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The phenomena discussed can arise in sufficiently rarefied vapors of atoms at definite values of the
external magnetic field. They are accompanied by interference of the corresponding atomic states,
and this affects noticeably the character of the polarization and the angular distribution of the reso-
nant emission of the atoms. The study of the microstructure of the resonant emission of atoms situ-
ated in an external constant field and a radiofrequency field can yield valuable information on the
structure of the atomic states, on the character of the interatomic interactions, and on the phenomena
associated with them. New methods greatly extend the capabilities of the interference technique and
have an exceedingly high resolving power (which can amount to a fraction of a hertz for certain gas
systems). The phenomena in question have found various scientific and technical applications, and
serve in particular as a basis for the operation of high-sensitivity magnetometers, which make it
possible to perform absolute measurements of ultraweak magnetic fields (to ΚΓ11 Oe). The physi-
cal principles of the phenomena are considered, a theory is developed for them, and certain possi-
ble scientific and technical applications are indicated. The bibliography covers all the principal
papers published before 1972.
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1. INTRODUCTION method for the study of excited atomic states and for
the measurement of the corresponding atomic and

positions of the Zeeman sublevels of the excited nuclear constants. Its limiting resolution was deter-
state of an atom situated in external magnetic fields mined by the natural width of the emitting term and,
depend on the intensity of this field. At definite values what is particularly important, did not depend on the
of the field, crossing of the sublevels can take place thermal motion of the atoms that leads to Doppler
and be accompanied by interference of the correspond- broadening of resonance fluorescence,
ing states. This circumstance affects noticeably the Investigations of atomic systems by the level cross-
character of the polarization and the angular distribu- ing method have made it possible not only to obtain new
tion of the resonant emission of the atoms. The influ- very valuable information on the structure of atomic
ence of a magnetic field on the polarization of resonant states, but also to observe many new phenomena, as
emission of atoms was observed by Hanle back in well as to extend greatly the capabilities of the inter-
1923Γ1]. It was soon explained123 on the basis of the ference technique. Thus, methods of "anticrossing" of
Lorentz classical theory. A more rigorous theory was levels^e'7'8a'eC^ and methods of crossing of magnetic
developed by Breit^ \ Hanle established already in sublevels of atoms in the ground statef*»101 came into
the first experiments that the polarization of resonant being. An important role in the theoretical and experi-
emission is exceedingly sensitive to the influence of mental development of these methods was played by
weak magnetic fields, weaker than that of the earth. the work of Kastler [ l l ] and Podgoretskii lB*>">c\
This phenomenon, which is a particular case of level The crossing and anticrossing energy levels arise
crossing in a zero field, is called the Hanle effect. For not only in atomic systems, but can also appear in the
a long time it attracted the attention of many workers study of molecular spectra and of the properties of
in the field of optical spectroscopy, and was extensively atomic nuclei and elementary particles, as first pointed
used to determine the lifetimes of excited states. It is out by Podgoretskii f88·»"»0»12]. Their classical analogs
the subject of an extensive literature (see, for exam- have been known for a long time and are widely used in
pie/4 1). the theory of oscillations[13], and are also realized in

In 1959, Colegrove et al. [ 5 ] again renewed interest energy spectra of solids of various kinds,
in this phenomenon, using the level-crossing effect in Investigations of the crossing of atomic sublevels of
a nonzero constant magnetic field to investigate the the ground state have by now become particularly
fine structure of the 23P excited state of helium, and timely, owing to the unusually large resolving power of
proposing by the same token a new spectroscopic this method, determined by the lifetime of the ground
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state. For certain gas systems it can amount to a frac-
tion of a hertz. Therefore the crossing of sublevels of
the ground state (particularly in zero magnetic fields)
uncovers ways not only of a thorough study of the char-
acter of intraatomic interactions and the phenomena
associated with them, but also for the solution of a
number of important applied problems. In particular,
it has served as a basis for the development of high-
sensitivity magnetometric apparatus that makes it
possible to measure ultraweak magnetic fields of the
order of 10"9 Oe [ 1 4 ] .

It is of interest to compare the possibilities of the
level crossing method with another presently well-
known method based on a phenomenon in which features
of both optical and radio-frequency (RF) spectroscopy
are manifest, namely the method of double radio-
optical resonance^ 7 ' 1 5 a ]. It yields information on the
level structure in the case when the Zeeman or the
hyperfine splitting is larger, comparable with, or
smaller than the natural width of the investigated state.
Unfortunately, the RF field in which the system is
placed shifts the atomic sublevels by an amount propor-
tional to the square of the amplitude of the field, and
broadens these levels. For the practice of spectro-
scopy, this phenomenon is highly undesirable, es-
pecially if it is recognized that an analytic solution of
the double-resonance problem is known only for a
limited number of simplest situations. The existing
theory of radiooptical resonance makes it possible to
estimate quantitatively the effect produced by the RF
field, and to eliminate it. In addition, the amplitude of
the field is connected in definite manner with the life-
time of the state: the shorter the lifetime, the larger
should be the amplitude of the RF field. The latter
circumstance, in particular, makes it difficult to use
the method of radio-optical resonance for investiga-
tions of the short-lived atomic states. This, however,
does not pertain to the crossing method.

The simplicity and reliability of the experimental
devices used to observe this phenomenon, the high ac-
curacy, which is not to the accuracy of the radiooptical
resonance, make the crossing method quite valuable in
atomic spectroscopy. Since in many cases the fields of
application of both methods do not overlap, their con-
junction can greatly increase the capability of each of
them individually.

In the present review, principal attention is paid to
the physical picture of the phenomena that accompany
the crossing and anticrossing of the levels. These phe-
nomena serve as a basis for the corresponding spectro-
scopic methods. The authors did not undertake to
gather and systematize all the experimental material
available on this question. If experimental results are
being cited, it is only to illustrate the possibilities of
the method in question, or else to confirm a definite
physical concept.

2. INTERFERENCE OF STATES IN CROSSING OF
ENERGY LEVELS

It was shown theoretically and confirmed experi-
mentally that the crossing of atomic magnetic sublevels
is accompanied by a change in angular distribution of
the radiation. This change is due to the interference of

the corresponding atomic s tates^ 1 6 3 . The explanation of
the interference phenomenon is based on one of the
fundamental p r e m i s e s of quantum mechanics, namely
the principle of superposition of s t a t e s . As i s well
known, this principle leads in a quite natural fashion to
the concept of interference of atomic s ta tes , and also
to the choice of physical conditions for i ts experimental
observation. It is therefore advantageous to dwell
briefly on the main consequences of this principle as
applied to a c i rc le of the problems touched upon h e r e .

In accordance with the superposition principle, an
arb i t ra ry state of the atom | i/>(t)) can be represented
in the form of an expansion in a complete set of eigen-
vectors | ψτη ) of a certain Hermit ian operator

(1)

where the expansion coefficients a m ( t ) , generally com-
plex numbers, are characterized by moduli and phase
shifts. We shall henceforth choose the energy operator
for this purpose. The mean value of the operator g in
the state | ip{t) > is definied by the expression

g = Σ I « · 2gmm + (2)

where g m n = (<Pm I g I <Pn) is a matrix element of the
operator g. If this operator commutes with the energy
operator, the mean value of g is determined only by
the first term of (2), and the second interference term,
which depends on the ratio of the phases of the coef-
ficients, vanishes. On the other hand, if the operators
Ε and g do not commute, then the expression for the
mean value includes besides the first t e r m , also an
interference t e r m whose value depends on the phase
difference between the coefficients am and a n in the
sta tes | <pm ) and | <fti), i .e . , in the general case on
Ψ - (Em - E n ) t / R , accurate to within an initial phase
shift. In this c a s e , the mean value g is a periodic func-
tion of the t ime and varies at the frequency of the
trans i t ions between the interfering s t a t e s . To calculate
an experimentally measured mean value of a physical
quantity ( g) , relation (2) must be averaged over a
s tat i s t ica l ensemble, which we assume to consist of Ν
independent s y s t e m s . Then

(3)

where the subscript i numbers the atoms and ρ is the
density matr ix for the ensemble of the a t o m s . In a c -
cordance with the definition, i ts e lements a r e given by

t>mn — N~l 2j p'mn, (4)

where p m n = a m a ^ * a r e the elements of the density
matr ix of the i-th atom.

The presence of an interference t e r m in (2), which
is equivalent to stating that pmn * 0 when η * m,
st i l l does not mean that this t e r m is contained in ex-
press ion (3). Its appearance in (3) depends also on the
resul t s of averaging the density matr ix (4) over the
sta t i s t ica l ensemble. In this case one can encounter
two physically rea l c a s e s . The first is realized when
the ensemble of the atoms is prepared in such a way
that the phase shifts φί of the matr ix elements p m n

which enter in (4) a r e equally probable. For a suffic-
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iently large N, this leads to the vanishing of the re-
sultant off-diagonal matrix element p m n - The density
matrix is then diagonal, and one can observe only these
system properties which are possessed by the atoms in
pure states. If the phase shifts <pi are distributed over
the atoms non-uniformly, then the elements p m n differ
from zero and the observed physical quantity experi-
ences beats with a frequency determined by the energy
difference between the interfering states. One says in
this case that coherence exists between the states
| <pm > and j <pn >. This coherence leads to a macro-
scopically observable interference effect, and the ex-
pansion (1) is a coherent superposition of the atomic
states.

Thus, to observe experimentally the interference of
atomic states in pure form, the system must be con-
structed in such a way that the phase difference be-
tween the interfering states is the same for all the
atoms of the ensemble, or in other words, that each
atom be in a coherent superposition of states.

There are many known methods of producing co-
herence. All involve the use of some external pertur-
bation. These methods are well known in the fields of
magnetic and radio-optical resonance, optical orienta-
tion of atoms, etc. The most common is the use of an
RF field whose frequency is close to the frequency of
the Zeeman splitting of the atoms oriented by an ex-
ternal constant magnetic field Ho (magnetic resonance).
The interaction of the atoms with the RF field under
magnetic-resonance conditions leads to stimulated
oscillations of the atomic states having the phase of
field, thereby excluding their uniform distribution. The
interference of the states becomes manifest in this
case in the appearance of a macroscopic magnetization
component perpendicular to Ho and varying with the
frequency of the RF field. It can be shown that this re-
sult follows from (3) if the basis vectors in the latter
are taken to be the eigenvectors of the operator of the
z-component of the total angular momentum J of the
atomic system, and g is taken to be the operator of a
transverse component of the angular momentum Jx or
J y , since [ J x , Jy] * 0.

This example leads to the following interesting con-
clusion: In the case under consideration, there is a
complete one-to-one correspondence between the ap-
pearance of a magnetization component that is trans-
verse with respect to the constancy of Ho, on the one
hand, and the coherence p m n on the other. One can
speak of a magnetization that is transverse with the
magnetic field and take it to mean a coherent superpo-
sition of states, and vice versa. If we consider other
examples of coherence production, we can arrive at the
more general conclusion that introduction of coherence
into an atomic system is accompanied by the onset of
atomic orientation, i.e., polarization or alignment. In
the latter case no magnetization is produced. If we use
this circumstance, it is easy to present a qualitative
description of the interference effect that results from
the interaction of an atomic system with a "phasing"
perturbation, and, in particular, with optical excitation
that makes it possible to observe the crossing effect.
In such a formulation, the phenomenon considered here
has a direct bearing on a phenomenon already known in
physics, namely optical orientation of atoms, the gist

of which is that when radiation interacts with atoms the
latter can acquire a fraction of the angular momentum
of the radiation field (within the limits of the angular-
momentum conservation law), and this changes the
total angular momentum J of the atomic system. The
foregoing can be formulated in terms of magnetization,
using the well-known relation Μ = yJ.

Knowing what changes occur in the angular state of
the atoms when they interact with light, we can find the
conditions under which a coherent superposition of
atomic states is produced.

Let us consider an atomic system in whose excited
state two magnetic sublevels m and m' (m * m') are
characterized by an energy difference ΔΕ = Em - E m ' ,
determined by a constant magnetic field Ho. We as-
sume that, depending on the field, ΔΕ can vary from
zero (level crossing) to a value exceeding the natural
width of the magnetic sublevels. To excite atoms from
a definite sublevel μ of the ground state into a super-
position state, it is necessary that the incident light be
represented by a superposition of components with cr%
a', and π polarizations. Such an excitation is referred
to customarily as coherent or possessing coherent
polarization. If the atoms are excited in pure states
when they absorb light, such an excitation is called
incoherent. Obviously, the concept of coherent or in-
coherent excitation is relative and is meaningful only
with respect to the chosen direction of the quantization
axis. For example, circularly polarized light propagat-
ing in the direction Ho constitutes an incoherent exci-
tation if the Ho direction is chosen to be the quantiza-
tion direction. In this case the atoms are excited only
in pure states. The same radiation, when propagating
in a direction perpendicular to Ho, excites atoms in a
superposition state, and the magnetization quantum
numbers of the ground and excited states differ then by
0 and ±1.

