u l e b e a m , t h e

e x c i t a t i o n m a y g i v e r i s e t o s e v e r a l n a r r o w a m p l i f i c a -

t i o n l i n e s w i t h w i d t h s A u > i i m a t t h e c e n t e r o f e a c h

c o m p o n e n t o f t h e l i n e s t r u c t u r e . T h e g e n e r a t i o n i s

r e a l i z e d a t t h e m o s t i n t e n s e c o m p o n e n t , a n d t h e r e m a i n -

i n g p u l l t h e g e n e r a t i o n f r e q u e n c y . T h e p u l l i n g i s s m a l l

i f t h e d i s t a n c e b e t w e e n t h e c o m p o n e n t s o f t h e h y p e r f i n e

s t r u c t u r e i s A c o s t r 3 > A w i i m . H o w e v e r , w h e n A w s t r

— A w i i m t h e p u l l i n g c a n r e a c h a v a l u e ~ A a > i i m . T h e

p r e s e n c e o f r a n d o m e x t e r n a l e l e c t r i c a n d m a g n e t i c

f i e l d s c h a n g e s t h e p o s i t i o n o f t h e c o m p o n e n t s o f t h e

s t r u c t u r e , a n d b y t h e s a m e t o k e n t h e g e n e r a t i o n f r e -

q u e n c y . W e c a n e x p e c t t h a t i n t h e w o r s t c a s e t h e i n s t a -

b i l i t y o f t h e g e n e r a t i o n f r e q u e n c y w i l l a m o u n t t o s e v -

e r a l t i m e s 1 0 % o f t h e w i d t h A w i i m . W h e n A a > i i m

= 1 0 5 s e c " 1 a n d w = 2 x 1 0 1 5 s e c " 1 , t h i s y i e l d s a n i n s t a -

b i l i t y o n t h e o r d e r o f I D " 1 1 . T h i s , h o w e v e r , i s a n u p p e r

b o u n d , a n d w e c a n e x p e c t a b e t t e r s t a b i l i t y w h e n a

s u i t a b l e t r a n s i t i o n i s c h o s e n .
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The instability of the center of the amplifier line
k>oamp leads to a shift of the generation frequency by
an amount on the order of Awiim/^^cimpi woamp ~ w)>
where Au^g^^ is the amplification bandwidth. The
width of the amplification band of a gas optical ampli-
fier is due to the Doppler effect, and therefore the
quantity Awiim/Ad)a mp amounts to several times 1(T5.
Consequently, at an amplifier frequency stability 10"8,
the contribution of this effect to the instability of the
generation frequency will amount to several times 10~13.

The deviation 5q> from parallelism between the
average beam direction and the wave front in the reso-
nator leads to a generation frequency shift amounting
to about Au>]im6< /̂Vo, where q>0 is the angular spread
of the beam. If Aa>iim/w = 10"10, then to obtain a fre-
quency stability of 10~12 it is necessary to adjust the
beam direction parallel to the wave front with an ac-
curacy of the order of 1% of the angular spread of the
beam.

There is also a generation frequency shift due to the
decrease of the inverted population of the laser beam
on passing through the field in the resonator, similar
to the shift due to the traveling-wave effect in a molec-
ular generator[42 '9]. In other words, when the laser
beam passes through the resonator, a transverse in-
homogeneity of the gain in the resonator takes place;
this leads to a shift in the generation frequency[133].
Since the transverse inhomogeneity depends on the
field amplitude (saturation effect), this leads to a de-
pendence of the generation frequency on the field am-
plitude. The stability of the field amplitude depends on
a number of parameters: the gain and the frequency
of the amplifier, the laser beam intensity, the natural
frequency of the resonator, etc. When S = 103, this
effect can produce a frequency shift in the 11th decimal
point.

There is a possibility of obtaining very narrow am-
plification lines with width Awijm = 103—104 sec"1, by
increasing the time of coherent interaction of the atoms
with the pump ray and the field in the resonator. Figure
5 shows the diagram of a beam laser with coherent
pumping, in which the time of interaction can reach
10~3-l(T4 sec at an atom velocity v0 = 104-105 cm/sec.
In this laser, atoms crossing all the exciting rays
parallel to the wave front are inverted. Besides the
additional narrowing of the amplification line in such a
scheme, an increase takes place in the coefficient of
absorption of the pump radiation by the atom beam, and
accordingly the threshold gain of the amplifier de-
creases. The limiting width Awiim is bounded both by
technical factors (bending of the wave front of the pump
ray in the resonator, non-parallelism of individual
rays), and by the principal effect, namely the recoil
effect. Owing to the recoil effect, the frequency of the
center of the absorption line in the excited ray does not
coincide with the frequency of the center of the emis-
sion line in the resonator. Since the pumping is pro-
duced by the laser's own radiation, the line shift due to
the recoil, determined by relation (1.8), should be
smaller than the line width AcL>iim. This imposes a
limitation on the width of the spectral line:

4ffilin

Atomic or moleculai beam

Optical quantum amplifier ̂ Exciting light beam

2Mc* •

FIG. 5. Diagram of beam laser with coherent pumping by its own ra-
diation, having a large time of coherent interaction between the atoms
and the exciting light beam and the field in the resonator.

However, with the aid of such a method it is apparently
possible to obtain a stability factor S = 105 and to in-
crease the frequency stability by one or two more
orders of magnitude.

5. Choice of Atoms and Molecules

When choosing atoms and molecules as the active
media of a beam laser, it is necessary to satisfy three
fundamental conditions:

1) The probability of the radiated decay of the ex-
cited particles should lie in the interval 1 sec"1 5 A
^ (T 0 + Tr + T)"1. The upper limit is due to the condi-
tions that the spontaneous decay of the excited parti-
cles be small during the flight from the pump ray to
the exit from the resonator. The lower limit is con-
nected with the need of having moderate particle fluxes
from the source. When A < 1 sec"1 the threshold
laser-beam intensity is too high. To be sure, the lower
limit is not definite. For example, it can be larger by
one or two orders of magnitude for molecules than for
atoms, owing to the presence of the rotational struc-
ture of the levels.

2) The lower level should either be the ground level
or be within a distance ^, kT from the ground level
(T—temperature in the beam source).

3) Resonance condition: the transition frequency
should be in resonance with the amplification frequency
of the quantum amplifier, with a gain exceeding the
threshold gain kthr-

A number of forbidden transitions in the optical band
between the lower levels of atoms satisfying conditions
1) and 2) was selected in[23]. Semiconductor amplifiers
are promising from the point of view of satisfying
condition 3), since they have a high gainfl34] and the
amplification band can be tuned in a rather broad range
with the aid of triple coincidences1413. The geometry of
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the existing semiconductor amplifiers makes this dif-
ficult. The situation will change, however, if injection
amplifiers with appreciable gain in a direction perpen-
dicular to the p-n junction are developed (similar to
the laser described in[145]).

In the infrared region it is possible to use transi-
tions between vibrational levels of molecules. For ex-
ample, conditional), 2), and 3) are satisfied for the
following two molecules (at the lower limit): 1) the
absorption line of the CH4 molecule, 2947.906 cm"1,
coincides within 0.003 cm"1 with the emission (ampli-
fication) line x = 3.3913 M of an He-Ne laser at an
absorption coefficient 0.17 cm"1 torr[43 '44]; 2) the
2850.608 cm"1 absorption line of the HjCO molecule,
coincides within 0.007 cm"1 with the emission (ampli-
fication line) x = 3.5070 /i of an He-Ne laser at an
absorption coefficient £ 0.1 cm"1 torr [45l Further
development of radiation-amplification methods will
undoubtedly facilitate the choice of the atoms and
molecules most suitable for frequency standards.

IH. METHOD OF NONLINEARLY ABSORBING GAS
CELL

1. Idea of Method

In a gas laser with a standing light wave in the reso-
nator, the field interacts resonantly with atoms whose
velocity satisfy the condition^46'473

0)±fc« = 010, (3.1)

where w is the frequency of the light field, w0 the fre-
quency of the center of the amplification line of the
gas, and ±u the projection of the velocity of the atom
on the direction of propagation of each of the traveling
waves forming the standing wave. If the amplitude of
the field is sufficient to change the level population (to
saturate), then the saturation will take place for atoms
with u = ±(o>o - u))/k. As a result, two "holes" will
appear on the plot of the gain against the frequency, in
mirror-symmetry positions relative to the center of
the line, at frequencies w' = w and w' = 2w0 - w,
while a "dip" at a frequency u> = w0 will appear on the
plot of the gain of the standing wave against its fre-
quency. This "dip" can be interpreted as a conse-
quence of the coincidence of the two holes at ku = 0.
The occurrence of the dip in the center of the amplifi-
cation line follows from intuitive physical considera-
tions. If w *• a>o, then the atom can interact resonantly
with only one of the traveling waves. However, when
it> = Wo both traveling waves change the population dif-
ference (gain) of the atom with ku = 0. Consequently,
the degree of saturation is twice as large in this case.
The dip in the center of the amplification line was
theoretically investigated in detail by Lamb1-471 and is
called the Lamb dip. The dip was first observed ex-
perimentally in[48>59], an investigations of the depend-
ence of the emission power of the gas laser on the
field frequency. Figure 6 shows the experimental de-
pendence of the output power of an He-Ne laser at the
line X = 1.15 ix when the distance between mirrors is
changed by amount x/2 t 48 ] . It was subsequently found
that the plot of the output power against the frequency
has an asymmetryt50], which is attributed to collisions

Distance between mirrors
FIG. 6. Experimental dependence of the output power of an He-Ne

laser at the X= 1.15ju line when the distance between mirrors, Lo = 50 cm,
is changed by an amount X/2, for difference levels of the high frequency
excitation power [48 ].

of the atoms and to the correlation of the line broaden-
ing due to the interaction and the Doppler effect1-51'521.
The width of the dip is equal to the homogeneous line
width, which is usually determined by the radiative
damping of the levels and by the collision broadening.

If a dip in the amplification line leads to a minimum
of the gain, then an analogous dip in the absorption line
leads to a maximum of transmission. This maximum
can be quite narrow, since the gas pressure and the
radiative damping of the transition can in principle be
much smaller for an absorbing medium than for an
amplifying medium. Physically this is connected with
the fact that the absorption may occur at transitions
from the ground state into the excited long-lived state,
and the populations of all the remaining levels can be
negligible. Essentially, in this case it is possible to
obtain the lowest limit of the dip width, determined
only by the finite transit time of the atoms through the
light wave, i.e., values on the order of 103--105 Hz.

