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Optical pumping of the electronic ground state of molecules has been investigated under condi-
tions of plane, elliptically, and circularly polarized light broadband excitation. The analysis has
been performed assuming arbitrary angular momentum values, and applying the apparatus of polar-
ization moments, the latter forming the coefficients in the expansion of the density matrix over irre-
ducible tensor operators, including simplifications due to asymptotic limits for large momentum
values. In addition to accounting for the external magnetic field, attention has been also given to
the dynamical Stark effect arising from the absence of coincidence between the centers of the excit-
ing line and the absorption line. An alternative classical description is also proposed using multiple
moments as coeflicients of the expansion of a classical quasidensity of states over spherical harmon-
ics. The equivalence of both approaches of description in the limit of infinitely large angular mo-
ments is demonstrated, and the meaning of the origin of coherence is clarified, as well as its destruc-
tion by the magnetic field in the classical description of the system.

I. INTRODUCTION

In 1950 Kastler predicted' and later effected? a method
of creating a nonequilibrated population of magnetic sub-
levels, as well as sublevels of hyperfine structure (HFS) of
an atomic ground state. This method made studies of
magnetic moments possible, as well as studies of
hyperfine 1nteraction, disorientation cross sections,
energy-level shifts, and other atomic characteristics. For
a review, see, e.g., Refs. 3-5, and references therein.

In the case of molecules, even after the appearance of
lasers, as a result of certain prejudices discussed in Ref. 6,
optical pumping (alignment) of the rovibronic ground
state (RVS) was only begun in 1969.%7 Further work led
to registering and studying interference phenomena in
systems of degenerate ground-state sublevels (Hanle
effect?®), of nondegenerate sublevels (beat resonance),” and
of quantum beats in the kinetics of transient processes.'°
Application of these methods to molecules in sodium,
potassium,and tellurium vapors made it possible to deter-
mine summary effective relaxation cross sections and
magnetic g factors of corresponding dimers in the fixed
RVS. Optical pumping was applied to sodium-dimer-
containing beams'' in order to register resonance signals
between HFS levels of Na,(X '3) and to determine the
HFS constants.

A description of the signals of optical pumping and the
interference of magnetic levels of RVS is by no means a
trivial problem for molecules with a high value of angular
momentum (J >>1, as a rule). This applies also to essen-
tial peculiarities of the balance between radiational and
collisional processes. The main stress in the present work
has been placed on an analysis of the origin of alignment
and orientation of angular moments in the electronic
ground state under the effect of light absorption, as well
as on a study of this effect in laser-induced fluorescence
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(LIF). It is necessary to point out that there exists a large
number of works (cf., e.g., Refs. 12-16, and sources quot-
ed therein) in which methods are worked out for the
determination of parameters charactenizing alignment
and orientation in the electronic ground state for diatom-
ic molecules by means of polarization studies in LIF.
However, in these works it is not the mechanism of the
appearance of anisotropy in angular moments that is dis-
cussed, but rather methods of testing of already existing
alignment or orientation.

In the framework of the present studies we pay atten-
tion to the interaction between laser radiation of wide
spectral composition and molecules in the presence of an
external magnetic field. The intensity of laser radiation is
considered such that the rate of optical pumping should
be comparable to that of ground-state relaxation. In or-
der to analyze such processes Cohen-Tannoudji'® in 1962
obtained equations of motion for the operator of state
density (statistic operator). A further development of this
approach'®!” made it possible to obtain and analyze
equations of motion for the expansion coeflicients of the
density matrix over irreducible tensor operators. These
coefficients are usually called polanzation moments
(PM’s), and they are directly connected with alignment
and orientation of the ensemble of particles. Equations of
motion of PM’s are conveniently expressed in a compact
form, as proposed by Okunevich.?

The primary aim of the present work is to obtain maxi-
mally complete equations of PM motion for states with
arbitrary angular momentum values (Sec. III). In addi-
tion to spontaneous and stimulated processes, collisional
relaxation, and relaxation in external magnetic fields, we
must also consider the influence of the dynamical Stark
effect'® under broadband excitation. This effect arises
from noncoincidence between the centers of the excita-
tion contour and the resonance transition frequency. Ex-
plicit expressions are given for the calculation of PM’s in
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he case of elliptical polarization of the exciting light.
However, in states with high-angular-momentum
values, as is the case in most experiments with dimers un-
der discussion, there are possibilities of simplifying the
roblem. Indeed, the conservation of angular momentum
; most simply accounted for in the interaction between
light and the molecule, if we employ asymptotic expres-
~ions'® for J — o in the coefficients of moment addition.
it the same time there exists a consistently classical
method of description for such states. It is based on the
evolution of the classical density-of-states probability.?%%!
{owever, such an approach does not make full use of the
implifications following from symmetry properties of the
system. As already pointed out by the authors of the
above-cited papers,’>?' this disadvantage can be over-
ome by expanding the classical density of probability
uver spherical functions. In the present work (Sec. V)
equations of motion have been obtained for the
oefficients of such an expansion. The above approach
as been compared with equations of PM motion through
which we can discuss the concept and physical meaning
"coherence in the classical limit J — «. In the analysis
i the equations obtained, the mathematical operations
..ave been performed comprehensively for a large number
of cases occurring in experimental practice. This makes
possible to apply the results thus obtained directly to
1e analysis of experimental data.®”'% As examples, de-
grees of polarization or of anisotropy of radiation have
been obtained for different excitation conditions at arbi-
ary J values, accounting for effects of optical alignment
ad orientation of the ground state.

II. GENERAL EQUATIONS
OF DENSITY-MATRIX MOTION

When a set of molecules is illuminated by a laser beam
1at causes a rovibronic transition, cf. Fig. 1, an anisotro-
y is created in the spatial distribution of the angular mo-
enta J” and J’ in ground and excited molecular states.

in this process some prevailing plane of molecular rota-
on is created, then the set is aligned. If the set possesses

J
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FIG. 1. Scheme of optical pumping in the case of diatomic
molecule optical transitions between separate rovibronic levels
(B0, J")—=(F 0,V —(8",v7,J)) where v denote vibration-
al numbers of the ground state §” and the excited state §.

helicity, it is said to be oriented. The degree of orienta-
tion and alignment of molecules in both excited and
ground states can be determined by means of an analysis
of the intensity and polarization of LIF J'—J 7.

For analyzing the interaction between light and the
molecular gas according to the scheme shown on Fig. 1,
we shall use as a basis the equations of motion of the den-
sity matrix in the |JM ) representation.'® In this repre-
sentation the existence of molecular alignment means
that the probability of finding the molecule in a state M
(or —M) differs from that of finding it in a state with
different M’ (or —M’}). In the case of molecular orienta-
tion the probabilities of finding the molecule in states M
and — M differ. The equations of motion of the density
matrix fy for the excited state and @, for the ground
state have the following form, in the approximation of
the broadband excitation line:'’
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Frequencies w; and w,- are equal to the Zeeman splitting
of magnetic sublevels in excited and ground states in an
external magnetic field B. The quantization axis z is

chosen along B. The constants I‘MM“' and y"'"' deter-
mine the relaxation rates of the excited and ground
states, but l"““ determines that of spontaneous back
transitions.

The factor

Fp=—2ﬁ)l|(.l'||r||.l“>|2e2i(w0] {2)

determines the absorption rate, while
f [T )" ) 12etitw,)

W)~ Wy

d(l){ (3)

is the frequency shift as a result of dynamic Stark
effect.'®2? Here (J'||r|lJ”) is the reduced matrix element
for the J''—J' transition, cf. Fig. 1, e is the electron
charge, wy is the resonance transition frequency, and o, is
the laser frequency with spectral intensity density ilw;).
The unit vector ¢,, entering into the dipole transition ma-
trix element (M|e,-rlu), describes the polarization of
the exciting light. The term A3, characterizes the iso-
tropic relaxation of the ground state in interaction with
the thermostat formed by molecules not affected by opti-
cal action. The viability of such an approximation in cer-
tain circumstances is justified by the results of Ref. 23.
System (1) is formulated under the assumption of excita-
tion by means of a line of wide spectral range, i.e., when
the equations do not contain any dependence on the ve-
locity of particle motion.
The LIF intensity in the J'—J{ transition, cf. Fig. 1,

with polanmuon ¢, is determined by the excited-level
matrix f,2*

I=1 3 fusmeM’le,rlp)(ulefriM), &)
M. My

where I, is a proportionality coefficient.

Let us consider the following example. Let the set of
molecules be excited by a light wave that is polarized
along A, 7=0,11, in a cyclic system of coordinates'’

Ag=A, A =TF(A,+id)/V2. (s)
This means excitation by light either plane polarized

along the z axis, or circularly polarized and propagating
along the z axis, cf. Fig. 2.

r r “l"l_.y,
=0. The relation bctwecn the rate constants as
adopted here, is typical for a number of experiments on
diatomic molecules, cf., e.g., Refs. 7-10, 23, and 25. Let
0, =w,;»=ws =0, which indicates an absence of external
magnetic field, and let the Stark shift be of zero value.
Under such conditions there will be no coherence in the
magnetic sublevel system, i.e., only diagonal elements of
the density matrix differ from zero. It thus becomes pos-
sible to obtain @, for ground state J* under conditions
of stationary excitation, by applying the Wigner-Eckart

Let us assume that T, <« ruu
rMM
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FIG. 2. “Standard” scheme of the geometry of plane pol
ized (e,) or circularly polarized (e4,) excitation. The intensiti
of the registered LIF are Iy,1, or I5,I,, respectively.

theorem

i & 1/ 1+ X(CLETIRT (6
Here y=I,/y and Cj. ';T,’,’ are Klebsch-Gordar
coefficients. Substituting (6) into the excited-state equa-

tion (1a), we have
Surnusn S @ulCHAT N

Since the magnetic sublevels of the excited state J' are in-
coherently populated, it is possible to represent the inten-
sity of LIF with polarization e, in the transition J' —J{,
cf. Fig. 1, and considering (4}, in the following way:

1«2f,,+,,,‘+,,2[(e,)‘,c’,/‘;;'ﬂ gyl (8)
where (e/), are thc cyclic components of the polariza-
tion vector in the LIF.

Let us apply standard geometry of observation, cf. Fig.
2. For plane-polarized excitation we have calculated the
dependence of the degree of plane polarization
P=U,~1,)/I,+1,) and of anisotropy of polarization
(or degree of alignment) R =(I,—1I,)/(1;+2],) on pa-
rameter Y for all possible types of dipole transitions. For
circularly polarized excitation we shall search for the y
dependence of circularity C=(I,—1,)/(I, +1,), where I,
is the intensity of the LIF possessing the same circularity
{i.e., polarized along the same circle) as the exciting radi-
ation, and I, possessing opposite circularity. Table I
presents the obtained results. For the sake of comparison
formulas are presented for weak excitation, when Yy —0,
as given in Refs. 26 and 27. Separate columns show lim-
iting values for infinitely large angular momentum J — o
and for very strong excitation y — . For certain types
of molecular transitions, values P of the degree of polar-
ization at arbitrary J values are presented in Refs. 6 and
28. An estimate of the effect of parameter Y on the polar-
ization of LIF is frequently of principal importance; cf.,
e.g., Refs. 6, 7, and 29.

In solving the system of equations (1a) and (1b) in more
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TABLE I. Expressions of polarization characteristics of radiation under conditions of optical pumping for various types of transi-
tion: R(J), degree of anisotropy; P(J), degree of plane polarization; C(J), degree of circularity; J being the quantum number of the
intial level, P1,Q1,R 1 denotes absorption; P1,Q l,R |, emission. Summation is made over M from M =~Jto J.
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ITI. EQUATION OF PM MOTION

For the solution of the system of equations (la) and
{1b) and for calculating LIF intensity (4) we shall further ~ The expansion coefficients fg and @ give us the PM
use the expansion of the density matrix over irreducible values. Their physical meaning is as follows: f3 and qag
nsor operators T§:% are the populations of the corresponding levels, while
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components of the full angular momentum of molecules
in state J or J. For example, A substantial advantage of such an cxpansxon lies in the
—( — 1)@ v 1 F|F[
(Jo)=(=1WJ'U '+ 1)f. The PM values satisfy the  fact that the relaxation matrices FHM 4, and v,

relations fK—(—-lQ(fK and @ =(—1)¥p~ )*.

Formation of PM of even range K,x=2,4, ..., is usual-
ly called alignment, and that of odd range
K,x=1,3, ..., onientation.

The tensor operators are normalized, according to Ref.
24, in such a way that

are diagonal in many cases and do not dcpend on Q and
g. This holds, in particular, in the present case under dis-
cussion, namely for isotropic collisions.

Let us now apply the expansion (9) to the system of
equations (la) and (1b): taking into account the ortho-
gonality of the tensor operators, we obtain
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The first term in the above equation describes absorption, the second describes the Stark frequency shift effect of the
transition on the PM of the ground and excited states, and the third corresponds to stimulated light emission. The
fourth term describes the relaxation of the PM at rates I' ., v, and their external magnetic-field dependence.

The coefficients are

. K J J
- ‘107X + -
wpre_ (2 + 1) (127X 1><2x+21)(_“,(,l X 1 1! B 12)
(27 + DK +nY < Jr g
"4 W= 1_:_(;_1 \:—_X: (_2‘!’+ DX+ 102"+ 1 )( -1 ).”/;;"*K' K X « 1 l X (13)
A 5 s )2 Jroyoge g
o , o ur ok
C,=t—n"’ ""(2.1"+1)“'(2J'+1)”'11, 7 : (14)
f
while the coefficients ¥ 4 ¥%" and *F{X are obtained from  ¢=37/4.

*AY and KF¥* by interchanging J” and J* in (12) and

113, The quantities inside the curly brackets are 6; and
9, sympools. The irreducible tensor product 1s defined as
fo e SN EC Lo®ls (15)
The Dyakonov tensor” (Dx
X - Xz
fle )= 2X+1)“’ 2 1CH g, U6
characterizes the polarization of the exciting light. Here

e, are the cyclic components of the polarization vector of

the exciting light e, .

Let us now consider the problem of finding the tensor
¢>g in an explicit form at an arbitrary polarization of
light. In similarity with Ref. 13, let us assume that exci-
tation takes place along the z axis, cf. Fig. 3, and that the
plane-polarized light beam with polarization vector e,
forming an angle ¢ with the x axis is passed through a
quarter-wave plate in which the “*fast™ axis s is parallel to
the x axis. After passing through the quarter-wave plate
the light becomes elliptically polarized and characterized
by the tensor ®f with components ®j=—1/V3,
¢’O~(l/\«65m2dz ol =0, 4)0“-1/\/30 ¢ =0,
®,=(1/2V'5)cos2y. The ellipticity parameters are
determined by the choice of angle ¢. In special cases we
have ¢ equaling either 0 or 7/2, and the light beam is
plane polarized. In the case where 0 <¥ <7 /2, light is
polarized along a left-hand ellipse; and in the case where
m/2 <y <m, it 1s polarized along a right-hand ellipse,
becoming left circular at ¥=7/4 and nght circular at

For an arbitrary direction of excitation, determined by
the spherical angles 8 and ¢ and for the situation when
the axis of the quarter-wave plate forms an angle a with
the plane containing the exciting beam and the z axis, the
tensor CDg can be found by rotating the physical system
by the Euler angles a, 8, and ¢. In the rotated systcm
¢>X can be expressed through the components CDH in the
mmal system by means of Wigner D matrices'’

&

1F7¥[Di(a,6,9)]°®F . a7

Table II presents general expressions for ¢§ and values

1naserseisn
1IRsRRIRNNTI

FIG. 3. Case of elliptically polarized excitation with applica-
tion of a quarterwave plate with its “fast™ axis s; e, is the vector
of the plane-polanized light falling on the plate.



2380

M. P. AUZIN'SH AND R. S. FERBER 43

TABLE 1l. General expressions and numerical values of the Dyakonov tensor ®§X characterizing the state of polarization of light at a certain beam

direction

For plane-poiarized light the spherical angles 6,¢ determine the direction of the polarization vector e, : in other cases, the direction of the

light beam, a.8.¢ forming the Euler angles. Angle ¢ is determined in Fig. 3.

Polarization
Circular
Plane Right
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for the most frequently occurring special cases of the po-
larization of light. In the case of plane-polarized excita-
tion the angles 6 and ¢ in Table Il characterize not the
direction of propagation of the beam, as in all other
cases, but that of the plane-polarization vector e,. The
form of the tensor (I)g’ for unpolarized light can be found
in Ref. 24.

As may be seen in Table II, plane-polarized light can
~be described by a Dyakonov tensor be in which only
even-range components differ from zero. In this case, if
there is a coincidence between the center of the excitation
line with the spectral transition frequency wg,, which is
equivalent to stating equality to zero of the value of wg in
expression (3), only the PM ¢7;,fg of even range can be
formed. This follows from the circumstance that for the
coefficients KFX< “FXK KXK' and = 4%, as determined
from formulas (12) and (13), the rule of even values of the
sum of their upper indices must be valid. Hence, in the
case of plane-polarized excitation, and in the absence of a
dynamical Stark effect, only the alignment of the ensem-
ble must take place.

For calculating the signals we observed, it is necessary
to perform expansion over irreducible tensors also for
LIF intensity (4) (Ref. 24)

1 1 K| « 0 r Kk
7o QE (=D¥fo®25. (18)

=-kK

2
I=1, 3 (2K +1)
K =0

where ®f determines fluorescence polarization in this

case. Thus, in the situation under consideration, only
plane-polarized radiation will be observed, since
P xRef3.

In the presence of the dynamical Stark effect we have
w,#0, i.e, in Eq. (11) there appear terms containing
coefficients ¥ 4 ff', W ELN They must, on the other hand,
satisfy the requirement of odd values of the sum of the
upper indices, cf. (13). This means that in the presence of
an external magnetic field we have 0,70, w,.#0, and in
Egs. (11), under the effect of plane-polarized light, in ad-
dition to the PM of even range, the PM of odd range are
also formed. Hence, simultaneously with the alignment
of the ensemble, orientation also takes place. It manifests
itself in fluorescence through circularity C « f}, differing
from zero value if observed along the z axis, cf. Fig. 2.
Such a transition of alignment into orientation is a purely
quantum effect, since in the classical lrmit of high angular
momentum values J — o the coefficients X4 ,f', <X
assume zero value and vanish, as will be shown further
(22).

IV. ASYMPTOTIC EQUATIONS OF PM MOTION

For molecular states large angular momentum values
are typical.m On the one hand, this complicates the solu-
tion of the system of equations (11a) and (11b), since at
large absorption rates ', a large number of different
PM’s can be generated, K £2J°, x<2J”. On the other
hand, the addition coefficients of angular momentum be-
come simpler, since asymptotic expressions may be
used.'” In particular,
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TABLE I1. (Continued).

Polarization
Circular
Left
8=0 0=nw/2, =0 O=u/2, ¢=m/2 Elliptical
oL . L b L
V3 V3 V3 V3 V3
_ 1 cosé I
Ve 0 0 —\/?, Ve sin2y cosé
0 - -t LI L sin2¢singe’®
V3 V3 V3 V73
0 L - sing < ——!_Gin2¢singe ~'*
2v'3 V'3 2V3 2v3
1 1 1 3cosif—1 1 2 2

— — — - — (3sin’fcos2a cos2y—2cosiO+ 1)

v 30 V30 2V30 2v'30 g s v

0 0 0 —sianSBi - 1_[cos2wsin0(isin2a—cosZacosO)+sin6cos(9]e“’

2V's 2V's
0 0 0 sinfcosf '_v' L {cos2¢ sin@ —i sin2a —cos2a cosf) +sinfcosfle '
V'S v's
M
0 - l—_ L_ —sin?g < : L_[(l+cos’9)cos2wcosla+2ic059cos2wsin2a—sin20]e2i"
V'S 4v's av's 4v's
=%

0 - s 4—‘/1/—_5 —sin’é “/.: ‘]7_5[(l+c0529)c052wcos2a—-2i cosfcos2¥ sin2a—sin‘fle ~2'¢
| a b ¢ |__(znrrerdte o, (19)
ld+R e+R f+R|™ R)2c+1)}72 *F"

rea=f—e,B=d —f,y=d—e, R >>1, and

U1/2sgnic +f—b—e¢) o o
brR ¢RI olla=btcMa—e+ lc+d—el(—b+d+[) (2R)"!"loree S
e+R f+R|™ (a+b—cMa+e—fM—c+d+elb+d—[) b+e—c—f] '
(20)
2re
1 when X 20
¢=a+d+minlb +e,c+f), sgnk= —1 when X <0 .
sing an expansion of 95 symbols into a 6j-symbol senes, we obtain
a b c .
a bc||de f|l|lg h i
| fl— 1\ ) ' 20
d e f P! 1)[2y+1)fzy bthyad’
g h | Y
‘h enables us to show that at a large-angular-momentum limit
L, L,b, L,  L,L
"4l ="14" =0, C . =1,
QL +D'VQL;+ D' 10 1o 22
L, L, L, L.L, L, L,L, L, Ll L, L,L, 2
AFL_LXZ ’F1'3= T4 = 'Ali-‘: 1§t = (=) \il—ACL;OLlov

(2L, + 1)

e A=J'—J", the system of equations (11a) and (11b) assumes the form
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FE=T,ZXS™ @V e 15T, 3 S [0 W /K 1Ty —iQu,)f§ .
V.ox K

gi=-Tp3 S0 g¢ e+ TeY AS'\'KI‘I"X'@./(K’];_(}’x*iqwj")¢; TrJ'J“éKxSqué‘.—FA;&xOéqO .
X5 X, K

As can be seen, along with the simplification of
coefficients in the asymptotic limit (23) the effect of the
dynamic Stark effect on the produced PM’s disappears.
The rate of approach of coefficients (19) and (20) (Ref.
19) to their. limit with increasing R can be used for
finding that the error in the values of the coefficients in
Egs. (23a) and (23b) is of the order J ~'. As a result of the
asymptotic approximation, a number of coefficients in
Egs. (11a) and (11b) coincide [cf. (22)], which raises con-
siderably the symmetry of the system of equations (23a)
and (23b) and simplified their solution. If the equations
are solved numerically, it may prove useful to use the
dependence
2L, +1 |
2L, +1

Light ()b

ST (24)

The expression for LIF, as obtained in a similar way, will
be of the quite simple form. in comparison with (18),
2 - X
=11 3 QK+1'7Cf0 ¢ 3 (= 19rfe,
K=0 Q= -K

(25)
where A'=J"—J.

V. EQUATIONS OF MOTION
OF PROBABILITY DENSITY

Along with the equations of motion of the PM’s, a clas-
sical analog of the density matrix, the probability density
-plQ,1),02=180,¢} is frequently used for the description of
molecular processes. The physical meaning of the ex-
pression p,(§),1)dQ) (where a=J" or J” denotes its be-
longing to the ground or excited state} consists in the
probability that at moment ¢ the angular momentum J is
positioned within the steric angle d{} =sinfd6dg. For
the situation under discussion, Ducloy?®?! employed
differential equations of motion of probability density p,
in the analysis of the nonlinear interaction of resonance
laser radiation with particles possessing a large angular
momentum; a similar approach was concerned in Ref. 32.
If we include in the system of equations from Ref. 20 the
disorientating collisions which have not been considered
there, then this system assumes the following form:

p (2 0)=T, fn'G'z(Q,Q’)p,-(Q',!)dQ’
—T,G,(Q)p,(Q)
, , , d
—~ f“vrm,n o XA 0y g ()

(26a)
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(23a)

(23b)

r

pJ"(Q,I ): _rpcz(ﬂ)p""(n,’)
+T, fn,G',(Q,Q')p,'(Q',l)dQ'

) . , d
~ fn,y(n,n o @AY 0, 2 p (0,0

+ fn'l“,.,n(ﬂ,ﬂ')p,-(ﬂ',t)dQ'+A,~ . (26b)
Here the terms that are proportional to G,() and
G1(0,Q) characterize absorption, while those propor-
tional to G,(€}) and G(£1,9Q’) represent stimulated light
emission. Functions ['(€,Q’) and y(Q,Q’) describe the
decay of states under the effect of radiational and col-
lisional processes. The dependence on initial ()’ and final
Q orientations of momentum J shows that these same
constants describe processes that do not change the full
probability of finding the particle in the given state or, in
other words, disorientating collisions. The constant w,,
where a=J’,J", is the Larmor precession frequency of
the corresponding angular momentum in the external
magnetic field, while the terms w,(3/d¢)p, determine the
rate of change of p, as a result of this precession. The
function T ,,.(4),0)") describes the decay of level J’
through the radiational transition J'—J". Finally, A,-,
similar to the terms in (1b) and (11b), represents the rate
of the population of level J" in isotropic collision with
the molecular thermostat.

Let us compare the asymptotic equations for PM’s
(23a), and (23b) and Eqs. (26a) and (26b) for probability
density. To this purpose we expand p,({1,1) over spheri-
cal functions®?

x X
P =4 TS T (2K +1)'2H pB (YR, (Q) .
K=0Q=-kK

27

The phase of functions Yy,({2) is chosen after Ref. 19,
and the expansion is ?(crformed in such a way that the
multipole moments 0 are covariant with the spherical
functions Yy, and are proportional to the mean value
(Ygo) in state a. The physical meaning of 00 amounts
to the full probability of finding the particle in state a
and ap'Q is proportional to the Q th cyclic component of
the mean angular momentum of a separate molecule.

Let us carry out an expansion of equations [(26a) and
(26b)] over spherical functions, and consider separately
the summands entering into these equations. At the di-
pole transition in absorption and in stimulated emission it
is possible 1o neglect the twist of J due to the absorption
or emission of a photon by the molecule, owing to the
negligible value of the photon’s angular momentum, as
compared to that of the molecule. This means that

G (Q,0)=G,(M8(Q—Q)=G(Q)



and

GyOQ)=G,( 00 -Q)=G(Q),

and
r”--(Q,Q')=l'“r-(ﬂ)B(Q—Q.') ;

here 8(Q — (V') is a Dirac delta function and, according to
Refs. 20 and 31, the function describing the angular

dependence of absorption and emission can be calculated
as

G(Q)=le,n;_,|?, (28)

where n,._, is a unit vector directed along the dipole
moment of the molecule transition. For a transition of
the Q type, n;~_, is directed along J, while for P-or R-
type transitions it rotates either clockwise or anticlock-

wise looking from the end of J. In laboratory coordinates
we have

GlQI= |3 (—1)%e,)_oDg)—,(¢,6,00 2. (29)
7

If we consider relaxation terms containing I'(Q,Q’) and
ytQ,Q'), we notice that at isotropic collision these func-

(2X+1)(2K +1)
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tions are dependent on angle © between the direction of
vector J before the collision (determined by angles
Q'={6,¢'|), and after it (deterrnined by angles
Q={6,p]), but that they do not depend on the concrete
values of these angles. It is then convenient to expand
functions T'(©) and y(O) over bipolar harmonics.'® For
Instance,

K=0 e=-K

Using formulas (28) and (29) and the well-known depen-
dence'®

[ Y. @xe, oy, (e

_ QL+ DV42u,+1)172 Lo im,
(4ﬂ)l/2(211+1)1/2 IOI OCI mol.om, »

2Mylymy

(31

it is possible to obtain a system of equations for the
coefficients of multipole expansion of the initial equations
(26a) and (26b),

195:FP2 72K+ 1) Cxoxol{G'¥'®, p(K]‘Q—‘G‘X1®JP(K)]Q)—(FK leQ),pQ, (32a)
XK
QX+ 1)2K'+1) '
y r Croxot |G X ,p 151G M@ p" 1 5) (320b)

P AT2K+1D)

— ¥ w0 Q)pG T ry pp§+ A GBkeB g0 -

These equations, both in form and content, are very close
to the asymptotic equation for PM’'s (23a) and (23b).
Their basic difference consists in the description of the
exciting light. The multipole moments G¥, as introduced
in (32a) and (32b), are obtained as a result of multipole
expansion of G(Q) similarly to (27), while the tensor ¢X
1s used in (23a) and (23b) for describing the exciting radla-

tion. Both magnitudes are connected in the following
way:
G_%’:(‘—I)A;le A(DX (33)
: (2x + 1)

If the coefficients in the multipole expansion of _,-pg are
known, it is possible to calculate the intensity of LIF in
the J*—J{ transition

1=10fn,.p(mc(mdn
K

2
T3 2K+ Y (—09p8GE, . (34)
K =0 g=-kK

where, in this case, G{{)) determines the angular depen-
dence of the radiational transition and may be calculated
after (29), if the index J”—J' in the Wiegner D function
is replaced by J'—J 7, cf. Fig. 1.

Since the magnitudes aps represent multipole moments

210(417

f

in the continuous distribution p,({1), the latter may be
depicted graphically“ for a given set of muitipole mo-
ments upg. Thus, for instance, Fig. 4 shows isometric
projections of the function p,(£) in three cases, when the
spatial distribution of the angular momentum is de-
scribed by a minimal number of multipoles (or, which is
equivalent, polarization moments). This figure illustrates
rather clearly the physical meaning of PM’s in the classi-
cal limit of a large angular momentum. Figure 4(a) corre-
sponds to a situation when, as a rule, the ensemble is said
to lack coherence, i.e., @ =0. This function is symmetric
with respect to rotation by any angle around the z axis.
In the other two cases, Figs. 4(b) and 4(c), coherence is
produced in the ensemble, i.e. Q%0 (in the quantum ap-
proach Q =AM, shows between which magnetic sublev-
els coherence has been produced). For distributions of
this kind the z axis forms an axis of Qth-order symmetry.
This result means that, in the case of the classical ap-
proach to a particle ensemble. coherence may be treated
from the pont of view of the symmetry of the probability
density p,(f1). Such a procedure is useful for the visual
interpretation of experimental results and calculations
performed in the PM approach.

It ought to be noted that the statement about the pres-
ence or absence of coherence in a particle ensemble is
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FIG. 4. Tsometric projections of functions p,(() which characterize the spatial distibunon of angular moments of a state at a
given set of expansion coefficient values ap§ in expression (27). (a) Values p8=1, 03=0,3. () L3=1. 1= —p1,=0,15. (o)

WP0= 1. P} =p1,=0,15. The remaining % values equal zero.

rather conditional in a number of cases and depends on
the choice of the coordinate system. Thus, in Fig. 5(a), a
distribution of angular momenta of a molecule is shown
at excitation by light which is plane polarized along the y
axis. A Q type of absorption is considered. and 1t is as-
sumed that [, <<l =T, y =y, [, =w,=w,-=0.
The z axis is a second-order axis of symmetry in this case
and, accordingly, we have coherence in the system be-
tween AM,. =Q =2

Figure 5(b) shows a distribution, as obtained by looking
from the end of the y axis. It may be seen at such a turn
of the coordinate system, if we wish the 2z axis to coincide
wilh the injtial posjtion of the y axis after transformadion,
that the distnibvtion of angular momentum must be
symmetrical with respect to the z axis, i.e., there will be
no coherence in the ensemble.

Figure 5(c) shows the same distribution of angular
momentum at switching on an external magnetic field. In

(4) ()

FI1G. 5. Distribution of angular momenta J at Q' excitation
by light plane polanzed along the y axis. (a) Isometric projec-
tion of distribution in absence of externa) magnetic field. (b)
Same as (a), viewing from end of y axis. (¢} Isometric projection
of distnbution in the presence of the external magnetic field for
the ratio betweer the precession frequency and the relaxation
rate equaling w,- /I =0,5. (d) View of distribution, case {¢) from
the end of the symmetry axis in the xy plane.

calculating the distnbution of angular momentum the ra-
110 w; /T =0,5 is assumed. The other parameters are the
same as in the first case. This time, looking at the distri-
bution from the end of the symmetry axis positioned in
the xy plane, cf. Fig. 5(d), it may be seen that this axis is a
second-order symmetry axis. Hence, if the z axis is posi-
tioned along the direction under observation, second-
order coherence remains all the same in the system of
molecular particles. The results obtained are in good
agreement with those of quantum-mechanical analysis of
the concept of coherence.*®

In conclusion, a few words ought to be said about the
possibility of solving the system of equations (23a) and
(23b) with sufficient accuracy that describes the results of
experimental investigations. The main difficulties here
are due to the existence of an infinite number of intercon-
nected equations in the J — o limit. However, in calcu-
lating LIF the signal ts under the direct influence of only
the PM's fé( of the excited state with range K <2. These
are directly linked with the PM’s of the ground state @}
of range x <4 by the radiational field, as may be seen
from Eq. (23a), for which the triangle rule must be valid
for the indices of coefficient X§¥%. The PM's of higher
range affect the LIF signal only indirectly. Therefore, as
experienced in the case of solving, with the aid of 2 com-
puter, the system (23a} and (23b1,* it is sufficient for
l‘ﬁ/rk.r, /¥.= 10 to take into account the PM's @ and
Sp of range K,x <10 for achieving a relative accurancy
of LIF intensity of the order of 1073, The system (23a)
and (23b) generally contains 242 equations, in this case.

The above-mentioned statement js illustrated by Figs. é
and 7, which present the PM's ¢@g of various range x as
dependent on the parameter y = l"p /v, which determines
nonlinearity, for the case [y =I'>>T ), [')-=w,=w,-
=0, y.=y- Applying plane-polarized light, the z axis
was chosen along the e, vector, while in the case of circu-
larly polarized light, it was chosen along the direction of
propagation of the light beam, The figures demonstrate
that the absolute value of the PM's decreases with an in-
crease of range x, which permits one to use a relatively
small pumber of PM's in the calculation.
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FIG. 6. Relative value of ground-state PM @§/¢5, x=2, 4,
and 6 at optical pumping by plane-polarized light, as dependent
on pumping parameter Yy =[,/y. (a} Q1 transition type; (b)
P1,R T transition types.

VI. CONCLUSION

Optical pumping (alignment, orientation) of a certain
mnital tlower) level of a molecular electronic ground state
by excitation of laser radiation of wide spectral range is
by no means anything extraordinary or “exotic.” It is
rather a situation sufficiently frequently observed in reali-
ty. To a smaller or larger extent it generally takes place
in absorption of laser radiation by diatomic molecules. A
description of the process has been given for arbitrary an-
gular momentum values for a model which accounts for
all radiational processes, interaction with an external
magnetic field, dynamical Stark effect, as well as relaxa-
tion processes in relaxation constant approximation. It is
assumed, at the same time, that there is an absence of
dependence of absorption on coordinates and velocities of
particles interacting with light. In other words, the re-
laxation process, in the course of motion through the ex-
citing laser beam and in collisions can be described by a
single constant of the summary process. A situation,
when this cannot be done, has been analyzed in Refs. 37
and 38 by us. Another assumption consists in the con-
cept of the existence of a “thermostat” of states in the vi-
cimty of the emptied level. These states have not under-
gone optical pumping, and **supply” only the population
to the pumped level in isotropic collisions (Fig. 1).

In the absence of an external magnetic field changing
the symmetry of the system, the description of polariza-
tion characteristics of the system, such as the anisotropy
of LIF from the optically pumped level, 1s sufficiently
simply (for any J value) performed in the JM representa-
tion. It may be seen from Table I, the way in which the
polarizational characteristics of such LIF {e.g., in the
transition J'—J, Fig. 1) depend on the optical pumping
parameter at various polarizations of the exciting hght.

The general case of the presence of coherence in a set

2385
z
_:'JT o1 ®2
P
ok
-a2
-03 - (/

FIG. 7. Relative value of ground-state PM g¢5/@d, x=3,2,
and | at optical pumping by circularly polarized light for
P1,R 1 transition type.

of particles is most simply described in terms of polariza-
tion moments. Such a description may be performed, in
principle, for any, inclucding arbitrarily large, values of
angular momentum J. In a number of cases this is neces-
sary, despite the highly complex nature of the equations
at J >>1. Thus, if a high accuracy of absolute values is
required in the calculation of polarizational characteris-
tics of radiation, it proves impossible to pass over to the
asymptotic limit, owing to a low convergence of certain
types of transition, even at values of J = 50. This can also
not be done in the calculation of such specifically quan-
tum phenomena as the dynamic Stark effect. Neverthe-
less, in a wide range of interference signals (level crossing,
quantum beats, etc.) and for typical molecular states it is
fully sufficient to give a description using asymptotic for-
mulas for coeflicients of moment addition. While
preserving all the advantages of a clear interpretation of
effects, the asymptotic approach proves to be consider-
ably simpler. It has been found (Figs. 6 and 7) that one of
the peculiarities of the situation under study consists in
the fact that, in the ground state, PM's are “readily”
formed in the range higher than 2, even at relatively
small pumping parameters.

On the other hand, in such a *‘classical” limit as
J — «, a quantum-mechanical description, according to
the correspondence principle, may be successfully re-
placed by the classical one, in terms of probability density
and expanding over multipole moments. Both ap-
proaches being equivalent [cf. Eqs. (23) and (32)], in full
accordance with the correspondence principle, we obtain
a definite advantage of imaginability. This makes it pos-
sible to “visualize” the manifestation of multipole mo-
ments of various ranges in the distribution of angular
momentum (Fig. 4), as well as to clarify, the manner in
which coherence and symmetry are connected, cf. Fig. §.
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J-Selective Stark Orientation of Molecular Rotation in a Beam
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We propose a facile method to transform alignment of molecular rotation in a beam into transverse
orientation with high efficiency via the second-order Stark effect in a homogeneous clectric field §. The
calculated J-orientation magnitude for a specific rotational level J exhibits a regular structure of equidis-
tant dispersion-form signals in & coordinates. Estimates performed for the NaK molecule show the
possibility to produce rotational and isotopic selective J orientation for a fixed beam velacity v. The
orientation appears in the direction perpendicular to the (v.6) plane, and the optimal angle between v

and & 1s 45°.

PACS numbers: 33.55.Be, 34.50.Lf

The interaction between molecules is known to be
strongly dependent on their mutual orientation (steric
effect). In order to perform direct experimental investi-
gations of steric requirements in single-collision dynam-
ics, beams of molecules are used with an anisotropic spa-
ual distribution of molecular axes R and angular momen-
ta J with respect to the reference axis Z. The distribu-
rion possesses alignment if it 1s unchanged upon reversing
the direction of the Z axis and orientation if the distribu-
tion is changed. Both alignment and orientation of mole-
cules in a beam can be produced using optical methods,
such as optical pumping [1.2] and photodissociation [3]
with polarized lasers (methods are summarized in [4,5]).
Nevertheless, the laser-based methods are not always
suitable owing to special requirements for the spectro-
scopic properties of the object, and therefore nonoptical
methods are being developed extensively. A technique
based on inhomogeneous-electric-field focusing via the
first-order Stark effect [6~8] is applied to orient R in
symmetric top molecules. The method is, however, not
applicable to linear (including diatomic) molecules. The
alignment of J in polar linear molecules can be achieved
in_some cases for low rotational states via the second-
order Stark effect in an inhomogeneous field [9,10]. Very
recently, the simple technique of orienting rotationally
cooled polar molecules in a strong homogeneous external
electric field of strength & was proposed by the research
teams of Loesch [I1] and Herschbach [5,12]. The
method is based on the “brute force™ influence on electric
dipole moments u when low rotational states are convert-
ed into pendular librators oscillating within a limited an-
gle over the & direction, which is caused by hybridization
of different J values. The method was applied to orient
polar diatomic molecules such as ICI [13]. The molecules
were cooled in a free jet expansion to low rotational ener-
gies BJ(J+1) that are small with respect to u-&. This
elegant technique is nevertheless restricted to small J
values and cannot be considered as a method of orienta-
tion of molecular rotation because the latter is disturbed
by the torque of an electric dipole in an external fieid,
and the rotational spectrum undergoes a dramatic trans-
formation into that reflecting pendular motion [14,15].

From another point of view, the same free jet expan-

© 1992 The American Physical Society

sion is known [5,16-18] as a facile method to produce a
considerable degree of J alignment for diatomic mole-
cules seeded in carrier gases. A substantial degree of
alignment was found by Zare and co-workers [16] in a
Nay/Na supersonic beam, and later in some other mix-
tures [5,18], such as I diluted in light gases H,, He, etc.
Anisotropic collisions in microscopic gas transport is a
dominating process leading to preferential molecular ro-
tation in a plane containing the beam axis Z', Fig. I.
That means that J is aligned in a plane perpendicular to
Z’ and the spatial J distribution function n(8’) possesses
axial symmetry about Z' having only even nonzero
Legendre polynomial expansion coefficients ax in

n(g') =ng 2. axPx(cosd') . (1)
K

In most cases, as considered herein, only ag and a, differ
from zero (@ag=1 is supposed) and a; has a negative
value up to about —0.5 [5,16].

As may be seen, there is a lack of simpie nonoptical
methods for facile orientation of molecular rotation of di-
atomic or linear molecules in a beam, leading to nonzero
odd ax values (only molecular-beam-surface collisions
can be mentioned [19]). At the same time, owing to
some specific manifestation in some elementary processes,

(a)

6) ..

[

p———

FIG. 1. Schematic of realization of alignment-orientation
Stark conversion. (a) Choice of coordinate systems. (b) Possi-
ble reaiization scheme for AB molecules seeded in a free jet of
X atoms. (c) Symbolic polar plot of J distribution.
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it may be of importance [20] 10 increase the variety of
possibilities to orient the angular momenta J. We are
suggesting here a simple method of transition from align-
ment to orientation in a molecular beam. For this pur-
pose one can use the effect of some external perturbation
(external field, anisotropic collisions) capable of destroy-
ing the axial symmetry of the ensemble of particles. For
some special cases such an effect has been known already
for a long time [21,22]. As we are going to show here,
the effect of a homogeneous electric field & on the beam
of aligned polar linear molecules having velocity vIZ'
[Fig. 1(a)] is able to produce significant J- and isotopic-
selective alignment-orientation conversion.

Let the beam cross the field & region of length L [Fig.
1(b)], & forming an angle fy with respect to v (it can be
demonstrated that 6=45° is an optimal value). Because
of the quantum origin of the Stark effect the evolution of
density matrix elements fa for the molecules in a beam
must be considered. Choosing the quantization axis ZII&,
Fig. 1(a), and neglecting relaxation processes in a beam,
we get

Tmse =0fMM'€’ o =(Ey—Exdh, Q)

where OfMM',fMM- are density matrix elements before and
after crossing the field & region, and Ea,E - are the en-
ergies of the M. M' magnetic sublevels. In order to con-
nect ®faae with the classical alignment parameter a; as
defined in the X'Y'Z' coordinate system [Fig. 1(a)]l, we
will use the approach developed in Ref. {23]. For this
purpose the angular momentum distribution n(8'.¢’),
which in general depends on both spherical angles 8" and
@', must be expanded over spherical functions Yk [4,24],

n(0,9) =no(4n) T2 QK+ 1)1"2p8(—1)¢
ko

—fwpuL/c

x YKQ(G’,‘P’) . 3)

Using Eqgs. (1) and (3) we can connect ax with the c/as-
sical polarization moments 'pg, getting 'pg-ao=l and
'p02=a2/5. supposing hereafter ax =0 for K> 2. Then,
using the Wigner D matrix [25], we transform 'p§ into
polarization moments p§ ='p§DG5(0,60,0) in the XYZ
coordinate system with ZIl&, thus obtaining nonzero
transverse alignment pé values with Q=% 1, *+2 Fur-
ther, we are using the fact [23] that in the J>> | limit the
classical polarization moments p5 equal ‘their quantum
analog °f5 defined as expansion coefficients of density
matrix OfMH' over irreducible tensor operators.

=X QK+ 1Q2I+1) " (=1)2%5CTHxo . (4)
KQ

where Cglyg are Clebsch-Gordan coefficients. That means

that, as a result of transformation a;— 'pd— pd— %/

— Ofuar, we get %fa and place them into (2). As may

be seen from the reverse of Eq. (4), in the XYZ coordi-
nate system

. - L
6= 2 ClMxoSum = % CIMEL mm+ge "X 2e™ |
MM

(5)
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and if M sublevels are split in the field & nonequidistant-
ly, ofMMy ofMM+|' and 0fM—m+| produce not only
transverse alignment fQZ, but also transverse orientation
f('?. components. This orientation appears in the direction
perpendicular to the (v,&) plane, or along the Y axis [cf,
Fig. 1(a)], thus breaking axial symmetry of the J distri-
bution over the beam axis Z'llv as is schematically shown
in Fig. 1(c). Note that because the field & is not acting
on *fyu, f& remains unchanged and the appearance of
longitudinal orientation /¢ along the beam axis is exclud-
ed.

In order to calculate what fraction of alignment a, is
transformed into transverse orientation, we must use a
coordinate system with the Z” axis paralle! to the direc-
tion of orientation created, namely, Z"lY, Fig. 1(a). In
such a systemthe transverse orientation components pv,
(the classical analog of f,) are transformed into one
“longitudinal™ component ‘pd. This allows one to come
back to a corresponding Legendre polynomial coefficient
'a; =3'pd =3v/2Imp!. In order to obtain p} the form of
the Stark effect must be specified. We will use the Stark
energy expression for a rigid-rotor-type diatomic (or
linear) molecule, neglecting hyperfine interaction, in the
form [26,27]

p262 JU+1)—3M"?
RB | 27U+1D)QI=1)QJ+3) |

Em= (6)
B being the rotational constant. This leads to an expres-
sion for ‘a, of the form
‘a) -Ajz::;(21+l)(1+l+l)(J—I)sin[(21+ Del,
(7

where A is a normalizing factor, and ¢ is equal to
o= 3r piet L
JU+1)(Q2I=1)(2J+3) hlB v’
Calculation allows us to determine the efficiency factor

for alignment-orientation conversion: x ='a/a,; cf. Figs.
2,3,and 5. As may be seen from Fig. 2, in ¢~ &2 coor-

(8)

S |
(NS ,
* o haammesl ] A
20 HiAAAmanA Ao v Aanaand Adaaaand AcAvns
v TN VAIY v [
x P2 d 3r 2 g ¢
Q5+
1 L | 1
as 10 11y & (v jem)t

FIG. 2. SOG structure for conversion efficiency ‘ai/az
=x{¢). & values correspond to an example of NaK molecule
with J =10.
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FIG. 3. Alignment-orientation conversion parameter x de-

pendence on electric field strength & as calculated for a
Na’K (X'Z) molecule. (a} J=10. (b) J=11. (c) J =100.

dinates, orientation appears in the form of some regular
structure. Such a **Stark orientation grill” (€ OG) exhib-
its equidistantly spaced alternating dispersion-form **prin-
cipal” orientation signals centered at positions ¢ =nr,

n=1.2 ..., corresponding to field strength . ? values,
é,zg_nhZBvJ(J+1)(2J—l)(2.I+3) ©)
n 2 -
3Lu

Between the centers of adjacent principal signals secon-
dary maxima of a similar form can‘be distinguished. As
J Increases from 10 to 100 (Fig. 3), the principal x(¥)
signals become relatively sharper (cf. Fig. 4), and secon-
dary peaks, while increasing in number, become negligi-
ble in their effect. Such behavior of appearing orienta-
tion reminds one of a diffraction-grating-signal charac-
teristic pattern for the x{(v) dependence; however, being
linear with respect to sinl(2/+1)¢], cf. Eq. (7) (not
squared, like in the case of a diffraction grating), this
leads to dispersion-form signals. The amplitude values of
{x(e)| are sufficiently large, being equal to = 0.468 for
J=5.

Let us examine as a concrete example, a polar NaK
molecuie, for which noticeable alignment in a supersonic
beam can be expected, similar to the case of Nay/Na
[16.17]. A mixed halogen diatomic molecule, such as
[Br, could also be considered as a convenient object
[5.28]. Values of &% and 6 for NaK in its electronic
ground X 'T state obtained from Egs. (7)-(9), assuming
[29] u=2667 D, B=00905 cm~™'. L =5 cm, and

¢=10° cms 7', are given in Figs. 2 and 3 for / =10, 11,

ot
N
~ - |
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o' ~
| Doy
| <
i 00|
I
9t~
25 s J
i
Ag’[ ! : | .
25 50 75 I

FIG. 4. Calculated J dependence of first-order (v =rx) signal
position &, and signal width A&).

and 100. Values of the field strength &, for n . corre-
sponding to the location of the zero point for the first

- principal signal (taking place for ¥ =x) are given in Fig.