The direction of the constant magnetic field, the
direction of the oscillations of the magnetic vector of
a linearly polarized wave, and the direction in which
the atomic ensemble is irradiated in the case of circu-
lar polarization, are all physically singled-out quanti-
zation directions. Preference to any one of them is
dictated, of course, only by considerations of conven-
ience in solving the particular problem. We assume in
the example that follows that the quantization axis is in
the direction of propagation of circularly polarized light
(the Ox axis in Fig. la), and that it is perpendicular to
the vector Ho = H z . The magnetic sublevels Μ and M',
defined relative to the Ox axis, are incoherently ex-
cited by the incident light. Since Μ * Μ' and the prob-
abilities of the optical transitions to these sublevels
are not the same, a definite difference arises between
the populations of the latter, and leads to the appear-

FIG. 1. Magnitude and position of the magnetization vector during
one Larmor period.
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a n c e of m a c r o s c o p i c m a g n e t i z a t i o n of t h e e x c i t e d
a t o m s in t h e i r r a d i a t i o n d i r e c t i o n ( o p t i c a l o r i e n t a t i o n
of t h e a t o m s i n t h e Ox d i r e c t i o n ) . S i n c e t h e s y s t e m i s
i n a m a g n e t i c f ie ld, t h e m a g n e t i z a t i o n p r o d u c e d in t h e
Ox direction begins to p r e c e s s with frequency ωο
= yH 0 = Δ Ε / η about the direction of H o and by the in-
stant t it negotiates an angle wot. By virtue of the
radiative spontaneous decay of the excited s ta te , this
magnetization d e c r e a s e s with t ime and has at the in-
stant of t ime t the value e x p ( - t / r ) , where τ is the
lifetime of the excited atom and i s connected with the
natural width Γ by the relation τΓ = 1. If the magneti-
zation goes through a large number of cycles during
the lifetime τ, i .e . , ωοτ » 1, then i t s mean value taken
over this t ime interval i s equal to z e r o . In other words,
if the distance between the levels Δ Ε / h is much la rger
than the natura l width of the levels, no t r a n s v e r s e mag-
netization relative to the magnetic field takes place.
Consequently, under these conditions optical excitation
does not introduce coherence into the atomic sys tem.

When the precess ion frequency o>o i s smal l , so that
the condition ω οτ « 1 is satisfied, the magnetization
produced by the light decays without hardly beginning
to p r e c e s s about the direction of H o (Fig. lb) . In the
case of continuous optical excitation this produces in
the Ox direction a macroscopic magnetization (polari-
zation of the atoms in the Ox direction), meaning that
the atoms a r e excited into a coherent superposition of
s ta tes | ψγα ) and \ψη) ·

Thus, optical excitation can introduce coherence
into an atomic sys tem if (a) the distance between the
energy levels i s comparable with or s m a l l e r than the i r
natura l width, and (b) the optical excitation i s coherent.
These a r e precisely the conditions under which experi-
ment can reveal the cross ing of atomic magnetic sub-
levels .

Besides cross ing, it i s possible to produce in
atomic s y s t e m s conditions under which the levels a p -
proach each other to within a distance s h o r t e r than or
of the o r d e r of t h e i r width, but without cross ing . In
atomic spectroscopy, this interes t ing phenomenon was
revealed quite recently by a change in the angular d i s-
tribution of light in the " a n t i c r o s s i n g " region. The
conditions for the occurrence and observation of this
phenomenon a r e considered in detail in Chap. 4 below.

4. CROSSING OF ATOMIC LEVELS OF A DEGENER-
ATE STATE

a) Cross ing signal and conditions for i t s observation.
The magnitude and form of the expected signal of the
cross ing of magnetic hyperfine sublevels of an excited
state of atoms can be est imated with the aid of the ex-
pression1^1 >17-1:

(5), Σ
FmF'm

where

| eD | M* (F'm'\ eD | /μ),

which r e p r e s e n t s the intensity of the light spontane-

ously emitted by the atoms as they r e t u r n from the

excited state to the ground s ta te , Gm*^» (in the stand-

ard notation) i s the matr ix of radiation character ized

by a single polarization vector e, and D i s the e lectr ic
dipole moment. The s tate vector | F m ) descr ibes the
hyperfine Zeeman sublevel of the excited s tate, and the
vector | ίμ> descr ibes the hyperfine sublevel of the
ground s ta te , while F and f a r e the values of the total
angular momentum in the corresponding s tates and m
and μ a r e the magnetic quantum numbers determining
the projections of F and f on the direction of the con-
stant magnetic field H o which is paral le l to the ζ axis .

The density matr ix p F m F ' m ' descr ibes the evolu-
tion of the excited state of the atoms and depends
mainly on the method of their excitation. If the atoms
go over into an excited state as a result of absorption
of resonant light character ized by a single polarization
vector e°, then the m a t r i x P F m F ' m ' c a n be obtained
from the e q u a t i o n [ 5 i a > 1 7 ] "

(dpfmF-m· (t)ldt) + {Γ + iG>Fmp.m·} p F m F ' m - (t)

> * p ( i )

w h i c h i s w e l l known i n t h e t h e o r y of o p t i c a l o r i e n t a t i o n
of a t o m s f l T 1 ; h e r e , T r i s t h e r e l a x a t i o n t i m e , e q u a l t o
t h e a v e r a g e l i f e t i m e of t h e a t o m s i n t h e g r o u n d s t a t e
and i s determined by the intensity of the optical excita-
tion, w F m F ' m ' is the energy interval between the ex-
cited magnetic sublevels, Γ i s the decay constant (here
and throughout we used a system of units in which
Λ = c = 1), and ρ ί μ ί ' μ ' ( ΐ ) a r e the density-matrix e le-
ments that descr ibe the populations (f = f', μ = μ ') and
the coherence (off-diagonal e lements) of the ensemble
of atoms in the ground s ta te . In deriving the equation
for p F m F ' m ' it was assumed that the damping of the
populations and of the coherence of the excited atoms
is determined only by spontaneous-decay p r o c e s s e s . It
will be shown subsequently that these assumptions a r e
quite reasonable.

For the light intensit ies customari ly used in experi-
ments on level cross ing, the probability of the induced
atomic t rans i t ions i s much s h o r t e r than the probabil i-
t ies of the spontaneous ones. Taking this c i rcumstance
into account, Eq. (6) can be easily integrated:

(7)
χ {Γ + i [u>FmF,m, — ω,μ/.μ·]} 'p/nrn-W ·

T h e o b t a i n e d e x p r e s s i o n r e p r e s e n t s t h e c o h e r e n c e
p r o d u c e d in t h e e x c i t e d s t a t e by t h e r e s o n a n t l i ght ,
w h i c h i s d e t e r m i n e d i n m a n y r e s p e c t s by t h e b e h a v i o r
of t h e a t o m s i n t h e g r o u n d s t a t e . In p a r t i c u l a r , t h e
c o h e r e n c e b e t w e e n t h e s u b l e v e l s m and m ' i s not t h e
s a m e for d i f f e r e n t d i s t r i b u t i o n s of t h e m a g n e t i c s u b -
l e v e l s of a t o m s of t h e g r o u n d s t a t e . On t h e o t h e r h a n d ,
t h e p r e s e n c e of c o h e r e n c e in t h e g r o u n d s t a t e l e a d s t o
t h e i n t e r e s t i n g c o n c l u s i o n t h a t e v e n if t h e r e i s no 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 a t t h e i n i t i a l i n s t a n t of
t i m e , c o h e r e n c e c a n b e i n t r o d u c e d i n t o i t s u b s e q u e n t l y
f r o m t h e g r o u n d s t a t e . T h e p h e n o m e n o n of c o h e r e n c e
t r a n s f e r does not occur if | w F m F ' m ' - uiuin I » Γ ,
as follows from Eq. (7).

Let us a s s u m e that there is no coherence in the
ground state and that the populations a r e equal. Then

u Atoms can be excited into a coherent superposition of states by
using a beam of slow electrons or ions. As a rule, this method is used if
it is impossible for some reason to excite the atoms optically. For de-
tails see the review [7] and the papers in [ 1 8 ] .
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the expression for the radiation intensity (5), when
account i s taken of (7), takes the form

f m | e°D | /'μ'),

2 <
/μηη'

|Ζ)||/)(/1μη|/·ΐη)(/1μηΊί"/η')ί!η.η,

(Fm I eD | /μ)· (F'm' | eD| /μ) (1

X {F'm· I e°D | />')
( 8 )

in which it i s e a s y to r e c o g n i z e the well-known B r e i t
expression^ 3 8 ·» 5 ^ 1 for the c r o s s i n g s i g n a l of s u b l e v e l s
of e x c i t e d a t o m s . An i n t e r f e r e n c e s i g n a l i s o b s e r v e d
e x p e r i m e n t a l l y only when c e r t a i n condit ions a r e s a t i s -
fled with r e s p e c t to the magnitude of the constant m a g -
net ic f ield and the p r o p e r t i e s of the exc i t ing and d e -
t e c t e d l ight.

The r e q u i r e m e n t s i m p o s e d on the magnet ic f ield H o

a r e de termined by the factor in the round brackets of
(8) . If the magnet ic s u b l e v e l s | F m ) and | F ' m ' ) a r e
c o m p l e t e l y r e s o l v e d , i . e . , TojFmF'm' >> *> t n e n only the
t e r m s with F = F' and m = m' r e m a i n in the e x p r e s -
s i o n for the radiat ion i n t e n s i t y . The t e r m s with
F ^ F ' and m * m ' , which d e s c r i b e the i n t e r f e r e n c e
effect, drop out. The appearance of i n t e r f e r e n c e e f fects
i s e x p e c t e d only when two o r m o r e e x c i t e d s t a t e s a r e
suff ic ient ly c l o s e to one another, s o that T w F m F ' m '
« 1. We a r e a l ready acquainted with t h i s condit ion.

The p r o p e r t i e s of the resonant radiat ion, e x c i t i n g
the a t o m s into a coherent superpos i t ion of s t a t e s | F m )
and | F ' m ' > a r e d e t e r m i n e d by the exc i ta t ion m a t r i x

^ m m ' ' w h i c h e n t e r s in (8)

ΛΖ· =Σ (F'm' I e°D | />') (Fm 11 e°D| /'μ') ( g )

= Σ 4q.(F'm'\Dq.\fy)'(Fm\Dq\fY),

where D q are the spherical components of the vector
D and are simultaneously the components of the i r re-
ducible tensor of the operator Dq, while eqq' = eqeq*'

is the polarization matrix, with

T h e i n d i c e s q = 1 a n d q = - 1 c o r r e s p o n d t o r i g h t - h a n d

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

I f w e u s e t h e W i g n e r - E c k a r t t h e o r e m [ 1 9 ]

{Fm \Dq | /μ> = (F \\ D \\ f) ( / l w [ Fm),

where ( F n D n f ) i s the reduced m a t r i x element of
the atomic transi t ion and (flp.q | Fm) is the Clebsch-
Gordan coefficient, then we can reduce (9) to the form

fi= Σ (F' \\D\\f)' (F\\D\\f')(r\^q'\F'm')(fiV.'q\Fm)tlq..
/ 'μ '« '

f r o m t h e p r o p e r t i e s o f 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 s

i t f o l l o w s t h a t m - m ' = q ' - q , w h e r e q = 0 , ± 1 , w i t h

z e r o c h a r a c t e r i z i n g t h e t r a n s i t i o n s w i t h a b s o r p t i o n o f

light with π polarization, and ±1 transitions with ab-
sorption of right- and left-polarized light. It follows
therefore that when atoms are irradiated with, say,
circularly polarized light (q =1) in the direction of
the magnetic field we have q = q' and m - m' = 0. In
other words, the atoms are excited in pure states. To
the contrary, if circularly polarized light propagates
in a direction perpendicular to Ho, all the sublevels
for which Am = 0, 1, and 2 are excited. Thus, to excite
atoms into a superposition state the light should have
coherent polarization.

The properties of the re-radiated light are deter-
mined by the radiation matrix

2
FmF'm'

where £η'η is the polarization matrix. It follows from
this expression that to observe level crossing with
m s* m' we must have η different from η'. In other
words, the detected radiation must be represented by
a mixture of components with different polarizations.

Thus, the crossing signal, which is proportional to
the reradiated light intensity and is described by the
expression

*')(f'Wq\Fm)
(10)

X 4?«Vn (1 + iWFmF'm·)-1 (/Ιμη | Fm) (/Ιμη' |F'm'),
where

D (FF1; ff) = (F' || D || />· (F || D || / > </ || D || />* (F' \\ D || />,

i s different from z e r o if coherent exc i tat ion and d e t e c -
t ion a r e r e a l i z e d , and the magnet ic f ield s a t i s f i e s the
condit ion TojFmF'm' ~ *·

T o produce the c o r r e c t e x p e r i m e n t a l g e o m e t r y for
the study of c r o s s i n g of e x c i t e d a tomic s u b l e v e l s , i t i s
n e c e s s a r y to know the e x a c t dependence of the proba-
bi l i ty of the opt ical t r a n s i t i o n s on the propagation
d i rect ion and polar izat ion of the l ight; th i s dependence
i s contained in eqq ' . It i s convenient to e x p r e s s the
po lar izat ion in t e r m s of the po lar and az imuthal a n g l e s
θ and ψ, which define the direction of the unit vector
r°, which is also the direction of radiation propagation
(Fig. 2). The polarization unit vector e, specified rela-
tive to the direction r° in the system ( θ", φ " , r°) makes
an angle a with the direction of the unit vector Θ0

connected with the angle θ. In the case of arbitrary
polarization of the exciting light, the vector e in the
system ( θ", φ°, r°) can be represented in the form

e = Θ0 cos a (11)

If β = 0, then expression (11) describes a linear-
polarization vector making an angle a with the Θ0

axis, and describes at β = ± π/2 and a = π/4 a vector
representing right- and left-polarized radiation, re-
spectively. Transforming from the system ( θ°, φ " , r°)
to (x, y, z) and introducing then the complex unit vec-
tors uo and u± in accordance with the formulas

u± = Τ (i ± i})/V2, u0 = k,

we can r e p r e s e n t the light polar izat ion vector in the
form

e = Σ (-l)qe-guq,
9—1

where

eQ = — (qlV~2) (cos θ cos α + iq sin ae'SJe'"1 (q = ±1), «o

— —sin θ cos ex..

