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OPTICAL MANIFESTATIONS OF THE INTERFERENCE OF NONDEGENERATE

ATOMIC STATES

E. B. ALEKSANDROV

Usp. Fiz. Nauk 7, 595-622 (August, 1972)

The research on optical phenomena connected with interference of nondegenerate atomic states is
reviewed. The main types of phenomena are subdivided into four groups, called pulsed beats, beat
resonance, parametric resonance, and phase resonance. Common to all these phenomena is the ap-
pearance of modulations in the spontaneous emission of the atoms or in the absorption coefficient of
the atomic system. Certain nonlinear manifestations of interference of states are also considered.
The possibility of using interference phenomena as methods for the investigation of subtle details of
the energy structures of atoms and molecules is considered.
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1. INTRODUCTION

1 Ν connection with the remarkable progress made in
the interpretation of atomic spectra, the concepts of
energy levels and their populations have become so
firmly entrenched in atomic physics and spectroscopy
that they became gradually independent concepts, losing
the meaning attributed to them by quantum mechanics.
Yet the statement commonly made in spectroscopy, that
the atom is at a given (excited) level, is incorrect in the
overwhelming majority of cases.

In order for this to be so, i.e., for the state vector
of an atom to be directed along one of the basis vectors,
the atom must be subjected to a strictly measured regu-
lar action of sufficient power, something that could be
realized until recently only in radiospectroscopy (pulsed
coherent inversion). In all ordinary cases in optics, the
excitation raises the atom to a state of indefinite energy,
with a vector that is not parallel to any of the basis
direction (although it can be orthogonal to some or even
to the majority of them). It is known that such a state
Φ can always be mathematically represented in the form
of a superposition of states |k> with definite energy E^,
taken with definite weights (the superposition principle):

T=SC i |ft)e" t E*/ '". (!)
k

The mean squared moduli of the complex coefficients Cjj
have the meaning of level populations. The populations
describe fully the distribution of the intensities of the
spectral lines, and this causes the phases of the coeffi-
cients Cjj to be forgotten, and at the same time it is
forgotten that an atom described by relation (1) prior to
the measuring operation did not have a definite energy

and in a certain sense was situated simultaneously at all
levels.

The habit of thinking in terms of the population con-
cept in problems involving spectroscopy has resulted in
the fact that it was not until the 60's of this century that
an entire set of new optical phenomena was discovered,
the theoretical basis for which was developed back in
the 20's. We have in mind here the interference of
atomic states. Until recently, there were in optics
practically no known measuring procedures with which
to distinguish a system of atoms in the mixed state (1)
from a suitably chosen system of atoms with different
but definite energies. Nonetheless, a system of atoms
in the state (1) has distinct properties that can be ob-
served.

It is easily seen that measurement of quantities
whose operators do not commute with the energy lead
in the case of mixed states (1) to a periodic time depen-
dence of the measured quantities. This is well known in
magnetic-resonance techniques, where one measured
the transverse components of the angular momentum.

There exists also another possibility, more conven-
ient for optical methods, of revealing mixed states,
namely observation of the time dependence of the inten-
sities of the transitions from the state (1) to some new
state, under the action of some disturbance. Indeed, the
probability P(t) of a transition from a state (1) to a cer-
tain eigenstate |0) under the influence of a perturbation
V, proportional to |<0|V|*)2, takes the form

Ρ(t) ~ Σ CkC%. (01V\k) (01V| ft')·,,-«**-**·>«/*. (2)

As seen from (2), the transition probability has a com-
plicated time dependence that can be expanded into
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harmonics with frequencies corresponding to the dis-
tances between the sublevels contained in the super-
position (1). If one deals with the radiative decay of the
state (1), then these beats have a very lucid interpreta-
tion,^ ^ , namely, spontaneous emiss ion of the mixed
state (1) occurs already in the e lementary act with
emiss ion of an entire set of optical harmonics c o r r e -
sponding to t rans i t ions from the eigenstates making up
the superposit ion into the common s ta te . The interfer-
ence of these harmonics leads to intensity beats . This
concept of the intensity beats in the elementary radiative
p r o c e s s turned out to be fruitful and made it possible to
predict new effects correct ly .

The history of r e s e a r c h on optical phenomena in in-
ter ference of s t a t e s is quite inconsistent. The f irst ob-
servat ions of interference of degenerating s tates
( " b e a t s " with zero frequency) were made back in the
20's in Hanle's work on magnetic depolarization of lum-
inescence, and were correct ly explained (references
can be found in the review'-2-'). However, this work was
so little pursued that in 1959, when level cross ing ^ ,
in es sence a variant of the Hanle effect, was observed,
this phenomenon seemed puzzling at first''3-'. This sec-
ond birth of the Hanle effect led to a rapid development
of r e s e a r c h in this direction. The f irst observations of
the beats proper—inter ferences of nondegenerate
s tates—were s t a r t e d at that t i m e . (It is interest ing to
note that in spite of being quite common in principle,
these r e s e a r c h e s were c a r r i e d out quite independently
of the f irst ones, although they were unified by a com-
mon wave of interes t in this field of atomic physics,
st imulated by the r e m a r k a b l e work of a French group
of physicists headed by A. Kast ler and J . Brossel , who
developed the technique of double resonance and optical
orientation.) On the basis of the theory of magnetic
resonances , Dehmelt^6-1 proposed an experiment, which
was immediately rea l ized in'"7 '8-', with optically oriented
alkal i-metal vapor, in which magnetic resonance in the
ground s ta te was detected by the modulation of the
resonant-radiat ion absorption. A decisive shift in the
r e s e a r c h on the interference of nondegenerate s ta tes ,
however, began with , where modulation of spontan-
eous emiss ion was observed upon induction of magnetic
resonance in the excited s tate . In this study, the
phenomenon was t reated directly in t e r m s of interfer-
ence of the s ta tes . Under the influence of work on level
crossing1-3 '4-1 and on double resonance'- 8-', severa l
workers proposed independently and approximately at
the same time to perform specia l experiments on the
interference of nondegenerate s t a t e s , not connected
directly with any coherent perturbation (unlike the first
experiments'-*•'). Indications to this effect can be found
in the papers of S e r i e s ί ι Ά 1 (1959), Podgoretskii L 9 ]

(1960), Dodd and S e r i e s [ l o ] (1961) and K a s t l e r L l i : l (1961).
The new interference phenomena as applied to optics
and nuclear physics were discussed and predicted most
completely in unified form in1-9-1. All the hypotheses ad-
vanced were subsequently real ized. A number of other
experiments were also performed in this field, so that
an entire group of new optical phenomena involving
interference of nondegenerate s ta tes was discovered.

It is precise ly to these phenomena, in which the
proper t ies of nonstationary quantum states a r e most
clear ly pronounced, that this review is devoted. It is

re la ted in its scope to an e a r l i e r review by Podgoretski i
and Khrustalev'-1 2-1, who considered different prospec-
tive var iants of interference experiments in atomic and
nuclear physics, and to a recent review by Novikov,
Pokazan'ev, and Skrotskii1-1 3-1, devoted mainly to coher-
ent phenomena in radio-optical exper iments . We point
out also the review papers by Series'- -1 and by Hanle
and Pepper l .

The present review is l imited to optical phenomena.
This l imitation, dictated by the scope, is in essence
quite a r b i t r a r y , s ince interference of s ta tes is a com-
mon property of quantum sys tems and can be observed
in any frequency band. In par t icu lar , the f irst manifes-
tation of interference of nondegenerate noninteracting
s ta tes must apparently considered to be the free spin
precess ion observed in radio spectroscopy. A s imi lar
phenomenon was observed in nuclear physics'-12-1 in
1955 with the aid of the gamma-quantum angular c o r r e -
lation technique. We note that the appearance and de-
velopment of ideas of interference of s ta tes occurred in
optics, practical ly independently of analogous work in
nuclear physics (incidentally, a r e v e r s e influence did
exist). The first paper in which it was indicated that all
the s ta te- inter ference phenomena a r e common and in
which a connection was established between the already
real ized experiments in nuclear physics and the planned
experiments in physical optics was that of Podgoret-

^

The bibliography of the present review was compiled
to provide maximum coverage of the experimental pa-
p e r s in the optical region. Only selected theoretical
papers a r e cited.

2. QUALITATIVE DECUSSION OF THE CONDITIO№
FOR REALIZING COHERENT INTERFERENCE OF
ATOMIC STATES AND PRINCIPLES OF ITS
THEORETICAL DESCRIPTION

It is convenient to consider the conditions for the
occurrence of interference phenomena for a s implest
three-level system (Fig. l a ) . For concreteness we as-
s u m e that there is a single lower state |0) , connected
by an optical transit ion with two s tates |1) and |2) of
close energy, so that ωΟι ~ ωΟ2 2Ϊ> ω 12 (see Fig. l a ) .
Such a model corresponds exactly to the conditions in
most experiments and can be directly generalized to in-
clude any m o r e complicated c a s e . Assume that as a r e -
sult of some pulsed process of excitation at the instant
of t ime t = t 0 the wave function describing the excited
atom is given by a mixture of the s tates |1> and | 2 ) :

+ C2(i,i0)e-'»..«-'.)|2). W

The spatial distribution of the density of the e lectron
cloud of such an atom, which is proportional to | Φ | 2 ,
osci l lates in time with frequency ω ι 2 = ω01 — ωΟ2, this
being a manifestation of the nonstationary c h a r a c t e r of
the s tate (3). It is obvious therefore that any projection
of the dipole-moment vector of the transit ion from the
state Φ to the s tate | 0 ) , and with it also the probability
Ρ λ ( ί , t0) of emiss ion of a proton with definite polariza-
tion λ will experience s i m i l a r osci l lat ions. In the
simplest case, when the atom at the instant t = t 0 is
subjected to a pulsed excitation, after which it experi-
ences no perturbations whatever, the amplitudes Ci(t, t0)
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a) b)

FIG. 1. a) Three-level scheme; b) decay kinetics of superposition
state.

and C2(t, to) vary in time only as a result of radiative
damping. If we assume that both sublevels 1 and 2 have
the same radiative width Γ , then we can write

Ψ (ί, ί0) = e-r«-<.) [£ιβ-«»..<ί-Μ 11) + Cji-1"»"-'·» | 2>],

s o that i^\

»e-r«-<o) [|C,|«| λ,, |· +1Ct 1
β e - r«- ίο) μ + β c o g [ω ι 2 (/ _ ί ο) + φ0]},

where d is the dipole-moment operator, λΟι = (0|dX|l),
and λ2 0 = (2|dX|0). In a turbulent particular case we
have A = B, and then the plot of P\(t, t0) has the form as
shown in Fig. lb. Expression (4) describes the time
distribution of the probability of the elementary radia-
tive process. It is possible to separate in it two com-
ponents. The component with factor A depends only on
the populations of the levels 1 and 2. The second com-
ponent with factor Β describes the beats connected with
the interference of the states 1 and 2. If no special
measures are taken, then the oscillations with the ran-
dom phase distribution will vanish from the radiation
of an ensemble of atoms as a result of the averaging.
Obviously, in order for collective oscillations of the
intensity to be produced, it is necessary to ensure in the
radiation of the ensemble of the atoms a definite phase
synchronism between the terms of the elementary beats.