4. The signal width A&, defined as the distanc: between
positions of maximum and minimum orientation values
for the first principal signal, is also shown in Fig. 4. As
may be seen, the relative signal width A6,/&, diminishes
with the growth of J. It is interesting that the &,
difference for different J allows, in principle, for produc-
tion of orientation only for a selected J level; cf. Figs.
3(a) and 3(b) for J =10 and 11. Moreover, selectivity of
the SOG structure may allow one to resolve (orient sepa-
rately) different isotope molecules. Figure © 2.ves an ex-
ample allowing one to compare orientation :ignals for
BNa¥K and ®Na*'K. The values of 8 =0.386 cm ~'
and v =9.8425x10* cms ™' were taken for tne PNa*'K
molecule, assuming that changes in the numerical value
of B are caused by changes in the moments of inertia of
the molecule [27] and changes in v are caused by changes

o
5= ar-g- 10
S 00 —fA
3
x
-as - ! L {
~< 6 ar a8
05_(6)-_7-/00 .
A
Iy
1
\
) A o ,"‘“,'A‘
[
1
|‘v‘
05 - 1 1 I
&3 64 & AV Jom
FIG. 5. First-order (¢ =x) orientation maxima calculations

for ¥Na*'K isotopic molecule. (a) For J=10. (b) For J =100.
Dashed curves reproduce signals for Na?K_
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in molecular mass. The isotopic shift 1s in principle
resolvable, even for J =10 [cf. Fig. 3(a)l, growing
dramatically for /=100 [Fig. 5(b)]. Of course, the ex-
pected resolution takes place for a monoenergetic beam
of molecules with fixed ¢ value. From another point,
however, for a given J value beam molecules with definite
v can be oriented selectively. For a beam with a given,
say, Maxwellian ¢ distribution it may turn out to be more
convenient to use the zero-order (¢=0) SOG signal,
namely, the first minimum in Fig. 3, despite the loss in J
selectivity. 1In fact, 1t requires considerably smaller elec-
tric field values of only about 135 V/em for J =10; even a
field strength of 4 kV/cm needed for J =100 does not
seem too excessive. [t must be emphasized that here we
need much smaller electric field values than in the “brute
force” method [11-15] and higher J values can be orient-
ed. In contrast to the brute force method, the rotational
movement remains undisturbed here because of the small
value of u& /B, being about 0.34 for J =10 and 31.7 for
J =100, which leads to u&/BJ(J+1) <4x10 3.

The simplest and most straightforward method of re-
gistering the produced orientation is to detect changes in
the degree of laser-induced-fluorescence circularity excit-
ed from the oriented state level. In order to extract align-
ment and orientation parameters, the approach developed
by Zare and co-workers [30] can be used. [t is not ex-
cluded that the registration procedure could be more
effective using modulation of the electric field amplitude
&1 £ AE,/2 with phase-sensitive detection.

Though the discussed picture may be somewhat ideal-
ized by choosing favorable conditions, it seems that the
simplicity of the experimental realization, combined with
the J selectivity of the SOG structure of conversion from
alignment to transverse orientation of molecular rotation
in a beam, allows one to perform different variants of this
method, only partly touched upon in the present paper.

. Support from the Latvian Science Council (Grant No.
90.467) is gratefully acknowledged.
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General inequalities for the relaxation constants of polarization moments are examined. Concrete numerical limitations for the

values of these constants are obtained.

In recent years it has been generally accepted to
characterize the distribution of the angular momen-
tum j of atomic as well as molecular states in the
framework of the irreducible tensorial operators
T%5. The state is described by means of polarization
moments p§, which are the expansion coefficients of
the angular momentum density matrix g, on the
tensorial operators TX:

2 K
Pmm: = Z Z pg(rs)’"’" (n
K=0Q=-K

Polarization moments have a very clear physical
meaning. Thus a moment with rank K=0 charac-
terizes the population of the level, with K=1 the on-
entation, and with K=2 the alignment [1].

One of the general advantages of this approach is
that for isotropic relaxation processes the compo-
nents of polarization moments change indepen-
dently, and the relaxation rates of these components
yx depend only on the rank K of the polarization mo-
ment [1]. In the case of molecules, when the quan-
tum number j of the angular momentum appears 10
be high there is a great number of polarization mo-
ments characterizing the state. As has been dem-
onstrated in ref. [2] by using polarization moment
relaxation rate measurements in simple thermal cells
the information on stereochemical forces in molec-
ular collision dynamics may be obtained. Such mea-

Correspondence to: M.P. Auzinsh, The University of Latvia,
226098, 29 Rainis Boulevard, Riga, Latvia.

surements were performed first for the case of I, and
later for many other diatomic molecules, see ref. [2]
and work cited therein.

If the information about the relaxation of different
polarization moments is obtained from the laser-in-
duced fluorescence measurements then only polari-
zation ruoments up to rank K=4 have a direct in-
fluence on the dependence of the fluorescence
intensity on the polarization of the absorbed and de-
tected photons [3]. Nevertheless the higher rank
moments may play an important role for example in
experiments with optical pumping of molecules. So
at rather moderate laser light intensity the polari-
zation moments up to rank K=10 due to nonlinear
coupling with smaller-rank polarization moments
have a significant influence on the laser-induced flu-
orescence signals [4].

For all that, as demonstrated in refs. [1,5], the re-
laxation rates yx cannot be absolutely arbitrary. They
must satisfy certain inequalities. Thus, in ref. [5] the
system of inequalities

Y QK+1)(=1)"™
K

J j K\(J J K)- <
x(m -m 0)<m. -m, 0 k<0,
m#m, , (2)

has been obtained, where 5 is yx— ¥, and the quan-
tity in brackets is a 3j symbol. Another system of
inequalities

0009-2614/92/$ 05 “0 ® 1992 Elsevier Science Publishers B.V. All rights reserved. 305
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(__1)1*21“2 (—])K(2K+l)}. j K}f’K?O’
ry ] X

l<x<2, (3)

different from the previous one, is given in ref. [1],
where the quantity in curly brackets is a 6/ symbol.
1t should be stressed that different authors use dif-
ferent normalizations of polarization moments;
nevertheless the inequalities (2) and (3) are valid
independent of normalization. For example, the au-
thors of the cited papers [1] and [5] use a different,
K-dependent, nermalization of TX which leads to a
different normalization of p5, yet both systems (2)
and (3) are valid in both cases.

Beside their general significance, the given ine-
qualities should be taken into account when relax-
ation processes are described phenomenologically,
as well as in computer approximations of experi-
mental data with theoretical curves, see for example
refs. [6-8]. Systems (2) and (3 ) contain a different
number of independent inequalities. Taking into
consideration the symmetry properties of 3/ symbols
[9], it is quite simple to show that system (2) con-
tains j(j+1) independent inequalities, when j is an
integer, and j(j+1)+ 1/4 inequalities, when ; is a
half-integer. This means that for j>3/2 the number
of inequalities exceeds (and for large j values by a
considerable amount ) the number of relaxation con-
stants 7. In the case of (3) the number of inequal-
ities coincides with the number of constants jx. Let
us assume that all relaxation constants 7, are mea-
sured in units of one of them, say 7,. In this case in-
equalities (2) or (3) in (2j— 1)-dimensional space
define the region of allowed values of 7x/7,. As an
illustration, this region is shown in fig. 1 for j=3/2.
Each straight line in the figure presents one ine-
quality. The region of 7x/7, allowed by inequalities
(2) is denoted by horizontal strokes, and the region
allowed by inequalities (3) by vertical ones. As may
be seen, in this case system (3) imposes more strict
limitations on the constants 7. From the results of
a computer analysis presented below we show that a
similar situation occurs for arbitrary j values (at least
for j< 70).

In the general case of arbitrary j values it is not
easy to present in (2j— 1 )-dimensional space the area
of allowed /7, values. In order to characterize this
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area it is possible to propose the following approach.
Of all permitted j,/7, values it is necessary to de-
1 rmine the minimal and the maximal one for each
rank K. Here it is necessary to take into considera-
tion that all maximum or all minimum values of
7x/7: cannot always be reached simultaneously. This
assertion may be illustrated by fig. 1 in the case of
the system of inequalities (2). The minimum value
7./7, =0 is attained when 7,/7, =1, but the mini-
mum value 7,/7,=1/6 is attained when 7,/7, =
1/2.

An analysis of (2), in the case when the number
of inequalities considerably exceeds the number of
constants 7,/7,, shows that it is possible to make use
of the Monte Carlo method, i.e. one must generate
by means of a computer random points in the
(2j—1)-dimensional space of 7./7, and from all
points hit into the allowed region (simultaneously
satisfying all inequalities (2)) one must choose the
minimal and the maximal values of constants
7x/7, for each rank K.

In the analysis of (3), when the number of in-
equalities is equal to 2 it is possible to use another
method of examination of the permitted region for
7x/7: - One can pass from the system of inequalities
to a system of equalities and solve them by alter-
nately “switching off ° one equality. In this way we
will find in the (2j— 1)-space ‘‘corner point™ (see
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Fig. 1. Allowed region of the parameters 7x/7, in the case j=
3/2, determined by the system of inequalities (2) and (3).
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fig. | in the case of inequalities (3) ) coordinates for
the region of allowed values of 7./7,. From all co-
ordinates of these corner points we must select those
which correspond to the minimal and the maximal
values of 7./, for each rank X.

By these methods we carried out an analysis of the
systems of inequalities (2) and (3) for j<70. It be-
came clear, that for these j values, system (3) intro-
duces more strict limitatic~s on the minimal values
of jx/7, than system (2), and both systems intro-
duce the same limitations on the maximal values of
Px/7,. In table 1 for j< 10 the results of absolute
minimal values of 7,/7, given by (3) are presented.
In table 2, for the same j values, the simultaneously
existing minimal values of /7, from (3) are pre-
sented. It may be easily seen that in both cases all
these values are positive and do not exceed 0.6. A
similar situation holds also for larger j values, at least
for j<70.

Absolute maximal values of 7x/y, can all be ap-
proached simultaneously and are given by K(K+1)/
2. These values are thus independent of ;.

These restrictions lead to one very general con-
sequence to which we want to draw attention. If it
1s known that the relaxation rate y, of the population
equals one particular rate y, with K0, then all re-
laxation rates y, must be equal. This statement may
be important in the analysis of some relaxation pro-
cesses in molecules, see for example refs. [10-13].

In some special cases for minimal and maximal
values of /7, analytical expressions can be de-
rived. In ref. [1] the following expansion of jx is
presented:

o= Y and,, (4)
x»t

with

aK,=(2j+1>-'—(-l)“Mf{’i j f} (5)

but 4,> 0. It is easy to understand that

(aKx/alz)mins);K/}.’lS(akx/alx)mu- (6)

In the last expression the minimum and the maxi-
mum is assumed on the parameter y. As demon-
strated i ref. [1]

(a2,/812) min =A2(2)p/ A1 (2j) (7a)
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and
(a2x/alx)max=‘12|/all - (7b)

Unfortunately it is not possible to venfy the gen-
eralization of (7a) and (7b) for arbitrary values of
K. Yet a numerical analysis of (2) and (3) dem-
onstrates that the generalization of (7b),

(A /a1 ) max =k /a1 =K(K+1)/2, (8)

is valid for arbitrary values of K. In order to derive
an analytical formula for ax,/a,, we have made use
of the analytical expressions for 6; symbols from ref.
[9].

With the aid of the analytical formulas for 6; sym-
bols it is also possible to obtain

9kaj _ 1
ayzy 1+Hj/U+D

y (, (1 YK D (Y=KHD) .. (zn)
(2j+2)(2j+3) .. (2j+K+1) /)’

(9)

but expression (9) does not lead to the results of ta-
ble 1. This means that for arbitrary K values this
expression does not give the values of the absolute
minimum of 7x/7,. Nevertheless, it does give the si-
multaneously existing minimal values of 7x/7,, pre-
sented in table 2, and also for larger j values which
are not presented in the table.

In this connection it is useful to derive expressions
for ax2jy/a, (2, in some special cases. Thus

(22.'_) = By
Y1/ min (simui) A
j+1 . n'/?

Y rj)
T 2+1 -(=1

29-'r(2j+1/2)"

(10)

with I'(x) being the gamma function. These for-
mulae in the high j limit give

- n
(”—IL) ~ ;—l (11)
N min (simult) ]+ 1

One must understand that the obtained limita-
tions are less strict than inequalities (2) and (3).
They do not characterize the shape of the allowed
region of relaxation constants. The restrictions de-
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Table 1
Absclute minimum values for §/7,

J K
2 3 4 5 6 7 8 9 10 11 12 13 14 135 16 17 18 19 20

I 0.6000

3/2 0.5000 0.6429

2 D.4286 0.6429 0.5952

5§72 03750 0.4792 0.5694 0.5846

3 03333 0.4000 0.5455 0.5758 0.5711

7/2 03000 0.3636 0.5227 0.5717 0.5612 0.5626

4 0.2727 0.3506 0.5012 0.5711 0.5524 0.5559 0.5555

9/2 0.2500 0.3510 0.4808 0.5240 0.5442 0.5510 0.5499 0.5500

5 0.2308 0.359) 0.4615 0.4744 0.5362 0.5475 0.5451 0.5455 0.5455

11/2 02143 0.3714 0.4435 0.4338 0.4864 0.5452 0.5410 0.5418 0.5417 0.5417

6  0.2000 0.3864 0.4265 0.4011 0.4522 0.5440 0.5372 0.5387 0.5384 0.5385 0.5385

13/2 0.1875 0.4026 0.4105 0.3749 0.4350 0.5436 0.5336 0.5362 0.5356 0.5357 0.5357 0.5357

7 0.1765 0.3866 0.3956 0.3543 0.4307 0.5287 0.5301 0.5341 0.5332 0.5334 0.5333 0.5333 0.5333

15/2 0.1667 0.3754 0.3816 0.3383 0.4355 0.5041 0.5238 0.5326 0.5389 0.5313 0.5312 0.5313 0.5312 0.5313

8§ 0.1579 0.3699 0.3684 0.3263 0.4469 0.4810 0.4878 0.5292 0.5289 0.5295 0.5294 0.5294 0.5294 0.5294 0.5294

17/2 0.1500 0.3688 0.3561 0.3176 0.4627 0.4595 0.4580 0.4985 0.5270 0.528C 0.5277 0.5278 0.5278 0.5278 0.5278 0.5278

9 0.1429 0.3707 0.3444 03116 0.4711 0.4396 0.4339 0.4804 0.5252 0.5266 0.5262 0.5263 0.5263 0.5263 0.5263 0.5263 0.5263

19/2 0.1364 0.3750 0.3335 0.3078 0.4631 0.4213 0.4151 0.4732 0.5234 0.5255 0.5249 0.5250 0.5250 0.5250 0.5250 0.5250 0.5250 0.5250
10 0.1304 0.3809 0.3232 0.3060 0.4552 0.4046 0.4012 0.4747 0.5216 0.5245 0.5236 0.5239 0.5238 0.5238 0.5238 0.5238 0.5338 0.5238 0.5238

P'f 13UINU ‘gi| AWIN[OA

SHALLAT SOISAH T¥IINTHD
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Table 2
Stmultaneously exisling minimum values for 7./ %,

J K
2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 17 18 19 20

b 0.6000

3/2 0.53000 0.6429

2 0.4286 0.6429 0.5952

5/2 0.3750 0.6525 0.5694 0.5846

3 0.3333 0.6667 0.5455 0.5758 0.5711

7/2 0.3000 0.6818 0.5227 0.5717 0.5612 0.5626

4 02727 0.697¢ 0.5012 0.5711 0.5524 0.5559 0.5555

9/2 0.2500 0.7115 0.4808 0.5731 (.5442 0.5510 0.5499 0.5500

5 0.2308 0.7253 0.4615 0.5769 0.5362 0.5475 0.5451 0.5455 0.5455

1172 0.2143 0.7381 0.4435 0.582) 0.5282 0.5452 0.5410 0.5418 0.5417 0.5417-

6 0.2000 0.7500 0.4265 0.5882 0.3201 0.5440 0.5372 0.5387 0.5384 0.5385 0.7385

13/2 0.1875 0.7610 0.4105 0.5950 0.5120 0.543 0.5336 0.5362 0.5356 0.5357 0.2357 0.5357

7 0.1765 0.7712 0.3956 0.6022 0.5038 0.5441 0.5301 0.5341 0.5332 0.5334 0.5333 0.5333 0.5313

13/2 0.1667 0.7807 0.3816 0.6096 0.4956 05452 0.5266 (.5326 0.5309 0.5313 0.5312 0.5313 0.5312 0.5313

B 0.1579 0.7895 0.3684 G.6172 0. 4874 0.5469 0.523/ 0.5314 0.5289 0.5295 0.5294 0.5294 0.5294 0.5294 0.5294

17/2 013500 0.7976 0.3561 D5.6248 04792 0.549] 0.5196 0.5305 0.5270 0.5280 0.5277 0.5278 0.5278 0.5278 0.3278 0.5178

9 0.1429 0.8052 0.3444 0.6324 04711 0.5518 0.5159 0.5300 0.5252 0.5266 0.5262 0.5263 0.5263 0.5263 0.5263 0.5263 0.5263

19/2 0.1364 0.8123 0.3335 06399 0.46]1 0.5548 0.5122 0.5298 0.5234 0.5255 0.524% 0.5250 0.5250 0.5250 0.5250 0.5250 (.5250 0.5250
10 0.1304 0.8/38 03232 0.6473 0.4552 0.5581 0.508¢4 0.5300 0.5216 0.5243 0.5236 0.5239 0.5238 0.5238 0.5238 0.5238 0.5238 0.5238 0.5238

B'E J5QUING 861 JWN(OA

TAALLAT SIISAHA TVIIWIAHD

661130130 6
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fine the multidimensional parallelepiped in (2j—1)-
dimensional space, which is encircled around the al-
lowed region of /7, which satisfies the obtained
restrictions. Nevertheless the obtained restrictions
are much more obvious and they give a good idea
about limitations imposed by inequalities (2) and
(3).

The presented tables and formulae for the mini-
mal values and the formulae for the maximal values
of 7,/7, seem to be very useful in the case when not
all the relaxation constants with 0 < K'<2j are taken
into consideration. In this situation it is impossible
to use inequalities (2) or (3) directly, but the lim-
itations for 7x/7, obtained in this paper are still valid.
It is especially important in the case of molecules
when the angular momentum values are, as a rule,
large and not all the possible polarization moments
of the state are taken into account in the description
of the physical process, see for example ref. [14].

I am indebted 0 Professors S.D. Rosner and R.A.
Holt for providing me with their computer programs
for angular momentum sum coefficients. [ would like
to acknowledge the assistance of A. Gumilevskyj in
the computer calculations. This project was sup-
ported by the Latvian Science Council grant 90.467.
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The influence of the dynamic Stark effect on the optical pumping of atoms in a magnetic field, using the broad band approxi-
mation, 1S examined. It is demonstrated that the dynamic Stark effect can lead to a nonlinear effect on the light intensity conver-
sion of alignment produced by linearly polarized light in the orientation of the angular momentum of atoms.

Practically immediately after the appearance of laser sources they became widely employed for optical pump-
ing of atoms, see for example ref. [1]. The interaction between the laser radiation and the atoms must be of
resonant nature. For this reason one and the same kind of atoms were at first used both for laser generation
and for pumping. This resulted in a large amount of research on Ne atoms pumped by means of He-Ne lasers,
cf,, e.g., ref. [2].

The appearance of the dye laser made practically all atoms accessible for optical pumping. However, in this
case a coincidence between the laser frequency and that of the pumped transition does not automatically take
place. The present paper discusses the possible effects of a not precise coincidence between these frequencies.

A general theory of optical pumping of atoms by means of multimode lasers has been developed to a large
extent in a series of papers by Ducloy [3-5]. In ref. [3] the author introduces the broad pumping line ap-
proximation (BLA) which makes it possible 1o exclude the dependence on the translation movement velocity
of atoms from the equations of motion of the density matrix. So it is possible to concentrate all attention on
the angular (magnetic quantum number dependent) part of absorption. It may seem that the BLA is far from
realistic in the case of laser excitation. But on the other hand now an interest rises in the excitation of atoms
with laser radiation with out of mode structure [6] for which the BLA holds very well. BLA assumes that in-
dependent of the velocity of the particle and of the magnitude of the applied magnetic field all the atoms, in
any Zeeman state, are in sufficiently good resonance with the exciting light of large spectral width. The de-
scription method of optical pumping thus developed permirtted us to perform a full analysis and interpretation
of the results for a large number of experiments on Ne atoms.

A further extension of the method developed by Ducloy has recently made it possible [7-9] to show that
the dynamic Stark effect may be of importance in the process of optical pumping in the BLA. We shall now
present a detailed analysis of a possible manifestation of such an influence.

Using the BLA, the equations of motion for polarization moments (PM) were obtained in ref. [7], taking
account of the dynamic Stark effect. In other words, the equations of motion for the expansion coefficients for
the density matrix over the irreducible tensor operators [10] were obtained. They are

0375-9601/92/$ 05.00 © 1992 Elsevier Science Publishers B.V. All nghts reserved. 463
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f5=r,, z KFXK{¢(X)®¢(K)}6+2i(L)S Xz"’( K4q ’lrf'{d)(x)@f(x')}z

Xx
-1, 3 KAff'{‘D‘X@f‘K"}g—(Fx—iwa)f’é, (la)
XK'
(b;: _rp XZ KA{K{¢(X)®¢(K‘)};+2in g“z xA{x’{(p(X)@w(K’)}:_'_rp ;xp,l\’x{(p(x)@fm)}:
(7x =19, )95 + T, COxO0q f& + 1560000 - (1b)

Here f § and ¢ denote PM of rank X and «, respectively, describing the excited j, and ground j; state of the
atom, ', and y, are their relaxation rates, @, as well as w,. are the frequencies of the Zeeman splitting of
states j. and j; in an external magnetic field. The first summand in the right-hand part of both equations de-
scribes the absorption of light. The absorption rate equals [11]

I, =2m(2jc+ 1) ' 22| Gelrli) 1 €% (wy) (2)

where (j.|lr|lj;) is the reduced matrix element, ¢ is the electron charge, i (wy) is the spectral density of the laser
radiation at the atomic transition frequency wg. The coefficients XF ¥x xF ¥k xq%" X4XK' which account for
the conservation of the angular momentum in the absorption and emission of a photon, can be found from

. (2j,+1)3/2(2x+1)(2x+1)( e ‘; ’l‘ ’l‘ 3)
T i+ D)'2QK+)VE T .
K .li jl
(2 + D22+ 1)2Q2X+ 1) (2K+1) K i
R P (-nxdx 1, (4)
K jo Je
L TR (=) (i 1) (2X+1) (26 +1) - ,{Ix X x}{’l 1 x}
X /_\;K= —_ Jitx . 5
Az 2 (2641172 A A ©)
L MR (=DETEE (Q H 1) QX+ 1) (2K + 1) . ,{JK X K’}{,l 1 X}
X Xf: (3 _ AtK ) ) . . t 6
i 2 (2K+1)"72 A PN A T ()

where the quantities inside the accolades are 9j and 6 symbols [12]. The polarization of the exciting light is
denoted by the Dyakonov [13] tensor
Pf=QX+1)""2 Y (=1)BET(E®)*CH : (7)

1 -qilqz >
qiq2
where CZ,,; are the Clebsch-Gordan coefficients, e,,, €., are cyclic components of the unit vector of light po-
larization, and ® denotes irreducible tensor multiplication.

The second summands in egs. (1) are responsible for the dynamic Stark effect which causes a shift in the
resonance frequency of the atomic transition by [11]

_ 1Gehri) 12 2,[ (@)
- h2(2_1,+1) W; — Wy

It may be seen from (8) that ws differs from zero in the case when the resonance absorption frequency is sit-
uated out of center in the spectral contour of the laser i(w;).
The third summands describe stimulated emission of light. This process is the reverse of absorption.
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The fourth summands describe the relaxation of the PM, including their destruction by the external magnetic
field.

The fifth summand of eq. (1b) characterizes the reverse spontaneous transitions j.—j; at a rate I,,. In the
general case I, does not coincide with Ik, since the latter includes also collisional relaxation and possible
transitions on other levels, different from j,. Conservation of angular momentum in reverse spontaneous tran-
sitions 1s provided by the coefficient

Co= (= 1y Y2+ D)2+ l)'”{j" . 'lc} (9)
Finally, the last summand of eq. (1b) describes the restoration of the lower level j; population in isotropic
relaxation processes.

The main difference of the equations of motion of the PM from those used previously, cf,, e.g., ref. (4],
consists in the appearance of terms proportional to ws, which are responsible for the action of the dynamic
Stark effect. We shall now try to demonstrate what new effects this phenomenon may lead to.

In the absence of the dynamic Stark effect only alignment of atoms, both in excited and ground states, is
known to take place on excitation with linearly polarized light. In other words, the atomic ensemble is char-
acterized by PM of even ranks K, , and no orientation or odd rank PM arise, cf., e.g., ref. [2]. This is formally
due to the fact that @ ¥ differs from zero only at X=0, 2 for linearly polarized light, whilst the coefficients
Kpx< xF¥K x4%<" and ¥A{X responsible for PM formation differ from zero only in the case of an even sum
of the upper indices. The situation changes under the conditions of the dynamic Stark effect (ws#0), and the
coefficients 4%~ and X4{%" which differ from zero at an odd sum of the upper indices start playing a role.
Transition from alignment to orientation starts, which manifests itself experimentally in the form of the ap-
pearance of circularly polarized fluorescence, in the transition j_—j;.

Let us discuss in more detail the following model situation. Let us assume that the exciting radiation is suf-
ficiently weak, so as not to induce the stimulated transitions I', <« Iy, however, strong enough for the optical
pumping of atoms /,<7,. The magnitude of the orientation on the lower level j; can then be estimated ex-
panding the solution for the PM into a series over the parameters [ ,/y, and ws/7.. If we put the angle between
the polarization vector of the exciting light E and the external magnetic field equal to 8, then we have for the
transitions j,=1—-j.=1 in second order of the expansion,

2y \l/_ziwjl"p sinEO(w’ sin?6 N c0520>'

= 10
0 71 ’/%+4w/21 }'%+w12-‘ (19
where
1 I (w.pn+w. ) | I (0,7, +w,T5)
" 4 - s e fi " — o 4 — Lt L %
CEOTYT Tivaer 0 Y772 el
and
";,:ﬁ.:wLw[smlo( o __ % )+(3c0520—1)( 92 —0—’)],
48(7 Fiwy,) 2 ¥ 2w, 7 tiw; n¥iw, »n
1 T, ' | T 1T,
=14 - =14 =14 -5 1
o 10T 20, hFio, » 2T, (1)

It may be seen that in the case of orthogonality between the vector E and the magnetic field, i.e. 6=ix, only
the longitudinal orientation ¢} is formed, i.e. orientation along the magnetic field. In the opposite case, trans-
versal orientation ¢, is also present in the ensemble. It ought to be stressed that a transition from alignment
to orientation takes place only in the presence of the magnetic field w,, w; #0, and if the dependence of the
effect on w; and w, is of resonance character.
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If we have arbitrary angular momentum values j;, j., and at =4 the longitudinal orientation appearing in
second order of the expansion is connected with the transversal alignment (%", calculated in first order,

2 w:
(¢)<l)=—y_SIAz—Zcigz—zXﬂm(‘pg(é’)z—z)- (12)
1
Since the coefficient '42? is proportional to j;=' in the limit of high j; values, expression (12) permits one
to conclude that the transition effect from alignment to orientation is purely of quantum nature and disappears
at the transition in the limit j,—oo.
In the case of the transition j;=1-j.=2 the formula yields

(é)'=£ wsl, ( _71;ui(wj=72+wﬁr2)) (13)
°T 108y, (Y +4wI) \ " 2(I3+4w})

Comparison between expressions (10) at §=4r and (13) shows that reverse spontaneous transitions at the
rate I',, may enhance (j,=1—j.=1) or weaken, and even (at /; > I;) change the sign of the effect of transition
from alignment to orientation. In other words, the second summand between the large parentheses in expres-
sion (13) may turn out to be larger than the first one.

Experimental observation of the orientation thus formed is connected with the circular polarization of flu-
orescence along the magnetic field. The intensity of the fluorescence / with a polarization E’ in the transition
Ji—Jo 1s expressed by [13]

I(E')~<—1y'+h(2jl+1)”2i(2K+1){.' ! ’.‘} S (= 1)2E0X o (£, (14)
0 Jv Jv Jo) o==k

where p§ is the PM on level j,. If the observation is carried out along the magnetic field, then the degree of
circular polarization equals

Ir—lg 1
el .l S l
IrllQ PO: ( 5)

C
where I, I, are the right and left polarized components, respectively. In these examples it is possible to observe
fluorescence from j, to some lower situated level j. Then we have p§ =@4 in expression (15). If j; represents
the ground state of the atom, and fluorescence from it cannot be directly observed, the effect can nevertheless
manifest itself by the following scheme. Onentation produced by the exciting light on level j; according to eq.
(1a) is transferred to the excited level j, on which the PM f §{ ~ @} is produced. The observation is carried out
on the transition j.—j; and we have p;=/ in formula (15).

The above analysis makes it possible to obtain a clear idea of the mechanism of the transition from alignment
to orentation of atoms in a magnetic field under the action of the dynamic Stark effect. The physical reason
for the appearance of the orientation is the following. On the excitation of atoms by intensive plane polarized
light in a weak magnetic field the coherence of the magnetic sublevels of the states j;, j. appears [2]. An increase
in the magnetic field intensity leads to a spread in the Zeeman components and to the destruction of the co-
herence. This spread proceeds with equal efficiency for all magnetic sublevels in the absence of the dynamic
Stark effect, independently of the value of the magnetic quantum number, owing to the equidistance of all the
Zeeman components. If, however, the dynamic Stark effect occurs, the equidistance of the magnetic sublevels
does not exist any longer [14,15], and the coherence for the positive and negative magnetic sublevels dis-
appears with a different efficiency. This is the reason which leads to the conversion of alignment into orien-
tation. The modification of the Zeeman structure due to the dynamic Stark effect was experimentally studied
and theoretically analyzed using an effective Hamiltonian formalism by Cohen-Tannoudji and Dupont-Roc
[14]. Such a transformation of alignment into orientation in a discharge experiment with argon ions was ex-
perimentally studied in a recent paper of Elbel et al. [16]. In the discharge conditions there are problems to
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separate the influence of the dynamic Stark effect and the collisional interaction with electrons. The authors
suggest that in their experiments the influence of electrons prevails.

For a more exact, but less comprehensible analysis of the transformation of alignment into orientation as
a result of the dynamic Stark effect, it is necessary to solve the system of equations (1) numerically.

As an example we shall analyze the optical pumping of the transition 2p,-3s, (ji=2-j.=1) for a Ne atom.
The authors in ref. [2] observed optical pumping on this transition by means of excitation with a He-Ne laser.
The geometry was chosen such that the vector E of laser radiation and the magnetic field H were onented
orthogonally, cf. fig. [, whilst the signal was observed as the intensity difference I;—/, between two fluores-
cence components in the transition 3s,~2p, (J.=1-j;=0). Since the pumped atoms and the atoms from which
the laser generation takes place are of the same sort in this case, we have wg=0. In the H dependence of I, -1,
as observed in the experiments, a peak appeared in the vicinity of the zero magnetic field, cf. curve 1 in fig.
2. This peak was interpreted as a manifestation of the hexadecapole moment ¢} of the lower level j,. Assume
the following values of the dynamic constants, 3o=9.8 us~', =y =14.5us~", [=2.75pus~ ', [,=5.75 us~',
I, =05pus™", I,=115 ps~', 0; =1.299X ugH/h, w, =1.293 X upgH/h, where up is the Bohr magneton. An
excellent coincidence of the theoretical curve with the experimental results was obtained [2] by solving a sys-
tem of equations similar to (1) without accounting for the dynamic Stark effect. For the calculation of the
observed signal formula (14) was employed. The results of the calculations repeated by us are presented by
curve | of fig. 2.

Let us now assume that a similar experiment is performed by means of a dye laser, and the dynamic Stark
effect 1s present due to the inexact tuning of the laser frequency on the atomic transition frequency, such that
ws=1T,. Leaving all parameters unchanged in the calculation but adding ws=115 ps~' we obtain curve 2 of
fig. 2. It may be seen that the dynamic Stark effect may substantially distort the signal if the observation is
carried out with respect to the linearly polarized light. It ought to be noted that the situation, when ws equals
I', in magnitude or even exceed:s it, is fully realistic, as may be seen from a comparison of formulas (2) and
(8). This problem is discussed 1n ref. [9] in more detail. _

In order to observe directly the orientation obtained on the levels j; and j. we may calculate the signal I, — I,
as viewed along the direction of the magnetic field, cf. fig. 1. Repeating the calculations for the same parameter

E
N
z N J
4
4
1 1 n 1
2 4 H, Gs
Fig. 1. Geometry for the calculations. Fig. 2. Dependence of the difference between the two polanza-

tion components in the fluorescence on the external magnetic field
H. (1) Absence of the dynamic Stark effect, linearly polarized
observation; (2) presepce of the dynamic Stark effect, lincarly
polarized observation; (3) presence of the dynamic Stark effect,
circularly polarized observation.
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values as for curve 2, we obtain curve 3 of fig. 2. In this case the amplitude of the expected signal exceeds that
of the signal observed in the case of linearly polarized light.

Thus, accounting for the action of the dynamic Stark effect on optical pumping of atoms may be essential
for a correct interpretation of the experimental results. Such an action may be observed in the transition from
alignment to orientation. This, as shown above, is a nonlinear effect which disappears at states with high an-
gular momentum values.

- Owing to i1ts large amplitude, the registration of signals of the type as in curve 3 of fig. 2 might be of in-
dependent interest in the studies of atoms and in the determination of various atomic constants on which these
signals are dependent.
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Rotational magnetic moment of the Na, molecule in A '2} state:

Perturbation effects
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Values and signs of Landé factors (g) have been measured for four rovibronic levels of the

A 'Z state of the Na, molecule. Because of a very small product gr~ 10~ !? s, the level
crossing signal of a dispersion shape was employed using circular light polarization and
mutually orthogonal excitation, observation of laser induced fluorescence, and external
magnetic field directions. The effects of the & °I1,, B 'I1,, and a >Z " states on the g factors of
the Na, (4 'X ), as well as their dependence on vibrational and rotational quantum numbers,
have been theoretically analyzed. An analytical connection has been found between the
constants of A doubling (¢) and Landé factors of the interacting singlet states. Simple
expressions have been found for estimating the effects of distant electronic states on g and the g
factors without summing over bounded and integrating over continuum levels of the

perturbing state.

I. INTRODUCTION

The Na, molecule has been used for many years as a test
molecule tor spectroscopic theory and techniques. The first
excited singlet state 4 ‘2. and the second excited triplet
state 4“1, have been known to interact for a long time.'™?
One of the most obvious manifestations of this interaction is
the disturbance n the regular structure of the rotational
bands. as observed both in emission and absorption. It is
nardly surprising theretore that high-resolution spectrosco-
pyv s emploved for studying such perturbations, since it
makes 1t possible to determine small divergences in the posi-
uen of rovipronic levels in the interacting electronic states.
In the course of the past ten years, a number of ]aser spectro-
scopic methods have evolved which make 1t possible to ob-
tain highly resolved spectra. These methods have been suc-
cesstully emploved for studying the 4 ‘2~ and 6 °[1, states
and their interaction.**

It is rather obvious that any perturbation affects not

anlv the energy of the states. but also their wave functions.
This naturally leads to changes in other affiliated molecular
charactenistics. such as radiational and magnetic proper-
ties.”™*
The present study deals with some peculiarities in the
effects of A'S-B'M, A'S7-b"T1,, and 4 '2 b "I,
—a *= wnteractions on the rotational magnetic moment of
the  state by means of determining Landé factors for a num-
cer of rovibronic levels of A state.

It ought to be noted that the method proposed for study-
ing molecular perturbations'® does not require such high
spectrai resolving power, as is necessary in the experiments
nased solely on the measurements of the positions of rovi-
bronic energy levels. The main advantage, however, of the
use of Landé tactors for studying perturbations of diamagne-
te ¢ 2 = 0) statesis theirextreme sensitivity to the value and
tvpe of nat only local, butaisu ot regular interactions. Thisis

' Present address Department of Chemusiry, Moscow M. Lomonosov
Soate Unoversoy, Moscow W.2330 19855 USSR
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easily understood, if one keeps in mind that a nonperturbed
diamagnetic state possesses a near zero magnetic moment,
which is independent of vibrational and rotational quantum
numbers. Accordingly, any, even small, perturbation due to
paramagnetic electronic states leads to drastic reiative
changes of the magnetic moment value. This tn turn is easily
observed experimentally, since modern methods permit
Landé factor measurements of the order of (107 *
10-%).'"'2 It may also be noted that the sign of the Lande¢
factors 1s an additional source of information on the type of
perturbation. '’

The present work consists of the study of the basic
causes of the appearance of a nonzero magnetic moment in
thediamagnetic 4 'Z " state, as well as the calculation of the
dependence of the g factors on vibrational and rotation
quantum number values, and finally, performing expernimen-
tal testing of results on a number of rovibronic levels of
Na, (4 'YX ). Although the viability of the above state-
ments can manifest itself most fully only in systematic g fac-
tor measurements over a large group of rovibronic levels of
the 4 '3} state, we have undertaken, by way of a first stage,
measurements of four well known ' v. J levels, excited by the
632.8 nm He-Ne laser line. An initial report on the results
obtained can be found in Ref. 1 5. For these levels the product
grvalueisextremely small (~ 10~ "*~10 " '2s). To avoid the
usage of very large magnetic field, we developed a special
kind of method based on Hanle effect in laser induced flu-
orescence under circulary polarized excitation and mutually
orthogonal excitation, observation and magnetic field direc-
tions. For '2~'T transitions of P, R type, this leads to Hani¢
signal of dispersion shape having the greatest steepness when
the magnetic field strength is equal to zero.

Expected Landé factors for Na, (4 'S ) were located
taking into account the “nuclear” contnibution caused by
the rotation of shielded sodium atom cores as well as the
clectronic part connected with A4'3 -b°l, and
A'Z 7B, mixing. Itis shown that in this concrete situa-
tion one can neglect the influence of the a *S  state as well

°
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1> therole ol'the second order perturbation effects according
o magnetic field strength. The interaction between the
satesA 'Z - and B '[1, has been used for analyzing the pos-
sibility of employing Landé factors for investigating struc-
wural and magnetic properties of mutually distant electronic
rerms, and that between the states 4 '2 " and b *T1, for in-
yestigating local perturbations caused by the crossing terms.

lI. EXPERIMENT
A. Method of measurement

The expenimental determination of the g-factor values
in Na, (4 '2.7) state is connected with certain difficulties.
Indeed, application of optomagnetic methods of measure-
ments requires that the product wr, where w is the frequency
of magnetic splitting, should have a value of the order of (or
larger than) unity. If we consider that 7 in the case of
N1, (4 '2 ) has a charactenstic value of 12.5 ns (Ref. 16),
hen the condition wr = 1 corresponds to magnetic fields of
the order of B = A/ (ugg.,7) = 10-20 T, which by far ex-
ceeds the possibilities of the electromagnet at our disposal.
However. a certain chance of measuning the Landé factor
under conditions when wr lies considerably below unity val-
ye can be obtained by applyving the Hanle effect in a variant
implyving a “dispersion shape™ of signal. Such a vanant of the
method vielding information both on the value and the sign
ol the g tactor. as far as we know. has been used with linearly
polarized excutation, see e.g., Refs. 17-19.

Let us consider -he fuorescence in the cycle
J7 =7 =/ tFig. ). excited by directed light with a given
polanzation E. In order to descnibe the effect of the magnetic
field cn polanzauon we shall apply a treatment in terms of
polarization moments, e.g.. Refs. 20-22. The intensity /(E")
of given polanization E’ propagating in a definite direction
on transition J ;-J 7 may be represented, according to Ref.
21 m the following form:

IEY = - Y/ s - 0
YZ‘ (2K ~ 1 : K‘
R VIR ]
K -~
xS (= DIEPT H(EN. (1)
Q= Z K
Here { "} is a6/-symbol. £ §-the polarization moment

of scate J b, K-its rank, while iis projection ) varies from
~ K to K The tensor & ,(E’) hasbeen introduced in Ref.

% T r (12) - Erated
' state
/‘;\ I |
1 | v
£ Ground
TT o state

21 and it characterizes the polanzation of tight. Its compo-
nents may be calculated through the cyclic components £ ¢
of the polarization vector E’ as

®E(E) = 2K + 1)~/

1

>

Q"= —1

(= DEEC(ES)*CY2,. - (2)

using Clebsch-Gordan coefficients C7,;. The necessary
values of ®§ can be found in table form, e.g., in Ref. 23. The
polarization moments f‘é formed by the light in the act of
absorptionJ " —J ;, (Fig. 1) proceeding at the rate [, in the
presence of an external magnetic field B can be calculated as
follows:

FE == (T —iQw) = (2 + 1)

1 ~
><(2J,"+1)-’[ L (E)n,.,  (3)

Jo o J ]
where n1, . is the concentration of absorbing molecules, I is

the relaxation rate of the moment of rank X (under assump-
tion of ', €Ty ), but ®§ (E) characterizes the polarization
of the exciting radiation.

The Hanle effect 1s traditionally recorded with linearly
polarized eacitation [Figs. 2, 3(a), and 3(b) | with magnetic
field BLE, while observation takes place along the Z axis.
The signal 1s observed through the degree of linear polariza-
tion # from the intensities of orthogonally polanzed com-
ponents {, =/ .[. =/ __,,, which can easily be expressed
through /3, /3. and /7 (e.g., Ref. 24)

I -1,

:[ [ :7:(0)(5052‘17*22’5'“2@_ (4)
IR

Z(y) Cray

v =o/T,.

Here 2#(0) denotes the degree of polarization of fluores-
cence, asit wouldbeatgp = 7/2, y = 0, 1.e., in the absence of
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FIG. 3. Calculated Hanle signal curves. (a) linear polanzed excitation
(Fig. 2),¢ = 7/21n Eq. (4); (b) the same conditions, except@g = 7/4; (¢)
circularly polanzed excitation ( Fig. 4), ¢f. Eq. (8).

magnetic field. In the / — « limit the known* 2 (0) values
are 1/7for (P,R) 1, i and 1/2 for Q 1, Q! transitions (here
the arrows 1 or . denote absorption or emission). In order o
ascertain the possibility of observing a Hanle signal at y 1,
let us examine the behavior of the denvative

FIG. 4. Experimental geometry for circularly polanzed excitation.

If @ =0, then the derivative becomes zero at y —0. Hence
the traditionally most frequently observed signal is of Lor-
entzian shape 2 (y) = Z(0)/(1 + 4y?), dating back from
Hanle's time,?* Fig. 3(a). On the other hand, we get the
largest value of d 2 /dy in the vicinity of y = O forp = 7/4,
when the slope of the straight line equals 227 (0), Fig. 3(b).

For Q-type transitions such conditions are, indeed, opti-
mal, since 22 (0) = | at J— . At the same time, we get
22 (0) = 2/7 for Por R transitions, i.e., just the ones that
take place in the 'S-'Z system of Na,. As it turns out, one
can find more advantageous conditions in this case. Let exci-
tation, polarized along a right-hand circle, take place, as
shown in Fig. 4. Let us now follow the degree of circulanty

C=0. 1)/ +1)) (6)

a7 = — 2(0) by measuring, at right angles to the field B direction,*® the
dy intensity /., I,, polarized along the nght-hand ({,) or left-
« 2sin2@(1 + 4{‘) — (cos 2¢ — 2y sin 2)8y hand (/,) circle. The value of C for arbitrary angles ¢ be-
(1+ 4y ’ tween the excitation and observation directions, see Fig. 4,
(5) can be expressed through £}, /3, /3, [ as
|
1 1 1
[ Re(e ™"/
J, J.J ]
C _ s e 7 . (7)
t 0 ; ! ! 2 S /9 £2 YR} = 2@cp2
—(1/3) sou fo+ Joguy [(1/6)V5/2f5 — (1/2)V5/3 Re(e ™ “*f1) ]

,6{1 ! 1][1 1
VR S 2 L VI S S

«

C =

} (To/T ) {(cos@e + ysing)/ (1 + )

1 1
J. 7,

° -

[8¢ — 1"~ 777; + 1] ~{

Thne necessary values of the 6/-symbols are

> .
_/"] (To/T3}[3 + 9(cos 2@ + 2ysin2@c) /(1 +4y%) ]
F
(8)
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signal we are interested in will be determined by the
native, which inthe J' — o limit for P,R transitions is as

WS:
r =0
_ 60sin¢c(81+3c052cpc)—6cos¢7c $in 2@
- (81 + 3cos 2@ )? -
(10)
tede”  ive assumes zero value at @ = Q. [ts maximum

slue 15 attained 1n the case ¢ = 7/2, as shown in Fig. 4,
ag equal to + 10/13, which exceeds the value for linear
anzauon by a factor of almost 3. Thus maximum slope of

he Hanle signal can be achieved in the region of y = 0, cf.

71 3(c). This provides a new possibility to measure the g-
tor values in conditions when wr € 1. An additional ad-

-antage consists n the fact that this situation provides the
Tost favorable geometry for collecting fluorescence from

:cell in the gap of the electromagnet, since observation is

.rtormed at nght angles with respect to the direction of the

magnetc held (Fig. 4). Unlike the situation in Fig. 2. here

2 have no problem of deflecting the fluorescent beam in

‘der to direct it out the gap of the electromagnet.

R. Experimental details

Metalilic sodium was placed into a glass cell joined to the
racuum system by means of a dry valve. The optical part of
the cel' was positioned in the gap of the electromagnet (up to

) 0 mm width. The saturating sodium vapor was at a

temperature of 550-630 K, which corresponds to a content
of [Na] = 1-16 X 10" cm 3, [Na,] = 7-240X 10" cm = 1.7
The exciting light from a He-Ne laser was cut down to a
power of ~ 1 mW in order to avoid nonlinear effects of opti-
cal pumping of the lower state,”® since at a working power of
~49 mW a nonlinear Hanle effect of the lower state had
been observed of ~0.2 T half-width that is similar to the
results in Ref. 29.

Convenient working linesof the 4 'ZF ~X ' * fluores-
cence spectrum corresponding to the v, J* levels (Table 1)
were selected out by means of a double diffraction mono-
chromator (5 A/mm). The degree of linear polarization or
circularity was measured in the following way. The entrance
slit of the spectrometer was divided in height into two parts,
and two orthogonal analyzers were placed in front of them.
Light guides conducted the light from two respective parts of
the exit slit of the monochromator to the two photomulti-
pliers, which counted simultaneously one-photon pulses
from two channels. Circular polanization was provided by
inserting two mica quarter-wave plates.

C. Results

Dispersion-shaped tnitial parts of Hanle signals in the
regions w/[" €1, as obtained within the B= + 1 T range
were of rather insignificant magnitude at linear polanzation
of light. However, they made it possible to obtain a prelimi-
nary estimate of the g factors for Na, (4 'Z.7 ), as well as to
determine their sign. More definite results were obtained
from signals received in an arrangement according to Fig. 4

FABLE 1. Caiculated mixing coeffictents Sy, . 5; and g factors for rovibronic states of Na, (A ‘£ ,v',J")

nvoived n this work. Here g:.;f"(_b’l'l_) and g:,I'T'-{B‘Hu) denote the corresponding parts due 10

FE

saperimentally measured values.

I -0 M ord4's -B'N, interacuon. g7, (ot} = g;'.;‘f" (b1l + g;,I (B'N,) +g,,whileg®. are

o= 14,07 =45 v =22.J =86 v =257 =87 v =16,J =17

s, 156x10°° ~ 1.64% 107" ~806x107" 6.17x10°*

) ~242%10"°° —807x 10" 177x107° —774x10°"

) 138 10" —ditein-t ~578% 10" 123Xt
. 998« 10" 998w 10 997% 10" 1.0000

It 938 107" 1o %0t %3210 786x 1077

2 B 11 —~ T30 — h 3% ) ~ 6 84w 10 —~ T.84% 10 °

M <~ 395D TalQ - 337« 10 —508x10°°

— 3% 10 6 I 2A110 ~3Rxi0 0
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FIG. 5. Magnetic field dependence for the degree of circularity C measured
using the geometry shown in Fig. 4. The quantum numbers involved in a
transition (v".J ) —(v,.J.) are as follows: (a) (2.46)—(14.45); (b)
(6,85) --(22,86); (c) (8,86) ~(25.87); (d) (4.18) —(16.17).