Thus, the polarization matrix is given by
ε ιο ε ) , -ί

= Ι ε01 ε00 ε0, -(

ε_,,,

(12)

where

ε ±ι, ±ι = (1/2) (1 — sin2 θ cos2 α Τ cos θ sin 2α sin β),

ε0, _, = ε* j, ο = (l/V^2) sin θ cos α (cos θ cos α + i sin ae~ ·Ρ)

ε10 = e*i = (1/ Κ5) sin θ cos a (cos θ cos a +1 sin ae'V) e'*,
ε,, -ι = ε_ί, i = — (1/2) (cos2 θ cos2 a — sin2 a + i cos θ sin 2a cos β) e2if,

ε00 = sin2 θ cos2 a.
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FIG. 2. Coordinate system for the
description of the light polarization.

Express ion (12) enables us to calculate the cross ing
signal for any experimental geometry and for an a r b i -
t r a r y polarization of the exciting and re-radia ted light.

b) The Hanle effect. The first experiments in which
they observed coherence of s ta tes produced by optical
excitation were the experiments of Hanle on magnetic
depolarization of light [ 1> 2 ' > 4 ] We shal l examine the
gist of these experiments using the even isotopes of
m e r c u r y as an example.

Mercury vapor is i r rad ia ted in the direction of the
Ox axis by resonant light of the 2537 A line, polarized
in the Oy direct ion. The following i s then observed.
In the absence of a magnetic field, the re-radiated
light i s strongly polarized (~90%), and the e lectr ic
vector of the radiation is para l le l to the unit vector
of polarization of the exciting light. The angular d i s t r i -
bution of the fluorescence is determined by the d i r e c -
tivity pattern of the radiation of the e lectr ic dipole, the
axis of which coincides with the direction of the electr ic
vector of the exciting light. Superposition of a mag-
netic field para l le l to e° does not change the c h a r a c t e r
of the radiation (incoherent excitation). However, if
Ho 1 e° (coherent excitation), the picture changes, and
as the field i n c r e a s e s from z e r o the degree of polar i-
zation of the light emitted in the direction of H o de-
c r e a s e s and vanishes when the Zeeman splitting of the
excited radiation greatly exceeds the natural width Γ .

A quantitative description of these results can be
obtained in the basis of expression (10), in which F
should be equated to F ' , and a>FmF'm' must be re-
placed by wp(m - m'), inasmuch as the atomic mag-
netic sublevels belonging to a definite F are equidistant
in a weak field:

Χ 4ι'<νη 11 + *™>, (™ — "ΟΓ1 (/Ιμη | Fm) (/Ιμη' \Fm').

The ground 6^0 state of even isotopes of mercury is
a singlet (nuclear spin equal to zero), and the excited
6 3 Pi s tate in a magnetic field is a system of three
equidistant magnetic sublevels with m = 0 and ± 1 . The
conditions for the excitation of these sublevels depends
on the polarization and on the propagation direction of
the radiation. In par t icu lar , if the atoms a r e eliminated
in the Oy direction with light polarized in the Ox d i r e c -
tion (Ho 11 Oz), only the sublevels | 1 > and | - 1 ) a r e
excited, as follows from the form of the matr ix £qg',
in which only the components with q = q' = ±1 and
q = - q ' differ from z e r o , and from the propert ies of
the Clebsch-Gordan coefficients. The difference Am
between the magnetic quantum numbers is equal to
z e r o and ±2. The case Am = 0 corresponds to excita-
tion of the atom in the pure s ta te , and Am = ±2 c o r r e -

sponds to excitation in a superposition of s tates | 1 )
and | - 1 ) upon absorption of a l inearly-polarized pho-
ton. This case corresponds to alignment in the atomic
sys tem. Therefore the express ion for the intensity of
S F ( θ', ψ'; a') of light re-radiated in a direction de-
fined by the angles θ' and φ ' and polarized at an angle
a' to the Θ0 axis can be represented in the form of a
sum of two t e r m s , δψ and S ( " with S'"' c h a r a c t e r i z -
ing the intensity of that par t of the radiation for which
Am = 0, and SlJ* connected with coherent excitation
(Am = 2). This part depends on the value of the mag-
netic field Ho. The expressions for S^ and δψ a r e

SSS' = (1/2)S; (1 — sin2 Θ' cos2 a'),

5$' = (1/2)5; (1 + ίτ^)'1 [(cos2 Θ' cos2 a ' — sina a ' —

— cos Θ' sin 2a' sin 2φ') + 2τωΡ (cos2 θ' cos2 a' sin 2φ' — cos Θ' sin 2a' cos 2φ')].

In part icu lar, the intens i ty of l ight e m i s s i o n in the
direction of the ζ axis {θ' = ψ' = 0) of the laboratory
frame (x, y, z), polarized along Ox ( a ' = 0) and
Oy ( α ' = π/2), i s described by the well-known relat ion

(13a)

(13b)

Sr (x) = (·/„)

5 , (if) = ( l/2)S; [1 - (1 + 4 Λ * ) - ' ] .

The l o s s of c o h e r e n c e i s d i rect ly connected with the

quantity S p ( y ) . It b e c o m e s c o m p l e t e when S F ( y )

= S o / 2 , that i s , when the sp l i t t ing of the Z e e m a n sub-

l e v e l s of the e x c i t e d s ta te e x c e e d s the natural l ine

width (4ω|>τ 2 » 1). In this case the magnetic field no
longer influences the c h a r a c t e r of the polarization of
the radiation, and the radiation intensity is described
by the expression for δψ, as if the atoms were to be
excited in pure s t a t e s .

One can present a qualitative albeit insufficiently
consistent semic las s ica l interpretat ion of these r e -
s u l t s ^ 0 3 . If the linearly polarized excitation is r e -
garded a s a superposit ion of radiat ions with left- and
right-hand polarizations, then the lat ter produce σ*
and σ" t rans i t ions with equal probability. Obviously,
in the general case , the employed method of excitation
trans forms the atoms not into pure s tates | 1 ) and
I - 1 ) , but into a state represent ing the coherent com-
bination Ι ψ > = 2'1/Z (I 1 > - I - 1 >) for a l l the a toms. In
this s ta te , the e lectr ic moment of the atom lies in the
direction of the Ox axis, and the spatial-distribution
diagram of the radiation of the atoms in the s tate | ψ )
is not simply a sum of the radiation d iagrams of the
state I 1) and | - 1 ) . If now the atoms a r e placed in a
magnetic field, then the e lectr ic dipoles begin to p r e -
cess about the direction of this field. The angle rota-
tion of the moments in the (x, y) plane is proportional
to the magnitude of the magnetic field, and therefore,
being excited at different instants of t i m e , they will
turn through different angles relative to the Ox axis ,
forming a sor t of fan in the (x, y) plane. If the period
of the L a r m o r frequency is much la rger than the decay
time of the excited s ta te , then the angle through which
the moments have t ime to turn as a result of the p r e -
cession will be negligible (partially open fan). In this
c a s e , par t ia l depolarization of the light i s observed
with simultaneous rotation of the plane of polarization
relative to the direction of the polarization vector of
the exciting light. On the other hand, if the dipoles
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execute many revolutions about the direction of the
magnetic field Ho during the lifetime, then the resultant
radiation will be fully depolarized.

A comparison of expressions (13) with the experi-
mental results shows that in addition to providing a
perfectly satisfactory description of the general char-
acter of the observed phenomenon, they also make it
possible to calculate the line shape of the level cross-
ing signal in a weak magnetic field.

c) l ine width of crossing signal. Expression (10)
for the crossing signal was obtained under the assump-
tion that the damping of the coherence p n m in the ex-
cited state is due to spontaneous decay of the atoms.
In this approximation the level-crossing signal width
is determined by the decay constant Γ of the investi-
gated state. The experimental data indicate, however,
that this approximation is not always valid and in some
cases the relaxation time of the coherence of the
crossing levels may greatly differ from 1/Γ. In the
experiments considered here, this is caused mainly by
two phenomena, resonant collisions and coherence dif-
fusion. When the atoms are excited by an electron or
laser beam, by electric discharge, or by some other
method, other causes of crossing-line broadening occur,
but their analysis is beyond the scope of the present
review [ 8 b ' 1 8 ' 2 1 ' 2 2 ] .

Let us formulate briefly the conditions under which
the broadening mechanisms considered here are sig-
nificant. A detailed analysis of these conditions can be
found i n m .

1) Resonant collisions. When an excited atom in the
resonant state collides with an identical atom in the
ground state, the electrostatic dipole-dipole interaction
gives rise to appreciable probability of excitation
transfer from one atom to the other (the Holtsmark
effect, see123·1). Interactions of this type are the cause
of additional relaxation of the excited atoms, increasing
the width Γ of the emission line by an amount [ 2 4 ]

g = αΓΝ/k?, where α is a numerical coefficient that
depends on the experimental conditions, k0 is the fre-
quency of the resonant transition of the atom, and Ν is
the number of atoms per unit volume. The broadening
due to the collisions depends significantly on the vapor
pressure of the investigated substance and on the fre-
quency of the atomic transition. Thus, for Ν ~ 1015

at/cm 3 we have g ~ Γ near the ultraviolet radiation
region. Figure 3 shows the width of the crossing signal
of the levels of the 5 ^ state of cadmium in a vanish-
ingly weak magnetic field as a function of the concentra-
tion^ 5 1. An analysis of the experimental result shows
that the effect of the collisions on the line width can be
neglected if Ν does not exceed 10 1 3-10 1 4 at/cm3. Thus,
the collisions have practically no effect at low concen-
tration of the atoms.

a) Coherence diffusion. This interesting phenome-

FIG. 3. Holtsmark broadening
of the crossing signal.

non, which consists in a narrowing of the resonant-
signal line because of coherent multiple scattering of
the light quantum in the resonance cell, was observed
in an investigation of the 63Pi state of mercury. Since
that time it has been the subject of many experi-
mental [ 2 e a > b ' 2 7 1 and theoretical s t u d i e s [ 2 * ' c ' 2 a ] . Co-
herent narrowing can be illustrated on the basis of the
following analysis. Let, for example, mercury atoms
in a magnetic field Ho be excited to a definite magnetic
sublevel of the 63Pi state. Starting with the instant of
excitation, the orientation of the atom in this state,
owing to precession in the magnetic field, varies with
time. In the decay of the state, the emitted quantum
carried definite information on the orientation of the
atom and the phase of the state, which can be trans-
ferred to another atom that absorbs this photon. This
phase memory is preserved as a result of multiple
scattering acts, which lengthen the damping time T c

= l / r c of the off-diagonal components p n m that de-
termine the width r c of the contracted line. For T c ,
theory yields the value

Te = τ/(1 - βρ), (14)

where β < 1 is a function of the quantum numbers of
the ground and excited states, and ρ is the probability
of multiple scattering. According to (14), the width of
the observed crossing signal decreases. Figure 4
shows the results of an experimental study^2 > C ] of the
coherent narrowing of the signal in the Hanle effect
for the 'Pi state of Hg202. Owing to multiple diffusion
of the radiation, as follows from the given relation, one
can obtain a line with one-third the natural width. How-
ever, transitions of atoms to other magnetic sublevels,
following absorption of the re-radiated photons, as well
as disorienting collisions, interrupt the coherent pro-
cess and by the same token broaden the line. There-
fore, to avoid disorienting collisions when the pressure
is increased and causes a growth of Tc as a result of
resonant narrowing (although T c is decreased by de-
polarization), it is necessary that the photon absorption
cross section be large enough. Transitions to other
sublevels following absorption of the emitted photon
can be eliminated by making the Zeeman splitting
larger than the Doppler width of the optical excitation.
In this case it is possible to obtain an even larger co-
herent narrowing r 7 > 2 7 ] of the optical emission line. Un-
fortunately, this process is accompanied by depolariza-
tion of the light, and thus makes observation of the
crossing difficult.

The foregoing analysis leads to two important prac-
tical conclusions: (1) the width of the crossing signal
is determined with great accuracy by the decay con-
stant of the excited state, if the concentration of the
atoms in the resonance cell is low enough to prevent

FIG. 4. Coherent narrowing of
emission signal vs the concentration
N.