It was shown in[24] that if a nonlinear absorbing gas
cell is placed inside a resonator (Fig. 7a), then the
produced narrow dip is capable of stabilizing the laser
emission frequency. This effect, which can be called
"frequency self-stabilization," can be understood from
Fig. 7b, which shows the line shapes of the amplifying
and absorbing media in the resonator and the shape of
the summary line. The amplification peak, equivalent

Minor

FIG. 7. Laser with nonlinearly absorbing gas cell in the resonator,
a) Scheme, B) summary line shape of the amplifying and absorbing me-
dium (1), line shape of amplifying medium (2), and line shape of ab-
sorbing medium (3) [24].
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to the narrow amplifying line, ensures, in accordance
with (2.1) a high value of the stabilization factor. This
is the qualitative picture of the phenomenon.

FIG. 8. Dependence of the ourpur power of an He-Ne laser (X
= 6328A) with a neon absorbing cell in the resonator on the generation
frequency, Horizontal scale-45 ± 5 MHz/division. The frequency in-
creases from left to right [53].

Awr)— natural frequency (and line width) of the reso-
nator, Ka and Kb—coefficients of amplification and ab-
sorption of the weak field per unit length at the genera-
tion frequency; a>a and Wb~centers of the amplifica-
tion and absorption lines; aE2 and bE2—parameters of
amplification and absorption saturation, defined by the
expression

P" E2 (a = a,b), (3.4)

where p« is the matrix element of the dipole moment
of the transition, Awa—homogeneous width correspond-
ing to a transverse relaxation time T2, and 6u>ot—
width corresponding to longitudinal relaxation time
Ti[56)57]. The homogeneous width is made up of the
radiative width y a = yai + ya2 (you, yaz~radiative
widths of the upper and lower levels), the width Ta due
to the collisions (we consider the simplest model of
Lorentz line broadening), and the width T ^ = u a / d a ,
due to the finite time of stay of the atom in the light
field ra (da—transverse dimension of the light beam):

Experiments on a gas laser with an absorbing cell
in the resonator were performed independently in[53)54].
Figure 8 shows the dependence of the output power of
an He-Ne laser at x = 6328 A, with a neon absorbing
cell in the resonator, on the generation frequency, ob-
tained in[63]. In these papers, notice was taken of the
possibility of absolute stabilization of the laser fre-
quency against the output-power peak, and also the
possibility of measuring the homogeneous line, the
broadening, and the line shift due to the pressure. In[54]

it was also proposed to use absorbing molecules in the
cell, and measurements were made of the dependence
of the broadening and of the shift of the peak in Ne on
the pressure in the absorbing cell. The region of
stability of the stationary regime of an He-Ne laser
with Ne absorbing cell, at the x = 6328 A line, was
investigated in[14 .

2. Conditions for Self-stabilization of the Frequency

The conditions for self-stabilization of the oscilla-
tion frequency were obtained in1-24-1 (a more detailed
analysis is presented in [55]). Let us consider them
briefly.

Let a gas laser with an absorbing gas cell in a
resonator with flat mirrors act on a single axial mode.
Following Lamb[47] and calculating the polarization of
the gas medium with accuracy to third order of per-
turbation theory in the field, we can obtain the follow-
ing equation for the amplitude E, the frequency v, and
the phase ip of the standing wave:

- cp — Q = xac -2 1 — -£-
* kua |_ 8

E2-

- * " ^ | > - > :

= ^ ) ]
Acog

2 L 4 V. ^ AuJ +(ab — v)2 )J ' v '
where the index a pertains to the amplifying component
and the index b to the absorbing component, and where
we have introduced the following notation: il (and

The width 6wa consists of the radiative width ya and
the "flight" width T^1:

6a>a = ya + T-aK (3.6)

Relations (3.5) and (3.6) take qualitative account of the
line broadening due to the collisions and of the finite
time of stay of the atoms in the light beam.

From (3.3) follow the self-excitation condition

^ - (3.7)

and the condition for stability of the regime of the sta-
tionary generation*

"" ^ l > ^ + ^ - . J - (3-8)

The generation frequency v is determined from
(3.2) with Ip = 0 and with a stationary field amplitude.
The exact expression for v is cumbersome, so that we
first present a qualitative discussion. As seen from
(3.2), in a weak field (at the threshold) the generation
frequency is attracted to the center of the amplification
line [(v - $3)/(wa — u) = Kac/kua] and is repelled from
the center of the absorption line [ (v - ft)/(a>b - v)
= -Kbc/kub]. When the field amplitude is increased,
the attraction to the center of the amplification line
gives way to a nonlinear repulsion (when aE2

> 8Aa>a/kua and | u)a - v \ < Awa ), while the repul-
sion from the center of the absorption line gives way to
attraction (when bE2 > SAwb/kufc) and | wb - v\
< Aa>b )• The latter effect is quite appreciable, since
the position of the center of the absorption line can be
much more stable than the frequency of the center of
the amplification line (at low gas pressure and small
radiative width).

In order for the nonlinear attraction of the genera-
tion frequency to the center of the absorption line (self-

This condition is confirmed qualitatively by experiments performed
with an He-Ne laser with an Ne absorbing cell [148 ].
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stabilization) to be predominant, it is necessary to
satisfy several conditions. First, the generation fre-
quency should lie in the self-stabilization region, i.e.,
within the limits of the homogeneous width of the ab-
sorption line

| (Ot — v|<Ao)(,. (3.9)

Second, the effect of nonlinear attraction to the center
of the absorption line should be appreciable, or, ac-
cording to (3.2),

S ' = W V < < f - (3>10)

Finally, this effect should prevail over both the linear
attraction and the nonlinear repulsion from the center
of the amplification line. To this end, according to
(3.2), it is necessary to satisfy the following two con-
ditions :

bE»
(3.11)

(3.12)

The conditions (3.9)-(3.12) guarantee high stability of
the generation frequency in the vicinity of the center of
the absorption line. This can be shown by direct calcu-
lation of the generation frequency. If the self-stabiliza-
tion conditions (3.9)—(3.12) are satisfied, then the
generation frequency is given by

where it is assumed that
(xaclkua) — (y.bc!kub) a* AB,/i», < 1.

It is seen hence that when Si, S2, S 3 < 1, the genera-
tion frequency is stabilized in the region of the center
of the absorption line u>b.

Simultaneous satisfaction of conditions (3.9)—(3.12)
is possible at a sufficiently small homogeneous width
of the absorption line and a noticeable degree of satura-
tion of the absorption. At an absorbing-gas pressure
10~3—10~2 torr, it is possible to obtain realistically a
dip width Awb = 104—105 Hz. The homogeneous ampli-
fication line width usually is Au a a 107-108 Hz, and the
Doppler width is kua = iO8- 109 Hz. At Xbc a 107- 108 Hz
and at an absorption-saturation factor bE2 = 0.3 (which
still agrees with the considered approximation bE2

« 1), it is perfectly realistic to obtain values
Sx = 10" 2 and S2 = 10" 3*. Although the foregoing rela-
tions pertain to the case of weak saturation, the self-
stabilization effect exists also in the case of strong
saturation. However, a number of significant singulari-
ties arise here. First, the width of the dip in the ab-
sorption line increases in a strong field, since the
homogeneous width is increased by the saturation1-581.
The width of the dip in a strong monochromatic field

>k is determined by the expression'591

/2. (3.14)

The influence of the instability of the center of the amplification
length can be greatly weakened by working under conditions when the
nonlinear repulsion from the center of the amplification lines is com-
pensated by a linear attraction. To this end it is necessary to have S2 =S3,
oraE2kua/8Ao>a= 1.

From the point of view of the frequency stability, the
optimal region is that of saturation bE2 = 1. In this
case, the attraction to the center of the absorption line
is maximal, and the width is practically minimal. Sec-
ond, saturation of the gain or of the absorption at the
center of the line is determined by a more general
expression147'591, which is valid for all values of the
saturation parameter, and the equation for the genera-
tion amplitude takes the form

E + ^LE = E( , J ^ _ ,=*£=), (3.15)

where | wa - v | <C Awa. We see therefore that when
b > a stationary values of the amplitude exist even
when the self-excitation condition (3.7) is not satisfied.
This corresponds to a hard self-excitation regime,
which is not unexpected for a laser with a saturating
absorber (see, for example/601). In this case the
smaller of the stationary values of the amplitude is
unstable. It corresponds to a threshold value of the
amplitude Ethr > 0, which is necessary for the occur-
rence of self-oscillations. In addition, in such a laser
pulsations of the radiation intensity are possible, if the
self-excitation condition is satisfied, but the stability
condition (3.8) is not. When b«b » a«a , the intensity
pulsations have the same character as the pulsations
occurring in the case of automatic laser Q switch-

(3.13) 3. Ultranarrow "Dips" In the Absorption Line

To obtain maximum frequency stability it is neces-
sary to decrease the width of the absorption-line dip
(3.5), which at a specified absorption coefficient per
unit length

is determined by the expression
kut, .
"ibA(O[, = yb - v-b (3.16)

where CTb is the cross section of line broadening due to
the collisions in the absorbing cell, No is the density
of all the molecules in the absorbing cell, Nb = Nxb
- N2b is the density of the population difference of the
two levels of the absorbing molecules, and it is as-
sumed that the molecule mean free path is smaller than
the cell dimension, and that the radiative width yb *s

due only to the working transition. It is easy to see
that for a definite radiative width

\l/2 (3.17)

a minimum of the homogeneous width Aa>b equal to
2ym^-n, is obtained. For example, at the wavelength
X = 3fi, at Kb = 10"3 cm"1 and with the usual gas
parameters kub = 109 sec"1, <ffb

ub> = 2 x 10"10 cm"3

sec"1, and N0/Nb = 10 (for example, owing to the ro-
tational structure of the molecules), the minimal
homogeneous width due to the radiative damping and
collisions amounts to Awb = 2 y m i n = 6 x 102 sec"1.

In order to reach a minimal dip width, the time of
interaction of the molecules traveling parallel to the
wave front of the light ray should be 7b ~ (2 y m i n ) ' \
i.e., the required effective interaction length is Zeff
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FIG. 9. Diagram of optical frequency standard with multiple passage
through a nonlinearly-absorbing gas cell inside the resonator [S5].

l. For the numerical example concerned
above we Tiave Tb ~ 1.6 x 10"3 sec and Zeff ^ 70 cm
(at ub = 4 x 104 cm/sec). In principle, it is quite feasi-
ble to ensure such an interaction time, for example, by
multiple parallel passage of the light ray through the
absorbing cell (Fig. 9). In this case the largest satura-
tion is experienced by molecules that cross several
rays parallel to their wave front*. As a result, a dip
appears in the absorption line, with a width (ub/D),
where D is the total path of the molecule from the
first to the last ray. To be sure, in such a scheme the
narrow dip is produced only by those molecules travel-
ing parallel to the wave front, which intersect all the
rays. This leads to an increase of y™ln by a factor

of V D/db, where db is the diameter of one ray. In
such a scheme, apparently, it is possible to attain a
total dip width of several hundred Hz. If we exclude
collisions, then the limiting width of the dip and the
frequency stability in such a laser are the same as in
a beam laser with coherent excitation. For example,
at a low gas pressure in the absorbing cell (10"3—10~4

torr) and at a large cell dimension, the stability factors
Si, S2, and S3 will amount to Si = 10"4 and S2 and S3
= 10"5. It is quite realistic to stabilize the center of
the amplification line with accuracy 10"8, and the center
of the resonator line with accuracy 10"9. In this case
the relative frequency stability will be not worse than
10~3. The absolute stability can be several times
worse, owing to the hyperfine structure of the levels,
to the shift of the center of the absorption line upon
collision of the molecules with the walls, to the asym-
metry of the line, to the shift of the dip as a result of
the correlation of the Doppler broadening and the
broadening due to the interaction151'521, to the possible
shift of the line in the light wave, etc. However, an
absolute stability better than 10"11 is perfectly realistic.