(gc = w/2). Examples of C_, (B) dependences obtained
are presented in Fig 5. Satisfactory accuracy within the giv-
en @/ range can be achieved by approximating the results
obtained by straight lines

Ceop(B) = a(ﬂ) g0 . ugB/AL + 6.
yr=0

(1
dy

For better fit the term 6 is introduced to compensate for the

residual errors of calibrating the channels. The data in Fig. 5.
are normalized allowing for condition 6 = O for better clar-

ity. The correcting coefficient @, which is close to unity, ac-

counts for the depolarizing effect of the optical channel. Its.
value was found from results of testing the setup. ForR 1, Py .
or P 1, R1 transitions, which took place in the cases repre-

sented in Fig. 5, the value (dC/dy),_o = + 10/13 was

assumed, as obtained for J— « . This may be done, since it is

well known?* that for this type of transition the values of the

degree of circularity do not depend on J. In the case when

circularity was measured for the second component of the

doublet, which would correspondto P 1, PLor R t, R! transi-

tions, use of expression (10) leads to a certain error, which

becomes particularly significant for J,=J' = 17. There-

fore, one must use, in such cases, values of the derivative

dC /dy for arbitrary J values, as obtained by employing ex-

pressions (1)-(3) and (6)-(9). At@. = + 7/2 they are of

the form

+ 6 ., (PP
dC B B/ '~ D = (I/H)(W = /(W +3) (12)
dyle=o + 6 (R1,R1)

This yields (a’C/a’y)‘ .o values of 0.7236 (J = 17), and
0.7513 (/' = 45),as opposed to the valueof 10/13 = 0.7652
(/" — o). The relaxation constant I' was found through the
ume of spontaneous decay. This lies within the range of
7 = 12.45-12.50 ns'® for the v', /' levels of Na, (4 ‘2, )
included in the present discussion. The contribution of colh-
sions at the working concentrations of vapors is expected to
be insignificant. It was accounted for, assuming, as a fair
estimate, a quenching cross section of 5x 10~ " cm?, as giv-
en in Ref. 30 for Na, (B 'Il, }-Na collisions, leading to an
increase in ' by 4% with respectto 7, ".

The g-factor values obtained from the above procedure,
as averaged over a number of experimental trials, are pre-
sented in Table I. The relative error of the values obtained
was estimated to be 15%.

II. CAUSES FOR THE APPEARANCE OF A NONZERO
ROTATIONAL MAGNETIC MOMENT IN THE A4 'S
STATE OF Na,

The Landé factor (g) of a diatomic molecule 15 well
known to consist of a nuclear contnibution (g, ) caused by
the rotation of the nuclear core of the molecule, and of the
clectronic contrtbution (g7, ) created by the electronic shell
of the rotating molecule. ' In the case of a diamagneuc elec-
tronic state, as we haveitinthe 4 '3 - state ( Q0 = 0) of Na,.
the electronic contribution 1s cxclusively due to interaction

Chem Phys.. Vol
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of the given state with other electronic states which them-
selves possess a nonzero magnetic moment.

Obviously, the degree of the effect of different electronic
states on the magnetic properties of the 4 'S~ state is deter-
mined by the ratio between the interaction matrix element
value and the distance between the interacting states. Con-
sidering this circumstance, as well as the necessity of para-
magnetism of the perturbing state, as well as the u«u selec-
tion rules, it becomes possible to select the basic electronic
states, interaction with which leads to the appearance of a
nonzero magnetic moment in the 4 ‘%" state. The relative
positions of potential curves employed in the present work
are presented in Fig. 6.

A. Calculation of the nuclear contribution (g,)

For a homonuclear diatomic molecule the value of the

nuclear contribution is given by the expression*?™*
Z:
g" — Ha L4 : ( 13)
Hag 'wn

where M 1s the mass of the atom forming the molecule.
Here 124 and u, are the Bohr and nuclear magnetons, and
Z %, is the effective nuclear charge produced by the atomic
core screened by the internal “nonvalence” atomic shell.
The value of Z % is obviously not known a priori. [ts calcula-
uon requires knowledge of the electronic wave functions of

1 Marcn 1992
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FIG. 6. Potenual curves for the electronic states of Na, molecule consid-

ered s work.

the molecule. Nevertheless, using a number of simplified
model notions on the electronic structure of the given mole-
cule. the value of Z 2% may be tentatively estimated. Thus,
assuming that the electronic structure of alkali metal dimers
1s hydrogentike, 1.e., assuming that in the formation of the
dimer only one external valence electron takes part from
each atom. and assuming further that the structure of the
internal shells of the atoms does not undergo any change in
the transition from isolated atoms to a molecule, one may
conclude that the value of Z % for them must be close to
unity. In that case the value of the nuclear contribution for
the Na. molecule must equal 2.4 10~* (in Bohr magne-
tons).

The viability of the given model of accounting for the
nuclear contribution is supported by the fair coincidence be-
tw- - calculated and measured rotational magnetic moment
va.. .5 for.the electronic ground states of alkalt metal
dimers.”™ It ought to be stressed that the nuclear contribu-
tion 1s always positive and does not depend on vibrational
and rotational quantum numbers. It appears also to change
little from one electronic state to another.

B. Effect of '=-°I1 interaction on the LLandeé factors of
the 4 '} and b %11, states

Let us first consider in a general way the effect of ' 2’11
perturbation on the Lande factors of interacting states of a
diatomic molecule. After that we shall analyze in detail the
peculiarities of its manifestation in the case of concrete rovi-
bronic levelsof 4 'Z .~ and & *T1, states of the Na, molecule.

We shall represent the total wave function ¥, of the
states under consideration tn the form of a linear combina-
tion of nonperturbed wave functions corresponding to a

“pure’” Hund’s case a
V=S ) =S, M) =5, L)y =S, ). ()

and the nonzero tnteraction matrx zlements between 'S and

Almannar e marert 0f Na.

3515

Ty, ', components of the *[T state. after Kovacs'® in the
form

kufé':g"d(vﬂv”q), (153)
Hya, = va(vsjop ) [V + D], (15b)

where vy, v, are vibrational quantum numbers and J de-
notes the rotational quantum number that must be equal for
both interacting states. The strongest 'S-*I1 interaction is
due to the spin—orbit interaction operator X, a,l,s,, where
the summation is over all valence electrons. This interaction
connects the ‘2 and the *I1, components and does not de-
pend on J in explicit form, but does depend on the overlap
integral between the vibrational wave functions |vs ) and
lvg, ) of the interacting states. The nonzero matrix element
of interaction between the ' and *TI, component appears by
virtue of the operator terms — [1/(2uR?)]
X(J “L* +J*L ~), whereuis the reduced mass, and R
the internuclear distance (in atomic units). It is assumed
here that the pure Hund's case a is disturbed, and the quan-
tum number S of the spin vector S is no longer a good one.*
The value of the matrix element H;p, for the molecules fol-
lowing pure Hund’s case a must obviously be smaller than
Hyq,- This appears to hold for such light molecules as Li,
and Na,.

An expression for the g factors of the states under dis-
cussion can be obtained frcm averaging the Zeeman opera-
tor H = uyB(L + 25),” where B is the magnetic field op-
erator, over the total wave functions ¥, cf. Eq. (14). Thgn,
using the expressions for the matrix elements of operator A,
acting on the basic wave functions, and corresponding to
Hund’s case a we find, in first-order perturbation theory'’

g, = —[JU+ D] H(Sh +4ShH)
+ 2280, [Sp, T+ D) + S TT+ 1) = 1]

+ 285 Sy (T + 1)y (uy \a, )},
where
g = CI T * + 2% ('E). (16b)
Expression (16} is valid for describing Lande factors for the
'S state, as well as for each component of the °T1, state. Thus
in absence of '2-*[1 interaction (S; = 0), formula (16) gets
transformed into the well known expression for the g factor
of the nonperturbed *I1 state.’> The characteristic depend-
ence of Landé factors of each component of the nonper-

turbed b °I1, state of Na, on the rotational quantum number
Jis represented in Fig. 7. It ought to be noted that the values

of the g;?’ factors are practically independent of the vibra-
tional quantum number v.

The value of the electronic matrix element 7,,, similar to
v., from Eq. (15b), must theoretically tend towards zero in
the case of closeness of the electronic states under considera-
tion to pure Hund’s case a or b. One may, accordingly, easily
neglect the last terms in Eq. (16a) for such light molecules as
Li, and Na,. With this in mind, we obtain a simple expres-
sion for the Landé factor of the perturbed ' state

(16a)

g5= — W28, (Sy, + Sy, )/ (17
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FIG. 7. The Lande factors’ variation with the rotational quantum number J
for the °T1, components of nonperturbed Na, (&°[1,) triplet state with
v=0

We wish to draw attention to the following pecuhanty
of '2—IT interaction effect on the magnetic properties of the
'Y state. As mentioned above, for pure Hund’s case a, non-
zero matrix elements exist only between the !X state and the
*T1, component, which is itself diamagnetic, like the ' T state
(Q = 0). It follows that this component cannot contribute
towards the magnetic moments of the ‘T state. The magne-
tism of the latter is, in this case, determined by indirect inter-
action with the paramagnetic *l1, and ’[1, components
through '[1,. This effect is analogous to well known phe-
nomenon of accidental predissociation.*® It is interesting to
note that the degree of interaction of the *[1, and *[1, com-
ponents with the 'S state increases with increasing rota-
tional quantum number J, cf. Eq. (16a). On the other hand,
the rotational magnetic moment of a molecule is well known
to decrease with increasing rotation.'®”**® The resulting
magnetic moment is thus determined by the competition be-
tween these two processes.

We now consider specific results for the Na, molecule.
As may be seen from Fig. 6, the potential curves of the
A4 '3 and b, states of Na, intersect and are strongly
displaced with respect to each other. It follows that interac-
tion between them is of distinctly local nature. Accordingly,
the Landé factors of these states ought to depend strongly
not only on rotational quantum numbers (J), but also on
vibrational ones (v) in these regions. All vibrationallevels of
the A 'I state are known to be perturbed by at least one,
more frequently by two, and sometimes, within the observed
Jrange, even by three levels of the & I, state.*”? In eachof
these regions there are three resonances corresponding to
maximum interaction with components °I1,, *T1,. and *I1;,
respectively, as shown in Fig. 8. In order to study the pecu-
liarities of the behavior of the g factors of perturbed 4 'Z -
and all components of & ', states (i = 0.1.2), as well as for
analysis of their dependence on the absolute value of J and
on the sign of the overlap integral (v, .v,). ct. Eq. (15a), a

) I\ |

5
J(I+1), 10°

FIG. 8. Intersection of rovibronic levels Na,(A4'%.;,u,.) and
Na, (6 ’T1,,v*.J) for vibration states involved in this work. The values of
tnplet splitting for b ', state (dashed lines) are strongly exaggerated.

number of vibrational levels of the 4 X state were select-
ed, having various ranges of J values, cf. Fig. 9. The g-factor
values for these levels were calculated according to formula
(16a), assuming 5, = 0, c¢f. Eq. (16b). To this purpose, at
first the full wave functions were found through numerical
diagonalization of the 4 X 4 Hamilton matnx, cf. Eq. (14).
The matrix elements were given in the form proposed in Ref.
7. The vibrational wave functions of the interacting states
used in the calculations of (v, |v, ), cf. Eq. (15a) were found
from a numerical solution of the radial Schrodinger equation
with RKR potentials for the 4 'S and 6 *T1, states over
deperturbed molecular states, according to Ref. 3 and 7, re-
spectively. The electronic matrix element £, was assumed to
be independent of the internuclear distance.

It was found that in the vicinity of the points of intersec-
tion, 1.e., in the vicinity of resonances, as shown in Fig. 8, the
values and signs of mixing coefficients, i.e., of the Lande
factors as well, are strongly dependent on the accuracy of the
employed matrix elements of the Hamiltonian matnx, and
are determined by the accuracy of the vibrational and rota-
tional molecular constants for the 4 'S and & 11, states.
However, the reliability of the deperturbed molecular con-
stants for both states, as given in the literature, is regrettably
small, the constants of centrifugal distortion D,, H,, etc.,
being particularly poorly known (in percent). This, in its
turn, dramatically affects the accuracy of the calculated g
factors at large J values. We therefore used effective sets of
molecular constants and matrix elements in the Hamilto-
ntan matrix for more accurate calculation of full wave func-
tions of these levels. These sets are valid only within a limited
range of values of v,, v,, and J.*"* The results of calcula-
tions of the rovibronic levels of the 4 'S~ state, for which
the Lande factors have been measured in the present work
(cf. Sec. IT) are given in Table I in form of mixing coeffi-
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FI1G 9./ dependence of g%, ** factors for .4 ‘I state, as well as of coefficients a = (g — g*)/g for the components of b *T1, state. Mutual b 'T1 -4 'X "
perturbation ts considered according 10 Eq. (4). Ranges of J are 35-60 for v, = 14, 2540 for v, = 16, 80-90 for v, = 22, and 85-95 for v, = 25.

Cients and g factors. It may be seen from the presented data
that level v, = 16, / = 17 may be considered as nonper-
turbed with respect to other levels, i.e., its magnetism is not
determined by 4 X -6 °[1, interaction.

On the whole, the following conclusions can be drawn
from the results of our calculations of Landé factor depen-
dences and of mixing tactors, as dependent on quantum
number J values. and presented in Fig. 9:

(1) As expected, the g factors g:,lz:. of the 4 ' state
change relatively considerably more than the g factors of the

b 11, state. Maximum changes of the values of g:Jl!'_ are
observed in the vicinity of intersection with the *I1, compo-
nent (positive sign of the g factor), and with the *I1, compo-
nent (negative sign of the g factor). Absence of ot very insig-
nificant resonance in the vicinity of intersection with the *[T,

J.Chem. Phys. Vot 96, No. 5. 1 March 1392
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component may be due to opposite signs of mixing coeffi-
cients for Snc and S”:, cf. Eq. (17).

(i1) The absolute value ofgz,lx" near the resonances for
the given vibrational level v decreases monotonically with
increasing rotational quantum number J, assuming values
from 10~ '-10 2 for low J values, down to 107310~ * for
high ones. This is due to the fact that follows from Eq. (17):
the mixing coefficient values in resonance vicinity depend
only weakly on absolute J value and are mainly determined
by the distance between deperturbed rovibronic levels of
A '3 and b°11, states near the resonances.

(ii1) The nature of the J dependence of g factors of per-
turbed b *IT; states in the vicinity of resonances is affected by
circumstances: first, the distance between nonperturbed ro-
vibronic levels of the 4 '=  and b Il states, and second,
the steepness of the / dependence of nonperturbed compo-
nents of the 6 °’IT, state, cf. Fig. 7. [For sake of convenience
relative additions to the nonperturbed g factors in form of
a = (g* — g)/g are presented in Fig. 9.] It1s for both these
reasons, as may be seen from Fig. 9, that the relative addition
to the g factor of & *11, state is most drastically dependent on
J.

C. Effect of 's-'Il interaction of the 4 '+ and 8 'M1,,
state Lande factors. Connection between Lande
factors and A-doubling constants

The singlet 'TT and ' states of diatomic molecules of
similar parity (u<—u and g—g) interact owing to nonzero
matrix elements of  operator [ —1/(2uR ]
x(J L =~ +J 7L 7). Inenergy characteristics this leads
to A doubling of the 'TT state, which manifests itself experi-
mentally in the splitting of the '[T state levels with different
parity ( — ~— + or — — — ). The A-doubling constant (g}
is determined by the dependence®

g =25 (sl (R)/R* v, /AT, , (18a)
where

L ~(R)y=('TI'L ~''%), (18b)

AT, , =E,—E., (18¢)

In the case of the ‘X state this interaction leads to a
change in the value of the experimentally found rotational
constant B = B "™ + g,. An experimental determination
of the divergence of the effective rotational constant B <"
from the value B ™ 1s difficult in the case of regular pertur-
bations, by virtue of the smallness of ¢, and its smooth de-
pendence on the vibrational quantum number. Here B {™°
must be considered as the so-cailed “deperturbed” value of
the rotational constant.’

The given interaction is also known to lead to a change
1n the Lande factors of the states under discusston*’

g, = =23 WL “(RV/R )

< L TRy /AT, (19)

Asmay be seen. using expressions ¢ 18a) and ( [9) for calcu-

. Crem Phrys
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lating g and ¢ factors it is necessary to perform the summing
(integrating) over all vibrational states of both the discrete
and the continuous spectrum. The difficulty here is due to
the necessity of executing a numerical solution of the radia]
Schrodinger equation for a large (in the general case, ag
infinite) number of levels of the discrete spectrum (v}) ang
the continuous spectrum (€, ), in order to satisfy the welk
known sum rule

2(UJIU3')Z+J‘ (v,)€,)*de, = 1. (20}

s

This problem becomes particularly acute in the case where
the potential curves of the interacting electronic states are
strongly displaced with respect to each other. Then condi-
tion (20) is approximately satisfied only in case of a very
large number of terms in the summation and integration pro-
cess in Eqs. (18a) and (19). We have used simple expres-
sions for estimating effects of distant electronic states on ¢
and the g factor without performing the summation and the
integration over the nonbounded rovibronic levels of the per-
turbing state (cf. the Appendix). These expressions prove to
be extremely time and labor saving in calculations.

Since there is one cause leading both to A doubling of
rotational levels as well as to change in Landeé factors, there
must obviously exist a connection between the constants
charactenzing both effects. If such a connection is found, 1t
becomes possible to estimate the effect of remote electronic
states by means of experimentally accessible magnitudes.
Hence, in order to assess such an effect in the case of interact-
ingA ' and B 'Il, states of Na,, letusstart by findingina
general form the connection between ¢ and the g factors of
the interacting singlet states.

If we assume that for 'IT and 'S states

L "{(R)=|L ~|=const and AT, =AT, =const, Egs.
(182) and (19) can be written in following form:

M=2IL - *(B.MHYY/AT,, (21a)

g¥~ —2|L ~|*B'*/AT.. (21b)

Then, using Egs. (21), we can easily find the connection
between A-doubling constant of the '[1 state and Lande fac-
tor of the ' = state

gi=—q¢"B/(B M (22)

The interaction between the A X" and B 'Il,, states of
Na, 1s known to have been experimentally established in the
course of studying the A doubling of the rotational levels of
the B 'I1, state.”® In order to estimate the effect of this inter-
action on the Landé factors of the 4 '3 state, we employed
expressions (18a) and (19), aswell as approximate relations
(A9) and (A10). Before we did this, however, we checked
the feasibility of Egs. (A6) and (A7) for the states where
relation (20) 1svalid, i.e.,0<vg 10and 0 v* < 10. In order to
simplify the calculations we assumed that {L ~| = 1. Calcu-
lation results for ¢ and g factors obtained with the aid of
formula (18a), Eqgs. (19), (A9), and (A10) were compared
for above-mentioned v values, as well as for those used in the
expeniment. In all cases the relative difference of the results
givenby Eqs. (18a), ([9), (A9),and (A 10) does not exceed
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~ 10 7%, which lies far below experimental error range.

[n order to construct the potential curve for the B ',

ste we used data according to Refs. 39-41. Subsequently,
mula (A9) was employed under the assumption
{R) = const for calculating the values of factors q.., for
elevelsof the B 'IT, state, viz. for 0<v* <30 and 0<J< 100.
:omparison between experimental values of A-doubling
istants, ¢o.° as presented in Ref. 39, and theoretical q:,';l
nes shows that the magnitude {L * | can be considered as
onstant for all levels under study with 5% accuracy:
' = 1.42 + 0.05. This demonstrates, on the one hand,
~:validity of the assumption L ™ (R) = const for the states
nder consideration, and confirms, on the other hand, with
pect to these states, the hypothesis of pure Van Vieck
scession:*? ('TIIL ~1'2) = JI(I + 1) = v2. After that,
ising ;L 7!, as obtained by means of formulas (A9) and
A10) the values of the g factors for the B '[1, state were
aluated, as well as the g factor of the 4 ‘2 state. The
Jeper  ces of the values obtained for the vibrational {v)
and rotational (J) quantum numbers are presented in Fig.

Thus the interaction between the 4 '3 and B 'Il,

states leads to the production of a negative magnetic mo-

‘ent of the order of 7.5x 10~* in the A ‘= state. which
ily shightly depends on v and J.

.Effect of indirect A ' -b°I1,~a >3 interaction on
1e Lande factors of the 4 'T state

As may be seen from Fig. 6. the next nearest 1o 4 'X~
aramagnetic state after #°I1, and B 'll, is the weakly
onded @ ‘3 state.*** Interaction with the latter can also

contribute towards the rotational magnetic moment of the
£ state. The peculianty of this interaction consists in

e circumstance that it 1s of indirect nature, since any non-
zero matrix elements between the '3 .7 and the X~ state do
not evst, subject 1o pure Hund's case a.”® This interaction
her e takes place through the 6 °11, component of the
oI, state. Another important feature of this A-b—a inter-
acuons is due to the repulsive nature of the potential curve of
he @ *Z ~ state in the relevant region of internuclear dis-
- ances (Fig. 6). It may be of interest to note that in the case
of the Li, molecule the potential curves of the a *2 and
9°[1, states intersect,*® and the interaction produces an ef-
‘ect of indirect predissociation.*® Such an effect may take
place alsoin the case of Na,, but only for very high vibration-
al quantum numbers of the 4 ' state.*’ In the case of the
:ovibronic levels of the A 'X ~ state under consideration tn-
teraction between the b *I1;” and a *2,” levels is small and is
of regular nature owing to the remoteness of thea *Z” state
(A7, =T,(b*0,) = T.(a’2,)=7000 cm~']. Never-
theless. by virtue of locality of 4 ‘2" -6’11, interaction. the
total effect of @ 'S, on the magnetism of the A4 '3~ state s

“

also of local nature. Using the expression for the matrix ele-

ments of 1,7 =S interaction.”® viz.
Hy s =tv, BIRV/RI v ) JUJ — 1), (23a)
where
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F1G. 10. v dependence of g7, for 4 ' and g, factors for 8 'I, states of
Na, as calculated according to Egs. {A9) and (A10) for various J.

B(R) = CE (L ~’M,), (23b)

we obtain n first-order perturbation theory an expression
for the contribution of the a X~ state to the g factor of the
A'Z 7 state

x

gyt = 25y, Z [ (v, IB(R)/R 2|ug)

e
X (v B(R)|v,) ]/(Eu,/ - Eugl)'

[t ought to be stressed that, owing to the almost repulsive
nature of the @ 2~ state, it is necessary to perform the inte-
gration over the non-bonded states of the continuous spec-
trum [cf. Eq. (A1) ].

Expression (24) can be easily simplified on assuming
that Eq. (A2) is valid in the case of the states under discus-
sion. Then we can use the approximate dependence (A10),
thus obtaining

(24)

g:jlz:zan@o B2(R)/[RIAUR) ]Iy, ), (25a)
where (cf. Fig. 11)
AU(RY = U, (RY = U, (R). (25b)
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FIG. 11. The difference potential AU(R) between B '[1,-4'2~ and
b'M,—a *3 states of Na,.

Assuming further that the b °T1, and @ *Z states, as well as
the 4 ‘2 and the B '[1, states follow the Van Vleck “pure
precession” hypothesis,*? the magnitude A(R) can be esti-
mated as S(R) =const = 2. We then obtain a rough assess-
ment of the contribution ot the a °%,~ state

g4 245, 8. /AT, (26)
The contribution of the @ S~ state into the g factor of the
A4 'L state as evaluated according to Eq. (26) does not
exceed 0.01-0.1 of the contribution from the & °[1, state.
From our point of view it 1s small enough to neglect this
effect for the vibrational levels under consideration. How-
ever, the influence of the @ °2 [~ state may increase dramati-
cally in the vicinity of intersection of the curves of the & *T1,
and @ *Z states when [AU(R)] ™' — %. In this situation
expression (24) clearly ceases to apply, and the
b°T, —-a’%; perturbation changes from regular to local,
such as inthe caseof 4 'S~ -5 M, mixing.

IV. DISCUSSION

The resulting g-factor values, as obtained for
Na, (A 'Z; ) from measurements (g°*%. ) and from calcula-
tons (gf_,'.',,) presented in Table I are, in principle, not in
contradiction to each other. The best coincidence, for
v =16,J" = 17, might be due to the circumstance that, in
this case, the contribution from 4 '2 7 -4 *[1, interaction is
negligibly small. On the other hand, inaccuracy in the calcu-
lation of this interaction can affect most strongly the relative
error in g‘u’,‘j, (tot) in a situation when the g-factor value (or.
rather, its electronic part g°. . ) 1s the difference of two par-
tial contributions of interactions with the states 6 ‘1, and
B, these contnbutions being comparable in value, but
opposite insign. This may be the cause of the deviation from
the experimental results for levels with v = 14, and ' = 25.

We performed an analysis. in order to elucidate the ac-
curacy of calculations of the contribution of the
b°Tl,—4 '3 " interaction to the Landé factor value of the
A4'3 7 state. We found this contribution to be highly sensi-

tive to the accuracy of the unperturbed molecular constants
used. This was most striking at high J values. Thus, for ex-
ample, a change in the constant of centrifugal distortion D ,,
for v* = 25 of the b TN, level by 20% (which lies far below
the experimental error in its determination) causes a change
in Landé factor values of the v’ = 25 level of the 4 'Z,* state
in the resonance region (85<J<95) by several orders of
magnitude. It may be expected that systematic high preci-
sion measurements of g factors of the 4 ' state for each J
value within the probable resonance range might permit, by
solving the reverse problem, readjust the position of the rota-
tional number of the points of intersection (cf. Figs. 8 and
9), and thus obtain more accurate values of the molecular
constants.

Owing to the circumstance that the discussed electronic
states of Na, are, in our opinion, subject to pure Hund’s case
a, the interference term in Eq. (16a), which corresponds to
direct interaction, turns out to be negligibly small. It is
known, however, that with increasing nuclear charge in the
molecular series K,, Rb,, and Cs, (Ref. 47), an increase in
relativistic effects takes place. In particular, the value of
spin—orbit interaction becomes larger,'’ and it is not ex-
cluded that the interference term in Eq. (16a) may play
some role in the formation of the Landé factors of the state,
particularly for the levels with high J values.

Moreover, with increase in spin splitting of the triplet
one may apparently neglect the effect of 4 ‘2" interaction
with the components of b °[l, and b *I1, on the g factors of
the 4 'Z [ state. It will be the direct interaction between
A4 '3 and the b°l1;” component of b *TI,, which will play
the main part in the formation of the nonzero magnetic mo-
ment of the A state. Expression (16a) will then assume the
form

ngz“‘ _ ZSISH‘UeI(UEIU’I'l,) + Slll, ' (272)
T+ D) JU+ 1)
where
Na = (TSP (27b)

The present example of 4 ‘2 -B '[1, interaction per-
mits one to draw an interesting conclusion on how it is possi-
ble to study experimentally the charactenstics of a distant
electronic state. As may be seen, the effect of distant elec-
tronic states on the position of rovibronic levels of the 'Z
state are practically impossible to observe experimentally by
virtue of the insignificance of g, with respect to the deper-
turbed B ™ values. At the same time this effect can be easily
assessed experimentally from the change in Lande¢ factor
value, since this change is very considerable against the zero
value g factor of the unperturbed 4 'Z * state. In opposition
to this, it appears to be experimentally simpler to notice and
measure the A-doubling effect in the '[l state, since the
change 1n Lande factor value can be expenmentally noticed
only at very large J values, when the intrinsic magnetism of
the Tl stateg, = — 1/[J(J + 1)]isnegligible. The connec-
tion between g and the g factors, as employed in the present
work, makes it possible to establish an unequivocal connec-
tion between the results of physical expenments which are
alten to each other. This circumstance acts in addition to the
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susly estaolished® connec.. >t between g factors and
-ants of hyperfine (spin—orbital; interaction. Thus re-
of magnetism studies may in certain cases be used for
letermination of structural parameters of molecules
> accurately than possible by direct measurements.
study of the effect of the above-mentioned interactions
agnetic properties appears to be of interest also from the
tof view of studies of the peculiarities of their manifesta-
in states belonging to various cases of Hund coupling in
t. — Cs, sequence. Thus, for example, in the case of the
molecule the peculiarity of the effect of the interactions
er discussion is connected with the circumstance that for
a light molecule the value of spin—orbital interaction is
r by an order of magnitude than in the case of Na,,
ling to a Hund’s case b.*” Apparently, this leads both to
iderable weakening of 4 'S -5 *I1, interaction effect
1e magnetic propertiesofthe 4 '2 " state and narrowing

‘he resonance signal’s (in gf,lz“. ) dependence on J. Re-
ly the ragnetism in Li, (4 'Z 7)) was studied in Ref. 49
gtk raday rotation method. On the other hand, with

minishing reduced mass value of the molecule an increase

the contribution of nuclear rotation takes place, cf. Eq.
). as well as of the electronic contribution on the part of
.distant B Tl state, cf. Eq. (3). Another peculiarity in
¢ behavior of Li. is connected with the fact that, owing to
ual intersection of the potential curves of &I, and

.. there 1s a noticeable increase in the effect of the

I .7 state (1r comparison with Na, ), this effect necessar-
being of proncunced local nature. As a further conse-
nce of this intersection there must be a diminution in the

:time of the perturbed levels of the A 'S state. caused by
:cidental predissociation.*

CONCLUSION

Theapproach used in the present work for studying per-

bations, based on Landeé factor measurements of per-

urbed 'magnetic () =0) states, appears to us to be a

hiy conpetttive method permutting detailed investigation

t only of local, but also of weak regular perturbations, the

inalysis of which may be inaccessible by traditional high-
~solution spectroscopic methods.

(o, f(IR) W} — y JURX, ""f(Rr)[X: =y = yz)’z]

APPENDIX

In the assessment of the effect of distant electronic states
on the characteristics under discussion {cf., e.g., expressions
(18a) and (19)] of the given rovibronic state it is necessary
to calculate the following form?***°

(v, VTR) o) (WF e (R) |v,)

F =
uz‘: E, —Ev‘.l
+J‘ (0, AR €, (€, a(R) |u,)de, ' (A1)
E,—e¢

where summation and integration is performed over all rovi-
bronic states of the discrete and continuous spectrum, f(R)
and 2 (R) being known continuous uanctions of the internu-
clear distance.

In the case then the perturbing electronic state is far off
the perturbed one, we propose a simple form for estimating
the cxpressions of (A1) type

Fx= A, [AR(R)/BU(R) v, ), (A2)

where AU(R) is a potential difference of the states under
consideration. Let us consider the conditions when the ap-
proximation (A2) is valid. For this purpose let us use the
expansion of AU(R) into a Taylor series in the vicinity of the
point R,

AU(R) = AU(R,) + AU (R)AR
+AU(ROH(ARY/2+ -, (A3)
where AR =R — R_, and R, = (u,{R [uT)/(u,lvY) is so-
called R centroid.’’ Then neglecting the higher powers in
Eq. (A3) one can obtain
AR AR
AU(R) ~ AU(R,)

[f -y AR + ()} — y2 ) (AR)?],
(A4)

where y, = AU(R.)/AU(R,), y, =AU (R,)/

[2AU(R,)]. Taking into account that®
E,, —E., = AUR)ut)/ (v, jvT)
AURI(L + 3, Y, + ),

where Y, = (v, (AR)*v*)/{v,|v?), and assuming that
SIRY=fIR,) +f'(R.)AR is weakly dependent on R after
integrating the both parts of Eq. (A4) we can obtain

(AS)

(o, ARYAU(R)Y v*) =

EL-J -

here X. = (v, (AR)Y™'¢*). Then muluplying both parts of

g. tA6) with (v3'u(R):v,) and using the sum rule (20) 1t
's possible to get the approximation (A2} and also 1o esti-
mate 1ts relative error I, as

(A7)

e

F:E {[‘fl — Vi) “Y:]X: -y T, i

Jhere foo= (R /fR Y. Ttis clear that £ =0 in the R-
sentrowd approximation. In real case the I, value 15 the

, (A6)

v*s

[sr—naller, the larger is the distance A U( R} between the inter-
acting electronic states, and the closer to each other are the
shapes of their potential curves, i.e., the smaller the differ-
ence between their vibrational and rotational.constants. The
AU=U, —-U,_ andAU=U,,, — U,,, values,asdepen-
dent on internuclear distance R are represented in Fig. 11 for
the electronic states discussed in this paper. Additionally,
the &, is smaller for the low vibrational levels and for the
states with small values of the parameter ¥ = B,/w,.” It
may be of interest to know that the obtained expression
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(A2) is similar to the approximation for lifetime estima-
: 54
tion

o =, [AURY Pt (R)|v,). (A8)
Thus substituting f(R) =L *(R)/R? u(R)=L * (R)
into Eq. (A2), we obtain the following expressions for the ¢
and g factors:

g, =23 [L ~(R)]/[RAUR)]|v3),

gu= — 2,/ {L “(RYJ¥/[R*AU(R)]|v,).

(A9)
(A10)
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Emergence of circularity at linear polarized excitation of molecules
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General conditions causing partial transformation of optical alignment of excited state angular
momenta J into orientation at weak linear polarized broad line excitation of molecules are
examined. As is shown, the phenomenon takes place under the effect of an external perturbing
factor leading to such magnetic sublevel M splitting wyg, When wpp,) = @_pre1_p and
Oy is of the order of molecular state relaxation rate. An analytical expression is obtained
describing the appearing circularity of fluorescence for arbitrary J values. A numeric example is
“given for '3 state molecules with = 10 assuming a quadratic Stark effect in a homogeneous

external electric field.

1. INTRODUCTION .

Excitation of an ensemble of particles (atoms, mole-
~ules) with a directed light beam is known to produce
anisotropic angular momenta distribution possessing cylin-
drical symmetry around a certain axis (z axis). If there
exists such a plane perpendicular to the z axis that the
momenta distribution remains unchanged at reflection in
this plane, we have alignment of angular momenta of the
enseinble. If the distribution is changed at such a reflection,
the angular momenta system possesses orientation. Align-
ment can be readily illustrated by a double pointed arrow
(<), symbolizing that no singled out direction is created,
and the averaged angular momentum value is zero along
with the corresponding magnetic moment. Orientation can
be denoted as a single pointed arrow (—), thus pointing
out the preferable direction of momenta distribution. If
orientation exists, it leads to a nonzero averaged angular
(and magnetic) momentum value. As is clear from sym-
metry considerations, excitation with a linear polarized
light beam is able to create only alignment, the light vector
E defining the axis of cylindrical symmetry.

It has been of interest for a rather long time to examine
perturbing factors able to break this strong symmetry rule
and thus to transfer alignment into orientation. The basis
of a very fruitful theoretical approach was actually formu-
lated by Fano' in 1964. He expanded over irreducible ten-
sorial sets not only the state density matrix but also that of
the external perturbation Hamiltonian as well, thus em-
ploying the advantages of treatment in term of polarization
moments accounting in a most adequate way for the sym-
metry properties of the angular momentum distribution. In
the case, when we have external perturbation, the z axis of
quantization is directed along this perturbation. Let us re-
mind the reader that polarization moments fb of rank
K =2 describe alignment (longitudinal for @ =0, transver-
sal for Q= =1,£2). If only alignment components with
Q= =2 differ from zero the transversal alignment is per-
pendicular to the z axis, but if Q= =1 components differ
from zero the alignment is “‘tilted” with respect to the z
axis.? The moments f§ and f, describe the longitudinal
and transversal orientation, respectively. Under certain
conditions the tilted alignment components fz*, can be
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transformed into transversal orientation f%,. There are
two groups of works considering this effect: as a result of
either anisotropic collisions, or of external field action.

References 3 and 4 have shown that partial alignment-
orientation convertion is induced in an atomic ensemble by
anisotropic collisions, when the angle between collision
axis and that of alignment differs from 0 or =#/2. The
idea was later confirmed in experimental observations.>
Thus in Ref. 6 the anisotropic velocity distribution of ex-
cited atoms Ne*(*P,) was achieved by frequency shifted
linear polarized laser excitation. The application of a con-
stant magnetic field H 1 E inclined the axis of optical
alignment, thus causing the appearance of tilted alignment
(f%)) components. In this case anisotropic Ne*+ Ne col-
lisions are able to transform fZ, into transversal orienta-
tion f . The effect has been detected as an appearance of
circularity in fluorescence in agreement with the prediction
in Ref. 7 and with detailed description in Ref. 8. A more
subtle experiment was performed by Chaika and co-
workers.” They used “hidden” alignment in Ne discharge
to align Ne P, atoms. The axis of this alignment coincides
with the symmetry axis of anisotropic collisions. Again, the
alignment axis was turned in a weak magnetic field H, thus
leading to a collision induced partial transformation from
hidden alignment into orientation. The effect was moni-
tored’ via intensity changes with H of a linear polarized
probe laser beam passing in H direction through the dis-
charge tube placed between crossed polarizers. The appear-
ance of orientation causes the a ce of transmitted

“laser light due to rotation of its E vector. The collisional
alignment-orientation transformation is, in principle, ex-
pected for various kinds of collisions including ion-surface
collisions. '

The other group of works deals with electric field ef-
fects. Lombardi'! describes a circularity signal from
He(4 'D,) in a HF capacitative electrodeless helium dis-
charge. Collisions with electrons served as a source of
alignment, whilst external magnetic field H inclines the
produced alignment. The electric field & of the discharge
was considered as a perturbing factor able to produce an
orientation signal. Reference 12 observed a circularity sig-
nal in fluorescence under linear polarized laser excitation
of Ar* in a hollow-cathode discharge, applying both elec-
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tric and weak magnetic field. The signal was, however,
interpreted rather as an effect on tiited alignment of colli-
sions with electrons than as electric field effect. We recently
proposed13 to apply an external electric field & directed at
angle @ =7/4 to the molecular beam direction, in order to
convert a distribution of molecules moving with the same
velocity v from having alignment of its J vectors into one
having orientation via second order Stark effect. Estimates
performed for a NaK molecule show the possibility to pro-
duce rotational and isotope selective J orientation at im-
pressively small & values; thus € =135 Vcm ™! for J=10.

The E-vector action of sufficiently intensive light may
be also considered as a source of Stark effect. A demon-
stration of this effect was made by Cohen-Tannoudji and
Dupont-Roc'* for the case of optically pumped 2°'Hg at”
oms. They used the dynamic Stark effect caused by off-
resonant strong light beam in order to induce orientation
of atoms which were optically aligned by means of a reso-
nant pumping light; the alignment-orientation conversion
was of maximal value when the angle between two light
vectors was equal to w/4.

In an optical pumping cycle the common action of
dynamic Stark effect and external magnetic field when
H,Es£0, /2 may also cause alignment-orientation trans-
fer. The calculations for stimulated O«s1 transitions be-
tween J=0 and | were performed in Ref. 15, and for ar-
bitrary J values in Ref. 16. The similar alignment-
orientation transfer effect in case of “depopulation” optical
pumping of ground state molecules was calculated in Refs.
17 and 18, the effect being pronounced nonlinear (fY,
proportional to cubed pumping light intensity) and of pure
quantum origin, that is, it disappears at J— oo.

The more trivial effect of appearance of longitudinal
orientation f§ due to population difference between mag-
netic sublevels =M caused by detuned monochromatic ex-
citation and magnetic field action was treated in Refs. 15
and 19. The case when fo appears at broad line excitation
in magnetic field H1 E due to hyperfine decoupling was
counsidered in Refs. 20 and 21 where optical pumping of Rb
atoms was examined. )

An interesting possibility to produce the orientation of
angular momenta of beam molecules was demonstrated by
Zare and co-workers.”>®’ They measured the orientation
produced in direct inelastic scattering of N, molecules
from a single-crystal surface of Ag(111). The orientation
appeared along a direction perpendicular to the scattering
plane and was interpreted qualitatively by hard-cube hard-
ellipsoid model as a result of the action of the tangential
frictional forces. -

Finally it is worth mentioning that parity violation is
also able to cause fluorescence circularity, and this effect
has been predicted? for some cases, such as X states in
LaO---LuO, to be 10* times larger than in the 2s state of a
hydrogen atom. Such a magnitude of the effect is expected
owing to a very small interval between the rotational levels
of opposite parity.

As follows from the cited papers, the essential require-
ment for appearance of transversal orientation f, under
linear polarized broad line excitation is an oblique angle

-
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FIG. 1. Excitation and observation geometry.

between alignment axis and that of the external perturbing
factor. This requirement is, however, insufficient, as is well
known, that, say, orientation does not appear as a result of
a linear Zeeman effect at any angle between E and H. The
present paper is aimed at clarifying the general conditions
in which the optical alignment of molecules by weak linear
polarized broad line excitation can be transformed into
orientation under perturbation effect which causes mag-
netic sublevel splitting wy,,,, and to present an analytical
expression for the appearing circularity of fluorescence at
arbitrary J values. Since appearing of fluorescence circu-
larity can be detected with extremely high accuracy, the
phenomenon promises to serve as an essentially new sen-
sitive method for detailed investigation of intramolecular
interactions causing nonlinearity of magnetic sublevel
splitting in external fields. One example, which demon-
strates such a possibility, is realized in the following paper,
cf. Ref. 25, where the experiment on a Te,(A1, ) molecule
was performed showing alignment-orientation convertion
due to quadratic Zeeman effect, appearing as a result of
magnetic field-induced AJ= %1 interaction between differ-
ent electronic states.

it. THEORY

“Let us assume that the ensemble of molecules under-
goes resonance excitation by a linear polarized light beam
with its E vector characterized by the spherical angles 6,¢,
cf. Fig. 1. The excitation process creates the excited state
(J") density matrix f,,-, M, M’ being the magnetic quan-
tum numbers. f,,,, describes the AM-level population whilst
Sy describes the coherence between the M M’ levels.

TEC t;g;nccuon between f,,,, and polanutlon moments
fo

fo= 2 Cruxe/ww» Q=M'~ L

where C’,,z;w are Clebsch—-Gordan coeflicients and the
projection Q varies between — K and K. In the geometry of
Fig. 1 the tilted alignment f3% , is created. As follows from
Eq. (1), f%, are formed from the same matrix elements
Sanr with AM =M —M’= +1 as the orientation compo-
nents f. . However, owing to the symmetry of Clebsch—
Gordan coeficients, f!,, possess zero values. Let us now
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see whether the situation will change when molecules are
subjected to external perturbation causing magnetic sub-
level splitting wy-= (Ep— E,p )/ For this purpose we
shall analyze the respective density matrix f,,, evolution,
assuming that the perturbation does not affect population
S au, and then come back to Eq. (1). In case of stationary
J” —J" excitation with a sufficiently broad spectral line the
density matrix elements f,,,r can be found as a stationary
( fasr =0) solution of the kinetic equation,?® namely,

r, . .

P x ’ * x

o %(MiE Dp) (M’ |E*D|pu)*,
(2)

whe:: p stands for the ground (lower) state J” magnetic
quantum number, D is the unit vector of an electric tran-
sition dipole moment, T » is the reduced excitation (pump-
ing) rate which is proportional to exciting light intensity,
I" is the excited state decay rate. The explicit form of dipolé
transition matrix elements can be found by applying the

definition of scalar multiplication in cyclic coordinates
D

fﬂ»{M’=

(M|E*D|u) = 2 (E9)*(M| DA\ p), (3)
q
and by the Wigner—Eckart theorem?%*°
M| D) =pmer Cratig Z1 DI, (4)

where (J'||D||J”) is the reduced matrix element. Putting
Eq. (4) into Eq. (3) and then into Eq. (2), we get the
Sy expression in the form:

T, (D)2 1

MM =

2-]’ + 1 r -+— l’a)‘w_wn
X 2 (EMHER)Co Col (5)
L4197

Here the first product T,|(J'||D|J")|*/(2 +1)=T
often called the pumping rate and will not be discussed in
more detail. The second factor, (I‘+ia)MM:)"', accounts
for external field effect, whilst the sum describes the angu-
lar part {geometnic factor) of the excitation process. We
would like to remind the 8, @ dependence of the cyclic
components of vector E,

1
+1 _ H —ip
Etl= V.Z(smG)e )
E°=c_059,

E- VZ (sin 6)e’®. (6)
The scheme presented in Fig. 2 is aimed at helping to
imagine the way of creation nonzero f ., values following
from the symmetry properties of Clebsch-Gordan coeffi-
cients. f 4 expressions thus obtained are then introduced
into Eq. (1) in order to conclude what polarization mo-
ments have been produced. If 8=0, only f,,,, components
differ from zero, yielding according to Eq. (1) only popu-

-~
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FIG. 2. Scheme of f - formation in u — M transitions induced by linear
polarized light.

lation fJ and longitudina. (Q=0) alignmer.t f3.

6=m/2, matrix elements f,.,, and fy;.ar, arise, produc-
ing not only f3and f3, but the transversal (Q= +2) align-
ment f%, as well. It is important 1o Foint out that onen-
tation f§ does not appear in these cases. As may be seen, if
@ differs from zero and 7/2, the components fyar, fasarete
and fj - 14,1 appear, leading to polarization moments f3,
%, fi,, and f%,. The fact that the transversal orientation
fY4, is not produced can be understood, taking into ac-

count f.hat fMMt1= _f_M:;l_Mv and

Ll‘_‘ E C.;:Mltlf"M'

CJ’M*I

J’Ml*lfMM:tl

ll

2

J(J’:tMil)(J’xM Fl+1)
=% 2 o
27 (J +1)

Hence fMM*l and f_ . _a are entering the sum of Eq.
(1) for f., with equal coefficients, thus rssulting in

L 1=0. This, in fact, also explains why external field effect
1s not able to produce orientation when E,, is proportional
to the field strength: E;; « M X external field strength, thus
leading to wy s < (M —M’) X external field strength and
@pra0.1 =@ _pe+1—n I case of such external field action
the equality faars1=—f_p=1-p is still valid and £},
remains zero.

Let us now assume that external perturbation is re-

movmg degeneration between M M’ sublevels in such an
‘“‘asymmetric” way, that

MMt (7)

OMM 1 7 O _Mz1—M- (8)

This leads to Japr 17—/ _m=1-a and thus results in
arising excited state transversal orientation, f% ;0. The
last contention may be formulated in a more gcncral way.
We may introduce the multipole moments of of a pertur-
bation, cf. Ref. 1,

wg=

% Cor its Oy = Epg/H, (9)
where Ey is the energy shift of the M sublevel due to
perturbation. If even rank X components of wg differ from
zero (as it is in cases of quadratic Stark or Zeeman effects),
alignment-orientation conversion will take place. If only

odd rank components differ from zero (as it is in the case
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of linear Zeeman effect), such conversion is impossible.
Conditions (8) and (9) are the only way in which an
external field is able to produce transformation from align-
ment into orientation. Indeed, the perturbation is neither
able to affect light polarization (EY), nor, of course, the
Clebsch—Gordan coefficients determining the angular fac-
tor in Eq. (5). The pumping rate [, remains constant, as
we suppose that energetic conditions of excitation remain
unchanged in an external field in case of broad exciting line
approximation. We also neglect the effect of any aniso-
tropic “‘pure” depolarizing collisions, thus assuming a re-
laxation rate I" independent of M . M’.

The prerequisite for creation of orientation in aligned
state can be restated in terms of time reversal properties of
a Hamiltonian operator which represents the perturbation..
The conclusion is that alignement-orientation conversion
will take place only if the time invariant Hamiltonian is
involved.?! For instance, the Hamiltonian operator of lin-
ear Zeeman effect is odd under time reve. al'! and thus is
not able to cause the conversion. On the contrary, the
Hamiltonian operator of quadratic Stark effect is even un-
der time reversal and, as a consequence, the quadratic
Stark effect can produce alignment-orientation conversion.

We shall further discuss the manifestation of transver-
sal orientation fL, in J* — J7 fluorescence. The general
expression for fluorescence intensity / » in terms of density
matrix f - can be written in the form*®

I;=K % faupu|E¥D(M)(u[EFD|M’)*,  (10)
MM’

where E; is the unit polarization vecto of emitted light.
Applying similar manipulations as emplcyed above in pass-
ing from Eq. (2) to Eq. (5), we get a-: explicit form of
Eq. (10)
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K| (7D |*

/_ 2JI+] z fMM'

BMM g1z

X (= DU R(E M ERCLL Conl L ()

Sulg " ulg’
where E¥ are cyclic components of E,.

It is most straightforward to certify the creation of
excited state orientation by way of appearance of fluores-
cence circulanty, namely, the nonzero difference 1,—1,,
where 7,, I, are right-handed and left-handed circularly
polarized light intensities. It is often convenient to measure
the normalized quantity, namely the degree of circulanty

el
_1r+1l )

(12)

If light emission is viewed along the z axis, only Ef’=1
differs from zero for /; and E]f= [ for I,. As, however, only
the transversal orientation /', has been produced in our
case, we can not expect to obtain ¢ 20, if fluorescence
light is spreading along the quantization axis.? Let us thus
choose the y axis as observation direction, cf. Fig. 1. This
means that the cyclic components E% entering into Eq.
(11) are to be transformed by means of Wigner D matri-

. Es29.30 R

E= Y E' D) (aBy), (13)
¢

where «,B,y are Euler angles describing the turn of the

coordinate system in Fig. 1 to one with a “new” z’ axis

directed along the “old” y axis. Accounting for this and

combining Egs. (5) and (11), the following final expres-

sions can be found:

sin 26 Fsin p+opyp1cOS@ | _rpy . M M M4 M M+l
I,—I,=T, ) > Tt (C;'M+11-1dﬂu+llo"d'moc;wn (dyulocffuxl
- M MM+
M M+l
+C{‘;’M+H-—lC;I'M+HO)’ (14)
Ltie S T O oo eost o[ ] (L (T ()
thE L T T ( J"M—lll) +( J"M-HI—]) +cos [ J"M10 2( JTH-lll) +( J"'Hlo)
1 M Sin29r(:052<p—a)_u_lM+15'm2<p M—1 Mil, M1 M+1
+35 (CJ'J"Mqu)z +T, 7,3 C;m—xcf"uncrm—xc;'un' (15)
2 1 2 M+ oy _ima ) 1

allowing to compute the orientation signal, J,—1I, or the
degree of circular polarization of fluorescence, ¥, cf. Eq.
(12) and Fig. 1, excited by a linear polarized light beam
with arbitrary direction of E(6,p). Note, that knowledge
of wyaer, namely, of the magnetic sublevel energy set E,,,
1s the only information about perturbation needed to com-
pute the signal.