N, at/cm'

2 10"
N, at/cmJ
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t h e H o l t s m a r k effect and c o h e r e n t n a r r o w i n g f r o m
setting in. For mercury atoms (see Fig. 4), at concen-
trat ions ΙΟ 1 0—10 1 1 cm" 3 , the observed line width p r a c -
tically coincides with the natural width. (2) The c r o s s -
ing signal can be used to investigate relaxation proces-
ses in excited atoms, the mechanisms of interaction
between them, collision c r o s s sections^ 2 3» 2 9 1, and co-
herent-narrowing phenomena 1^ 0 1.

The level cross ing method makes it possible in
some cases to separate the contributions made to the
cross ing line width by spontaneous t ransi t ions from
the broadening due to modulation of the point of the
level cross ing by the fluctuating e lectr ic and magnetic
fields in which the atoms (or nuclei) in the medium a r e
s i t u a t e d [ 1 2 ] .

By way of example, we consider the case when the
cross ing signal S F ( X ) is given by (13a) in the absence
of fluctuating fields. If the atoms a r e acted upon by a
field h that is paral le l to H o = ωγ/γ and changes the
splitting by a certa in amount Δω = yh, then the posi-
tion of the maximum of S F ( X ) as a function of o>F w i U
occur no longer at H o = 0, but at H o = - h . The c r o s s -
ing line contour then shifts without changing shape, and
the a r e a under the curve

, f W =

i s a function of τ and (an important factor at suffic-
iently large values of o>m

 > Δ ω an<^ 1/VTJ wm >:> 1) i s
no longer dependent on h.

Thus, if h is the intensity of the random magnetic
field, then the crossing-l ine contour becomes inhomo-
geneously broadened and is made up of the envelope of
lines (13a) with randomly shifted maxima, while the
a r e a . F r e m a i n s the same as at h = 0. This c i rcum-
stance enables us to determine the line width l/τ of
the spontaneous t ransi t ion against the background of
i ts inhomogeneous broadening. The coefficient can be
determined experimentally by measur ing the emission
signal in s t rong magnetic fields (a>FT » 1).

d) Determination of the lifetimes of excited atoms
with the aid of the Hanle effect. As already mentioned,
a character i s t ic feature of the cross ing signal (if the
conditions in Sec. (c) a r e satisfied) i s the absence of
line-broadening s o u r c e s , so that the experimentally
observed line width practically coincides with the
natural width. It is precisely this c i rcumstance which
makes it possible to use experiments on level cross ing,
part icular ly in a z e r o field, for a very accurate de ter-
mination of the lifetime of an excited s t a t e .

The experimental geometry used to determine τ
does not differ from that considered in Sec. (c):
l inearly polarized excitation propagates along Oy, the
polarization vector is paral le l to the Ox axis , and
Ho II Oz. The c r o s s i n g signal, which satisf ies (13) in
the case of mercury a toms, i s observed in the d i r e c -
tion of the field H o . One determines in the experiment
the degree of polarization of the emitted light

Ρ (#„) = [SF (x) - SF (y)VlSF (x) + SF (y)]

a t t w o v a l u e s of t h e m a g n e t i c f i e l d — o n e z e r o t h e o t h e r
n o n z e r o . If we d e n o t e by P ( 0 ) t h e d e g r e e of p o l a r i z a -
t i o n of Ho = 0 , t h e n we o b t a i n with t h e a i d of (13) t h e
fo l lowing r e l a t i o n for P ( H 0 ) :

Ρ (Ho) = Ρ (0)/(1 + 4ωϊ·τ2) = Ρ (0) [1 + (eHim) gFxf (15)

f r o m w h i c h , k n o w i n g t h e a t o m i c g j r - f a c t o r , we c a n
e s t i m a t e t h e l i f e t i m e of t h e e x c i t e d s t a t e . It c a n be
s h o w n t h a t a l t h o u g h (15) w a s d e r i v e d with m e r c u r y -
a t o m s u b l e v e l c r o s s i n g a s a n e x a m p l e , i t i s val id for
any a t o m i c s y s t e m .

It s h o u l d be n o t e d t h a t t h e c r o s s i n g s i g n a l i n a z e r o
field c a n be i n f l u e n c e d by l e v e l c r o s s i n g n e a r t h e i n -
v e s t i g a t e d r a n g e of f i e l d s . T h e r e f o r e , for a n e x a c t
measurement of τ, it i s necessary to know the contr i-
bution of other cross ings to the investigated signal.
Nonetheless, even without taking this factor into a c -
count, the experimentally observed values of τ a r e
perfectly satisfactory and a r e not inferior in their
accuracy to those obtained by other methods. Accord-
ing t o f 3 1 1 , for example, the lifetime of Na 2 3 a toms in
the s tate 3 2 P 3 / 2 , determined by the technique of level
cross ing in a z e r o field, is equal to τ = (1.63 ± 0.05)
χ 10"8 s e c , and the lifetime of this s tate measured with
the method of double radiooptical r e s o n a n c e 1 3 2 ' 3 3 1 i s
τ = (1.63 ± 0.04) χ 10~ 8 sec.

The Hanle effect was used to measure the lifetimes
of many s tates of different e lements . In addition to
such c lass ica l substances as H g [ 3 3 ' 3 4 1 and alkali
m e t a l s [ 3 5 > 3 ( a ' ' 3 7 1 , at the present t ime the experimental
techniques make it possible to investigate excited
s ta tes of heavy e lements : Mn, Eu, Sm, and T m f 3 8 1 , Sn
and Pbf3 9 ], P d f 4 0 ] , Cot 4 1 1 , Ba C 4 2 ] , and o t h e r s .

e) Crossing of atomic levels in arbitrary constant
magnetic fields. A study of the phenomena connected
with the level cross ing in nonzero magnetic fields
yields new information on the atomic s t ructure^ 4 3 ' . The
most important a r e experiments on the determination
of the constants of the fine and hyperfine s t ructure and
on the quadrupole interact ion. The method can also be
used to investigate Stark splitting.

The cross ing signal in nonzero fields has a much
more complicated s t r u c t u r e than in the case of the
Hanle effect. For i ts interpretat ion it is therefore
necessary to produce in each experiment conditions
that make it possible to simplify the comparison of
the experimental resul ts with the theory. We consider
below severa l highly simplified experimental setups
customari ly used in pract ice . The c h a r a c t e r of these
setups i s determined by the distinguishing features of
the observed phenomena and by the character i s t ic s of
the light emitted by the atoms under the cross ing con-
ditions .

It was shown above that in the e lectr ic dipole ap-
proximation it is possible to observe cross ing of
atomic sublevels whose magnetic quantum numbers m
and m' differ by ±1 and ±2. The case Am = 0 is not
considered, since levels with equal magnetic quantum
numbers do not c r o s s according to Neumann's
theory^ 4 4 1 . Therefore, the fluorescence light contains
information on cross ings both with Am = ±1 and with
Am = ±2, cross ings that can take place at any given
value of the magnetic field H o , including the z e r o
value. Through a definite choice of the geometry of
the beams of the excited and re-radiated lights, their
polarization, the modulation technique, e tc . , it i s pos-
sible to separate experimentally the cross ing signals
with Am = ±1 and Am = ± 2 .
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FIG. 5. Scheme providing coherent
excitation and detection of crossing
signals with |Am| = 2.

1) Crossing signal with | Am | = 2 and the conditions
for its observation. Figure 5 shows one of the possible
experimental setups for the observation of the crossing
signal of levels with Am = 2. The exciting light propa-
gates along the Oy axis and its polarization vector e°
is parallel to the Ox axis. The investigated substance
is placed in the resonance cell R and the light emitted
by its atoms is registered in the direction of the mag-
netic field Ho II Oz. After passing through analyzer A,
which rotates with frequency Ω in the (x, y) plane, the
light proceeds to a photomultiplier, the ac signal from
which is fed to a synchronous detector . A rotating
analyzer i s used to improve the signal/noise rat io and
to eliminate the influence of the incoherent part of the
spontaneous emiss ion on the signal.

At a given experimental geometry, only cross ings
of levels with Am = 2 will be observed. To predict
this resul t , it suffices to consider the form of the
polarization matr ix €qq', without going into details of
the calculations connected with (10). In this case

,.=4 oo ο .
\-10 1/

Since m - m ' = q' - q, the s t a t e s that can be coherent ly
e x c i t e d a r e t h o s e for which m - m ' = ± 2, and the in-
t e r f e r e n c e effect wi l l be due only to t h e s e s t a t e s .

Recogn iz ing that the po lar izat ion m a t r i x of the light
re-rad iated in the d i r e c t i o n of H o i s given by

1 0 — cos 2α' — ϊ sin 2a'
0 0 0

— cos 2a' + i sin 2a' 0 1

we obtain with the aid of (10), for the c o h e r e n t part of
the f l u o r e s c e n c e from two arb i t rary s u b l e v e l s | F m )
and | F ' m ' ) ( | m - m ' | = 2), the e x p r e s s i o n

al^^.yi c o s 2Ωί

+ TwFmF.m. (Γ 2 + cokf-m-r1 sin 2Qt,

(16)

where account i s taken of the fact that a' = Sit. In the
g e n e r a l c a s e , the modulation part of the f l u o r e s c e n c e
i s de termined from the s u m of different c r o s s i n g s i g -
na ls with Am = 2, of the type (16). Depending on the
c h o i c e of the phase of the synchronous d e t e c t o r , we can
s e p a r a t e e x p e r i m e n t a l l y e i t h e r the f i r s t or the s e c o n d
t e r m of (16).

2 ) C r o s s i n g s i g n a l with | Am [ = 1. The e x p e r i m e n t a l
se tup usual ly employed to o b s e r v e the c r o s s i n g s igna l
of s t a t e with Am = 1 i s shown in F ig . 6. The exc i t ing
l ight p a s s e s in the d i rect ion of the Oy a x i s through a
polar izer Ρ rotating with frequency Ω , and the f luores-
cence is observed in the direction of the Ox axis per-
pendicular to the magnetic field H o . The analyzer A
makes an angle a' with the direction of the magnetic

FIG. 6. Scheme for the observ-
ation of crossing signals with
|Am| = 1.

in2 α ' \

2) sin 2a ' I , a ' = Qt.

2 a ' )

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

p o l a r i z a t i o n m a t r i x £ q q ' i s

sin2 a ' - ( l / > / 2 ) s i n 2 a ' - s i n 2

ej,. = - i | - ( 1 / V 2 ) s i n 2 a ' 2 c o s 2 a ' (1/1/2) s in2a '

- s i n 2 a ' ( l / / 2 ) s i n 2 a ' sin2c

( 1 7 )

It i s e a s y t o n o t e t h a t i n t h i s c a s e t h e c o h e r e n t l y e x -

c i t e d l e v e l s a r e t h o s e w i t h A m = ± 1 a n d ± 2 . A t n o

e x p e r i m e n t a l g e o m e t r y i s i t p o s s i b l e t o e x c i t e a t o m s

i n t o a c o h e r e n t s u p e r p o s i t i o n o f s t a t e s w i t h A m = 1, i n

c o n t r a s t t o t h e c a s e o f s u b l e v e l s w i t h A m = 2 , T h e

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

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

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

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

t h e s p a t i a l o r i e n t a t i o n o f t h e p l a n e o f p o l a r i z a t i o n a n d

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

b e r e c e i v e d i n t h e d i r e c t i o n o f t h e u n i t v e c t o r i , a n d

l e t t h e p o l a r i z a t i o n v e c t o r e m a k e a n a n g l e w i t h t h e

d i r e c t i o n o f t h e f i e l d H o - T h e p o l a r i z a t i o n m a t r i x t h e n

t a k e s t h e f o r m

( sin2 a'

-(l/l/l!)sin2a'

(1/1/2) i sin 2a' sin2 α'

2 cos2 a' — (l/V~2) i sin 2a'

(1/1/2) i sin 2a' sin2 a'

(18)

Substitution of (17) and (18) in (10) shows that in this
case the cross ing signals of sublevels with | Am | = 1
and with | Am | = 1 and with | Am | = 2 can be observed
independently. Indeed, the cross ing signal of sublevels
for which | Am | = 1 depends on the t ime via sin 2fit,
i .e . ,

5^™=υ _ r a F r a F , m . ( r 2 + raJ.raF,m0-iSin2a'sin2Qi, (19)

and the coherent-radiation component due to the c r o s s -
ing with | Am | = 2 depends on t via cos 2Ωί, i . e .

The t ime variation of the incoherently scat tered
radiation is s i m i l a r . By synchronous detection and by
a definite choice of the phase it i s possible to obtain a
signal of cross ing with only | Am | = 1, proportional to
sin 2Slt, eliminating the influence of the cross ings with
| Am | = 2 and of the incoherently scat tered light.

