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1. INTRODUCTION

Λ Ν investigation of quantum transitions occurring fol-
lowing the interaction of an atomic system with the field
of optical or radio-frequency resonant radiation is a
well-known method of investigating the structure of
atomic states and serves as a basis of optical and radio
spectroscopy.

The great variety of the phenomena that occur in
these processes makes it possible, on the one hand, to
reveal fine details of the interaction, and on the other
to understand the highly practically important mecha-
nisms of transfer of coherence of the states of the
atomic electrons to the radiation field.

Optical orientation of atoms and double radio optical
resonance constitute a new type of phenomena, in which
the features of both optical and radio spectroscopy be-
come manifest. The physical gist of these phenomena
was considered in detail in a number of review articles
published both in the domestic [ 1 ' 2 ] and in the foreign : 3"5 ]

literature. It consists in the fact that during the proc-
ess of resonant scattering of light by atoms there can
be obtained a new population distribution among the dif-
ferent energy sublevels of the atoms, differing greatly
from thermal equilibrium. In particular, if such a re-
distribution is produced in the ground state, then one
speaks of optical orientation of the atoms. On the other
hand, if it is produced in the excited state and its change
is caused by the radio-frequency field, then a phenom-
enon of this kind is customarily called double radio opti-
cal resonance.

The development of optical methods of registration
of magnetic resonance in gases l ; 6" 9 ] and in solids1 1 0 > l l j

in the ground and excited states' 12~14J o f atomic sys-
tems has led to the need for investigating in detail all
the aspects of the interaction of the atoms with the field
of the optical and radio-frequency bands, making it pos-
sible to refine its nature and to uncover a whole series
of new properties of this interaction. For example, it
was predicted theoretically and confirmed experimen-
tally that there exist real and virtual optical and radio
frequency transitions [ β ' 1 7 ] , the "optical" shifts of en-
ergy levels were observed and investigated/1 8 1 effects
of "intersection" and "anti-intersection" of levels
were discovered.1-19' a 0 ]

Many of these phenomena have immediately found
practical applications, particularly in quantum magnet -
ometry, having led to new ways of development of this
practically important region of physics and technology.

Interference phenomena in an atomic system, being
a direct consequence ' the quantum-mechanical princi-
ple of superposition under the condition for existence of
definite phase relations between the wave functions of
the atomic state (coherent superposition of states), were
thoroughly reviewed anew. [ 8 ' " ' 1 5 > 1 6 ' M 3

In essence, all the known types of resonant phenom-

ena (NMR, EPR, ENDOR, radio-acoustic resonance,
etc.), are connected in one way or another with the cre-
ation of a coherent superposition of states in an atomic
ensemble. With the aid of optical methods of radio
spectroscopy it is possible to obtain the most complete
information on the character of atomic transitions, not
only because of their high sensitivity, but also because
of the features that are introduced by the very charac-
ter of the interaction with the optical photons.

The investigation of the coherent has been the sub-
ject of an exceedingly large number of theoretical and
experimental papers, the mere listing of which is in it-
self a laborious task. The present review therefore has
only one purpose, to attempt to consider from unified
points of view the main effects in which the principal
role is assigned to interference of atomic states, and
which presently are widely used for spectroscopic re-
search.

The bibliography at the end of the paper does not
claim to be complete. It contains references only to a
few papers which as a rule are easily accessible. It
lists also papers significantly supplementing the prob-
lems touched upon here.

II. SUPERPOSITION PRINCIPLE AND
INTERFERENCE OF ATOMIC STATES

The effects considered in the present paper are a
manifestation of one of the fundamental laws of quantum
mechanics—the principle of superposition of states. It
is therefore advantageous to dwell briefly on some of
its consequences as applied to the group of questions
considered here.

In accordance with the superposition principle, the
state | i/)(t)) of an atom at an arbitrary instant of time
can be represented in the form of an expansion in terms
of a complete set of eigenvectors | <pm) of a certain
Hermitian operator f

- Σ (1)

The probability amplitude a m ( t ) , being in the general
case a complex number, is characterized by a modulus
and by a phase. Depending on the experimental condi-
tions, it is possible not only to measure the weights
| a m l of the individual basis states l<p m ), but also to
investigate the phase relations with which these states
enter in the superposition | ip(t)).

The mean value of a physical quantity defined by an
operator g in a state | φ (t)> is given by

Β = Σ I Cm if) \- gm
-r Σ am(t)a*(t)gmn,

m, η
πιψη

(2)

where g m n = («Pnlgl Ψτα) * s the matrix element of the

operator g. If the operator g commutes with f, then
the mean value g is determined only by the first term
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of (2), and the information concerning the phase rela-
tions of the expansion coefficients drops out completely.
On the other hand, if the operators g and f do not com-
mute, then the expression for g contains besides the
first term also an interference term, the magnitude of
which is determined by the phase difference between the
s ta tes I <pm) and | φη), a difference that depends in the
general case on the t i m e . Choosing a s the bas i s the ei-
genvectors of the energy operator , we can wr i te the
phase difference in the form ( E m - E n ) t / K . Then the
mean value of g is a periodic function of the t ime, vary-
ing with the frequency of the atomic transi t ion between
the interfering s t a t e s .

Since the measurement of a physical quantity is car-
r ied out on an ensemble of p a r t i c l e s , expression (2)
must be averaged over the s tat is t ical ensemble consist-
ing of Ν independent sys tems, and the resu l t must be
identified with the macroscopical ly observable quantity

(3)

where the index i numbers the a toms and ρ i s the den-
sity matr ix of the ensemble of a t o m s . In accordance
with the general definition, i ts e lements a r e given by

\ .V

!•„,„ (o = 4 Σ (>- ( 0 - 4 2 »» ο "»'· «>· ( 4 )

i=l f—1
The appearance of the interference term in expres-

sion (3) depends on the result of the averaging of the
nondiagonal elements of the density matrix over the
statistical ensemble. Inasmuch as the matrix elements
Pmn a r e c o m P l e x numbers whose phases φ^ a r e deter-
mined by the phase differences of the coefficients a m '

and a(

n

X), r e p r e s e n t i n g the corresponding s ta tes in the
expansion (1), two physically rea l cases can be encoun-
tered upon averaging. The ensemble of a toms is p r e -
pared in such a way that al l the phases ψί a r e equally
probable. For sufficiently large N, this leads to vanish-
ing of the resul tant matr ix e lements p m n , and accord-
ingly to the interference t e r m in (3).

If the phase distribution i s not i sotropic, then the
resultant matr ix elements p m n differ from z e r o , and
the observable quantity ( g ) experiences beats at a f re-
quency determined by the energy difference between the
interfering s t a t e s . In this case it i s said that coherence
exists between the s ta tes \φτα) and \φη); this coher-
ence leads to a macroscopical ly observable in ter fer-
ence effect.

Thus, for an experimental observation of the inter-
ference of atomic s ta tes it i s necessary to p r e p a r e the
atomic system in such a way that the phase difference
between the interfering s ta tes i s the same for all the
atoms of the ensemble.

Depending on the energy interval between the levels
m and n, the set of quantities p m n c h a r a c t e r i z e s the
radio-frequency or the hyperfine coherence. In the for-
m e r case the sublevels | φπί) and \φη), belong to one
level of the hyperfine s t r u c t u r e , and the frequency
( E m — E n)/H l ies in the radio band; in the lat ter case
the sublevels | < ^ m ) a n d [φη) belong to different hyper-
fine s tates and the frequency ( E m — E n ) / R l ies in the
microwave band. In principle it i s a lso possible for the
level |<Pm) to belong to the ground state of the atom and

for the level | φτη) to the excited s ta te . The quantities
Pmn a r e then m e a s u r e s of the optical coherence. They
can be different from z e r o only if the atoms a r e excited
by optically-coherent ( laser) radiat ion.

In the present paper we shall discuss radio-frequency
coherence in a system of sublevels of either the ground
or the excited state of an atomic ensemble.

T h e r e a r e many methods of producing radio-frequen-
cy coherence in a sys tem of atomic s ta tes , and most of
them a r e connected with the use of an external p e r t u r -
bation. The most commonly used i s a radio-frequency
field whose frequency is close to the frequency of Zee-
man splitting of the atoms in an external constant mag-
netic field Ho (magnetic resonance) . The interaction of
the atoms with the radio-frequency field under r e s o -
nance conditions leads to induced oscil lations of the
atomic s tates with the phase of this field. The interfer-
ence of the s tates becomes manifest in this case in the
occurrence of a component of macroscopic magnetiza-
tion t r a n s v e r s e to Ho; this component var ie s with the
frequency of the radio-frequency field.

The described method of producing coherence is not
the only one. Thus, for example, a coherent superposi-
tion of s tates can be obtained by exciting an atomic sys-
tem with a perturbation that depends periodically on the
t ime and has a frequency equal to the frequency differ-
ence between the interfering s t a t e s . Such a perturbation
can be produced by resonant optical r a d i a t i o n 1 " ' 21> 2 2 j

or by an intensity-modulated e lectron beam E23' 2 4 ] The
perturbations should have character i s t ic s such as to be
able to excite atoms in the superposition s ta te .

For optical excitation, this i s possible if it i s r e p r e -
sented by a mixture of components with different polar i-
zations ( σ * and rt). Polar izat ion of light with such a
composition i s customari ly used coherent, and the exci-
tation of a toms by such light is somet imes called co-
herent exc i ta t ion . [ S 3 When atoms a r e excited by rad ia-
tion with σ + , σ ", or ν polarization, they go over into
pure s ta tes . Such excitation will henceforth be called
incoherent.

ΠΙ. DETECTION OF RADIO-FREQUENCY
COHERENCE

We consider in this paper methods of detecting r a d i o -
frequency coherence, based only on the use of the phe-
nomena of absorption and emission of light by a t o m s .
We stipulate from the outset that these methods a r e not
the only ones. Recently, coherence was also r e g i s t e r e d
by using phenomena of birefringence of nonresonant
light in an optically oriented m e d i u m / 7 5 " 7 7 3 due to the
anomalous dispers ion near the resonant-absorpt ion l ine.
However, the extensive use of dispers ion methods is
hindered by the complexity, and in some cases by the
unavailability of nonresonant-light sources whose e m i s -
sion line is at the s a m e t ime sufficiently close to the
absorption line of the investigated a t o m s . The fact that
the intensity and polarization of the light absorbed or
emitted by an ensemble of a toms depend on the angular
momenta of the atoms in the s tates coupled by the opti-
cal t ransi t ion determines the possibility of using optical
emission for the reg i s t ra t ion of the interference effects.