Strict phase synchronism of elementary oscillatory
processes corresponds to the equality (apart from a
term 2πη, where η is an integer) of the running phases
χ = ω«(ί — t0) + ψο of the elementary beats of the differ-
ent atoms.

The initial phase of the beats φ 0 = arg CiC*
+ argA0iA20 depends on the parameters of the initial
state and on the character of the polarization of the
registered radiation. In all the hitherto realized cases,
the interfering states had different angular-momentum
projections. For such states, the averaging, in the
course of observation, over the types of polarization
leads to a vanishing of the beats. In other words, the
radiation intensity integrated over space does not ex-
perience any oscillations, that is, such beats reduce to
a periodic spatial redistribution of a constant total in-
tensity. A model of such a radiator is a rotating dipole.
In exactly the same manner, the beats vanish in the case
of isotropic excitation of states with different angular
momentum projections. These conclusions are proved
with the aid of the Eckart-Wigner theorem with account
taken of the orthogonality properties of the coefficients
of the vector addition of the angular momentum1-1 4^.
The physical meaning of these conclusions reduces to
the statement that the total intensity of the emitted light
does not depend on the orientation of the radiating sys-
tem in space.

No beats correspond ing to modulat ion of the in tegra l

intensi ty of spontaneous e m i s s i o n w e r e o b s e r v e d in the

c a s e of i s o t r o p i c exc i ta t ion and observat ion, although

they a r e p o s s i b l e in pr inc ip le . Such beats a s s u r e d r e -

s u l t s from the i n t e r f e r e n c e of s t a t e s with ident ical pro-

jec t ion of the angular momentum or s t a t e s with indefin-

ite value of the project ion of the angular momentum. In

par t icu lar , the integra l modulat ion of the intens i ty

could be o b s e r v e d in e x p e r i m e n t s on the deexc i tat ion of

the 2S metas tab le s t a t e of hydrogen in an e l e c t r i c f ield,

when two c l o s e interfer ing s t a t e s of hydrogen a r e pro-

duced, each of which i s a m i x t u r e of 2S and 2 P

s t a t e s [ 1 4 b ] .

At a f ixed p h a s e <p0, there r e m a i n two other factors

that permit freedom of the phase χ, namely variations
of the beat frequency ωα and of the instant of excitation
t0. The frequency ω1 2 is under these conditions a param-
eter of the atom, and is constant for a system of light
atoms. It should be noted that this frequency, under the
condition ωΟι κ ωΟ2 3> ω^, is practically not subject to
a Doppler spread, unlike the optical frequencies ωΟι and
ω0 2, since both these frequencies shift in the same
direction when the atom moves by an approximately the
same amount, so that their difference remains con-
stant1 ' .

At fixed ωχζ and <p0, which is a characteristic condi-
tion for experiments on resonant fluorescence, the
possible occurrence of interference of states is deter-
mined by the character of the distribution of the instants
t0 of excitation of different atoms. There is one particu-
lar case in which the interference is not averaged for
any distribution of the instants t0, namely the case ω12

= 0, the case of beats with zero frequency. Depending
on the phase φ 0 ) the interference increases or decreases
of the intensity of the radiation registered in a given
direction in the vicinity of the level degeneracy. An
interference effect of this type is called level crossing.
Let us return, however, to interference of nondegenerate
states. The most obvious method of organizing collec-
tive beats is pulsed excitation—excitation of the entire
ensemble of atoms at a fixed instant of time t = t0. The
pulse duration At should satisfy the obvious relation
At <C ωΐί. Under these conditions, the phenomenon has
the most lucid form, namely, after the brief excitation
the intensity of the spontaneous emission decreases and
exhibits damped oscillations.

Instead of pulsed excitation, collective beats can be
produced by using harmonic modulation of the excitation
intensity. The advantage of such a method is obvious
from the following analogy. An atom whose emission
kinetics is described by expression (4) is analogous to
an oscillating system with natural frequency ω^ and
damping Γ . It is known that in the case of a periodic
driving force, a resonance is produced when the fre-
quency of the action approaches the natural frequency
of the system. A fully defined phase of the induced os-
cillations is established in this case, so that an arbi-
trary set of such independent identical systems will os-
cillate in phase. Thus, one can expect the luminescence
of an ensemble of atoms to be modulated in amplitude

^More accurately, the Doppler spread of the frequency ω 1 2 exists,
but it is smaller by a factor ω η / ω 0 than the spread of the optical fre-
quencies, and is therefore negligible.
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when the modulation frequency of the excitation intensity
approaches the frequency of the free beats .

A distinction should be made between the radiation
modulation produced under resonance conditions and the
trivial luminescence modulation connected with the os-
cillations of the populations of the radiating s tates in the
case of intermittent excitation. This tr ivial modulation
d e c r e a s e s with increas ing frequency Ω of the interrup-
tions of the excitation, owing to the inert ia of the spon-
taneous emiss ion, and vanishes almost completely if
Ω ^ > Γ . To the contrary, the interference resonance of
the beats should a r i s e with equal intensity regard les s
of the lifetime of the sys tem.

Both considered methods of organizing beats a r e
based on introduction of synchronization into the p r o c -
ess of excitation of different a toms. This does not ex-
haust all the possibil it ies of real izing collective inter-
ference. Phasing of the elementary beats can be at-
tained with a uniform distribution of the instant t 0 of
excitation, by acting on the initial phase φ 0 or on the
frequency ω 12 of the e lementary osci l latory p r o c e s s .
The first method is par t icular ly obvious if one specifies
a l inear variation of the initial phase with t ime, φ 0

= Ωί 0. Then the instant of excitation vanishes from the
express ion for the running phase of the oscillation χ at
Ω = ω 1 2 , and the phase becomes the s a m e for all a toms.
A l inear variation of the phase with t ime is difficult to
rea l ize for purely methodological r e a s o n s , and one uses
harmonic modulation of the phase, which also leads to
the occurrence of par t ia l phasing of the e lementary
beats .

The synchronizing action of the modulation of the
frequency ω^ is less lucid, but it is c lear that s ince the
phase χ at a given instant t depends on the variation of

the frequency in the past , χ = j [w1 2(t') + φο]άί', by

properly acting on the instantaneous frequency w w it is
possible to " p u l l i n " the phase of the beats of the atoms
excited at different instants t 0 to a certa in common
value.

These qualitative considerations served as a basis
for a quantitative analysis that confirmed these predic-
tions. We note that the foregoing methods of ensuring
phasing of the beats coincide with the main known types
of modulation of harmonic oscil lations—amplitude, fre-
quency, phase, and pulse modulation. This c i rcumstance
allows us to think that these methods exhaust the possi-
bilities of organizing collective interference (there r e -
main, of course , all possible combined actions; see , for
e x a m p l e , C l 5 a ' 1 6 W ) .

The employed qualitative interpretat ion of the forma-
tion of collective beats as a superposit ion of elementary
excitations can be readi ly made quantitative" 1 7- 1. For
this purpose, it suffices to as sume that the number of
atoms excited per unit t ime is large. Then, replacing
the summation of the elementary intensit ies by integra-
tion, we have for the summary intensity the expression

Λ.. (5)

extends from -«> to the running instant of t ime t, mean-
ing that a stationary solution is obtained. It is assumed
that the form of the expression for the probability
Ρ λ ( ί , t0) of the elementary beat was established before-
hand.

In such an analysis , it is also assumed that the exci-
tation p r o c e s s occurs instantaneously, or more accur-
ately within a t ime At <C ω&, Γ'1. This condition is
certainly satisfied in the case of excitation with fast
par t ic le s . For example, the excitation with electrons at
resonant energy lasts less than 10" 1 6 s e c . In the case of
optical excitation, the effect of t ime of realignment of
the state of the atom is of the order of the rec iprocal
width of the exciting-radiation spectrum1-5-1. Therefore,
if we confine ourselves to beats with frequencies less
than 109 Hz, we can assume that the condition under
which the excitation can be regarded as of short duration
is satisfied also in the optical method of excitation, if
ordinary (non-laser) light sources a r e used.

A consistent theory of interference phenomena of
nondegenerate s tates was developed by Konstantinov and
P e r e P [ 1 8 ' 1 9 ] , Corney and S e r i e s [ 2 o a ] , S e r i e s [ i c : l , and
o t h e r s 2 ' . We present the main features of a description
that makes use of the densi ty-matr ix formal ism.

The intensity of spontaneous emiss ion with a polar-
ization vector λ, connected with the decay of an excited
state with sublevels | m ) , is given by

where A m m ' is the so-cal led observation matr ix

Amm- = 2 <μ Ι <ϊλ | m) (m' I d% | μ),
μ

k is a proportionality coefficient, and the indices μ
designate the sublevels of the lower s ta te . To find the
density matr ix a m m / ( t ) of the upper s ta te , it usually
suffices to solve the Schrodinger equation in first o r d e r
of perturbation theory, the perturbation being the excit-
ing action. In this approximation, the equation for
a m m / ( t ) takes the form

(domm. Idt) + CTmm. (iam Γ) = Fmm. (t); (6)

here F m t n ' ( t ) is an express ion character iz ing the
method of excitation. For example, in optical excitation
with a sufficiently broad spectra l line and polarization
e, from a s tate with sublevels μ, we have

fmm- (t) = J (ω0, t) %~2 2 σμμ' <μ | de I m) (m' | de | μ'>, (7)
μ. μ'

w h e r e J ( o > 0 , t ) i s t h e s p e c t r a l d e n s i t y o f t h e e x c i t i n g

radiation at the central frequency of the working t rans i-
tion, and σ / is the density m a t r i x of the initial s t a t e .