We note that formation of an ultranarrow dip in the
center of the gas absorption line under the influence of
a standing light wave can be a very effective method of
investigating the structure of the line inside the Dop-
pler width[63]. If the absorption line is produced as a
result of the overlap of several lines, and the distance
between them exceeds the dip width Awb, then, by
scanning the frequency of the standing light wave, it is
possible to obtain minimum absorption in the center of

In the case of strong saturation even an inversion of the populations
of the absorbing molecules is possible, similar to the inversion of the mole-
cules in the beam [26 ]. Then the dip in the absorption line becomes ampli-
fying.

each line. Apparently the limiting resolution of such a
method is 10n-101 2 .

4. Pairs of Amplifying and Absorbing Media

To realize an optical frequency standard with a non-
linear absorbing gas cell, it is necessary to choose
atoms or molecules having absorption at the genera-
tion frequency of known cw lasers. The simplest way
is to use the same atoms or molecules as in the am-
plifying medium, but under conditions when there is
positive absorption. In this case, the condition for the
coincidence of the frequencies is automatically satis-
fied. Thus, in[53)54] the amplifying medium was an
Ne-H gas mixture, and the absorbing medium was
Ne (x = 6328 A). The pressure in the absorbing cell
can be smaller by one or two orders of magnitude than
in the amplifying cell. For the CO2-N2-He laser
(X = 10.6 (i) it is possible to use in the absorbing cell
CO2 at low pressure, for the He-Xe laser (A = 3.507 ju.)
it is possible to use Xe at low pressure, etc. However,
such pairs are certainly not optimal, since the absorp-
tion occurs at transitions between excited levels, the
lower level being of necessity short-lived. This makes
it impossible to reduce the gas pressure and to obtain
narrow dips (Aa>b < 105 He). Therefore pairs with
different amplifying and absorbing molecules are more
promising.

The requirements with respect to the choice of the
amplifying and absorbing molecules are here practically
the same as in the case of a beam laser with coherent
pumping (Sec. 2 of Ch. V). The pairs Ne-CH4 and
Xe-H2CO, which were indicated in Sec. 2 of Ch. V, are
therefore convenient. We can add to them the pair
CO2-SF6 (the x = 10.59 pi line of the CO2-N2-He laser
coincides with the strong 940 cm"1 absorption line of
the SF6 molecule[61]). Undoubtedly it is possible to
choose a suitable absorbing molecule for the wave-
lengths of the continuous radiation of a H ^ submilli-
meter laser[64>65]. The indicated pairs do not make it
possible to obtain the narrowest dips in the absorption
line, since the probabilities of the radiative transitions
are smaller by two orders of magnitude than the op-
timal values determined by relation (3.17), and there-
fore the necessary pressure in the absorbing cell is
10"2—10~3 torr. The most convenient are atoms and
molecules with a radiative transition probability y^
= 102—103 sec"1. Further developments of gas lasers
will undoubtedly reveal optimal pairs and will make it
possible to produce optical frequency standards in the
bands from the visible to the submillimeter region.

IV. METHOD OF NONRESONANT FEEDBACK

1. Idea of Method

In quantum generators of the radio and optical bands,
the positive feedback is resonant.[1)2'12>14] This is con-
sequence of the use of a resonator (cavity in the radio
band and Fabry- Perot in the optical band), which have
minimum losses of electromagnetic energy in rela-
tively narrow frequency intervals. Therefore quantum
generators with resonant feedback emit one or several
modes, which usually interact weakly with one another
and can be regarded as isolated.
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Minor Scatterer
Qgen (4.1)

FIG. 10. Diagram of laser with nonresonant feedback [2S].

A laser in which the positive feedback is nonreso-
nant is also possible1251. This means that the lifetime
of the photon inside the generator does not depend on
the frequency. The simplest method of obtaining non-
resonant feedback is to use a scatterer in lieu of one
of the mirrors [25)66] . The feedback, i.e., the return of
part of the energy to the generator, is by backward
scattering of the radiation (Fig. 10). The scattering
leads to a strong interaction and to radiative damping
of a large number of modes with different wave-vector
directions, and as a result there are no resonant
properties in the "mirror-scat terer" system. Feed-
back with the aid of scattering is essentially an energy
feedback, for unlike feedback with the aid of a Fabry-
Perot resonator, the phase relations in scattering are
random. In other words, what is produced inside the
laser are not the usual steady-state standing waves,
but a spatially-random light field, which interacts with
the active medium as a whole.

The absence of resonant properties in the feedback
causes the spectrum of the generated radiation to be-
come continuous, i.e., it contains no discrete compon-
ents at selected resonant frequencies. The only reso-
nant element in the laser is the resonant amplification
line of the active medium. Therefore, after the thresh-
old is reached, the generation spectrum "contracts"
continuously towards the center of the amplification
line of the medium, and in the ideal case the limiting
width of the spectrum is determined by the fluctuations.
The average frequency of the generated radiation does
not depend on the dimensions of the laser and is deter-
mined only by the frequency of the center of the am-
plification line. If this frequency is sufficiently stable,
then the laser emission has a stable frequency. It was
therefore proposed in1-25'661 to use the method of non-
resonant feedback to produce an optical frequency
standard.

2. Conditions of Nonresonant Feedback

The "scat terer-mirror" system is the simplest ex-
ample of a "stochastic resonator," meaning an arbi-
trary cavity with a large number of modes (waves of
different directions) which are strongly coupled by the
scattering and have large radiation losses. The large
radiation losses and the strong interaction of the mode
leads to a complete overlap of their frequency spec-
trum. The "mode" concept loses in this case the usual
meaning, and the spectrum becomes continuous. If the
number of interacting "modes" N is sufficiently large,
then the feedback becomes nonresonant[25>66]. For ex-
ample, if the mirror and the scatterer have a diameter
D and are separated a distance L, then the number N
of the mode coupled by the scattering is given by

where figen is the solid angle of the generated radia-
tion, fldif = (x/D)2 is the diffraction solid angle. The
spectral mode density P w and the average distance
between them 6u> = P^J, according to the Rayleigh-Jeans
formulas, are equal to

•=4-4 . (4.2)2L

Scattering causes the radiation to be transferred
from one mode to the remaining N - 1 or to the open
space. The transfer of the radiation to the modes of
the "stochastic resonator" does not cause loss of the
energy in the system as a whole, but leads to mode in-
teraction. The rate of radiation loss F in a mode as a
result of the transfer of the photons to the other N - 1
modes is given by

~ c , / Qgen \ c . .. IA o\
r = -^ ln^ Q ° j=-^-lnN. (4.d;

The transfer of radiation to the open space and absorp-
tion by the mirror and by the scatterer determine the
radiative loss of the system. The resultant rate of
radiation loss is

V = 4 - l n ( J - ^ ) , (4.4)

where a is the albedo of the scatterer, r the reflec-
tion coefficient of the mirror, and Oscat—s°lid angle
of the back scattering, it being assumed that Jiscat
» Ogen-

With the aid of the introduced attenuation constants
it is possible to write down the condition under which
the feedback is nonresonant in the form:

r, v > (4.5)

The necessary condition for this is N » 1. In the
lasers described in[25>66), N = 105 and the feedback
can be regarded as nonresonant. The larger the num-
ber of interaction modes, the more effective the "de-
struction" of the resonant properties. From this point
of view, the most convenient laser is one having a
maximum generation solid angle (ftgen = 4JT), con-
sidered in^7>68]. It represents an aggregate of scatter-
ing particles having negative absorption, or immersed
in a medium with negative absorption. At a generating-
region diameter D = 1 cm and A = 10"4 cm, the num-
ber of interacting modes in the field reaches 108—109.

At small generation angles, when N is small (for
example at flgen - (x/D)2), the mode overlap is small
and the appearance of random "resonance" at certain
frequencies is possible[69-1. Such resonances were ex-
perimentally observed in[70], in which a diffuse mirror
was employed, at N = 1. In such cases, the concept of
nonresonant feedback, of course, becomes meaningless.

3. Self-excitation Condition
The condition for the self-excitation condition of a

laser with nonresonant feedback has the usual form:
the rate of radiation loss equals the rate of growth of
the radiation as a result of the quantum amplification.
A distinguishing feature is that the radiation loss must
be taken to mean only the loss connected with the es-
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cape of the radiation to the open space. For a laser
with a "stochastic resonator" in the form of a scatterer
and a mirror (see Fig. 10) the rate of growth of radia-
tion by amplification yamp = c/L In K (K is the gain
per pass), and the self-excitation condition yamp = Y
takes the form[2S>66].

" • f l " " — — = 1 . ( 4 . D ;
v- scat

I n t h e l a s e r i n t h e f o r m o f a n a g g r e g a t e o f s c a t t e r -

i n g p a r t i c l e s w i t h n e g a t i v e a b s o r p t i o n [ 6 7 > 6 8 ] , t h e l o s s i s

d u e t o l e a k a g e o f t h e p h o t o n s b y d i f f u s i o n i n t h e g e n e r a -

t i o n r e g i o n ( i t i s a s s u m e d t h a t t h e m e a n f r e e p a t h o f

t h e p h o t o n d u e t o s c a t t e r i n g i s m u c h s m a l l e r t h a n t h e

d i m e n s i o n s o f t h e s y s t e m ) . T h e s e l o s s e s a r e o f f s e t b y

m u l t i p l i c a t i o n o f t h e p h o t o n s d u e t o t h e n e g a t i v e a b -

s o r p t i o n . T h e g e n e r a t i o n t h r e s h o l d i n s u c h a l a s e r i s

p e r f e c t l y a n a l o g o u s t o t h e c o n d i t i o n f o r t h e c r i t i c a l i t y

o f n e u t r o n m u l t i p l i c a t i o n i n a h o m o g e n e o u s n u c l e a r

r e a c t o r [ 7 1 ] . A t a s p e c i f i e d n e g a t i v e a b s o r p t i o n c r o s s

s e c t i o n p e r p a r t i c l e Q a a n d a p h o t o n m e a n f r e e p a t h

d u e t o s c a t t e r i n g A s , t h e r e e x i s t s a c r i t i c a l d i m e n s i o n

o f t h e g e n e r a t i o n r e g i o n . F o r a s p h e r i c a l d i s t r i b u t i o n

o f t h e a g g r e g a t e o f t h e s c a t t e r i n g p a r t i c l e s , t h e c r i t i c a l

r a d i u s R i s d e t e r m i n e d b y t h e e x p r e s s i o n

, ( 4 . 7 )

where No is the number of scattering particles per unit
volume.