The presently developed theory of interaction of r e s o -
nant optical radiat ion with a toms makes it possible to
obtain a quantitative es t imate the coherent phenomena.
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If Pmj,' is the density matrix of the atoms in the ground
state and is situated in a constant magnetic field Ho,
then the intensity of the light absorbed by the atoms is
described by the expression'8 1

where

v.· = Σ | e,0D \JsV.·) (Jem | e,0D μ 8 (6)

is the light-absorption matrix and depends on its prop-
agation direction and polarization, defined by a unit vec-
tor eq0; Jg and J e are the angular momenta of the at-
oms in the ground and excited states, D is the electric
dipole moment, Tp is the lifetime of the atom in the
ground state, determined by the intensity of the optical
excitation, and | ^ μ ) and | J e m ) are the vectors of

the operators J™ and J e z(H,, II Oz).

According to (5), from the character of absorption of
light of definite polarization it is possible to obtain in-
formation both concerning the populations of the mag-
netic sublevels and the phase relations of the corre-
sponding states. Indeed, in the case of incoherent polar-
ization of the exciting light (for example, σ+), the exci-
tation matrix Φμμ' is diagonal, and the magnitude of
the absorbed light depends only on the distribution of
the populations of the magnetic sublevels or, in other
words, on the longitudinal, ( J z ) , component of the total
angular momentum of the atoms in the ground state. In
the case of excitation with light with coherent polariza-
tion, there appear in (5) terms proportional to the non-
diagonal density matrix elements. Since Puu'(t) de-
pends harmonically on the time with frequency
cog( μ — μ ') , where Wg = ygH,,, the intensity of the ab-
sorbed light will be modulated with the same frequency,
and these beats offer evidence of the presence of co-
herence in the super position of the states | ^ μ ) .

The intensity of the fluorescence light emitted by the
atoms in the spontaneous decay of the excited state is
determined in terms of the density matrix p m m ' ( t ) of
this state:

where

' = - s - 2

= Σ (J,m | e,D | JeV) (Jem' \ e,D | Jg

(7)

(8)

is the emission matrix, 6q is the unit polarization vec-
tor of the emitted photon, and Γ is the natural width of
the excited state. The average intensity of the fluores-
cence light when m = m' in expression (7) character-
izes the change of the populations of the sublevels of
the excited state. When m Φ m', the fluorescence light
experiences beats with frequency coe(m - m'), if radio-
frequency coherence exists in the excited state.

It must be borne in mind that the degree of orienta-
tion of the atoms is characterized at least by two quan-
tities, polarization and alignment. In the case of field
alignment, the numbers of the atoms in states differing
only in the sign of the magnetic quantum number are
equal, and there is no macroscopic angular momentum
(polarization).

In experiments on optical orientation one deals both
with polarized and aligned systems. The existence of
coherence in polarized systems is uniquely connected
with the presence of a summary transverse angular
momentum of the atoms. Therefore the appearance of
harmonic components in the light absorbed or re-emit-
ted by the atomic system is associated with the trans-
verse components of the magnetization of the ground
and excited states. In subsequent sections, where we
shall use an interpretation in terms of magnetization,
we have in mind a polarized system.

IV. EQUATIONS OF MOTION FOR THE DENSITY
MATRIX IN THE INTERACTION OF ATOMS WITH
OPTICAL RADIATION

The quantum theory of interaction of radiation with
an atomic system in a magnetic field H,, leads to the
following equation of motion for the density matrix of
atoms in the ground state:

"μ~μ·Ρμμ-

* S W M -

Τρ ZJ Γ ~ ί [ ω , ( μ - μ ' ) - ω ϊ ( μ ' - μ · ' ) ] —μ')Ρμμ·.

where

) , ( 1 0 )

( J g ^ ' q / J e m ' ) i s t h e C l e b s c h - G o r d a n c o e f f i c i e n t ,

J e , m , a n d w e a r e t h e a n g u l a r m o m e n t u m , t h e m a g n e t i c

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

t i n g o f t h e e x c i t e d s t a t e . E q u a t i o n ( 9 ) h a s b e e n w r i t t e n

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

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

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

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

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

T h e f i r s t t w o t e r m s o f t h e r i g h t s i d e o f ( 9 ) d e s c r i b e

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

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

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

t i o n s t o t h e c h a n g e of t h e d e n s i t y m a t r i x of t h e g r o u n d

state, and in the case when μ = μ' and μ" = μ"' it de-
scribes the rate of population of the magnetic sublevels.

Inasmuch as the probabilities of the spontaneous
transitions to different sublevels are not equal, the rate
of population of certain sublevels may turn out under
certain conditions to be larger than the rate of de-
crease of population as a result of absorption of the
photons, this being the physical basis for the phenome-
non of optical orientation of the atoms.

If μ * μ', then the third term of expression (9) de-
scribes the restoration of the coherence in the ground
state under the condition that | ω β - w g | « Γ . In this

case one can speak of partial conservation of the phase
memory for atoms undergoing the transition from the
ground state to the excited state and back to the ground
state.

The change of the density matrix of the excited state
Pmm' c a n be described by the equation1 8 ]

dP... - i(m~m.')(ue]pmrr.
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= — 2 (Jem I e™D I Jev-) ( Ρμμ' (11)

T h i s e q u a t i o n c o n n e c t s t h e d e n s i t y m a t r i x o f t h e e x c i t e d

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

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

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

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

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

e n c e i n t h e p r o c e s s o f t h e o p t i c a l e x c i t a t i o n .

V . M A G N E T I C R E S O N A N C E I N D U C E D B Y A R A D I O

F R E Q U E N C Y H E L D

1 . 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

I n 1 9 5 2 , B r o s s e l a n d B i t t e r f i r s t r e a l i z e d i n p r a c t i c e

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

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

o f t h e p o l a r i z a t i o n o f t h e e m i t t e d r e s o n a n t r a d i a t i o n / 1 2 ]

V a p o r o f e v e n i s o t o p e s o f m e r c u r y ( z e r o n u c l e a r s p i n )

were excited in the state 6 3 Ρ Χ by the light of the 2537 A
line, polarized l inearly along the direction of the exter-
nal magnetic field Ho (incoherent π excitation). So long
a s the t rans i t ions between the magnetic sublevels in the
6 3 Pi state were not excited, the fluorescence light did
not contain the σ * polar izat ion components. A weak
radio-frequency field Hx(t) with frequency ω ~u>e> ap-
plied perpendicular to H,,, induced t ransi t ions between
the sublevels of this s ta te , a s a r e s u l t of which c i rcu-
lar ly-polar ized components of resonant radiation a p -
peared in the f luorescence light.

B r o s s e l and Bitter r e g i s t e r e d the average intensity
of the scat tered light with specified polarization; this
intensity is connected with the populations of the mag-
netic sublevels of the excited s ta te . However, a s a r e -
sult of the action of the field ΗΊ(ί), not only do the pop-
ulations of the sublevels change, but a radio-frequency
coherence sets in between the Zeeman s ta tes , since the
perturbation H^t) common to al l the atoms se t s the
same instantaneous phase difference of the s tates for
the ent ire s tat is t ical ensembles . In accordance with (7),
the intensity of the light scat tered by the atomic system
should in this case change harmonical ly in t ime at the
frequency ω β . This effect, called in the l i t e r a t u r e
" l ight b e a t s , " was first observed experimentally in
1959/ 2 5 ] In [ 2 5 ] there were r e g i s t e r e d harmonic com-
ponents of resonant f luorescence of mercury a t o m s in
spontaneous t rans i t ions 6 3 Ρ ι — β ^ . The modulation of
the intensity of the light emitted at the angle π/2 to the
propagation direct ion of the exciting beam was observed
not only at the frequencies ω β and 2cu e, a s was p r o -
posed on the bas i s of a qualitative analysis, but also at
the frequencies 3coe and 4 ω θ , i .e., the r e a l picture of
this phenomenon turned out to be much m o r e compli-
cated.

The harmonic dependence of the intensity of the r e s -
onant f luorescence on the t ime follows directly from
express ion ( 7 ) [ 2 6 J

^r ^ F . (m/M) (M/n) (n':M"> (M':m"> Gm,_C ^^ nn mm-

X exp [ — itn (m — m'-fn' — n) t\,(12)

where u> e f f =yH e f f , and Heff = [(H,, - ω/γ)2 + Η 2 J 1 / 2

i s the effective field in a coordinate system rotat ing

with frequency ω. To determine the magnetic sublevels
in the field Heff, the magnetic quantum numbers Μ and
M' were used, whereas the indices η and m determine
the magnetic sublevels of the excited s tate in the labora-
tory f rame.

In the case of incoherent optical excitation (n = n'),
the excitation matr ix F n n ' tu rns out to be diagonal and
modulation of the light Sp becomes possible at the f re-
quencies ω and 2 ω . In coherent excitation in a super-
position state (η Φ η '), the modulation frequency i s equal
to (m — m' + η' — η)ω, and consequently beats can be
observed at the frequencies 0, ω, 2 ω, 3ω, and 4 ω .
F r o m (12) follows also a resonant dependence of the
depth of modulation of the light on the magnetic field
near Η = o> e /y. An interest ing feature of double radio
optical resonance in general and of the method of " l ight
b e a t s " in part icular is that the thermal motion of the
atoms, which shifts the average frequency of the r a d i a -
tion of the atom a s a resu l t of the Doppler effect and is
responsible for the broadening of the resonant f luores-
cence l ine, does not influence the line width of the dou-
ble radio optical resonance, which under these condi-
tions r e m a i n s equal to the natural width Γ (if one neg-
lects the radio-frequency broadening). Indeed, the Dop-
pler effect shifts the frequencies of the optical t r a n s i -
tions from different magnetic sublevels of the excited
state of the atom to the ground state by equal amounts,
and the frequency of the " b e a t " between these optical
harmonics r e m a i n s unchanged and equal to or a mult i-
ple of the frequency of the radio frequency field Hi(t)
but induces the t rans i t ions between the magnetic sub-
levels . Thus, it becomes possible to observe p a r a m a g -
netic resonance in excited s ta tes at frequencies much
smal ler than the Doppler line width of the radiation,
and to obtain for the s t ructure of the excited s tates in-
formation that is not available by the usual methods of
optical spectroscopy.