Express ions (16) and (19), generally speaking, de-
scr ibe more readily the qualitative aspect of the phe-
nomenon and not the quantitative one (with the excep-
tion of the case when the individual cross ings have
good resolution). For a comparison with the experi-
mental resu l t s it is necessary to use somewhat modi-
fied express ion, for example (8) with allowance for the
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s p e c t r a l composition of the exciting light. It i s known
that the relative intensity If of the light absorbed by
the atoms of the f-th hyperfine level of the ground
state has different values for different f. Therefore
the cross ing signal depends on the rat io r of their
intens i t ies . Taking this c i rcumstance into account, the
excitation matr ix should be taken in the form

= 2 {F'm!1 e»D | /'μ')* Ι,, (/'μ' |e»D | Fm). (20)

f) U s e of the c r o s s i n g method in a tomic s p e c t r o -
s c o p y . S i n c e i t s d i s c o v e r y , t h e c r o s s i n g m e t h o d w a s
u s e d t o s t u d y d i f f e r e n t p r o b l e m s i n a t o m i c s p e c t r o -
s c o p y . H o w e v e r , t h e p r i n c i p a l a m o n g t h e m a r e t h e fine
a n d h y p e r f i n e s t r u c t u r e s of a t o m i c s t a t e s , l i f e t i m e s of
t h e e x c i t e d s t a t e , S t a r k s h i f t s [ 4 5 ] a n d a t o m i c g - f a c t o r s ,
n u c l e a r a n d e l e c t r o n i c m o m e n t s 1 4 6 ' 4 7 ' 4 8 1 , e t c . T o i l -
l u s t r a t e t h e c r o s s i n g m e t h o d , we s t o p t o d i s c u s s only
t h e s t u d y of t h e f ine and h y p e r f i n e i n t e r a c t i o n s . D a t a
on t h e r e m a i n i n g q u e s t i o n s c a n b e found i n t h e c i t e d
p a p e r s .

1) F i n e s t r u c t u r e . H i g h - a c c u r a c y m e a s u r e m e n t s of
t h e fine s t r u c t u r e a r e of g r e a t i m p o r t a n c e f o r l ight
a t o m s t h a t a r e w e l l d e s c r i b e d by m o d e r n t h e o r y . I n a s -
m u c h a s i n a l l t h e s e c a s e s t h e s p l i t t i n g i s s m a l l i n
c o m p a r i s o n with t h e D o p p l e r width of t h e c o r r e s p o n d i n g
s p e c t r a l l i n e s , o r d i n a r y s p e c t r o s c o p y i s n o t a c c u r a t e
e n o u g h . T h e c r o s s i n g m e t h o d h o w e v e r , h a s b e e n u s e d
s u c c e s s f u l l y t o i n v e s t i g a t e t h e s t a t e s of h y d r o g e n a n d
helium with η = 2 and the state of lithium with η = 2,
3, and 4 f 4 9 ] . The accuracy of the resu l t s is higher by
s e v e r a l o r d e r s of magnitude than that of optical spec-
troscopy.

Let us consider by way of example the study of the
fine s t r u c t u r e of the 2 3 P state of He 4 a t o m s , first
undertaken i n [ 5 \ where this method was initiated.
Figure 7 shows the scheme of the Zeeman sublevels of
the 2 ^ s ta te . The c i rc le s mark the cross ings with
Am = 2. One more cross ing of this type, (0 , 0)
- (2, 2), is observed in the s t rong field 8200 Oe; it i s
not shown in the figure. The squares m a r k the c r o s s -
ings with Am = 1. As shown i n [ 5 1 , all the cross ings
with Am = 2 a r e well resolved, and on the bas i s of
(13) we es t imate the fine s t ructure of the splitting, i .e . ,
the frequency of the 2 3 P 1 - 2 3 P 2 t ransit ion, which
turned out to be 2291.200(22) MHz in these m e a s u r e -
m e n t s . It is interest ing to compare this value with the
recently published 2291.195(7) MHz, obtained by the
atomic-beam method. f 5 0 1

Experiment on the determination of the fine s t r u c -
ture of atoms turned out to be relatively simple and
easy to in terpre t . Much g r e a t e r difficulties a r e en-

(2.21
U.I)

{zn FIG. 7. Zeeman splitting of 2 3 ρ
t'f) state of He" in a magnetic field.

500 1000 1500 2000 Ho, Oe

c o u n t e r e d i n t h e s t u d y of t h e c r o s s i n g s of h y p e r f i n e
l e v e l s , t o w h i c h we now t u r n .

2) D e t e r m i n a t i o n of a t o m i c and n u c l e a r c o n s t a n t s
f r o m t h e c r o s s i n g s of h y p e r f i n e s u b l e v e l s . F r o m t h e
e x p e r i m e n t a l l y o b t a i n e d c r o s s i n g c u r v e i t i s p o s s i b l e
t o d e t e r m i n e t h e a t o m i c c h a r a c t e r i s t i c s only if one
k n o w s t h e c h a r a c t e r of t h e d e p e n d e n c e of t h e e n e r g y of
t h e c r o s s i n g s u b l e v e l s on t h e m a g n e t i c f ie ld, i . e . ,
u > F m F ' m ' ( H o ) · F o r e x c i t e d s t a t e s , t h i s d e p e n d e n c e a s
a r u l e h a s a m o r e c o m p l i c a t e d f o r m , p a r t i c u l a r l y i n
t h o s e c a s e s when t h e a t o m i c n u c l e i h a v e a s p i n I > 1/2.
A s i s w e l l known, t h i s m a k e s i t n e c e s s a r y t o i n c l u d e i n
t h e H a m i l t o n i a n 3€ of t he s y s t e m not only t he m a g n e t i c
h y p e r f i n e i n t e r a c t i o n bu t a l s o t he q u a d r u p o l e i n t e r a c -
t i on

3£=AU+B12I{2I- 1) ( 2 / - l)/]-i[3(IJ)2+ (3/2) (IJ) - PJ*] + μΕ^Η0.Γ0

(21)
where A and Β a r e the hyperfine and quadrupole in ter-
action constants, respectively, J is the total angular
momentum of the electron shell, μ Β is the Bohr mag-
neton, and g j is the electronic g-factor. The i n t e r a c -
tion of the nuclear spin with the magnetic field is very
smal l compared with the corresponding interaction of
the electron shell, and is therefore omitted from (21).

In the general case it is impossible to diagonalize
the matr ix of the energy operator SS for a rb i t rary
values of I, J , and H o , and it i s consequently imposs i-
ble to determine the sublevel energies as functions of
H o . An exact solution of the problem is possible only in
the region of very weak or very s trong magnetic fields,
which a r e of no part icular in teres t from the point of
view of the level-crossing technique, s ince cross ings
a r e observed mainly in intermediate fields for which
the Zeeman splitting of the levels is comparable with
the hyperfine splitting. If computer techniques a r e
used, however, it i s possible to obtain the sublevel
energies also for this region, and it is possible to r e -
produce with definite accuracy the energy spectrum of
any excited state, depending on the ΔΗ 0 intervals used.
It should be noted that whereas until recently the ex-
perimental investigations were c a r r i e d out without
computers , this was due only to the simplicity of the
investigated spect rum. The study of cross ings of heavy
elements without computers is quite unthinkable. A
clear example of this is^ 3 8 1, in which the spectrum of
the 3d 54s4pz 6P 7/ 2 s tate of Mn 5 5 , represented by hyper-
fine magnetic sublevels [ ] , was calculated.

As an example i l lustrat ing the possibil it ies of the
cross ing method for the determination of different
atomic constants, let us consider the cross ings of the
magnetic sublevels of the 3 2 P 3 / 2 s tate of sodium
atoms, which have been sufficiently well studied. We
consider first cross ings with Am = 2.

The energy spectrum of the 2 3 P 3 / 2 s ta te , calculated
i n [ 5 1 ] on the bas is of the Hamiltonian (21), is shown in
Fig. 8 (A = 18.8 MHz, Β = 2.9 MHz, g j = 1.3344;
a—d correspond to cross ings with Am = 2, and e and
f to cross ings with Am = 1). The c i rc le s mark the
cross ings of the levels with Am = 2 in a nonzero mag-
netic field, and the squares show cross ings with Am
= 1. In addition to these cross ings, there a r e nine
cross ings of the same t ime in a zero magnetic field
(the Hanle effect). Therefore the experimentally ob-
tained interference-signal curve is a superposition of
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FIG. 8. Hyperfine splitting of
32P 3/2 state of Na" as the func-
tion of the magnetic field.

F, m; P'm-

3, 3; 3, 1
3, 2; 3, 0
3, 1; 3, —1
3, 0; 3, —2
3, —1; 3, —3
2, 2; 2, 0
2, 1; 2, -1
2, 0; 2, —2
1, 1; 1, -1
2, —2; 1, 0
3, —2; 2, 0
3, _3; 2, —1
3, _i; 2, +1

Position of
the crossing
point, Oe

0.0
0,0
0,0
0.0
0,0
0,0
0.0
0,0
0,0

12,5
22,5
26.0
44.5

Signal ampli-
tude, reL un.

0,075
0,150
0.180
0.150
0.075
0,000
0.000
0,000
0.262
0.319
0.135
0.137
0,0096

Διη = 2 signal

0 W ZO J»H o ,Oe

F I G . 9 . Signal o f c ross ings w i t h | A m | = 2 .

s i g n a l s o f a l l t h e s e c r o s s i n g s . F i g u r e 9 s h o w s t h e d e -

p e n d e n c e o f t h e s i g n a l o f c r o s s i n g s w i t h A m = 2 o n t h e

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

t h e e x p e r i m e n t a l r e s u l t s . A s s e e n f r o m t h e p l o t o f t h e

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

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

i n g s i s s l i g h t l y s e p a r a t e d f r o m t h e o t h e r . N o w k n o w i n g

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

c o m m o n s i g n a l , m e a s u r e m e n t s d o n o t m a k e i t p o s s i b l e

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

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

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

m a n n e r 1 3 8 ' 5 1 1 . A s s u m i n g t h a t t h e e x p r e s s i o n f o r t h e

i n t e r f e r e n c e s i g n a l ( 1 0 ) w i t h a l l o w a n c e f o r ( 2 0 ) i s t r u e ,

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

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

Α, Β, τ, and r (in this case r r e p r e s e n t s the rat io of
the light intensity absorbed by the atoms by the hyper-
fine sublevels f = 1 and 2 of the ground s ta te) . These
signals a r e shown in Fig. 9. They a r e then added to
form the theoretically calculated cross ing-signal plot.
By varying the p a r a m e t e r s Α, Β, τ, and r , one obtains
thei r optimal values at which the calculated resultant
curve (upper curve of Fig. 9) agrees best with the ex-
per imental one. According t o [ 5 1 1 , these p a r a m e t e r s
a r e A = 18.80 ± 0.15 MHz, Β = 2.9 ± 0.3 MHz,
τ = (1.59 ± 0.04) x 10~8 s e c , and r = 1.44. The relat ive
signal amplitude of each of the cross ings and the values
of the magnetic field at which crossings with Am = 2
take place, calculated with the aid of these p a r a m e t e r s ,
a r e l isted in the table. We note for comparison that
the constants A, B, and τ obtained by the method of
double radio-optical resonance coincide within the
l imits of measurement e r r o r with those given
above [ 5 2 > 5 3 ] . Experiments on cross ing make it possible

FIG. 10. Signal of crossings with
|Am|=l.

/ " ^ « H , . Oe

to determine also the value of the quadrupole moment.
Its value for Na 2 3 was found to b e [ 3 6 a ]

<? = (0.109 ± 0.03)-10-21 c m 2 .

With the aid of the cross ing signal for levels with
Am = 1 we can obtain the same information concerning
the spectrum of the s tate as in the case of cross ings
with Am = 2. Figure 10 shows the calculated (solid)
and experimental curves obtained in the already cited
p a p e r [ 5 1 ] and represent the signal of the cross ing of
the hyperfine sublevels of the 3 2 P 3 / 2 s tate of sodium.
The resultant signal sums the Am = 1 cross ing signals
(the notation i s the s a m e in Fig. 9) in a z e r o magnetic
field and two signals (1, 1; 1,0) and (3, - 1 ; 2, 0) in ap-
proximate fields 5 and 52 Oe. For the calculated curve
they used the same optimal p a r a m e t e r s as for the
calculation of the cross ing curve with Am = 2. For
best agreement with the experimental curve, however,
the value of r was taken here to be 1.28. The difference
in the values of r for the considered cases is due to
the difference in the experimental geometry.

The example considered demonstrates quite well
the possibil it ies of the level-crossing procedure for
the study of the spectrum of excited atomic s ta tes . To
be s u r e , to use it successfully it is necessary to have
information calculated or obtained by other methods.
Thus, for example, to obtain the atomic constants
given above, the value of the atomic g-factor was
taken from experiments on double radio-optical r e s o -
n a n c e [ 5 2 ] . Consequently, it i s always des irable to com-
bine these methods, which ensure practically the same
accuracy of the experimental r e s u l t s . By now there a r e
data on more than 50 excited s ta tes , obtained by these
methods for sys tems such a s I n [ 5 4 ] , Yb [ 5 5 ] , C [ 5 6 ] , C a [ 5 7 ] ,
Ba [ 4 2 1 , C d [ 4 8 ] , P b r 5 8 ] , K [ 5 e l , C s [ 6 0 1 , H g [ 4 6 ' 6 1 ] , X e [ 6 2 ] and
o t h e r s .

g) Methods of increas ing the resolution of the c r o s s -
ing curves . At present we know three methods that
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" \ FIG. 11. Line with as a function of
the time, obtained with the aid of the
gamma-ray absorber K4Fe(CN)6.
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m a k e i t p o s s i b l e t o s e p a r a t e , a t l e a s t i n p a r t , c r o s s i n g

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

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

p r e c e d i n g s e c t i o n .