4. Emission Spectrum

In a laser with a Fabry-Perot resonator, generation
occurs after the threshold is reached at frequencies
corresponding to the spatial resonances of the electro-
magnetic field in the resonator. Generation begins with
amplification of the spontaneous noise, but the Fabry-
Perot generator ensures an effective development of
only the standing waves corresponding to the resonator
natural modes. Therefore narrowing down of the radia-
tion spectrum in lasers with resonant feedback is quite
rapid. The narrowing of the radiation spectrum in a
laser with a nonresonant feedback is of an entirely dif-
ferent character. The absence of spatial resonances
of the electromagnetic field causes in this case the
narrowing of the spectrum to occur only as a result of
the resonant character of the gain of the active medium.
The instantaneous width of the emission spectrum at
half-maximum at a time t after the start of the genera-
tion, is given by[72]

Ao) (t) =
Amp

~\/ou,ct/ln 2 (4.8)

where Aua is the amplification line width at half-
maximum, and a0 is the stationary gain per unit length
in the center of the line (a 0 = N0Qa for a laser in the
form of an aggregate of scattering particles). The
process of the narrowing of the radiation in a laser with
nonresonant feedback is quite slow. For example, in
the case of a ruby active medium (at0 s 0.1 cm"1, Ao>0
= 5 x 1011 Hz), within a time t = 10~3 sec the line nar-
rows down only to 4 x 108 Hz (by a factor 103). Formula
(4.8) for the width of the spectrum at the instant of time
t after the start of the generation coincides with the
formula for the width of the spectrum of the signal at

the output of a traveling wave amplifier [12'73>74] with
length I = ct and with the same active medium. For
example, the indicated narrowing by a factor 103 can
be obtained in an amplifier of length I - 300 km.

The narrowing of the emission spectrum of a laser
with nonresonant feedback was investigated experi-
mentally in[72] with a pulse ruby laser. Within a time
on the order of 100—300 fisec, a narrowing of the emis-
sion spectrum by a factor as much as 400 was ob-
served. The time variation of the narrowing agrees
with the theoretical relation (4.8). Further narrowing
can be obtained by using continuous generation.

The limiting width of the spectrum in the continuous
generation regime can be estimated by using the follow-
ing considerations. The generation frequency coincides
with the center of the line, in the worse case, with ac-
curacy to the average distance 6a> between modes,
determined by expression (4.2). In the case of quasi-
static variations of the "distance" between the scat-
terer and the mirror, when the Doppler effect is in-
significant, the "modes" replace one another in the
vicinity of the line peak with width of the order of 6a>.
This determines the width of the spectrum in the con-
tinuous generation regime. For example, in a continu-
ously operating Xe-He laser with a diffuse mirror1-751,
N = 10 and the width of the emission spectrum is Aw
= 10 MHz, in agreement with (4.2). Therefore ex-
tremely narrow lines can be obtained only in a laser
with a very large number of interacting modes N.

If N is sufficiently large, then the narrowing of the
spectrum continues to a limiting value determined by
the fluctuations. In practice, apparently, the greatest
role is played by fluctuations of the velocity of motion
of the feedback elements (unlike the fluctuations of the
position of the feedback elements in ordinary lasers),
which leads to a random change (wandering) of the
photon frequency as a result of the Doppler effect. For
example, if the average random frequency shift in each
scattering act is Awfi <C Au>0, then the limiting width
Awm in of the laser spectrum at the half-maximum is
given by

/2. (4.9)

The fluctuation width of the spectrum has not yet been
reached experimentally.

5. Emission Coherence

The coherent or statistical properties of the emis-
sion of a laser with nonresonant feedback were investi-
gated in[66>76>77]. It was shown that the statistical
properties of such a radiation greatly differ from the
statistics of emission of ordinary lasers. Moreover,
the emission of a laser with nonresonant feedback is
very close to the radiation of an unusually bright black
body in a narrow spectral interval.

First of all, the radiation is spatially incoherent.
This has been established from the absence of inter-
ference of the radiation passing through the slits [66].
Physically this means that the emission of a laser with
nonresonant feedback, in analogy with incoherent equili-
brium radiation, is a superposition of a large number
of waves of different directions with random phases.
However, the analogy with the equilibrium radiation is
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even deeper. In1-76'77-1 it was shown theoretically and
experimentally that the statistics of the fluctuations of
intense radiation in a very narrow solid angle, corre-
sponding to one radiation mode, coincide with the sta-
tistics of equilibrium radiation in one quantum state
(one cell of phase space)1-78'791. In particular, the dis-
tribution function of the number of photons in one mode
is described by

P(n)=-L-exp(—^) («»1), (4.10)

where n is the average number of photons in the mode.
Figure 11 shows the distribution of the fluctuations of
the radiation intensity in a narrow solid angle (solid
line—theoretical distribution (4.7)). When the number
of modes No in which the radiation is registered is
increased, the amplitude of the fluctuations of the in-
tensity decreases like 1/V No, i.e., the same as for
equilibrium radiation. However, the deviation from the
statistics of the fluctuations of the equilibrium radia-
tion takes place if one observes the laser emission in
the entire solid angle. The amplitude of the fluctuations
of the intensity of this radiation is much smaller than
that of equilibrium emission with the same number of
modes. Physically this is due to the fact that the
saturation in the laser stabilizes the intensity of the
entire radiation, permitting deep correlated fluctuations
of the intensity in the individual mode.

6. Frequency Stability

The short-time frequency stability of the emission
of a laser with nonresonant feedback is determined by
the width of the spectrum Aa>. Emission lines with a
spectral width ~103 Hz and a short-time stability 10" "
are realistic. The long-time stability can be much
higher. It is determined by the long-time stability of
the center u>0 of the amplification line of the active
medium. To obtain high stability of the amplification
resonance, it is necessary to use gaseous active media
with very low pressure. Achievement of population in-
version with a considerable amplification in gas at a
pressure 10~3—10~5 torr is apparently most probable
when optical excitation is used. The main difficulty in
optical excitation of atoms lies in the fact that it is
necessary to choose coincident emission lines of the
pump source and absorption lines of the active medium.
There are very few such coincidences, and so far only
one gas laser with optical excitation was realized,
namely Cs vapor excited by the X = 3880 A line of a
helium lamp[80>81]. However, the creation of sources of
coherent radiation with variable frequency (for exam-
ple, triple-coincidence semiconductor laser t41] or
parametric generator[82]) and the use of two-stage
optical excitation1293 can greatly change the situation.

By way of an example, let us consider the possible
scheme of two-stage optical excitation of Cs vapor,
the level scheme of which is shown in Fig. 12. The
level 62P3/2 is populated by optical pumping with the
Xi = 8521.2 A resonance line of a cesium lamp. The
population of this level can reach several percent of
the population of the ground state. Radiation with wave-
length x2 = 7944.11 A then populates the 8*81/2 level.
The source of such radiation may be a Ga(Asi-xPx)
semiconductor laser diode[41], the emission frequency

FIG. 11. Probability distribution of the fluctuations of the radiation
intensity of a laser with nonresonant feedback in a narrow solid angle.
Solid line-theoretical distribution [76].

Sr/2 PS/2 1/2

FIG. 12. Scheme of two-stage optical excita-
tion of Cs vapor. Solid lines—exciting transitions,
wavy line—generating transition, dashed line-re-
laxation transition [29].

of which is adjusted to the same absorption line. The
population of the 82Si/2 state can be of the same order
as of the 62Pi/2 state, since the pumj) radiation tem-
perature is quite high. If the 8943.6-A line of the
cesium lamp is suppressed to such an extent that the
population of the 62Pi/2 state is small, then population
inversion is produced between the 82S1/2 and 62Pi/2
levels, and generation at the wavelength x = 7609.13 A
is possible. At a Cs vapor pressure 10"4—10"5 torr,
we can expect a gain on the order of 0.1 cm"1. To
avoid a dependence of the central amplification line
frequency on the pump-laser frequency fluctuations,
the laser emission should be ideally isotropic (non-
directional) in the active medium. In this case, if the
pump frequency drifts, only the gain changes, but not
the frequency of the maximum gain. This optical-
excitation scheme can be used for many atoms (Hg, Rb,
and others) and makes it possible to produce in princi-
ple active media with very low pressure. The absolute
frequency stability of the amplification line center in
such media should be quite high.

V. METHODS OF STABILIZING THE FREQUENCY OF
A GAS LASER

1. Principle of the Methods

In the methods considered above, the generation
frequency stability was reached by obtaining a very
large value of the stabilization factor S = Aojr/Aa;a.
These methods offer great possibilities, but much re-
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search is still necessary to obtain a stability better
than 10"u-10"12. At the same time, the stability of
ordinary gas lasers (for which usually S ^C 1) is only
10~7. It is determined by the instability of the optical
length of the resonator (the temperature instability
changes the distance between mirrors, the instability
of the pressure, temperature, and humidity change the
refractive index of the air in the resonator, mechanical
instability changes the inclination of the mirrors, the
optical path length, and the optical path length of the
Brewster windows of the discharge tube, etc.[83] ). It is
clear that the laser frequency stability can be greatly
increased, even with a poor stability factor, by com-
pensating for the instability of the optical length of the
resonator. Such methods of frequency stabilization are
being intensely developed recently, and they have made
it possible to raise the frequency stability of gas lasers
to a value on the order of 10"10 over several minutes
and of the order of 10"9 over several hours (see the
reviews'30 '311).

Common to all these methods is a resonant element
to which the laser frequency is tuned. The resonant
element in many methods is the resonance of the gain
of the active medium of the laser itself, and in others
it is resonance of absorption by an external cell or
resonance of the interferometer transmission. Since
the widths of the resonances are sufficiently large
(usually 108-109 Hz), the sensitivity of such methods
does not make it possible to reach a stability much
better than 10~10 (equality of the laser frequency to the
maximum of the resonant element is reached with an
accuracy 10"3—10~4, and in individual cases up to 10~5

of the resonance width). The stability of such a scheme
cannot be better than the frequency stability of the
resonant element. On the other hand, the frequency of
the resonant element is influenced by pressure, tem-
perature, etc. In addition, the stability is greatly in-
fluenced by the ratio of the bandwidth of the control
system and the width of the spectrum of the short-time
frequency fluctuations. We shall consider briefly
methods of stabilizing the frequency of gas lasers and
further possibilities of these methods.