The " l ight b e a t s " were investigated in detail theo-
ret ica l ly c 2 6 ] and exper imenta l ly/ 1 5 j and their use a s a
rel iable method for the study of the s t r u c t u r e of energy
levels of a toms was discussed in L 2 7 a j and was con-
firmed by the r e s u l t s of an investigation of the hyper-
fine s t ructure of the 5 2 P i / 2 s tate of the K39 a tom. 1 J

The high sensitivity attainable in optical detection of
the change of the populations or of the appearance of
coherence in atomic s ta tes , has made double radio opti-
cal resonance one of the most important methods of r a -
dio spectroscopy. Thus, for example, it was used suc-
cessfully for the investigation of the state 6^3/2 of Rb
atoms (see : 2 8 : l ) . It was also used to determine the g
factors of the excited s tates of the atoms Ca (see [ 2 9 ] ,
Ba (see [ 3 0 : l ) , and Cs (see c 3 1 3 ) , and also for the m e a s -
urement of the quadrupole moments of cer ta in s ta tes
of Ba 1 3 5 , B a 1 3 7 , ^ and Sr 8 V 3 3 >

2. Magnetic Resonance of Atoms in the Ground State

In the case when the frequency ω of a radio-f re-
quency field Hj(t) rotat ing around H,, is close to the
frequency ω g, coherence i s produced in the system of
sublevels of the ground s tate . If under the conditions of
the double radio optical resonance the radio-frequency
transi t ions in the excited state were accompanied by
changes of the c h a r a c t e r i s t i c s of the fluorescent light,
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then the excitation of the magnetic resonance in the
ground state, by virtue of the symmetry of the proc-
esses of the resonant absorption and spontaneous emis-
sion, should affect the characteristics of the light ab-
sorbed by the atoms. The existence of radio-frequency
coherence in the ground state will become manifest in
modulation SA at a frequency equal to or a multiple of
the frequency of the field Hi.

In order for the interference of the states to become
observable in this case, in accordance with the general
principles, it is necessary to satisfy at least two condi-
tions: 1) to produce a population difference between in-
terfering states, i.e., to prepare the atomic system pre-
dominantly in one of the pure states, 2) to ensure an
identical phase difference between the states for all the
atoms of the ensemble. The first requirement is real-
ized because of the phenomenon of optical orientation,
and the second is realized when the oriented atomic sys-
tem interacts with the radio-frequency field Hi.

To observe the modulation of the absorption, it is
possible to use a second light beam, having a polariza-
tion and orientation relative to the field H,, such as to
be able to cause transitions from any pair of interfering
sublevels of the ground state to the common sublevel of
the excited state (i.e., light with coherent polarization).
In most experiments one chooses such a beam to be cir-
cularly polarized and directed perpendicular to the field
H(,, the intensity of which is much smaller than the in-
tensity of the main beam producing the orientation in
the system. After passing through the sample, its inten-
sity is modulated and the depth of modulation is varied
resonantly near ω = w g .

All these properties of the phenomenon are reflected
in expression (5) for the intensity of the light absorbed
by the atomic system per unit time. In coherent polari-
zation of the detecting beam ( μ ί μ') the expression for
SA contains the time-dependent terms

= Ύ~ Σ i (μ - μ') cot], (13)

w h e r e the per iod ic dependence on the t i m e i s separated

in exp l ic i t form. In analogy with the b e a t s of the f luo-

r e s c e n t l ight under condit ions of double radio optical

r e s o n a n c e , the h a r m o n i c s ignal S A can b e ca l led ab-

sorpt ion b e a t s .

For a s y s t e m with angular momentum 1/2 (for e x -

a m p l e H g 1 9 9 , Cd 1 1 1, Cd 1 1 3 ), the equat ions of motion of

the dens i ty m a t r i x in the ground s ta te a r e quite s imple ,

and in a coordinate system rotating with frequency ω
they have a form analogous to the Bloch equation: [ 8 j

Jdt = {M-a-Mz)x-1 + <ulv, 1
uldt = - ux? + Αωυ, \

ldt = — u>iMz — Δωΐί — ντ'1, J

( 1 4 )

where the following notation is used:
Μ ζ = pi/2, ι/2 — P - i / 2 , — 1/2, Δ ω = ω — wg,

« = Pl/2, - 1 / 2 + P - 1 / 2 , 1/2. « , = 7 ^ , ,

y = i ( p i / 2 , _ i / 2 — P - i / 2 , 1/2)1

Mo = Μοί^/η is the maximum attainable value of the
longitudinal component of the magnetization, and the ef-
fective relaxation times Ti and τ2 are determined by
the expression l/τ = (1/T) + (l/η), where Τ and 77 are
the times of thermal and optical relaxation.

The corresponding results of the experiment1^ in

Hg199 vapor are given in Fig. 1. The solid curves in the
same figure represent the stationary solution of Eqs.
(14) for |Μχ | = (u^ + v 2 ) 1 / 2 , u, and v, demonstrating
the practically complete agreement between theory and
experiment. Figure 2 shows the transient process of
free damping of coherence in the Hg199 system following
sudden turning off of the field Hi, as revealed by modu-
lation of the absorption of a transverse light beam.

It must be emphasized that a signal of this type is
perfectly analogous, in the character of the observed
phenomenon, to a signal obtained in nuclear magnetic
resonance by radio electric methods. This has made it
possible to use for the investigation of optically orien-
ted systems all the previously developed stationary and
nonstationary methods of radio spectroscopy (slow pas-
sage/ 7 ' S1 adiabatically fast passage, [ 3 5 : l pulse radio
frequency excitation/ 8 ' 3 β ] spin echo/ 3 7 3 etc.).

Naturally, for spins Jg > 1/2 the equations of mo-
tion of the density matrix and the corresponding ex-
pressions for SA become much more complicated and
cannot be interpreted in such a simple manner. The
observed signal of absorption modulation reflects in
this case the entire aggregate of the interference phe-
nomena in a complicated superposition of states. None-
theless, in certain particular cases the modulation of
the absorption of the transverse beam is a manifesta-
tion of the character of the variation of the transverse
components of the electronic or nuclear magnetization,
averaged over the ensemble.1 M : i

Just as in the case of double radio optical resonance,
interaction with the field Hi leads to a broadening of
the magnetic-resonance lines, this being a feature in-
herent in the method of producing coherence by radio
frequency fields perpendicular to H,,.

3. Concepts of an Atom "Dressed" by a Radio-
frequency Field

Quite recently, for a unified interpretation of a num-
ber of interference effects that take place in the interac-
tion of atoms with radio-frequency field, Cohen-Tan -

a) " b)
FIG. 1. a) Dependence of the amplitude of the modulation of the

intensity of light on the frequency ω of the field H! (t) near the reso-
nance of the nuclei Hg 1 9 9 at different values of H! [ 8 ] . b) Analogous
dependence for the components of the modulation in quadrature (1)
and in phase (2) with the radio-frequency field. The signal amplitude
S A is given in relative units.

FIG. 2. Oscillogram of free damping of
coherence in a system of Hg 1 9 9 nuclei after
turning off the radio frequency field [ 8 ] .
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noudj i ' 7 8 ' 7 9 · 1 proposed a new theory, based on the con-
cept of an atom " d r e s s e d " by an electromagnetic field.
This theory is in essence applicable for the solution of
all problems in which one considers the interaction of
an atom with two electromagnetic fields, one of which i s
sufficiently intense and the other weak. No l imitations
whatever a r e imposed on the nature of these fields, and
they can be either of optical or radio frequency.*

In par t icular , when double radio optical resonance is
considered, one field i s optical and the second is a radio
field. For concreteness , we denote by Ci the strong
radio-frequency field, and by C2 the weak optical field.
The interaction of the field C2 with the combined " a t o m
plus C i " s y s t e m t is described from the point of view of
quantum theory of radiat ion.

Let us consider for simplicity an atom that has in the
excited state an angular momentum J = 1/2 and is lo-
cated in a constant field HQ and in a radio-frequency
field Hi(t) perpendicular to H,,; the radio frequency is
close to w e = y e ^o- Then the Hamiltonian of the com-
bined sys tem can be wri t ten in the form

Se = u>J. ~ ωα+a + λ (α — a+) Jx

w h e r e t h e f i r s t t e r m c h a r a c t e r i z e s t h e Z e e m a n e n e r g y

of t h e a t o m , t h e s e c o n d t h e e n e r g y of t h e f ield Ci ( a +

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

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

energy of the atom with the field Ci (λ is the coupling
constant). If (n) and (Hj) a r e the average number of
the photons and the average amplitude of the field Ci,
then

The eigenstates of the operator S£o = cooJz + wa+a
a r e s tates with energies (±u> e /2) + ηω, where η is
the number of photons of the radio-frequency field. A
diagram of the levels corresponding to these s tates is
shown by the dashed l ines in Fig. 3. The binding energy
V = XJ x(a + a1") i s usually smal ler than Sea, a s a r e s u l t
of which the influence of the t e r m V on the system i s ap-
preciable only at the points of intersect ion of the levels
of the Hamiltonian <S£0, i .e., at ω θ = ρω. The levels of
the total Hamiltonian 3£ a r e shown by the solid l ines in
Fig. 3.

An analysis, which will not be presented here and
which can be c a r r i e d out with the aid of perturbation
theory or by using Feynman diagrams, a s was done in
ιΊΒΊ, leads to the following conclusions:

If the optical excitation has an incoherent polar iza-
tion (for example σ"), then the absorption of the optical
photon changes the system into pure state of the Hamil-
tonian S£, and near the point ω 0 = 3 ω there is a definite
probability of the transit ion of the atom from the state
| - 1/2 ) into the state | + 1 / 2 ) , with a r e a l absorption of
three radio-frequency photons and with further e m i s -
sion of an optical σ+ photon. This phenomenon, investi-
gated ear l ie r by W i n t e r [ 8 0 ] and called " m u l t i q u a n t u m "
trans i t ions, can thus be interpreted a s an a n t i - i n t e r s e c -

\+,n+t>
•y\*,n>

•This method is less general and in many cases less convenient in
applications than the method of quasistationary states of Ya. B.
Zel'dovich [8 3].

tThe combining of the atom and of the field C[ into one system
interacting with the field C2 has served as a basis for the naming of
this theory.