I

Ill. AN EXAMPLE: QUADRATIC STARK EFFECT

Let us consider the situation when an external homo-
geneous electric field & is applied along the z axis, Fig. 1.
We will use quadratic Stark effect energy expression in
form*?
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FIG. 3. Calculated degree of circularity under linear polarized excitation
as dependent on squared electric field #! for different absorption-
fluorescence branches.

d*¢?

J(J+1)—=3M?
Ew="73

27+ 1) (-1 (2+3)]

d being the electric dipole moment, B—the rotational con-

(16)

stant of a rigid rotator. As can be seen from Eq. (14),

6,=45" is an optimal angle between & and E to obtain
maximal circularity of iluorescence viewed along the y axis,
cf. Fig. 1. The choice of azimuth angle @ value needs more
discussion. First, one must remember that the /,— ], signal
appears only if the longitudinal orientation component
along the observation direction possesses nonzero value. In
the case, when E), is given by Eq. (16), onentation ap-
pears only in the direction perpendicular to the &, E plane,
hence @ thus must differ from /2 possessing the optimal
value ¢=0. This can be seen from the form of the ¢ de-
pendence in Eq. (14). Indeed, as E,, is dependent only on
M f. Eq. (16), we have wyps, 1=~ _p_ | _as The cir-
culanity J,—1I; is zero for ¢=m/2 since the terms in Eq.
(14) contain wis., only, whilst the total product of
Clebsch—Gordan coefficients change the sign when we pass
from M, M+1 term tc —M—1, —M term. In fact, this
might be a sensitive test to check type of Stark effect for a
certain molecular state.

In the special case J” = J = 0, J'=1, the analytic
solution of Eqgs. (14)-(16) for ¢=0 may be obtained,
leading to a simple formula

1,.—1[ (Cl)o]/r)
I+1; 7 14 (w/T)*
A result of numeric computation for J=10 is pre-

sented in Fig. 3. The degree of circularity ¥ is given as
dependent on a dimensionless parameter k%2, where

. d? 1
ThRBT 2(J+1)(2J-1)(2J+3)"

€ =

(17)

for all types (P,Q,R) of molecular transitions in excitation
and radiation processes. The signal possesses maximal
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value in the region wpy~T, dropping to zero when
wpp >, that is when the M, M’ coherence is completely
destroyed. As the creation of transversal orientation [,
by perturbation leading to £,, in form of Eq. (16) is inde-
pendent of the type of molecular transition in excitation,
the signals caused by the different absorption branches (P
or R) have the same signs for the same radiation branches.
It is easy to understand®? that the difference between, say,
PR and RR will vanish with J— . It is also clear, cf. Ref.
33, that the degree of circularity for a QQ type of transition
must tend to zero with J.

To consider a concrete electric field scale, let us take
NaK as an example of a diatomic molecule possessing a
relatively large electric dipole moment value. For example,
taking for the C(3)'Z* state the values d=2.7 D,*
B=0.0905 cm~' (Ref. 35) and assuming the inverse spon-
taneous decay-time 7~ !'=T=10% s}, we get

4.6x107°
TN+ DT =12 +3)
Hence, an electric field & ,, ~400 V/cm is needed to ob-
tain signal maxima for J=1, and &, ,~8.5 kV/cm for

J=10, Fig. 3. & _,, value is growing rapidly with J, reach-
ing & _.,=250 kV/cm for J=100.

k

IV. CONCLUDING REMARKS

The nonequidistant splitting of magnetic sublevels by
perturbation effect, when the requirements of Egs. (8) and
(9) are fulfilled, 1s able to produce partial conversion of the
excited state alignment induced by weak linear polarized
optical excitation into the transversal onentation of the
excited molecular level. The orientation manifests itself in
appearing fluorescence circularity. One of the simplest ex-
amples is the effect of a homogeneous electric field, causing
the quadratic Stark effect and leading to a considerably
high degree of circularity for R,P types of molecular tran-
sitions, varying from ¥ =0.5 for J=1 to € =0.12 for
J— «. The measurements of appearing circularity can be
expected to provide a useful method for the determination
of dipole moments and (or) the relaxation rates, for study-
ing the Stark effect origin and the symmetry of an excited
state. It is worth noting that the alignment-orientation con-
version is expected to appear also in other cases, such as
nonlinear Zeeman splitting caused by magnetic field due to
simultaneous action of both external and intramolecular

“interaction. The latter case is considered in a following

papcrzj_ where experimental results are presented.
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Alignment-orientation conversion by quadratic

and observation for Te,

Zeeman effect: Analysis
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This paper reports the observation of the molecular fluorescence circularity under irradiation
with linear polarized light. The phenomenon arises as a result of partial transformation from
alignment of the ensemble of molecular angular momenta into orientation due to quadratic
correction to Zeeman effect. Circularity rate up to 0.05 at magnetic field 0.4 T was registered in

32 (17)-X 32 (1;7) fluorescence of lqu molecules at angle /4 with respect to E vector
of lmea.r polarized excmng light. Quadratic magnetic energy terms are associated with magnetic
field induced AJ= + 1 e/f mixing between 1, ~ 1} and 17 ~0F states. Circularity data fitting
shows that the electronic part of Landé factor caused by 1; ~07 interaction is equal to G

Egl<ou l Jdt | 1u> + (g:—gl) (Oul St | 1u> =2.72.

I. INTRODUCTION

In the preceding paper' a theoretical consideration was
presented allowing to predict the appearance of orientation
of angular momenta under excitation by broadband linear
polarized light through the action of external perturbation
causing asymmetric splitting between coherent M, M =1
magnetic sublevels when the corresponding magnetic split-
ting frequencies wpyp. 170 _ ar+ - 10 this situation one
is inclined to speak about anisotropic destruction of coher-
ence, and the external field may play the same role as
anisotropic collisions, which, as was first forecast in Refs. 2
and 3, are able to produce partial transformation from
alignment to orientation. Significant interest in such a phe-
nomenon of alignment-orientation conversion is connected
with changing the symmetry type of angular momenta dis-
tribution, namely, with breaking the symmetry in respect
to the reflection in the plane perpendicular to the axis of
alignment. Nevertheless, as far as we know, there exist up
to now only a few direct experimental observations, cf.
Refs. 4-7, demonstrating the above mentioned effect of
alignment-orientation transformation, which have been
performéd on atoms under anisotropic collisions. As is, in
principle, clear,! any kind of external field action may
cause the effect, if necessary asymmetric magnetic sublevel
splitting is produced. In Ref. 8 it was proposed to achieve
effective J-selective angular momenta orientation of
aligned linear molecules moving in a beam with a fixed
velocity by means of quadratic Stark effect.

An interesting possibility appears to be the use of the
quadratic correction to the Zeeman effect in diatomic mol-
ecules. In particular, we direct now our attention on exter-
nal magnetic field & induced interaction between the lev-
els with AJ= x1, leading to quadratic Zecman energy
dependence on field strength. We have chosen the Te, mol-
ecule as a convenient object for analysis and experimental
observation of the effect. Indeed, sufficiently enough data
are known about the energetic and radiative properties of

Y'Present address: Department of Chemistry, Moscow M. Lomonosov
State University, Moscow W-234, 119899, Russia
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low-lying excited electronic states of Te,, among them the
closely positioned BOJ and 1* states (cf. Refs. 9-13 and
works cited therein). A number of data about g factors of
these states have been obtained previously by measuring
Hanle effect in laser induced fluorescence!*'¢ supposing
that only a linear Zeeman effect is taking place. In fact, as
recently established by deperturbation analysis in Ref. 13,
the 1* state mentioned above is, most likely, predomi-
nantly a Q=1 component of the B>Z] state, and not of
the 4°T1, state, as previously supposed,”!? hence the nota-
tion B2 (1,) will be used herein for this state. It is
worth mentioning that the 1, component can be consid-
ered, with fair approximation, as unperturbed by heteroge-
neous electron-rotation AJ=0 interaction with 0] state.
For this reason the 1 component of Te, molecule was
chosen here in order to demonstrate the appearance of
alignment-orientation transformation induced by quadratic
Zeeman effect.

Il. ZEEMAN ENERGY CALCULATION
The Zeeman operator 7, for Hund's (c) coupling

case can be written in the followmg form:!’

We suppose here that the space-fixed z axis of quantization
is directed along the external magnetic field &, g,=1 is the

-orbital electronic g factor, g,=x2.0023 is the spin electronic

g factor, J,=L+S is an overall electronic orbital and elec-
tronic spin angular momentum of the molecule, u g is the
Bohr magneton.

In contrast to intramolecular perturbations the Zee-
man operator has nonzero off-diagonal (AJ= +1) matrix
clements,'®!? hence, a magnetic field is able to induce in-
teraction between levels with different J in 0F ~1F com-
plex of B 32: state. As follows from the rigorously valid
selection rule, total parity @ or © is conserved, cf. Fig. 1.
In terms of e/ f labeling,'® this means that allowed inter-
actions with AJ=+1are 17 ~ 1] and 1, ~0F, thus lead-
ing to magnetic field induced e~ f mixing. At the same
time, the 1, state can be considered as nonperturbed by

0021-9606/93/99(8)/5748/6/$6.00 © 1993 American Institute of Physics
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QIT——= > (J*1)
(Jet) + =)
\8- ==t (J)
(3) v————o
Tt ()
(7-1) + o
o 1

FIG. 1. Magnetic field induced mixing between 17 and 1}, 07 state levels
with AJ= + 1. For an even isotopic '**Te, molecule J possesses an even
integer value and the levels shown with dashed lines are not realised due
to symmetry considerations. @©,8 is the total parity, whilst +,— is the
electronic parity corresponding to ¢,/ states, respectively.

both intramolecular electron rotation 1 ~0 as well as by
diagonal over J(AJ=0) magnetic 17 ~17}, 17 ~07F inter-
actions; it is the 17 state which is of interest to study in
order to analyze the role of quadratic Zeeman effect. In-
deed, neglecting diamagnetic terms'®?° the quadratic over
4 contribution AE),, to magnetic energy can be written for
1, state as

(17 (N F g 1T (£ 1))?
T J=1
EY-E]

AE“( l;_ ,UX,J) =

(17 ()| 7 mag | OF (J£1))2 2)
J Y -
BB

Here v, and v, denote the vibrational levels of OF and 1,
17 states, respectively.

We further neglect the heterogeneous O ~ 17 interac-
tion effect on rovibronic level energies of O and 1) states
and their wave functions. Then, assuming that the elec-
tronic part of the Zeeman operator #°,, is independent of
internuclear distance, the total magnetic energy of a cer-
tain rovibronic level (v,,J) takes the form

G,
Ev(1i D =77"5 Mp B + GLAM Nu’s B

+GL B(M N3, (3)

where the first term corresponds to linear Zeeman effect.
G, is the electronic part of the molecular g factor in the
2 =1 state, which is equal to!18

The second term of Eq. (3), in agreement with Eq. (2), is
emerging due to 1} ~17, A7= =1 interaction. The “geo-
metric” factor A(M,J) in Eq. (3) can be found by appli-
cation of direct cosine matrix elements'®?!' a,,

al (MJIMJI+1) af,(MJIMJ—1)
v T+ 1 T 71 )
E::—E‘;l: E‘x': _E‘:l:

AMI) =

FIG. 2. Excitation and observation geometry.

A (MIMJ+1)=J(T+2) f(J,M),
al (M JMJ—1)= (2= 1)h(JM),

M = 1 (J+1)2—-M?
/{ 'M)‘(J+1)2[4(J+1)’—1]’
1 (JP—M?
h(JM)=.72(H2—-_l) (5)

We are neglecting here the interaction between different
vibronic 1, state levels, supposing that the overlap inte-
grals (v]|v{*!) =0 for v,5uv,, where vq, vq are different
17 state vi' rational quantum numbers. Then, neglecting
the centrifugal distortion terms in expressions for energies
entering Eq. (5), we get

1 [al(MJIMJI—1) ol (MJMJT+1)

AM.J]) =23, J J+1

(6)

The second quadratic term in Eq. (3) describes the mag-

netic field induced 1 ~0}, AJ= =1 interaction, and G

is the component of the electronic part of the g factor

caused by heterogeneous ({}'—-(Q=AQ=1) interac-
tion!718 .

G, =8(Q[J,.|0") +(8:—8)(Q[S.|Q'). (N

The geometric factor B(M,J) then appears as
B(M ) =al((MIMJ+1)S,+alo(MIMJ—1)S,,

J(J+1)
2

aro(MIMJ+1)= FAM),

J(J+1)
2

alo(MJMJI—1)= hIM), (8)

where

(U{|U$+l)2

S\=2 771
S BBy

(wilwg ™"’
S;=2 g O
w £~

The direction cosine matrix elements?! a;; and a,, in Egs.
(6) and (8) are arising in the transformation from the
molecule-fixed coordinate system to a space-fixed one. The
overlap integrals and energy differences entering into Eq.
(9) can be calculated for given v, J values using molecular
constant set.”!®
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Thus the problen: of getting Zeeman energy
E\ (1, ,v,J) values accounted for quadratic terms due to
magnetic field induced interaction, cf. Eq. (3), is reduced

to a minimum number of adjustable parameters, namely,
G,and G, .

. CALCULATION OF FLUORESCENCE CIRCULARITY

The general requirements imposed on the Zeeman sub-
level splitting matrix w = (Ey;— Eyy- ) /% which are nec-
essary to observe the occurrence of circularity under linear
polarized excitation were examined in Ref. 1. According to

Klincare et al.: Alignment-orientation conversion in Te,

this, the nonzero even rank X coefficient w§ value has to
appear in w,g,,- expansion over irreducible tensor opera-
tors of the rotation group. This is equivalent to the condi-
tion

OMM TP _M_1—M> (10)

which is fulfilled for the case described by Eq. (3) together
with Egs. (6) and (8) due to the M? dependence of a,,,
a,o- By substitution the analytical expressions for the a;,
and a,q values into Egs. (6), (8) and then into Eq. (3), we
get the explicit form for Ey,

52]. (11)

Eoll- GMus® GuaB* [(F—1) (=MD JU+2)[(J+1)1—M?)
v =Gy s, | Per—D (J+1)3[4(J_+1)2—1]}
G iBY [ JJ+1)P=M] (T (P—MD)
2 [(J+1)[4(J+1)2—1.] N TPV Ry
I
This leads to

Oyper=0r[—1—(a;+b o, (2M+1)],

o_y_—y=0or[—1+(a,+b)o, (2M+1)], (12)

where

G, B

CLEFgr D HE R (13)

and a; and b; are M-independent factors arising from
A(M,J) and B(M,J), respectively. As is evident from Eqs.
(11)-(13), condition (10) holds and hence the appear-
ance of circularnity /,—1; is expected, 1,,{; being fluores-
cence intensities in the cycle J* — J' — J{ possessing
right-handed and left-handed circular polarization, respec-
tively. Let us discuss the geometry of excitation and obser-
vation, cf. Fig. 2. The E-vector of linear polarized excita-
tion is directed at spherical angles 8,@, whilst the direction
of observation is chosen along y axis. Expressions for I,— I,
and /,+ 1, at arbitrary 6,@ are given in Ref. 1. The optimal
6 value equal to 7/4, will be supposed in further treatment,
and we obtain

[ (T sin @+waqpgs1 €OS @)

[ —'1[0: z 2 3
’ M I+ oyae
M M1 M M4
X (C;'M{»ll—lC;'M-i—llO_C;'HlOC;'Mll )
v Ml M M+1
X (CrunaCrmm +Crmsi1Cramaio)

(14)

where Cgl,g are Clebsch—Gordan coefficients, I' is the ex-
cited state relaxation rate and I, is the pumping (excita-
tion) rate.

Figure 3 demonstrates the results of numeric calcula-
tion of the expected value of circularty rate € = ({,—1,}/
(I,+1,) as dependent on a dimensionless parameter w,/

'« @, cf. Eq. (13). The I,+ 1, value has been calculated
according to Eq. (15) from Ref. 1. Fig. 3(a) demonstrates
the case when ¢ =m/2 which is fulfilled when the exciting
beam is perpendicular to the direction of observation, cf.
Fig. 2. Figure 3(b) refer to the geometry when ¢=0,
which can be achieved when fluorescence is observed along
the exciting beam direction. Parameters involved in the
calculation refer to the B 32; (1;) state of ”°Te2 with
v;=2(J=96), as studied in Refs. 13, 14, and 16. The
J—1-~J—=J+1 cycle was considered. We used here G,=
—1.86 and I'=7"'=8.55x10° s™' obtained from Hanle
effect and lifetime measurements. Deperturbed molecular
constants were taken from Refs. 13 and 22.

Curves 1 in Figs. 3(a) and 3(b) correspond to the
situation when we suppose G, =0 in Eqgs. (3) and (11)
leading to b,=0 in Eq. (12). Thus we are neglecting the
magnetic field induced 1, ~0] interaction. This assump-
tion means that the G, is the only parameter describing the
magnetic energy, and the quadratic term arises due to
1,7 ~1F, AJ= =1 interaction. As may be seen, curve 1 in
Fig. 3(a) is of dispersion type, being an odd @ /T function
with a maximum at w,/I"~ 1.5, and the appearing circu-
larity does not exceed 0.1. The orientation signal € (w/
I') in Fig. 3(b), cf. curve 1, is an even w /T function and
shows a more subtle form changing its sign in the vicinity
of w;/T"=1. The fact that curves in Fig. 3(a) are odd by
reversing the magnetic field whilst those in Fig. 3(b) are
even has a simple geometric interpretation. The orientation
is always created perpendicular to the plane defined by the
light E vector and the direction of perturbation causing
alignment-orientation conversion.'? In the case of Figs.
3(a) and 3(b) the created orientation is perpendicular to
the E, & plane. The appeared orientation starts to precess
in the magnetic field 4. For the geometry of Fig. 3(a) the
orientation is created perpendicular to the direction of ob-
servation. Hence, the fluorescence circulanity depends
strictly on the direction of precession (defined by the sign

J. Chem. Phys., Vol. 99, No. 8, 15 October 1993



0.10

T
|

005 - v ]
’ 1
|

Py _ |
€ oo
c .
§e]
9 o0s 2 ]
=
s
o ,
Q 0.10 l ‘/: 1
a -~
2 oo L b
O . |
= | 5 )
O \ ;
0.03}

FT1G. 5. Caleulated circularity rate ¢ as dependent on parameter /T,
which is proponional o magnetic field strength &. (a) For E vector
directed at 8=u/4, p=w/2 (cf. Fig. 2), (V) §=v/4, p=0. Curves |
correspond 0 G, =0. Curves 2 correspond 0 G, =1.9.

of magnetic field) and can be described by the odd type
% (A) funcuon. Ja the case of geometry of Fig. 3(b) the
orientation is created in the direction of observation. It
means that the observed fluorescence circularity is inde-
pendent on the direction of precession of orientation and
can be described by the even type € (%) function.

Let us now include magnetic field induced 17 ~OF
mixing which follows the selection rule AJ= 1. Using
molecular constant sers'® for 1, and 0F states we get for
v, =2(J=96) the following values for the sums entering
Eq. (11): §;=—0.019 1/cm”!, §,=-0.029 {/em™" If
the G, value is known, G, remains the only adjustable
parameter. Curves 2 in Fig. 3(a) and 3(b) demonstrate the
total circularity signal which appears owing to both
17 ~1} and 17 ~0f Zeeman mixing. The concrete G
=72.9 value was used as estabfished in Ref. 13 by “‘global”
deperturbation analysis from simultaneous processing of
magnetic and radiative data. As is seen, the circularity
caused owing to 1, ~07} interaction dominates in this
case. Circularity signals, as shown by curves | and 2 for the
more simple dependence in Fig. 3(a), are of opposite sign
due to the opposite sign of a,and b, in Eq. (12). Figure 4
demonstrates high sensidvity of th appeared orientation
signal to G, changes. Hence, it is promising to use the
alignment-orientation conversion effect in order to deter-
mine G, values and thus to pass to the matrix element of
the heterogeneous electronic interaction.

0.10
o
U
—
[ 0.08
Q
R
N
—
(48] 0.00
O
a
|
©
=] 0.05
[&)
A=
O
-0.10

FIG. 4. The samc dependence as shown by curve 2 in Fig. 3(a) for
different G, values: (1) G, =8, (2) Go.=49, (3) C.=2, (4) G, =1.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Molecular fluorescence from '**Te, vapor was induced
by a linear polarized line $14.5 nm from an Ar* laser
operating in a multimode regime. The tellurium isotope
was held tn a fused silica cell at a temperature 7 =650 K
and connected with a vacuum system through a dry valve.
The R-type molecplar transition (Xll N __4,./"—95)
— (Bl v =20 =96) was excited.?

The degree of circularity wz s measured at the geome-
try shown in Fig. 2 when 6=7/4, p=u/2. The extecnal
magnetic field was varied betweer F = -—~0.4 and +04 (.
The  resuits for a  flyorescence trans,tion
(Bl; v =2J=96)~(X1; v"=3J“=97) are presented
in Fig. 5. showing the appearance of circulazity up to
% =0.05. The solid line was calculated in the same way as
the curve 1 in Fig. 3(a) ustog G . as the only nonlinear
fitting parameter, and the value G, =2.72 yielding by ft-
ting is in excellent agreement with the results obtained in a

0.06 ~— r

003 |

0.00

003 -

Clrcular polarization rate

_O_M . L A
04 02 00 02 04

Magnetic field, B, Tesla

FIG. 5. Measured circularity signal for o= 2(J=96) levd of B X (17)
sure in "Te,. Full tine s obuained by fitting according 1o Eq. (17).
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different way in Ref. 13. As it may be seen from Fig. S, the
general behavior of the calculated dependence reflects, 10 2
major extent, the main behavior of the measured circular-
1ty values. It seems, however, that one can notice some
distinction which is beyond the statistical error limit. The
discrepancy in the small & region can not be explained by
accounting for the simultaneous. {7, 0F, and 1} interac-
tion, which gives an additional contribution to the qua-
dratic Zeeman term in Egs. (3) and (11) and is 2ble to
change only slightly the G, value yielded by fitting, with-
out changing the shape of the signal at a small magnetic
field. The bigher order magnetic terms not involved in our
description are 2lso unable to produce the structure. Thus,
up to now we can only suppose that the discrepancy may
be due to either some systematic experimental errors, or
else, because the broad excitation line approximation is not
valid with sufficient precision.

It is interesting to compare the information availablke
from magneric field induced alignment-otientation conver-
sion with that yielded by conventional L. 3¢ factor mea-
surements supposing the linear Zeeman effect conditions.
Landé factors g g~ of a diamagnetic (2=0) BO} state of
1%Te, were obtained in Ref. 15. The gact values are de-

termined by electron-rotation 0 ~ 1} interaction with AJ
=0. The g+ data interpretation needs, however, the no-

tion of the electronic matrix element 7=(02|J, |Q’) for
heterogeneous electron-cotatian state mixing | Q' — Q] =!
of the coupled 07 and 1] states. For weakly coupled levels
we get'M1521

(vg| B(R)Y|v}) (yg|v7)
ggo:=2GiT)2 UI , 1 0, .
" E"‘” E‘L

Hence, the g+ factor data yield only che product G.7

(15)

ang does not allow 10 determine G, in a direct way. The 7
value for 0} ~17 mixing in Te, was determined'’ from
energetic and radiative data as 1=1.43. This leads, for
instance, to G.=2.9 for the B0} state level py=0(J
=179). This result is in a good agreement with the G
values obtained in a direct and independent way in the
present work. Such an agreement confirms once more that
the G, value is very close to 27, and thus we bave an
additional reason for the conclusion® that the Te,(1,)
state studied here is in main 2 °%, component of the B°%;
state. Indeed, as follows from Eqs. (7) and (15), G, and
7) are not independent, and G, —n=(0|S, | Q’). Passing
to Hund’s case (a) basis set, we get G, =g,(°Z¢|S.|’Z))
=27. If the 1, state is a T, componeat of the A *IT, state
according to Lhc point of view of the authors of Refs. 9 and
10, it should be G =g/ (*Zo|L | *M,) =7.

It is worth mentioning that the alignment-orientation
conversion induced by nonlinear Zeeman mixing gives the
possibility to study the weak intramolecular interaction ef-
fects via magnetic characteristics of not oaly diamagnetic
but paramagnetic states as well. For instance, the 1] state
of Te, studied here was always treated as unperturbed by
1,~0F interaction and its magnetic properties were de-
scribed by the G, value only.'*'*16

0.16

0.12f .

Linear polarization rate

FIG. 6. Calculated linear polarization rate P =(J,—1,)/(I,+1;) as
dependent ar @ /T for vatious observanon-excitation schemes Curve
}—with accounting on quadratic Zeeman term in Eq. (11), curve 2—the
ordinary Hanle effect signal

Let us now follow the influence of quadratic Zeeman
effe - terms in Eqs. (3) and (11) on the Hanle effect signal
measured in linear polarization of laser induced fluores-
cence The results of calculations of linear polarization rate
(I,—13)/{1;+1,) of fluorescence as dependent on mag-
nede field strength & are presented in Fig. 6 for three
different excitation-observation schemes for the same mo-
lecular transitions and parameters as in Fig. 5. As one may
sce, the dependencies accounting for nonlinear Zeeman
term (curves 1) do not differ much from the signal caused
by linear Zeeman effect (curves 2). The “traditional”
Hanle signal of Lorenz shape, cf. Fig. 6(a), was the one
used in the experiments'“'® in order to determine G, for
v, =2(J=96) of the B3Z (17) state in '®Te,. The un-
certainty caused in this case by using the Lorenzian depen-
dence dots not considerably exceed the experimental error
value. The most favorable is the situation in the case of
dispersion shape signal, cf. Fig. 6(b), when one can deter-
mine G, value from the positions of signal maxima without
any influence of the quadratic Zeeman term. By contrast,
the geometry presented in Fig. 6(c) leads to the largest
changes due to the quadratic effect. Nevertheless, thig ge-
ometry is very convenient technically and, bestdes, has its
advantages allowing to measure both circularity rate and
linear polarization rate in one and the same experimental
scheme when the exciting light beam is directed orthogo-
nally to both magnetic field and observation directions.
One needs only to turn E vector of exciting beam to obtain

14,1
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g=m/4 (cf. Fig. 2) and to remove the /4 plate. Thus at
least at certain parameters of the studied molecular state it
is possible to determine G, from the linear polanization rate
signal and G, by measuring the circularity appeared at
linear polarized excitation as a result of magnetic e/ f mix-
ing.

V. CONCLUDING REMARKS

We demonstrated and analyzed the transformation of
alignment of molecular angular momenta into their orien-
tation under the influence of nonlinear Zeeman effect. This
effect of breaking the reflection symmetry manifests itself
in the occurrence of fluorescence circularity under linear
polarized excitation. Owing to the presence of a linear term>
of Zeeman energy the dispersion shape magnetic field de-
pendence of the circularity signal can be observed if fluo-
rescence is viewed in the plane containing the exciting light
E vector and the magnetic field vector &, the signal being
zero in the case of pure quadratic external perturbation as
in the case of Stark effect.! Sufficiently effective alignment-
odentation conversion was registered in a 1,7 component
of B 327 state of Te, caused predominantly by magnetic
field induced 1; ~0} mixing with AJ==1. It is impor-
tant to mention that since the linear Zeeman effect is not
able to cause orientation, the registration of circularity at
linear polarized excitation makes it possible to separate this
effect from the own 1,-state paramagnetism. Hence, the
measurement of magnetic properties can be used to study
intramolecular interaction not only in diamagnetic (A=0
or {2 =0) states which appeared to be an extremely sensi-
tive test of weak perturbations>*!8232* but can be applied
also to paramagnetic states. In doing so, it is possible by
combining the circularity measurement with the tradi-
tional (linear) Hanle effect measurement to determine
both matrix elements G, and G, of the electronic Landé
factor, in one and the same experiment. Generally speak-
ing, the emergence of circularity may serve as a test of any
kind of external perturbation causing asymmetric magnetic
subleve] splitting, including hyperfine structure effects. Fi-
nally, since the quite noticeable degree of orientation can
be maintained, alignment-orientation conversion may be
considered as an additional possibility to achieve orienta-
tion of a molecular ensemble.
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We discuss quantum beats in electronically excited molecular states with high rotational angular
momenta J appearing in time resolved fluorescence in conditions of quadratic and linear energy shift
dependence on magnetic quantum number M and external field strength. Density matrix formalism
is used to obtain in explicit form the expressions for time dependent fluorescence intensity after
&function pulsed excitation. In case of pure quadratic Stark effect, which is typical for 'Y state
diatornics, excited state quantum beats for /3 | exhibit a regular, or “gnill" structure, consisting of
narrow equidistant “‘principal” peaks with equal relative amplitudes on the exponential decay
background. At linear polarized excitation the time intervals between the adjacent peaks are 27wy,
wyp being the splitting frequency between coherently excited M-sublevels with M =2 and M'=0.
If an admixture of linear contnibution is present in field induced level shifts, the grill structure 1s
superimposed by a single frequency harmonic modulation. A special geometry was found in which
the quadratic beats are fully absent and the modulated grill pattern is brought into existence only by
the influence of linear term. Such a case takes place when the fight polarization vector in
fluorescence is directed at 45° angle with respect 1o the exciting light polarization vector and yields
the most sensitive way to separate quadratic and linear contribution. We considered the examples
when the first order term appears by a combined action of electric and magnetic field, as well as due
to the e~ f level electric field induced mixing. with the parameters typical for the NaK molecule.

1. INTRODUCTION

Laser quantum beat spectroscopy of molecules 1s based
on the creation of a coherent superposition of energy eigen-
states by a short laser pulse. Dunng the emission process. the
lime resplved intensity is modulated at frequencies corre-
sponding to energy differences of coherently excited states.
The method is essentially Doppler-free and supplies the pos-
sibility to study directly the dynamics of an excited molecu-
lar state. To have an insight into the contemporary stage of

'um beat spectroscopy of molecules one may recom-
mecud the overviews' ™ and references therein. In particular,
Stark induced quantum beat spectroscopy yields the most
precise values of excited state electric dipole moments.
wl'nich are a very sensitive measure of the electronic charge
distribution in a molecular state while the magnetic, or Zee-
Mman quantum beats yield Landé factor values.

Let us address quantum beats between magnetic sublev-
els (M) of a definite rotational (J) level which are split by
an external magnetic or/and electric field. In the case of lin-
¢ar Zeeman effect, an isolated state with angular momentum
Jis splitinto 2+ 1 equidistant M-sublevels due to magnetic

i
f:t;racnon with external magneuc field H leading to energy
Shift

Em‘FtM):"_E/IJ-BHM, i1

?O'm”‘g 10 the linear Zeeman energy H- and M-dependence.
LIs thys easy to achieve single frequency modulated fluo-
fescence using, say. excitation by linear polarized light with

J.
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ELH. At this geometry only the magnetic sublevels M, M,
with |[M—M’|=2. will be excited coheremly and al! corre-
sponding splitting frequencies

Emag(M)_‘Emag(M,) 2g}l"'BH
Wy = 3 = N (2)

will coincide, being twice the Larmor frequency. From the
Zeeman quantum beat signal the excited state Lande factor
g; value can be obtained.

The quantum beats induced by an extemnal electric field
{Stark quantumn beats) possess, as a rule, a principal differ-
ence from the Zeeman quantum beats. Indeed. the Stark ef-
fect of a well resolved state with a definite parity (e or f) 1S of
second order, that is, quadratic in the external electnic field
siength 4. The energy shift E,, of a state |JM) must be
deterrmined from perturbation theory using the perturbation
Hamiltoman in the form

';/tl:_dx' (3)

d being the permanent electnic dipole moment. This leads to
15.7 .
a well known """ expression :

E ) MY=2 [A (1 +B,(J)M2d 42, (4)

I

where d, s the d projection on the ith principal axis of the
molecule, while the coefficients A, and B, depend on mo-
lecular parameters, such «s the rotational constant B, . In
contrast to the Zeeman effect, the energy shift in an electnic
field depends on M. Heteronuclear diatomic (or linear) mol-
ecules in 'Y states, having only one permanent dipole mo-

@ 1994 American Institute of Physics 5559



ooy

ment component (d) along their internuclear axis, are the
simplest examples of a pure quadratic Stark effect. For a
'S state we have

! ' 3

BiJ)= —
B, 2J'(J +1)(27 =1)(20" +3)

(5)

This case was exploited for a number of diatomic molecules
such as LiH and LiD.*® NaH.'? BaO,"' and MgO (Ref. 12) in
order to obtain d values in quantum beat experiments. The
electnc field induced splitting frequencies w,, ' between co-
herently excited M-sublevels and. hence, the quantum beat
frequencies turn out to be dependent not only on the differ-
ence |[M —M’| but also on the absolute values of magnetic
guantum numbers M and M. Therefore in the case of large
angular momentum J' the beat signal becomes complicated,
being a superposition of large number of contributions with
different beat frequencies. In addition, the Stark energy E,,
decreases rapidly with growing J' values, cf. Egs. (4) and
(5). Owing to that. observation of beats has been usually
restricted in practice to small J' valuss, using most often
excitation of J'=1 or J' =2 states.®~'2 At the same time, it
is of interest to measure the J-dependence of the dipole
moment.

More generally, however, the additional external field
induced energy saift can be a mixture of linear and quadratic
terms. In a number of situations it is important to consider
the terms proportional to M*H? in the mainly linear mag-
netic energy E,.,,. or proportional to MZ in the mainly qua-
dratic electric energy expression E . Thus, in the case when
a “‘broad line” laser pulse excites simultaneously both e and
f components due to field-induced panty mixing, matrix ele-
ments diagonal in J. M of perturbation operator .#,,, see Eq.
{3) appear. thus giving rise to the linear Stark effect. This
becomes true when one has |VM|2>A2/4. Vu being the
Stark induced e-f coupling matrix element, and A is the
energy separation between the unperturbed opposite parity e,
f levels.®!'? In the case of the Zeeman effect. the energies
E g may possess a term quadratic in H due 1o intramolecu-
lar interactions of various origins,*'* such as for instance, a
magnetic field induced state mixing. In a number of cases the
separation of different order contributions allows recognition
of perturbations of various origins. The most sensitive
method to separate the roles of first and second order terms is
based on recording the effects caused exclusively by symme-
try changes in the angular momentum distribution of the mo-
lecular ensemble. As was demonstrated in Refs. 15,16. the
effect of a small second-order contribution in a mainly linear
Zeeman effect can be extracted by measuring the appearance
of Auorescence polarization circularty under linear polarized
excitation. yielding valuable information about the intramo-
lecular interaction parameters.

In the present paper we are analyzing the possibili'y to
extract the relauvely small linear admixture to the mainly
quadratic electric field induced energy shift from the struc-
ture of quantum beats in the time domain. We shall consider
the case when the first order term is caused by the presence
of a magnetic ficld. as well as by electnc field induced e, f
state muxing. This goal can be achieved in a most sensitive
way by using a special geometry for quantum beat observa-

Audilisii, reflar, dilo DiuyalOv. Mgt v uane . vodio

tion. We shall pay attention to states with large rotag
anguiar momentum, when the second order term resu]ey
equidistant peaks in the time resolved fluorescence signaf

Il. GENERAL EXPRESSION FOR TIME RESOLVED
FLUORESCENCE

A. Kinetic equations for density matrix

Let us assume that the broad line pulsed optical excy
tion had prepared the excited state density matrix ...,
supposing the initial (ground) state density matrix ¢, . to
diagonal over magnetic quantum numbers M” = u; for sy
plicity ¢,,=1 will be taken below. The kinetic equation of
be then written in a comparatively simple form,'®

fMM' =Fp2 (MIE‘DI#)(M’IE*DIM)*
M

~(T+ioym ) fum
where
I,=G&0)
is the reduced absorption rate for a_&-function pulse, [ is
total excited state relaxation rate, E is the light polarizaty
unut vector of the exciting light beam, D is the
dipole moment, and w,;,,’ is the level splitting freq

caused by the static external field effect, cf. Eq. (2). Itis &1
to find the time evolution f,,,/(t) as

Frmr ()= Fagpge(0)e ™ T+ iomendr,

The next task is to calculate the matrix elements f,,(Q
Using Wigner—Eckart theorem,'® we get

(M|E*D|u)="2, (E9)*(M|D%|u)
q

! ‘
=—2 (E9)*Cy

J"ulq
N2J'+1 ¢

(J'[DH)

where £9 and DY, ¢ =0, * 1 are cyclic components of E
D, C¢l,s are Clebsch-Gordan coefficients, and (J'|DH
are reduced matrix elements of the electric dipole
moment. After solving Eq. (6) with &function pulse
tion and accounting for Eq. (9), we arrive at

Sum(0)=G 2, (MIE*D|u)(M'|E*D|p)*

M
- D)2 '™
=G S i z (E9)*EN ring
Hq192
7'M
XC!.MqZ.

This allows us to derive the time evolution f ., (f) fo
bitrary excited light polarization, which is determined by
cyclic components E9, which are related to the cartd
components of the vector E as

J Chem. Phys. Vol. 101, No. 7, 1 October 1994
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1 ]

stl=- = (E,—iE)=~ — E sin fe .
V2 V2
E":E;ZE cos 6. (11)
1 |
E‘[: ’/: (EX+I-E_\-‘): — F sinf@e'?,
V2 2

Jtore f and @ are the spherical angles defining E vector

onentation 1n space.

Let us consider the case of linear polarized excitation, E
xing orthogonal to the external field direction, or to the
axis of quantization. Supposing that 6§=¢@=n/2 and taking
[El=1, we get from Eq. (1),

V2 (12)
e -0.

By putting Eq. (12) into Eq. (10} and then into Eq. (8), after
«mmation over u, g, and ¢,. we finally obtain the time
wolution of the nonvanishing density mat _x elements in the
.om

G o e
fMM(r)zi[(Cj”z—lll)_+(cj":+H—l)h]e oa3)

a0 S = T,
(14)

Ty tr)= g Cj:,Z:IC§,’,z:lle'“_*“"M&w—l)"
/ (15)

where G=G|(J'|D|J")|2/(2J' + 1) is the dynamic part of
e absorption probability, whilst the Clebsch~Gordan coef-
icients characterize the angular dependence of light absorp-
tion (**~eometric™ factor). Expressions {14) and (15) demon-
at. .y that for linearly polarized excitation with Eiz,
smultaneous transitions take place from the ground state
subleve] u=M to the excited state M+ 1 and M — | mag-
netic sublevels, thus introducing a coherence between M + |
Wd M - | states. which is characterized by the nondiagonal
density matrix elements Sa—is+1 Fars 1a-1. and results in
Quantum beats at the corresponding frequencies.

B. Fluorescence intensity in the time domain

The density matrix elements fasaye allow calculaton of

ﬂqoreseence signal. If the light 1s emitted in a J' —J;

E::Sgl(m. the fluorescence intensity with a definite polariza-
1 can be found as'’-'®

IAE, =l >, (MIETDW)(_M‘ii‘:TD{fﬁl.’*fMM'
MMy

1
f.xﬁgl Ansaf stng - (16)

N
/N
Y

{
t

F1G. 1. Geomeury of excitation and observation of fluorescence. E and E,
are polarization vectors for excitation and observation of fluorescence.

where matrix elements A,,,,, form the so-called “‘observa-
tion matrix.” For the observation geometry shown in Fig. 1.
the E{ components are

EV=0. (17)

Applying Wigner—Eckart theorem (9), after summation over
M. q,.and g,. one can obtain the nonvanishing A ,,, , ele-
ments as

! M : M 2
Aum= 2 [(CJ"'M—III)_+(C—.;’|'M+II—I) 1.

v JM+1 o J M=

= — — p-'¥
AM*|M+I 26 C/'I'MHC."['MI—]' (|8)
1 . ,
R s VR L YR
ApeimM-i 7€ C./'I'MHCJ','MI~I'

Putting Egs. (13)-(15) and (18) into Eq. (16), we arrive at a
ttme dependent intensity expression in explicit form

1 1

1) YEYES e‘r'% {[le:.:;_H,)z
o )
--Cj,;,f:‘”fliz]—" COSM wag s 1ar— 11— 26)
U I

As may be seen. the exponential decay of fluorescence intn-

sity 1s harmonically modulated at frequencies wyy -, -
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F1G. 2. Numencal simulaion of quadratic Stark effect induced “gnll™
quantum beal dructure in Auorescence from S =10, (a) Parallel direction of
excuation (E) and observauon (E|) vectors, when ¢=m2 w Fig 1. (b)
Orihogonal direction of E and E,, when ©=0in Fig. |.

lll. SPECIFIC (tUANTU'A BEAT MANIFESTATIONS IN
EXCITED STATES WIT.{ u»1

A. Pure quadratic Stark quantum beats

An impressive amount of experimental results with the
aim to determine molecular electric dipole moments has
been obtained by the second-order Stark quantum beats
method for the 'Z-type excited states, cf. Refs. 7-12. The
obtained data and the description of the beat signal are re-
stricted hawever to small J* values (J'=1 or 2 typically).
Let us examine the beat signal given by Eq. {19) at J»> 1. In
the simplest case of Stark induced energy shifts given by
Eqs. (4) and (5), one gets

wu»m-|=12MB(J)=M'-°20- (20]

Hence, asitis easy to see. all frequencies wy - entenng Eq.
{19) will be integer multiples of the frequency wy. which
comresponds to the splitting between the magnetic sublevels
M=2 and M =0 and serves as the "fundamenial™ beat fre-
quency. To observe the beats during the fluorescence decay
time, one has therefore to apply a static electric field of suf-
ficient strength 10 wy/[T =1

A concrete example of such beat signal manifestation is
given in Fig. 2 for a Q Q| -type molecular transition with
J" =71’ =747 = 10. Figure 2(a) demonstrates the case when
linear polanzation vectors in excitation (E) and observation
(E,) are parallel to each other. that is when ¢= 772 in Fig. 1
The signal in Fig. 2(b) corresponds to orthogonally polarized
excitation and observation vectors, when ¢=0in Fig | The
beal signal consists of equidistant “‘principal’ peaks. the

sy 5

THgitn w e

sharpness of which becomes more pronounced with growing
J'. Such a structure follows from analysis of the conditiong
of constructive interference in the fluorescence signal. cf. Eq,
{16). of the density matrix elements fy),- given by Eqgs. (14),
(15) for linear dependence of wy _ 4.+, on M. cf. Eq. (20).
Indeed, for M=1.2,... we have wy=I128(J),
wy, =24B(J),... . This means that the phases of all mairy
elements £, yar-1. fag— 14«1 &€ ABAIN In coincidence aftar
the time interval Ar=2m/w,q4. As follows from ihe seconqd
term 10 Eq. (19), this provides the constructive contnbutiog
of all fy s p -1 3nd [y - 4+ in the fluorescence intensity
1A1).

It is mteresting to note that such “Stark grill" structupe
resembles the light diffraction pattern produced by a diffrac,
tion grating in optics. [n the case of diffraction grating with
N slits, between each two adjacent “principal maxima”™ we
have N—2 small secondary maximz, separated by N—|
points of zero iniensity. Similarly, in the case of pure qua.
dratic Stark quantum beats from a level J'. between each
two adjacent “‘principal peaks” we have J' ~ 2 small second-
ary peaks (practically indistinguishable in the scale of Fig,
2). separated by J' — 1 points of zero deflection from expo-
nential decay. In both cases the intensity of the secondary
peaks decreases rapidly as M or J* increase while the princi-
pal maxima are becoming sharper. It is interesting that the
strnilar “'Stark gnll™ structure has beep predicted o Ref, 20
for nonoptical Stark induced orientation of previously
aligned ground 'Z state beam molecules, which are moviag
with velocity v, passing through an & field region of length
L, the angle between % and v heing /4.

To give an idea of "“grll™ Stark beat manifcstation in a
specific molecule, we have chosen in Fig. 2 the parameters
typical for the NaK molecule in its (3)'T" state.2'2? namely
B,=0.059 cm™', d=2 D, ['=8.97x10" s™'. According lo
Eqs. (4) and (5). this leads to wy=4.488%10° s~ for
J =10 at electric feld strength £=100 kV/cm, when the
“gnll” structure 1s well developed during the lifeime of the
excited state after pulsed excitation at r=0. The “'gnll™ sig-
nals seem (o be a source of obtaining precise permanent efec-
tnc dipole moment values and/or rotational constant vajues
(B,) for high J' excited states. It should be stressed that.
from another point of view, such a structure is an indicatioo
thal the energy shifts are produced by a pure quadratic Stark
effect, because even a small deviation of £_(/.M} from Eq.
(4) will, as will be shown below. drastically change the bea
pattern.

B. Separation ot linear and quadratic contributions

Let us now assume that the additional energy shif
caused by an external field contains a linear term with &
spect to M. which is an admixture into the mainly quadrat
dependence of energy shifts on M values. The most obviot
example is simultaneous Stark-Zeeman quantum beats. Sudt
beats for the states with low J' values were observed b
Brucat and Zare® on NO, molecules in combined elect™
and magnetic fields.

Let us suppose that both static electric and magnet*
field vectors are directed along the z-axis. cf. Fig. 1. Figure:
demonstrates the expected changes n the beat signal whid

J Charn Phys . VoI 101, No 7.1 October 1994
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F1G. 3. Changes in beat structure shown in Fig. 2{2) when external magnetic
field H||% s applied. producing a linear magnetic splitting.
ane =284t gHIA=0. 1wy

has been shown in Fig. 2. In addition to the Stark energy
level splitting w4 14 - ;. assume that the magnetic field pro-
duces a level splitting between M + | and M — | states equal
10 wyjp = 0. lwyy. which is M-independent, cf. Eq. (2). Figure 3
demonstrates that the " grill” structure becomes harmonically
modulated by a single frequency wy,.

The signal possesses more interesting features when
fluorescence is observed which 1s linearly polarized at angle
o=m4 (cf. Fig. ). For this geometry. the pfire quadratic
beats are absent, as may be seen from Fig. 4(a), the only
difference of which from the curves in Fig. 2 1s that ¢ is
equal to 7/4. The situation changes drastically under the in-

va: arbitrary units

Kw,of,

Koyl . e @rbitrary units

grp 7 j
g -‘.J?CAI=2! o

At=2n
00 - P SN

20

?G 4. Fluorescence decay observed at the angle E E /4 between the
“i%lon (E) and observation (\E,) vectors 1a) “Pure quadratc Niark el-
L as in Fig 2 (b1 An additional magnete Reld i apphied. as v Frig 3
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fluence of a linear contnbution to the level splittings, when
both Stark and Zeeman beats are again pronounced and well
separable, see Fig. 4(b).

[t ought to be noted that it 1s a manifestation of the linear
M-level wning which brings back into existence the “gnll”
sfructure caused by quadratic Stark effect. In other words, in
this geometry the appearance of the peaks in the fluorescence
decay is caused exclusively by the presence of the linear
energy term, thus being a very sensitive test of the presence
of the latter.

It seems interesting to suggest a pictorial explanation of
the situation depicted in Fig. 4. For this purpose let us tumn to
a vector model. Excitation by pulsed linearly polarized light
creates an anisotropic spatial distribution of excited state an-
gular momenta J'.'%% This distribution possesses cylindrical
symmetry with respect to the E-vector, being symmetncal
with respect to reflection in the plane which is orthogonal to
the E direction. The magnetic field H causes all momenta J’
of the molecular ensemble to precess around the z-axis. As
follows from Eq. (1), all angular momenta J', with any M
value (which now 7 fine the angle between J' and z), will
precess around H with the same angular velocity. The whole
“rosette of J'-vectors” will therefore precess as a single en-
tity, maintaining its shape! It is clear that such a precession
leads 10 harmonic modulation of the exponential decay at
twice the Larmor frequency. when fluorescence is viewed,
say, in the z-direction through a linear polanzer which de-
fines the E,-vector, cf. Fig. 1. at any ¢ value. This is a well
known®® “classical” interpretation of pure magnetic (Zee-
man) quantum beats.