As a ru le , in experiments on the interference of excited
s t a t e s , the initial s tate is character ized by equality of
the populations of all the sublevels and, in addition, by
the absence of phase coherence between them, so that
the matr ix

„„
is diagonal. The condition for the onset

of beats is that the off-diagonal matr ix elements CTmm'
obtained with the aid of (6), be different from zero.

where μ.(ί0) is the density of the excitation acts in t ime,
and k is a proportionality coefficient. The integration

'The start of a theoretical description of these phenomena is con-
tained also in an earlier paper. [9].
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It is seen from (7) that the necessary natural condi-
tion for the onset of a superposition of the levels m and
m' is the simultaneous existence of a transition proba-
bility from the common state |μ) to the states |m) and
|m'}, for which it is necessary to choose correctly the
polarization of the exciting light. It is also easy to see
that in the case of a sufficiently large separation of the
levels, <»>mmi ^ Γ , appreciable off-diagonal compon-
ents of the density matrix can appear only if the coeffi-
cients F m m ' or w m m ' are definite functions of the time.
The methods considered above for organizing collective
interference of states correspond to modulation of the
frequency <*>mm'> and of the amplitude or phase of the
complex quantity F m m ' .

3. PULSED BEATS

Beats obtained by pulsed excitation are attractive
because of their faultless clarify. The luminescence
oscillations are not accompanied by any external regu-
lar action and demonstrate the natural oscillations of
the radiation intensity of atoms with characteristic fre-
quencies. A particularly lucid beat picture is obtained
in the interference of only two excited levels. The ex-
perimental technique is just as simple as the phenom-
enon: after a brief excitation of the atomic vapor it is
necessary to take oscillograms of the kinetics of the
luminescence quenching. In spite of the attractiveness
of such an experiment, it was realized already after the
interference of nondegenerate states was observed in
other less direct experiments. This was due to the ap-
preciable experimental difficulties in obtaining a suffi-
ciently powerful short excitation pulse. These difficul-
ties are clearly illustrated by the first two studies in
which pulsed beats were observed almost simultane-
ouslyt 2 1 ' 2 2 C ] .

The object i n r 2 1 ] was mercury vapor, and the transi-
tion 63PX - β^ο, 2537 A was used. The triplet 63Pi was
split in the magnetic into three levels with m = 0 and
± 1 . If the polarization of the exciting light is suitably
chosen, then the excitation of the level with m = 0 can
be excluded (to this end, the electric field vector of the
exciting light should have no components along the mag-
netic field). In this the system coincides with that in the
three-level model. To obtain clearly pronounced beats,
the distance between the split levels must exceed notice-
ably their width. The level width of the state 6 ^ is
approximately 107 sec"1. The levels were split to a
frequency ωΆ/2τι = 107 Hz. The vapor was excited by a
lO^-sec light flash from a mercury lamp, shaped by an
electron-optical shutter. Such a short excitation-pulse
duration, together with a large loss of light in the shut-
ter, led to an extremely low efficiency of luminescence
registration. Only one photoelectron connected with the
registration of the luminescence was registered in 50
pulses of excitation. Of course, there would be no
thought of obtaining direct oscillograms under such
conditions. Instead, a system of prolonged accumulation
of the photopulses in 16 intervals of 25 nsec each, with
different delays after the excitation pulse, was used.
Altogether, some 3 χ 10β excitation pulses were pro-
duced in 15 hours. Figure 2 shows the results. The ex-
perimental curve 2, with indication of the spread of the
points, is superimposed on the theoretical curve 1 (the

350

ZiO

SO

FIG. 2. Pulsed beats ["].

o a mo so m m m sst
Time after the excitation pulse, nsec

shaded rectangle marks the excitation interval). On the
whole, as seen from Fig. 2, the experiment points to the
existence of beats in the luminescence, although the
spread of the points of the same order as the maximum
amplitude of the registered oscillatory process. We
note that the phase shift observed in Fig. 2 between the
experimental and theoretical curves at the start of the
process is a consequence of the appreciable background
of unmodulated radiation, connected with a number of
technical factors.

More definite results were obtained in1-220-', where
the object was cadmium vapor. An analogous transition,
5 3 P X - 5^0, 3261 A, was excited. The lifetime of the
state 53Pj of cadmium is 20 times larger than that of
the mercury state 63Pi, so that a smaller splitting could
be used and the exciting pulse could be lengthened to
10~7 sec. This has made it possible to use a shutter with
relatively large transmission. As a result, the photo-
cathode of the photomultiplier used to register the lum-
inescence of the vapor emitted up to 100 photoelectrons
per excitation pulse. Nonetheless, even this was not
enough for direct oscillography of the process. Conse-
quently, accumulation was used likewise, but by an en-
tirely different method, which turned out to be at the
same time very simple and effective. A pulsed modula-
tor synchronized with the triggering of the oscilloscope
sweep was turned on in a stroboscopic regime at a fre-
quency 50 Hz. The oscillograms from the oscilloscope
screen were photographed on a single frame of the film,
so that ultimately there was obtained a synthetic picture
of some 10,000 single oscillograms. The noise was
averaged out, and the regular features of the process
accumulated. It is essential that in such an accumula-
tion method there is no loss due to the stepwise separa-
tion of the individual time intervals of the process * 2 3 a 3 .
The information concerning each pulse is registered
completely. This is due to the short duration of the em-
ployed accumulation—altogether several minutes—with
a sufficiently reliable result. Figure 3 shows two copies
of strongly contrasting synthetic oscillograms, one used
as a control (a) and corresponding to level degeneracy
when there are no beats, and the other for the case when
the degeneracy is lifted and beats are present (b). The

FIG. 3. Synthetic oscillograms of beats [
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0 / Z 3 4 t, 10"' sec
FIG. 4. Results of microphotometry of the original oscillogram of

Fig. 3b.

first shows a broad light band—averaged noise bursts.
The rapid rise of the band corresponds to the excitation.
The envelope of the beam gives the kinetics of the proc-
ess—a smooth decrease of the spontaneous radiation.
This oscillogram was obtained in a zero magnetic field,
when the sublevels of the 53Ρχ state are degenerate.
The lower oscillogram demonstrates beats with fre-
quency 1 MHz. The original of this oscillogram was
subjected to microphotometry, the result of which is
shown in Fig. 4, which demonstrates beats in which the
ratio of the maximum oscillation amplitude to the spread
of the points is approximately 30. The fact that the depth
of modulation is not 100% due to a number of purely
technical causes, principal among which is the pres-
ence in the cadmium vapor of odd isotopes with differ-
ent beat frequencies, and the finite time of the exciting
pulse.

The investigation of J was repeated three years
later by a partly reorganized group1-23 -1. The authors
improved the experimental technique and changed the
object of investigation, replacing the mercury by cad-
mium, as in . The beats were observed with ap-
proximately the same reliability as in^22 -1, but the re-
sults were processed much more thoroughly.

We mention one more perfectly analogous experi-
ment1-24-1, in which cadmium vapor was subjected to
pulsed excitation by an electron beam. Excitation by an
electron beam is also capable of producing a collective
phase dependence of the states, as is evidenced by the
presence of predominant polarization of luminescence
in the absence of a magnetic field, with a direction that
coincides with the direction of the electron beam when
viewed in a direction perpendicular to the beam. The
electron excitation is convenient because of the simplic-
ity with which the beam can be modulated, but leads to a
less distinct effect, since the coherence of the states is
not complete in this case. The presence of beats in the
luminescence was established in1-24-1 by a delayed-coin-
cidence technique.

Beats connected with interference of magnetic sub-
levels admit of an intuitive treatment based on the con-
cepts of precession of dipoles and magnetic moments in
a magnetic field. In all the described experiments, a
linear dipole oriented transversely to the magnetic field
was excited at a definite instant of time. Such a dipole
precesses about the magnetic field, and when viewed,
say, in a direction perpendicular to the magnetic field,
its projection on the observation direction consequently
changes periodically, and this leads to modulation of the
intensity of the emitted light. In cases when the level
splitting is not connected with the magnetic field, inter-
pretations of this kind are difficult. For sublevels of
Stark origin, an attempt of such an intuitive explanation
is given ί η [ 2 5 ] .
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FIG. 5. Beats in a fine-structure system of hydrogen or helium [27].

Beats were observed in pulsed excitation of atoms
also in a series of experiments of an entirely different
kind, namely the study of the luminescence of fast ex-
cited atoms produced by charge exchange of high-energy
ions passing through a thin film C2e"28]. The most defin-
ite results were obtained in1-27-1, where the emission
intensity of a beam of atoms was measured as a function
of the distance from a carbon film, in which charge ex-
change of hydrogen and helium atoms took place. The
optical system made it possible to separate a section of
a beam approximately 1 millimeter long, thus resulting
in a very high time resolution, on the order of 1O'10 sec.
Thus, beats were observed at the frequencies of the fine
splitting of the helium state 23Plj2 (655 MHz) and the
hydrogen states 3D5/2,3/2 (1083 MHz), 4D5/2,3/2 (457 MHz)
and 4P3/2,i/2 (1371 MHz), observed on the lines Ha and
Ho. These are the highest frequencies on which free
beats could be observed so far3'. The experimental
points obtained in[27] are shown in Fig. 5 (the symbols
11 and i denote the positions of the plane of polarization
of the registered light relative to the beam, and Λ de-
notes registration in unpolarized light).

It should be noted that the possible onset of a collec-
tive effect of beats under such conditions is not obvious.
To this end it is necessary that the phases of the fine
states contained in the superpositions be unevenly dis-
tributed after the charge exchange (it is this which
corresponds to the presence of a definite phase φ 0 in
expression (4)). As shown in ' 2 , the occurrence of
beats is connected with the alignment of the direction of
the atomic beam with the orbital angular momentum of
the atom following the charge exchange. As a result of

3* Beats connected with stimulated radio-frequency transitions in
the hyperfine structure of alkali metals were observed in [29]. In nuclear
physics, in the same frequency region, beats of the probability of ob-
serving Ko and Ko mesons resulting from interference of the states K°
and K° were observed in 1960 (see the reviews [12·30]).
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further spin-orbit interaction, the spin and orbital com-
ponents of the electron angular momentum begin to pre-
cess about the direction of the total angular momentum,
and there is a preferred initial direction of the orbital
angular momentum of the atoms. This is what leads to
a superposition, coherent over the ensemble of the
atoms, of the states of the fine splitting.

The foregoing examples, namely beats in a system of
magnetic sublevels and fine-splitting levels, clearly
demonstrate the common character of the interference
of states, regardless of their nature or the cause of the
splitting. (The same circumstance is illustrated splen-
didly in the nonlinear region by the beats of Ko mesons;
see the preceding footnote.) A very interesting variant
of a pulsed experiment with beats is considered in ' .
In that study, the mercury nuclei Hg199 in the ground
state were optically oriented in a zero magnetic field.
The process of optical orientation brings an appreciable
fraction of the atoms (and in the limit all of them) into
a state with definite projection of the angular momentum
of the nucleus relative to the direction of the orienting
light beam . If we now turn on suddenly a magnetic
field of sufficiently large intensity transverse to the
direction of orientation of the nuclear moments, the
latter begin to precess about the field direction, and
this is a manifestation of the onset of superposition of
energetically different states with different projections
of the angular momentum on the direction of the mag-
netic field (m = ±1/2). The wave function of the system
is given in the form

Ψ (i) = (/2/2) | 1/2 > e+*«*/2 + (/2/2) | -l/2>e-««'/2t (8)

where ω is the frequency of the splitting of the levels
±1/2. Thus, in this case the coherence of the states is
due not to pulsed excitation but to pulsed lifting of the
degeneracy.