(n-t)ai

I ι

Λα 4ω

F I G . 3 . D i a g r a m o f e n e r g y l eve l s o f t h e " a t o m p l u s r a d i o f r e q u e n c y

f i e l d " s y s t e m . O r d i n a t e s - e n e r g y i n r e l a t i v e u n i t s .

tion of the levels of the atoms " d r e s s e d " by the rad io-
frequency field.

We can interpret analogously the " e v e n " resonances
ω 0 + 2qa> under conditions of " t r a n s v e r s e pumping" 1 · 7 4 '
8 1 a, the only difference being that the t rans i t ions between
the sublevels of the " a t o m plus field C i " system a r e
vir tual . In both cases the theory makes it possible to
calculation quantitatively both the form of the resonance
curves and their positions with allowance for the rad ia-
tion shift. An interest ing feature of this theory is the
existence of different possibi l i t ies for the description
of coherent effects both in the excited and in the ground
sta te . If the field CL i s applied to atoms in the ground
state, then the reasoning r e m a i n s unchanged, if we r e -
gard the optical field C2 not as photons absorbed by the
atoms, but as " h o l e s " that a r e left optically excited in
the ground state.

F r o m the same point of view it is possible to de-
scr ibe completely the optical detection of p a r a m e t r i c
resonance when the field Hi(t) and Ho a r e para l le l . We
note only that in this case the energy diagram has a
form different from that shown in Fig. 3, and contains
only " i n t e r s e c t i o n s " of the levels .

If the radio frequency Hi(t) i s so s trong that the in-
teract ion V cannot be regarded as weak, the analysis
can be c a r r i e d out in closed form only near u>0 ~ 0.
Then the Zeeman t e r m yHoJ z can be regarded a s a
weak excitation also with respect to the unperturbed
Hamiltonian 3£'o = wa + a + XJ x(a + a + ) . It is shown in
c 8 2 ] that the magnetic moment of such a " d r e s s e d " a t -
om can differ strongly from the magnetic moment of a
free atom, and the dependence of their ra t io on the a m -
plitude of the radio-frequency field is described by a
Bessel function J0(a>i/a>). An experimental investiga-
tion in the ground state of Hg 1 9 9 a toms has fully con-
firmed the theoret ical calculations.

Finally, the concept of the " d r e s s e d " atom has made
it possible to predict theoretical ly the possibility of
t r a n s f e r r i n g coherence in exchange coll is ions between
atoms having strongly differing gyromagnetic ra t ios ,
provided the Lande factors of these a toms a r e a l tered
by the additional radio-frequency field. At the present
t ime, a t tempts a r e being made to confirm this effect
experimentally.

VI. CONSERVATION OF RADIO FREQUENCY
COHERENCE IN THE CYCLE OF OPTICAL
ORIENTATION
The cycle of optical orientation of the atoms consis ts

of three e lementary s tages: 1) absorption of a resonant
photon and a t ransi t ion of the atom to the excited state,
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2) the evolution of the atomic system in the excited
state during its lifetime, and 3) the spontaneous emis-
sion of the photon and the return of the atom to the
ground state. Partial conservation of the radio-frequen-
cy coherence during the entire cycle is one of the most
important features of interference phenomena in opti-
cally oriented sytems. Under certain conditions, the
phase relations established between the states of the
different atoms with the aid of the external perturba-
tion can be conserved in the processes of absorption
and spontaneous emission of optical photons, as a r e -
sult of which intensity beats having the frequency of the
magnetic resonance in the ground state appear in the
light of the resonant fluorescence.

The occurrence of these beats can be explained
theoretically by using expression (7) for the fluores-
cence light and by using the equations of motion (11) of
the density matrix p m m ' , from which it follows that the
time evolution of the excited state is connected with the
evolution of the ground state. In order to integrate (11),
it is necessary to know the density-matrix elements

', which are written in the general form

ρ μ μ . = exp [ — i (μ — μ') ω 8 ί] ρ μ μ . (ί). ( 1 5 )

The dependence of ρ' '(t) on the time is exponential
with a time constant T p determined only by the intensity
of the optical excitation. Remaining within the frame-
work of the assumption of the smallness of the probabil-
ity of the induced optical transitions compared with the
probability of the spontaneous transitions, i.e., under
the condition T p » 1/T, we obtain

... 1 ^ (Jem | e g 0D | JeV.) ( / χ | egGD \ J>')* ( 1 g ,

μμ-

I t f o l l o w s f r o m ( 1 6 ) t h a t t h e d e p e n d e n c e o f t h e d e n -

s i t y m a t r i x o f t h e e x c i t e d s t a t e o n t h e t i m e c o n t a i n s

harmonic components with frequencies ωκ( μ — μ') of
the ground state. This result should not be surprising,
in spite of the fact that the natural frequency of the evo-
lution of the sublevels of the excited state differs from
ω g. For a qualitative explanation of the effect we can
use the analogy with coupled oscillators having different
damping constants T p and 1/Γ and different eigenfre-
quencies. If the frequency u>g of the natural oscilla-
tions of the first oscillator (ground state) lies within the
bandwidth of the second oscillator (excited state) and is
shifted from its central frequency u>e by an interval
smaller than Γ , then excitation of induced oscillations
of the second oscillator at the frequency Ug becomes
possible. Since, however, this frequency is not an eigen-
frequency of the excited state, a definite phase shift will
occur between the motion of Ρμμ' and p m m ' , and this
shift should be a function of the difference between the
frequencies w e and wg, i.e., it should depend on the
magnetic field Ho. Thus, if ρ μ μ ' * 0 (coherence takes

place in the ground state), then p m m ' experiences in-
duced motion at the frequency of the ground state (trans-
fer of coherence from the ground state to the excited
state), and consequently, in accordance with (7), beats
with frequency u>g( μ — μ') can be observed in the flu-
orescence light.

Let us determine the conditions necessary for the
observation of this phenomenon. Let μΦ ω and m = m',

i.e., let a coupling exist between the population p m m of
the excited state and the coherence Ρμμ' of the ground

state. It is seen from (7) and (8) that to this end it is
necessary to produce optical excitation with light having
coherent polarization eq0. Thus, the longitudinal angu-
lar momentum of the excited state turns out to be cou-
pled with the transverse momentum of the ground state
and oscillates with frequency u>g( μ — μ'). In order to
observe these oscillations, it is necessary to register
fluorescence light with incoherent polarization eg (n,
σ+, or σ ' ) .

The presence of coherence Ρμμ' in the ground state
can also cause a stimulated change in the nondiagonal
elements pmm' ( m * m ' ) of the excited state. If we as-
sume, to simplify the interpretation, that the polariza-
tion of the optical excitation is incoherent, then the ma-
trix elements Ρμμ' can no longer be connected with

Pmm') ΐ·β·> the longitudinal momentum of the excited
state does not experience stimulated motion. However,
as shown above, such a motion is experienced by the
transverse components of the momentum, i.e., p m m ' .
It can be observed if the polarization of the registered
fluorescence light is coherent.

In both cases, the interference of the excited state,
revealed by the beats of the fluorescence light at the
frequency of the ground state, is induced. It is import-
ant only when the difference between the natural fre-
quencies o>e - a>g is not too large compared with Γ , as
a result of which the amplitude and phase of the beats
are functions of the external magnetic field Ho.

Conservation of coherence in optical transitions be-
tween the ground and excited states was demonstrated
by experiments in vapor of Hg 1 9 9 , 1 8 l Ne 2 3 / 39\ and Rb
(see liOi). Modulation of the fluorescence light was ob-
served both in the case of its coherent polarization
(coupling of Ρμμ' with p m m ' ) and in the case of inco-
herent polarization (coupling of Ρμμ' with p m m ) . The
dependences of the beat amplitudes Sp (Fig. 4) and of
their phases (Fig. 5) on the constant magnetic field at
different polarizations of the exciting light (eq0) and

ι ζ

FIG. 4

U)g/2ir, kHz

FIG. 5

FIG. 4. Dependence of the amplitude of modulat ion of fluores-
cence light of H g ' 9 9 at the frequency co g on the Zeeman splitting in
the ground state [ 8 ] . Excitation by the hfs component F = 1/2: Δ -
polarization e q o coherent, e q incoherent; +—polarization eq0 inco-
herent, e q coherent; excitation by hfs components F = 3/2. O-polari-
zation eq0 incoherent, eq coherent.

FIG. 5. Dependence of the phase of the modulation of the fluores-
cence light of Hg 1 9 9 at the frequency ojg on the Zeeman splitting in the
ground state [ 8 ] . The notation is the same as in Fig. 4.
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of the fluorescence light (eq) show splendid agreement
between the experimental results and the theoretical
curves shown by the solid lines. In Na23 vapor, using
the beats of the fluorescence at the frequency of the
magnetic resonance in the ground state, it was possible
to resolve distinctly the Zeeman structure of the reso-
nance line (Fig. 6),*' and also to observe beats at double
the frequency 2 α ν , which were predicted theoret ical ly.

VH. TRANSFER OF RADIO-FREQUENCY
COHERENCE IN SPIN EXCHANGE

The beats of f luorescence light at the frequency of
the Zeeman t rans i t ions in the ground state a r e con-
nected with the conservation of radio-frequency coher-
ence within the l imits of one atom in optical t ransi t ions
between the ground and excited s ta tes . A very s imilar
phenomenon can be observed also when different a toms
interact , including when a toms of different elements
collide, if these collisions a r e accompanied by spin ex-
change .

The spin-exchange phenomenon itself is well known
known. [ 4 ' 4 2 ] The use of optical orientation of the a t-
oms and nuclei has added greatly to the procedures of
experimental investigation of spin e x c h a n g e [ 4 3 ' 4 4 3 and
has led to the development of a detailed theory of this
phenomenon. 1 · 4 5 : In the overwhelming majority of known
experiments using spin exchange, interes t was focused
on the mechanism of t rans fer of only the longitudinal
angular momentum from one system of a toms to the
other, and the procedure for observing this phenomenon
was accordingly based on measurement of the average
intensity of the light pass ing through the sys tem. It was
tacitly assumed that the probability of the t ransfer of
the t r a n s v e r s e component of the angular momentum is
negligibly smal l because of the large difference between
the frequencies of the t rans i t ions in the interacting
atomic s y s t e m s .