The situation is essentially different in case of the second
order Stark effect. As follows from electric field energy level
expressions (4) and (5), the angular momenta J possessing
different M values will now, after time interval f, rotate
around z through different angles. Moreover, the direction of
rotation for two angular momentum spatial orientations de-
termined by +M and — M will be opposite. The beat fre-
quencies will therefore be dependent on J' spatial orienta-
tion. A rephasing effect must occur after a definite time
interval, when the iniual J' distribution is again restored,
producing peaks in fluorescence, cf. Fig. 2. There exists,
however. a special angle between E and E, , cf. Fig. 1, which
1s equal to m/4, when the special rotaion will not produce
any detectable change in emitted lLight intensity, as in Fig.
4(a). An intuitive explanation of this fact 1s as follows. At
@= /4 the rotation around Z |jz of the half of J's, say, with
M >0. will lead to an increase of fluorescence, whilst the
other half. with M <0. due to a rotation in the opposite
sense. will lead to a decrease of the fluorescence by the same
amount. Of course. such cancellation follows also from a
formal analysis of the influence on the fluorescence intensity
of the second term in Eq. (19). in which the even function
COS(wyy .y — 2¢) can we replaccu at ¢ =7/4 by the odd
function —sin(wy,, 1»-1). and. as a result the terms with
* M. in the summation over M will cancel each other in the
case of a pure quadratic Stark effect. If now an additional
external magnetic field H is applied in the # ||z direction, the
symmetry of J's with respect to the E-vector is broken due to
even a slight precession of the before J distnbution about H,
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FIG. 5. Numeric simulatior of quantum beat signal for a 'I1 state with
combined first and second rder Stark effects, for J* =5, #=100 kV/cm.

thus restoring immediately the simultaneous manifestations
of both sccond order Stark and first order Zeeman quantum
beats in fluorescence with ¢= /4. cf. Fig. 4(b).

Now let us consider the case when the linear term ap-
pears as a result of a Stark effect in a state with A#0 due to
electric field induced e—f mixing. An optical ' —'II transi-
tton produces molecules in either e or f states, which are now
coupled by the Stark interaction. The theory of Stark spec-
troscopy in a '[T state is given in Ref. 13, while the experi-
ments with the B 'TI state of NaK molecule has been carried
out in Ref. 26. In that case the Stark energy of the e—f
complex takes the form

dsMm |2
J'(J'+1)
(21)

where E77'(J,M) is the so-called rotational term defined by
Eq. (4) and plus or minus signs correspond to e or f compo-
nents. [t is easy to imagine that at high electric field strength,
when the term A =¢J'(J" + 1) in Eq. (21), which refiects the
A-doubling, may be negligible. the conditions are met for
linear with respect to M and - an electric energy expression,
and

1
ECI:E;‘,"(J.M)tE \/[q.l'(!' +1)]2+4

’

dA1M|

~EJ(J M)* .
o= B/ M)2

(22)
For large < and not very large J' values the quadratic term
may dominate in expression (21), and we again may expect
the exhibition of a “grill” structure, which is modulated by a
single harmonic frequency. A specific example for such a
casein a QTQ| transition at J' =5 is shown in Fig. 5, where
the parameters correspond to the NaK molecule in the D 'T1
state. namely d=7.5 D.*? 7=20 ns,”’ B,=0.0677 cm™ ' *®
and the electric field strength i1s assumed to be 100 kV/cm.
The signal in Fig. 5 1s calculated assuming that *‘total” e — f
mixing has taken place between all magnetic sublevels, ex-
cept M =0. The fact that the M =0 sublevels of ¢ and f
componerts are not mixed by the elecinc field causes the
minor distortion 1n the beat signal, leading only to the in-

Auz:nsn, Feroer, and Stolyzrov: High J quantum beats

crease of the amplitudes of the secondary peaks, cf. Fig. 5.
Despite these destortions, we can still clearly distinguish the
two structures in the fluorescence kinetics. The fast one con-
sists of the sharp peaks, the separation of which is deter-
mined by w,g, while the slow modulation of the intensity of
those peaks is deterrnined by the second summand in Eq
(22) being linearly dependent on & and M. Of course, in the
present example, due to large Ad product and relatively
small J values, the modulated Stark grill structure shows
itself at a time scale which 1s much smaller than the lifetime
=r"

IV. CONCLUSIONS

We have demonstrated that a simplification of Stark
quantum beat structure in the time domain may be achieved
for excited molecular states with J' > 1 in the case of “‘pure”
quadratic M-level splitting. The Stark beat pattern then ex-
hibits the “grill” structure consisting of equidistant narrow
peaks, the separation of which yields the value of the perma-
nent electric dipole moment. A quantitative calculation leads
to the expectation that such a structure could be recorded
during the typical fluorescence decay time of a few tens of
nanoseconds, for /' values up to, say, J' =20 or more, for an
excited state with the permanent electric dipole moment of
an order of 1 D, since electric field strengths of 100-300
kV/cm are now achievable. From another point, such a beat
pattern may be useful for optical control of electnic field
strength.

The manifestation of high J state quantum beats is
changed when an admixture of a linear term is present in the
M-level energy dependence on external field. Namely, the
peak amplitudes are now harmonically modulated with 100%
depth at the single frequency of the coherently excited
M-level splitting which is caused by the contribution of the
linear term. This permits separation of the quadratic and lin-
ear contributions to the energy shifts. The most sensitive
probe of the presence of the linear term can be achieved in a
special geometry, when the quadratic beats would not be
observed if the linear terrn were absent. Such a method is
based on the breaking of the cylindrical symmetry of the
angular momentum distribution of the E vector of the linear
polarized excitation. We believe that the extraction of differ-
ent order contributions to the external field induced energy
shifts is of practical value since detailed information on the
magnetic level tuning is. as a rule. not available from direct
measurements.
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Alignment-orientation transition at optical excitation of molecules in
magnetic field

M. Auzinsh®

2Department of Physics, University of Latvia,
19 Rainis boulevard, Riga LV-1586, Latvia

Angular momentum alignment-orientation transition is analyzed for the ground state
of diatomic or linear molecules subjected to the dynamic Stark effect. Analytical expres-
sions are derived for the orientation value. It is shown that, first, orientation of angular
momenta resulting from the action of the dynamic Stark effect is a nonlinear process which
depends quadratically on the intensity of the irradiating light; second, it 1s a quantum
effect and disappears for the states with large angular momenta; and, third, it occurs only
in the presence of an external magnetic field.

1. INTRODUCTION

As a result of linearly polarized light absorption alignment of the angular momentum
of the excited state of the ensemble of atoms or molecules occurs. For diatomic molecules
in the gas phase this means, in particular, that there appears a preferred plane in which
the optically excited molecules predominantly rotate.

Various mechanisms of an alignment-orientation transition have been studied. Such a
transitiom means that in the selected plane the direction of the rotation is also defined,
and the angular momentum of the ensemble of molecules become oriented. For review see
(1] and references therein. The orientation of the molecular ensemble can be detected as
appearance of circularly polarized radiation in the laser induced fluorescence. To achieve
such a transition an external anisotropic perturbing factor—external field or anisotropic
collisions—is necessary, in addition to the exciting light.

The influence of the external field manifests itself as the removal of the degeneracy of
the rotational level J over the magnetic quantum number M as a result of the energy
Er shift of the magnetic sublevel |J, M). In the frequency scale the splitting of magnetic
sublevels can be written as way = (Epr — Eap)/h. In the case of broad band linear
absorption (weak exciting light) and external field as a perturbing factor the necessary
condition for the alignment-orientation transition is [1]

WMME1 F W-MFI-M. (1

This means that the external magnetic field which causes ordinary Zeeman effect, when
Ear x M can not cause the alignment -orientation transition in the case of weak excitation.

The situation is different in the case of strong exciting light when the absorption is
nonlinear. Now light with a wide spectral range in the case the center of the profile

0022-2860/95/809.50 © 1995 Elsevier Science B.V. Al rights reserved
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of the exciting light does not coincide with the center of the absorption line, and, in the
presence of the external magnetic field, an alignment—orientation transition can take place
as a result of the dynamic Stark effect. This requires the Stark shift of the absorption
frequency

L [T 1
X 'p'/ A o) (2)

where (J’||J||J") is the reduced matrix element of the dipole transition from the ground
state with angular momentum J” into a state with angular momentum J’, wp is the
frequency of this transition, and I(w;) is the spectral profile of the excitation line.

2. THEORY

To describe the interaction of an ensemble of gas-phase molecules with light having a
wide spectral profile of arbitrary intensity we shall use the equations of motion of the
polarization moments (PM)

f'g FPZ K pX« {q)(X) & SP(K)}g

it

X~
I, N K
() e ooy
+2m5( ,,,) Z"A oo f‘“”)}g—(rk-—iQle)JS', (3)
oy = T,y ~af~ {¢‘X’®v‘"’}:
Xx!

I, . Cix ok
th (HJ") Z FIX}\ {(b( )®f“\)}q
XK
+2iw KA.}’K'{¢(X)® (") "_ K_Z-UJ" "
s XZ 99 }q (7 — 1quyn)pg
+T5nCubredQulg + X broboo. (4)

Here fC’Z\ and @7 are the polarization moments of the excited and ground states and I'y
and 7. are their relaxation rates,

_ K J U

KpX~ = %(—1)“‘ X 1 1 3. (5)
JU'R K J"_ J"

s T (=D)L, e | £ XK 1 1 X

A X& _ Xn' iy’ =J"4x

A:t = 5 HK ( 1 ) Jrogr g JroJy . (6)
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Cx = (_I)J T+ +II—[_l”J' { JJ T } (7)
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Expressions for the coefficients ‘A;\'i’" and "FXK are obtained from Egs. (6) and (3)
by exchanging J” and J’. In Eqs. (5)-(7) the braces denote 95- and 6j-symbols [2].
The functions <I>€X describe the polarization of the exciting light and factor g =
V/(2a +1)(2b+ 1) .... The symbol @ denotes the irreducible tensor product [2].

In Egs. (3) and (4) the first term describes light absorption, the second term describes
stimulated emission, the third term describes the effect of the dynamic Stark effect, and
the fourth term describes the relaxation of the polarization moments and the action of
an external field leading to Zeeman splitting wy~ and wys of the ground and excited state.
The last two terms in Eq. (4) describe reverse spontaneous transition and isotropic filling
of the lower level.

If an ensemble of molecules is excited by linearly polarized light when only the <I>2Y
components with rank X = 0,2 differs from zero, then the angular momenta become
aligned only for ws = 0 in the ensemble (these components describe the polarization
moments of even rank K and k), since the coefficients K FX~ ~pXK KA;\;K', and "Ai""'
equal zero if the sum of the upper indexes is odd.

In the case ws differs from zero an alignment—orientation transition occurs, since the
KAXRK" and <AX~ coefficients are different from zero only if the sum of the upper indexes
is odd. In this case the fluorescence is expected to be circularly polarized.

The coefficient * AX~’ characterizes the efficiency of the alignment—orientation transition
for the ground state level and the coefficient X AXA" characterizes the same for the excited
state level. Using explicit expressions for the 67 symbols, for example, for the ground state,
we find for the three allowed types of molecular transitions Q(J" = J'), P(J" = J' + 1),
and R(J"=J" —-1) [3]

513 — 4J"(J" + 1)]

1A2_2 — ,
@) J"(J7 +1)\/302J" — 1)(2J" + 3)
5 [2J7—1 2J"%+5J"+3
1A22 P — -~ 8
-(F) AV 2030 D2+ 1) (8)
2J"+ 3)(2J" — 1

V3 () 1)(J"+1)

These quantities show the efficiency of the quadrupole alignment (' = 2) transition
under action of dynamic Stark effect at linearly polarized excitation (X = 0,2) to the
dipole orientation (x =1). As J” increases the coefficients |! A??| decrease approaching

5 1
LA2(P) = '"A(R)= . 9
2P) = AR = g )
10 1
Az ——= 10
@ = - %% (10)
asymptotically for large J”.
3. EXAMPLE
For Q-type transition with J” = J' = 1, expanding the solution for PM in a power series

in the parameters ws/9, and [',/~,., we can find the orientation 99;. If the polarization
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vector of the exciting light is described by spherical angles 8 and ¢, then in the second
order of the expansion we find

Cwslwymv/?2 in@ zg
. Msmw( S (11)
12+ v5 +4wie v +wis
T 1y i UJst . 30 ) Y2 + 2'iw_1n _ Y2 —iw_]u
7 (p20) = e 24(yy — twyn) [sm €08 v +4wd, A2+l
) " 1
+ (3cos?8 — 1) cosfsin 8 Bt 2 . (12)
2 2
v+ wie Y2

4. CONCLUSIONS

It is obvious from Eqs. (11) and (12) that when magnetic field B (which defines the =z
axis) and the E vector of the exciting light are orthogonal (8 = 7/2), only longitudinal
orientation ) occurs. In other cases transversal orientation ¢}, also is produced.

The effect, as it can be seen, is proportional to the wsl'p. In other words it is pro-
portional to the squared intensity of the exciting light. [t is of pure quantum origin and
disappears at the large J limit, as it is seen from (9) and (10).

As it can be easily seen from the above example, in absence of the external magnetic
field (wy» = 0) the alignment-orientation transition will not occur.

It 1s important to stress that all above conclusions are valid for broad band excitation,
when no such effects as magnetic scanning take place and all magnetic sublevels are in
equally good resonance with the exciting light.

The produced orientation may be of the considerable value and can very strongly affect
the observable signals. Thus, the correct accounting for alignment—orientation transition is
of great importance in proper interpretation of the experiments utilizing optical pumping
of molecules [4].

At the same time optical alignment of molecules is considered as a good method for
the preparation of polarized state of reagents in chemical reaction stereodynamics exper-
iments. In such experiments accounting for the alignment—orientation transition is also
of great importance.

REFERENCES

1. M.P. Auzinsh, R.S. Ferber, J. Chem. Phys. No. 99 (1993) 5742; Sov. Phys. Usp. No.
33 (1990) 833.

2. D.A.Varshalovich, A.N. Moskalev and V.K. Khersonskii, Quantum Theory of Angular
Momentum, World Scientific, Singapore, 1988.

3. M.P. Auzinsh, Opt. Spctrosc. (USSR) No. 68 (1990) 695.

4. M.P. Auzinsh, Phys. Let. A No. 169 (1992) 463.



Oxma6ps 1990 :. Tom 160, eein. 10
YCNEXH PH3HYECKHX HAYK

539.1944-535.37
ONTHYECKASA NOJIAPH3ALUHA NBYXATOMHDBIX MOJIEKY/JI

M. IT. Ay3ansus, P. C. Pepbep

(JlatBufickuft yrRHBepcHTer, Pura)

COJEP)XAHHE
Beeaetue e . 73
2. JAunoanHuit MOMEHT ONTHIECKOTO nepexona 8 Monexy.rxe e e 77
3. Pacrnpepesiense yrjiOBHX MOMEHTOB MOJEKYJ . 9

3.1. YraoBast 3aBHCHMOCTb BEDOATHOCTH NOrIOLeHHS. 32’ Inothocts Bepoxmo
cTH. 3.3. PassoxeHHe no MyJbTHNOIsM. KorepeHTHOCTD,
4. ﬂposnmehue aHH3OTPONHH OCHOBHOTO COCTOSHHA . 86
. Onncanue meroaa. 4.2. Heanuedinne sddexrn 8 HHTEHCHBHOCTH M no.nﬁpuaa-
uuu u3aydenus. 4.3. Ilepexonnufi nponecc. 4.4, Monexyaspuble Nydky H Marfdr-
Hbifl pe3oHaHc.
5. BnuAtue BHeUIHEr0 MArHHTHOTO NOJR HAa paclpefle/leHHE YrJOBHX MOMEHTOB 94
1. Obutie coobpaxkenun. 5.2. dddexr Xanae. 53. HMumnyabcHoe Bo36yxaeHHe.
5.4. Peaonanc 6uenuit. 5.5. [ToaspusauHoHHas COEKTPOCKONUS,
. YpaBHeHHe JABHXEHHSA [0.PH3ALHOEHHX MOMEHTOB AJs NpoWsBoashwx J . . 107
. ApYrHe MeToAH . . . . . .. ... e
1. dayopecuentHoe 3acenenue. 7.2, Poroawccounauus v Gborononmsamua. 7.3.
CTo/KHOBEHHS OPHEHTHPOBAHHMWX dacTHU, 7.4. BucTpanBaHHe M OpHEHTaUHA B

-~

nyvKax.
8. 3aknoneme . . . . . . . . . . . . . . . . . . 18
Crncok amtepaTypu T & 8¢

Brauasie, roBOpHT OH, 4ejoBeK
OLJl KPpYIJHM, €ro CNHHa K Goka
06pa3oBHBaJH KpYT.

Tepman Bedas «31006t 0 cumMerpuus
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1. Beegenne. ITo Bceil BepOSITHOCTH, NOHHMAHHEe BO3HHKHOBEHHS AHH30-
TPONMHOTO pacipeleseRHs YTJOBHX MOMEHTOB aTOMOB IPH MOTJIOIIEHHH CBe-
Ta OKOHYaTeJIbHO OQOPMHJIOCH OXHOBPEMEHHO ¢ NIOHHMaHHEM [FpeleccHH
CO8L@HHOIO pachpeleleHHsi B0 BHellHeM noJje. [IpsamMbM caeacTsHeM Takoi
TEpELECCHH SBJAETCSA MarHHTHas AenojspH3alusa pesOHaHCHOR (ayopecueH-
uKH, HiH sddext Xanne, o6HapyeHHNH H BHTEPINPETHPOBAHHHA B K/IaCCH-
qecKkOf mofesiH B patore B. Xanne B 1924 r. [1]. B 3T0o#t, kak u B mocue-
IYIOUIHX paboTax, peub HAET TOJILKO O BO3LYyXICHHOM COCTOAHHH. U BoT B
1950 r. nossmrace pa6ota A. Kactaepa [2], B KOTOpoR mpeanaranochs ¢ no-
MOILIO TIOJISIPH3OBAHHOTQ ONTHYGCKOTO H3JNYYEHRS CO3JaTh AHH3OTPONHIO
MOMEHTOB aTOMOB B OCHOBHOM OSJIEKTPOHHOM COCTOSTHHH, HJIH, Ha f3HKE
KBAHTOBHX TpeICTAaBJAEHHA, B MpOCTERIIEGM clyuae, «nepekayaTby aTOMH Ha
KOHKDETHHH MariHTHHA NoAypoBeHb. Bech mpouecc B uejsom O HassaH
KacrsiepoM «onTHiecKol Hakaukofis («pompage optique») ¢ ueanio non-
YepKHYTb ONpPEeASOMYI0 POJb OITTHIECKOrO H3Jy4eHHS B KadecTBe «Haco-
ca». Heof6xoquMmM 37eMeHTOM Ha NPAKTHKE gBJSETCA Takxke 6Jaronpust-
Haf <«HTpa» H3JMy9aTeJbHHX H PeJaKCalHOHHWX MpOLeccoB, B pesvJibrare
KOTOPHX Hep0o30yXIenAne aToMH, HanpHMeD, LLeJI0YHHX MeTasJd0B NPHOG-
peTaloT NMpeHMyLEeCTBeHAYIO OPHEHTAUHIO 3JBKTPOHHHX CNHHOB. MK 31ech
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HE MOXKEeM YIepKAaThCH OT HCKVILUeHHf elle Pda3 [PHBECTH CTaBLIVID ViKe
«K.1aCCHUECKOH» cXeMmy, PHC. |, HAJIOCTPHPVIOLLYIO NPOCTYI0 H KPacHBYIO
HI€H0 METH1a Ha NPHMEpe THIOTETHYECKONO HIeAOUHOro atoMa 6e3 siepHOro
ChHHA H 0e3 penakCalMH B OCHOBHOM COCTORHUH. BUAHO, 4TO UHPKyIApHO
NOJIADH30BAHHOE H3AyYEHHE B KOHEUHOM CueTe <«repeKayHBaeT» aToMbl B
OCHOBHOM 3.1€KTPOHHOM COCTOSIHHH Ha MardHHTHbLIH NoaypoBeHb ¢ m;=+1/2,
T. €. OPHEHTHPYET CMHH 3.18KTPOHA BAOJbL CBETOBOrO Jyua.

/77j
*3 2
-2 be
2
i Puc. 1. Cxema  onrtuue-
3| 3 CKOA OpHeHTauHu 2S,-co-
CTOSHHA, UHppaMH ykKa-
o 33HB  OTHOCHTEJIbHHE Be-
2 2 POATHOCTY HaJydarteanb-
_5’ 24 HBIX NepexonoB

Meron onTiueckoil HaKaukW B COUETaHHH € MarCHHTHbIM PE3OHAHCOM
CTa]l CTAHAAPTHBIM HHCTPYMEHTOM H3YUeHHsl HHTEePBAJIOB TOHKOH M CBEpX-
TOHKOH CTPYKTYpPbl, DE/JaKCalHOHHBIX MPOLECcCOB, OCHOBOH CBEDXUYyBCTBH-
TeJbHbIX KBAHTOBBIX MATHATOMETPOB H CTAHIaPTOB HacTOTH. K HacToslemMy
BpeMeHH ony6.1HKOBAHO OTPOMHOE KOJHYUECTBO OPDHIHHAJBHLIX pabot, 0630-
poB W MoHOrpaduil Mo pasHOOGPA3HBLIM, B TOM UYHCJE Ja3epHhM BapHaHTaM
Met010B. O 3pe’locTH HanpaBJieHHs1 CBHIETEJbCTBYIOT, B UaCTHOCTH, paboTy,
nocgaiieHspie to6iaeitibiv aatam [3]. Craay TPAAHUHOHHBIMH MERKIVHA-
pOIHblE KACT.IEPOBCKHE CHMMO3WYMBbl, CM., Halpuvep, MarepHain [4, 2], a B
CCCP — Bcecowauble cevrHapsl Ha 643e OTU um. A. ©. Hobde AH CCCP
[6]. Heoxnokpatuo. HauuHasa ¢ [7, 8], nyGaHKOBaAHCh, B TOM YuCae B
YO®H, o630pbi N0 ONTHYECKOH HAKAUKE aTOMOB; MATEPHAJ H3JOXKEH TaKmke
B MoHorpaguu |9].

XOTA KO.JHYECTBEHHbE XAPAKTEPHUCTHKH MOJSPH30BAHHOIO H3.1yueHIis
MOJEKYJT OJVUiIIi KJIaCCHUECKYI0 wHTepnpeTauuio yxe B 1923 ¢. g paborte
Basuaosa u Jleswuua [10], sddexkt Xanae ans dayopecueHUHH IBYXaTOM-
HBbIX MOJIEKYJ 3aperHcTpupoBaH Jauiib B 1969 r. [14] Ha aumepax HaTpHs
Na,(B'Il,). ®u3zuveckas npuuuna sddexra XaHae Kak pe3yaprata npeuec-
CHH MArTHHUTHOTO i CBH3aHHHOTO C HHM YILJOBOTO MOMEHTA BOKPYr NpHIO-
YKEHHOI'O MarHHTHOrO NOJS Ta e, YTO H 478 aTOMHBIX coctosHHiH. O1Hako
AJS1 MOJIeKYJ 1 €CTb Psad DPHHUHMHAAbHHX OTAHYHA. Bo-nepBHX, 3JeKTpOH-
HHI MarHHTHBIH MOMEHT u, HMEIOUHA TOT JKe NOPSACK BEJJHUHHH, UTO ¥ AMs
aTOMOB, NOYTH NEpNeHAHKYASIPeH YIr/IOBOMY MOMEHTY J; nociaeaHHH B OCHOB-
HOM OmpejensieTcs BpalleHHeM H wMeeT GoJburyio BeJdHunHHy. OTCloaa OTHO-
LIeHHEe NMPOEKUHH |, K BeJIHUHHe J, KaK MpaBHI0, MHOTO MEHBIIE, YeM MarHe-
TOH Bopa p,, T. e. pakTop JlaHae MHOMO MeHblle eJHHHUB, OITOMY 3eeMa-
HOBOKO€ pacllen.eHHe kpafHe Majo W Habmonenune adupexra Xauiae rpeby-
eT 60AbUIHX MATHHTHBIX noJied. Bo-BTOpHIX, 60AbIUNM 3HaTMeHHsM J COOTBET-
CcTBYeT 60JbLIOE HHCJAO KOMIIOHEHT 3€€MAaHOBCKOIO pAacillelieHHs, paBHOe
2J+1, 4T0 no3BO.IAET CUHTATb NPOBKLHH YrJOBOrO MOMEHTA Ha Z-OCh Helrpe-
puBHEMH. [IoKkazaTebHO, uTO B TOM e 1969 r. [lemrtpenepoM, 3enpom
M 1p. BHINOJHeH unka pabot [11, 13, 14], B KOTOPHX 3as0%eHa OCHOBA Me-
TOla Jla3epHO-HHIAYLHPOBAHHOH (JyopecueHlHH [ABYXaTOMHBIX MOJEKYyJ,
npuMeHeH k HitM MeTod Xauae [14] (no coBpeMeHHON TepMHHOJOTHH —
nepeceyeHHe 3eeMaHOBCKHX MOJAYPOBHER B HYJeBOM MarHHWTHom none [15,
16]) u, HakOHel, NPOIEMOHCTPHPOBAHA BO3MOXKHOCTL [11, 12] ucnoav3osa-
HHS 1a36PHOr0 ONTHYECKOTO TOTIOUIEHH s A5 CO3AaHHsT AHH30TPOMHOro pac-
MpejeeHHs VI10BbIX MOMEHTOB He TOJbKO BO36YXKIAGHHOrO (BEpPXHEro), HO
W UCXOAHOro (HUKHEro) COCTOAHUA. JTOT METOA TaKkKe MOXKHO Ha3BaTh
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ONTHYECKOH HaKayKo#l, XOTA cxeMa ero peaju3alHH OTJAHYAETCA OT KacTJje-
poBckoil. Ecan B yC10BHAX pHC. | A8 aTOMOB MBI HMe@M Ae/10 C 3aMKHYTHIM
UHKJIOM NOTJIOWEHHSA —H3JYYEHHS, TO AJS MOJEKYy./, Hao6opoT, NpoCcTel M
NpHOIHKEHHEM SABIACTCA HE3aMKHYTHH («oTkpbiTaifi») [17, 18] umnxa,
puc. 2. B 3TOM cayyae B pe3ysabTaTe CIIOHTAHHOIO H3JYYEHHS H3-33 GOJAbLIO-
F0 UHCJIa BO3MOMXKHBIX NEPEXOAOB Ha pasnuuHble KoaeGaTesbhbie YpOBHH v,”
B PE30HAHCHOH ITPOTPECCHH (UyOopecUeHUHH Ha HCXONHBI YpPOBEHb a BO3-
Bpallaercss JHWb HeGoabluas yacTe MOVIeKy.a. B pesyabrate yposenn a c
(OHKCHPOBaHHHNMH KOJe6aTeJNbHO-BPallaTeNLIBIMH QHCaaMy v,”, J.” uMeeT
OT/IMYHYIO OT DaBHOBECHOH (MeHbuiyl0) 3aceieHHocTh. Ho ans Hac camoe
BaX<HOE, YTO H3-3a YIJIOBOH 3aBHCHMO-
CTH NOrMAOIMEeHNSs npH BO3GYKIAEHHH
NOJISTPH3OBAHHBIM MJIH JaXe NPOCTO . @
HanpasBJeHHBIM  CBETOM  CO3JaeTcA (©gehy) ' T
aHH3OTPONHOE NPOCTPAHCTBEHHOE Dac- !
TPeJesIEeHHe  YIJIOBHX  MOMEHTOB.
MMenHo Takoe pacnpeneneHue, ero I
pasHooGpa3Hble NpOSBJEHHS H IIPH- g
MEHEHHS SBJAIOTCA OCHOBHBIM IIpes- |
METOM  OOCYXAEHHS HacTosLleH |
CTaThH. |
Heckosbko ¢JIOB 0 TEPMHHOJIOTHH. l
B 3apyGeHBIX NMyGJHKALHAX ITDHHS- . i'iZ /
TO TOBOPHTb 06 <«ONTHYECKOH HAaKau- (CHA 1 7\ 7
ke» (optical pumping) [2—5, 7, 8, 11, a\-cﬂ'-r
12]. B oreuectBeHHOH JHTEPATYPE 3TO T
He BMO/IHE OAHO3HauHo [19], Tak Kax Prc. 2. Cxema nepexonaom na3epRO-HRAY-
B CBsI3H C JIA3€PHBIMH CpPEAAMH TEP-  paposamrofl  ¢ayopecuenmnd. Iy — cko-
MHH <«OnrTH4Y9€ecKas HaKagkKa» 4Yaine pocts mnoraomenns, I', y — ckopoctu pe-
ynorpebssencs B CMbiCJIe ONTHYECKO- JIaECalAR
T0 BO30YX/JEHHA, TOSTOMY NpHAMeHd-
eTCsl TEPMHH «ONTHUecKass opueHrtauus» [6, 19]. Oanaxo, cTporo rosops,
MoJ 3TO ONpefelleHUe He NOonagaeT BO3AEHCTBHE JIHHEHHO [OJADPH3OBAHHBIM
WJAH HaNpapJeHHbIM HENOJSPH3IOBAHHBIM CBETOM, KOTJa HE BO3HHKaeT npe-
WMYLUECTBEHHOA OpPHEHTAUHH YrJOBHX MOMEHTOB aHCaMOJs, T. €. BEKTOp
OpHEHTAIUH, a CO3AAETCA OCh CHMMETPHH (OCb 2 Ha PHC. 4, a, 6), BAOJb KO-
TOPOW YrAOBHX MOMEHTOB B CpPeAHeM no ancam6aio nan6o Goabuie (oM.
puc. 4, a), 1r60 MeHblue (OM. puC. 4, 6), 9eM B NEPNEHAMKYJISPHOR MJIOCKO-
crd. Taxoe ynopsgoyensoe pacnpenesieHHe MOMEHTOB Ha3nBaeTCs «ONTHUE-
ckuM BHcTpauBaHueM» [20]. BuicTpauBanHe MOXeT GHTb MOJOXKHTE/bHBM
{cM. puc. 4, a) nnGo oTpHuUaTeNbHHM (cM. pHC. 4, 6) ® XapaKTepusyercs
KBANPYNOJbHHM MOMEHTOM (O POJIH MOMEHTOB 6oJiee BLICOKOTO panra 6yaer
CKa3aHO B AanbHeRAuwem). TakuM o6pa3oM, BMECTO ONTHYECKOR HaAKaukH
MoxHO [20] TOBOPHTb 06 «ONTHYECKOM BHCTPAMBAHHH H opHeHTauuH». [lo-
HCKH eIHHONo TepMHHa, ofodliamomero paccMOTPeRHBE CJAydYaH, NpHBENH
HaC K TOHATHIO «ONTHYECKasA MNOJApH3auHA» (OTHOCAUEMYCH K VIJIOBHM
MOMEHTaM aHcaMbJf YacTHL, a2 HE K CBETOBOMY JIydy), KOTOpO€ H BHHECEHO
B 3arjaBHe CTaThH. Hapsiny ¢ 3THM MH, He mpeHe6peras MeAyHapOJHOH
TpaAHIHeH, OCTaBJSAOM 1PaBO YNOTPebJIATh TEPMHR <«ONTHYECKAS HAKAauKa»
B cMbicaie Kactsiepa n 3enpa.

Tlo apyroit TepMHHONIONHHA, O6CYXKA2EMOE SBJIEHHE 3aKJII09aeTCs B C031a-
HHH HEPaBHOBECHOM HaCeJIeHHOCTH 1O 3€eMaHOBCKHM moaypoBHsaM [21]. U
370r0 ficHa GyHAaAMEHTaIbHas POJib BHEIIHEro MarHHTHOFRO NoJif, 9eMy Tak-
e MOCBAlLIeHa 3HAYHTEeNbHAA 9acTh H3J1aTaeMoro 3leck MaTepHaJa.

OcHOBHHIM 006BEKTOM B HacTosilleM 0030pe ABJAIOTCA [ABYXATOMHHE
MOJIEKYJH B OCHOBHOM 3JIGKTPOHHOM COCTORRHH. OCHOBHON METOH HETeKTH-
POBAHHS — ATO HHTEHCUBHOCTb, NOJIAPH3AlLHA W KHHEeTHKa (JyODecleHIHH,

- — — — — — —
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KoTopas B036ymiaeTcs au60 TeM XKe CBEeTOM HaKauky, 1160 NpoGHBIM 1y-
yosm. OTMETHM, 4TO B NEPBOM CJAYYae CHPHAN HeJHHEeRHbIH, BO BTOPOM — TIOA-
pasyMeBaeTcsl JHHEHHOe 10 NOrIOLUEHUIO BO3OYKIGHHE ClabbiM CBETOBHIM
notTokoM. B mocienHHe rodbl CTAHOBATCS BCe 0o0Jee NOINYAsSpHBIMH ADYTHe
METOAbl 1ETeKTHPOBAHHS, CBA3AHHBIE C PErHCTPallHel IMOT/IOIEHHS, BbI3BaH-
HOrO HaBeleHHOH aHH30TPOTIHEH MOJEeKYJFPHOro rasa, a Takke OCHOBAHHbIE
Ha ABYX- H n-QOTOHHOM} PE3OHAHCHO YCHJIGHHOH HOHH3ALMH ¢ NOCReAYIOLEH
perucTpauHeild HOHOB.

OCHOBHBIM N01X0A0M K ONHCAHHI0O SIBJEHHH BHIOPAH KJIACCHYEOKHH, OC-
HOBAHHbIl HA MJIOTHOCTH BEPOATHOCTH pACIPEAEJIEHHS YIJIOBbIX MOMEHTOB.
Coobpaxenust 31ech clenytoulne. Bo-nepBblx, yalle BCcero peyb Hier O Co-
CTOSSHHAX € A0CTATOYHO GOJbIIMM YIJIOBBIM MOMEHTOM C KBaHTOBBM YHCJOM
nopsaka 10—100, Tak 4T0 KJAaCcCHUECKHH MOAXOH AOJKEH OWTh BRUJIHE NPH-
MeHUMbIM. BO-BTOPBIX, OH HMMeEeT MPEeNMYUIeCTBO B HarJIAAHOCTH, a B 060Jb-
IIMHCTBE C1yuaes oKa3usaercs U Gonee mpoctuiM. M HakoHel, npeacTasiser
HHTEPEC RPOC/EIHTb, KaK ITPOHCXOJMHT NePEeXoj KBAHTOBHX NPEACTABIECHHHA
H NOHATHH, TAKHX, KAK KOrEPEHTHOCTb MEXAY 3€eMaHOBCKHMH TNOIYDOBHS-
MH, B KJacCHUYeCkile, WaH, MO CYTH AeJ1a, KaK BHITIOMHAETCS NPHHUMN COOT-
BercTBHA. CTOHT YNIOMSHYTb B 3TOH CBA3M O NOSIBHBUIEGMCH B MOCJEAHee Bpe-
Nsl POCTE HHTEDEeca K KAaCCHYeCKHM NpeACTaBJeHHAM, HATPHMEp, B TiPHMe-
HeHHW K CyTNepnoduudy puaGeproBCKHX COCTOsiHHH atoMOB B paborax [22,
23], INpPOAEMOHCTPHPOBABIUHX HATJAAHBIE NOATBEpKAECHHS oOpO6HTAaABHOrO
BpalIEeHHs 3JI€KTPOHA.

JLas MOJIHOTH M3J0XKEHHs INpHBOAATCH KBAHTOBO-MEXaHMUECKHE YpaB-
HEeHHs1 AJA [FPOH3BOJIBHLIX 3IHAYeHHH YTJOBHX MOMEHTOB H aHAJH3HPYIOTCH
Hx ocobentocTH. C 11€/1bl0 COCPEOTOUHTL BHHMAHHE HA YUJ0BOH YacTH (HaH
2e0MeTPpUHeCKOM (PAKTOpe) XaDPaKTEPHCTHK B3AHMOAEHCTBHA CBETAa C MoJje-
KyJdaMH MbBl OPPAHHUMMCS NPpUOAHIKEHHEM LIBPOKOTO CNEKTPaNLHOTO COCTaBa
B030Y KAAMULOro CBETA, YTO HCKIIOUHT 3ABUCHMOCTb OT CKOPOCTE M KOOp-
auHat dactuu. C apoueccamH, CBA3aHHBIMH C MOHOXDOM aTHYECKHM BO3OY K-
E€HHEM aTOMOB H CeJIEKUHEH N0 CKOPOCTAM, MOMHO O3HAKOMHTBCH, HATIPH-
Mep, B [24] M UMTHPOBaHHBIX TaM HCTOYHHKAX.

3aKAyHTe bHBH pazaen NOCBsILIEH KPAaTKoMy 0630DYy ADYTHX MeTOI0s
ONTHYECKOr0 BHICTPAMBAHHS M OPHEHTALUH MOJEKYJ: (JIyopecleHTHoe 3ace-
Jienre, GOTOAHCCONMALNS, NOATPHIAUKA NPH AHUIOTPONHHX CTOJKHOBEHHAX,
OpHEeHTaUUs MOJATPHBIX MOJEKYJ B 3JIEKTD MMECKOM ToNie H Ap.

HutdopmalHoHHAST LeHHOCTh SKCTIGPHMEHTOB C NOJSAPHIOBAIHHHIMHU IBYX-
ATOMHBIMH MOJIEKY1aMH B OCHOBHOM COCTOSTHHH BECbMa BEJHKA. 3/1eCh MOX-
HO BBUAEJHThL [1Ba OCHOBHWX HalpaBJ/eHusA. Bo-nepshx, 3TO samava onpeie-
JUTh COOCTBEHHO MOJIGKYAAPHHE KOHCTAHTH, 2 WMeHHo: ¢axtopH Jlanaé g,
(urcEpPOBAHHOIO BP ALIATEJILHOMO (B TOM 4YHCJe CBEPXTOHKOIO) YPOBHSA, KOH-
CTaHTHl CBEPXTOHKOIO BIAUMOJEACTBHY H MaCHHTHOTO IKPaHMpPOBaHMA, NO-
CTOAHHBIE, XapaKTepH3VIOILHE B3aHMOAEACTBHE MeXxAy TepMaMH. BaxHocTo
Npo6JeMH B TOM, YTO 8 OTJHYHE OT aTOMOB, AJS NHAMAaTHHTHBX MOAEKYJ
¢akropH JlaHae g,, KaKk npaBHIo, He yapaercs paccynrats ab initio. Hanpo-
THB, HX 3KCMEpHMEHTAJbHHE 3HAYeHHS (BEAHYHHA W 3HAK) NOBBOJAIOT HC-
CJEN0BATb TOHKHE ITPOUECCH BHYTPHMOJEKYJIADHBX B33aAMOAEHCTBHH, CM.,
Hampumep, [25-30]. Bo-BTOpHX, 3TO XapaKTepUCTHKH B3aHMOUAEACTBHS C
APYCHMH HaCTHUAMH: KOHCTAHTH CKOPOCTH H CEYeHHs MOJEKYJIAPHO-ATOM-
HBX H MEXMOJIEKYJSIPHHX CTONKHOBEHHH, ODPHEHTAUMOHHHE 3aBHCHMOCTH
flapaMeTpoB XHUMHUYECKHX peaklHd, M Jake XapaKTePHCTMKH 83aHMOENCT-
BHA MOJIEKYJl C NOBEPXHOCTbLIO (aAcOPOULHS H OTparKeHne).

He npereHays Ha nojiHOE H3JOXKeHHe YNOMsSHYTHX BOIIPOCOB, M B OC-
HOBHOM OFPAHHYHMCH MPUMEDaMH «TECTOBBIX» MOJIEKYJ BOAODOAONOACOHHX
menogHbx awmepos Na, n K., a Taxoke Taxennx Mogexya voga I, s tenny-
pa Te,. CHCTEMH 3TEKTPOHHLIX TIEPEX0OAOB 3TUX MOJNEKYJ B BHAHMOA obJa-
CTH CNI€KTPa Tabv.iEPOBAaHBl C BHCOKON TOTHOCTHIO H A3XKe HCNOJABSYIOTCH B
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KauecTBe CTAHAAPTOB AJAHH BOAH. MeroaaMu Js1a3epHOM CNEKTPOCKOIMM Tl0-
JiyaeHa HHpopMauus o daxropax Ppanka — KongoHa, BpeMeHax KH3HH,
ADPYruX pajAHaUHOHHEIX H PEJakCAUHOHHBIX KOHCTAHTaX. MIMeHHO m/s yka-
3aHHBIX /IHMEDOB HAKOMJEH H3BECTHHIH ONBIT MO Ja3epHOoil ONTHYEeCKOM no-
JADH3AaUHH KaK BO30YXAEHHBIX, TAK W OCHOBHHIX COCTOSIHHH M H3YUYEHHIO
CBAI3AHHWX C 3THM $IBJEHHHA HHTeDP¢EpeHLIHH MATCHHTHHX TIOAYyPOBHEH, B TOM
YuCJle B PE3YJIbTATE SKCNEPHMEHTOB, BLiMOJHeHHBIX B 70-e—80-e roan 8 JlaT-
BHACKOM YHHBEPCHTETE.

2. JlunoAbHbIA MOMEHT ONTHYECKOro nepexofa B moaexyde. [Ipu knac-
CHYECKOM paCCOMOTPEHHH NPOLECC NOIJIOLIEHHS H HCITYCKaHHs CBeTa MoJe-
KyJ0# MOXHO NPeACTaBHTh Kak BO30yxKJeHHe M 3aTyxaHHe KoJebaHHi
K/1aCCHUECKOr0 repuesckoro sunons d. BeposTHOC: » MOTOUEHHS CBETA, KO-
HEYHO, 3aBHCHT OT B3aWMHOM OpHeHTauHH sToro aunoas n E-sexTopa cmerto-
BOit BOJIHH. s aHaau3a BO3HHKalOWeH TMpH NOrJOLLEHHH CBeTa IOJAPH-
32IKY YITAOBBIX MOMEHTOB MOJEKYJ HEOOXOAWMO BHISOHHTH B3aHMHYIO ODH-
-@HTAIHIO YIJOBOrO MOMEHTA J H AMNOJNBHOrO MoMeHTa d.

‘e

o4

Puc. 3. HanpaBneHne AHDONLHOTO MOMEHTa ONTHYECKOTO Mepexofa B [BYXaTOMHOR Mose-
kyne. a, 6 —IlapaanensAuft nepexon P- ym6o R-tana. 8 -—— [lepnenankynsapHuA nepexon.
2 —IpousBonbRas opweHTalUHs yriaosoro momerta J (0, @)

BaauMmHasy ODHEHTAUHS IHTIOJBHOrO MOMEeHTa d H MeXDbAAepHOH ocH
3aBHCHT OT THIIa MOJIEKyJAsipHOro nepexoga. Tak, aas Qf-ruma nepexona,
KOrAa PasHoCTb MOMEHTOB BepxHero /' n HuxHero J/”” yposHeR A=J'—J"=
=0, IunoJbHHHA MOMeHT d pacnoJioXeH BAOJAb YTJOBOIO MOMEHTa MOJEKY-
Jw J M ocTaeTcs HENOABHIKHHM IIPH ee BpamleHHH. B 9Tof Moaens mpeano-
1araeTcd, 9YTO YrJOBO# MOMEHT MOJEKYJH B pe3yabTaTte NOTJIOMEHHs HIM
HcnycKanus ¢OTOHA He NOBOPaYHBAETCS B NPOCTPAHCTBE, TaK KaK YIJIOBOA
MOMEHT OTOHA MHOrO MeHble YIJIOBOIO MOMEHTAa MOJeKyaH. B caygae Pf-
an6o R4-tunos mepexona, koraa A=J'—J"=—1 aubo |, numonbHuit Mo-
MEHT TIePEX0Aa BPAINaeTCH B NJIOCKOCTH BPAIM€HHs MOJIEKYJH, TTPHIEM [Jd
R%-Tuma nepexoaa HampapJIeAHe €r0 BPalUEHHs COBNAAaeT C HanpaBJeHHeM
BpallleHHs MOJIeKyJaH, a ajas P4-tuna — mportrBononoxso emy [17, 31-34].

TlpuunHA TAaKOro NMOBEAEHHA KJIaCCHUEOKONO JHMOJBLHOTO MOMEHTAa MO-
JKeT OHTh NORATa M3 caeRyiolmero. PaccMoTpHM BHagaje MOJIOKYJIADHHA
nepexol, B Pe3yJabTaTe KOTOPOro MPOEKIIHS YIJAOBONO MOMEHTa 3JEKTPOHOB
Ha MeXDbAAEPHY0 OCb He MeHsercsi, HanpmMep ‘Z—-'S, 'II-IT u 1. 4. Taxoft
nepexOl HHOTNAA Ha3WBAIOT NapaiyensiuM [35]. ¥ B aTOM cTywae d Hanpas-
JeH BIOJb MEXDbAAEPHON OCH H BpPallaeTci BMECTE C MOJIBKYJOH € JaCTO-
Toit Q. B MOJeKyAApHOR CHCTeMe KOOpAHHAT, KOTAa 2-OCb COBIlalaeT C Ha-
paBJIEHAEM YTJOBOTO MOMEHTA MOJIEKYJH J, 2 X-OCh HaTPABJIEHA {10 MEXD-
afepROA ocH (pHC. 3, @), EAMHHYHBI BEKTOP rePUEBCKOTO RHTIONA WMEET Co-
CTaBJAIAE

exp (— iwyl)

[ . ). @.1)
0

dmol
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rie @, — 4acrora KojJeBGaHHi gunoas. B HenoJABHIKHOH CHCTEME KOOPAMHAT,
Z-0Cbh KOTOPOIt NO-TIPEKHEMY COBYafaeT ¢ yrjaoBuM Momentom J (puc. 3, 6),
MoMeHT d uMeer C.1eQYIOLLHE COCTABJSIOIHE:

cos Qf -exp (— iw,f)
d’ = sino cexp (— imyl) | (2.2
0
rae Q — yraosas CKOPOCTb BPAlLLEHHA MOJIGKYJIHL.

CocTOSIHHE TIOJIAPH3AUHH CBETOBOrO Jyua (JHHEeHOH, KpyropoH) ynob-
Hee BCEro OMHCaTh B UHKJIHYECKHX koopaHHATax [36]:

€. = F '_'712: (ex + iey), €y = €. (23)‘

JleAiCTBUTENILHO, HATIPHMED, A4S CBETa, IOJAPH30BAHHOTO N0 NPABOMY KPYTY,
BEKTOD NOJIAPH3ALHU COBIIANAET C OPTOM €_,. [103TOMY YJIOGHO H IHMOJbHBIA
MOMEHT Nepexoja 3anucaTth B ITOH JKE CHCTeMe KOODJAHHAT, T. €. B BHIe
[33] (d — eaunuuHbi BeKTOp BAOJL d)

1 1

2 2

d' = i exp[—i (w,— Q) 1] +
2
0

exp[—i(wy+ Q) {]=

o N~

= d_1 exp|— i (0, — Q)] — d exp[—i(w, +Q)1]. (2.4)

C uesblo HarJsSLAHO IPeNCTaBHTh HMEWILYI0 QH3IHIECKHH CMHCJ A€HCT-
BUTEJILHYIO YaCTb NEPBOTO M BTOPOrO CJ1araeMoro, NEPBOE H3 HHX BHPadHM
B BHAE

%ex c0s (0, — Q) {— % e, sin (@, — Q) £. (2.5)

[ToryueHHOE 'BLIpaXKeHHE ONHCHIBAET BpalleHHE IHNOJA € YTJ0BOH CKOPO-
CTbIO @W—Q B IIOCKOCTH XYy B HATIPABJEHHH 110 YaCOBOH CTpEJIKe, eCTH CMOT-
perhb C KOHIla z-ocH. Bropoe cnaraeMoe, 3anucattoe B popMe

—% ex 08 (0 + Q) £ — %ey sin (0, +9)¢, (2.6)

OMHCHIBAET BpAllEHHE JUMOAS POTHB TacOBOA CTPEJKH € YIJIOBOK CKOpO-
cTbI0 @, +R. Hacrtora w,—Q coorBercrByer P{-THny MoaexyasipHOro nepe-
X0fa, NPHBOJASALIErO K yMEHbUIEHHIO BpalllaTeJbHOR 3HEPIMH MOJEKY/IH, a
yactoTa w,+Q — R{-THny nepexoaa, B pesyabTate KOTOPOro BpaliaTe/bHas
SHEepPTHS MOJIEKYyabl YBEAHUYHBaeTCHA. M3BECTHO, YTO B KJIaCCHIECKOM ITpeaene
KBAHTOBOIO PaCcCMOTPEHHS BpallaTelbHas 3Hepmﬂ MOJIEKYJIH MOJKET Me-
HATbCSH HA BeAWIHHY FAQ.