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

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

t i m e t o i n v e s t i g a t e t h e s t r u c t u r e s of n u c l e a r s t a t e s . It

w a s d e v e l o p e d m o s t fully i n e x p e r i m e n t s on t h e M o s s -

b a u e r ef fect, i n w h i c h t h e h y p e r f i n e s t r u c t u r e of n u -

c l e a r s t a t e s w a s d e t e r m i n e d by r e s o n a n t g a m m a -

f l u o r e s c e n c e ^ 3 1 . T h e s e s t u d i e s h a v e c o n f i r m e d t h a t

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

short t ime θ after the formation of the excited s tate of
the nuclei (short in comparison with the average life-
time τ), the emitted line is broader than in the normal
Mbssbauer experiments (on the o r d e r of Γ ) . The line
becomes n a r r o w e r , however, even n a r r o w e r than the
natural width, if the delay t ime θ is increased, i .e. , if
the detector r e g i s t e r s only those quanta which were
emitted after an appreciable t ime interval following
the formation of the excited s ta te . Physically this
means that only photons emitted by nuclei with life-
t i m e s larger than the mean value τ in this s tate a r e
detected.

Figure 11 shows the dependence of the gamma-ray
emission line width of Co 5 7 on the decay t i m e [ 6 4 ] . We
see from it that at a delay exceeding the lines become
n a r r o w e r than the usually measured value (the a r row
shows the width of the normally measured line).

A s i m i l a r phenomenon is observed for the cross ing
signal in resonant fluorescence of a t o m s . Let the prob-
ability for photon emission by two cross ing levels at
the instant after excitation, at a definite excitation
geometry and observation geometry, be equal t o [ 6 5 1 2>

Ρ (t, <i)c) = (1 — cos ωοί) e-<'T,

where ωο is the distance between the sublevels. If al l
the photons do not reach the detector by the instant θ
after the excitation of the atoms (the photomultiplier
i s shut off), then the probability of observing the pho-
ton from this instant of t ime is constant:

Ρ (ω,, θ ) = f P(t, ω0) Α —(coso>0e —

A plot of this function is shown in Fig. 12. It follows
from the plot that s tar t ing with θ = τ the frequency
distribution of the probability has a wavy c h a r a c t e r ,
and the centra l peak becomes n a r r o w e r with increas ing
t i m e .

The delayed-observation principle was used to study
the cross ings of the levels of the 3 2P 3 / 2 s tate of
sodium^ 6 5 1 . A cell with sodium vapor was i r radiated
with pulses (of approximate duration 20 nsec) of r e s o -

-2 0' 2 ωοτ

FIG. 12. The function Ρ ( ω 0 , θ) at different values of Θ.

FIG. 13. Signal of crossings with
Am = 2 of the levels of the 3 2 P 3 / 2

states of Na 2 3 for different delay
times.

FIG. 14. Partial resolution of the
crossings b and c in Na 2 3 .

H.,Oe

2 ) |exp(ia>it)-exp(ia> 2t)l 2 exp(-t/r) = 2(1-cos a>ot)exp (-t/τ).

nant light. The fluorescence light produced at a t ime θ
after the excitation was regis tered by delayed-coinci-
dence technique. Figure 13a shows a plot of the signal
of the cross ings with Am = 2 for 9=0. It shows how
the cross ing signal in the zero field becomes smoothed
out and dis torts the curves from the cross ings a and
b + c, making it impossible to determine the positions
of the l a t te r . The resul ts of the experiment for
θ = 2.5τ a r e shown in Fig. 13b. One observes a strong
narrowing of the line, corresponding to cross ings in a
zero magnetic field, even at a poor s tat i s t ica l accuracy.
The experimental setup has made it possible to inves-
tigate the regions of magnetic fields near the cross ings
with bet ter s tat i s t ica l accuracy, in comparison with
the resul t s shown in Fig. 13b. This has resulted in a
part ia l resolution of the cross ings b and c (Fig. 14),
and a more accurate separat ion of the signal of the
cross ing b, the position of which corresponds to a
field Ho = 124 ± 0.2 Oe, which agrees with the value
calculated i n t 5 1 ] . The resul t s obtained by this method
a r e very good. However, in view of the unusual com-
plexity of the experimental setup, work in this d i r e c -
tion is developing very slowly.

To understand the gist of the second method, let us
turn to expression (10) for the intensity of the cross ing
signal. It was obtained assuming equal populations of
the magnetic sublevels of the ground s ta te , an as sump-
tion quite valid for room t e m p e r a t u r e s in the assumed
excitation method. Because of this , the rate of excita-
tion of the atoms to the cross ing levels from different
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FIG. 15. Signal of the crossings b
and c of the 32P3/2P3/2 state of K39.

H0,Oe
4.67
6.36
7.S5 •

9.34 •

11.20 •

4.87

636 •

7,65

9.34

11.20.

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

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

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

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

w i t h t h e t h e o r e t i c a l c a l c u l a t i o n s , a s s h o w e d e a r l i e r .

N a t u r a l l y , t h e c h a r a c t e r o f t h i s s i g n a l c h a n g e s i f t h e

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

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

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

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

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

a l r e a d y d i s c u s s e d i n S e c . ( a ) o f t h e p r e s e n t c h a p t e r .

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

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

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

method was first used to study the crossings of κ 3 9 [ 6 β ] .
Its spectrum is the same as for sodium, and crossings
with Am = 2 are observed in fields 3.02, 6.75, 8.21,
and 13.21 Oe (a, b, c, and d, respectively).

From the selection rules and the conditions for
coherent excitation of the atoms in the "crossing," it
follows that the contribution made to the resonant
fluorescence from the level crossing is determined in
final analysis by the absorption of light by the atoms
at definite sublevels of the ground state. In the case of
alkali metals, the crossings a and b are connected
with absorption of light on the levels (f = 2, μ = -1)
and (1 , -1) of the ground state, while the crossing
is connected with the level (2, -2). A selective in-
crease of the populations of the magnetic sublevels
with quantum numbers μ = -1 and -2 leads to an in-
crease of the relative signal of the aforementioned
crossings. The experimental geometry is indeed
chosen to take this circumstance into account. In addi-
tion to the linearly polarized light that propagates in
the Ho direction and excites the atoms into a coherent
superposition state, circularly polarized radiation,
also in the Ho direction, is applied to the system to
produce optical orientation of the atoms.

Figure 15a shows the signal of the crossings b and
c without pumping (optical-orientation) light, and Fig.
15b shows the same in the presence of an orienting
signal beam. In the latter case, the crossing signal
was increased 2.5 times in comparison with the former.
At the same time, its position changed and shifted into
the region of stronger magnetic fields. This is due to
the increased contribution of the crossing c to the
common signal b + c.

By the same token, this demonstrates one more pos-
sibility of resolving crossing signals (to be sure, with-
out additional quantitative estimates), which is worthy
of certain attention because of its obvious simplicity.

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

d i s c u s s e d f o r e x a m p l e i n [ 8 7 1 , s i n g l e c r o s s i n g s c a n a l s o

b e s e p a r a t e d b y t h i s m e t h o d . B u t n o s u c h i n v e s t i g a -

t i o n s h a v e b e e n r e p o r t e d s o f a r .

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

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

o f t h e h y p e r f i n e c o m p o n e n t s o f t h e e x c i t i n g l i g h t [ 6 8 ] . I t

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

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

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

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

m e t h o d c a n b e f o u n d i n [ ] .

4 . A N T I C R O S S I N G S O F A T O M I C L E V E L S 3 1

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

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

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

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

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

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

b y P o d g o r e t s k i i [ ' a n d w a s o b s e r v e d r e l a t i v e l y r e -

c e n t l y t 6 > 6 8 ] . I n a n i n v e s t i g a t i o n o f c r o s s i n g s o f t h e 2 3 P

l e v e l s o f l i t h i u m , t h e a u t h o r s o f t 6 > 6 9 ] o b s e r v e d a n a p -

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

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

w o r k o f t h e c r o s s i n g t h e o r y . F u r t h e r i n v e s t i g a t i o n s

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

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

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

A n t i c r o s s i n g s o f e n e r g y l e v e l s h a v e b e e n k n o w n i n

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

d e p e n d e n t p r o b l e m h a s b e e n d e v e l o p e d m o s t c o m p l e t e l y

i n t 1 9 » 6 8 1 , a n d w e s h a l l t h e r e f o r e c o n s i d e r o n l y s o m e

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

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

f l u o r e s c e n c e s i g n a l . L e t SB =S60 + V b e t h e H a m i l t o n i a n

o f t h e s y s t e m , w h e r e V i s t h e o p e r a t o r o f a t i m e - i n d e -

p e n d e n t p e r t u r b a t i o n c o u p l i n g t h e s t a t e s | a ) a n d | b >

o f t h e u n p e r t u r b e d H a m i l t o n i a n S£o- A s t h e i n i t i a l z e r o t h

a p p r o x i m a t i o n w e c a n r e p l a c e | a ) a n d | b ) b y l i n e a r

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

= α \a) \b).
Substituting this expression in the "perturbed"
Schrbdinger equation

we obtain after simple transformations the sought
eigenvalues of the energy in the first approximation in
the perturbation

E = <v2) {seaa + sebb) ± κν.) (seaa - se^Y + ι vah \ψ/>. (22)

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

levels cross), this means that both values of Ε deter-
mined by (22) coincide. To this end it is necessary that
the radicand in (22) vanish, i.e.,

- v b h = o , v a b = o .

T h e s e e q u a t i o n s a r e s a t i s f i e d s i m u l t a n e o u s l y i f V = 0 .

W e s e e t h e r e f o r e t h a t i f t h e r e a r e t r a n s i t i o n s b e t w e e n

3'An extensive bibliography on the questions considered here is
given in the review [7].
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FIG. 16. Position of the per-
turbed states |a'> and |b'> as func-
tions of Jf aa~Jfbb = e the shortest
distance between levels is e = e0).

the two s tates (V a b * 0), when the level c ross ing that
could take place in the absence of the perturbation
vanishes, and the distance between them becomes equal
to

Δ£ = l(Ea - Vaa ~Eb + Vbb)* + 4 | Vab \ψ'\

F i g u r e 16 s h o w s a d i a g r a m of two a n t i c r o s s i n g l e v e l s .

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

t i o n s i n t h e a b s e n c e of c o u p l i n g , a n d a ' a n d b ' t o l e v e l s

a n d s t a t e s w h e n V * 0 . T h e l e v e l s a a n d b ( d a s h e d

l i n e s ) c r o s s a t E a = E b , w h e r e a s a ' and b ' do not

c r o s s . F o r t h i s c a s e , t h e wave funct ion of e a c h s t a t e

i s g iven by

I a') = cos (β/2) | a) + sin (β/2) | 6),

| b') = — sin (β/2) | a) + cos (β/2) | 6), (23)

tg β = 2Fob/6, ε = Ea - Eb - Vaa + Vbb.

For β = η/ 2 it i s a 50% mixture of the wave functions
of uncoupled s t a t e s . It follows therefore that in the
presence of a perturbation coupling the s ta tes | a ) and
| b ) , even incoherent excitation of these pute s tates
leads to the occurrence of superposition s tates (23) in
the ant icross ing region. This is indeed the main reason
why ant icross ing can be observed for levels whose
coherent excitation is forbidden by the selection ru les
and for which it is impossible to use the cross ing
method in principle. Whereas in experiments on level
c r o s s i n g the " c o u p l i n g " between the corresponding
magnetic sublevels is part and parce l of coherent
optical excitation, in experiments on ant icross ing it
resu l t s from a cer ta in static perturbation (in the
double radio-optical resonance this coupling i s ef-
fected by a radio-frequency field of suitable fre-
quency)4*.

These qualitative resu l t s with respect to the c h a r a c -
t e r of the resonant forces in the ant icross ing s tate of
atomic levels a r e confirmed by the theory [ e 9 ^. Let | a )
and | b ) be the eigenstates of the operator3£ 0 with
energies « a and a>b, a n d let V, as before, be the
binding operator of these s t a t e s . Then the change of
the excited s tate of the atom 11) with t ime is de ter-
mined by the equation

(24)

where the damping of the s ta tes | a ) and | b ) is taken
into account by introducing an operator S£j), having
eigenvalues - i T a / 2 and - i T b / 2 in the 3£0 r e p r e s e n -
tation. The solution of (24) is sought in the form

4 'lt can be shown that from the point of view of double radio-opti-
cal resonance the transition in experiments on anticrossing are induced
by a transverse magnetic field, which can be represented in the form of
two components that rotate in opposite directions with zero frequency
[7 0]. In other words, double resonance in a rotating coordinate system
can be represented as anticrossing of levels.