FIG. 6. Spectrum of the beats of the
fluorescence light of Na23 atoms at the mag-
netic-resonance frequency in the ground
state [3 9]. The plot was obtained after
synchronous detection.

*The plots of signals of different coherent effects, which will be
presented below, were obtained using different experimental methods.
Since the description of these methods is beyond the scope of the article,
the methods of obtaining the experimental curves will not be indicated,
and examples of the signal plots will be given in order to demonstrate
the existence of the effect and the possibility of its observation with the
necessary reference to the original paper.

Fur ther p r o g r e s s in the experimental technique has
led to observation of modulation of 10 830-A light p a s s -
ing through a cell filled with the isotope H e 3 , c 4 6 ] at the
frequency of the nuclear resonance of He 3 in the ground
state l ^ o . On the other hand, the light was absorbed by
atoms in the metastable 23Si s tate . Ruff and Carver 1 1 4 7 ]

described a s imilar experiment in the Na-H system,
where the intensity of the resonant radiat ion of Na was
modulated at the frequency of the magnetic resonance of
the hydrogen a t o m s .

As already noted, the presence of beats in the light
absorbed or r e - e m i t t e d by an atomic system i s evidence
of the existence of a coherent superposition of atomic
s ta tes of the absorbing or emitting sys tem. However, if
the character i s t ic beat frequency i s equal to the f re-
quency of another system that i s under magnetic r e s o -
nance conditions, then this is inevitably the consequence
of the t rans fer of coherence between the sys tems in the
p r o c e s s of the spin-exchange interact ion.

The quantum theory of the phenomenon of conserva-
tion of radio frequency coherence in spin exchange in
[ 4 8 ; | i s based on the general theory of spin-exchange
collision 1- 4 5 ] with allowance for the interaction between
one of the colliding subsystems with the optical field of
the resonant radiat ion. In spite of the fact that a theo-
re t ica l analysis was car r ied out in [ 4 8 ] for the part icu-
lar case of the collision of He 3 a toms, i ts conclusion can
be generalized to include other atomic sys tems .

It i s assumed that the collision is s trong (the c r o s s
section for spin exchange i s ~ 10~14 cm 2 ) and can lead
to the exchange of e lectron spins a s well a s of excita-
tion energy:

Ile'-J-He31 • He3 -He3.

Owing to the short duration of the collision compared
with the rec iproca l of the hyperf ine-structure constant
in the ground state A W and compared with the period
of the p r e c e s s i o n in the external field H o , the nuclear
spin of each atom r e t a i n s its instantaneous orientation
after the exchange p r o c e s s and re-es tab l i shes the cou-
pling with the " n e w " e lectron that e n t e r s in the meta-
stable atom. As a resul t , the precess ion motion at the
nuclear frequency i s t r a n s f e r r e d to the H e 3 * a toms,
which leads to modulation of the light absorbed by them.
Inasmuch a s the precess ion frequencies of He 3 and
H e 3 * differ noticeably, the magnitude of the effective
conservation of the coherence should be determined by
the re lat ion between the difference of these two f re-
quencies and the damping p a r a m e t e r .

To construct a theory of the t ransfer of coherence in
the p r o c e s s of spin exchange, one uses the equations of
motion for the density matr ix Ρ μ μ ' of metastable atoms
in the presence of an optical field of resonant radiation,
s imilar to (9), but supplemented with allowance for the
al terat ion of ρ μ μ ' by exchange coll isions. Without giv-
ing the details of the mathematical calculations, which
can be found in the original p a p e r / 4 8 3 we shall stop to
discuss only some of the resu l t s of the theoret ical
analys is .

Mathematically, the influence of the spin exchange on
the density matr ix ρ μ μ ' ( ί ) consis ts in the fact that after
the collision the matr ix is expressed in t e r m s of the
density matr ix of the ground state with i ts inherent t ime
dependence exp [(g - g ' )a>gt] . Since the light absorbed
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by the He3* atom is proportional to Ρμμ' (t), its inten-
sity should vary harmonically with the frequency ω ssa>g

of the magnetic resonance in the ground state. In c 4 8 : l

they obtained the explicit form of the absorption signal
SA of the hyperfine component F = 1/2 of the resonant
line of orthohelium

const f
ΓμΓ« Ι

const + -

X cos ωί - sin ωί (17)

where ω1=γΗ1, \ω = y(H - Ho), and Γ μ and T g are
the damping constants of the metastable and ground
states. Expression (17) was obtained under the condi-
tion that for metastable atoms γ μ Η,, > Γ μ . If this con-
dition is not satisfied, then in the limit when YnH-o
> Γμ, the amplitude of the modulation at the frequency
cog decreases by a factor γ Η 0 / Γ μ .

A signal of this type was revealed 1 4 8 ] by the modula-
tion of circularly polarized light with wavelength
10 830 A (Fig. 7). The resonance curves had the char-
acteristic form of absorption curves (a) and dispersion
curves (b), coinciding with the theoretical form (17).
The dependence of the effect on the ratio of the detuning
Δω to the width Γ μ of the metastable was also con-
firmed by the experimental results. In spite of the fact
that in the cited paper the ratio γ μ Η 0 / Γ μ was ~ 8, the
coherence-transfer signal in spin exchange was still
observed, thus indicating that this process is an effec-
tive one.

Vm. INTERFERENCE EFFECTS ARISING WHEN
THE CONSTANT FIELD IS MODULATED

The phase φι of the nondiagonal elements of the den-

sity matrix p ^ of an individual atom, by definition, is

Φί = <Ρο + ω η ι η(ί—f 0). (18)

I n t h i s e x p r e s s i o n t h e i n i t i a l i n s t a n t of t i m e t,, a n d t h e

initial phase φ 0 are, generally speaking, random quan-
tities, and if special measures are not taken to estab-
lish the correlation of these quantities for different at-
oms, they vanish when averaged over the ensemble. The
phase equality over the ensemble can be established by
fixing the instants of time t 0 at which the atom goes
over into the superposition state; this was considered
in detail in [ 4 9 > 5 0 ] . Another possibility is to fix the
phase φ 0 of the excitation.' 5 1 ' 5 2 1 Finally, there is one
more method of acting on the phase φι in order to

make the phase of the elements p m ' n equal, namely to
modulate the frequency o> m n by an alternating mag-

= 2.3 Hz

325 330 H, raOe

FIG. 7. Magnetic resonance
signal of He3 nuclei, registered by
means of modulation of the light
absorbed by the metastable He3*
atoms: a) in quadrature with the
field H, and b) in phase with H,

n e t i c f ie ld d i r e c t e d a l o n g t h e f ield H o u n d e r c o r r e -

s p o n d i n g o p t i c a l e x c i t a t i o n . 1 - 5 3 ]

1. P a r a m e t r i c R e s o n a n c e in the E x c i t e d State

A r a d i o - f r e q u e n c y f ie ld o s c i l l a t i n g i n t h e d i r e c t i o n of

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

t i o n s t a t e , s i n c e a t o m i c t r a n s i t i o n s i n d u c e d by s u c h a

f ield a r e f o r b i d d e n . H o w e v e r , t h e a c t i o n of t h e f ield, i n

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

into a c o h e r e n t s u p e r p o s i t i o n of i n t e r f e r i n g s t a t e s . I n

t h i s p r o c e s s t h e r e i s c o h e r e n c e o v e r t h e e n s e m b l e ,

whereas the optical radiation excites atoms in the su-
perposition state, as a result of which it should of ne-
cessity have a coherent admixture of σ* and π polari-
zations.

For simplicity let us consider an atomic system
having one sublevel in the ground state (Jg =0) and
three sublevels in the excited state ( J e = 1). If the width
of the excitation spectrum is much larger than the Zee-
man splitting of the excited state, then in the absence of
an oscillating field the atoms are excited at all three
sublevels m = 0, ± 1 by independent harmonics, and the
phases of the corresponding states remain arbitrary.*'

If the field Ho is modulated with frequency Ω , then a
situation is possible wherein the magnetic sublevels are
excited by one optical harmonic with participation of one
or several radio-frequency quanta. 1 · 1 7 ' 5 4 J Coherence
over the ensemble of the atoms is introduced by the fact
that the phase of the optical wave enters in the same
manner when all sublevels are excited, and the phase
difference of the states is determined only by the phase
of the coherent radio-frequency field. If the field fre-
quency is an integer multiple of the frequency of the
transitions between the sublevels, then coherence is
also introduced into the system, but following absorp-
tion of an appropriate number of radio-frequency quanta.
It must be remembered, however, that the indicated
radio frequency transitions, by virtue of the energy con-
servation law, should be completed without a change of
the state of the radio-frequency field, at any rate with-
in the time on the order of the lifetime of the atom in
the excited state (virtual transition). This means that
after a time At ~ 1 / ( A E ) the virtually-absorbed radio-
frequency quanta should be returned to the field.c 5 4 ]

When the atoms return to the ground state, the number
of quanta released is such as to be able to replenish
the virtually-absorbed energy, but this number need not
necessarily be equal to the number of absorbed quanta.
This mechanism leads to the appearance of beats in the
fluorescence light not only at the modulation frequency
but also at multiples of this frequency.

A simple theoretical analysis confirms these quali-
tative conclusions. We add to the right side of Eq.(l l)
for the density matrix of the excited state an expression
describing the influence of the radio-frequency field Hx:

— i[o>,./zp]cosQi, w h e r e ω ^ (19)

H, mOe

*Generally speaking, one cannot deny the existence of a correlation
between the different harmonics of the optical radiation within the
limits of the width of the spectrum of the exciting line. Recent studies
of natural coherence in the emission of Xe confirms this fact [ 5 S ] . But
this correlation is so weak that its observation calls for a special experi-
ment.
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The equation for p m m ' is then

w h e r e

-+NTV

S£ = (ωβ + ω( cos Ωί) Jz.

(20)

S o l v i n g t h i s e q u a t i o n a n d s u b s t i t u t i n g t h e r e s u l t i n ( 7 ) ,

w e o b t a i n c 5 3 ]

" ' SnT Zj Ζ ' " "

n ) n )
" ' Γ + i [ω, (m—m') — nQ]

Xexp(ifcQt), ( 2 1 )

w h e r e J n ( z ) i s a B e s s e l f u n c t i o n o f f i r s t o r d e r o f t h e

argument ζ = w1(m - ΐη')/Ω.
It is seen from express ion (21) that the fluorescence

light contains harmonics with frequencies kfi. Their
amplitudes depend in resonant manner on the detuning,
and a r e maximal at coe(m — m') — ηΩ = 0.