2. Frequency Stabilization Against the Resonance of
the Active Medium of the Laser

A number of stabilization methods are based on the
dependence of the output power of the laser on the fre-
quency difference between the generation and the center
of the amplification line. This question was considered
theoretically by Lamb[47], and studied experimentally
in[48 '49]; Fig. 6 shows the experimental result[48]. In a
weak field, the output power is maximal at the center
of the line, and with increasing field amplitude the line
peak becomes flat, and a dip appears in the center of
the line when the field is strong. All three cases (line
peak, flat top, and dip in line center) are used in
methods of stabilization by means of the atomic reso-
nance of the laser.

In[84] the frequency of an He-Ne laser at the
X = 6328 A line was stabilized against the peak of the
output power. To obtain an error signal, one of the
mirrors was oscillated with a small amplitude. The
absolute stability of this laser was measured by an

interferometer method, by comparison with the line of
a krypton (Kr86) wavelength standard. A reproducibil-
ity of about 2 x 1CT8 over several months was attained.

Magnetic shield
Piezoelectric
element for tuning
the resonator

4Photodetector

Bimetallic temperature
compensation ~

FIG. 13. Diagram of He-Ne laser (X = 6328A), stabilized against the
dip in the center of the amplification line (Model 119 of the "Spectra
Physics" firm). The diagram was taken from [31].

In[85>86], the frequency of an He-Ne laser at the
X = 1.15 fi line was stabilized against the "flat top."
The error signals were obtained by sinusoidally modu-
lating, at a small amplitude, the distance between
mirrors . The fundamental, second, and third harmonics
of the modulation frequency of the output power were
used to correct the angular position of the mirrors, the
excitation level of the discharge tube, and the distance
between mirrors . The beat frequency of two lasers
operating with the isotope Ne20 and Ne22, equal to an
isotopic shift of 260 MHz, was maintained constant
within ±1 MHz for several weeks, corresponding to a
stability of 3 x 10"9. An increase of the generation fre-
quency with increasing gas pressure ( + 4.1 MHz torr)
was observed.

A long-time stability of 2 x 1O~9 in a day and a
reproducibility of 10"8 were achieved by stabilizing the
frequency of an He-Ne laser (x = 6328 A) against the
dip. The diagram of such a laser, which is produced
commercially (Model 119 of the "Spectra Physics"
firm), is shown in Fig. 13. This diagram and the data
are taken from the review[31]. Provision is made in
this laser for temperature stabilization to prevent
large changes of the length, as well as for magnetic
screening to protect against stray magnetic fields. A
dependence of the frequency shift on the pressure was
observed with the aid of two lasers stabilized in this
manner[27]. It is important that this shift depends on
the output power of the laser.

A stabilization method based on the dispersion
characteristics of the medium at the generation fre-
quency was developed in[87]. This method is based on
the dependence of the generation frequency on the field
amplitude. If the gain of the medium (for example, the
density of the inverted population is modulated, then
frequency modulation of the radiation takes place when
the generation frequency does not coincide with the
center of the line. The amplitude of the frequency de-
viation is equal to zero only when the generation fre-



870 N. G. BASOV and V. S. LETOKHOV

quency coincides with the center of the line. In[8?1, the
frequency of an He-Ne laser (\ =3.39 fi) was stabil-
ized by this method. A frequency stability of about
10"10 over eight hours was obtained. In[88] this method
yielded a frequency stability of 10"9 over one hour. In
the latter investigation, a dependence of the frequency
on the pump power was observed, Aw/w = 5
x 10~7Ap/p. This dependence suffices to explain short-
duration frequency fluctuations (2 x 10" 9) and long-
time drift fluctuations (10~9).

Another method of stabilizing the frequency was
developed in[891. The method is based on splitting the
generation frequency of a single-mode gas laser in an
axial magnetic field into two components that are
circularly right- and left-hand polarized. These waves
have equal intensity only when the splitting is sym-
metrical relative to the line center. It is clear that
this effect can be used for frequency stabilization. The
advantage of the method is that no laser parameter
needs to be modulated. The theoretical sensitivity of
the method is higher by two orders of magnitude than
that of other methods, and makes it possible to reach
a stability 2 x 10~12. It must be borne in mind, how-
ever, that high sensitivity still does not mean high
stability, since the line center itself has a long-range
stability which is much worse than 10~12 (line shifts are
produced by pressure, pump level, etc.). Experi-
mentally, this method yielded a stability of 2.5 x 10"11

over eight minutes[90].

A sensitive method of frequency stabilization with
the aid of the Zeeman effect in a laser was proposed
and realized in[91). This method uses the effect of
"intersection" of the intensities of two axial modes of
the laser in an axial magnetic field generating at two
circularly and oppositely polarized components of an

FIG. 14. Frequency drift of Xe-laser (X = 2.6fi). Curve 1 -output sig-
nal discriminator vs. tuning of resonator. Curves 2 and 4 represent the
frequency drift with and without the stabilization circuit. Curve 4—
curve 2 with a frequency scale magnified 100 times. The Zeeman split-
ting is 685 MHz, and the distance between axial modes is 726 MHz I91 ].

stability was 1CT10 for 100 seconds1811. Figure 14 shows
the frequency drift of this laser with and without the
stabilization scheme, and also the characteristic of a
frequency discriminator based on this method.

In[92] they proposed a laser frequency stabilization
method based on phase modulation of the radiation in
the resonator, at a frequency equal to the frequency
interval between the axial modes of the laser. As a
result of such a phase perturbation, the initial modes
of the laser vanish and are replaced by a carrier and
sidebands. The laser emission becomes free of the
characteristic noise of the multimode laser. However,
small beats remain in the radiation, with frequencies
that are multiples of the phase modulation frequency.
The beat level at the fundamental harmonic is very
sensitive to the position of the carrier frequency rela-
tive to the center of the Doppler line. This effect can
be used to tune the generation frequency to the center
of the atomic resonance. In[93] this method was used
to obtain long-range stability of 10~8 in an He-Ne laser.

3. Frequency Stabilization Against an External
Resonant Element

An external resonant element (absorbing or amplify-
ing cell, optical resonator) is used for stabilization in
a number of methods. Thus, in[941 the resonant element
is an absorbing neon cell, through which the beam of an
He-Ne laser (x = 6328 A) is passed. In the presence of
a magnetic field, the medium in the cell becomes
dichroic for circularly polarized light. The difference
between the absorption of left- and right-polarized
light is determined by the deviation of the radiation
frequency from the frequency of the center w0 of the
absorption line (in the absence of a magnetic field)
(Fig. 15). In a magnetic field of 350 G, the line splits
by 1.2 GHz. By passing left- and right-circularly
polarized light through the cell it is possible to obtain
the frequency o>0 of the center of the line. Two inde-
pendent lasers stabilized by this method had a stability
of 10~9. Two such lasers were used to investigate the
dependence of the frequency on the pressure, the dis-
charge current, and the magnetic field[26]. The stability
can be improved by using in lieu of the absorbing cell
an amplifying cell with Zeeman splitting of the ampli-
fication line[95).

A high-Q Fabry-Perot interferometer can be used
as the external resonant element.[96] An optical reso-
nator has poor absolute long-range stability. However,
it can be used to stabilize several lasers and to obtain
a high relative stability. In[97], two lasers were stabil-
ized against an external interferometer with a vibrating

atomic line. The distance between the axial modes is
chosen approximately equal to the Zeeman splitting of
the lines. The intensities of the mode radiation coin-
cide only when the modes are symmetrical with respect
to the center of the atomic line. A feature of this
method is the possibility of generation in a wide range
of frequencies off the center of the atomic transition.
This scheme was used successfully to stabilize the
frequencies of the 6328 A and 1.153 n lines of an He-Ne
laser and the 2.65 p. line of an Xe laser. The best r e -
sults were obtained for the Xe-laser, for which the

FIG. 15. Shape of X = 6328A ab- f
sorption line of He-Ne discharge tube J
in the presence of an axial magnetic
field!94].

Frequency
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mirror, and a relative stability of 2 x 1(T10 was ob-
tained. It is possible to replace the external inter-
ferometer by an interferometer placed inside the op-
tical resonator. In this case single-mode generation is
obtained for a long time if the resonator is relatively
long[98]. Two independent lasers stabilized by this
method has a frequency stability 5 x 10"8.

An interesting combination of two resonant elements
with atomic resonance and with resonance of a Fabry-
Perot interferometer for frequency stabilization was
proposed in[991. The atomic resonant element has good
long-time stability, but the resonance width is quite

Laser beam angle tuning signal

Laser frequency tuning signal

FIG. 16. Laser frequency stabilization against the absorption line of
a molecule beam [33].

large (on the order of 1 GHz in the optical band). Tun-
ing to the center of the resonance requires a relatively
long time, but in this case it is impossible to compen-
sate for the shoft-time fluctuations of the frequency.
On the other hand, a resonant element in the form of a
high-Q Fabry-Perot interferometer has a rather nar-
row resonance (to 10 MHz), good short-time stability,
but insufficient long-time frequency stability. The ad-
vantages of the two resonance elements can be com-
bined by stabilizing the laser frequency against the
resonance of an external interferometer, and stabilize
the resonance of the interferometer against an atomic
resonant element. The first feedback link (laser—
interferometer) has a large bandwidth and eliminates
the short-time frequency fluctuations. The second
feedback link (interferometer—atomic resonant element)
has a narrow bandwidth and eliminates the slow drift
of the interferometer resonance. Preliminary measure-
ments of the frequency stability of two lasers stabilized
by this method have shown that the stability is better
than 3 x 10"10 in a second and 2 x 10"9 in 103 sec, and
the reproducibility is 2 x 10"9[100].

In[32] it was proposed to use as the external resonant
element a beam of absorbing molecules. In this case,
high sensitivity and high absolute stability of the reso-
nance frequency are attained simultaneously. Laser
frequency stabilization by means of a molecule beam
is illustrated in Fig. 16. The real angular spread of
the molecule beam (in the plane of the molecule and
photon propagation directions) is <p0 3> x/a, where \
is the radiation wavelength and a is the diameter of
the laser beam. Therefore the width of the beam ab-

sorption line is t±v/vQ = <powo/c, where v0 is the
average molecule velocity. The divergence of the beam
in the perpendicular plane is insignificant. The laser
frequency Vi can be tuned to center u0 of the beam ab-
sorption line by standard means. For example, when
the laser frequency is modulated, v(t) = va + bv cos lit,
intensity-modulated radiation reaches the detector Di.
The amplitude of the modulation with frequency Cl is
proportional to the deviation vx - v0, and can be used
to tune the laser frequency. The accuracy of the tuning
in modern schemes is (i^ - u0 ) < 10~3Ay. When
Av/fj = 10~8, the laser frequency stability is better
than 10"11.