In fact, i n [ i e a J the pulsed splitting of the state was
effected not by a magnetic field, but by an electromag-
netic field of a second more powerful light beam direc-
ted at a right angle to the first orienting beam, and
polarized in suitable manner. As shown by a number of
preliminary investigations (a review can be found in ),
a light beam not at full resonance with the atomic tran-
sition shifts the levels that take part in the transition;
the magnitude of the shift depends in the general case
on the quantum numbers of the level. In the example
considered, an auxiliary beam was used with two close
spectral components, and the line of the 6^0 — 6 3P 1 (

F = 1/2 atomic transition of Hg199 fell in the middle be-
tween these components. This led to a shift of the sub-
levels with m = ± 1/2 of the state 6^0 in opposite direc-
tions, i.e., to a lifting of the degeneracy and to forma-
tion of a superposition (8) of states with definite energy
and definite projections of the angular momentum on the
direction of the second powerful light beam. Since we
are dealing with a superposition of the sublevels of the
ground state, this superposition is optically manifest by
absorption of light of definite polarization . Concretely,

*' As indicated in Chap. 1, the beats are observed on going from the
superposition state to the eigenstate under the influence of some per-
turbation. So far, only spontaneous emission was considered, and the
perturbations were the fluctuations of vacuum. In this case the pertur-
bation is an external light beam that causes transitions from a lower
state to a higher one.

FIG. 6. Oscillogram of beats produced by pulsed lifting of the de-
generacy [ l6a].

after a pulse of the second light beam was turned on
in1-16 -1, damped beats were observed in the intensity of
the first orienting beam after its passage through the
mercury vapor. An oscillogram of the registered beats
is shown in Fig. 6. In concluding this chapter we indi-
cate that one can treat as optical pulsed beats also all
other variants of excitation of the free precession of
oriented atoms in the ground state, registered by means
of optical absorption. Such a precession was observed
in the early 60's in most investigations on optical orien-
tation of atoms, and did not attract special attention.

4. RESONANCE OF BEATS

In this and in the following two chapters we consider
experiments in which the interference of states becomes
manifest under stationary conditions. By resonance of
beats we mean the appearance of modulation in the lum-
inescence or in the absorption coefficient when the sys-
tem is periodically excited at a frequency close to the
frequency of the free beats.

This phenomenon was first observed in^7 ^, where
atoms were optically oriented by modulated light direc-
ted across a magnetic field. Under these conditions, a
superposition of magnetic states is produced, in analogy
with the description given in the preceding chapter as
applied to'- i e a-'. The phenomenon was treated in a par-
ticular manner, in terms of precession of the magnetic
moments5 '. The resonance of beats was demonstrated
in a much clearer form i n

C 2 o b > 2 2 a 3, in the excited 53ΡΧ

state of cadmium. As already mentioned, if magnetic
splitting of this state is used and the polarization of the
exciting radiation is chosen perpendicular to the mag-
netic field, then it is possible to produce a coherent
superposition of the sublevels with m = ± 1 , i.e., to
realize the simplest three-level model considered in
Chap. 2. Let the exciting light be modulated in accord-
ance with the law

μ (<o) = μ0 (1 + ε cos Ω( ο ) .

Subst itut ing th is e x p r e s s i o n in (5) and us ing (4) we have

the fol lowing e x p r e s s i o n for the intens i ty I(t) of the

l u m i n e s c e n c e r e g i s t e r e d perpendicular to the magnet ic

f ield:

5)These investigations are discussed in somewhat greater detail later
on in Chap. 7.
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/ (t) = C [Γ" 1 + ε (Γ cos Ωί f Ω sin Ωί) (Γ 2 + Ω 2 ) " 1 (9)

+ (Γ cos φ + ω12 sin φ) (Γ 2 + ωϊϊ)"1

+ 0,5ε{[Γϋθ8(Ωί — φ) + (Ω — ω12) sin (Ωί — φ)] [Γ2 + (ω12 — Ω ) 2 ] " 1

+ [Γ cos (Ωί + φ) + (Ω + ω12) sin (Ωί + <ρ)] [Γ 2 + (ω12 + Ω) 2 Γ'}] ;

Here ψ is double the angle between the direction of the
electric vector of the exciting light and the plane normal
to the observation direction, and C is a proportionality
coefficient. This expression takes into account the fact
that the probabilities of transitions to the lower state
are the same for the two interfering sublevels.

The first term in the formula corresponds to the
constant component of the population of the excited
state. The second term, which decreases rapidly with
increasing excitation frequency, reflects the modulation
of the population of the excited state. The remaining
terms are connected with interference of the states.
The third term describes the interference contribution
to the constant component of the intensity of the scat-
tered light, which is significant only in the region where
the levels overlap noticeably. This is the well-known
and already mentioned effect of level crossing (see, for
example,1-32-1). The fourth term describes the alternat-
ing component of the luminescence. We see that the
depth of the modulation increases resonantly in the
vicinity in the region where the excitation modulation
frequency becomes equal to the frequency of the transi-
tion between the interfering sublevels (Ω = ω1 2). The
left term is analogous but "antiresonant," and goes
over into the resonant term when the magnetic field is
reversed. Under conditions of considerable level
splitting, ω12 3> Γ , an important role is played only by
the resonance term. We note that its amplitude (maxi-
mum) value does not depend on the frequency; the beat
resonance can occur at any frequency, regardless of
the inertia of the spontaneous emission.

Beat resonance in luminescence was first observed
jjjCaza]^ ^ quantitative interpretation of this phenomenon
was given i n [ 1 9 ] . Similar investigations were performed
in1-20". We present the results of an investigation of the
modulation of the spontaneous 3261 A emission line of
cadmium^Z5^. in that study, the excitation was produced
by modulated light polarized at an angle of 45° to the
direction of the magnetic field, so that a superposition
of all the excited levels with m = ± 1 and 0 was pro-
duced. Since these levels are equidistant, the system
has two resonant beat frequencies, one of the transition
between the outer sublevels ± 1 , and the other between
the central and the outer ones. In the experiment, the
light modulation frequency was fixed at 1000 kHz. The
magnetic field was varied, so that two resonant values
of the magnetic field were expected. Registration was
by a synchronous detection technique. Figure 7 shows
the dependence of the obtained signal on the magnetic
field, together with the theoretically calculated curve.
The resonances occurred in the vicinity of ±0.24 and
±0.48 Oe, and the luminescence was modulated in these
regions with a phase shift of 90°.

Beat resonance in mercury vapor was observed
under analogous conditions in1-33'34-1. Experiments on
beat resonance excited by an electron beam are des-
cribed inC22b,35a,3ea]_ A m o c u f i c a t i o n of this type is of
interest because it becomes possible to excite states
that are not connected with the ground state by an opti-
cal transition1-32'33-1. Problems of the theory of coherent

FIG. 7. Signal of beat resonance in
luminescence of cadmium [ls].
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excitation by electron impact are discussed i n C 3 5 C ' 3 e a ] .
The advantages of using an electron beam are demon-
strated particularly clearly i n [ 3 e a : l , where a modulated
electron beam was used for coherent population of the
mercury metastable state 6 3P 2. If the beam is perpen-
dicular to the magnetic field, then a superposition of
states with m = ±1 is obtained6'. This superposition
was registered with a light linearly polarized beam
directed along the magnetic field was used from an ad-
ditional lamp, with wavelength 5461 A (63P2 - 73Si). On
passing through the mercury vapor, this beam exhibited
absorption modulation when the resonance conditions
were satisfied.

The qualitative picture of the onset of beat reson-
ance, described in Chap. 2, makes use of the concept of
in-phase addition of the oscillatory processes of decay
of various atoms. It is clear from this picture that what
we have here is free beats for each individual atom tak-
ing part in the resonance. At ordinary intensities, each
atom is rarely excited, the intervals being much longer
than the lifetime of the excited atom. Therefore modu-
lation of the excitation does not affect in any way the
character of the emission of each individual atom, and
only leads to a phasing of the beats of the individual
atoms. This explains why the width of the beat reson-
ance is determined only by the damping parameter Γ of
the atom. In other words, the radiospectroscopic meth-
ods are characterized by a saturation that is connected
with the perturbing action of the alternating field.

A kinetic treatment of the onset of the beat resonance
is convenient because it is universal and is equally well
applicable to any type of excitation7'. When optical ex-
citation is used, it is possible to use with success a
spectral treatment of the resonance [ 1 9- ), in which the
beat resonance is regarded as the result of an increase
in the effectiveness of the scatter of correlated harmon-
ics of the modulated-light intensity when the splitting of
the spectral components of the scattering atoms coin-
cides with the frequency of the light modulation. This
treatment is convenient for the understanding of the
onset of resonance also when modulated laser radiation
is used for the excitation, i.e., in a situation that does
not fit the concept of pulsed excitation. The resonance
picture turns out to be the same in this case. The var-
iant with laser excitation was investigated in1-39-1. The
laser radiation was modulated by a clever device, using
synchronized beats of longitudinal modes of a neon-
helium laser (6328 A). A theoretical description of the

^Generally speaking, a superposition of states with m = ±2 also
takes place, but the existence of such coherence cannot be observed in
single-photon electric dipole transitions, owing to the selection rules.

"This treatment was applied to nuclear physics in [37'38].
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beat resonance using quantum-electrodynamic methods,
which leads to the same results, is given inC 4 o a-'.

In all the experiments, the beat resonance was real-
ized at the magnetic-splitting level, with the exception
of [ 2 5 ], where the Stark structure of the 53PX level of
cadmium was investigated. A theoretical investigation
of beat resonance in a system of hvperfine-splitting
levels was carried out in'•"·'. In1- ] , quantum electro-
dynamics methods were used to investigate theoretically
beat resonance in a system of levels with different life-
times. In this case there are differences in the result
of the excitation of the system by a broad spectrum
and by a laser. Questions of interference of states with
different lifetimes were treated also by semiclassical
methods in1-10-1.

5. PARAMETRIC RESONANCE

Parametric resonance is an interference effect con-
nected with modulation of the energy interval between
the interfering states. It is manifest in the appearance
of modulation in the spontaneous emission (or in the ab-
sorptivity) of a system of atoms when the interval be-
tween the sublevels of the excited states is modulated at
a frequency equal to the level splitting frequency or is
smaller by an integer factor. Modulation and radiation
occurs at frequencies close to the modulation frequency
of the splitting. Like all interference effects, parame-
tric resonance can be registered also in absorption.