At m = m', the beats vanish, thus indicating that it i s
necessary to employ optical excitation with coherent
polarization, for only in this case is the excitation ma-
tr ix F m m ' different from zero at m Φ m' . The denom-
inator of expression (21) does not contain the amplitudes
of the radio-frequency field (radio-frequency broaden-
ing), since there is no r e a l absorption of radio-frequency
quency photons.

The existence of p a r a m e t r i c resonance was demon-
strated experimentally in Cd v a p o r / 5 3 ] where inter fer-
ence of the sublevels m = ± 1 of the 5 3 Pi state was ob-
served. The optical excitation was by means of l inearly
polarized resonant cadmium-lamp radiat ion propagating
in the direction of the constant magnetic field. In that
investigation, a study was made of the f luorescence-
light component modulated at the modulation frequency
of the magnetic field near 2 ω β = Ω . The form of the
resonance signal is shown in Fig. 8. The width of the
p a r a m e t r i c resonance was determined entirely by the
lifetime of the atom in the excited state and was equal
to 4.2 x 106 s e c " 1 . No broadening of the r e sonant-signal
line by the radio-frequency field was observed.

Resonances of higher o r d e r s , shown in Fig. 9, were
also investigated. The position of the maxima of the
beats a g r e e s well with the theoret ical predict ions. How-
ever, the amplitude of the second resonance i s some-
what overest imated compared with the calculated value,
this being due to the contribution made to the observed
signal by the double radio optical resonance due to in-
exact para l le l i sm of the fields Ho and Hi(t).

Analogous investigations were c a r r i e d out in l"2 on
Hg 1 9 9 a t o m s . An investigation was made of the depend-
ence of the amplitude of signals of five harmonics of
the f luorescence light on the depth of modulation of the

F I G . 8. Plot of the signal of the fluores-

cence beats of Cd a toms near resonance in the

excited 3 P ] state at resonant modulat ion of

the magnetic field [ " ] .

F I G . 9. Plot of signals of para-

metric resonance in the state 3 P l of

Cd atoms, corresponding to the con-
dition ω β = ηΩ at η = 1, 2, 3 [ " ] .

2S 3Si

c o n s t a n t m a g n e t i c f ie ld . T h e e x p e r i m e n t a l r e s u l t s a r e
i n good a g r e e m e n t wi th t h e t h e o r e t i c a l p r e d i c t i o n s .

2. P a r a m e t r i c R e s o n a n c e in the Ground State

It i s p o s s i b l e t o e x p l a i n i n s i m i l a r f a s h i o n t h e o c c u r -
r e n c e of c o h e r e n t s u p e r p o s i t i o n s of a t o m i c s t a t e s i n
m o d u l a t i o n of t h e Z e e m a n s p l i t t i n g of t h e e x c i t e d a t o m s .
If t h e o p t i c a l e m i s s i o n h a s c o h e r e n t p o l a r i z a t i o n , t h e n ,
in t h e a b s e n c e of a r a d i o - f r e q u e n c y f ie ld o s c i l l a t i n g i n
t h e d i r e c t i o n of H o , t h e e x c i t a t i o n i s e f f e c t e d b y i t s u n -
c o r r e l a t e d c o m p o n e n t s . I n t h e p r e s e n c e of H i ( t ) , t h e
atom can be excited by one optical harmonic with s imul-
taneous vir tual absorption of η radio-frequency quanta.
The phase re lat ions established in this manner between
the magnetic sublevels, owing to the circulation of the
coherence, do not vanish completely when the atom goes
over into the excited state if Γ » u ) g . After the end of

the lifetime the atoms r e t u r n to the ground state, in t ro-
ducing in it the coherence produced by the excitation.

If the modulation of the f luorescence light i s a con-
sequence of the uncertainty of the spontaneous-emission
channel, then the uncertainty of the excitation channel
leads in this case to modulation of the absorption. An
essential factor in the phenomenon of p a r a m e t r i c r e s o -
nance in the ground state i s the need for satisfying the
conditions for the conservation of coherence in optical
t rans i t ions .

The theoret ical analysis can be based on Eq. (9) for
the density matr ix of the ground s ta te :

%= —l[&6, Ρ ] μ μ ' + — 2 ^μ-μ'Ρμ·*» —"f~ ^

w h e r e
(22)

' = (a> cos Ωί) Jz.

W e h a v e o m i t t e d h e r e t e r m s c o n n e c t e d w i t h t h e a t t e n u -
a t i o n of t h e c o h e r e n c e a s a r e s u l t of o p t i c a l e x c i t a t i o n ;
1/T is the relaxation t ime, defined in the standard man-
ner, 1 · 5 6 · 1 and β i s the r a t e of regenerat ion of the sublev-
els , determined by the mechanism of the thermal re lax-
ation. Equation (22) i s an equation with variable coeffi-
cients, and can be solved by successive approximations
in t e r m s of the perturbat ion. Confining ourse lves to the
f i r s t-order correct ion in the optical perturbation, we
obtain

02 0.3
Ho, Oe

This express ion confirms our statement that the coher-
ence in the ground state i s produced only if the coher-
ence is conserved in the optical t rans i t ions, i .e., at non-

•7
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z e r o coefficients BĴ  i> „,. In principle, it i s impossible

to detect this coherence by observing the change of the
intensity of the light producing the population difference
of the magnetic sublevels of the system, for in this case
μ = μ' and the time-dependent t e r m s vanish. It i s n e c -
es sary to use for this purpose an additional beam with
coherent polarizat ion. Then

μ μ " Α μ μ (24}
"Α— τ α ^j ^j 7·-1 + ; { ω ( μ _ μ ' ) _ n Q j '

p Ρ μ μ - , μ " μ - η . It

where the index α perta ins to the additional beam.
Thus, the absorption signal S A for this beam contains
harmonics with frequencies k Ω and exhibits p roper t ie s
analogous to the proper t ie s of p a r a m e t r i c resonance in
the excited s ta te .

P a r a m e t r i c resonance in the ground state was inves-
tigated in detail experimentally on cesium v a p o r [ 5 7 3 and
mercury v a p o r / 7 4 ] and perfectly satisfactory agreement
was obtained between the experimental and theoret ical
r e s u l t s .

IX. PRODUCTION OF RADIO-FREQUENCY
COHERENCE BY INTENSITY-MODULATED
OPTICAL EXCITATION

It is known that in radiat ion whose intensity is modu-
lated at a frequency Ω , the harmonics of the fundamental
frequency ω' and of the sideband frequencies ω ' ± Ω a r e
corre la ted . Thus, the excitation of the atomic system by
modulated light can establish definite phase re lat ions
between different sublevels of the excited s ta te .

A theoret ical description of this phenomenon can also
be based on the equations of motion (11). Since or ienta-
tion of the atoms in the ground state i s not obligatory
in this case, it i s convenient to as sume all the popula-
tions Ρ η μ ' to be identical and equal to N / ( 2 J g + 1). The
only quantity that depends on the excitation intensity is
1/Tp. We shall r e g a r d it as a function of the t ime, v a r -
ying at the modulation frequency Ω . Then

*•-··-'_ (25)- = — Tpmm· — i [iDrip]mm< + -0-N
+T

where 1/Tp = 1^(1 + e cos tit), and e i s the index ofp ^
light modulation. The solution of this equation is

D ' ^
NK0 1 exp(iQt)

<oe (m — m') 2 Γ+ί[ω,(Βΐ— ra')+Q]

. e exp( — iQt)
^ U } <*»>

Substituting (26) in (7), we note that the intensity of the
fluorescence light

3 TNK(, π n r ί 1
8π 2Jg+l

exp (iQt)
2 Γ + i [ωβ (m — m') + Q]

exp( — iQt) 1
( K ( m - m ' ) - Q ] J

i s subject to beats with frequency Ω ; the amplitude of
the signal i s a resonant function of the detuning coe — Ω .
Interference phenomena of this type will be observed in
the fluorescence light only under the condition m Φ m' ,
i .e. , in coherent excitation and detection of the optical
signal.

The first experimental observation of the beats at
the frequency of magnetic resonance in the excited
state, using modulated optical excitation, was real ized

in cadmium vapor. c 1 4 ] As a resul t of the optical t r a n s i -
tions 5^0 — 5 3 Pi, induced by l inearly polarized light
propagating in the direction of a constant magnetic field,
the sublevels m = ± 1 were excited, and their interfer-
ence was r e g i s t e r e d by means of the beats of the light
scat tered at 90°. Figure 10 shows a plot of the resonant
signal in the case when the modulation frequency Ω of
the light intensity i s equal to the frequency of the t r a n -
sitions between the sublevels with m = ± 1. In accord
with (27), the depth of modulation of the fluorescence
lines changes in resonant fashion a s a function of the
magnetic field intensity. In this case, just a s under con-
ditions of p a r a m e t r i c resonance, the width of the r e s o -
nance line does not depend on the modulation index of
the exciting light and i s equal to the natural width of the
excited s ta te .

Modulated optical excitation can produce r a d i o -
frequency coherence also in the ground state, owing to
the conservation of coherence in the cycle of the optical
orientation. If the modulation frequency Ω is close to
the frequency of the Zeeman splitting in the ground state
and the atoms r e t a i n the phase memory during the life-
t ime in the excited state, then upon their r e t u r n to the
ground state they will br ing with them coherence, which
can be observed, for example, by modulating the absorp-
tion of an auxiliary light beam.1-5 8·1

A theoret ical analysis of this phenomenon on the ba-
s i s of the equations of motion for the density matr ix in
the ground s tates leads to the following express ion for
Puu' i n first approximation in the optical per turba-
t i o n : ^

1
(μ - μ')

_ l
( 2 8 )

I n a c c o r d a n c e w i t h ( 5 ) , t h e i n t e n s i t y o f t h e a u x i l i a r y

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

at a frequency Ω .
The possible occurrence of the described effect was

first demonstrated experimentally in i21i in vapor of Cs,
Rb, and He. An interest ing resu l t of this method of p r o -
ducing coherence i s the possibility of stimulating for-
bidden t ransi t ions between Zeeman sublevels, since this
method is not connected with direct t rans i t ions between
the sublevels of the ground state, viz., the t ransi t ion
from one sublevel to another o c c u r s via an excited state
and i s accompanied by establishment of corre lat ion or
relat ions between them. It should also be noted that in
experiments of this type the line width of the magnetic
resonance in the ground state i s determined only by
p r o c e s s e s of thermal and optical re laxat ion.