This method, however, has the following feature.
The frequency v± of the center of the absorption of the
light beam by the molecule beam depends on the angle
tp between the direction of the laser beam and the aver-
age direction of the molecule beam

V1-Vo(l-COS1|,-^-). (5.1)

To obtain \(vi - v0 )/v0 | "£ 10"12 it is necessary to have
| (TT/2) - >p | < 10"4-10"5 rad. This is a rather stringent
requirement. However, it is possible to maintain the
perpendicular orientation of the laser and molecule
beams with such an accuracy automatically by the fol-
lowing method. A fraction of the laser beam is diverted
and passed through the molecule beam in strictly the
opposite direction (shown dashed in Fig. 16). The fre-
quency of the center of the absorption line of the second
laser beam is determined by the expression

V2-V0(l + COS1|)^). (5.2)

It is clear the the modulation of the signal of the second
detector D2 has the same character as that of the sig-
nal of the first detector only when vx = v2, i.e., when
cos tp = 0. It is assumed that the laser radiation inten-
sity is insufficient to saturate the absorption, and there-
fore there is no cross modulation of the second beam
as a result of the first. By comparing the signals of the
two detectors it is possible to set automatically the
angle of the laser beam relative to the molecule beam.
This stabilization scheme makes it possible apparently
to reach a laser frequency stability 10"11—10"12. Of
course, this method is applicable to lasers for which
the absorbing atoms or molecules can be chosen. In
addition, it is necessary that the beam have a noticea-
ble absorption at reasonable molecule fluxes. Several
suitable pairs were mentioned above in Sec. 5 of Ch. II
and Sec. 5 of Ch. III.

We note that the stability can be increased further by
a unique combination of a laser stabilized against a
molecule beam with the coherent-pumping beam laser
described in Ch. II. A possible scheme of such a com-
bination of lasers is shown in Fig. 17. The emission of
the stabilized gas laser is amplified with a quantum
amplifier to a value sufficient for pulsed inversion of
the molecules as they cross the beam. The radiation
intensity needed at the output of the amplifier is deter-
mined by expression (2.7). After excitation, the beam
has an extremely narrow amplification line, the width
of which is determined only by the time of flight T0 of
the molecules through the exciting laser beam
(104—105 Hz). The beam of transformed atoms enters
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Molecule beam Spatial phase gtating

Mixer Laser synchronization signal Laser flequency f^^ signal

FIG. 17. Diagram of possible combination of a gas laser stabilized a-
gainst a molecule beam and a coherent-pumping beam laser, having a
common molecule beam [36 ].

the resonator, and the beam generated by the beam
laser is synchronized in frequency with the beam from
the stabilized gas laser. The stability of such a scheme
is high as a result of the narrowness of the amplifica-
tion line of the molecule beam. In addition, in such a
combined scheme the self-excitation regime is "soft."

4. Method of Autoresonant Feedback

In the frequency stabilization methods considered
above, the laser frequency is connected with the aid of
an external feedback loop. It is possible to forego this
loop by introducing into the laser an element that auto-
matically tunes the generation frequency to the ampli-
fication-line center. This can be done with the method
of autoresonant feedback proposed in[33]. By autoreso-
nant feedback is meant feedback produced when the
light wave is reflected from a spatial phase grating
produced in the medium under the influence of the
standing light wave of the laser itself. An "autoreso-
nator" in the form of a mirror and a nonlinear spatial
grating has the ability of tuning itself to the center of
the resonance of the laser active medium.

A diagram of a laser with autoresonant feedback is
shown in Fig. 18. The resonator is made up of a mirror
and a spatial phase grating. The phase grating is a
medium in which the refractive index varies periodically
in space, and is produced in a nonlinear medium under
the influence of a standing light wave A cos kz. If the
refractive index of the medium depends quadratically
on the intensity of the light wave, then the phase grating
is of the form

n (z) = n0 + 5ra (A2) cos2 kz. (5.3)

Changes in the refractive index in the light field are
caused by various nonlinearity mechanisms: thermal,
striction, electrooptical, etc. (see, for example, the
reviewCl01]). The phase grating (5.3) reflects resonantly,
in the backward direction, a light wave with a wave
vector k. The reflection coefficient R in the region
R C 1 is determined by the expression

^ (5.4)

where I is the thickness of the nonlinear medium. If it
is recognized that in the given case the amplitude A of
the standing waves is connected with the amplitude Ao
of the traveling wave by the relation A2 = /RAg, we
finally get for the reflection coefficient

i 2 , (5.5)

Active medium

FIG. 18. Diagram of laser with autoresonant feedback. The gas line
represents the mirror which is "turned off" after the spatial phase rating
is produced [33 ].

The generation threshold is determined by the usual
relation rR(A2)K2 = 1, where r is the mirror reflec-
tion coefficient and K is the gain of the active medium
per pass. A laser with autoresonant feedback is an
oscillating system with a hard self-excitation regime,
since R(A0 = 0) = 0. Its self-excitation calls for an
initial light field with amplitude Ao sufficient for the
formation of a phase grating with a reflection coefficient
R(A§) > l / K ^ . To this end it suffices, in principle, to
obtain first laser generation with a resonator made up
of two mirrors (see Fig. 18), and then eliminate one of
the mirrors .

The dynamic properties and the frequency stability
in the case of fluctuation motions of the mirror are
investigated in[102]. It is shown that the natural fre-
quency of the resonator is determined by the frequency
of the generated radiation, and the generation frequency
in the stationary regime coincides with the center of
the amplification line. The frequency stability is deter-
mined essentially by the relation between the time
constant T (inertia) of the phase grating and the maxi-
mum frequency Qm ax °f the fluctuation motions of the
mirror. If ^ m a x T ^ 1> then the stability equals

(5.6)6L
L Acor

where 6L/L is the relative average magnitude of the
displacements of the mirror relative to the phase grat-
ing, and Awa and Awr are the amplification and
resonator line widths, respectively.

Thus, an appreciable gain in frequency stability can
be obtained when nmaxTAu>a/Acor -C 1. For a thermal
phase grating, the time constant is given by[102]

where c, p, and K are the specific heat, density, and
heat conductivity of the medium of the phase grating,
respectively. Realistically one can obtain T = 10~5—
10"6 sec. When the distance between the grating and
the mirror fluctuates with frequencies up to 103—104

sec"1, autoresonant feedback can produce a gain in the
frequency stability by two—three orders of magnitude.
The main difficulties in the experimental realization of
such a scheme lie apparently in obtaining a sufficiently
large gain per path at a power density up to 1 W/cm2

and preventing self-excitation of the generator as a
result of other types of feedback.

5. Prospects

By now, highly sensitive methods nave been devel-
oped to stabilize the generation frequency at the line
center. For example, in a gas laser in a magnetic field
it is possible to determine the center of the atomic line
with accuracy of 10~5 of the line width[89]. It is there-
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fore possible in principle to obtain good stability also
at a poor value of the stability factor S. However,
stabilization methods produce only a sufficiently high
short-time stability. The long-time frequency stability
in all the existing stabilized lasers is not better than
10"9. This apparently can be naturally attributed to the
fact that stabilized gas lasers and resonant cells have
a pressure of several torr and are excited by the dis-
charge in the gas. A noticeable dependence of the center
of the atomic line on the pressure was observed (from
several MHz to several dozen MHz per torr[26>27 '28]),
on the discharge current (several MHz per mA[26]), or
on the pump power p (5 x 10~7 Ap/p)[88]. To obtain a
long-time frequency stability of 10"11 in the existing
stabilized lasers, it would be necessary to have an
exceedingly high stability of the pressure (down to
0.1%), excitation power, etc., which apparently is not
attainable in practice.

Good long-time stability can be obtained by stabiliz-
ing the frequency of gas lasers with a low gas pressure.
An example of such a laser is a cesium laser with
optical pumping (gas pressure of approximately
10~2 torr) [80 81]. Therefore the progress of stabilized
lasers will be determined by the success in developing
gaseous active media with very low pressure. One of
the possibilities of this kind was considered above in
Sec. 6 of Ch. IV[29]. An analogous requirement must be
satisfied also by the external resonant element. The
most effective, although not always convenient in prac-
tice, is the use of a beam of absorbing molecules'321.
In this case we can expect high values of the short -
and long-time stability.

VI. ABSOLUTE MEASUREMENT OF THE FREQUENCY
OF OPTICAL OSCILLATIONS

1. Measurement of the Wavelength and Frequency of
Electromagnetic Oscillations

In the radio band, up to the microwave region, it is
easy to measure the frequency of electromagnetic os-
cillations, since detectors are available with time
constants much shorter than the period of the oscilla-
tion. With the aid of radio interferometers it is possi-
ble to measure the wavelength of oscillations, but the
accuracy with which the wavelength is measured is
much lower than that of the frequency. In the optical
band the situation is just the opposite. The duration
of the period of the light oscillations is of the same
order as the duration of the period of the oscillations
of electrons in atoms and molecules, so that the fre-
quency of the optical oscillations cannot be measured.
On the other hand, the large ratio of the interferome-
ter base to the light wavelength makes it possible to
measure accurately (to 10"8) the length of the light
wave. The absolute accuracy with which the light
wavelength is measured is determined in principle by
the accuracy of the krypton length standard^181. The
frequency of the optical oscillations is determined from
wavelength data and from the speed of light, which is
known accurate to 1CT6:

c = (2.997925 ± 0.000004) • 1010 cm/sec103.

In this sense, there is a difference in principle between
the methods of the ratio band and the optical band. As

a result of the recent progress in quantum electronics,
particularly in the development of methods of generat-
ing coherent oscillations in the optical band, this gap
has been greatly reduced. However, the frequency of
the optical oscillations has not yet been measured.
Further development of methods of quantum electron-
ics and nonlinear optics will apparently enable us to
solve this problem, too.

Thus, for example, recently Javan and co-workers
succeeded in measuring the absolute frequency of four
laser transitions in the submillimeter band[1M>105].
In[104] they measured the frequencies of the 337 ^ and
311 fx lines of a CN-gas cw laser1-1061 by mixing these
lines with the 12th and 13th harmonics of a klystron
with frequency 75 GHz. The measurement accuracy
was several parts in 107. The obtained generation
frequencies were

v, = 890.7595 GHz, v2 = 964.3123 GHz.

In[105] they succeeded in measuring the frequencies of
the 190 and 194 ji lines of D2O and C2N2 lasers11071.
The measurement was made by mixing with the 22nd
and 23rd harmonics of a 70-GHz klystron. The obtained
generation frequencies were:

v, = 1578.279 GHz and v2 = 1539.756 GHz .