The influence of modulation of the position of energy
levels on the polarizationC 4 2 ] and the spectrum [ 4 3 ] of
atom emission was discussed long ago and many times.
However, the idea of interference resonance in the case
of such modulation was first advanced in , where
there are also theoretical hints, which were formulated
in somewhat more extended form in1-44-1. Further devel-
opment of these ideas, carried out in1-18-1, led to a thor-
ough change in the predictions concerning the experi-
mental manifestations of the process. In that reference,
this phenomenon was called parametric resonance. .

Parametric resonance can be easily described on
the basis of the general analysis of Chap. 2. Confining
ourselves to the simplest case of two interfereing sub-
levels (corresponding to the conditions of the first ex-
periments), we present an expression for the intensity
of spontaneous emission with a given polarization

where C is a proportionality coefficient, and the har-
monic amplitudes B^ are given by the expression

Bh = iK 2 /,,.,.„ (ω,/Ωϊ/,,ίω,/ΩΜΓ + ίίωα-ηΩ)]-1;
n=s-oo

Here 3η(ωχ/Ω) is a Bessel function of the first kind. It
is assumed that the modulation of the interval ω1 2 is
given by w12(t) = ω ι 2 + ωι cos fit. Thus, parametric
resonance is characterized by an infinite set of har-
monics in the radiation intensity, and for each harmonic
there is an infinite set of resonances. This phenomenon
can be qualitatively explained in various ways. Probably
the clearest of them is the spectral approach C l 8 ] . As-
sume that we are dealing with parametric resonance in
an excited state following excitation by light. Since the

light is not modulated in these experiments, it can be
represented in the form of a set of independent harmon-
ics of the field. An atom with two levels in the excited
state can be described by an aggregate of two oscillators
with different frequencies. In experiments on modulated
excitation, the modulation of the light has led to the ap-
pearance of two correlated satellites for each optical
harmonic. When the frequency difference between the
two oscillators coincided with the modulation frequency,
both oscillators could be excited by two coherent har-
monics of the light, and consequently could interfere
coherently (with respect to all other oscillators in the
system). What is transformed in parametric resonance
is not the spectrum of the exciting light, but the absorp-
tion spectrum of the oscillators. As is well known, fre-
quency modulation produces in the oscillators an infinite
set of discrete absorption lines separated from the
fundamental frequency by multiples of the modulation
frequency. When the average distance between the sub-
levels of ω12 and the modulation frequency Ω are equal
or are exact multiples, the same harmonic of the excit-
ing light is capable of exciting one of the oscillators at
the fundamental frequency, and another at one of the
sideband frequencies coinciding with it. Thus, one opti-
cal harmonic excites two correlated sets of oscillations,
which are able to produce various beats between each
other, including also a beat at zero frequency. The lat-
ter, in the case of interference of magnetic sublevels,
corresponds to a change in the average directivity pat-
tern of the emission of the system of atoms. We note
that, unlike in beat resonance, no modulation of the
populations takes place in parametric resonance, and
the effect has a pure interference character. This is a
radical difference between parametric resonance and
the methodologically similar double resonance, which
is characterized by induced transitions between the sub-
levels. In the case of magnetic levels, both experiments
differ only in the orientation of the alternating magnetic
field. In experiments on double resonance, the alternat-
ing field is perpendicular to the constant field and leads
to magnetic resonance. In experiments on parametric
resonance, both fields are parallel—the alternating field
modulates the splitting without causing any transitions.
This difference gives rise to a difference in the forms
of the signals. The widths of the parametric-resonance
signals do not change with increasing modulation of the
energy gap.

There are relatively few experimental studies of
parametric resonance. The effect was first observed
in the luminescence of cadmium1·18-1 in a magnetic field.
Shortly thereafter, a similar experiment was per-
formed t-45-1. Parametric resonance in the eround state
was observed almost simultaneously in c ' c : l , the ob-
jects of the investigation being optically oriented cesium
vapor and He 1 9 9 vapor, respectively. In all these ex-
periments , the level splitting was modulated by a mag-
netic field. The only exception was '-25-1, in which param-
etric resonance of the Stark sublevels was observed
when the electric field was modulated. More detailed
information, with a demonstration of the experimental
results, can be found in a recent review1-13-'. I n [ 4 e ] ,
parametric resonance is treated theoretically as a
multiphoton process.
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β. PHASE RESONANCE OF BEATS

Phase resonance is an interference effect that be-
comes manifest also in the appearance of modulation
(sometimes in accordance with a complicated law) of
absorption or emiss ion of a sys tem of atoms, and is
connected with the action of the interfering s ta tes on the
initial phase difference. In prac t ice , in the case of in-
terference in a magnetic level s t r u c t u r e , the initial
phase difference depends on the direction of the uniso-
tropic exciting action relat ive to the quantization axis,
so that we a r e dealing with modulation of the polariza-
tion or of the direction of the exciting light, or else of
the direction of the flux of exciting fast par t ic le s . Phase
resonance takes on significantly different forms, de-
pending on the t ime variat ion of the initial phase. In the
s imples t form, the phase var ies with t ime l inearly (see
Chap. 2). Such an experiment could be real ized by ex-
citing luminescence with light along a magnetic field
with a rotating plane of polarization. Another variant,
proposed by Series '- 1 -1, consists of exciting an atomic
vapor with two beams of light orthogonal to each other
and to the magnetic field, and modulated in intensity
with a phase shift of 90°. In both c a s e s , the resonance
would be given by a formula corresponding to the f irst
and third t e r m s of (9). It is difficult to devise a method
for varying the phase l inearly. Therefore the first study
of phase resonance was made with harmonic modulation
of the phase. If the variation of the initial phase is given
by <^o(t) = φ + φι cos fit, we can easily obtain an expres-
sion for the intensity of the sca t tered light

(10)

Here again 3-^φι) is a Bessel function of the f irst kind.
It follows from the last express ion that at a fixed fre-
quency Ω of the phase modulation, the beats occur at
multiple frequencies VSl, and the amplitude of the k-th
harmonic has a maximum value when the distance be-
tween the interfering sublevels ω 12 is k t imes l a r g e r
than the modulation frequency. In the presence of a
spectrum of harmonics , a s imi lar i ty appears between
the phenomenon and p a r a m e t r i c resonance. The differ-
ence between the phenomena lies in the different number
of resonances . In phase modulation, each harmonic has
one resonance and one " a n t i r e s o n a n c e " under the condi-
tion a>i2 = ±kfi, whereas in p a r a m e t r i c resonance the
harmonic with number k has an infinite number of
resonances ω 1 2 = ηΩ, where n = 0 , ± l , ± 2 , „ . etc. At a
smal l depth of modulation, that i s , when ψι <SC 1, we can
confine ourselves in the preceding formula to t e r m s with
k = ± 1 and k = 0. Then the express ion for the lumines-
cence intensity coincides with the express ion for the
beat resonance (9), in which it is necessary to d i scard
the second t e r m and replace ε by ψ\./2.

An experiment with harmonic modulation of the
phase was rea l ized in1-22"-1. A traditional object, cad-
mium and the transit ion 5 3 Ρ Χ - 53SO was used. The vapor
was excited along the magnetic field with l inearly polar-
ized light passing through a Faraday cell, so that it was
possible to swing the plane of polarization at high fre-
quency (the resonant Faraday effect was used in the
vapor of the s a m e cadmium with magnetic splitting of
the absorption line in the modulated magnetic field).

/4-1500G

FIG. 8. Block diagram of setup for the observation of phase reso-
nance of beats [ 2 2 d ] .

FIG. 9. Two limiting forms of experimental
plot of phase-resonance signal [ ].
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The experimental setup and plots of the resonance sig-
nal a r e shown in Figs . 8 and 9 (in Fig. 8: 1—cadmium
lamp, 2—lens, 3—polarizer, 4—cell with cadmium vapor
to modulate the position of the plane of polarization of
the light, 5—resonance vessel , IFA—intermediate fre-
quency amplifier). The waveform of the signal depends
on the average position of the plane of polarization of
the exciting light, which determines the phase φ in ex-
press ion (10). Depending on the choice of this phase,
the signal after synchronous detection is one super-
position or another of a Lorentz contour and a disper-
sion contour, as can be seen from (10). Figure 9 shows
plots of the signal in these two limiting forms.

Phase resonance of cadmium nuclei in the ground
state, under conditions approaching a l inear phase
variation, was rea l ized in^-47-1. It should be noted that
mixed situations a r i s e somet imes , corresponding to a
superposition of beat resonance and phase resonance:
in theory this corresponds to simultaneous modulation
of the modulus and phase of the first par t of expression
(6). This case corresponds to a resonant experiment on
optical orientation of mercury vapor with light per-
pendicular to the magnetic field, using a rotating phase
plate to ensure, together with the polar izer , the modula-
tion of the type of polarization of the light b e a m [ l e ] .

7. NONLINEAR MANIFESTATIONS OF INTERFERENCE
OF ATOMIC STATES

The interference phenomena considered in the pre-
ceding chapters were l inear in the intensity of the ac-
tion that produces the excited superposit ion s tate, or in
the intensity of the controlling light beam (in experi-
ments with absorption). In these exper iments, the
formation of the superposit ion state and i ts observation
were independent. There is also a group of experiments
in which the same action (optical) produces the interfer-
ence state and reveals its occurrence . The effects ob-
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served thereby are nonlinear and require the use of
higher orders of perturbation theory for their descrip-
tion. In fact, nonlinear manifestations of the interfer-
ence of states were already mentioned in connection
with experiments on beats in the absorption in transi-
tions from the ground state. In these experiments, the
superposition state was prepared with the aid of optical
orientation, which is essentially a nonlinear
process'-5'31-1. However, if the intensity of the orienting
light beam is fixed, and an auxiliary weak light beam
is used to register the beats, then the observed phenom-
ena do not differ in any way from their analogs observed
in the interference of excited states. The situation is
different when the registration is carried out in an
orienting beam. We consider below briefly three types
of experiments on nonlinear manifestations of the inter-
ference of states. The first of them -1, historically
the earliest, is nonlinear resonance of beats and can be
easily treated with the aid of the phenomenological pic-
ture of optical orientation. The second, which is of great
practical significance and called the mode crossing
phenomenon ^ 4 e a J, requires a rigorous description, but
can be understood in analogy with the first. Finally, the
third type of nonlinear experiments, in which the so-
called incoherent_beats_ are observed'-49-1, will be des-
cribed with the aid of perturbation theory.