FIG. 10. Dependence of the

amplitude of the beat of the fluores-
cence light of Cd atoms on the con-
stant field Η in the case of intensity-
modulated optical excitation [ 1 4 ] .

0.2 0.24 0.2B
H,Oe
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X. I N T E R F E R E N C E O F STATES ARISING UPON
INTERSECTION AND ANTI-INTERSECTION
O F ENERGY LEVELS

I n t h e p r e c e d i n g s e c t i o n s w e h a v e d e a l t e x c l u s i v e l y
w i t h i n t e r f e r e n c e of t h e 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 .
N o n e t h e l e s s , i n t e r f e r e n c e p h e n o m e n a c a n t a k e p l a c e
a l s o i n s u p e r p o s i t i o n of d e g e n e r a t e s t a t e s .

I n t e r f e r e n c e of d e g e n e r a t e s t a t e s w a s f i r s t o b s e r v e d
i n e x p e r i m e n t s o n m a g n e t i c d e p o l a r i z a t i o n of r e s o n a n t
r a d i a t i o n , [ 6 O j known a s t h e H a n l e e f f e c t . ' 6 1 ] T h e q u a l i -
t a t i v e p i c t u r e c o n s i s t s in t h e fo l lowing. When a n a t o m i c
s y s t e m i s e x c i t e d b y l i n e a r l y p o l a r i z e d r e s o n a n t r a d i a -
t i o n in t h e a b s e n c e of a n e x t e r n a l m a g n e t i c f ie ld, t h e
f l u o r e s c e n c e l ight h a s t h e s a m e p o l a r i z a t i o n a s t h e e x -
c i t i n g l i g h t . If a m a g n e t i c f ie ld H o p e r p e n d i c u l a r t o t h e
p o l a r i z a t i o n v e c t o r of t h e e x c i t i n g l i ght i s s u p e r i m p o s e d
on t h e s y s t e m of a t o m s , t h e n d e p o l a r i z a t i o n of t h e f luo-
r e s c e n c e l i g h t i s o b s e r v e d in t h e d i r e c t i o n of t h e f ield
H o . T h i s d e p o l a r i z a t i o n d e p e n d s on t h e v a l u e of H o .
T h i s e x a m p l e i s o n l y a p a r t i c u l a r c a s e of a l a r g e c l a s s
of p h e n o m e n a , c a l l e d i n t e r s e c t i o n a n d a n t i - i n t e r s e c t i o n
of t h e e n e r g y l e v e l s , a n d o b s e r v e d a s a r u l e in s t r o n g
m a g n e t i c f i e l d s .

T h e i n t e r s e c t i o n effect w a s f i r s t r e v e a l e d i n H e by
t h e r e s o n a n t i n c r e a s e of t h e i n t e n s i t y of t h e s c a t t e r e d
light of the 10 830 λ line (2 3 P 2 — 23Si) at the points of
intersect ion of the f ine-structure levels 3 P i and 3P2, as
noted by the c i r c l e s in Fig. 11. The physical p ic ture in
the intersect ion of the levels i s perfectly analogous to
the Hanle effect. When the distance between levels be-
comes smal ler than their width, their coherent excita-
tion by one optical harmonic becomes poss ible . The
probability of spontaneous emiss ion of the proton is de-
termined now already by the wave functions of both sub-
levels, and this leads to a change in the intensity of the
scat tered light.

To descr ibe the effective intersect ion one can use
the interference-phenomena theory described in the
preceding sect ions. Turning to expression (27) and a s -
suming that t h e r e i s no modulation of the excitation
(e = 0), we obtain B r e i t ' s well known r e s u l t 1 6 2 3

3Γ

2/g
r-i(G>m-ci>m.) '

describing the change of the average intensity of the
fluorescence light with polarization 6q. Here w m is

the energy of the m-th level. This expression describes

FIG. 11. Diagram of energy levels
of helium atoms. The intersection
points of the fine-structure levels are

200 loo Wo Wo marked by circles.
H, Oe

WS30A

both the effective intersect ion of the levels in strong
fields ( w m = w m ' Φ 0), and the Hanle effect ( w m = u> m '
= 0).

The use of express ion (29) for concrete part icular
cases 1 - 6 3 1 has shown that it not only explains sat isfac-
tori ly the general character of the observed phenomena,
but makes it possible to calculate the line shape of the
level-intersect ion signal, which in the general case is
a superposition of the Lorentz and dispers ion curves
with width Γ . A character i s t ic feature of the i n t e r s e c -
tion signal (Fig. 12) is the practical ly complete ab-
sence of sources of line broadening, as a resu l t of
which the experimentally observed line width coincides
with the natural width. 1 3 4 ] The only possible sources of
broadening a r e inelast ic collisions and the r e o r i e n t a -
tion of the atoms during the lifetime in the excited
s ta te . However, these interactions a r e usually of low
probability, s ince the density of the atoms in the sam-
ple i s quite small (~ 1 0 l o - 1 0 u a t o m s / c m 3 ) .

In an inves t iga t ion ' 6 5 ] of the fine splitting of the ^P
state of the Li a toms by the level- intersect ion method,
it was observed that the form of the observed signal
differs noticeably from the theoret ical one. A detailed
analysis has shown that the effect of ant i- intersect ions
of the levels was observed, for the first t ime, in this
experiment.

Anti-intersection takes place when the distance be-
tween two energy levels is of the o r d e r of their natural
width. However, if they a r e coupled by some i n t e r a c -
tion (for example, hyperfine interaction), then the levels
may not in ter sec t at a l l . A most complete t rea tment of
the theory of the ant i- intersect ion effect is found in [ 6 4 ~
6 6 ] . We therefore present h e r e only some of the most
general a rguments essential for a qualitative i n t e r p r e -
tation of the phenomenon.

Let ψ = S£o + V be the Hamiltonian of the system,
where V is the operator of the perturbation that cou-
ples the s ta tes 11) and 1 2 ) . Then the eigenvalues of
SB a r e

where ffi\k(i13£Q| k ) δ ^ + ( i | V | k ) . It i s seen from
this equation that if ( i | V | k ) Φ 0, then the energy differ-
ence (Ει — Ε2) always differs from zero, i.e., the levels
cannot in ter sec t . The states corresponding to the e n e r -
gies Ei and E2 a r e determined by the express ions

Ι ψ,) = cos (β/2) 11) + sin (β/2) [2),

+ cos$/2)|2>, (31)

where tan β = 2Hi 2 /(Hu - H22), and | 1 ) and | 2 ) a r e
the eigenvectors of the unperturbed Hamiltonian 6ΐ0 .
Figure 13 shows a d iagram of ant i- intersect ing energy
levels satisfying Eq. (30). In the vicinity of the ant i-
intersect ion point, the s tates of the 1 ψ 1 > and \ψ2) a t-

FIG. 12. Signal of intersection
of the levels (1, 1) and (2,-1) of
the Mn55 atom in the state 6p s / 2

139 140 141 143 143 H0,Oe



396 NOVIKOV, P O K A Z A N ' E V , a n d SKROTSKH

Μ
FIG. 13. Position of the

energy levels of a perturbed sys-
tem as a function of the splitting
of the levels of the unperturbed
system.

oms become superpositions of the pure states 11) and
12), a fact accompanied by a change of the characteris-
tics of the scattered light registered in the experiment.

Even incoherent excitation of the pure states 11) and
12) leads to the occurrence of the superposition states
Ι ψι> and | ψ 2 ) in the anti-intersection region. This in-
deed is the main reason why anti-intersection signals
can be observed for such levels whose coherent excita-
tion is forbidden by the selection rules and for which
the intersection method cannot be used in principle.

The anti-inter section signal was observed experi-
mentally in a number of investigations.' * ' 6 5 ) 6 7 J An
important difference between it and the intersection
signal is the dependence of the line width on the pertur-
bation energy Via. This is precisely the circumstance
that makes it possible to use the method of anti-inter-
section to determine the perturbation energy from the
known width Γ of the transition.

In the original experiment of Dupont-Roc, et a l . , c 6 8 ]

they succeeded in observing the occurrence of a coher-
ent superposition of the states of Hg199 in a zero mag-
netic field upon lifting of the degeneracy of the Zeeman
sublevels of the ground state of the mercury atom by
means of an additional optical nonresonant excitation
(Fig. 14). The authors not only demonstrated the equiv-
alence of the beam of nonresonant circularly polarized
light to a certain magnetic field Hg that lifts the de-
generacy in the system of sublevels |± 1/2 ), but also
measured experimentally the energy of the sublevels of
the ground state at Ho — 0. Figure 15 shows a diagram
of the sublevels of Hg199 with allowance for the energy
of the optical interaction. When the nonresonant light
beam and the field Ho are parallel, intersection of the
sublevels μ =±1/2 takes place when Ho = - H s . On the
other hand, if the field Ho is perpendicular to the direc-
tion of this beam, then the coherent excitation of both
sublevels couples them and makes the eigenvalues of
the states |± 1/2) equal to ±y(Ho + Ho)1 / 2, i.e., the lev-
els are anti-intersecting in this case.

The foregoing features of the anti-intersection effect
make it a very valuable method of investigating states
that cannot be studied by other methods, and makes it
possible to determine important atomic constants. Thus,
in ίβ7} there was investigated the spectrum of the anti-
intersection signal of Yb171 and Yb ™ in an atomic beam,

FIG. 14. Signal of precession of Hg'99

nuclei in the fictitious magnetic field pro-
duced by a nonresonant light beam [67].
The oscilloscope sweep scale is in sec-
onds.

Ε, Hz

ω., Hz

F I G . 15. Diagram of energy levels of the ground state of H g 1 9 9

following the lifting of the degeneracy by an optical perturbation. Ex-

perimental data of [ 6 7 ] : + - p e r t u r b i n g beam parallel to the field H o ,

O—perturbing beam perpendicular t o H o .

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

d i t i o n , i n t h a t i n v e s t i g a t i o n t h e y o b s e r v e d f o r t h e f i r s t

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

f e r s f r o m t h e u s u a l o n e i n t h e f a c t t h a t t h e e x c i t a t i o n of

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

w e r e c o h e r e n t .