CHTyallHsi HeCKOJbKO OT/IH4AETCA M1 MONEKYJapHHX NepexoioB, B pe-
3yJbTaTe KOTOPHX NPOSKIHS 3J€KTPOHHOTO MOMEHTa Ha MEXDBAEPHYIO OCh
MeHAETCH Ha €NMHMLY. ITO TaK Ha3nBaeMHe NEepleHLRKYISPHHE epexoinl
[35], nanpumep ‘E—'II. B 3ToM c/Iyuae AHNIONbHBIA MOMeEHT nepexona d spa-
HlaeTCH C VYTIJOBOH CKOPDOCTBIO @y B IVIOCKOCTH, TEPINEHAHKYASPHOH MEXb-
S1epHOA ocH (PHC. 3, 8), H OLHOBPEMEHHO BMECTE C MOJIEKYJION CO CKOPOCTHIO
Q BOKDYr yrjosoro mMoMmeHTa J. Bo Bpamawueiics cucreMe koopauHat [33]

~ 0
d™ = exp{—iwg) |. 2.7y
iexp (— iy)
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31ech TakkKe ynoOHO IDH NMepeXofe B HENOABHMKHYK CHCTEMY KOOpJAHHAT
Pa3J0XHTh eJHHHYHHI BexkTop d’ MO LHKIHYEOKHM OpTaMm, B pe3y/bTare

Yero noJiyaaeM TpH KOMMOHeHTH. [Be u3 nux, d_, u d,., nogobHo (2.4), co-
OoTBeTCTBYIOT P{- M R{-THNnaM nepexoaos Ha 4acToTax w,—Q H w,+ Q. Kpo-

Me TOro, I0NOJHHTENbLHO BO3HHKAET d,-KOMIIOHEHTa, OPHEHTHPOBAHHAS BJOJIb
z-ocH (1. e. BlOJIb BeKTOpa J) ¥ coBepiualouiasi JHHEHHble KoJieGauus ¢ gac-
TOTOH ®,. ITa KOMIIOHEHTA COOTBETCTBYeT Q1-THNY MOJEKYJSPHOro nepe-
x04aa.

Jlo cHX nop MBl MHTEPECOBAJIMCL OpHEHTalMeHd AUNOJLHOTO MOMEHTA
nepexoja Mo OTHOLUIGHHIO K YIJIOBOMY MOMEHTY J MOJIeKyJH, TaK KaK WMeHHO
J COXpaHAIOT CBOIO OpHEHTAUHIO B npoctpaHcTae. [locaennee yrsepixkjienue
BEDHO, €CJIH HE YUYHTHBATb BJAWSHHE SIEDHOro cruHa. s OTAHYHOTO OT HyJs
S1EPHOr0 CNHHOBOIO MOMEHTA Y MOJIEKYJbl B [1€10M TaKXKe BO3HHKAET saep-
Hulii cnuH 1. Buecre ¢ yryiosbiM MoMeHTOM J OH QUDMHUDYET NMOJHBIH MOMEHT
moJiekyanl F. JlnnonpHut MoMeHT nepexoga d, CBA3aHHBIH HOKJIIOYHTENbHO
C 3JIEKTPOHHBIM [BHKEHHOM MOJIEKYJ, KOHETHO, NO-IEPEKHEMY OCTAeTCs OBS-
3@HHBIM ¢ MOMEHTOM J H BMecTe ¢ HHM ITpelecCHPYET BOKPYT IIOJHOTO MO-
meHTa F. YTJj08ass CKOPOCTb 3TOH NPELleCOHH ONpeAesisieTcsl SHeprHed cBepX-
TOHKOrO B3auMogeHctsHA. s THNHYHBIX MOJIOKYJSIDHBIX OOCTOSIHHM, KOr-
pa F~J>1, cBepXTOHKO€ B3aWMOJEHCTBHE TIPAKTHYECKH He OKashBaeT
BAMSAHHS HA TPOLECC MOTJIOWEHHS H WCIyCcKaHHs cBera. Kpome Ttoro, aad
BO3OYXKACHHBIX MOJI@KYJSIDHHX COCTOSHHA THMHYHA cHTyauusa [14], koraa
BpeMs KH3HH COCTOAHHS MEHbLUE NePHOJa CBEPXTOHKOM TIPEUOCcCHH (CM. HH-
xe, Taba 111 u 1V), 9T0 DONONHHTENHLHO yMEHbIIaeT BJHAHHE GBEPXTOHKOIO
B32HMOAENCTBHA Ha NpOUece UCTIYCKAaHHS CBETa B MOJIeKyJax. TeM He meHee
151 MOJIEKYJSIPHBIX COCTOSIHHE C HeGOJIblmMM 3HauYeHHeM KBaHTOBOTO THC/1a
J Takoe BjaHsHMe B psje ClyyaeB A0JKHO yaurmBartbes [37]. ITpu xaab-
HefillleM M3JIOXEeHHH, KpOME CJyuaeB, KOTAAa ITO CHELHaJLHO OrOBOPEHO, Mbl
BAHSTHME CITHHA | yUUTHIBATE He OyaeM.

PacomoTpenHble Cydau dCcUepTbiBaloT BCe BO3MOXKHBIE MUNOAbHBIE Nepe-
X01bl IPH MOTJIOLUEHHH CBETA MOJIEKYJaMH B CBSA3aHHBIX COCTOSHHAX. B pas-
JHYHBIX caydasax ¢orodparMeHTaliy MOJMEKy] CHTYalLlHs MoxeT OuThL Gonee
CJ0XKHAA; CM., Hatpumep, [38].

Takuym 006pasoM, TPH COCTABJAIIHE eJHHHYHOINO BEKTOPa AHTOJbHOTO
MOMEHTa, OYAyyd 3aNHCAHHHWMH B HHKJIHYECKHX KOODAHHATAX, a HMEHHO:
P-koMnonenTa (A=J—J"=—1) Ha uyacroTe 0,—, Q-KOMIOHeHTa (A=
=J/—J)"=0) Ha gacrore ©, H R-xomnonenra (A=J'—J/"=1) Ha wgactorte
0, +Q HCUEPNHBAIOT BCE BOZMOXKHHE JHNOJbHbHE ONTRUECKHE Mepexoln B
IBYXaTOMHBX MOJeKynax. BaxHHM cjeicTBHeM TIpHBEIEHHOTO PaccMOTpe-
HHS ABJAETCS BO3MOXHOCTD GANlACATh NOJHKHA AUNMOJbHNEA MOMEHT NIepexoaa
B BH/le HEKOTOPOro NPOH3IBENCHUA

d = Vd,, (2.8)

rie d, XapakTepHu3yeT OPDHEHTaLAI0 AHIOJbHOTO MOMEHTAa OTHOCHTE/bHO YTI-
JI0BOTO MOMEHTa MOJIEKYJIH J, HJIH TPOCTPAHCTBEHHYIO OPHEHTAilHIO BEKTOpa
d, a BHAEJIEHANH MHOXHTeNb V — IHHaMuuecKHi GaKTop AHMOJIbHOIO MO-
MeHTa.

3. PacnpepenenHe yryoBuX MOMEHTOB MoJieKyd. IlepefizeM K paccmorT-
pPeHHIO CO3AaHHOTO CBETOM AHH3OTPOMHOTO paclpejie/IeHAs YrJOBHX MOMEH-
ToB J MOJEKYAH, ueMy NpPHIHHOH O6Cy>KAeHHas BHIIE aHA3OTPONHSA JHNOJb-
HEIX MOMEHTOB, B CBOI0 odepennr OBfizaHHHX ¢ J (oM. puc. 3). Caeayer BHsAc-
HHTB, XaKHM 00pa30M BMA pacnpedeneHHs J ¢BsA3aH ¢ YrJ0BOH 9acTblO BEPO-
ATHOCTH NOTJOLEeHHs, KaK ero NpHHATO XapaKTepH3OBaTb H Kak paclnpeje-
JIeHHEe NPOABJAETCH B MOJSIPH3ALHOHHHX XapaKTEPHCTHKAX H3JTYYEHHS.
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3.1. ¥YraioBas GaBHCHMOCTb BEPOATHOCTH MNAOrJolle-
HHA. B nmanpHefileM H310xeHHH oco0oe BHHMaHHe OyaeT yleleHO Bepo-
ATHOCTH MOTJ/IOMIEHHS MOJIEKYJIOH CBETA C onpe/leleHHON noviapuaaured. Ha-
BECTHO, YTO BEPOSATHOCTHL NONIOUICHHS 3JEKTPOMArHHTHOR BOAHH repues-
ckum punoJjem pasHa |Ed|? rae E— sjexTpHueckHii BEKTOP CBETOBOH BOJ-
HH. 3Ty BEPOATHOCTb, HCXOAA H3 (2.8), MOXHO Pa3nEANTh HA AUHAMUIECKY IO

I, u yraosyo |ii:i|z wyacty. Toraa
|Ed|* =T, |Ed |~ (3.1)

AHajoroM TAaKOrO pasfeJsieHHs NPH KBAHTOBOM DACCMOTPEHHH Npolecca Jo-
[JIOIIeHHsl sBJAsSETCss NpHMeHeHHe TeopeMbl Buruepa — 3kkaprta [36, 39].
YroioBas 9acTh BEPOATHOCTH NOTJIOWEHHS, O CYTH, SIBJAETCSA HE UeM HHBIM,
KaK 32KOHOM COXPaHEHHS VTJOBOTO MOMEHTa IPH NOTJOWEeHHH oBeTa. HMen-
HO OH sBJIfAETCS OnpeledliiM (HaKTOPOM TPH BO3HHKHOBEHHH TIOJADH3A-
UHH YIJAOBHX MOMEHTOB KaK B BO3OYK/IEHHOM, TaK H B OCHOBHOM COCTOSHHH
MOJIeKYJ1, 4 TakXe NOJsAPH3aUHOHHHX CBOACTB H3JNYYEHHS, O3TOMY B AaJb-
HelllleM Ha YIJOBOH 4aCTH MB COCDPENOTOUHM OCHOBHOe BHHMaHue. s Mo-
NexyJsn ¢ BeKTOpoM J BIOJIb 2-OCH yIrJIOBas 3aBHCHMOCTb BEPOATHOCTH TO-
raowenus ects |Ed.|? TIpH npoHsBosbHONR OpPHEHTALHH Mbi AOJIKHH cipoe-
uuposate J Ha z-och npH nomowd D-varpuun Burkepa [36], saBucsauielr ot
chepuueckux yrnos 8, ¢ opueHTaunu J 8 npocrpancree (puc. 3, 2). Toraa
Yyri0Bas BEPOSTHOCTb NOrJA0THTH cBeT G (6, @) AJMS MOJEKYJabl € onpejeleH-
HOR opueHTauueii J(6, ¢)

A~ 2
G®, 9) = | X (— 1REDa (9, 6, 0|, (3.2)
Q
rae E,— LHKIHIECKHE KOMIIOHEHTH BeKTODa TOJSPH3alHK oBeTa E. SBHbIf
BUA MaTpHLB D) (¢, 9, 0) npusegeH s ta6a. [ [36, 40]. C ee nomoubio,

Ta6aunua 1. 9euuft BHA ko3ddHOHEHTOB D;A (p, 6, 0). A onpepenser THH MoJe-
KyASPHOTO Nepexoia, ¢ — NOJMAPH3ALAI0 CBETa

A= 1(R) 0(Q =1
q: .
1) ) 1+cos @ i sm_e —ip 1—cosB
2 V2 2
sin@ sin @
0 — cos @ Ay
V2 V2
—1 () oy 10058 o S8 (o Acos8
2 V2 2

HanpHMep, IPH NMOTJIOWEeHHH JHHERHO NOJSAPH30BAHAOTO BAOJB Z-OCH CBETa
NoJIydaeM YIJIOBYIO0 3aBHCHMOCTb Q4 -norjroulenns

G (0, ¢) =cos6. (3.3)

B pesyabraTe norsowenHss cnaboro (T. e. He HaPYWAKOMEro H30TPONHOCTH
pacrrpefeseHHsT yrAOBHX MOMEHTOB OCHOBHONO COCTOSHHSA) CBETa B BO3GYXK-
JNeHHOM COCTOSIHHH BO3HHKaer H3ofpakeHHoe Ha DHC. 4, @ pacnpepeJienne
(0, @) yriaoBHx MomeHTOB. PopMa NpPUBEIEHHONO pacIpefesIenHs JOIRO-
CThIO ONHCHBAETCA BHAOM VIJIoBOA YacTH G (6, ) BEPOATHOCTH NOTJIOUWIEHAS.

3.2. [lnotuocte BeposTHocTH ODynxuua p(6, @) sBaAsercs
MJIOTHOCTBIO BEPOATHOCTH PaclpefeseHHsl YIJIOBOTO MoMeHTa J, H, 3HauHT,
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p (0, p)sin6ddde ectb BepoATHOCTD OOHapyXeHHs MoMeHTa J B npejenax
cdepuneckux yraos 8--6+d0, ¢-+-¢+dg. 3Hanne Buaa GyHxukH (6, @)
aHcau6s COAepPKHUT BCIO HHPOpPMalLHIO O MNMOAADH3AUHH H KOr€PEHTHOCTH
cocTosHHA. HOpMHPOBKY ILIOTHOCTH BEPOSITHOCTH

L1 11

j‘ y 05 (8, @) sin0d0 dp= W, (3.4)
00

T. €. IOJIHYI0 BEpPOATHOCTE W 06HapyXKeHHA MOJIeKyJbl B BO30YXKIEHHOM CO-
CTOSIHHH, OnpeaensieT JHHAMHYEOKasl YacTh BOPOSITHOCTH MOIJIOUIEHHSA CBETa.

Puc. 4. H3omerpruecKHe MpoekuHH OJOTHOCTH BepOATHOCTH P (6, @) pacnpenenenss yrJo-
BOTO MOMEHTa BO3GYXXIEHHOrO MOJEKYJSPHOTO COCTOSIHHS, NMPH cnaGoM BO3GYMKIEHHH. @ —
Q1-nepexos, AHHERHO NMONsPH30BaBAOe BO3OyXaenHe. 6 — P4- nu6o Rf-nepexox, anuenno
OoAsipu3oBaHHoe BO36ykieHHe. & — Rf-mepexoa, Bo36ykaeHue cBETOM, 0O/7PH30BAHAHM

no npaBOMY KpPYTY

[TpusenenHoe Ha puc. 4, a pacnpeneseHHe YrAOBHX MOMEHTOB COOTBET-
CTBYET BHCTPpamuBaHHuO ancambJid, NpHYeM B 3TOM CJyJae BHICTDaHBaHHe No-
JOXHTEAbHO. Ecau nHHEeAHO NoJspH3oBaHHHIA cBeT Bo3Gyxaaer P4- uau
R4-nepexos, To H3-32 OpPTOTOHaJbHOCTH J H d yryioBas 3aBACHMOCTb NOTJIO-
LIIeHHs paBHa

G®, ¢) =-;-sin*e. | (3.5)

Ecan Bo36yxaaolui cBer cjaaluf, TO B BO36yXIEHHOM COCTOSHHH BO3HH-
KaeT uzobpaxeHHoe Ha puc. 4, 6 pacnpenesenne p,(0, @) YrI0BHX MOMEH-
ToB. 1 B 3mO0M caywae amcam6Jb BBHICTPOEH, TOJbLKO 3HAaK BHCTpPaWBaHHSA
OoTpHLUaTeJIen.

HakoHeu, TepH norJsiolleHHH pacmpocTpaHsionlerocs BAOJL Z-OCH LHp-

KyJADHO NOJSPH30BAHHONO cBeTa npaBoll moaspu3aumu (E,,) yriosas 3a-
BHCHMOCTb BeDOSITHOCTH NOMJIOLLeRHA npH R{-nepexone pasHa

GO, §) = %(1 — cos ), (3.6)

DTO 3HAYHT, 9TO YT.IOBAsl 4acTb BePOSITHOCTH INOIJIOIIEHHa cBera npH J, Ha-
npasjeHHOM NPOTHBOTIOJOXKHAO JYJy CBeTa, T. €. KOTja HatpasjeHHe Bpatle-
Hua d u E cosnanaror, pasHa eanHnue. Ecau J coHanpapJsieH nyqy, BeposT-
HOCTb paBHa Hy 10 (pwc. 4, 8). B 37OM ciyuae BO3HHKAeT IpeHMylleCTBEH-
HOe HanpasJ/eHHe OPHEHTAUHHA YTJOBHX MOMEHTOB BAOJbL Z-OCH M aHCcambab
YTJOBHX MOMEHTOB Ha3blBaeTCH OPHEHTHPOBAHHbLIM.
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3.3. PazagoxeHHe no MyabTHnoassM. KorepeHTHOCTD.
AnuzoTponus pacnpejesneHus, Co3JaHHast BHEIIHAM BO3AEHCTBHEM 3JEKTDO-
MArHHTHOH MPHPOAB!, HMeeT HaHGOJee NPOCThie XaDAaKTEPHCTHKH ¢ COBep-
1UIeHHO onpeAeJeHHbIM (U3HYECKHMM CMBICJOM, €CJIH BMEeCTO HEeTpPephBHOH
dyHKuMEp (6, @) ucnoas3oBats [36] avoxperHbie KOxpHUHEHTH pa3joxe-
HHUA 5TOH OYHKUHH 1O CHepHUYECKUM rapMOHHKAM

a0 K .
00, ¢) =(@n)2 S S (2K + 1)V2pqY ke (6, ). 3.7
K=0 Q==~K

Bubop Yie [32, 33] dyHKUHH B KauecTBe 6a3Hca OKa3nBaeTCS YPE3BbIYANHO
YAaYHBIM B TOM CMBIC.JI€, UTO OT HYyJd OTJHUYAETCH JHIUb HeGOJbIIOE YHCAO
KOI((HUHEHTOB Pa3I0KEeHNs PF, KOTOpble NPHHATO HA3biBATb MOASAPH3ALH-

OHHBIMH (HAU MYJbTHIOJILHBIMH) MOMeHTaMH. TakuM 06Da3oM, BMECTO He-
TpepbiBHOR (PYHKUHHM ABYX apryMeHTOB MBI ONHCHIBAeM pacnpegelienHe IpH
TNOMOLUH HECKOMbKHX HHCE] P§, KOTOPHIE HMEIOT CjeldyiOllylo HHTepnpera-
uuio. Movenr p} padra K=0 npu HopMupoBke corsnacHo [41] naer Bepost-
HOCTb OOHApYXEHHS YACTHUK C [IPOH3IBOJIbHOH OpHEHTAUHeH YTJOBOrO MoO-
veHTa.) B paccMaTpHBaeMOM cOCTOSSHHH. Pasymeercs, 310 OKaJslpHasi BeJIH-
Y4Ha, H OHAa OCTAaeTCHA HEH3IMEHHOH NpH J000M MOBOPOTE CHCTOMB KOOPAH-
Har. Tpu koopanHatel (Q=—1, 0, 1) Momenta paHra K=1 o6pa3yloT LiHK-
JHYeCKHe KOMMNOHEeHTH BekTopa. OHH NMO3BOJASIOT HaHTH CpeaHee 3HadeHHe
KOMIIOHEHT Yr.10BOrO MoMeHTa {J)q:

1

(J>Q:”J|J|33_» (3.8)

Po
aHcamb6.15i MOJEKyJd, TAe n; — KOJMHYECTBO MOJEKYJ B PACOMaTPHBAEMOM CO-
crosHHU. Beauunna (J), nponopuHoHaibHa Q-# LUHKIHIECKOH KOMIIOHEHTe
{W)o MATHHTHOTO MOMEHTA aHCamObJas

(W = — guy (S, (3.9)

riae g, — MHOXwureib JlaHae, p, — MarHetoH bBopa. HyxHo orMeruTb, 4TO
KoMTIOHeHTH ¢ Q+0, B oTyiHuHe OT KoMIoHeHT ¢ Q =0, B ofilueM ciydae siB-
JSIIOTCS KOMTIJ@KCHBIMH BEJIHYHHaMH, TpAUeM ¢GH3AYeCKH HabJlofaeMuMH
ABASAIOTCH KAK HX AeACTBHTEJbHBHE, TAK H MHHMBE uacTH. [TonspusauunoH-
HWA MOMEHT P, HaabiBaeTCs opueHTauueil ancaM6as. [IaTb kKoMnoHeHT (Q=

=-2, —1, 0, 1, 2) MmomeHnta panra K=2 HasHBAalOTCA BHICTPAHBAHHEM aH-
caMbas. B obmem cayuae pacnpefeseHHe YIVIOBHLX MOMEHTOB XapaKTepU3y-
ercs TaKxKe MOMeHTaMK 6oJjiee BLICOKOTO paHra.

PaccMoTpenHHe BhIle KJ20CHUIECKHEe TIOAADH3aNHOHHBE MOMEHTH StBJIA-
JOTC ACHMIITOTHYECKHM NpeaejoM KBAHTOBHX BEJIHYHH, KOTODHE BBOIAATCSA
Kak KOxppHIHEHTH Pa3joXeHHs MaTpHUBH NJAOTHOCTH [42] mo HenpHBOAH-
MHM TEH3OpHHM oneparopaM [36, 43]. B cayvae KBaHTOBOrO pacCMOTPEHHS
BaXXHBLIM MOHSATHEM SIBJSETCH KOr&PEeHTHOCTb aHcamb/sa dacTHu. Bo3HMKHO-
BeHHE KOTeDEHTHOCTH B ONpEJejeHHOM GMhICJe CBA3aHO C CHHXDOHH3AlHefh
(a3 6a3HCHBIX BOMHOBHX (PYHKIHH, ONKACHIBAIOLIHUX pPA3JIHUHHE BHPOXKIEH-
HHE COCTOSIHHMSI aTOMOB HJHM MoJeKyJs [44]. UacTO COCTOSTHHAMH, MEXAY KO-
TOPBIMH BO3HHKaeT KOT'€PEHTHOCTb, SBJIAIOTCH Pa3JHYHHE MPOSKUHH M yr-
J0BOTO MoMeHTa J Ha 2-0cb (0Chb KBaHTOBaHHs). Toraa KOMNOHEHTH KBaH-
TOBHX MOJSIPH32LHOHHHX MOMEHTOB C OITpejesleHHHM 3HaueHHeM ( xapak-
TEPH3YIOT KOTEPEHTHOCTh MEXK 1y COCTOTHUEMU ¢ AM=Q.

B cayyae K.i1acCHYeCKHX MYJbTHIOJABHHX MOMEHTOB 3HaUeHHEe HHAEKCa
Q seruye NOSICHHTE C TOYKH GPEHHST CBONCTB CHMMETDPHH aHCaMOas YrJIOBHLX
MOMEHTOB OTHOCHTEJbHO NOBOPOTA BOKPYr 2z-ocH. Tak, aHcamO6J/b VrAOBHX
MOMEHTOB, XaPaKTeDH3yeMB A pf, HMeeT 2-0Cb B KauecTBE OCH BpalllaTelb-
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HOH cHMMeTpHH nopstaka Q. B cayuae Q=0 B ancavbie HeT KOrepeHTHOCTH,
M B KJaCCHYECKOM 'PaCcCMOTPEHHHM TaKOH aHcaMOab HMeeT NOJHYI Bpallla-
TeJbHYI0O CHMMETPHIO OTHOCHTEJIBLHO II0BOPOTA BOKPYI 2-OCH. 3TO 3HAuHT,
YTO €CJH pacrnpelesieHde YriOBHX MOMEHTOB HMEET aKCHaJbHYIO CHMMeT-
pHIO, TO, BLOPaB OCb KBAHTOBAHHS BJIOJb OCH aKCHAJbLHOH CHMMETDHH, MH
CMOXKEM 0XaPaKTepH30BaTh aHCaMO6Jib NPH NOMOLIM MOMEHTOB pX.

Cro#icTBa BpallaTe/JbHON CHMMETPHH aHcaMbJis YIJIOBbIX MOMEHTOB,
XapaKTepH3yeMoro OlnpeldeJeHHHM HabopoM MYJbTHNOJEH, HIMIOCTPHPYeT
puc. 4. M3 31ux c=oficns MoxeT OHTb MOJYYSHO elle OXHO BaXkHOe COOTHO-
1eHue:

0g = (— D ()", (3.10)
cBA3biBaloilee Q-KOMIIOHEHTH MYJbTHNOJbHBEIX MOMEHTOB paHra K.

Jpyrum npeuMyliecTBOM pasJjoxeHus (3.7) siBJIsfeTCH BO3MOMKHOCTb
HauGoJiee palHOHAJBHO OTIHCHIBATH peJiaKCcaltHOHHHeE npoueccH. Tak, ecan
NpoOLECC PENAKCAIHH ABJASETCS H3IOTPOMHLIM, TO NOJSPH3ALHOHHHE MOMEH-
Thl PA3JMTHOTO paHra PEJaKCHPYIOT HE3aBHCHMO, [PHUYEM BCE KOMIIOHEHTHI
onpeneneHHOro paHra K peJIakCHPYIOT ¢ OJHOH H TOR XKe cKOpOCTbio ['y.

JKCepUMeHTaAbko O paciipefleleHHH YIJAOBHX MOMEHTOB B BO30GYXK-
IEHHOM COCTOSIHHH NO3BOJIIET CYAHTh YIJIOBO€ PaclpejeseHHe H NoJispH3a-
uust ¢GJyopecleHUMH TPH PaJHaLHOHHOM Mepexofe MOJeKYJH C Hecjaenye-
MOro ypoBHa v,,J, Ha Kakoe-THGO ApPYyroe COCTOSHHE (CM. CXeMY YpOBHeR
Ha puc. 2). MHrencusHocTh duryopecueHiuy [ ¢ onpeaeseHHOR NOJSAPH3ALH-

eii E/ MoXHO HaiiTH, ec;IM H3BeCTHO YIJIOBOE pacnpeneserde py(0, @) Bo3-
Oy KAEHHHX MOJEKYJ

1=ASpb(B, @) G’ (0, ¢)sin6 do dg, (3.11)

rie A — HODMHPOBOUHBWH MHOXHTEJb, BKJAIOUAIWHA B cebs AHHAMHUECKYIO
YacCTb BEPOSATHOCTH MOJEKYJAspHOro nepexoaa, a G’(6, ¢) onucHBaer Bepo-
ATHOCTb TOMO, 9TO B PE3yJIbTaTe NMMNOJBLHOrO Nepexoaa HCNyIIeHHHH MoJe-
KyJOH ¢ OpHeHTauHel yryoBoro mMoMeHta J(6, @) cBer GyaeT 3aperucrpi-
poBaH (GOTOAETEXTOPOM, UYBCTBHTEJBHHM TOJNBKO K CBETY C NOJspH3alluei
E’. 3nas THN IPOHCXOAAIIEro MOJIEKYJISIPHOTO Nepexoia, BeJHdHHY G’ (0, @)
MOXHO HaHTH o opmyne (3.2).

Pacuer curnana duayopecueHuun [ 3HaUHTENBHO YIPOLIAETCsl, €CJH
bynKunk py (6, ¢) u G'(6, @) PasAOKHUTL TIO MYJILTHIIOAAM:

2 K

[=A(—1" 3 @K+1D"Clana 3 (— DS 050% E), (3.12)
=0

K Q=K

rie A =J'—J, ecTb pa3HOCTb YIJOBHX MOMEHTOB Ha4aJbHOrO H KOHEUHOro
cocToanus GAyopecuHpyoulero Mnepexona, Co%a — KoapdHuneHT Kaeb-
wa — lopaana. Beeaennas [IbakoHOBWM [45] Bennunna Of XapaKTepH3yeT
dynxuuio G’ (6, ¢) H paBHa

K /pr —_ 1 _ q T A.’ Q .-
¥ €)= Z( 1 EokeCigh o' (3.13)

anecs E,, E, — nHKIHYeOKHEe KOMIOHeHTH BekTopa E. dopmyam (3.12) u
(3.13) REMOHCTPHPYIOT, 9TO B CHJY CBOHCTB CHMMETDHH YIJIOBOH BepOSTHO-
CTH H3ayyeHHs G’ (0, ¢) HEmocpeACTBEHHHWA BKJaL BO (JyOpecleHIHIO BHO-
CAT TOJBKO MOJsiPH3allHOHHbie MOMeHTH [IM paHra K<C2.

[Tposenentoe paccMomTpenue noka3ago, KakHM oOpasoM yaaercs AJs
cay4ast BO3AEHCTBHA cnabbim CBETOM OJHO3HAYHO BOOCTAHOBHTb YIJI0BOE
pacnpeneseHnHe p, (0, @) BO36YXKAECHHONO COCTOSIHHS, HCIOJb3YH HEGOJblIOe
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KOJTHUECTBO AHCKPETHBIX MVJIbTHIIOABHBIX MOMEHTOB bp"g, Yy KOTOPbLIX paHr
K<C2. Hanpuvep, A4 nHHE#HON NOJSIPH3AaUHH CBETAa IIPH ONTHMAJbHOM
BbtOOpE KOODAMHAT HX BCEro ABa: P (BbicTpaHBaHHe) M P! (HaceseH-
HOCTh).

O6cynuM, KakHM 06pa3oM H3MEpEHHE YrJOBOrO paclpefesNeHHsl H3Jy-
4eHHsl JTUGO €ero MOJSPH3AUMH NO3BOASIOT ONPELeNHTh 3HayeHHs pf. BTo-

poit cnoco6 TeXHHYECKH yaofHee — 3TO yallle BCEero TPaAHUHOHHHE H3Mepe-
HHS CTeMeHH NOJAspH3auMH (UWPKYJIADPHOCTH), NOAPa3yMeBalollue, KakK npa-
BHJIO, ONPEAENeHHYI0 reoMeTpHIo BO3OYKAeHUs U HabnoneHHs (M. puc. 4).
CBoaKa BhIpaKeHMiH 1ns Hanbosiee pacnpoCTPAaHEHHBIX CJydaeB NpHBENEHA
B ta6a. 1. HanomHuuM, uto crenens NHHeHHOR NOASPH3allHH OBETa

Iy —1 3cos? (> — 1
= = = ———= (3.14)

1, +1, cos® <Ly + 3
lmL'—'KOMHOHEHTH H3NYYeHHA, TNOJNApPH30BAHHBIE COOTBETCTBECHHO napaJa-

JeibHo  aH60 opToroHanbHo Bekropy E BosGyxnawmouero csera (cM.
pHC. 4, a). 3xeck § — yrosa Mexay MorJollaiollyM H H3JYYaoluM JHI0JIeM
[14], a ycpeaHeHHe NPOBOAMTCHA NO MOJEKYJASTPHOMY akcaMmb/i0 332 BpeMs
AH3HH BO3OYKISHHOrO COCTORHHA, KOTOPOE OBLIYHO 3HAYHTENbHO NpPEeBHIlE-
€T I€PHOA BpalleHHs MOJeKyJnl. 3HaueHHs cos?’(l) npweeneHn B Ta6a. Il

M3 taba. Il BuaHo, uto BHpaxene (3.14) He coBceM yaoGHO, Tak Kak
p. BXOAMT H B 3Hamenatesn. [lostomy Hepeako [39, 46] npumensiloT «cTe-

NeHb BuICTPAUBAHUAY

_ ITI—IJ_ _ 2 2 _
R—-7”+—21l— 5(3C05 & —0, (3.15)

YAOOGHYI0 T€M, YTO OHA SIBJIETCA OTHOLUEHHeM BHICTPAHBAHHS K 3aCeJeHHO-
ctH p02/,P% (cv. Taba. JI). CreneHb UMPKYJISPHOCTH B TEOMETDHH PHC. 4, 8

Is —1
cC=3_""9° (3.16)
Is + 1

rae Is, /o — HHTEHCHBHOCTb (JIYOpeCUEHUHH, INOJAPH30OBAHHOA 1O KPYyry B
TOM K€ JHGO B ITPOTHBONONOXKHOM HallpasjeHHH, YTO H BO3GYXXAAOUWHH
cBeT. MakcHManbHBe 3HAYeHHS BENHSHH, ONpeleiIeMHX BHPAXKE@HRTMH
(3.14)—(3.16) (cwM. Tabu. II), npuHuMalOT B cayuae, Koraa sce [IM penak-
CHPYIOT ¢ OAHO® CKOpocThio ['x=T, T. €. HeT HeNnoJsipPH3YIOMWIHX CTOJKHOBe-
mHi. Eciiy 3T0 He Tak, TO U3 H3MepeHHKX P 160 R MOXHO OIFpPeJesHTh OT-
HomeHRe KOHCTAHT [,/T;, a TakKe sppeKTHBHBIX CeUeHHA 0./0, PeJaKCauuH
BHICTPaKRBaHHA H 3acejeHHOCTH. OTMETHM, UTO CYLIeCTBYET «MarH4ecKuii»
yroa 0, NOJIOKEHHS OCH aHaBA3aTopa OTHOCHTEJbHO Bektopa E, paBHHA

8,= arccos (1/¥3), IpH KOTOPOM pEruCTpHpyeMas HHTEHCHBHOCTb [e, He CO-
HepPXKHT P} H No3TOMY CBA3aHA TOMLKO C [, JIJs OpHEHTALHH HeNb3s nps-

MO M3 CTENeHH UMPKyJAApHOCTH onpenendts I',/T, Tax Kax BO3BHKAeT Takxke
BHCTpaHBaHHe. BOTpoc 0 MOCTaHOBKe 3KCTEpHMEHTa B reoMeTpHn HabJiojae-
HASL BAOJb Jyda, TO3BOJIAIOLIETO TyTeM CEPHH H3MEPEeHHA IpH noBopoTe
aHaJIM3aTOpa Ha pa3JjiHUHBE YTJH ONpeAeJHTh BCe TPH KoMmoHeHTH Iy, Ty,
I, paccmoTpen Befivom u Makkagpu [47]. Kak noxkasano B [48], BO3MOX-
HocTb onpenedenuss I', paer sadppexr XaHje ¢ NMPHMEHEHHEM 3JJIHNTHYECKH
T0JISI PH3OB aHHOTO CBeTa.

DKCIepHMEATOB, B KOTOPHX pa3jleslbHO ONPEAeNsiIHCh CEYeHAS O, H O
ABYXaTOMHBIX MOJIEKYJ, He TaK Y MHOTO NO CPaBHEHHIO ¢ aToMaMH. Tax,
HanipuMep, B [49] o6HapyxeHO a./0,~ 1,6 nasa emaprnma CdH (A%Il,,,)+Ar,
v'=0, J/=16,5. OueHp He6oJbIIHe DA3JIHIHA MEXLY 0, H 0, KOHCTaTHDO-
BaHH NpA Goabwiux AaBaeHHsix 100—600 Topp B pabore KonBaca u Illénep-
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ta [50] nas Na,(B'Il,)+He; tak, an1a v"=10, J'=10, 0,—0,=(1,4£0,5) -
.107'8 cm?. [loxoxkHe 3HaueHMs NoOJyueHb aBTopamu [51] azas Li,. B [52]
aasi coynapennii CO+CO MeroaoM IBOMHOIO PE30HAHCA ONPENENEHO 0o/0, &
~1,5npu J=9. B [53—55] nan Te,(AOL), K, (B'Il,) u NaK(D'II) neobua-
pyxeHo aenoaspusauuu JIUP mpu 1aBJEHHAX HHEDPTHOTO ra3a JO HECKOJb-
KHX TOpPP, YTO yKa3blBaeT Ha MaJyw 5¢¢exTHBHOCTb AENOJsIPH3YIoLLHX CO-
yaapeHuft. [IpusejenHsie JaHHbIe, NO-BHAMMOMY, NOATBEPKAAIT, NO Kpah-
Hefi Mepe NJsi AMMepoB, AaBHO [17] H3BECTHOE MHEHHE O TOM, UTO (.1yopec-
LEHLHI0 ABYXaTOMHBIX MOJEKYJl Jerde «NOTYLIHTb», YeM [enoJsgpH30BaTh.

Ta6nuua Il. 3HadeHna CTeneHH MOAAPH3AUHH P, BoicTpaHBaHWUS R H WHPKYJADHOCTH
C 275 PAIUYHBLIX THNOB MOJIEKY/SPHHX NEpexonos

Mepexon |cos®y) P Prmax R Rmax c Cmax
302 2
QT Q! 1 fo = 1 &’. _ 2T 2 0 0
200+ 2 | gy STe |3
_ 3
 5(Dy/Tg) +1
PP ) \ —3p, _ 5
2p5+0g i
15Ty,
T 204+Ty/Ty)
1
RTRY 0 _ 5
205 +p; 7
\ _15TyT,
4! 30 1|4 _1T T‘(_) = 204 @TyTs)
_Fe :
PIRL 2 92*493 7 290 10T, -3Pé _ _‘g_
_ 3 | 200 +p2
20(TyTg) +1 _—ASTYT
T 204+(Ty/Ty
1 5
RTP 30 _ —
205+P;
15Ty,
T 204+ @y
Qrel 305 40 ‘
= —'—o'—
0 | Pa—4n; 2 05
__3 1 Po
Rl - =—7
ot 10Ty —1 [l 1 5Ty 1 0 0
0 3 o 1T
0 200+p0 p:“" - 5 Fz
RtQ1Y =3
‘ 10(Cy/Tg) —1

Hmeercs 3HaunTe1bHOE KOJHYECTBO paboT, Hampumep [51, 56—60], B koro-

PY'~ HCLIEAOBaHA nepejava OPHEHTAUHH HA ApyTHe BpallaTesbHHE YDOBHH
npH coyaapenusx I,, Li,, NaK ¢ uHeptunim rasom.
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31ech cAefAyeT MMeTb B BHAY Da3Hblil OMBICJ YHCTO JENoJsiPpH3YIOLIHX
COyAapeHHH, BhIpAXaIOWHXCA B BHAE PA3HOCTH CEYEHHH d,—0, JHOO 0,—a,,
KoTopHe 3hdeKkTHBHb NpH nosopore J B cpeaHeM Ha n/2 W © COOTMBETCT-
BEHHO, npuuem 6e3 H3MeHeHHs NPYruX KBaHTOBHIX uHcea vu’, J'. Oanaxko
noBOopOT J Ha CTO/b 3HAUMTENbHBIA yroJ (CTOJKHOBHTEbHAss paHAOMMH3a-
LHs), KaK OTMeYaaocs B [12], ¢ 6osbLioft BeposTHOCTLIO NPH J/ > 1, AE, &
<< kT nNpUBOAHT K M3MEHEHHIO camMOi BeJIHYHHBL J', T. €. K nepexoay Ha
Apyroft BpaulaTeqabHblii yPOBEHb.

4. TposBaetHe AHH3IOTPONHKH OCHOBHOTO cocTosiHHdA. [lo cHX mop pac-
CMOTpEHHEe OrpaHHUHBAJIOCh BO3OYXKIEHHBIM COCTOAHHEM NMPOCTHX MOJEKYJI.
IIpHHUMNHAIBLHO BaXXHBIM SIBJSETCS PAacNpOCTpaHEHHE Ha MOJEKYJSpHhle
O6DBEKTHl KaCTJEPOBCKOH METOJAHKH CO3JaHMA HEPABHOBECHOCTH MO MAarHWT-
HBIM NOAYPOBHSM OCHOBHOIO cocrtosinus. [lepefizeM K paccMoTpeHMIO creun-
UK pagHAaUHOHHEIX H pEJAKCaUHOHHHIX NpoLeccOB, BH3BAKHOH B OGHOB-
HOM KonebaTeNbHO#i H BpallaTeNbHOH CTPYKTYPOH 3JEKTPOHHOro nepexoaa
B MOJieKyJe (CM. pHC. 2).

41. OnnHcaHHe MeToaa. ByjeM, Kak H paHee, NpeanoJyaraTb LiH-
POKONOJIOCHOe BO30YKAEHHE, KOMLa €ro CMNOKTPaJbHas WHPHHA NFPEeBOCXOAHT
KaK OAHODOLHBIH, TaK H HEOAHOPOJAHBIH KOHTYp, CBA3aHHHA C NepexoaoM, H
B 3TOM CJydYae BHYTPEHHHE NepeMeHHhe OTAEASNIOTCH OT BHEHIHeH NepeMeH-
HOM — CKOPOCTH IOCTYNATEJABHOTO ABHXKEHHS YacTHUB. Takas CHTYalUMs Mo-
JKEeT B TOW HJM HHOA Mepe HMETb MecCTO, Halpumep, NPH BOIOYKACHHH JU-
HHSIMH Ca30BHX Ja3epoB B pexKMMe IreHepalHH MHOTHX aKCHabHBIX HEeCHH-
XPOHH3HPOBAHHHX MOA. [IpWOJHXEeHHe WHPOKOR JIHHUH BO36YXKIAEHHS BHI-
noausercs [61, 62], ecnu paccTosiHMe MeXKINY MOLAMH MEHbLIE LIMPHHKH
nposasa DeHHera, H NPH 3TOM ‘B AONNJIEPOBOKHA KOHTYP monagaer 6oJblioe
9HCJIO 2aKCHAJbHBIX Mod. JJsf Y3KHX JIHHHA BO3GYXKIEHHS CHTYallHsl CAOX-
Hee; cM. [4, 24, 63—66] H UMTHPOBaHHLIE TAM HCTOUHHKH. B ycnoBusax mupo-
KO JHHUM BO30YXIEHHS NHHAMHYOCKYIO, HE 3aBHCAULYI0O OT YIJOB 9acThb
BEPOATHOCTH NOTJIOUEHHS (3.1) MOXHO XapaKTepH30BaTb OKOPOCTbIO I,
OITyCTOIIEHHSA YPoBHA &g, J5. CnoHTaHHHM pacnajg BepXHero ypoBHs b npo-
HCXOAHT cO CKOpocThio [, IPH 3TOM BEPOSITHOCTH IIEPEXOJ0B Ha PasJMUHHE
v; onpenensior [67—69] pakropu Ppanka — Konaona, sneknpoHHEE CHIN
nepexofa H 49acTOTHHIA ¢axTop v’. Bo3BpaT Ha HCXOZHHH ypOBEHb, Xapak-
TepH3ayeMbift CKOpPOCcThIO I, AOcTaToOuHO MasoBeposATeH, 06umHO I /I'<1.

Hdnsa opreHTHpOBKH B 60J€€ MJIH MeHee XapaKTeDHHX 3HAYeHHAX JHHa-
MHUECKHX NTapaMeTpOB B HACHIUERHBIX Mapax cJyXar JaHHue Taba. 111, ko-
TOpHE OTHOCATCA K TAMepaM K, n Te,. TH 06beKTH BHOPaHK KaK Haubosee
HCC/IeIOBAaHHHE B peXHMe OITHUIeCKOM HaKagkH. B KauecTse HCTOUHMKOB
BO30YXJEHAN HCIIOJb3OBAHH CTAHAZPTHHIE THHHH CaMBIX PaclpOCTPaHEHHBIX

$
cepufinnx He—Ne u Ar-.nasepos, 4To rapaHTHpyeT HalexHo€ OTHeCeHHe
KoJebaTesbHHX H BpallaTedbHHX 9Hcea mnepexonoB. Ceflyac WIKWPOKO HC-
noJb3yeTcs TEXHHKa NepecTpanBaeMHX J1a3epoB, KOTOPAs NMO3BOJISET «nepe-
GpaTtb» HabGop Kose6aTesbHO-BpalllaTEIbHHX COCTOSHHA, CM. NpHMepH
B [77].

Cneayiolufi H3JIydaTeJbHHH KaHaJ — BHHYXIEHHbE NepexoaH; HX 10-
Js1 oneHnBaercs orHomeHHeM I')/T', 9To cocTasaser B HaleMm mpuMepe, Kak
BujHo H3 Ta6a. I1I, menee 0,004 nas K,, a ana Te, — oxaogo 0,1.

B cuily cKa3arHOro riiaBHHM NMPOLECCOM, KOHKYPHDVYIOUIKM C NMOTJOMHIe-
HHEM cBeTa, ABAAETCH pEJaKCallAs B CHCTEME KoJebHaTeNbHHX H BPallaTesb-
HHX YyPOBHER HHXHETO COCTOSIHHS @'/, KOTOPas BKJIOUAaeT: a) WHAYIHPOBaH-
Hble CTOJIKHOBEHHAAMA NePexo/il; 6) pesakcanHio, o6yCJOBJEHHYI0O KOHETHHM
BpeMeHeM, ROTOPOE NMPOBOAHT MOJIeKyAa B 3OHe B3aHMONERCTBHA C ONTHYeE-
CKHM rosieM (TmpojeTHOe BpeM#); B) CMNOHTaHHHE H3JNydaTeSbHHE NepexoaH
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B npeaesax OAHOro 3JexTpoHHOro tepma. IlocaeaHuil MexaHHu3M HCeK.JIya-
eTcst AJd TOMOSIAEPHBIX IBYXATOMHBIX MOJaekyl (AuMepor). CTOIKHOBHTE -
Has peJakcauHs B DasJHUHBIX 3KCIIEPHMEHTAax onpepensercs HpheKkTHBHHEM
ceyeHHeM ¢ M KOHUEHTpallHel "acTHU N, u B o0beve pazpekKeHHbIX ra3os
MOKET HMETb NOPAAOK BEJHUHHBL Yeo =NoU. &~ 10*—107 ¢!, cwm. npHMeph
B 1a6.a. I1]; v ey — OTHOCHTENBRAA CKOPOCTD.

Taé6auua Il O:HOBHblE XApPAKTEPHCTHKH 3JEKTPOHHO-KO/Te6aTelbil0-BpalaTeabHbX

ypostiefi n nepexonos K, u Te, B 1a3epHo-(D1yOpeCLleHTHBIX SKCMEPHMEHTAX C ONTHYECKON Mo-
JA9pH3auHeil OCHOBHOIO COCTOAHH:

Tapame Tpb K, ueTe,
Reger FM i 632,8 514,5
a, wan (2", 7, 37 (X'Z}, 1,73) (X0, 6,52)
b, win (2, v, J°) (B',. 8,73) (AO;, 11,53)
T. K 441 630
N, cu3 [K] = 0,3-10% [70] [Tey] = 0,8-101 [74]
v, s ¢t 0,13—0.23 [71, 76, 90] 0,39—0,41 [125, 138]
G. Lo~ o 3,3 a1 (Ka+K) [76] 4 aan (Tey,+Tey) [125]
T, 108 ¢t 86,2 [71] 1,49 53]
Ty, tosct [ 0,22—0,35 [71, 76, 90] 0,12—0.,16;]125, 138|
T, 108c71 3,78 [72] 0,037 [75]
g, 107 1.0 (J7+1) = — 1,85 [14] 0,52 [53]

Bropoit MexaHu3wv ¢Bsizad ¢ O6MEHOM MEX1Y NMOJADH30BAHHBIMY YaCTH-
Havi BHYTPH .JIVYa H HENOJAPH3OBAHHBIMH H3 OCTa/JbHOrO o6beMa. OObiuHO
30Ha TefCTBHSA Ja3epHOro o6, yYeHHsI BHAUHTEAbHO MeHblUle o6bema, 3ano-
HEHHOT o YyacTHuaMHu rasa. [losTomy OCHOBHOE COCTOSIHHE Jaxke IpH OTCYTCT-
BHI CTOJNKHOBEHII HMeeT Hekoe >PPeKTHBHOE «BpeMs KU3IHH» T, nopsaika
cpeiHero BpeMeHny npodera («transit time») uepes ayy. B ycaoBuax nyuko-

BHIX IKCMepuMeHToB 7,, Kak NpPaBua0, SABASETCH JOMHMHHPYIOWEH CKo-
pocthio penakcanuu. Ilpouecc omrnueckoit noaspusauux 6yaer shdexTHs-
HbiM TOJAbKO NIPH [T, >>1. XoTa NOpALOK BeIHUHHH T J€rko OLUEHHTb Yepes
3p0heKTHBHHHA AHAMETD Na3€pHOTO Jyya, NEJEHHHN Ha CPeaHIo CKOPOCTb
B IJIOCKOCTH, MEPHeHAUKYAADHONH JIydy, HYXKHO YYeCTb, 4TO BPeMs NpoJiera
AJ8 KaXAOH MacTHIB 3aBHCHT OT €€ TPAeKTODHH H CKODOCTH ABHIKEHHS 4qe-
pe3 Jydu ¢ 3aAaHHHM JIpoduaeM pacnpeneseHdss NJIOTHOCTH MOUIHOCTH No
NONepeyHoMy CEYEHHIO Ja3@PHOro Jyda HaKaukH, [03TOMY KHHETHKa peax-
caguu B ofLleM cavuyae SBJSETCH HEIKCIIOHEeHIHaJJbHOMA. PacueTn u skcne-
PHMEHTH B MPH/JIOKEHHH K OCHOBHOMY COCTOSHHIO MOJIEKYJ COAEPKAaTcH B
[73, 78], oas atoMoB oM. [79].