In1-7"-1 the atoms were optically oriented with the aid
of circularly polarized resonant radiation perpendicular
to the magnetic field. The orientation process can be
treated as transfer of the angular momentum of the
photons of the polarized light to the atoms, which be-
come aligned in this case parallel or antiparallel to the
light beam. This is accompanied by a change (most fre-
quently, a decrease) of the absorption of light by the
oriented atoms. Were there no magnetic field, then only
the relaxation processes would prevent complete orien-
tation of the atoms. The absorption produced thereby is
evidently connected in nonlinear fashion with the inten-
sity of the oriented light, which competes with the re-
laxation orientation-loss processes. The presence of a
magnetic field perpendicular to the beam alters the pic-
ture decisively. With respect to the magnetic field, the
oriented atom falls into a superposition state that is
classically described by its precession about the field
vector. Since the phase distribution of such a preces-
sion is uniform for different atoms, the ensemble of
atoms turns out to be not oriented in the mean. How-
ever, if the orienting beam is modulated in intensity at
the precession frequency of the atoms, then a group of
atoms that precesses in phase is produced and now
interacts with the light as a system of oriented atoms,
since the periodically turned-on light always illuminates
the atoms at the same precession phase, namely, then
they are aligned along the direction of the light. This
results in an integral change in the light absorption by
the atoms in comparison with the average absorption in
the absence of orientation. In essence, the described
experiment is a typical beat resonance, but is revealed
by the change of the integral absorption81. This indeed

8)Complete identity with beat resonance is obtained by using an
auxiliary unmodulated light beam, which is also circularly polarized and
lies in a plane perpendicular to the magnetic field. Such a beam, by in-
teracting with the system of precessing atoms, becomes intensity-mod-
ulated.

is a main feature of the nonlinear variant. The absorp-
tion increment attained in this experiment decreases
with decreasing light intensity. At low intensity, this
connection is quadratic. The small parameter is the
ratio of the average number of excitations of the atom
per unit time to the average relaxation time. The latter
can take on values in the range 10^—103 sec for atoms
in the ground state, so that the optical nonlinearity
comes into play already at rather moderate intensities.
The development of lasers with their high spectral
power has greatly extended the region of nonlinear in-
teractions with atoms, since laser radiation is capable
of overcoming much faster relaxation processes, includ-
ing spontaneous emission. Lasers have made it possible
to use nonlinear resonance of beats to investigate exci-
ted atoms, by a procedure given the new designation
mode crossing. It reduces to the following. Consider a
system (atom, molecule) having two close levels 1 and
2 in the excited state, coupled by a radiative transition
with a common level 0, which can be either higher or
lower than the levels 1 and 2. If radiation of a multi-
mode laser in which the spacing between neighboring
modes is equal to the spacing between levels 1 and 2,
or is smaller by an integer factor, is made to pass
through a medium of particles with such an energy
scheme, then the coefficient of absorption (amplifica-
tion) of the laser radiation in such a system is minimal.
For a radiation power Pi,2 absorbed or emitted (by
stimulation) by the medium under the influence of laser
radiation, an expression P 1 2 ~ IiL· (N^ — No) x
x ir% + (ω12 - Δ)2]"1 was obtained i n [ 4 8 a : i in third order
of perturbation theory; here N12 is some of the popula-
tions of sublevels 1 and 2, No is the population of level
0, h and L· are the intensities of the two modes of the
laser, Γ12 is the arithmetic mean of the widths of levels
1 and 2, Δ is the frequency difference between the
modes, and ω 12 is the distance between the levels 1 and
2. We call attention to the nontrivial character of the
phenomenon: as a rule, in experiments of this kind the
spacing w u is much smaller than the Doppler broaden-
ing of the spectral absorption (amplification) line of the
medium. Therefore the absorption coefficient for each
of the modes taken separately does not depend on the
value of the splitting Δ. Such a dependence comes into
play only when the interference of states is taken into
account.

From the principal point of view, there is complete
analogy between the mode crossing phenomenon and
nonlinear resonance of beats in optical orientation by
means of modulated light, since the excitation in the
case of mode crossing is also carried out by light of
variable intensity, owing to the beats between the com-
ponents of the mode structure of the radiation. There

FIG. 10. Mode crossing signal in
xenon discharge ["].

I! H,G
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are, however, differences in the details. In the case of
optical orientation with modulated light, the total popula-
tion of the ground state remains unchanged, and only a
definite distribution of the interference phase shifts of
the magnetic sublevels is established. In the laser var-
iant, the total population of the aggregate of sublevels 1
and 2 is altered by the laser emission9 ', but additional
interference of states 1 and 2, coherent over the ensem-
ble of the particles, arises under the mode crossing
condition α>12 = Δ and leads to an additional change of the
absorption (or amplification) of the laser emission with
the interfering modes.

We present an example of the use of the mode cross-
ing effect for an analysis of the magnetic structure of
the excited state of xenon 5d[5/2]?. Radiation from a
multimode xenon laser at a wavelength 3.37 μ (transi-
tion 5d[5/2]°- 5p[3/2]!) is made to pass through a gas
discharge in xenon. When the intensity of the magnetic
field that splits the 5d[5/2]? level is varied, resonance
is observed in intensity of the transmitted light. An ex-
perimental plot is shown in Fig. 10. The resonance
curve has a dispersion character, since a magnetic-
field scanning technique was used with subsequent
synchronous detection of the photoreceiver signal. The
gyromagnetic ratio and the homogeneous width of the
state were determined from the experimental results.

Let us discuss, finally, recent experiments'-49-' in
which incoherent beats likewise pertaining to nonlinear
interference phenomena were observed. In all the
previously considered manifestations of interference of
states, the necessary condition was that the elementary
oscillations in the emission of the individual atoms be
in phase. However, the absence of such phase equality
is not a principal obstacle to the observation of beats.
Indeed, if the number of excited atoms is large enough,
then, when the phase distribution of the elementary
beats is random, it is possible to choose a large group
of atoms with beat phases that are identical (within
specified limits). If the entire ensemble of the radiating
atoms is broken up into such groups, it can be seen that
the emission of the entire system is made up of a large
set of light radiative processes of type (4) with a ran-
dom distribution of the phases. It is easy to verify that
the resultant radiation, while not having a regular
modulation of the amplitude, contains in the spectrum
of its fluctuations information concerning the charac-
teristic parameters Γ and ω [ 2 of the terms of processes
of type (4), parameters characterizing the elementary
radiative processes.

It follows from the foregoing that it is possible in
principle to extract information concerning the atomic
parameters by analyzing the spectrum of the intensity
fluctuations of the radiated light. To establish quantita-
tive criteria of the realizability of such a measuring
procedure, it is necessary to take into account the shot
noise in the photoregistration and the wave noise of the
interference of radiation from different atoms. The
corresponding estimates show that a useful signal in

measurements of this type is very weak and calls for
excessively large accumulation times to be reliably
registered. Nonetheless, incoherent beats could be ob-
served in a nonlinear variant of the experiment. The
experiments were performed as follows: the investiga-
ted object was low-density xenon vapor excited in a thin
tube by an electric discharge. As shown in a number of
recent investigations (reference to which can be found
in1-53-1), this causes appreciable population of the states
forming the transitions 5d[7/2] 3 - 6p[5/2]3 (3.507 μ and
5d[7/2]4 - 6p [5/2]3 (5.57 μ), and in a definite interval
of xenon pressure and discharge currents, it is possible
to observe in these transitions both appreciable absorp-
tion and amplification of the radiation, corresponding to
an optical density on the order of 0.1 cm"1. The cell
was a short tube (about 10 cm long). Unpolarized reson-
ant radiation with wavelengths 3.508 and 5.57 μ, gener-
ated by an external source, was passed through the
discharge in the vapor. The source was a similar tube,
but longer, with discharge conditions such that the in-
trinsic spontaneous radiation in these lines was ampli-
fied. The spectral width of these lines was of the order
of 108 Hz, which exceeded all the splittings of the levels
whose interference was investigated. The levels of the
atoms in the investigated volume were split by an actual
magnetic field. After passing through the tube, the
radiation was fed through a linear analyzer and was
registered with a low-inertia photoreceiver. Leaving
out the description of the inessential details of the
setup (Fig. 11), we mention only that the further reduc-
tion of the photoreceiver signal consist of an analysis
of the power spectrum of the photocurrent fluctuations
as a function of the magnetic field intensity (in Fig. 11,
LA is a linear analyzer, while HF and LF stand for
high and low frequency).

It was observed that the fluctuation power at a given
frequency has narrow extrema when the magnetic field
is varied. The widths of these extrema were of the
order of the natural width of the states 5d[7/2]3)4 and
their position with respect to the magnetic field corre-
sponded to the chosen frequency interval of observa-
tion, in accord with the available data on the splitting of
these states in the magnetic field. An example of the
experimental curve is shown in Fig. 12, which shows a
plot of the derivative of the spectral density of the
radiation at 3.507 μ at the point 22 MHz ± 50 kHz as a
function of the magnetic field intensity for Xe13e.

The sign of the extremum was determined by the
conditions of the passage of radiation through the tube,
namely, if the light was amplified in the tube, then a
narrow dip appeared in the noise spectrum, and its po-
sition was determined by the magnetic field. If absorp-
tion took place in the tube, the dip gave way to a maxi-
mum.

t

" Since laser emission consists of a set of very narrow spectral lines,
we are dealing here with a change in the populations of only those Dop-
pler-ensemble atoms which have a suitable velocity projection in the
direction of the light beam. The phenomenon of selective excitation of
atoms by laser radiation is called the Bennet "hole burning" effect [ s l].
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FIG. 11. Block diagram of setup for observing incoherent interfer-
ence of states [49].
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FIG. 12. Derivative of spectral density of x e n o n emission as a func-

tion of the magnetic field intensity (see the text) .

T h e s e p h e n o m e n a a r e e x p l a i n e d a s f o l l o w s [ 4 9 ] .

Assume that at a given polarization λ there is incident
on the investigated object a radiation with intensity
given by the random function of time I^(t). After pass-
ing through the investigated volume, the intensity de-
creases or increases by an amount W^(t). The output
radiation has an intensity J x ( t ) = Ι χ(ί) - WA(t). To find
the power spectrum S(u>), we determined the correlation
function (J\(t)J^(t + r)) = S(T), where the angle brackets
denote averaging. If it is assumed that Ψ χ (t) <C Ι λ (t),
then we can see that

S (τ) =!!</! (ί) h (t + τ)) - (h W Wk(t + x))~ ih (t + τ) Wt (t))
= 5 0 (τ) - St (τ),

where S 0 (r ) i s the c o r r e l a t i o n function of the incident

radiat ion, and SI(T) i s a c o r r e c t i o n connected with the

i n t e r a c t i o n with the m e d i u m . T h i s c o r r e c t i o n i s thus

d i r e c t l y connected with the e n e r g y WA(t) r e l e a s e d or

absorbed in the medium.