\t) = a (i) «"'"·' + b (t) e'^i,'

under the condition that the atom was excited at the
instant t = 0. We then obtain in place of (24)

la = -i (Γα/2) α + ZnVe^' b, ib = -Ι (Γ6/2) b + 2nV*e-l°» a, (25)

wi th

ω = ωα - ω6, V = (α | V | b >/2π.

S u b s t i t u t i o n of t h e o b v i o u s s o l u t i o n

2
a = 2

l

2
', 6= 2

n=l
in (25) yields

«ι 2 = -i(Vi) (Γ α + Γ 6) + (>/2)i (ω. + ω6)]
± {[('/*) (Γα - Tb) + (>/2)ίω12 -

Bn = (AJ2nV) i (an + ίωα + (V2)r a),
Ai = - ί ( α , + ίω2 + (V2) Γ α ) / a μ + 2niVfbll}l(al - a=),
A« = [(a, + ίωα + ( ι / 2 )Γ ο ) / ο μ + 2niVfbli]/(al - a 2 ),

(26)

w h e r e i t w a s a s s u m e d t h a t a t t h e i n s t a n t of t i m e t = 0

we have a(0) = ίΆμ, b(0) = ̂ μ , where f i s , apart from
an inessentia l constant, the polarization vector of the
exciting light and | μ ) i s a magnetic sublevel of the
ground s ta te .

The fluorescence intensity is proportional to the
square of the matr ix element ( μ ' | g · r 11), where g
i s the polarization vector of the emitted light. To find
the stationary emission signal from atoms excited by
the instant t = 0 with equal ra te , it i s necessary to r e -
place t by t - t 0 and integrate | ( μ' [ gr 11 - t o> | 2 with
respect to t 0 from - « to t . Taking (26) into account,
this yields

+ (r 0 ry Y 0) S i / J i t e i + compl. conj.)
- i TaTbM(yD) y (fjigagt + compl. conj.)

2 ifg] + (2/v

2£>) 2 (V*Ut + vnh) (v*gagt + vg*agb)
2 [/ (vgagt + vg'agb)+g {V

+ i(rarb/yD) 2 lf(rgagt-V' )

(27)

where

D = TaTb + 2 | V |2 + | Γα:

= (Ι /α Ρ/Γα) " ( Ι Λ Ρ/Γί,), g = (\gc

Υ = (Γ α + Γ6)/2.

ρ/Γ.),

T h e s u m m a t i o n i s c a r r i e d out h e r e o v e r t h e m a g n e t i c

q u a n t u m n u m b e r s of t h e g r o u n d s t a t e .

T h e f i r s t two t e r m s i n t h i s e x p r e s s i o n r e p r e s e n t t h e

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

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

r e a d y known c r o s s i n g s i g n a l c o r r e c t e d with a l l o w a n c e

f o r t h e p e r t u r b a t i o n V, t h e o b s e r v a t i o n of which c a l l s

f o r c o h e r e n t e x c i t a t i o n and d e t e c t i o n . T h i s known

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

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

| a ) and | b ) f r o m one and t h e s a m e s u b l e v e l o r f r o m

s e v e r a l s u b l e v e l s of t h e g r o u n d s t a t e , and t h e d e t e c t o r

s h o u l d " o b s e r v e " t h e t r a n s i t i o n s f r o m | a ) a n d | b >

t o one a n d t h e s a m e o r t o s e v e r a l s u b l e v e l s of t h e

f inal s t a t e .

T h e fifth t e r m i n (27) i s t h e only p u r e a n t i c r o s s i n g

s i g n a l . I t s o b s e r v a t i o n r e q u i r e s n e i t h e r c o h e r e n t e x c i -
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tation nor coherent detection. Moreover, it becomes
maximal when only one of the s tates | a ) or | b ) i s
excited, and one detects radiation from only one of
them. If r a = Tb and the excited sublevels a r e
equally populated, then Σ | fa | 2 = Σ | fb12 and the ant i-
precess ion signal vanishes. It vanishes also in the
case when it is impossible to separate the radiation
from the sublevels | a ) and | b ) during the detection,
since Σ | ga | 2 = Σ | gb | 2 , and consequently also g = 0.

The last t h r e e t e r m s of (27) descr ibe radiation
constituting a mixture of cross ing and ant icross ing
signals, which require for their observation both
V * 0 and coherence on one of the sections of the
resonance-f luorescence p r o c e s s e s , e i ther in the exci-
tation channel or in the detection channel. Recently
such signals were observed exper imenta l ly [ 7 1 i .

When there is no perturbation, the last four t e r m s
of (27) drop out and t h e r e r e m a i n s the cross ing signal
i .e . , in the zeroth approximation in V. If r a = 0 or
r"b = 0, i .e . , one of the sublevels is nonradiative, then
al l but the first two t e r m s of (27) vanish. These a r e
the genera l c h a r a c t e r i s t i c s of the fluorescence light,
which contains information on the cross ings and ant i-
cross ings in the presence of a static perturbation
coupling the s ta tes under consideration.

To explain the distinguishing features of the ant i-
cross ing signal and to a s s e s s the feasibility of using
this effect for the spectroscopy of atomic s t a t e s , let us
consider certa in experimental resu l t s obtained for
lithium atoms. In the 2 P s tate of lithium there a r e two
cross ings of the f ine-structure levels : ( J = 3/2, m j
= -3/2) - ( J = 1/2, m j = 1/2) in a 3200-Oe field and
(3/2, -3/2) - (1/2, - 1/2) in a 4800-Oe field (Fig. 17).
The last c ross ing pertains to the region of s t rong mag-
netic fields. However, s ince the spin of the lithium
nucleus differs from z e r o , I ( L i e ) = 1, I ( L i ) 7 = 3/2,
the hyperfine interaction causes each m j level of the
fine s t ructure to split into 21 + 1 magnetic sublevels .
Figure 18 shows the energy spectrum of the L i 7 a toms
in the cross ing region of the levels with m j = -1/2 and
m j = - 3 / 2 , with allowance for the hyperfine i n t e r a c -

FIG. 17. Fine structure of 2 Ρ state of
Li without allowance for the hyperfine

-1/2
i/2 interaction.

FIG. 18. Hyperfine struc-
ture of Li7 atoms in 2 Ρ state.

t i o n . T h e l e v e l s o b t a i n e d n e g l e c t i n g t h e c o u p l i n g p e r -
t u r b a t i o n a r e d e s i g n a t e d on t h e left i n t h e f i g u r e by t h e
q u a n t u m n u m b e r s m i , whi le t h e r e a l l e v e l s a r e c h a r -
a c t e r i z e d by t h e n u m b e r s m F = m i = m j and a r e s h o w n
by s o l i d l i n e s . T h e c o u p l i n g l e a d s t o a u n i q u e r e p u l -
s i o n of t h e s e l e v e l s w h o s e q u a n t u m n u m b e r s m p a r e
i d e n t i c a l but t h e m j a r e d i f f e r e n t . F r o m t h i s c o n d i t i o n
one f inds t h e t h r e e a n t i c r o s s i n g p o s i t i o n s m a r k e d by
s q u a r e s in t h e f i g u r e . T h e c i r c l e s m a r k t h e c r o s s i n g
p o s i t i o n s t h a t would b e o b s e r v e d i n t h e a b s e n c e of t h i s
c o u p l i n g . Al though t h e c r o s s i n g s i g n a l i s n e v e r t h e l e s s
o b s e r v e d (in a c c o r d with (27)), i t i s d i s t o r t e d by t h e
shi f t of t h e c r o s s i n g p o s i t i o n s a n d a l s o by t h e fact t h a t
t h e w a v e f u n c t i o n s of s i x out of e i g h t s t a t e s a r e
s t r o n g l y a l t e r e d i n t h e c r o s s i n g r e g i o n . T h i s m e a n s
t h a t i t i s v e r y dif f icult t o e x t r a c t i n f o r m a t i o n c o n c e r n -
i n g t h e fine a n d h y p e r f i n e s t r u c t u r e s f r o m t h e c r o s s i n g
s i g n a l i n a s t r o n g m a g n e t i c f ie ld . F o r t u n a t e l y , t h e
a n t i c r o s s i n g s i g n a l i s not d i s t o r t e d and c a n b e o b s e r v e d
in p u r e f o r m . S i n c e a p a i r of l e v e l s of e a c h of t h e
t h r e e c r o s s i n g s h a s d i f f e r e n t m i , t h e y c a n n o t be e i t h e r
e x c i t e d f r o m one s u b l e v e l of t h e g r o u n d s t a t e , n o r d e -
c a y t o i t , for in s t r o n g m a g n e t i c f ie lds t h i s i s f o r b i d d e n
by the selection rules for the electr ic dipole t r a n s i -
tions . Taking this fact and the condition r a = Tb = Γ
into account, the expression for the ant icross ing signal
becomes s impler for the interpretat ion of the experi-
mental r e s u l t s :

(28)

where the sum over μ and μ' do not overlap.
The general ant icross ing signal i s a superposition

of three such signals (with s trong overlap) for Li 7 and
two such signals for Li 6 . It i s interest ing to note that
according to (28) the signal has a Lorentz shape for
any geometry of the experiment; the mixing of the
Lorentz and the dispers ion curves , which takes place
in experiments on level cross ing, does not occur h e r e .
The dependence of the ant icross ing signal on the polar i-
zation of the exciting and detected light can be deter-
mined as a resul t of an es t imate of the matr ix elements
fa, as was done in Sec. (a) of Chap. 3. For the case
when the propagation vectors of the exciting and r e -
radiated light a r e perpendicular to each and to the
direction of the constant magnetic field H o we have

(3cos2 θ - 1) (3 cos2 Θ' - 1), (29)

where θ and θ' a r e the angles between H o and the
planes of polarization of the incident and detected light.
To be s u r e , there is a certa in discrepancy between this
dependence and that obtained in experiment. We leave
out h e r e the discussion of this question, which is con-
sidered in detail i n [ 8 9 ] .

On the bas is of (27), we can est imate the dependence
of the cross ing signals for the same experimental
geometry in the absence of a perturbat ion:

SF ~ sin 2Θ -sin 2Θ'. (30)

T h e p e r t u r b a t i o n d i s t o r t s t h e s i g n a l l i n e s h a p e , but
d o e s not c h a n g e t h e c h a r a c t e r of t h e d e p e n d e n c e of S p
on θ and θ'. Equations (29) and (30) lead to a very
important conclusion: a pure ant icross ing signal can
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FIG. 19. Plots of anticrossing signal in the
2 Ρ stages of the atoms Li7 (a) and Li6 (b).

be obtained for θ or θ' = θ or π/2, while a pure
cross ing signal is obtained at θ or θ' = cos" 1 (V3/3).
These conditions determine the choice of the experi-
mental geometry in the study of ant icross ing of levels
in pure form.

Figure 19 shows plots of pure ant icross ing signals
for Li 7 and Li 6 . The width of the curve for L i 6 was
found to be 18.22 ± 0.20 MHz, and that of Li 7 was
58.71 ± 0.67 MHz. If the level width Γ is known, then
V can be determined from the width of the observed
signal. For L i 6 and Li 7 , the interaction is equal to

V (Li6) = 7.33 ± 0.08 MHz,
V (Li7) = 25.25 ± 0.30 MHz.

Theoret ica l e s t imates lead to the same r e s u l t s .
Thus, by using the ant icross ing technique we can

successfully determine the s t ructure of the excited
atomic s ta tes when the cross ing technique is not ap-
plicable or gives unsatisfactory r e s u l t s . Its applica-
tions can be quite varied. With the aid of the a n t i c r o s s -
ing signal one can investigate the first and second
o r d e r s of the Stark interact ion in atoms and the Lamb
shif t [ 7 2 ] , the c h a r a c t e r of the interaction between s tates
with different orbital angular m o m e n t a [ 7 3 ] , and also a
steady excited s tate which a r e not connected with the
fundamental e lectr ic dipole t rans i t ions . F o r alkali
meta l s , such a s tate i s the B-state, which is populated
upon decay of the S s ta te . The ordinary c ross ing ex-
periment becomes impossible to perform because of
the a lmost complete loss of the angular cor re la t ions ,
due to the additional step in the process of V-state
formation. Although the foregoing analysis pertains to
free a t o m s , one must not think that the ant icross ing
method cannot be used for condensed media. F o r ex-
ample, it i s shown i n [ 7 4 ] that the ant icross ing signal
can be used to study crystal l ine fields in solids by de-
termining the perturbation of the narrow energy levels
of substituted r a r e - e a r t h ions .

One must not forget that the light itself can be r e -
garded as a perturbation that couples magnetic sub-
levels, and consequently can lead to a lifting of the
cross ing . Thus, in the experiment of Dupont-Roc et
a l . [ 7 5 1 they succeeded in observing a coherent s u p e r -
position of the s tates of Hg 1 8 9 in a z e r o magnetic field
with lifting of the degeneracy over the atomic sublevels
of the ground state by an additional optical nonresonant
excitation. This question i s described in detail in the
review^ 1 7 1.

It should be noted in conclusion that, in principle,
cross ings a r e never real ized in atomic sys tems, s ince
all the s ta tes of the atom a r e coupled with one another
in a definite o r d e r in the magnitude of the perturbation,
determined by the random e lect r ic and magnetic fields.
If a cross ing signal is observed, this is due to the

smal lness of V in comparison with r a and r D . In
this case the signal apparently differs from the signal
at V = 0.