The measurement error was 1.5 MHz and was deter-
mined by the stability of the center of the laser lines.
These experiments are the first stage in the path
towards further measuring the frequencies of the sub-
millimeter, infrared, and optical bands. Further
progress in the measurement of frequency in the short-
wave band can be made by converting the submillimeter
frequencies into optical frequencies (successive co-
herent frequency multiplication) or by converting the
optical oscillations into submillimeter ones (successive
coherent frequency division). We shall discuss below
the possibilities of realizing these methods.

2. Methods of Coherent Frequency Multiplication

The method of coherent frequency multiplication*
for the purpose of measuring the frequency of light
oscillations was proposed already by Townes[19]. The
gist of this method reduces to the following: Oscilla-
tion of frequency Ui acts on a nonlinear element placed
in the resonator of the quantum generator, whose
generation frequency uz is close to the second har-
monic 2vx (Fig. 19a). The nonlinear element (frequency
doubler) can be placed also outside the resonator and a
weak second-harmonic signal can be used to act on the
quantum generator (Fig. 19b). The weak signal at the
frequency 2fx "captures" the generation frequency f2,
and the result is intense oscillations at frequency 2i>i,
coherent with the oscillations at frequency vy. This
procedure is then repeated several times. In order to
cover the frequency band from £1 to w 3> Q,, it is
necessary to make N = 3.3 log (w/Ji) successive fre-
quency doublings. For example, to cover the range
from 100 to 1 ju. it is necessary to have seven frequency
doublings.

Frequency multiplication in the radio band is considered in detail
in the book [146].
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Medium amplifying at
frequency e2 — 2"i Zv,

Nonlinear converter

Nonlinear converter

FIG. 19. Coherent frequency doubling with internal (a) and external
(b) nonlinear frequency converters.

To realize the frequency locking regime, the fre-
quency vz should be sufficiently close to the frequency
2vi. If r\ is the ratio of the intensity of the synchroniz-
ing signal at the second harmonic frequency 2vx to the
intensity of the synchronized radiation, then the locking
band is determined by the relation1-1081

|v2 — 2vi\^it\-£-=vz-r\-£-, (o.l)

where L is the resonator length. With the aid of cw
lasers rated 1—10 W it is possible to obtain in the non-
linear element a conversion coefficient of the order of
10-4[io9,iio]_ A t s u c h v a l u e s o f TJ; t h e relative locking
band is quite small {tv/v s lO^-lO"11 at x/L = 10"4-
10"5), and consequently the laser generation must be
stabilized also at the intermediate frequencies v, 2v,
4i>, etc.

Another serious difficulty is the choice of active
media for the sequence of multiple frequencies v, 2v,
4u, etc. If we are dealing with atomic and molecular
laser lines, then coincidence of the lines is quite rare
even for a single pair (u, 2v). For example, in'-111-', in
an analysis of 880 laser transitions, only 11 jaairs of
wavelengths v1 and u2 coinciding within ±1 A could be
chosen. The pairs of transitions found in that investi-
gation are listed in the table. The probability of coin-
cidence turned out to be approximately 10"2. Conse-
quently, the probability of selecting a chain of five
successive pairs (v— 2v-~ 64 v) is 10"10.

Pairs of laser transitions at multiple
frequencies (fundamental and second

harmonic; accuracy of wave
coincidences AX = ± 1A)[111]

Fundamental frequency

gas

Xenon
Chlorine
»

IodineCarbon mon-oxideDitto
Nitrogen
»

Neon
Krypton
Iodine

in A units

4954.10
6094.74
6094.74
6127.0
6611.5
6613.5
8886.5

10449.3
11180,6
21165.0
32360.0

Second harmonic

gas

Xenon
Argon
Oxygen

»
Xenon

»
Krypton
Mercury
Carbon mon-

oxide
Mercury
Argon

in A units

2477.18
3047.0
3047.15
3063.46
3305,92
3306,4
4443.28
5225.0
5590.6

10583.0
16180.0

It is simplest to satisfy the condition for the agree-
ment of the multiple frequencies in semiconductor
active media t l l2 ]. The amplification line widths of
semiconductors are quite large (on the order of kT[112]),
and the position of the amplification line can be varied
in a wide range with the aid of ternary semiconducting
compounds[41^, pressure fU3] , and a magnetic field[114].
By way of illustration, Fig. 20 shows the regions of the
generation frequencies of semiconducting injection
lasers according to data as of the end of 1967. We see
that semiconductors cover practically the entire range

as as us 20 30 40 50

GflAs,

ague as wv- 30 40 SO

FIG. 20. Tuning range of the generation frequency of various semi-
conductor injection lasers. InAs lasers can be tuned with a magnetic field
of 9 kG in a range 100A [114], PbSe lasers can be tuned by a pressure of
20 kbar up to 2\y. [I13], and the remaining lasers can be tuned by varying
the composition of the semiconducting compound [41 ] •

from the far infrared to the visible. In the case of
semiconductors, there are two mitigating circum-
stances. First, the ratio x/L, and consequently the
frequency locking band can be higher by 3—4 orders of
magnitude than for gas lasers. For example, in[1 an
ultrathin (2—4 fi) CdSe laser (x = 6894 A) was realized,
with optical excitation by means of an injection laser.
Second, in injection lasers it is possible to have in-
ternal generation of the second harmonic in the active
medium itself, with a conversion coefficient up to
10-4[ii6,ii7]_ Nonetheless, the realization of a chain of
coherent frequency multiplications, with the aid of
semiconductors calls for an appreciable improvement
of the parameters of the semiconducting lasers, par-
ticularly the development of single-mode semiconduc-
tor cw lasers operating at a specified stabilized
generation frequency, and of semiconductor optical
amplifiers.

The foregoing scheme of coherent frequency multi-
plication by successive doubling is based on known ex-
perimental data. In particular, it is assumed that there
exists only a "weak" optical nonlinearity, i.e., a non-
linearity that leads to a very small change of the wave
parameters over the wavelength. In this case, appreci-
able distortion of the wave occurs when the distortions
accumulate over considerable distances and under
conditions of spatial synchronism of the interac-
tiontl09'110]. In principle, there can exist also a "strong"
optical nonlinearity, when the appreciable distortion of
the wave occurs over distances comparable with the
wavelength. It is difficult at present to indicate con-
crete mechanisms of a "strong" optical nonlinearity.
However, one can attempt to discuss one of the effects
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which can serve as a possible candidate for this role,
owing to the very low inertia (on the order of the period
of the light). We have in mind the tunneling of electrons
through a very thin barrier [118], particularly the p-n
junction of a tunnel diode[119] in the field of a light wave.
The scheme of the energy bands in a p-n junction is
shown in Fig. 21a. The electrons from the conduction
band can enter the valence band without loss of energy
by tunneling through the barrier of the p-n junction. An
external voltage changes only the probability of tunnel-
ing from the conduction to the valence band and back,
and as a result current is produced through the p-n
junction. The current-voltage characteristic of a
tunnel diode is shown in Fig. 21b[120]. An essential
feature of the tunnel-diode p-n junction is its small
thickness L (100—200 A) at an impurity concentration
lO^-iO2 0 cm"3[120]. As a result, the characteristic
time of flight of the electron through the junction
T = L/ve (ve—electron velocity) can be quite small.
For example, at L = 100 A and ve = 108 cm/sec, this
time amounts to 10"14 sec, i.e., it is of the same order
as the period of the optical oscillations. Assume that
an electromagnetic polarized in a plane perpendicular
to the p-n junction, and having a frequency v <C 1/T,
is incident on the p-n junction of a tunnel diode. Owing
to the bend of the tunnel-diode characteristic at the
origin, the current through the junction will be differ-
ent in the positive and in the negative half-cycles. Con-
sequently, the spectrum of the current will contain the
second and higher harmonics, the amplitudes of which
depend on the intensity of the radiation. To increase
the second-harmonic amplitude it is possible to employ
a so-called "inverted" tunnel diode, in which the semi-
conductor is degenerate only on one side of the p-n
junction, for in this case the bend of the characteristic
near the origin is particularly sharp1-1211. The higher
current harmonics can be obtained by applying simul-
taneously to the diode a constant bias voltage, such that
the operating point is shifted to the maximum of the
characteristic (point Up in Fig. 21b). In all these cases
the spectrum of the current contains harmonics, whose
maximum number is in principle equal to N = %v.
Their relative intensity is determined by the nonlinear-
ity of the characteristic in the working band of the field
amplitudes. Of course, it is hardly possible to use
directly such high-frequency current oscillations,
since they become essentially smoothed out inside the
semiconductor. However, in the vicinity of the p-n
junction, in a region with a depth on the order of the

17-type n- type

dimension of the skin layer, the current oscillations
should lead to radiation of electromagnetic waves to
the outside, with spectral components corresponding
to the spectrum of the current through the p-n junction.
The intensity of such an emission is apparently low,
particularly at higher harmonics.

3. Methods of Coherent Frequency Division

Coherent frequency division of light oscillations can
be realized by parametric interaction of waves in op-
tical parametric generators. Parametric generators of
light waves were proposed in

[122)123] and were recently
realized in a number of laboratories (see[82]). Without
stopping to discuss the operating principle and the
construction of such generators, which are considered
in detail in the substantial review1821, we note that in a
parametric generator an intense light wave of fre-
quency co is coherently converted into waves with fre-
quencies o)i and w2 satisfying the condition

(0 — <Di+0)2. (6.2)

In a degenerate parametric generator, exact division
of the pump frequency takes place: »i = w2 = w/2. By
successively producing coherent frequency division in
a chain of N parametric generators it is possible to
obtain a frequency 12 = w/2^, which can be measured
by radio devices. It is also possible to measure the
frequency of optical oscillations with the aid of a chain
of nondegenerate parametric generators. The use of
nondegenerate generators greatly facilitates the choice
of optical amplifiers at the intermediate frequencies.
The smallest number of parametric generators neces-
sary in the case when the degeneracy is so small that
the difference frequency of the optical oscillations
fit = w2 - u>i can be measured by radio means. A sys-
tem for measuring frequency with the aid of a chain of
parametric generators with small degeneracy is shown
in Fig. 22. The frequency of the initial oscillation ex-
periencing N divisions is given by the relation

to = 2-'»(Q.v + Q.v+,) + 2;v-1fi.v_1-f-2
w-2fi.v-2+ .. . +Q,, (6.3)

where Sllt fi2,... ,£2N+I are the frequencies measured
by radio means.