F o r the quantity W A (t ) , a s s u m i n g that the e m i s s i o n

l ine and the absorpt ion l ine of the atom have a cons id-

erab ly broad s p e c t r u m , owing to the Doppler broaden-

ing, w e c a n obtain in f i r s t o r d e r perturbat ion theory the

fol lowing e x p r e s s i o n :

2
m, μ, μ'

μμ» — 2

here A is a proportionality coefficient, and the remain-
ing notation is the same as in Chap. 2. The first sum
corresponds to absorption of energy with a transition
from a superposition of the lower levels ctnn' to all the
upper states |m). The second sum describes an analog-
ous contribution of the stimulated emission. For the
density matrix components with c r m m ' and σ ^ ' , which

are connected with the action of the light I(t), Eqs. (6)
and (7) are valid.

As explained in Chaps. 2 and 3, the harmonic com-
ponent of the intensity Ι^(ω) leads to the appearance of
a corresponding harmonic of the density matrix < r m m '
or σμμ', which increases resonantly when the fre-
quency ω approaches the frequencies <>>ram' or
namely,

Omm' (ω) = — Nkl\ (ω) Σ W'V>»'/[r,» + i (<omm. — ω)],

'>

. (ω) = » 2 λμ™.λ»-μ./[Γμ + i (ωμμ. - ω)]; v '

here k is a proportionality coefficient, Ν is the popula-
tion difference between the aggregate of the upper levels
m and the lower levels μ, and r m and Γμ are the widths
of the upper and lower levels.

When (11) and (12) i s taken into account, it can be

s e e n that the i n c r e m e n t of W ^ t ) , together with the

c o r r e l a t i o n function S I ( T ) , contains the F o u r i e r compon-

ents s (w) , which i n c r e a s e l inear ly in abso lute magnitude

in the v ic in i ty of the f requenc ies of the in ter ference be-

tween the upper and lower s y s t e m s of l e v e l s , s o that the

power s p e c t r u m S(o>) of the t ransmi t ted l ight, together

with the s p e c t r u m S 0 (w) of the init ial e m i s s i o n , contains

a term 8(ω) that carried information concerning the
interference of the sublevels of the object:

s (ω)« NS0 (ω) Re λμΏ [Fm - H ( < W - ω ) ] " 1

. [ Γ μ + ί ί ω μ μ ' - ω ) ] - 1 } .
( 1 3 )

T h e c o m p l e t e e x p r e s s i o n f o r t h e p o w e r s p e c t r u m o f t h e

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

t h e t e r m s o f f o r m u l a (9) f o r t h e s i m p l e s t b e a t r e s o n -

a n c e .

T h e o f f - d i a g o n a l t e r m s o f t h e s u m i n ( 1 3 ) d e s c r i b e

i n t e r f e r e n c e of n o n d e g e n e r a t e s t a t e s . T h e e x p e r i m e n t s

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

l o w e r l e v e l s w h i c h w e r e m u c h b r o a d e r , r e m a i n e d i n e s -

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

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

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

v i c i n i t y o f z e r o . T h e c o r r e s p o n d i n g d i p s i n t h e s p e c -

t r u m w e r e a l s o o b s e r v e d e x p e r i m e n t a l l y .

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

r e d u c e s t h e m a t t e r t o a c e r t a i n b e a t r e s o n a n c e : t h e

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

i n t e n s i t y h a r m o n i c s , e a c h of w h i c h e x c i t e s i t s o w n p a r -

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

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

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

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

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

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

e v i d e n t . I n t h e f o r m e r c a s e t h e s y s t e m o f a t o m s i s s u b -

j e c t e d t o e x c i t a t i o n w i t h a b r o a d s p e c t r u m of f l u c t u a -

t i o n s a n d t r a n s f o r m s i t i n a c h a r a c t e r i s t i c m a n n e r . I n

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

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

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

c i e s .

8 . M E T H O D O L O G I C A L S I G N I F I C A N C E O F

I N T E R F E R E N C E O F N O N D E G E N E R A T E A T O M I C

S T A T E S

I t f o l l o w s f r o m a l l t h e f o r e g o i n g t h a t a l l t h e v a r i a n t s

o f t h e b e a t s c a n s e r v e a s s o u r c e s o f i n f o r m a t i o n o n t h e

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

t h e i r h o m o g e n e o u s w i d t h s . I n h o m o g e n e o u s b r o a d e n i n g

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

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

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

o p t i c a l r e s o n a n c e . T h e d o u b l e r e s o n a n c e m e t h o d 1 · i e > 5 4 - '

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

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

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

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

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

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

b a t i o n c a n b e c a l c u l a t e d e a s i l y o n l y i n s i m p l e s t c a s e s .
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ιΓ.54]

In interference-beat methods, the investigated s tate
does not experience any additional perturbation. F r o m
general points of view, this can be attributed to the fact
that in these methods the observed quantity is connected
not with an induced change in the populations, but with a
natural t ime variation of the phase difference between
the interfering s t a t e s , and the r a t e of this variation is
proportional to the splitting energy. This advantage of
the beat method becomes part icular ly clearly pro-
nounced in investigations of multi-level s y s t e m s . If
one deals with a magnetic equidistant s t r u c t u r e , then
the use of, say, beat resonance leads to the appearance
of two nonsaturating resonances of s implest form,
corresponding to interference of s ta tes that differ by
one or by two in the projections of the angular momen-
tum. The shape of the double-resonance signal under
these conditions is predictable but very complicated1-
To obtain information on the p a r a m e t e r s of the investi-
gated sys tem it is necessary to m e a s u r e in addition the
absolute intensity of the alternating field, which is not
always possible. If the system is non-equidistant, then
the use of beat resonance leads to the occurrence of
two s e r i e s of resonances ( |Am| = 1,2), whose positions
yield directly the distances between the unperturbed
sublevels, and whose widths a r e determined by the
homogeneous broadening of the levels. When double
resonance is used, there is produced a complicated sys-
tem of resonances whose number, positions of ex t rema,
and widths depend on the external field intensity. The
double-resonance signals were obtained analytically,
under cer ta in favorable conditions, only for three
levels . We present for comparison the analytic form of
the signal of (a) beat resonance and (b) double resonance
for a system of three non-equidistant levels with m = 0
and ± 1 . Such a situation a r i s e s when para l le l magnetic
and electr ic fields a r e simultaneously applied to a s ta te
with unity angular momentum.

a) Beat resonance : ω-ι,0, ω 0 ; + 1 , ω-ι η 3 > Γ , the sig-
nal I from the output of the synchronous detector, at a
definite choice of phase, is given by1-25-1

h e r e , as before, Ω is the excitation modulation frequency
and a> i k = coj - ω, , where the subscr ipts correspond to
the projections of the angular momentum (Fig. 13).

b) Double resonance : the signal is proportional to
the intensity of the t rans i t ions to the lower S s tate with
change of angular-momentum projection by ± 1, under
the condition that only the level with m = 0 becomes
populated upon excitation :

/ ~ Α1 {Γ4 + Γ 2 (ε2 + 5ω2 + AA2) + 2 [2ω2ε2 + (ω2 + 2A2) (2ω2 + A2)]}

χ {Γ2 [Γ 2 + ε2 + 3 (2Α2 + ω2)]2 + 4 [ω2 (ω2 — ε2) + 24 2ω 2(3ω 2+5ε 2)

+ Αι (ε2 + 12ω2) + 8Α"]}-1,
(14)

where A = yHi/V2~, γ is the gyromagnetic factor, Hx is
the intensity of the alternating magnetic field with fre-
quency Ω ; ω = Ω — 0 . 5 ω + ΐ Γ ΐ , e = ω 0 — 0.5 (ω1 + ω-J (see
Fig. 13). A comparison of these express ions shows that
whereas the signal in the case of beats breaks up into
three s implest resonance, the double resonance signal

i
e
f

at, ω,

FIG. 13. Four-level scheme with non-equidistant

splitting of the upper state.

""Formula (14) of the journal version of [ s s ] contains misprints.

i s s o c o m p l i c a t e d t h a t i t c a n h a r d l y b e a n a l y z e d . If w e

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

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

i s p a r a m e t r i c r e s o n a n c e , w h i c h c o m b i n e s t h e m e t h o -

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

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

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

( o n t h e o r d e r o f 1 M H z a n d l o w e r ) , f o r w h e n t h e s p l i t t i n g

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

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

s t r i n g e n t . P a r a m e t r i c r e s o n a n c e w a s u s e d s u c c e s s f u l l y

i n e x p e r i m e n t s i n w h i c h u n p r e c i d e n t e d l y w e a k m a g n e t i c

f i e l d s w e r e m e a s u r e d ^ 5 6 · 1 .

T h e m o s t u n i v e r s a l o f a l l m e t h o d s o f i n t e r f e r e n c e o f

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

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

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

l e m . N o n e t h e l e s s , t h i s m e t h o d h a s t h e a d v a n t a g e o f e x -

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

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

u r e d p a r a m e t e r s . In a d d i t i o n t o n u m e r o u s i n v e s t i g a t i o n s

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

p h e n o m e n o n , i t w a s s u c c e s s f u l l y u s e d a s a n a p p l i e d

m e t h o d in 1 - 3 ^- 1 t o m e a s u r e t h e c r o s s s e c t i o n s o f t h e

i n t e r a c t i o n o f t h e 5 3 P i s t a t e o f c a d m i u m w i t h i n e r t

g a s e s . A v a r i a n t o f b e a t r e s o n a n c e i n a c c o r d a n c e w i t h

t h e i d e a o f S e r i e s [ i c ] w a s u s e d i n C 3 e b : i t o d e t e r m i n e t h e

L a m b s h i f t o f a h e l i u m - i o n e x c i t e d s t a t e . T h e b e a t

r e s o n a n c e , d e v e l o p e d a n d f i r s t u s e d i n o p t i c s a s a r e -

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

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

w a s i n d i c a t e d i n [ 3 7 ] . I n 1 - 3 8 3 , t h e b e a t r e s o n a n c e ( c a l l e d

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

L a r m o r p r e c e s s i o n ) w a s u s e d i n p r a c t i c e t o i n v e s t i g a t e

t h e n u c l e a r e x c i t e d s t a t e o f G e 6 9 a n d t o i n v e s t i g a t e r e -

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

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

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

R e t u r n i n g t o o p t i c s , w e n o t e t h a t t h e t e c h n i c a l d i f f i -

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

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

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

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

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

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

f e r e n c e m e t h o d , h a s t h e a d v a n t a g e s of t h e b e a t m e t h o d

i n c o n j u n c t i o n w i t h t e c h n i c a l s i m p l i c i t y . S u c h a c h a n g e

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

h o w e v e r , n o t a l l t h e l e v e l s c a n b e m a d e t o c r o s s i n e x -
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ternal fields, in addition, the research problem itself
can exclude such a formulation (for example, when the
beat methods are used to measure a magnetic field).