BaxHo OTMeTHTb, 970 €C.11 AJist BO3GY KAEHHOr0 COCTOAHHA NPaBOMEPHO

BBECTH P(DEKTHBHVIO pelakcauHoHHylo ckopocTb [ =15 + Lety Teot —
CKODOCTb CTOJTKHOBHUTEABHOH pejlaKCallHH, TO A/ OCHOBHOTO COCTOSIHHA, KaK

creayer u3 [73, 78, 79], nomo6Hoe BBegeHHE aJAHTHBHBIM 06Pa30oM CyMMap-
HOJl CKOPOCTH

~1 —1

v =Ts + Yo =T + Nove 4.1
HE BCEerfa BO3MOMHO H3-332 HESKCIOHCHUHANBHOrO XapakTepa npoJieTHOR
perakcaunn. CTporo rosBops, TaKOH «CTOJNKHOBHTEJNbHHH» YYeT Ipojera c
NOMOLUIBI KOHCTAaHTH T, KOPPEKTEH TOALKO B CJAydae OAHOPOAHOIO NO KPy-
TrOBOMY CCUEHHIO J1a3ePHOro Jsivua, AH60 B cayyae NOMHHHDOBAHHS CTOJIKHO-
BEHUI Yoot >>T,'. Cneuua.anbho co3gaHHbIe €POJIETHHE» YCAOBHSA C H3Be-
CTHEM T, MOTYT 6bITh HCNOJIb30BAHBl AJS HOPMHPOBKH OTHOCHTELHMWX H3-
MepeHHH BO BpeMeHHOH WKa.1e, 0 yeM OyJeT cka3aHo HHKe.
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OOpaTHMCs Tenepb K CTOJAKHOBHTEJILHOMY MEXAHH3MY PEJIakCaluHH ypOB-
Ha a (cM. puc. 2). Ilycts croakHoBeHHst A,—X CcTpeMsiTC BOCCTAHOBHTL Ga-
CEeJIEHHOCTDb HHXXHOro ypoBHA a A0 TEPMHUECKH paBHO'BEOHOﬁ nyTeM nepeMe-
ILMBAHHA C APYTHM YPOBHEM [ B peaKi|HH

Ay (@, v, Jiy M) + X2 A, (o, vg, Jo, My) + X7 & AE. (4.2)

JIOMHHHDPYIOIHUM B OOJbIUHHCTBE CAYYA€B SABJACTCH IPOLECT BpallaTesbHO-
ro nepeMeunBands. O6 3TOM NO3BOJASIOT CYAHTh NpAMBE SKCMEPHMEHTH B
nyukax, Na/Na, —HHepTHHH ras ¢ (HKCHPOBAHHHIM H39aJbHHM H KO-
HETHHM COCTOAHHSMH B paborax Bepnmahna c comp. [80—82], a Takxe Cep-
pu u ap. [83]). Tak kak uucno ypoBHeil { OOBYHO BeJHKO (3adHKCHPOBAHH
nepexoAn ¢ pasHocTtbio |J; —Ja| 10 20 u paxe 1o 80) u B pacnpocTpaHeH-
HbX caydafx AE,=E—E, < kT, ux waule Bcero MOACJIHPYIOT TEPMOCTATOM
H30TPOITHRIX COCTOAHHH, He 3aTPOHYTHX LHKJIOM ONTHYeOKOH Hakauku. Omn-
pelejeHHBM MOATBOPXKACHHEM TAKOH MOAEJH CJYXKHT SKCIePHMEHT Ha
Li, (X'Zg) [84].

Hrax, MOXHO 3aKJIOUHTb, YTO Pe3yJbTHPYIOIUAsl CTalHOHAPHAS TIOJA-
pU3auis (BHCTPpaHBaHHE, OPHEHTAlLHs) HEKOTOPOrO HHIKHEro YpOBHSA, sABJA-
IOLLErocd HCXOAHHM NPH ONTHYECKOM MNOTJOLLeHHH, OyaeT onpeaeisiTbhCs

4

Pac. 5. H3oMerpHuecKHe NPOEKNHH TMJOTHOCTH BEPOATHOCTH paclpefeieHHR YTJOBHX MO-
MeHTOB OCHOoBHOro (a, 8) H Bo3GyxuaesHoro (6, &) cocrosHHfi. a, 6 — Q}-Bo3Gyxaenne.
8, 2— (P, R) }-Bo3byx eree

KOBKYpEHLUHeA CKOPOCTH moraoluewHa I'y n pejaaxcanuu yr. Ecan HX oTHO-
ImeH#re, KOTOPOe, MO CYTH, ecTh Ge3pasMepHHN napamerp Haxkauku y=I,/v:,
CPaBHHMO C eIHHHLUEH, TO paclpele/IeHHe YTJOBHX MOMEHTOB OCHOBHOIO
cocrosaAa J,(0, @) nepecraer OHTb H3OTPOIHHIM, T. €. XapaKTepH3yOLIas
ero IJIOTHOCTb BEPOSTHOCTH p,(0, @) OGoJiee He aBJAsercs CHepHUECKH CHUM-
merpraHon (puc. 5, 6, 2). Ilepefilem K ONMHcaHHIO NPOABACHHSA ITOFO Apdex-
Ta BO QJIyOpecueHIIHH.

42, HennHefidine 30 pexXTH B AHTEHCHBHOCTH H MOJA-
pH3anHHE H3JAYYeHHs [IpHMeHHM H3JIOXKEHHHHA KJIACCHUECKHH NOA-
X0 K cayualw, xoraa I's2zys, T. e. co34aHa ONTHYECKas NMOJsApPH3anHsa ypoBHS
a (cM.pHC. 2,5).

PaccMoTpuM npocrefiliee ypasHeHHe 6ajjaHca AJs NMJIOTHOCTH BEPOAT-
BOCTH YTJIOBHX MOMEHTOB [OIJIOLAI0UIero COCTORHUSA

pa(®, @) = — TG (8, ®)pa (8, @) + vz [Pz —pa(8,79)],
6, )= ~2 G0, )pa 6, @) 3)

rie pS — H3OTPOITHAA 3acelenHoCTb. OTCIOAa A/ CTAUKOHAPHOTO caydas

ps (8, @) = pz (1 +%G (6, 9))™*. (4.4)
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Henoabsysa yraosnie xo3dhduuneHTH noraowenns G(0, ¢) nu3 (3.3), (3.5),
MOXGHO HarJIsAHO NPEACTAaBHTL paclipeseseHHe YI1OBHX MOMEHTOB HHXKHero
coctosiius Jo (0, @) (cM. puc. 5, 6, 2).

Paccmorpum Qf-norJolleHHe HanmpasJeHHOr0 BHOJb 2-OCH JIHHEAHO
TIOJIAPH30BAHHOTO CBeTa B reoMeTpHH pHC. 4. B sTom cuayuae u3 chepHyecko-
ro paclnpeieieHHsi YrAOBHIX MOMEHTOB OCHOBHOIO COCTOSHHS «Bhi€JaeTcs»
HeKHil obbeM B pOpPMe «raHTesH®», KOTOPHH NEPEHOCHTCH Ha BO3OY K ACHHHH
ypoBeHb b (cM. pHc. 5, a). Macwitab p, Ha pHCYHKe BBUGpAH C yUeTOM MHO-
xureas I'/y: Tak, 94T006 CyMMa p, H p, BHOBL O6pa3oBuiBana odepy. BuaHo,
YTO B HHXKHEM COCTOSHHH CO3[aHO OTPHLATEJLHOE BHCTPAHBaHHe BIOJb
Z-OCH. JTO NOHATHO M3 MoIeaH Awnojel (CM. pasgen 2), Tak Kax AJas
Q1t-nepexona d||J u k1accuyecKHe AHITOJbLHHE MOMEHTH NEpexona He Bpa-
W A0TCA.

211, ,,0mu.ed

P

2 4

/ a Il \\\
I‘ 0,45}
1}
I

. 035 , ,
7 20 w,Bremt 0,5 ; 10 175 7
a

Puc. 6. a, 6 —[lposBienre HeTHHEAHOTO ONTHYECKOro BHCTPAHBAHHA B HHTEHCHBHOCTH [g,

I, (a) u ctenedn JHHeliHol monspu3anuH P (6) $hAyopecueHUHH. W — IJIOTHOCTH MOIUIAO-

cTH BO30yXaaomero nasepa, y=[Ip/y — napamerp naxkauxu. [IyAKTHp OTHOCHTCH K /uHed-
HOMY npeneny cnaGoro Bo3Gyxaenns, y=0 [85]

IOas nepexogos P4R4-tHna yrioshie MOMEHTH HHMXHEro COCTORHHS J,
MMEIOT NOJIOXKHTEJNbHOe BHICTPpaWBaHHE BAOJbL Z-OCH HJH BAOJAbL Bekropa E
(cM. prC. 5, 2), MTO HEMOCPEACTBEHHO cJjexyeT H3 oprorohadbmoctH d_LE.
31ech TaKXe p, A Py, HA PHC. 5, 6, 2 NOTIOJNHAIOT EPYT ApPyra Ao chepH.

IMepefinem x BHpaxkeHHAM AJs HaGJ0AaeMHX CHIMHaloB. [Ipome Bcero
shpext HabaAAETCHA B HHTEHCHBHOCTH H TOJApH3auuH ¢JyopecueHIHH,
BO36YXIE€HHOA JYTOM RAKAyKH, HANDHMEP, Ha KaKOM-HHOYAbL yN06HOM nepe-
xoae b—c (cM. puc. 2). B npubaHxKennH GanaHCHEX ypaBHeHHA (4.3), (4.4)
aHAJINTHIECKHE BHIDAXEHHS [A HHTEHCHBHOCTER M CTeNeHH NOJsipH3auyH
npH Q1QJ-nepexose B reoMeTpHH DHC. 4 MpHBENEHH yxke B paGore [11].
OuH noayualorcs noacrakopkoi py (0, @) n3 (4.3) B (3.11) u (3.14) ¢ yue-
TOM YKa3aHHHX TP&BHA HaXOX/JAEHHS YTJOBHX KoddubpHuHeHTOB G (6, @) H
G’ (0, ¢) 1 HMEIOT NPOCTOM BHA

oly= Tppix™ (GX‘”’ —x" + %) ,
of 1= Tepex ™ (—ax-”’ —ax 7+ %) . (4.5)

p_ 3@+ ) — 9
3ay ™ (x 1 —1)—3y 114
a = arctg yv=.

Q

BunHo, uto Ge3pazMepHas BeHYHHA — CTeNeHb NOAAPH3AUHH (P — 3a-
BHCHT TOJLKO OT OJLHOTO, NIPHYEM Taxke Ge3pa3MepHOTO napamerpa y, No3To-
MY 33BHCHMOCTb oP () (pHc. 6, 6), ABaseTcst KaK 6K TpafyHPOBOYHOA KpPH-
BOH, NMO3BOJIAOLIEH CPa3y e ONnpeaesHTb BeJHUYHHY X =I,/Y:. YMeubuenne
oP € pocTOM y NPOHCXOAHT H3-3a TOrO, YTO HHTEHCHBHOCTb ofy HCIHTHBAET
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6oabliee HacbilleHHe, YeM o/ (pHc. 6, a). [IpHunHy «aenonsapu3auuu» H3-3a
BbICTPAHBAHHA HHIKHEr0 COCTOAHHA MOMHO NOHSITh H3 BHAA paclpeae.CHUsT
J.(0, @), (puc. 5, 6). HefictBuTennHO, fedHUHT yhcaa yacTHU ¢ J I E («oTpi-
LateibHOe» BbICTDaHBaHHe) mopoxaaer aeduunt yactau ¢ J,IE B B0o36V k-
JIEHHOM COCTOSIHHH, @ HMEHHO TaKHe MOJeKYAb BHOCAT MpeuMyUiecTBeH b
BKJan B ofy. B pesy.abrtarte pacnpenesenue Ha puc. 5, @ MEHee «BBITHHVTO»
B/0/Ib Z-OCH, UeM NpH c1abom Bo3OyxaeHHH (pHc. 4, a).

ITepsuit skcnepument [11] nokasas 3ameTHoe yMeHbluenHe oP nep-xo-
aa (X1Zg, 3,43) - (B'Il,, 6,43)—(X!Zy, 13,43) B Na, ¢ pocTOM MJIOTHOCTH
MOUHOCTH H3avueHHA Bo3byxaawinero Art-nasepa (488,0 um). Ha puc. 6, a
npHBefeHH KpHBbie of, | 13 [85] Ha ToM e nepexoje, a Ha pHC. 6, 6 — coOT-
BETCTBYIOUAs 3aBHCUMOCTD P (y), nonyueHHas corsaacHo (4.5).

Buipaxenus paas nepexopa (P, R)-tuna B BoaGyKaeHHH B H3ayuyeHHy
HMeIOT BHI

orl = Tppl (02 — 1) {c (B° —2b 4+ bY)— b2 + %] :

I‘ppg
2

p_RI_L =

(b — 1) [c (b7 — %) 5%+ ﬂ , (4.6)
p_ (38 —dbt b 343
P.R - ’
¢ (6° — 4b +-367Y)—b? +(11/3)
b =14 2%, ¢ =Arthd™.

[TpHunBy «aenoasipu3anuus ¢ pocToM y A nepexoaos P, R-Tuna, Brep-
Bble 3aperHcTpHpoBaHHON Ha /[, B [86], MOXHO B KaaccHueckoll Moaean no-
HATL H3 cheayrounx coobpaxkenuii. Tak kak ocunaastopsl dLJ u Bpawaws-
cst BOKpYr J (cM. pHe. 3), TO B YCJIOBHAX MNOJIOMKHTEJIbHOTO BHICTPAHBAHHSA
J. (0, @) na puc. 5, 2 cpean d MeHbllle TAKHX, KOTOPHIe BPallalOTCA B MJIOC-
KOCTSX XZ W yz, a npeobaanaioT BpallaloumHecs B MJOCKOCTH X, ¥, T. e. Tlep-
nenaukyasipubie EfOz. FiMeHHO TakHe OCUHISATOPHI NTOC/TE MOTJOLIEHH BHO-
CAT GONBIUKA BKAAA B HHTEHCHBHOCTD p g/, NOJSPH3OBAHHYIO B TOH Xe 11.10C-
KOCTH X, Y, €M B OPTOTOHAJbLHO MO/ PH3OBAHHYIO HHTEHCHBHOCTL prly. A 37O
NPHBOAHT K yMEHbUIEHHK CTENEHH T0JAPH3ALHH N0 CPABHEHHIO CO CAyyae
cepuueckoro pacnpenecHus J,. [Tozanee [87] 6nina 3aperHcTpuposana ou-

THUeCKAS OPHEHTALHA OCHOBHOTO cocTosiHMsi Na, (X1Zz, 2,45) npu Bo36y -
nenun X—A nepexofa cBeTOM LUHPKYJAAPHON NMoaspu3aunH. Buparkennwsn 1.1a
3aBHCHMOCTH P(y) A5 cOCTOAHHA C KOHEeYHBIM J MOXHO HaiTtH B pabote
[88].

[Tepsum npumeserrem 3¢ dekToB GHIO ONpeneseHHe CKOPOCTeRA H ceuye-
HHA NMPOUECCOB pelaKCallMH, CO3AAHHOA B HHIKHEM COCTOSHHH NOJSPHIAUNH.
Jlpannurep n 3eup [12] u3 Benuunubl oP (4.5) onpepenssn 3aBHCHMOCTL ¥ =
=T,/y: OT AaBAeHHS TNpPHMeCHBIX HHEePTHbIX rasos, a Takxe H., N, CH..
Ins nepexofa K 3HaUEHHAM CKOPOCTH pejakcauHH y: B [12] n3mepsanach Ku-
HEeTHKAa YCTaHOBJIEHHA ONTHYECKOr0 BBHICTPAHBAHHA INOCJA€ BKJIIOYEHHA Ha-

kaukn. TToxoxHe HarmepenHs nnopedeHn B [89] na moaexyJse /[, (X'Zg, 0,13
n 15). Ipu onpeuenennn 3¢pHeKTHBHBIX ceyeHHH aBTopH [12, 89] noayuu.i
HENWHeAHYI0 3aBHCHMOCTL 3~ ' ~7; OT KoHueHTpaunu N ¢ H3noMom B ob.1ac-
TH Maabmx N<N’. 3nauenus ceuenuin B o6aactu N >N’ onpegenennnie no

(4.1), cocraBasgoT okoao 10! cM®; OHH B OCHOBHOM OTPaXalT CTOJKHOBHU-

TeJbHYIO PeaKCalHIO 3a CueT BpaulaTenpHblx nepexogoB Jy—~ J,. DBaur-
KHe 3HAYEHHA CEueHHA MoJyyeHb TeM e MeToAoM B [90, 91] naa K, u Na..
B To xe Bpema HHTepnperaiuus nosenenus y(N) npu N <N’ Kak ynpyrux
CTOJIKHOBEHHM, 3an0AHAIOWKX npoBaau Benrnera, Bpaa au BepHa. Takas Hu-
TeprpeTalHs He Hall/la NOATBePKACHHSA B IPAMbIX H3MEPEHHAX KHHETHKH pe-
aaxcaunn [73, 76, 92, 93]. Cxopee Bcero H3-3a onpegensiiollefi posH nNpo.ie-
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Ta yepes AyY npH Majbix N Hesb3st nojb3oBaThes (4.1), ¥ H3JOM HOCHT Hc-
KyCcCTBEHHBIH XapakKTep, KakK nokasauo B [73, 78]. dopmyJoi (4.1) MoxHO
[10J1b30BaThCS, €CIH CPOPMHPOBAHO OJHOPO/HOE pacripeje/eHHe MOUIHOCTH
Jla3epa No KpyroBOMY CeUeHHIo Jy4ua pajgHyca r,, Toraa [78]

T3' 2 0,854 (Vaep) 3%, 4.7)

r1e {Ugpy — HauboNee BEPOSATHASA CKOPOCTh JBHKEHHS MOJIEKY .

Hcnosb3oBaHue 3TOro ycioBHA B (4.1) no3BossieT nyTeM 3KCTpanoJisuHA
3HaueHuid P(y) x N—0 nepefiTy K BpeMeHHOM 1iKaJe. DTO ObIJIO HCNOJb30BA-
Ho [94, 95] nasa pelieHust B HEKOTOPOM CMbic/e 06paTHO# 3a4ayH — ornpefe-
Jenua I'y ¢ weapl0 H3MepHTb a6COJIOTHYIO KOHUEHTpauui mojekya K, B
napax KaJjiHs; noJiyueHHole B o6JsiacTH Temnepatyp (470—525) K paHHme
Hena0xo coraacviores ¢ [70].

JIas AeTanbHOro H3yyeHHs PEJIAKCALHOHHBIX NPOLIECCOB B OCHOBHOM CO-
CTOSIHHH JAHMEDOB IPHMEHSeTCs «AByXJa3epHblii» MeTOMd ¢ HCIOJb30BaHHEM
npo6Horo sayda ¢ Apyrof aauHoit Boanel. Tak, OtrtuHrepom u Illpenepom
[84] uHTeHCcHBHOe H3/ayuenHe Ar’-jasepa HcnoJsib30Bajoch AJS ONTHYECKOTO

onyctowenns Li,(X!'Zg, 1, 24), B To BpeMs Kak perucTpuposanack ¢ayo-
pecueHLHs,, BO30yX/AeHHAss Ja3epOM Ha KpacHTesJe C COCEAHHX YPOBHedl

Jo+AJ7, A" = (2, 4...14) u onpeaesiiHCh CEYEHHS NpPOLECCOB NepeHoca
npu cronkuoBenusix ¢ He, Ne, Ar, Kr, Xe, paBube (5—8)-10-'* cMm~* gas
AJ’"=2. 3pech onTHYECKOE ONYCTOLIEHHE TPHMEHAJOCh KAaK «MeTKa» HHXKHe-
ro koJie6aTelbHO-BpallaTe bHOro YpoBHsi. Hcemosb3yeMbit moaxop HMeer
BecbMa OGILHI XapakTep, TAK KAK NEXHT B OCHOBE METO/0B, HCNOAb3YIOLHX
CHTHAJbl ¢ MOAYJHDOBAHHOH 3aCEJ]IEHHOCTBIO; CM. 0630p [96], a Takke na-
3epHOH NMOJADH3AUKMOHHON crnekTpockonuu [97, 98], o koropo#t 6yaer noax-
po6Hee CKa3aHO B C/AEAYIOLIEM pa3jede,

43. [TepexoaHb i npounecc. Bo3aMOXHOCTh NPAMOro olipeje/ieHus
CKOPOCTH peJIAKCAllHH JaeT KHHeTHKA TepexO4HOro mpouecca nocjie «MrHo-
BEHHOTO» BKJIIO4eHHA JHOO BBLIKJIOUEHHS! Jyua HAKaukH. B npHMeHeHHH K
OCHOBHOMY COCTOSTHHIO MOJIEKYJ1 NIePBbI SKCNEPHMEHT TAaKoro poaa 6uia pea-
su3zosad B rpynne lllasaosa [92]. ABTOpbHI H3MePANH KHHETHKY «pefonyis-

LHH» (BOCCTAHOBJEHHS HacejeHHOCTH) cocTosHHs Na, (X1Zg, 0,47), omycto-
UIEHHOTO HHTEHCHBHBIM HMINYJBCOM J1a3epa HAa KpacHTese B mpouecce X—B-
nepexoja, Mo BpeMeHHO# 3aBHCHMOCTH KO3(dHUHeHTa noraouleHHs caaboro
npoGHOro Jasepa Ha KpacuTele, Bh3biBalowero (X—A) nepexox ¢ Toro xe

YPOBHSA Uy, J,. BoJiee uyBCTBUTENBHBIM OKa3aJ/cs Ja3epHO-pAyopecLeHTHH
MEeTOH, NPEAJIOKEHHB oaHOBpeMeHHO B [76, 93]. B HauGosee npocrtoM Ba-
pHaHTe (pHC. 7), HHTEHCHBHbIH Ja3ePHbLIA Jyy NEepPHOLAHYECKH «MTHOBEHHO»
ocaabnsercs, npespauascs B npolHbiii. BpeMennas sasucumocts dayopec-
LUEeHIIHH NIPA TaKOM cnocofe MOAYJ/SLUHH, perHCTpHpyeMas no cxeme a—-b—-c
(cM. puc. 2), npusenena Ha puc. 7, 6. O6aactb I COOTBETCTBYET yCTaHOBJe-
HHI0 HAKAYKH JI0 cTaUuHoHapHoro coctosiiua (o6aacts 2). Hanb6osee yao6Ho#
1151 OnpeaesieHHs Yy sABaseTcs ob6sacTe 3, TaK KaK BO3PAaCTaHHe HHTEHCHB-
HOCTH TNpH {>{, NpAMO OTpa)kaeT MNpOUECC TePMaJH3aAUHH OMYCTOIUEHHOIO
VPOBHS K paBHoBecHio (o6nactb 4). Ipouecc B o6nacTu 3 JARHEAHKI NO no-
TJIOULEHHIO H B caydae npeobaaldaHHA CTOJKHOBEHHH Han NMPOJETOM MOXET
CUMTATBCH MOHOIKCIOHEHUHAIbHHM. 31ech Heo6xoaumo, utobul T,', Tor S>>
> vz + . 3nauenus s3ddexTHBHBIX ceueHHil npu penakcauun K, (X'Z,
1,73) ¢o BceMH WHEPTHHMH ra3aMmu jexar B npegenax (0,5—1,6)-10-* cm?
[73]. TloxoxHe pe3yanTaTH noavuens B [93] aas Na,.

Bonpoc o ToMm, kak B nHHeliHOM nepexoaHoM npouecce (o6sacty 3) npo-
IBJSIIOTCS MOJAPH3ALHOHHbBIE MOMEHTH OCHOBHOTO COCTOSIHHS pP,, PeJaKCH-
PYIOLIHE NPH H3OTPONHHWX CTOJKHOBEHHSIX CO CKOPOCTSIMH Yx, PACCMOTPEH B
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[101]. Ecan npuusth ['x>>¥,, TO KHHETHKA H3JyyeHHs npH {>1, (puc. 7, 6),
Ha maciutabe y.~' «yIpaBJsgeTcs» 3aBHCHMOCTbIO OT BpeMeHH g0, (£):

sP0 (£) = — (406 —.00) €xp [—Vo (! — )] + 400, % =0,
(4.8)

39: (6= Qpl))( exp[—7vx (t— to)]r ® 0,

SR€ 505, 05 OTHOCATCHA K o6sactaM 2 H 4 Ha puc. 7, 6. 31aech HHTepecHo,
uTO, HanpuMmep, B cjydyae npejfeibHO caaboro JHHEAHO NOJAPH30BAHHOID
BO306yXeHusl NPOsABASIOTCA MOMEHTH panra =0, 2, 4, 1. e. B o611eM cayyae
MOryt 6biThb TPH 3IKCIOHEHTH. OAHAKO AJs MHOTHX CJaydYaeB, IO aHAJOTHH C
JAHHBIMH JJs1 BO3BYXKAeHHBIX COCTOSIHUN (pa3fen 3), He CJeayeT OXHAATb
3aMeTHbIX Pa3IuuHil MEXAY Yo, Yz, Ve, UTO, KAK NPABHJIO, OTIPABABIBACT MGHO-
3KCNOHEHIHAIbHYIO aNTNPOKCHMAUHIO.

w

Prc. 7. a, 6—HUnmoctpn-
pylomas Merof mnepexox-
HOrO Opouecca  3aBHCH-
MOCTb OT BpeMeEH AJs
Bo36YXAAWMIEro H3Jjgyde-
RES (@) ¥ A/ HHETEHCHB-
. HocTH ¢ayopecuenunn (6)

CHTyalHsl CyLWIECTBEHHO MeHAeTCs B cJyuyae npeobiajaHHs NPOJETHOR
peJaKCallHA DPH rayccOBOM NpodHuJe Jyda HaKagkH, KOraa He BHNOJHSETCH
(4.1). Pacuet u 3kcriepuMeHT [73, 78] maer 3aMeTHOE OTJIHUHE OT 3KCIOHEL-
UHAJBHOCTH Npolecca B 3 ¢ «3aTATHBAHHEM» B Ha4aJbHOR YacTH KPHBOM.

44. MoneKkynsipHBe NYyYKH H MATHHTHHA pe3OHaHC.
ITpuHUHNHANBHO HOBBlE De3yJbLTaThl AA€T Mepexoj OT MOJieKya B obbeMe K
nyukaM. Bo-nepBblx, NPH 3TOM CYLLEeCTBEHHO NOBHINAeTCs HpHEKTHBHOCTD
ONYCTOLIEHHA HHXKHEro YPOBHS, TAK KAaK PeJjaKCalHf onpejensercd TOJIbKO
BpeManpoJeTHHM 3bdpekToM. Hanbosnee aspKkHM NpHMEpPOM TOMY MOXeT C.1V-
X)HuTh pabota Beprmana c cotp. [82], B KoTOpPOA NOJyueHA HACTOJIbLKO BbICO-
Kas cTeleHb BHICTpaHBaHMsA ¢ Hcnonb3oBanuem (P, R)-Tuna nepexosa Na,
B CBEPX3BYKOBBIX NY4KaX, YTO MOXXHO FOBOPHTb O «IPHIOTOBJAEHHH» MOJIEKY.1
B OHOM KOHKpeTHoM |M;|-coctosinun. Bo-BTOpHX, NpH H3YHEeHHH CTOJIKHO-
BEHHIl cOueTaHHe ONTHYECKOTO ONYCTOIIEHHS YPOBHSL  Us, Ja € METOAMKOR
CKpPEWEeHHbX TYYKOB MO3BOJHJO NOJYYHTh HanboJsiee [eTaJH30BaHHHe Xa-
PAKTEpPHCTHKH  3/1€MEHTapHOro  akKTa  CTOJKHOBHTeJLHOTO  Mepexoia
Vs, v, Ji B BHEe AupbepeHUHANbHBIX CeYeHHA C  (HKCHPOBAL-
HBIMH H3YaJbHLIMH H KOHEUHBIMH KoJe6aTe/lbHO-BPAILATEJbHBIMH HHCAAMH.
3Ta 3ajaua TaKKe pellleHa B yXKe yroMHHaBlleMcsl OOIIHPDHOM LHKJe pador
Beprmana ¢ corp., Ceppu u ap., H3 KoTOpHX npuBeseM [80—83] (cMm. Takxke
MmoHorpadHio [77]), rae H3Mepsaauch AHGGEpPEHLHANbHBE CEUeHHsT AJS CKpe-
meHHu X NyuykoB Na/Na, n HHepTHOrO rasa. Ob6Hapy:xeHnl PdexkTH pagvry,
omnpeje/leHb NOTeHUHAJ bl B3auModedcTBHA. MaMepeHne auddepeHUHaAbHBIX
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CEUEHHA HeyNpYroro BpaliaTeJbHOTO PAacCesiHHSl C NPHMEHEHHeM TeXHHKH Oil-
THUECKOR Hakayku [82] no3Bo/KHIO MOATBEPAHTh TEHAEHLHIO K COXPAHEHHIO
OpHEHTALHH YIJIOBOrO MOMeHTa (BbiMOJHeHHe npaBuaa |AM”|<J”). Ilpu
3TOM pe3yJbTaTHl, oayueHHble 41 Na, (X'Zg) + Ne, He npoTHBOpeuat npa-
BuJay or6opa AM” =0.

ITpuMeHeHHe J1a3€PHOA ONTHYECKON HAKAUKH K MYUKY MOJIEKYJ NO3BOJIH-
Jio Posnepy, Xoabty u leinn [99] pasBHTbL TeXHHKY ABOHHOrO Ja3epHOTO
PaaHOYACTOTHOTO PE3CHAHCA [AJA H3Y4YEHHS CBEPXTOHKOR CTPYKTYpH. CyTb
MEeTOAa 3aKJIUaeTcs B TOM, YTOGbl OCYLIECTBHTb KOMOHHALHIO METOZHKH
MarHHTHOrO Pe30HaHCA B MOJIEKYJsapHbIX nyuykax Pab6u, Pam3asa u ap. (cM.
[27]) ¢ na3epHO-pAyOopecUEHTHHIM METOLAOM B YCJOBHAX ONTHYECKOHR HaKau-
KH. TIpeumyliecTsa sICHB: BO3MOMXHOCTh HCCJENOBAThb OTAeJbHBIH YyPOBEHh
v, T, OTCYTCTBHE HEOGXOAHMOCTH B CO3[aHHH MOLIHBIX HEOJHOPOIHBIX
MAaTHHTHHIX TOJiell, TIOBHIIEHHe YyBCTBHTENbHOCTH. CxeMa MeToma chaenyio-
mas. ITy4ox MoJeKys mepecekaercs Jla3epPHBIM JIY4OM HAKauKH, CO3JAI0LIHM

Ta6auna IV. <I>aK‘ropu Jlaune g OCHOBHOTO SJIEKTPOHHOTO COCTOAHHA H KOHCTAHTH

CBEDXTOHKOTO B33aHMOJEACTBHA (egQ — 3/7eKTpHUeCKasi KBaApYNOJbHas, C— SAePHAN_CIHH-Bpa-
maTelbHan) HEeKOTOPHX HHMEpOB

JAnuep CocTosaue Daktop Jlanpé g, 10— ¢, 'y eqQ, kl'u
7Li Xizg 5,9170 [132] 60 [130]
23Na, M 2,1329 [100) 3204180 [190] —423[132]
242,9+1,5 [100] —458,98—
—0,000728J"(J" +1)
. 100
K, X1z 1,1854 [132] 72464 [191] —158 [132]
v =1, J* =173 1,244:0,07[142]
1,3094-0,27 [137]
1,1630,15 [128]
85Rb, le_; 0,522 [132]

SRbORD Xtz 0,515 [132] 2491—139.'31 ;57Rb2) —1100 [132]
1mcg, X1z} 0,298 [132] 101412 [190] 230 [132]
10Te, XO; —19,64-0,8 [142]

V=6, J* =52
I, X3y 3,162 [206] —2452583,7
=0, J = [206]
=13 n 15

B MpoLlecCe ONMYyCTOUIEHHd Pa3HOCTh 3aceJeHROCTeH CBEPXTOHKHX MOAYypOs-
Helh F/, 3ateM npoxoaMT d4epe3 06J1acThb NepPeMEHHOTO MAarHHTHOrO IOJs
aMIJHATYAR oKono 3,5 ['c, BHI3BIBAIOILErO H3MEHEHHS 3aCeJEHHOCTH, HeTek-
THpPyeMble «HH)XKE M0 TeuYeHHIO» No (JyopeclUeRUHH, BH3BAHHOR APYTHM JV-
4oM TOTO Xe Jazepa. Popma JHHHH PE30HAHCA COJAEPXKHT YCpeAHEHHe M0
dakropy  exp (— iog-T,), TAe Wpr — MHTEPBa] CBEPXTOHKOR CTPVKTYpHI,
T, —BpeMs nmpoJeTa MOJeKyJul depe3 06/acTb AeHCTBHS PAaJAHOYACTOTHOTrO
noJd, uMewuee 7, okono 3 Mc. Tak Kak pdekT H0NMKEH yCpeaHATbCA NO
pacnpejeseHH0 CKOpocTelt B Nyyke, 3KCNIOHEHUHAJbHHH (akTop B JaHHBIX
YCJOBHSIX Hcue3aeT npH wg-/2~20 k'L, 4TO B OCHOBHOM oOnpene/iseT Mpe-
geabHoe pa3peuiedie. IlepBble pesyabTaTol [99] nonywyeHW aJs ypoBHA
U, =0, J; =28 monekyas 2Na, (X!Z§) M N03BOJIHAH BIEpPBHE H3MEPHTH
KOHCTaHTY CNHH-BPaUlaTeJbLHOIO0 B3aHMOAEACTBHA € H YTOYHHTb KOHCTAHTY
KBaJpYyIOJbHOTO B3aHMOAeACTBHA eqQ. XapakTepHas BeJIHUHHA [ETEKTHPO-
BAHHOIO CBEpPXTOHKOTO pacluensieHdst cocraBuaa nopsaka 100 xI'u. Hckaio-
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UATenbHAS TOUHOCTh AOCTHTHYTa B 6oJee noaaned padore TOH ke rpynnu
[100] c npuMeHeHHeM nasepa HA KpacuTese NpH Bo30OyxjaeHHu Na, (X1Z;—>

— A%y, J;  or 1 5o 29; wacTh pe3y.ibTaTOB npHBeAeHa B Taba. V. [Tono6-
HbIfl MeTOA npHMeHeH B paGoTte [206] k mMosekyae noaa I,.

5. BaudHHe BHeIUHEro MArHMHTHOrO MNOJs Ha pacnpeneaeHHe YrjaOBbiX
MOMEHTOB.

5.1. O6wue coob6paxenusa B nocnepyoouue 1ocjie OTKPHITHS
s¢pdekta Xansae [1] mecatunerus ¥ BHJIOTL A0 paGoT Kacrniepa no onrtuye-
CKOJl HaKayKe aTtoMoB [2], 3Toil TeMaTnke Obl/I0 NOCBSILIEHO HE TAK V¥ MHO-
ro pa6oT (moapoGHeit cM. [7]). CuTyauus u3menunach nociae pador Koy.a-
rpoyBa M ap. [102] B 1959 roay, xoraa s ety Xanse Oblia faHa HHTEp-
nperauHsa Kak YacCTHOTO CJiyuas nepeceyeHHs 3eeMAHOBCKHX NOAYpOBHeH co-
CTOStHHA B MarHHTHOM noJe. [losnHee B paborax AnekcaHapoBa H Cupueca
C COTp. epeceyeHHe yPOBHeH, B CBOIO oYyepeab, ObiJI0 0THeceHo kK 6onee obuled
rpynne ABJAeHHH HHTepQepEeHNHH MAarHHTHbIX NOAYPOBHEH, B TOM UHCJEe H
HEBBIPOXKIEHHBIX, TAKHX, KAK KBAHTOBble OHEHHS NPH HMIYJIbCHOM BO30Y k-
nennd [103, 104], pesoHnanc GueHuil npd rapMOHHYECKH MOOYJHPOBaHHOM
Bo3Gyxaenun [105, 106], daszosbiit pesonanc 6uennii [ 107, 108] u ewe He-
KOTOpble ApyrHe BHAbI Pe30HaHCOB; cM., HanpuMep, [109, 110]. M3noxenue
OCHOB 3THX SBJIEHHE MOXHO HaHTH B MoHorpaduax [9, 15, 16] n o63opax
[3, 4, 111—114]. dns 3neKTPOHHO-BO36YXAeHHBIX Mosekysn xpdexkr XaHae
obcy>kaen B [115] u BnepBnie 3aperHcTpupoBan B 1969 r. na aumepax
Na,(B'Il,) [14], a KBauToBble GHEHHN 3apPerdcTpHpoBaHL B 1974 r. Ha
I.(B*I) [116].

OcHoBHble yepTH HHTeD(EPEHIHOHHBLIX SBJEHHHA BNOJIHE MOTYT ObITb He
TOJIbKO TOHATHI, HO H KOJHYECTBEHHO ONMHCAHbLI HA OCHOBAHHH CJeAylollero
KJ1accHdeckoro paccMoTpenHsi. KaxKapi yrioBoil MoMeHT J conpsixeH ¢ KOA-
JIHHEAPHBIM €My MArHHTHLIM MOMEHTOM

wr = gr(wo) I (J 4 1]

MarsuTHoe nosie B Bhi3piBaeT npeueccuio yrioBoro moMenta J Bokpyr B ¢
YIJIOBOH CKOpOCTBIO @, =g,1,B/A. B cayuae xorga aucam6ib YrioBHX MO-
MEHTOB HMEeT aKCHAaJIbHYI0 CHMMETDHIO (T. €. ONHCHIBA€TCH TOJSAPH3aUHOH-
HHIMH MOMEHTAMHA Qn, XapaKTePH3VIOLIHMH TaK Ha3bBaeMoe TpoAoJbHOE
BBLICTPAHBAHHE) IO OTHOWEHHIO K B, noJie He BAUsieT HA pacnpenefeHHe yrao-
BBHIX MOMEHTOB. MHBIMH CJ10BaMH, TaKoe NoJie He OKa3blBAeT BAHSIHHE HA KOM-
K K
noneHTH pg ¢ Q=0. Ecan pacnpenenenne J onucriBaetrcs Takke po ¢ Q=0,
TO B CJIyyae BO3OYXK/EHHST KOPDOTKHM CBETOBHIM HMIYJLCOM MarHHTHOE noJfe
T0C/1€ HMIYIbCA HE OKA3LIBAET BJIHAHHA HA BeJHUYHHY

Mod pg = [(Re p§)? + (Im pg)2]"?, (5.1)
HO H3-3a NPELEeCCHH YTJO0BbIX MOMEHTOB MeHsieT da3y §:
m pg

I
tgp = =
Re pf

tg (Y, + Quyi),

rae P, — dhasa P6 B MOMEHT BO3GYXKACHHS. JTO 3HAUHT, YTO BBHAY CBOMCTB
CHMMETDHH OIHCHBAEMOE MYJIbTHIOJLHBIMH MOMEHTaMH pg YIJ0BO€ pac-
npeaefente 3a neprHon {,=2n/Qw, noBopaynBaeTcs Ha yroa g, =2n/Q  ne-
pexoaHT B camo cebs. [IpeacraBienne 06 3TOM gaet pHc. 8.

KoHeyHo, 0fHOBpeMeHHO ¢ MOBOPOTOM B MArHHTHOM MOJE C MOJEKyaa-
MH NPOHCXOAAIT H pefakcalHOHHbIE NIPOLECCH, HANPHMEP HX pPaJHALUOHHLIA
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pacnaj co ckopoctblo ['x o 3aKoHy
Mod p§ () = Mod pg (0) exp (— I'xt). (5.2)

O6a npouecca (5.1) u (5.2) HE3ABHCHMBI B TOM CMbICJl€, YTO Ha H3MeHe-
HHA (pa3bl P PaAHALUHOHHBIA pacnaj BJHSHHA He OKa3blBaeT. DTH npeacTas-
JIeHHSI H TO3BOJIAIOT NEPEHTH K PAaCCMOTPEHHIO HHTep(hEepEeHUHOHHBIX sBJe-
HHH, CBS3aHHBIX C KOT€PEHTHOCTBIO MOJEKYJSIPHOrO aHcaMb.

5.2. Opdexr Xanae PaccMorpum chabuii Bo30yKAAOWHA CBeT,
KOTOpHIHA AeHACTBYyeT HenpephiBHO. B 3TOM ciyuae ctaunoHapHoe pacnpepe.e-
HHE yIJ0BbIX MOMEHTOB B BO30YX/JEHHOM COCTOSHHH CO3/1a€TCs CJledyIoHM

Puc. 8. HMamenenne pacnpegeneHHss MOMEHTOB BO3GYXKAEHHOro COCTOSIHHA pPp(0, ¢) H3-3a
npeueccHu 8 marduTHoM node B|{Oz B cayyae BucTpaHBaHHA NpH Q4-Bo36YXKAeHHH C.1a6bM
csetoM. 3Hauenns o,./[ pasun: a—0; 6 —0,5 6 —10; 2— 15 0 —o

obpa3oM. PacnpeneneHde yrioBHiX MOMEHTOB OINpeJeJsieTCA OTHOILEeHHeM
CKOpOCTeH NnpelLeccHH H pejakcauud oy -/I'x. Ha puc. 8 nokazaHu pacnpene-
JIEHHS] YIJOBbiX MOMEHTOB MOJEKYJbl B.BO30OYXKAEHHOM COCTOAHHM AJIS pai-
JIHYHBIX COOTHOLIEHHH 0, /Tx npu Q4-Bo36yxKaeHHH c1a6BM JHHEAHO MO.TA-
pH3oBaHHLM cBeTom. Ha puc. 13 (cM. HHke) B mOA0GHON CHTYallHy Npeano-
Jaraetcsl Bo30yXaeHHe CBETOM KpYroBOH NOJSPH3aUHH, PACNpOCTPAHSAIO-
LIHMCS B0Jb X-OCH.

ITpy 1HHeiliHO NOASPH3OBAHHOM BO3GYXKAEHHH curHan XaHJe TpaaHLH-
OHHO DETHCTPHUPYIOT IO CTeNeHH NOJsAPH3aUHA NPH HaOJIOAEHHH BIOAbL Mar-
HHTHOrO noJjs (cM. puc. 10). MaruuTHoe noae coraacuo (5.1) He BJaHAeT Ha
CYMMAapHYI0 HHTEHCHBHOCTb H3JY4Y€HHs, a TOJbKO TNepepacnpejensieT €ro B
MPOCTPAaHCTBe. DTO 03HAyaeT, 4TO obllee KOJHYECTBO BO3OYIKAEHHBIX MO.1e-
KYJl He 3aBHCHT OT HanpsXeHHOCTH nojst B, 1. e. 06bwembl QHryp, HaobpaxeH-
HHIX Ha pHC. 8 ¥ 13, noctostHHN. /s puc. 8 He MeHsieTCs] HHTEHCHBHOCTD H3-
JIy4eHH#, PaclipocTpaHAoUIerocs BAOJb MAarHHTHOro noas B, ciepopareabHo,
I,+1.=const, u nocratouHo paccMotperp Beauunny /,—I.~ P, Koropas, co-
raacHo (3.12), nponopuHoHanbHa

I, — I, ~Rey§ (£) = Mod,p§ (0) exp (—TI«) cos ($, + Qu,-1). (5.3)
Hna nonyueHus 0xHAAeMOrO CHFHAJga NPH CTAaLHOHADHOM BO30YXAEHHH H
Ha6a101eHHH HeOOXOAHMO YCDeNHHTh BesiHuHHy Reyp; (£) no Bpemenu

Ty cospy 420, sin W,
T} + 407,

I, — I, ~ Reypy = Modsp; (0)

. (5.4)

Hanpumep, korana E-BeKkTop .eXHT B xy-IJOCKOCTH H obpa3syer yros ¢ ¢
X-0cb10, T0 o= 2¢. CaenoBaTensHo, ecan E napanenen y-ocH, Mul nosyuaesm
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TPAaAHUHOHHYIO JOPEHUEBY 3aBHCHMOCTbL CTENEHH IIOJAADH3AUHH OT MATHHT-
HOTO NOoJisA

P~ !

P
14 4 (g 1oB/HT,)? "

(5.5)

KOTopas NMO3BOJfeT, €CJIH H3BECTHA ORHA U3 BENHYHH g,- HAH I, onpepenarth
Opyryio. B xauecTBe npuMepa Ha pHC. 9 npHBeaeH cCHruaJj XaHne H3 paboThl
[53], nossonuBwKA A5 Mosekyan Te, (AO;) onpeseauts daktop Jlange,
npuBeaeHublii B Taba. 111, MccaepoBanus no onpeanenennwo ¢axkropos Jlanae
H BpeMeH XH3HH MerToaoM >@ddekra XaHne NMpoBeAeHH A/ 3HAYHTEILHOrO
YKCAA MOJIEKYJ H DAaNHKanoB. YKaxXeM nepsble paloTh, BHINOJHEHHBIE B
1969—1970 rr.: va OH(A*Z+) [117], CO(A') [!118], CS(A'II) [119],
NO(A*Z*) [120]. Mx ocHOBHOIl ueNblO GHJIA AeMOHCTpAUHs 3hdEKTa H ero

p.
o2
0681
Puc. 9. O¢ddexr Xanae
0,04 BO30YyXJIEGHHOrO  YpOBHSA
Te.(AOL, 11,53)  npm
; L ! __ cnabom BO36Yy K AEHHH

o 7.3 0.5 0.7 87n (6,52)—(11,53) [53]

NpHUMEeHEeHHe K M3MePEeHHI0 BPeMeHH JH3HH, B pAJe CJy4aeB B COMYETAHHH C
METOAOM JBOHHOIO pe3oHaHca JJfA OnpeleeHHst g,.. 3aAaya HAXOXIAeHHS
¢akropoB Jlanae BpamiatesbHHX ypOBHefl pelwanach, B YacTHOCTH, AJf I,
[5,121], Se, [25], Te, [26, 53] u ap.

Ecau E-BeKTOp HaXOOHTCS B X, Y-IJIOCKOCTH RNOJ yrjoM 45° K x-ocH,
TO 3aBHCHMOCTD CTeNEHH NOJSPH3ALHH OT MAarHHTHOrO noJs (5.4) uMeeT aHc-
NepCHOHHYI0 GOopMYy

P Po &y mB/hT, ’ (5.6)

1+ 4(g, moB/RT2)?
TIO3BOAAIOULYIO Onpenenuts 3HaK ¢aktopa Jlaupe, uTo 6bino peajnH30BaHO
ona Se, [122], Te, [26, 123], K, [123] (cm. HHxke pHuc. 15, Kpusas /).
AMIJHTYNA QHCIEPCHOHHOrO CHTHAJIa MOXeT GHTb HEeCKOJbKO YBeAHYeHa,
€C/IH HEMHOTO H3MEeHHTb reoMeTpHio peructpaund [123].