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

W e h a v e c o n s i d e r e d a b o v e v a r i o u s m e t h o d s of p r o -

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

s y s t e m of s t a t e s d e t e r m i n e d b y t h e Z e e m a n s p l i t t i n g i n

a m a g n e t i c f i e l d H o . T h e c r e a t i o n o f c o h e r e n c e o v e r

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

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

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

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

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

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

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

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

S u c h a s i t u a t i o n i s e n c o u n t e r e d i n t h e i n t e r a c t i o n b e -

t w e e n a t o m s a n d a r a d i o - f r e q u e n c y f i e l d H ^ t ) t h a t r o -

t a t e s a r o u n d H Q . I n a c o o r d i n a t e r o t a t i n g a t a f r e q u e n c y

ω , the atoms are acted upon by a constant effective
field H e f f = [Ho - ωγ'1)2 + Η? J 1 / 2 , the direction of which
makes an angle <? = sin"1 (H^Hgff) with the field Ho. In
this coordinate system, the atomic moments precess
around the direction of the effective field, and the pre-
cession phases of the individual moments are not cor-
related, as in the case of precession around the con-
stant field Ho in the absence of a radio frequency field
H!(t).

It is possible to phase-in the precession of the mo-
ments in the rotating coordinate system, or in other
words to produce coherence in the states determined
by the effective field Heff, for example, with the aid of
a second radio-frequency field having a frequency Ω
= yHeff. This additional action on the atomic ensemble
can be ensured by amplitude modulation of the radio
frequency field Hi(t) = H t(l + e cos Ωί) cos cut at a fre-
quency Ω , or else by superimposing on the field Ho a
parallel modulating field H2 cos fit.

In either case, the atomic system is acted upon in
the rotating coordinate frame by an alternating field
with frequency Ω . This field has two components, H±(t)
perpendicular to the field Heff and inducing magnetic
resonance of the ordinary type in the system of sublev-
els determined by the field Heff, and b) Hn(t) parallel
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H,(t)

njt)

FIG. 16. Arrangement of fields in
the rotating coordinate system.

to the field Heff, inducing parametric resonance (the
arrangement of the fields in the rotating coordinate sys-
tem is shown in Fig. 16).

The influence of the component Ηχ(ΐ) was considered
in a number of investigations'- 6 9~ 7 1i a n d consists in the
occurrence of " s i d e b a n d " resonance l ines, whose d i s-
tance from the fundamental line is a multiple of the fre-
quency Ω . The c h a r a c t e r i s t i c s of these additional l ines
a r e in the main analogous to the c h a r a c t e r i s t i c s of mag-
netic resonance of ordinary type in the laboratory coor-
dinate system, and the interaction with the field Hx(t)
leads to a broadening of the " s i d e b a n d " line of the r e s o -
nance.

The second component H n (t) of the field acting in
the rotat ing coordinating system, in the sense of i ts a c -
tion on the atomic system, produces a situation s imilar
to p a r a m e t r i c resonance in the laboratory f rame, which
was considered above. This component also introduces
coherence in the s tates determined by the effective field,
but it does not lead to saturation of the resonance l ine.

In the general case, the system of atoms is acted
upon by both components, and the observed signal is a
superposition of the signals of the ordinary resonance
and of the p a r a m e t r i c resonance, their re lat ive contr i-
butions being determined completely by the angle # be-
tween the fields Ho and Heff.

A theoret ical analysis of the coherent phenomena in
the effective f i e l d ' 7 2 ' 7 3 ; l can be based on E q s . (14),
which under certain (usually real izable) experimental
conditions a r e suitable for the descript ion of the angu-
lar-momentum components averaged over the ensem-
ble/ 3 8 - 1 The solution of Eqs . (14) under the assumption
T i = T2 = Τ near the k-th resonance in the effective
field (o)eff + kn =0) induced by the field H2 cos Sit i s
given by

T-i + («5)2 tg* * / | (ζ) + (*12 •+· ωΕ ( Ι)2

-•ΓΜ03ΐη»β 2 (.4«'"cosniJi-rBi,'*>siniii>i), (32)

where

/̂. (2) / l t

JT-2--(fcQ-u ω,,,,)-' "I

2-2-;-(/ ;U)2tg#y | , ( 2 )H-(«J^co c , [ f )2 J '

, o

(34)

h e r e Jk(z) is a Bessel function of f irst order of the a r -

gument ζ = γΉ.2 cos ι?/Ω, the solution being obtained un-
der the condition yH 2 sin rf/Ω < 1, which i s usually
satisfied in the experiment.

As follows from (32), the signal proportional to the
longitudinal component of the magnetization M * ' con-
tains a dc component a s well a s harmonic components
whose amplitudes depend in resonant fashion on the fre-
quency Ω of the field H^t) . Resonance takes place in
the effective field if Ω = ω eff / | k | , where k = - 1 , - 2 ,
. . . , at a r b i t r a r y values of the angle •&. The t e r m
^ Ω ) 2 tan2AJ^(z) in the denominator of (32) descr ibes
the broadening of the resonance line due to the influ-
ence of the field components H^(t). This broadening be-
comes negligibly smal l as S--— 0, i .e., under conditions
when p a r a m e t r i c resonance is predominantly excited.

These conclusions were experimentally confirmed in
: 7 2 J . The change of intensity of c i rcular ly polarized
resonant radiation pass ing through an ensemble of C s 1 3 3

atoms in the direction of Ho, was r e g i s t e r e d . As seen
from Fig. 17, a resonance signal in the effective field
was obtained at the frequencies Ω = w e ff/ |k | at k = - 1 ,
- 2 , - 3 , and - 4 .

The main resu l t obtained in c 7 2 ] was the experimen-
tal proof of the existence of p a r a m e t r i c resonance in
the effective field. The m e a s u r e m e n t s of the depend-
ence of the signal on the field amplitude H 2 at different
angles i», performed for this purpose, have demon-
strated good agreement with theory. Figure 18a shows
this dependence for the angle S- = 4 5 ° , when the contr i-
bution of the resonance of ordinary types predominate,
while Fig. 18b shows the same dependence obtained at
ι? ~ 0.5°. In the former case the saturation of the r e s o -
nance se t s in already at ζ < 0.01, whereas in the lat ter
saturation is not reached in pract ice at values of the
field amplitude H 2 corresponding to ζ > 1. Thus, in the
lat ter case the main contribution to the signal is made
by p a r a m e t r i c resonance in the effective field.

Finally, it can be noted that the coherence in the sys-
tem of s tates determined by the effective field Heff can
be produced also by intensity-modulated optical excita-
t i o n / 5 9 · 1 in which case the observed effect is s imi lar to
that described in Ch. IX.

XII. USE OF COHERENT PHENOMENA FOR THE
INVESTIGATION OF ATOMIC STATES
All the effects considered in the present ar t ic le and

connected with the creat ion of a coherent superposition
of s ta tes a r e extensively used a s methods for the study
of the s t ructure and the l ifetimes of atomic s ta tes .

FIG. 17. Magnetic-resonance
signal of Cs133 in the effective field
Heff I7 3 ! ·

11103876 5 4 J
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to
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a) b)

FIG. 18. Cs 1 3 3 resonance signal in a field Heff vs. Ζ in the following
cases [ 7 3 ] : a) t? = 45°, curve 1—resonance at Ω = cjeff, 2—resonance at
Ω = coeff/2; b) &' ~ 0.5°, 1-resonance at Ω = coeff, 2 - Ω = a>eff/2, 3—
Ω = coeff/3.

These methods can be used for the investigation of the
Zeeman and Stark effects, for the determination of the
hyperf ine-structure constants and e lectr ic quadrupole
moments, for a detailed investigation of interatomic
collision p r o c e s s e s , and also for a direct study of the
mechanisms of interact ion between the electromagnetic
field and m a t t e r .

Excitation of magnetic resonance by a radio-frequen-
cy field i s at present the most widely used method of
radio spectroscopic r e s e a r c h . Its character i s t ic fea-
ture i s that the radio-frequency field, by inducing r e a l
t ransi t ions between the investigated sublevels, i n t r o -
duces into the system an additional perturbat ion that
changes the effective lifetime of the atoms on the mag-
netic sublevels. This leads to a broadening of the mag-
net ic-resonance line and to a distortion of i ts shape, a
distortion undesirable for atomic-spectroscopy pur-
poses . F r o m this point of view, interference between
the atomic s ta tes , not accompanied by r e a l t ransi t ions
between the sublevels of the system, can be used as a
much more promis ing r e s e a r c h method. The possibility
of reg i s ter ing interference of s ta tes by means of the
beats of the intensity of the light absorbed or r e - e m i t -
ted by the atoms greatly i n c r e a s e s its sensitivity. An
important advantage of the " b e a t " method i s the fact
that it can be used for an investigation of sublevels be-
tween which radiative t ransi t ions a r e forbidden. The
most interest ing and highly promis ing in this re spect is
the method of " z e r o b e a t s " under conditions of in ter-
section and anti- intersect ion of the levels, which is a l-
ready used extensively for the study of excited s ta tes
that a r e not access ible to the ordinary methods of dou-
ble radio optical resonance.

It should be noted that interference effects a r e of
definite interest from the applied point of view. Thus,
for example, a conservation of coherence at the r e s o -
nance frequency He 3 in the ground state under exchange
collisions with metastable He 3 a toms has made it poss i-
ble to produce highly sensitive magnetometers , which
a r e in essence spin generators operating at the p r e c e s -
sion frequency of the helium nuclei.

Magnetic resonance of alkal i-metal a toms in the
ground state i s the bas is of the operating principle of
the majority of modern quantum magnetometers oper-
ating in a very wide range of magnetic fields.

Narrow p a r a m e t r i c - r e s o n a n c e l ines, with widths
practical ly independent of the amplitude of the rad io-
frequency field, can be used for highly accurate stabili-

zation of magnetic fields. P a r a m e t r i c resonance in an
effective field is a very exact method of measuring the
amplitude of a radio-frequency magnetic field.

The possibility of actively controlling the coherent
propert ies of emiss ion from atomic ensembles is of
great scientific and pract ica l i n t e r e s t .

An investigation of the interference phenomena in
atomic sys tems not only greatly extends the l imits of
our knowledge on the mechanism of interaction of the
atoms with the radiation field, but has a lso laid the
ground work for new methods in fundamental and ap-
plied physics .
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