By way of example, we can point to a special case
when the method of beats is preferable, in spite of the
fact that the same information concerning the level
width can be obtained by the Hanle method—level cross-
ing in a zero magnetic field. Such a situation arises in
measurements of widths of very narrow levels, for
which the crossing takes place at such weak fields, that
the problem of exact cancellation of the laboratory fields
comes into play. The transition to relatively large
splittings eliminates this difficulty, since addition of a
sufficiently strong controlled magnetic field causes a
contribution to the total intensity to be made only by the
coaxial component of the random laboratory field. This
component can be easily taken into account by reversing
the sign of the controlled field.

A method that promises to be particularly valuable
is the nonlinear modification of the beat resonance, or
the mode crossing method Ε48»52'5"]. Methodologically it
is much simpler: there is no need for high-speed modu-
lation of the excitation, since the modulation is pro-
duced in the laser source automatically as a result of
the inter mode beats. In addition, the resonance is regis-
tered by using the integral change of the transparency
of the investigated medium, so that there is no need for
an inertialess photoreceiver. Different variants of the
method already exist. In1-4 8-1, the investigated medium
was simultaneously the working medium of the laser and
was placed in a resonator. In , the laser played a
role of only the excitation source. In1-58-', beats in the
radiation of two tunable CCfe single-mode lasers were
used to investigate the dipole moment of the CH3F mole-
cule. It can be assumed that with further development
in laser technology this spectroscopy method will be
used more and more extensively.

l G . W. Series, a) The Ann Arbor Conference on
Optical Pumping (Ann Arbor, Michigan, June 15—18,
1959), Ann Arbor, Univ. of Michigan, 1959, p. 149;
b) Physica 33, 138 (1967); c) Phys. Rev. A136, 684
(1964); d) private communication; e) Rept. Progr.
Phys. 22, 280 (1959).

2W. Hanle andR. Pepperl, Acta Phys. Polonica 34,
675 (1968).

3 R . H. Sands et al., s e e Q i a : i , p. 184.
* F . D. Colegrove et al., Phys. Rev. Lett. 3, 420

(1959).
5 C . Cohen-Tannoudji, Ann. de Phys. 7, 423, 469

(1962).
e H . G. Dehmelt, Phys. Rev. 105, 1924 (1957).
7W. E. Bell and A. L. Bloom, a) ibid. 107, 1559

(1957); b) Phys. Rev. Lett. 6, 280, 623 (1962).
8 J . N. Dodd et al., Proc. Phys. Soc. 74, 789 (1959).
9 M. I. Podgoretskii, Concerning Modulations and

"Beats" in Quantum Transitions, JINR Preprint R-491,
Dubna, 1960.

1 0 J. N. Dodd and G. W. Series, Proc. Roy. Soc. 263,
353 (1961).

" A . Kastler, C. R. Ac. Sci. 252, 2396 (1961).
12 M. I. Podgoretskif and O. A. Khrustalev, Usp. Fiz.

Nauk 81, 217 (1963) [Sov. Phys.-Uspekhi 6, 682 (1964)].
1 3 L. N. Novikov et al., ibid. 101, 273 (1970) [13, 384

(1970)].
1 4a) J. Macek, Phys. Rev. Lett. 23, 1 (1969); b) Yu. P.

Sokolov, ZhETF Pis. Red. 11, 524 (1970) [JETP Lett. 11,
359 (1970)].

1 S E . B. Aleksandrov et al., a) Opt. spektr. 16, 193
(1964); b) Zh. Eksp. Teor. Fiz. 49, 97 (1965) [Sov.
Phys.-JETP 22, 70 (1966)] ; N. Polonsky and C. Cohen-
Tannoudji, C. R. Ac. Sci. 260, 5231; 261, 369 (1965).

1 8 J. Dupont-Roc et al., a) Phys. Lett. A25, 87 (1967);
b) C. R. Ac. Sci. B264, 1811 (1967).

1 7 Ε. Β. Aleksandrov and V. P. Kozlov, Opt. spektr.
16, 533, 1068 (1964).

1 8 E . B. Aleksandrov et al., Zh. Eksp. Teor. Fiz. 45,
503 (1963) [Sov. Phys.-JETP 18, 346 (1964)].

1 9 O. V. Konstantinov and V. I. Perel ', ibid., p. 279
[p. 195].

2 0A. Corney and G. W. Series, Proc. Phys. Soc. 83,
a) 207, b) 213 (1964).

2 1 J. N. Dodd et al., ibid. 84, 176 (1964).
2 2 Ε. Β. Aleksandrov, Opt. spektr. a) 14, 436 (1963);

b) 16, 377; c) 17, 957 (1964); d) 19, 452 (1965).
2 3 a) E. B. Aleksandrov et al., Prib. Tekh. Eksp. No.

5, 110 (1965); b) J. N. Dodd et al., Proc. Phys. Soc. 92,
497 (1967).

2 4 T. Hadeishi and W. Nierenberg, Phys. Rev. Lett. 14,
891 (1965).

2 5 Ε . Β. Aleksandrov and V. V. Khromov, Opt. spektr.
18, 545 (1965).

2 e S . Bashkin et al., Phys. Rev. Lett. 15, 284 (1965).
2 7 H . J. Andra, ibid. 25, 325 (1970).
2 8 S . Bashkin and G. Beauchemin, Canad. J. Phys. 44,

1603 (1966); W. S. Bickel andS. Bashkin, Phys. Rev.
162, 12 (1967); S. Bashkin, Appl. Opt. 7, 2341 (1968);
E. L. Chupp et al., Phys. Rev. 175, 44 (1968).

2 9A. H. Firester and T. R. Carver, Phys. Rev. Lett.
17, 947 (1968); B. S. Mathur, et al., ibid. 21, 1035
(1968).

3 0 1 . I. Gurevich and B. A. Nikol'skii, Usp. Fiz. Nauk
82, 177 (1964) [Sov. Phys.-Uspekhi 7, 55 (1964)].

3 1 G . V. Skrotskii and T. G. Izyumova, ibid. 73, 423
(1961) [4, 177 (1961)]; A. Kastler and C. Cohen-
Tannoudhi, Progr. Opt. 5, 3 (1966).

3 2 P. A. Franken, Phys. Rev. 121, 508 (1961).
3 3 T . Skalinski et al., Bull. Ac. Pol., Sci. Math., Astr.,

Phys. 13, 851 (1965).
3 4 A. Kopyshinska, Proc. of the Intern. Conference on

Optical Pumping and Atomic Line Shape (OPaLS)
(Warsow, June 25-28, 1968), ed. by T. Skalinski,
Warszawa, PWN, 1969, p. 490.

3 5 a) R. L. Barger, Phys. Rev. 154, 94 (1967); b) O.
Nedelec et al., C. R. Ac. Sci. 257, 3130 (1963); c) 259,
3729 (1964).

3 8a) T. Hadeishi, Phys. Rev. 162, 16 (1967); b) Phys.
Rev. Lett. 21, 957 (1968).

3 7 V. G. Baryshevskii and M. I. Podgoretskii, Emission
"beats" of Nuclei Excited by a Particle Beam of Varia-
ble Intensity, JINR Communication, soobshchenie,
R-1950, Dubna, 1965.

3 8 J. Christiansen et al., Phys. Rev. Lett. 21, 554
(1968); H. Bertschat et al., ibid. 25, 102 (1970);
J. Christiansen et al., Phys. Rev. Cl , 613 (1970).



N O N D E G E N E R A T E ATOMIC STATES 451

3 9 E . I. Ivanov and M. P. Chaika, Opt. spektr. 29, 124
(1970).

40V. A. Morozov, ibid, a) 20, 491 (1966); b) 23, 3
(1967).

4 1 M. I. D'yakonov, ibid. 20, 853 (1966).
42 G. Breit and A. Ellet, Phys. Rev. 25, 888 (1925);

E. Fermi and F. Rasetti, Zs. Phys. 33, 246 (1925);
Nature 115, 764 (1925); Rend. Ac. Lincei 1, 716 (1925).

4 3 D. I. Blokhintsev, Phys. Zs. Sowjetunion 4, 501
(1933); M. A. Divil'kovskii, Zh. Eksp. Teor. Fiz. 7, 650
(1937); V. E. Mitsuk, Opt. spektr. 14, 419 (1963).

4 4 O. L. Khrustalev, Concerning Resonant Scattering
of Light by Atoms Situated in an Alternating Magnetic
Field, JINR Communication (soobshchenie) R-574,
Dubna, 1960.

4 5 C . J. Favre and E. Geneux, Phys. Lett. 8, 190
(1964).

4 6 V. A. Khodovoi, Zh. Eksp. Teor. Fiz. 46, 331 (1964)
[Sov. Phys.-JETP 19, 227 (1964)].

4 7 Ε. Β. Aleksandrov and A. P. Sokolov, Opt. spektr.
31, 329 (1971).

4 8 H. R. Schlossberg and A. Javan, a) Phys. Rev. 150,
267 (1966); b) Phys. Rev. Lett. 17, 1242 (1966).

4 9 Ε. Β. Aleksandrov et al., Zh. Eksp. Teor. Fiz. 61,
2259 (1971) [Sov. Phys.-JETP 34, 1210 (1972)].

5 0 L. N. Novikov, Opt. spektr. 23, 498 (1967).
51W. R. Bennett, Jr., Phys. Rev. 126, 580 (1962).
5 2 M. S. Feld and A. Javan, ibid. 177, 540 (1966).
5 3 E. B. Aleksandrov et al., Opt. spektr. 31, 315 (1971).
54 J. Brossel and F. Bitter, Phys. Rev. 86, 308 (1952).
5 5 J.-E. Blamont and J.-M. Winter, C. R. Ac. Sci. 244,

522 (1957); J.-E. Blamont, Theses (Univ. de Paris,
1957).

5 6 C . Cohen-Tannoudji et al., Rev. Phys. Appl. 5, 102
(1970).

5 7 V. G. Pokazan'ev, Fiz. Tverd. Tela 11, 1770 (1969)
[Sov. Phys.-Solid State 11, 1434 (1970)].

5 8 R. G. Brever, Phys. Rev. Lett. 25, 1639 (1970).

Translated by J. G. Adashko