5. CROSSING OF LEVELS IN THE GROUND STATE

If interference of s ta tes i s one of the general laws
of nature , would it not be possible to produce coherence
in an atomic system also by cross ing of magnetic sub-
levels of the ground s ta te , and if it were possible, un-
der what conditions and how could it be observed1^221 ?
E x p e r i m e n t s [ 1 1 ] and t h e o r y [ 1 5 a ] provide an affirmative
answer to this question; moreover, the conditions for
i ts production a r e analogous to those considered for
the case of an excited s t a t e : the distance between the
cross ing sublevels should be s m a l l e r than or of the
order of the i r width, and the optical excitation must be
coherent.

On the other hand, in experience of optical or ienta-
tion of atoms these conditions determine the possibility
of real izing the so-called t r a n s v e r s e pumping, that i s ,
orientation of the atoms in a direction perpendicular to
the direction of the constant magnetic field H o

r ] .
Using the formalism of the theory of optical or ienta-
t i o n [ 1 5 a ' 7 e ] , we can obtain an equation describing the
change of the coherence ρ μ μ ' of the ground state of
a toms, determined by the field Ho and the propert ies
of the optical excitation, and show that the Hanle effect
in the ground state and the t r a n s v e r s e optical pumping
a r e s i m i l a r phenomena.

We confine ourselves here to the case of cross ing in
a zero field, which is customari ly called the "Hanle
effect in the ground s t a t e . " This case admits of a very
simple and intuitive interpretat ion of the resul t s on the
bas i s of a semic lass ica l model of the phenomenon of
optical orientation of a t o m s Γ 1 6 > 7 ? 1 .

a) Transverse "pumping." We assume for s i m -
plicity that the investigated atoms can be located at
two Zeeman sublevels both in the ground and in the
excited s t a t e s . Let the resonance cel l be il luminated
in a z e r o magnetic field by c ircular ly (σ*) polarized
light propagating in the direction of the Ox axis . Since
the only physically preferred direction is the light-
beam propagation direct ion, we take Ox to be the
quantization axis . Figure 20 shows the energy levels
of the atoms in a zero field (the magnetic quantum
numbers m of the excited s tates and μ of the ground
state pertain to the Ox axis). Under thermal equili-
brium conditions and in the absence of optical t r a n s i -
t ions, the two sublevels with μ = ±1/2 a r e equally
populated and the total magnetization of the vapor Μ
in the ground state is equal to z e r o .

Owing to the <y* polarization of the exciting light

FIG. 20. Scheme of Zeeman sublevels of the
ground and excited states.
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(incoherent excitation), the atoms situated at the sub-
level with μ = -1/2 absorb photons and go over to an
excited sublevel with m = 1/2. Then, as the result of
the decay of the excited s ta te , they re turn to the ground
s t a t e , part ly to the sublevel with μ = -1/2 and part ly
to the sublevel with μ = 1/2. The net result of this
cycle is a "pumping o v e r " of atoms from the sublevel
with μ = -1/2 to the sublevel with μ = 1/2, whose pop-
ulations thus become unequal, which leads in turn to
the appearance of magnetization along the Ox ax i s . In
other words, some of the angular momentum of the
radiation field is t rans fe r red to the a t o m s . If we neglect
al l the relaxation p r o c e s s e s , then after a definite num-
b e r of " p u m p i n g " cycles al l the atoms will go over to
the sublevel with μ = 1/2 and the magnetization in the
Ox direction reaches the saturation value Mo. If we
denote by d ( 1 ) M/dt the rate of change of Μ under the
influence of the pump light only, we easily obtain the
equation

0 —M), (31)

i .e . , Μ tends to M o with a character i s t ic constant T r ,
called the pumping t ime and dependent on the radiation
intensity. We note that the intensity S A of the absorbed
light is proportional to the number of a toms capable of
absorbing the a* light, in other words, to the number of
atoms at the sublevel with μ = - 1 / 2 . It is equal to
z e r o when Μ = M o , and is maximum when Μ = - M o . It
is easy to verify that the intensity of the absorbed light
S A is proportional to the quantity (M o - M x T r ) , or
apar t from a constant simply to M x .

During the course of the t h e r m a l relaxation, Μ
tends to an equilibrium value, that i s , to zero, with a
t ime constant T . If we denote the ra te of change of Μ
a s the result of a t h e r m a l relaxation by dM/dt = - M / T ,
then the equation for the magnetization, with allowance
for (31) can now be written in the form

where τ"1 = Τ" 1 +

'a — M), (32)

x i s the overal l t ime constant, de-
scr ibing the combined effect of optical and t h e r m a l
relaxation. M i = Μ ο τ / Τ Γ i s the overal l magnetization
obtained in the stationary reg ime. It becomes equal to
Mo if 1/T r > 1/T, i .e . , if the optical pumping precedes
the t h e r m a l relaxation.

If the spin sys tem is in a magnetic field Ho, then
(32) is replaced by

dM/dt = τ"1 (M; - M) + γ [MH0]. (33)*

T h i s e q u a t i o n h a s t h e s a m e s t r u c t u r e a s B l o c h ' s e q u a -
t i o n . H o w e v e r , t h e n a t u r e of t h e o c c u r r e n c e of Mo i s
d i f f e r e n t in t h e p r e s e n t c a s e , n a m e l y , i n B l o c h ' s e q u a -
t i o n s t h e m a g n e t i z a t i o n i n t h e r m a l e q u i l i b r i u m , d e t e r -
m i n e d by t h e f ield H o , i s p a r a l l e l t o t h e l a t t e r , w h e r e a s
in t h e p r e s e n t c a s e Mo i s not p a r a l l e l t o H o . If we
c h o o s e Ho II Oz, t h e n Mo 1 Ho, a n d we s p e a k i n t h i s
c a s e of t r a n s v e r s e p u m p i n g .

T h e l a s t e q u a t i o n c a n b e d e r i v e d by a r i g o r o u s
q u a n t u m - m e c h a n i c a l a n a l y s i s . We h a v e u s e d h e r e a
s e m i c l a s s i c a l a n a l y s i s , s i n c e i n q u a n t u m t h e o r y t h e
quantities τ and Mo a r e regarded as constants c h a r a c -
ter iz ing the physical system under definite conditions.

b) Hanle ef fect in the ground s t a t e . L e t u s c o n s i d e r
t r a n s v e r s e p u m p i n g i n a m a g n e t i c f ield H o t h a t v a r i e s
s l o w l y a b o u t a z e r o v a l u e . G r c u l a r l y p o l a r i z e d l ight
p r o p a g a t e s i n t h e Ox d i r e c t i o n , a n d we d e t e c t t h e
a b s o r b e d - l i g h t i n t e n s i t y S A , w h i c h i s p r o p o r t i o n a l t o
Μχ. It i s necessary to determine the change in the ab-
sorption signal with changing field H o .

To this end we find the stationary solution (33).
Making the substitution ωο = >Ή0, Μ± = M x ± iMy in
(33), we obtain

dMJdt = (M'Jx) - {MJx) τ ίω0Μ±, dMz/dt = - Μ2/τ.

If M ± = M z = 0, t h e n we o b t a i n d i r e c t l y f r o m t h e p r e -
c e d i n g e q u a t i o n s

or

-M'owox/(i + o

The component M z i s always equal to z e r o , while M x

and My represent the absorption and dispersion curves
as function of ωοτ with center at zero field and with
line width Δ = 2 o r Δω = 2 / T . Thus, the quantity

AH0 = 2/γτ, (34)

*[MH0] =M X H o .

w h i c h i s d i r e c t l y p r o p o r t i o n a l t o t h e width of t h e m a g -
n e t i c s u b l e v e l s , d e t e r m i n e s t h e s i g n a l l i n e width i n O e .
In a z e r o f ie ld, M y a n d M z a r e e q u a l t o z e r o , a n d M x

= Mo, i . e . , t o t h e m a g n e t i z a t i o n i n t h e d i r e c t i o n of Ox,
a s we h a v e a l r e a d y s e e n e a r l i e r . In a s t r o n g field
(ωοτ » 1), a l l three components of Μ a r e equal to
z e r o , and the optical excitation does not produce a
pre fer red orientation of the a toms. These resul ts can
be understood on the bas is of the following analys is .
Pumping with a light beam produces a system of
atomic spins oriented in the Ox direction. After they
a r e oriented, they begin to precess in the (x, y) plane
with a frequency ωο about the direction of the field H o .
However, the i r orientation becomes perturbed in t ime
(with a t ime constant T ) , owing to the optical and
t h e r m a l relaxation mechanisms. If the field is such
that within the lifetime ~τ the spins execute many
revolutions in the (x, y) plane ( ω ο τ » 1), then the
resultant magnetization, averaged over this t ime i n t e r -
val, is equal to z e r o . On the other hand, if ωοτ « 1,
that i s , the external field is very weak in comparison
with the half-width l/γΤ of the cross ing signal deter-
mined by (34), and consequently a l so by the level width,
then al l the vectors a r e practically paral le l to one
another. As a result we obtain maximum magnetization
in the direction of the Ox ax i s . Notice should be taken
h e r e of the importance of the t r a n s v e r s e pump d i r e c -
tion with respect to H o : It i s precisely in this case
that M x and My change n e a r H o = 0. If the pump i s
longitudinal, (H o II Ox), then the spins a r e oriented
along the Ox axis and remain immobile regard less of
the value of the magnetic field.

We shall now attempt to connect the obtained resul t s
with coherence of the ground s ta te . With respect to the
Ox axis , the optical excitation is incoherent. However,
with respect to the magnetic field, it i s coherent and
produces in the optical-pumping cycle a coherent
superposition of s tates | £ ) and | ζ' ),if ω ο τ ~ 1 (ζ and
ζ' character ize the magnetic sublevels with respect to
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FIG. 21. Crossing signal of magnetic
sublevels of the ground state of Rb87.

FIG. 22. Crossing signals in the
ground state of Cd, revealed by fluo-
rescence light.

the field H o ). Indeed, the mean value of the magnetiza-
tion, determined with the aid of the density matr ix
P££' , i s precisely M x = Mo, which differs from zero if
the presented inequality is valid. Consequently, under
the same conditions, the off-diagonal matr ix elements
ρζζ', which indicate the existence of coherence in the
atomic system, differ from z e r o .

Thus, the Hanle effect in the ground state is ob-
served in coherent optical excitation, provided ω ο τ * 1
in this c a s e .

In contrast to the Hanle effect in the excited s tate,
the cross ing signal of the levels in a zero field of the
ground state is character ized by an exceedingly narrow
line. Let us examine by way of example the atoms Hg
and Cd. For these , the paramagnet ism in the ground
state is purely nuclear : γ/2π ~ 1 kHz/Oe. If we a s -
sume τ ~ 1 s e c , which is of the o r d e r of the usual
relaxation t ime for cel ls with paraffin coating, then,
according to (34), ΔΗ 0 i s of the o r d e r of severa l
mil l ioersted. For alkali m e t a l s , paramagnet ism has an
electronic nature , γ i s about a thousand t imes la rger ,
and ΔΗ 0 i s of the o r d e r of m i c r o e r s t e d s . It is easy to
see that this yields a very sensitive method for the
study of the Zeeman s t r u c t u r e of atoms and nuclei in
weak magnetic fields^ 1 4 ' 7 8 1 .

The cross ing of magnetic sublevels of the ground
state of Rb 8 7 a toms was recently observed experi-
m e n t a l l y ^ ' 1 4 1 . A plot of the signal i s shown in Fig. 2 1 .
We see from it that the line width is very smal l , ΔΗ 0

~ 0.5 μ θ θ . This enables us to measure magnetic fields
accurate to 10"9 O e [ 1 4 ] .

Finally, we wish to note an interest ing feature ob-
served in experiments on the Hanle effect in the ground
sta te . The production of coherence in cross ing of
ground-state levels leads to a dependence of the density
matr ix p m m ' of the excited s tate on the off-diagonal
elements ρζζ> of the ground state (formula (7)). This
means that the cross ing signal in the ground state can
be detected by the fluorescence light. The phenomenon
of coherence t rans fer from the ground state to an ex-
cited state has been known for a long t ime in the region
of the double radio-optical resonance and was used
many t i m e s to study the influence of the ground state

on the behavior of excited a toms. The feasibility of
using this phenomenon in experiments on the Hanle ef-
fect was recently confirmed in^ 7 e l . Figure 22 shows
dispers ion and absorption curves of the magnetic-sub-
level cross ing signals for the ground state of Cd, ob-
tained with the aid of resonance f luorescence. The r e -
sults of this study offer evidence that optical excita-
tions can introduce coherence into the excited state in
two ways: (a) if it i s coherent and the levels in the ex-
cited s tates c r o s s , (b) if coherence exists in the ground
s t a t e .

It should be noted that t rans fer of coherence from
the ground state to the excited state can take place both
for coherent and incoherent i r radiat ion. If the coher-
ence in the ground state is induced with light, then the
excitation should be coherent, as in the case considered
above.
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