We note that it may be advantageous to combine
simultaneous frequency division and multiplication to
cover the entire range from 1 to 100 (Li. For example,
the frequency of a high-power CO2 laser[124] x = 10.6 ju.
or x = 9.6 /LX can be divided 3—4 times with the aid of
parametric generators, covering thereby the 10—100 fi.
band. On the other hand, it is feasible to double the

Paramet-iatie gen- -erafor
Ampli-

Vie-quencymeter

•H
IParamet-ric gen-erator

Fre-quency

Mixer
Fre-quencymeter

Fre-quencymeter

FIG. 21. Energy band scheme in a p-n junction (a) and current-vol-
tage characteristic (b) of a tunnel diode.

FIG. 22. System for measuring optical frequencies with a chain of
parametric generators with small degeneracy.
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frequency of this high-power laser 3—4 times and thus
cover the range of approximately 1—10 fi.

In conclusion we note that progress in the absolute
measurement of the frequency of optical oscillations is
determined essentially by further progress in non-
linear optics.

4. Accuracy of Absolute Measurement of light
Frequency

It was noted in the introduction that in the optical
band it is possible in principle to attain a higher fre-
quency-measurement accuracy, for a given observa-
tion time, than in the radio band. However, this advan-
tage cannot be directly realized, owing to the lack of
direct methods of measuring optical frequencies. In-
deed, let the optical frequency u> be measured by com-
parison with the n-th harmonic (n » 1) of the radio-
frequency oscillation ft:

co = »Q + Q', (6.4)

where ft' is the measured difference of the optical
frequency and of the n-th harmonic. If the radio fre-
quencies ft and ft' are measured with accuracies Aft
and Aft' respectively, then the relative accuracy of
measurement of the optical frequency is

AQ' , AQ (6.5)

Thus, the relative accuracy of measurement of the op-
tical frequency does not exceed the accuracy Aft/ft
with which the radio frequency is measured. To obtain
accuracies on the order of 10"14 it is necessary to have
exceedingly large measurement times.

This difficulty can be circumvented by measuring
the optical frequency w by comparison with the fre-
quency coo of an optical heterodyne having a high fre-
quency stability during the time T necessary for the
absolute measurement of its frequency with a specified
accuracy. Let the frequency of the optical heterodyne
o>0(t) be measured within a time T with the aid of
coherent frequency division w0 to a frequency ft or
multiplication of the frequency ft to o)0, and let the
maximum deviation of the heterodyne frequency during
the time T amount to 5u)x- Then the error in the
measurement of the frequency w is determined by the
relation

where Aft' is the error in the measurement of the dif-
ference radio frequency of the heterodyne and the
frequency w(Aft' = 1/T— time of measurement of the
difference frequency), wo/ftT is the error of the ab-
solute measurement of the frequency of the heterodyne
during the prolonged time T. The relative accuracy of
frequency measurement with the aid of such a scheme
is

_Au_ = J , 1_ , _&wr (Q 7)
t.\ TV.-L ' TCt > i.i \ • /

Thus, the measurement accuracy is determined es-
sentially only by the frequency stability of the optical
heterodyne during the time T of measurement of its
absolute frequency. If an optical frequency standard is

used as the heterodyne, then it is apparently realistic
to expect a measurement accuracy Aw/w = 1CT13—10~14

over relatively short time intervals, on the order of
one second.

VII. CERTAIN POSSIBLE PHYSICAL EXPERIMENTS
WITH THE AID OF OPTICAL FREQUENCY
STANDARDS

1. Measurement of the Speed of Light

At present, the speed of light, one of the basic phys-
ical constants, is measured with an accuracy 10"6. This
accuracy can be greatly increased with the aid of an
optical frequency standard and a system for the abso-
late measurement of the frequency of light. The idea of
the experiment is simple[19]. Simultaneous high-accu-
racy measurement of the frequency and wavelength of
the optical oscillations gives the speed of light with the
same accuracy as is attained in the measurement of
the wavelength and the frequency. The accuracy of this
method is apparently limited more readily by the ac-
curacy of the wavelength measurement than the fre-
quency measurement. For example, an accuracy
Ax/x = 10"10 can be attained with the aid of an inter-
ferometer with a base L = 103 cm, at a measurement
accuracy x/1000, and at a wavelength x = 1 M. Conse-
quently, it is perfectly sufficient to measure the fre-
quency of the optical oscillations and to have an optical
frequency standard with stability on the order of sev-
eral times 10~u. In this case the speed of light will be
measured with an accuracy 10"10. This is higher by
two orders of magnitude than the accuracy of the pres-
ent length standard'18-1. Therefore, having such an exact
value of the speed of light and having a time standard
with accuracy better than 10"10, we can forego an inde-
pendent length standard'19'.

The success of such an experiment depends mainly
on the progress in the absolute measurement of the
oscillation frequency in the visible and infrared bands.

2. Verification of the Constancy of the Universal
Constants

Following an analysis of the dimensionless combina-
tions of fundamental physical constants, including the
radius and age of the universe, Dirac advanced the hy-
pothesis[125] (see also[126>127]) that the physical con-
stants can change with time as a result of the expansion
of the universe.

This hypothesis can be approached from a different
point of view[128]. The elementary particles make their
own contribution to the mass and energy density, and
thus influence, in accordance with general relativity
theory, the curvature of the universe. Does the curva-
ture of the universe react on the elementary particle?
If the curvature changes, is this reflected in the masses
of the particles or in other properties?

There is still no experimental proof whatever of the
validity of this hypothesis. Moreover, as noted by
Dirac'125-1, this point of view contradicts both the gen-
eral and the special relativity theories. Several objec-
tions against this point of view were advanced by Ya.
B. Zel'dovich[129].

However, the possibility of experimentally verifying
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the constancy of the universal constants is discussed
to this day. Thus, Dicke analyzed many possibilities of
verifying this hypothesis[ 17'126]. One of them is con-
nected with the use of quantum generators as time
standards. Optical frequency standards are capable of
expanding the possibility of experiments of this kind.

If this hypothesis is valid, then a = e2/fic and other
dimensionless ratios of physical quantities change with
time as the universe expands. The reciprocal Hubble
constant is equal to 1.4 x 1010 years, i.e., in 1.4 years
the constant increases by 10"10. During this time, cer-
tain dimensionless physical constants can experience
changes, in accordance with Dirac's hypothesis, which
do not differ greatly in order of magnitude from 1O"10.
In this case, for example, two standard meters ( Li
= n^o— length standard in the form of a rule, L2
= nJic/Ry—optical length standard, where a0 = K2/me2

is the Bohr radius, Ry = me4/2H2 is the Rydberg con-
stant, and ni and n2 are integers), which differ by the
dimensionless factor Rc/e2 = 137.0366 ± 0.0005, will
no longer coincide. For experimental verification of
the constancy of Kc/e2 it is necessary to compare two
such length standards with a sufficiently high degree of
accuracy.*

Another possible experimental verification was in-
dicated by Dicke[17] and consists of a comparison of the
frequencies of two highly stable quantum generators
operating at quantum transitions of different nature,
i.e., which depend differently on the universal constant.
Optical frequency standards may make feasible the
formulation of experiments in accordance with such a
scheme. A number of such experiments are discussed
below.

Assume then we have a radio-frequency standard
operating on the transition between the levels of the
hyperfine structure of an atom (for example, a hydro-
gen maser at x = 21 cm'31) and a frequency standard
in the submillimeter band, based on the transition be-
tween the levels of the rotational structure (for exam-
ple, laser using the radicals CN or OH[64'65'106)107], but
with very high frequency stability). What can we obtain
from a comparison of the frequencies of these two
quantum generators? The frequency of the hydrogen
maser is determined by the relation[131]

i _a_ me C7 1\

where a0 is the Bohr radius and gi is the gyromag-
netic ratio of the proton.

The frequency of the rotational transition, for exam-
ple for the singlet term of a diatomic molecule, is
given by[132]

<oIot=±-(K+l), (7.2)

where I is the moment of inertia of the molecule and
K is the rotational quantum number. The moment of
inertia of the molecule is I ~ Ma2, and consequently
the ratio of the frequencies of the hyperfine and rota-
tional transitions are given by the relation

(7.3)

It follows therefore that the exact comparison of the
frequency of the hydrogen maser and of the rotational-
transition laser, carried out over a sufficiently long
time, can yield information on the time variation of the
quantity a2gi, i.e., the fine structure constant and the
gyromagnetic ratio.

A similar experiment can be carried out with two
frequency standards operating on the transitions be-
tween the rotational and vibrational levels of molecules.
The frequency of the vibrational transition of the mole-
cule is given by[132]

where Ko is the elastic constant and M is the molecule
mass. The elastic constant can be expressed in terms
of the known constants, namely KoR° ~ Ee, where R is
the amplitude of the normal oscillation (R = a0 ) and
Eo is the electron energy (E e = Ry). As a result, we
obtain for the ratio of the frequencies of the rotational
and vibrational transition

'V (7.5)

An attempt was made recently to observe astronomically the "con-
stancy" of the fine-structure constant by observing the absorption spec-
trum of a quasistellar source [13°].

An exact comparison of the frequencies of two such
standards for a prolonged time can yield information
concerning the constancy of another dimensionless
quantity—the ratio of the masses of the electron and
the nucleon. Similar information can be obtained from
an experimental comparison of the frequencies of the
vibrational transition of the molecule and the electronic
transition of the atom.

To carry out the described experiments, it is suf-
ficient to create frequency standards in the submilli-
meter and infrared bands, with a stability better than
10~u in one month.

Comparison of the frequency of the submillimeter
standard with the hydrogen maser with the aid of
existing experimental methods is perfectly feasi-
ble1^04'1051. To compare the frequency of standards on
vibrational and rotational transitions, it is necessary
to develop methods for the absolute measurement of
the frequency of optical oscillations.

The development of highly stable optical frequency
standards can apparently greatly increase the accuracy
of interferometric measurements, and by the same
token contribute to progress in the experimental obser-
vation of gravitational waves. Indeed, all the methods
of observing gravitational waves (see the review'-1351)
are based on the measurement of very small mechani-
cal displacements of bodies'-1361 or very small changes
in the length of the optical path of a ray[13?1. The ac-
curacy with which small mechanical displacements are
measured by non-optical methods at the present time
is several parts in I O 1 6 ^ 3 8 1 , i.e., much higher than the
accuracy of optical methods. With the aid of optical
frequency standards it is apparently possible to in-
crease greatly the accuracy of the optical methods.

VIII. CONCLUSION

Optical frequency standards constitute a relatively
new and promising trend in quantum radiophysics.
Considerable progress can be expected in this region
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in the next few years. Undoubtedly, new methods will
be found for obtaining narrow and ultranarrow optical
spectral lines, active media with very low pressure
will be produced, effective methods will be developed
for the absolute measurement of the frequency of op-
tical oscillations, etc. In principle there are no limita-
tions whatever to hinder to creation of highly stable
frequency standards in the frequency range from the
submillimeter band to the visible band.
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