BoJsee cnoHas KapTHHAa BO3HHKAaeT, KOTa BO30yXAAIOUWHA CBeT AOCTa-
TOYHO HHTEHCHBEH H CO31aeT aHH3OTPONHOE PacrpefeseHHe YIJOBRX MOMeH-
TOB MOJIEKYJl TAKXe H B OCHOBHOM cOCTOSSHHH. CHrHasi XaHJe B TaKHX YCJ0-
BHAX BIlepBhie 3aperHCTPHpPOBaH Ha MoJsieKynax Na, u K, B paborax [71,
124]. Kaaccrgeckoe onucanue npuseaeno liokao [32]. Ha puc. 10 ongno van
JIpYTHM TOKa3aHbl pacrnpeieseHdsi YrJOBBIX MOMEHTOB p, (0, ) BO36YXKaeH-
HOTO H pq(6, @) ocHoBHOro coctosuui aas (P, R)-nepexoxa. [1na noctpoennus
PHCYHKA HCHOJIb30BAHO CTAlLHOHApHOE pelleHHe CHCTeMH YDaBHEHHH, KOTo-
pas TIpDHBedeHAa HHXKe B pasgene 6. Korza Her MarsHTHOro noJs,
Wy Tk, @s/9. =0, BO3GYyXIAOUHUA CBEeT CO3AaeT AHHU3OTPONHIO J Kak B
BO36YXKIEHHOM, TAK H OCHOBHOM cocTosHHH (cM. pHc. 10, a, a TaKxe pHC. 5
H ero o6¢cyxnenue). [1pu Bkaovennu nonst B B 3aBHCHMOCTH OT COOTHOLUIEHUA
3HaKOB ¢akTopoB JlaHne gy H gy~ yriIOBBHE MOMEHTH OCHOBHOTO J, H BO3-
6yXIEHHOr0 COCTOSIHUA J, MOTYT npeleccHPOBaTh BOKPYT B kak B oaHOM 1t
TOM K€, TaK H B NIPOTHBONOJIOKHLIX HANPaBAEHHUAX. 3/1€Ch BaXKHO, HA KAKOM
yroa B cpeaHem 3a BpeMmsa xH3HH I'g H y;' yCneBaioT MOBEPHYTHLCH YrJOBbe
MOMEHTH B TOM H ADYIOM COCTOSIHHH, T. €. COOTHOLIEHHe napaMeTpoB w,-/Tk
H O/Vx-
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HM3o6paxennaa Ha puc. 10 cuTyaudsl COOTBETCTBYeT CJiyuaio, KoOraa
gsgs- >0, T. e 31HaKd (aKTOpoB JIaHLe OAHHAKOBBL H Wy-/V, = 22w, /Tk.
ITpeanonaranoce, uto I'v=T, y.=7y. EcnH 06 aHH3OTPONHH YrlOBbiX MOMeH-
TOB MO-TIPEXXHEMY CYAHTb MO CTENEHH NOJAPH3ALUHH (pAyopecueHUHH NPH Ha-
6J101eHHH B1OAb B, ycaoBuaM puc. 10 cooTBeTCTBYET 3aBHCHMOCTb P (w,+/7Y)
Ha pHc. 1], rae npuBedeHbl AaHHble KcepHMeHTa Ha '**Te, [125]. ¥YBennue-

2 3

Puc. 10. Pacnpeaeneune pq(0, @) (Buu3y) © ps(0, ¢) (BBepxy) Aas JnrHEAHO NMOJAPH3O-

sauHoro Boabyxaewus (P. R)4-tuna, [p/y=10/3, I'p/I'=10-2 OtHowenns o, /y U o, /T

pasHbl COOTBETCTBEHHO: a — Hyo, 6 — | u 0,05, 8—26 u 0,11, 2— 10 u 0,46; 9 — Gec-
KOHEYHO BEeJIHKH

4 YOH. 1. 160, Bmia. 10
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HHe CTEeMeHH MO.IIPH3AUHH NPH MaJblX 3HAYEHHSIX Wy+/y OTPAMXKAT CHrHA
XaH.1e OCHOBHOFO COCTORIHHR, KOTOpPOE B HalleM npHMepe 6oJiee YYBCTBHTE.b-
HO K BJHSAHHIO MarHuTHoro noJad. [1pu Goablunx wy-/y nosBasercs 60ed wiu-
POKHI CHIHAJI, COOTBETCTBYIOLLHA BO36YKAEHHOMY YpOBHIO. 3nech ofpainaer
Ha ce6s1 BHHMaHHe OJHH NpHMeUYaTeNbHbIH (AKT: B VCJAOBHAX, koraa sdpdexr
OT OCHOBHOrO COCTOSIHHA YyXKe pasnirpanca (0u-/y>> 1), a 3pdekT Bo36YKaeL!-
HOTO COCTORHHSA elle nposBaserca cnabo (0, /I <L 1), cTenens noaspusauun
(GAyopeClleHUHH NpeBbIlaeT 3HaueHHe 1/7, HMelolllee MeCTO NpH cAaboM BO3-
6yxaeruu [17]. Takoit sgupekT o6HapyxKeH IKcnepHMeHTaabHO [125] u ae-
TaJlbHO npoaHanausHpoBad B [126]. Ero Harasanas TpPakTOBKA CTAaHOBHTCA
NOHATHA H3 0OCyXaeHHA pHC. 5, 8, ¢ B pa3fene 4.2. Ecau o6paruTuCcs w
puc. 10, TO BHAHO, 4TO NpH Wy-/y > 1 pacnmpeneneHHe p.(0, @) cTpeMHTCR K
TOPOMAQJILHOMY, MOJOMXKEHHE (8), T. €. HCUE32eT AHM3OTPONHA MOMEHTOB
NJOCKOCTH X, Y, OAHAKO NMO-MPeXHeMY AHCKPHUMHHHPOBaH MoMeHT J {0z, 310
O3HauaeT yMeHblIeHHe YHCJa MOrJOLAWHX ocuHaaaTopos ¢ d-LlJ,, Bpa-
1AM XCA BMECTE C OCbI0 MOJIEKYJIb! B MJOCKOCTH X, y. Ho HMeHHo 3TH oc-
LUHAIATOPH, OyvAYYH BO30yXXIAeHH npenmyllectBeHHo Baoab ENQy, wu3-3a

P
9,352} !
/
o |
14
4 0,30
013
4,28
29 8,7
' ' T DA R
202 404 8,7n Wy
Puc. 11. Ta e 3asHCAMOCTB, uTO  PHc. 12, OKcnepHMeHTAJbHO  3aperHCTPHPO-
Ha puc. 9, HO B 06N1aCTH MeHbLUKX  BaHHOe (TOYKH) MpOABJEARe AONOJHHTENbHOR
MarHUTHHX MOJIeA H AJA HATEACHB-  CTDYKTYPH 3p¢ekra Xanje HHKHEro cocTos-

Hoft  HakadkH (w20 Br-cM~%  nuug K, (X'}, 1,73). Cnnownas kprBas —

x=3) [125] pesyabrar aNMpOKCHMAaUHKH npH v=
=0,35 mxc-!, TI'p=24 Mxc~!, ocTanbHbE
nanruble W3 ta6a. 111, IV. Hlrpuxosas anrwus
paccyHTaHa AJA TeX XKe MapaMerpoB, HO NpH
OAHHAKOBHX 3HaKax £, H g, |128]

OHCTPOro BpalleHns NEpPeHOCAT BO3OYXKAeHUR oT HanpaBaenus Oy (ocHOB-
Hoft Bkaaa B /,) k HanpasaeHdwo Ox (Bkjaan B /), uTo, NO CYTH, H 03HA4aer
«BpalllaTe/IbHYIO» AenoafApH3alUHio, faouy P=1/7 npu cnabom Bo36yxie-
HHH. [103TOMy aHA30TpPONHA MOMEHTOB J,, mojoXeHHe (8), NPHBORHT K 4a-
CTHYHOMY CHSITHIO AENOJAPH3YIOIEero NeHCTBHA MOJEKYJAPHOro BpalleHHs,
YTO HaTrJAAHO MpoABJsieTcd B Gosee «BuTAHYyTOM» Baoab Oy|lE pacnpene.e-
HHH p, NO CPABHEHHIO CO cJy4vaeM pHc. 4, 6, KOraa OTCYTCTBYeT ONTHYECKas
HaKauKa.

Tak kKak npaMO BAHAIOUIHA Ha CTeneHb NOJAAPH3AUHH (ayOpecuLeHLHH
MYALTHIOAbHBIH MOMEHT »P; HHTEHCHBHBNM BO30YXXA2IOLIHM CBETOM CBA3biBa-

eTCcs ¢ UelnM HabopOM MOMEHTOB OCHOBHOTO COCTOSIHHA L% U, KpoMe TOro,
CYMMapHass HHTEHCHBHOCTb B HanpaBJleHHH MarHHTHoro noas /.+/, npH He-
AHHEeAIHOM MNOTJIOIEHHH TaKXe 33aBHCHT OT MAarHHTHOrO MOAf, TO HHTephpe-
TalUHA HEJIHHEAHOro CHrHasa XaHJje Ha s3blKe MOJSPH3AUHOHHHX MOMEHTOR
VCIOXKHAETCA, KAK H caMa ¢popMa curnaaa. Hanpuwmep, koraa g;-g,-<< 0, T. e



Bhbifl. 10} OTITHYECKAS TIONSPU3ALUSI MOJIEKYJ 99

3saku dakropos Jlanaé cocTosHuB pa3aMuyaloTCH, B 3aBUCHMocTH P(B)
BOJH3H B=0 MOXeT NOABHTHLCH AONO/IHHTENbHAA Y3Kas CTPYKTYypa, BhI3BAH-

Has TOSIBJEHHEM uepe3 g0y HEJHHEe{HOr0 CBSI3aHHOTO C HUM MOMEHTa paHra
»=6, a TakxKe Oonee BbICOKHX paHroB. Takas ¢Tpykrypa npH Q4-noraoiue-
HHH BHAHA Ha pHc. 12. OHa 3kcnepuMenTanpHo oOHapyxeHa B [71, 127, 128
M HHTepnpetrHpoBaHa B [129], a ans cocToaHul ¢ KOHeuyHbiMH J'/ — B [ 134].

BsnsiHHe BHelwlHErOo MArHHTHOrO MNOJsA Ha ¢GJYOPeCUEHUHIO NMpPH LHPKY-
JI1PHO MOJSAPH30BAHHOM BO3OYXKAEHHH H HabnoaeHHU GoJee caoxHa [130].
KapTHHa pacnpefeseHHss MOMEHTOB OpPHEHTHPOBAHHOrO aHcaMbas QaHa Ha
puc. 13. B stoMm cayuae cBer, HapAdy ¢ BbICTPaHBAHHEM, CO31aeT OPHEHTa-
UHi0 (T. €. MYJbTHNOJbHBI MOMEHT HEYEeTHOr0 PaHra) YrJOBbiX MOMEHTOB
KaK Ha BEDXHEM, TaK H Ha HHXHeM YpOBHe. [IpH OpHeHTALUHH yriOBbIX MO-
MEHTOB OCHOBHOTO COCTOSIHHSI MOXHO OXHJIATh NPOAB/JEHHS B CHIHaJe Tak-

o 3
Ke U OKTYNOJAHHOU ODHEHTAUHH gp4. Takan OpHEHTALKUA 3APETHCTPHDPOBAKA,

HanpuMep, B paboTax 3eHpa ¢ COTPYAHHKAMH NPH CTOJKHOBEHHH Ny4Ka MO-
JeKyd ¢ nosepxHocTbio [131].

2 é

Pic. 13. Ilpeueccru pacnpefneneHHs MoMeHTOB P, (0, ¢) BOKpPYr marHutTHoro noas B0z B
cijyvae opwentaunn npd (P, R)4-Bo36yxaennH uupKyJIspHOH TNONAPH3alAM CBETOM. 3Ha-
yeHHs w,./I" papHel: a —0; 6 — 0,5, 8 —1,5; 2 —5,0;  — o0

O6paTuMcs K caydalo, KOrja BJAHSHHE MarHHTHOTO noJqs 6oJee CHJABHO
B B036YXKAEHHOM COCTOSIHHH, T. e, wy-/Tx > w;+/y.. Tenepb MarunThoe no.se
B HaMHOrO GbiCTpee yCpeAHsSeT B IJJOCKOCTH X, y PacrnpenesienHe yrioBux Mo-
MEHTOB A% BO30OVXKIEHHOr0 COCTOAHHA, YeM JJIA OCHOBHOrO, H 3¢ (deKT oc-
HOBHOTO COCTOSIHHS He NposBJseTcs BO dJyopecueHUHH, HabnioaaeMOi BAOb
B. OaHako ec/iM perucTpHpOBaTh CTeNleHb MNOJASAPH3ALUHH (ByopecUeHUHH
«c KoHua» E-pextopa (puc. 14), T. €. BAOAb Y-OCH, CHIHAJ OT OCHOBHOIO CO-
cTosnus O6yaer Habaronaem [134]. [lauuble skcnepHMenToB ¢ I, [124], rae
0 /Tk S>0p/yx, @ TAKIKE pacuera, MPUBefeHbl HA puc. 14.

OCTAHOBHMCS HA BO3MOJXHOCTH TOJyyeHHsi akTopoB JlaHae OCHOB-
HOTO COCTORHHMA uepe3 curHan Xanne. Panee n/s AMMEPOB €AHHCTBEHHEM Me-
TOROM OBl METO] MATrHHTHOrO pe3oHaHca B nyukax Pamsas, KoTopbim B
[132] uamepenm g, akTOpb BCEX IEJOYHBIX AHMepoB (cm. Taba. 1V).
DddekT Xauae OCHOBHOrO COCTOSHHA NO CYTH He CJHLWIKOM MPHTOAEH ANd
oTipenesieHHs gs-, TAK KaK HEODXOAHMO OTIeJIbHO H3MEDHTb CKOPOCTb pe.iak-
CAUHH Y., 4TO CaMo no cebe He npocTo; cm. paszges 4. OnpeneseHHyIO BO3-
MOXHOCTDb 31€Ch flaeT peaJH3oBanHoe B [ 128] ncnosab3oBaHue veaobuit (4.7)
MPOJETHOW pesakcauHH; ToJyyeHHbI! TakHM o006pa3oM pe3yabTaT AJs
K, (X1Z5) npuBeaeH B Tab.1. IV, [lpeacraBaseTr uHTepeC ONpedeInTh 3HAK
g, --bakTopa. MarieTH3M IHAMArHHTHOTO OCHOBHOIO COCTOSIHHSI HMEeT THPO-
MATHATHYIO NIPHpoAyY, cM. [27—29, 35, 132, 133] u npHBedeHHbBe TaMm CCHI-
KH; OH OOVCI0OB/IEH KaK 3J1EKTPOHHBLIM BKJAOM, TaK H BpalllenHem saep. I1pu
3TOM B c.Jyuae npeo6alaHHs 3/1eKTPOHHOrO BK/Aala 3HAaK OTPHUATeNeH, Kak
nas Te, (XOp) (cm. taba. 1V). Eciiv xe npeo6/ianaer Bpaulenue siep, 10
3HAK gy~ MOJOMHTENIeH, KaK AJS LleJOYHHX AHMEePOB. 3a/1ay4a onpefeneHHs
anaka petnaetcs [123] perncTpauueit «aHcnepcHOHNbBX>» KOHTYpPoB (5.6). U3

4
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npHBeleHHbIX HAa pUc. 15 npHMepoB BHAHO, 4To a5 K,, rae g,-g,» <0 Hean-
HedHBI CHrHaA XaHJje OCHOBHOIO COCTOSIHHS [IPHBOAHMT K GoJbliell KpVTH3HE
KpHBO# 2 no cpasHeHdio ¢ kpuBo#l /. daa Te,, rae g€y >0, nossasercs
NOTIOMHUTEbHASA y3KasA CTPYKTYypa, KpuBas 3.

-03 -01 0 or 493 Bn -2 -1 g 1 2 wnfy
T T T T T T T T 7 T T 7 T T
1]
|'1 X =10
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/ "\
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7 ~005 S .
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Puc. 14. HaMenenus creneHd MOASPA3AUHH C POCTOM MarHHTHONO NOJis NPH HAGJAIOAEHHH C

«koHua» E-Bektopa. a — IxcrnepumenT Ha IZ(X‘ZE, v"=0, /=13 n 15)—> (Bl _,
OU
v'=43, J'=12 u 16); nyHkTHP OTHOCHTCA K cnabomy BO36yxaeHuio. 6 — Pacuer, ©,./y=

= 50,./T [162)

CurHaJsibi nepeceyeHHst YPOBHeil MO3BOJIAIOT, €CJIH H3BECTHO gy, ONpeje-
JHTh DeJJaKCAaUHOHHbHE KOHCTAHTBl Y H CEYeHHS ¢ A/t OCHOBHOIO COCTOSIHHSA
[71, 124, 125, 127, 128, 135]. M3-3a npHCYTCTBUA CHJBHOTO CBETOBOTO M10.14,

CMELIHBAIOLIETO op;, HX HEJb3si COOTHECTH C PenakcauHedi MoJspPH3aUHOH-

- p
~
~N
AN
N
o * N
r""’_-—.T’-__0—0\.-.'\‘g \
\
\ &2 K, \ 492
\ .\\
\ L o06 “
4 \
\ L 1 1 ‘ 1
05 02 R 4z 86 8 82 41 T\ 071 02 677
-006}\ \\
‘\2 4 8,02 \\
_07,2_ \q\ y . \.
. \3
\‘ °\\9——0--—'0"'0 TBZ AN .
AN
AN
~N
2 s N -

Puc. 15. 3aperncTpHpoBaHHbe «RHCNIEDCHORANE» CHrRaAn Xauae. I-— ans K, Bo36yknae-
une  (X'T}, 1,73)—(B!M,, 8,73), x<1l; 2—To xe, x=30; J—'¥Te, B0O36YXaenne
(XOg, 1,132)— (AQ, 11,131) [123]
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HbiX MOMEHTOB onpejeneHHoro pauvra. B npegese caaboro JHHEHHO NOJASPH-
30BAHHOrO BO30yX/€HHA, KOrla peub H/AeT O TPAJAHUHOHHBIX CHrHAJaX, co-
riacHo (5.4), MoXKeT ObiTb OnpejeJieHa CKOPOCTh pe/lakCallHH BbICTPaHBaHHsA
I'.. CiokHee onpeie/IHTh CKOPOCTH peJlaKCalliH opHeHTauHH ['y, Tak Kak npn
B030YK/EHHH CBETOM KPYroBOfi UHPKY/AALHH BO3HHKAET TakiKe BbICTPaHBa-
nue. Jlas 3Toro MOXHO HCNOAL30BaTh BO30Y)KAEHHE CBETOM C 3alaHHLIMH
napamerpaMH JJAHNTHYHOCTH H HANpaBJeHHeM ayudei [48].

a ] 8 2 a

Puc. 16. Havenenne Bo BpeMeHH (e«my/ibCauun») pacnpefesieHusi Pp» MOMEHTOB BO36YMIeH-
HOro yposHs (BBepxy) m3-3a npeueccun Bokpyr B||Oz cosiankoro O-HMNyabcoM pacmpeseie-
HHA Pa MOMEHTOB HHMHErD COCTOAHHA (BHH3Y) npH O,y =5. @ —yi=0; 6 —yt=n/l0;

8 —yt=n/5; ¢ — y{=3n/10; @ — yi=2n/5

Htak, HeanHefiHble CHrHAAbl epeceyeHHs ypOBHeM, BK/IIOYAIOUWHe OCHOB-
HOE COCTOSIHHE MOJIEKYJ, AEMOHCTPHDYIOT pa3pylueHHe ero NoASPH3aUHH
BHEUIHHM NOJIEM H NO3BOJISIOT ONPEAEIHTh OTHOLIEHHe PeaKCALHOHHBIX KOH-
cTanT K (akrtopy Jlanae koseGaTesbHOro BpallaTeqbHOr0 YPOBHS, C KOTO-
poOro NMPOHCXOAHT NOTJIOLLEHHE,

53. UMnyabcHoe Bo36GyxAeHue DBephemcss K cayvaw, xoraa
BO30yKACHHE NPOH3BOAHTCHA CBETOBBLIM HMIY/bCOM, NJHTEJbHOCThH KOTOPOro
MHOrO MeHbIlle XapaKTepHbIX BpeMeH pesakcauuH. Torga OAHOBPeMeHHO Npo-
HCXOAHT pacnaj v mpeueccHs pacrnpeieseHHs p'é (f) cornacko (5.1) u (5.2),
YTO OMHCHBaeTcA MPHBeJeHHHM paHee sbipaxenuem (5.3). Ecau cneauts 8
reoMeTpHH pHC. |6 3a pasBHTHeM BO BpeMeHH HHTEHCHBHOCTH (JayopecueH-
1IHH, TO, HanpHMep, 444 I, u3 (3.12) MoXxHO NOAYYHTHL

I ~ kispo + kg o + ks Rew; =
= Ryps + Ko P + k3 Modsp; (0) exp (— T'yf) cos (o + 20,-1). (5.7)

Buipaskeune (5.7) meMOHCTPHpYeT MposiBJieHHe KBAHTOBLIX GHEHHA MOJIAPH-
33IHOHHOTO MOMEHTA 3P; B HHTEHCHBHOCTH H3JYUEHHS, 3aKJIOYal0Lleecs
HAJ0XWeHHH TapMOHHYEeCKHX OCUHJIJIALUHNA C YACTOTOH 20);‘ Ha qJBKT()p 3KCno-
HenuHaabHoro pacnaja exp(—Iayf). Kak Mbl BHAHM, B OCHOBe iBJIeHHs Ta Xe
NpHpoAa, uTo H 3dpexta Xauie — KOHKYPEHIHA NpeueccHH pacnpeae/ieHHs
pe (0, @) Bokpyr noas B ¢ penakcauHel, HO HMeeTCS OYEHb CYLIECTBEHHOE OT-
JIHYHE — CHHXPOHH3HPVOWIKA da3bl eAHHBIA MOMeHT Bo36yxknenus f, (npu-
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Ha10 f,=0). Mb 31echr He Gyaem obOcyxaath noapobHee nBJjeHHe GHEHHN,
oTChisIaf K MHOHepCcKHM paboram u o6G3opam [3, 15, 16, 103, 104, 109, 110,
114), a of6paTHMcsa K NpOsAB/JEHHIO 3(p(peKTa 0T OCHOBHOrO COCTOSIHHA MOJ2-
kya [136, 137]. las 3Toro Bhpasum bpg (f) uepe3 MyAbTHNO/IbHBIE MOMEHTBI
HHKHEro COCTORHHS opy (f) [137]

K r

P K *
g § oD e’ (). (5.8)

Kosdpuunentni 6D ABAAOTCA AeACTBHTEbHLIMH BEeTHYHHAMH. YTOGH Ha-

A€KHO Pa3fe/HTh CHIHAJbl KBAHTOBBIX GHEHHII OCHOBHOTO H BO30YKAEHHOTO
COCTOSIHHA, He0OXOAHMO BuinoaHeHHe yeaoBHit x> Qu,-, y». Toraa

Respf (1) = —= 35D Reat} (0. (5.9)

K xq

Co3pnanHoe §-HMny/JbcOM B MOMEHT BpeMmenH f,=0 pacnpeaeseHHe yrJjoBbIX
MOMEHTOB HHKHEr0 COCTOSIHHS pa3BHBACTCH cO BpeMeHeM Ha MacwiTabef~yy'

Reapy (1) = Bxo — (B0 — oy (0)) €xp (— yxf) cos gu,-L. (5.10)

H3 (5.9), (5.10) suano, uTO uepes 8 BO dayopecueHUHH NPOABARIOTCA OC-
UHJISLHE MOMEHTOB OCHOBHOFO COCTOSIHHS oP; C YACTOTOH guw,~. AMNAHTYAA

ocuuansuuh ybubaer Ha (poHe BO3-

10 I_’s»’z i pacTaHHA CHrHajla H3-3a TepPMaJH-
’ 3allHH CO CKOpPOCTbIO Y. Harasauo
nposBaeHHe OHeHHiI OT OCHOBHOrO

{y COCTOSHHA MOMKHO  NpPeACTaBHTb
- aHaJoruuHo spoexty Xauie Kkak
nepexona B cebs pacnpeneeHHA
pa(8, @) (cm. puc. 16), npu npenec-

28l cHd BOkKpyr B c mepHosom f,=
’ == 2r/gw;~, 9TO NMPHBOAHT K NEpPHO-
: ; : 7 JAHYECKOMY H3MEeHEeHHIO YHCJa Cro-

10 20 gt
COOHHX TNOrJoMWAaTL MOJEeKYyJa. 310
‘M_/y NposAB/AAETCA KaK IepHOAHYecKoe

BO3pacTaHHe KoJHuecTBa BO36yx-
AeHHBIX MOJEKYJ HJAH TYJbCalHH
s ofbeMa COOTBETCTBYIOUHX GHryp
pHc. 16 (BepxHHe KapTHHKH).
I'paduueckas  HAMIOCTPAUHA

25r BhipaXXeHHA a8 HabalonaeMbix
curnanos I(f) [137] npn auueiino
NoJAPH30BAHHOM BO30Y KIEHHH

npuseneHa Ha puc. 17. Buauo, yto
B /., I, NpOABARAIOTCH H AOMHHHPY-

2,0 . 1

. i jor GHeHHs ¢ yacToToii 2w,-, a B

0 10 20 7t |, —toabko <reKcaleKkamnoJbHLe»
Puc. 17. Pacuernble CHrHaAH KBaHTOBHX OHe- OHEHHs C YacTOTOH 4wy-

Hif OCHOBHOrO  COCTORHES 445 Wy./y = 10 [Ipn 3sKkcnepHMeHTaJbHOM Ha-

(reomerpas coorsercrsyer puc. 16) [137]  GaiogeHHHM KBaHTOBHWX OHeHHi OT

OCHOBHOTO  COCTOSIHHS  MOJIEKYJ
rAasHOl npobaemoH ABJAAETCH HEOOXOAHMOCTb HCNOAL30BAHHA GOJBLIMX Be-
JAHYHH MAarHHTHOrO NMOJIsA. 3TO CBA3aHO ¢ MAJHMH gr-DaKTOpaMH AHAMArHHT-
HuX cocToAaHHA (10—°*—10~*; cM. Taba. 1V) u HeoOXOAHMOCTBIO NPOABJAEHHA

Ha Macwrabe y,' 10CTATOYHOrO YHCAA MepHOAOB ocumaasuwit. Ha puc. 18
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npuBeieH NpHMep 3aperncTpHpoBaHHbiX [136] curnaaos na K, (X'Zp).
Jlasepuniit ayuy (6328 uM) moayaupoBaics ¢ raybuuoi 0,8—09 B BuIe
HMNYALCOB AJHTEJibHOCTBIO A7= (1—2)-10-* c¢. KuHetHka nepexoaxoro
npouecca B H3ayuyeHHH (koMiaoHenta /,), Bo30OyXKJaemas <«NOAJIOAKOH»
nocae obpbiBa MMnyabca, npupesesa Ha puc. 18, a. Ha puc. 18, 6, rae
BKJIOUEHO MarHuTHoe noje B=0,816 Ts, HanpasjienHOoe BAOJbL 2-0OCH,
MOJXHO Pa3/HYHTh ocunaAsfunu. CurHaa puc. 18, 8, noayyeHHbH  BBIYHTAHH-
eM /ABYX CHTHAaJOB H YMHOXeHHeM Ha (hakTop exp (Yxf), KOMNeHCHPYOULHH
3aTyXxaHHe aMIJIHTYAbl, MO3BOJISET ONPeAes]HTh YacToTy OHenui wy-. Bui-
HO, H4TO J»KeJaTeJlbHO YMEHbUWHTb NepHOA OHeHnit Aaa OGoJjee 4eTKOro HX
NposBJeHHs, 0AHAKO 34eCb NPOCTO He XBATHJO BO3MOMKHOCTEH HCIOAb3Ye-
MOro 3JeKTpomarHuta. TeM He MeHee 3aBHCHMOCTL Wy~ oT B (pHc. 18, 2)
NPHBOAHT K BeJIHYHHe ¢aktopa Jlauae ans v”’=I1, J"=73, pasHo#t g, =
=(1,304+0,27) - 10~*. T'naBHOe AOCTOHHCTBO MeTOAAa CBA3aHO C PeruHcTpa-

y Zy

Puc. 1B. DxcnepuMeHTalsHO 3aperHCTPHPOBAaHHHE CHIHAAH  KB3HTOBHX OHeHHi Ha

Ke(X'Zg, 1,73) 8 nepexommom npouecce. a — ITose suxmoseso. 6 — B=0816 Ta. s —

Pa3jnocTHu CHTHAA ¢ KOMNeHcauwWel 3aTyXaHWs aMnAMTyAu Guenufi. 2 — 3asucHMOCTE ® ).
or B [136]

uxei B obaacTH caaboro BO3GYXKAEHHS, T. €. KOrja AefCTBHE CHALHOTO CBe-
TOBOIO HMMOyJibca npekpauledo. Bo muorux cayuasx [137] snoane yaoraer-
BOpHTeJIbHa annpOKCHMallHs CHTHana pHc. 18, 6 B BHae

[(t) = I ({— oco) — Cyexp(—vf) + Cycos (20t + pg)exp (—¥f).  (5.11)

[lpu pewenun npobiemMbl YBeJHUEHHA y-/Yx, KOrja MOrpeilHOCTb pellao-
mHM 06pa3oM vMeHblNaeTcs, TAKAA METOAHKA MPeACTaBARETCA ONTHMAJbHON
Ansi H3mepeHHn ¢ akTopoB JlaHae ypoBHe#l OCHOBHOTO COCTOAHHA C (PHKCHPO-
BaHHBIM KOJ1e6aTe bHHM H BPAllaTeIbHBIM YHCJIOM.

54. Pesonanc 6uennii Jlpyroii Bapuaut pernctpausn GHeHui oc-
HOBHOIO COCTOSIHHS JBYXATOMHbIX MOJIEKYJ] uepe3 (JyopecueHUHIO Tpensio-
xen B [138] u 3akaouaercs B TaPMOHHYECKOH MOAYJAAUHH C 9acTOTOH €2,
BO306YKAaKLLUEero JiasepHOro Jy4a, KOraa cCKopocTh MOTJIOIEeHHA MeHseTca Mo
3akony Iy=T,,(1—esin Q,t). Ecin MoOJekynbl HAXOAATCA B MAarHHTHOM
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noae B, To B oKpecTHOCTH Q) =g -1,B/h HabaoraeTcst pe3oHaHCHOE H3MeHe-
HHe pPerHcTpHpyeMoii dJyopecileHUnH. 3HaueHHe § 3/ech CHOBA CBA3AHO ¢
CHMMeTPHel pacnpefeseHHA YIJ0BbIX MOMeHTOB J.. JleficTBHTe IbHO, npH
coBnajeHHH , ¢ 4yacToTol nepexoja B cebs npu npeuecchn Bokpyr B pacnpe-
neneHHs p, (cM. puc. 16) caeayer oxuaath Gonee 3pHekTHBHOrO BO36Y M j1e-
HHs (HeuTo Bpoae cTPOBOCKONHYECKOro 3¢deKra), 4T0 H BHI3LIBAET CHrHAJ
pe3onanca GueHHi. [I[pHMeyaTenbHo, UTO, B OTJHUHE OT CHTYALHH B BO30OYXK-
JIeHHOM COCTOSIHHHM npH Bo30yxKaenuu caabuim csetom [ 15, 16, 105, 106, 109,
110], 3aecb 3exT HOCHT HeJHHEHHbIH XapakTep H MOITOMY MPOABAAETCH
NPH YCPeAHEHHOH NO BPEMEHH PerHcTpalty.

o
2
046
7
044} 1
a.mn
0,5 10
200 <00 9
: poaLE

Puc. 19. Curnaam pezonanca Ouenuft Ky (X'Z¥, 1,73) b BHAe 3aBHCHMOCTH cTeneHu noas-

pH3aunH GAYOPECUEHUHH OT YacTOTH MOAYJAAUHH BO3OYXAeHHA £; B NOCTOAHHOM MarHHT-
Hom nose 0,589 Ta Crpenxka oGosmauaer snasenue Q, = 2w,.[142]

Bua curuana, sapeructpuposantoro [139, 141] Ha TOM Xe TecTOBOM
o6bekte K, (X'Z;), npusenen ua puc. 19. Xora npoucxoxaenne spdekra
BIMOJIHE TIOHATHO H B TpOCTefilemM NPHOAHKEeHHH ONHChIBATCH aHAJIHTHYECKH-
MH BolpaxkenusimMu [138], HX TOUHOCTb OKa3bIBaeTCs HEAOCTATOYHOM, TAK KakK
CHTYalHsl 3aMeTHO YCJoXHAeTcs (MO CPABHEHHIO C KBAHTOBHIMH OGHeHHAMM)
B CBA3H C MPHCYTCTBHEM 10/l HAKAYKH, BHI3LIBAIOWEr0 HeJHHEHHBLIA CABHT
MOJOXKEeHHA Pe30oHaHca H H3Mensiouero opMy KpuBOfl. YCHAHA, 3aTpaveH-
Hule B [ 140—142), no3Bosnsan Ha 6a3e KJAacCHYECKHX mpeAcTaBJeHH# ¢ 1o-
CTaTOYHOM TOYHOCTHIO ONHCaTh GOPMY PerHCTpHpyeMoro ciriana (cniouHas
KpHBasi Ha puc. 19), Hcnoab3ys @y~ B KauecTse OAHOTO H3 MOATOHOYHBIX Na-
pamerpos. OnpeneneHnan TakHM 06pa3oM 3aBHCHMOCTL wy-(B) naer 3nave-
uHe ¢aktopa Jlange g, = (1,24+0,07)-10*. Pesyantat aas *Te, (XOg,
6,52), noayuennbiit MeTonom pesonanca Guennii B [138] ¢ yuetom obGpaGor-
ki [142] naer g =—(19,6+08) - 10~* (cm. Taba. IV).

OTmeTHM HHTepecHyi0 ocoGeHHocTh: B [139] 3aperucTtpupoBsan rekcaje-
KanoJbHblfl CHrHa.a pesoHanca OueHHi (npH ¢=4) B BHAe HeGOJIBLIOTO MaK-
cuMyma B obaactu Q, = 4o~ [Ipn onncanuu 3dpdexra, Kak H B cayuae He-
NHHEHOro cHriana XaHJe, BaXHO NPaBHIbHO VYecTh 3HaKH ¢akTopos Jlau-
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ne gy~ U g; KOMOHHHDYOUIHX cocToAHHA. Heanneifinbie napamerpuueckHii,
(a30BBIA H peTAaKCAUHOHHBIH Pe30HAHCH B MOJeKyJiax paccMoTpeHu B [ 143],
OJHAKO 3KCIIePHMEHTAJIbHO OHH He 3aperHcTpHpoBaHbl. OCHOBHBIE NPOGAEM I
3jleCb CHOBA CBf13aHbl C OOJIBUIHMH MATHHTHBLIMH NMOJSAMH (NO CPAaBHEHHIO ¢
ATOMHBIMH CHCTEMAMH) H HEOOXOAHMOCTbIO pa3pelleHHsl KoJaebaTeNbHO-Bpa-
1aTebHON CTPYKTYPH. [IpH paspelieHHH STHX TPYAHOCTER HeNHHeHHbie Me-
TOAbl HHTEpGhEPEHIIHH HEBLIPOXKACHHBIX COCTOSAHHH TMO3BOJIAT HE3aBHCHMO ON-
peaenuTs daxkTopbl JIaHie H CKOPOCTH penakcauuH NOJASPHIALHOHHBIX MO-
MEHTOB.

55. [loaapu3saunouHas cnekTpockKonHs. Ilocux nop o no-
AApH3auHH (ODHEHTAUMH HJH BhICTPAHBAHWH) YIJIOBBIX MOMEHTOB MOJIEKY.
KakK B BO30YK/JEHHOM, TaK H B OCHOBHOM COCTOSIHHH MBI CYAHJH no ¢ayopec-
uHeHUHH. Ecau Hawel Ueablo SIBASETCS HCCJIENOBAHHE OCHOBHOIO COCTOSHHS
MOJIEKYJl, TO TAKOH MOAXOA CJelyeT paccMaTpHBAaTh Kak He COBCEM NPAMOIL.
Beab cHavasna cBerT B pe3yibTaTe MOTJOWIEHHS NEPEBOLHT MOJIEKYJy B BO3-
OyXKIEHHOE COCTORHHE, Ilé OHAa MOXKET NpeTeprneTh pa3/HyHble BO3JefCTBHA
(CTONKHOBeHHS!, BAHSIHHE BHEIUHHX NOJER H T. A.), H TOJbKO TOCJ€e 3TOro MNpo-
HCXOAHT BHCBEYHBAHHE, 0 KOTOPOMY Mbl H CyAHM 06 OCHOBHOM COCTOSIHHH
MOJIEKY 1.

OueBHAHO, €C/H PCTUCTPHPOBATDL He (J1yopecileHIH IO, d NOrJOleHHe CBe-
Ta PAa3JIHUHOH TOJSPH3AUHH, MOXKHO HENOCPeACTBEHHO NOoJyyaTh HHopMa-
LHIO O pacnpenejeHHH VIJOBHX MOMEHTOB OCHOBHOIO COCTOSHHS MOJIEKY..
HefictBHTeNbHO, €cH npeHeOpeyb BbLIHYKAEHHBIMH NEPEXOAaMH, BENHUHHA

KO3((QHLHEHTA NOTJIOIIEHHA o 3aBHCHT TOJIBKO OT MOJSIpH3alHH cBeta E 1
OT MOJIAPH32UMH YTJOBLIX MOMEHTOB OCHOBHOIO ypOBHS MOJekyan [144]:

o (E) = A} (— 1) (2 + 1)"2CI81 -2 X (170 (E)up’e. (5.12)
“® q

OaHako H3MepeHHe NOrJOLEHHs CBETA MOJIEKYJaMH € 3alaHHOTO KoJe-
6aTeNbHO-BPAILATEIbHOTO YPOBHA SIBJISIeTCS JOCTATOYHO CJIOXKHOW 3ajauef,
Tpebylollleli 3HAUHTEAbHBIX KOHUEHTPAUHA MOJeKYJ H Y3KHX J1a3€PHBIX JiH-
HHE, TO3TOMY METOA MOrJOUIEHHS NO YYBCTBHTEJBHOCTH 3HAYHTEJNBHO YCTY-
naet ¢sIyopecueHTHOMY, N0 KpaliHeil Mepe B BHAHMOI obsactu cnektpa. Oc-
HOBHblE TPYAHOCTH CBSI3aHBI C HEOOXOJAHMOCTBIO PEeTrHCTPALIHH MAaJHX H3Me-
HeHH HHTEHCHBHOCTH HA (oHe GOJIBLIOrO NPOXOASALLEro CHrHana.

Hauunas ¢ pabor Xénwa, lllasnoBau ap. [97,98,145] st HeaocTaTKH
VCMEUIHO MPEeOAONEBAIOTCS NMyTeM HCNOJAb30BAaHHA METOAa MOJAPH3aUHOHHOM
cniekTpockKonud. CyTh 3TOro meroaa cieaympollas. B pesyabrate BO3ACHCTBHSA
HHTEHCHBHOTO J1a3¢PHOTO H3JIYUEHHsSI Ha Da3PeXeHHYIO ra3oBylo cpeiy aTo-
MOB HJH MOJEKV. 3Ta cpena NoJAspH3yeTcst, TO ecTh NpHOGpeTaeT HaBeaeH-
HbIfl ITHXPOH3M H THpPOTponHi. Ecau cpeay NMOMECTHTb MEXAY CKPeLeHHbBIMH
NOASPH3aTOPaMH H NPOCBEYHBATH cNab0H MPOGHOM BOJHOM, yepe3 CHCTeMy
npoijeT TOJALKO Ta YaCTh BOJHH, KOTOpas OyleT onpelesaTbCA aHH3OTPOIl-
HbIMH CBOWCTBaMH rasa [146]. Meroa mo3BoJssieT PerHCTpHpPOBaTb CNEKTPHI
C BBHICOKHM Da3pelieHHeM H XOPOLIHM OTHOLIEHHeM CHIHaJa K WyMy Kak B
atomax [97], Tak u moaekynax [96, 98, 145, 146]. Hicnonn3oBaHHe noasp-
3AUHOHHOM CMEKTPOCKOMHH NO3BOJSET H3MEPHTh CKOPOCTh pelaxkCallHH 1o-
ASIPH3ALMOHHBIX MOMEHTOB Pa3/HYHOTO paHra; cMm., Hanpumep, [147, 148].
PaccMoTpHM, Kak BHelilHee MAarHHTHOe TNoOJie, H3MEHsllee pacnpeneieHHe
VLJIOBBX MOMEHTOB YaCTHIl, OKa3blBAeT BJAHAHHE HA CHIHAJIbl MO/ PH3ALHOH-
HOIl CIeKTpocKOMHH. Takue SKCrepHMenTsl Ha aTomax Na nposeaenn B [ 149].
DKCNepHMEHT MOMKHO MOCTPOHTH TaK, 4TO NMPH 30HAHPOBAHHH CPEB CBETOM
LWHPOKOFO CNEKTPaJbHOro COCTaBa B CHTValUHKH, Koraa 'y, « Tk, cHrHaa noas-
PH3AUHOHHOM CMEKTPOCKONMHH 6VaeT ONpefefsiTbCi HCKJAOUYHTENALIO MOrac-
1eHdem. [lpu 3ToM CcKpelleHHBIC NOJAPH3ATOPB MO3BOJAIOT H3IMEPHTbL MO-
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Je3HbI CHrHAJ Ha He6OoAbLIOM (OHEe NPoXoAfAlero csera. JToT HeOObiIOA
(oM CBfI3aH C TeM, YTO AMIJIHTVAA MOJAPH3ALUHOHHOrO CHrHaaa Haubo buas
M HHTEPNPEeTHPOBATL €ro HaHboJgee MPOCTO B TOM CJyyde, KOraa yroa Mexay
OCAMH TOASPH3ATOPOB HA HeOO/bIIYIO BEJIHUHHY & OTJHYAeTCH OT NpsMOro
[77, 144]|. [lyctb cuabHoe nose Es, co3pnamollee noNAPH3AUMIO YTJIOBBIX MO-
MEHTOB MOJIEKYJ/ibl B OCHOBHOM COCTOSIHHH, JIHHEHHO [OJIAPH30BaHO BAO.b
y-ocH, a caaboe sonnupyoulee nose E, pacnpocTpansercs B10Jb 2-OCH HIIO-
JSPH30BaHO moa yrioM n/4 k x-ocH (puc. 20). B stom cayuae curuaa 3a
ckpellleHHbM ¢ E,-aHannsaTopom onpepesseTcs pPas’HocTbio KOMPOHUHEHTOB

Puc. 20. T'eometpHs  3xcnepH-
MEHTa no NONAPH33UHOHHOR
& CMIeKTPOCKOTHH

NOrOUIeHA o,—a, AJS CBeTa ¢ foaapH3auned BAOAb X- W y-oced. Takok
pe3y.bTaT JIerKo NOHATb. TaK KakK B pe3y/bTaTe ACACTBHA CHJIbHOWH BOJHbI
Es KOJHYECTBO MOJEKYN C YIJIOBbIM MOMEHTOM, HaNpPaBJeHHbiM BA0Jb 3THX
oceil, pasauyHo (cM. pHc. 5, 6,2), To KoMMnoHeHTol Ev, H Ey, BoaHb E, norso-
aTCcs no-pasHomy. BeneacTeie 3TOro npoHCXOAHT NOBOPOT fLJIOCKOCTH 10-
ASpH3alLHH NPOGHOH BOJHBI H nosiBaAsieTcst cHrHan [,. Ero BeMUHHA MOXKeT
ObiTh paccuuTaHa kak [ 144, 150, 151]

€2 ! g2 I 2 :
Iy ~— +e(ax—ay) =—+e-UsRep, (5.13)

rie ! — gauHa nyTH NpoGHOroc fiyuya B NMOJSPH3OBAHHOM rade, a Uy — koad-
GUUHMENT, 3aBHCAIHA OT THNA MOJEKYASPpHOro nepexoaa. [loHATHO, uTO 3aBH-

2
CHMOCTb BeIHYHHBl Re,p, OT BpeMeHH H BHelWIHEro MarHHTHOrO MoJs COBNa-
A3eT C aHaJIOTHYHOH 3aBHCHMOCTbIO (5.3) nas B036YXKIAEHHOrO YpOBHA b,
T. €.

Re,p: ({) = Modap; (0) exp (—7y,f) cos (20,7t + 1y). (5.14)

Takum o6pa3oMm, METOAAMH NOJRPH3ALUHOHHONK CAEKTPOCKOMHH AAS OCHOBHO-
T0 COCTOAHHA MOJIEKYJ] MOIYT ObITb 38PErHCTPHPOBAHB! BCE THNB CHIHAJ08,
KOTOpHE BBHILUE PACCMATPHBAJIHCH NPH caboM BO3OYKAEHHH A1 BO3OYXK-
LEHHOTO COCTOAHHA. 3TO — KHHETHKA peJslaKkCalHH f0CAe HMIYJAbCHOTO BKJIO-
YeHHA CHAbHOH BOJIHB, KBAHTOBble OHEHHsl, pPEe30HAHC OHeHHA, a Takxke
spdext Xanne. KoHeuHo, He caeayer 3a6biBaTh, YTO BHYHCAEHHE NOAAPHIA-
LUHOHHBX MOMEHTOB 4Py [JIfl OCHOBHOTO COCTOSIHHMS fiBAfieTcs 6oJee CJA0XHON
3ajaueil, yeM pacueT P, NpH caaboM BO3OYXKAEHHH. Bo3HHKHOBeHHe op3
CBAI3AHO C HEJHHeAHHIM B3auMoaencTsHeM BoaHbl E; ¢ MOAeKynaMH B OCHOB-
HOM COCTOSHHMH M OMHCLIBAETCA CHCTeMOR VPaBHEHHH, KOTOpAs NpHBEAEH3 B
creaviolleM pasneane. B cayyae pecneaoBaHHsA CHTHAJA0B BUEHHA nocJe HM-
MyJAbCHOTO BO36YXK/A€HHS CO31aHHbIA CHJABHBIM HMMYJAbCOM MVJBTHIOJbHBIA
MOMEHT 0; 34TeM 3BOJIOUHOHHPYET «CBOOOLHO», NOITOMY €ro pe.aKcalHs co

CKOPOCTHIO Y, H MPEUECCHR B MATHHTHOM N0Jie NMOAHOCTbIO OMHCHBAETCH Bhi-
paxkenuem (5.14).
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B pa6ore [144] paccMoTpeHBl ApyrHe BO3MOXHbIE Pa3HOBHIHOCTH reo-
METDHH MOCTPOCHHS SKCIEPHMEHTOB AJIA HCC/EAOBAHHA MOJIEKYJ METONaMH
No/iIfpH3alHOHHOH crnekTpockonHu. OcTaercs JHWb COXaJjeTb, YTO A0 Ha-
CTOSALEr0 BPeMeHH BO3MOXHOCTH NOJIPH3ALHOHHOH CNEKTPOCKONHH AN
IKCIIePUMEHTAJbHOTO HCC/IeA0BAHHSL MOJIEKYJl HCNOJb30BaHbl TOJbKO 3IH30-
JHYECKH H B OCHOBHOM J/11 paculHDPOBKH CNEKTPOB.

6. YpaBHeHHsI NBHXXEHHS NOJAPH3IANHOHHBIX MOMEHTOB AJIS NPOH3BOJb-
Hbx J. [Ina 601ee AeTanbHOrQ aHalH3a 3KCHEPHMEHTOB, HCMOMb3YIOUIHX Bh-
CTPOEHHble H OpPHEHTHPOBAaHHble (TNOJAPH30BAHHBIE) MOJIEKYJBl KaK B BO3-
6y I€HHOM, TaK H B OCHOBHOM COCTOSIHHH, BOCMOJb3yeMCs KBaHTOBOMEXa-
HHYECKOH CHCTeMOH YDABHEHHI ABHXXEHHS A/ NMOJSAPH3ALHOHHBIX MOMEHTOB

@i U [§ HHXKHEro H BEPXHEr0 yPOBHs, MeXAY KOTOPLIMH BO30yxaaeTcs ne-
pexon. B 3THX ypaBHeHHAX ¢ MAKCHMAJIbLHOA AeTAJbHOCTbIO BHIIHCAHBI KO-
GHUAEHTH, XapaKTEPH3YIOLUIHE YrJIOBYI0 4acTh B3aHMOJAEHCTBHA H BJHAHHE
BHellIHEro noJisi. B To ke Bpemsi, JHHAMHYeCKHE NapaMeTphl 3aMeTHO YIpo-
menbl (I'y, I'x, 7« H Ap.), 4TO BO3MOXHO B NPEANOJOKEHHH HAKa4KH CBETOM
WHPOKOTO CHEKTPaJibHOrO COCTaBa. BAHsiHHE MOHOXPOMATHYHOCTH BO30YX-
JeHHst B HeJIHHEHHbIX YCJOBHSIX HA ONTHYECKYIO MAKauyKy MMeeT [O0CTATOYHO
CJOXKHBI XapakTep, H Mbl OTCHIJIAEM 3[€Chb K CHeHANbHBM HCTOUHHKAM, CM.,
nanpumep, [24, 63, 64, 66]. YpaBHeHua QaKTHUECKH 3aMHCAHBL AN ABYX CO-
CTOSIHHA, CBSI3aHHBIX MNOTJIOHIEHHEM, ¢ yYeTOM TNPHOIHXKEHHi, 06CYX AeHHbIX
B pasaeJe 4.

CoBpeMeHHBIH B3rJs HA NPOllece BO3HHKHOBEHUS ONTHUECKON HAKauKH
ATOMOB M MOJIEKYJ CJOXHJCS B ocHOBHOM B pabotax [18, 32, 45, 61, 152—
154]. B cBoeM o630pe Mbl 6yneM CAe10BaTh 3TOM HAEOJIOrHH, YUHTHIBAA He-
KOTOpble OCOGEHHOCTH, MMEIOIHEe MecTo AAf ABYXaTOMHbX Mosexkya. [lpu
Ha/JHYHH BHEIIHero MarHWTHoro noJss B, HanpaB/eHHOrO BAOJb 2-OCH, CHCTC-
Ma ypaBHeHHA, OCHOBaHHasl Ha OGCYX/IEHHOA B YEeTBEPTOM pa3jiesie CTAaTbH
MoOLeH, umeeT Bua [ 155]

1§ =Ty 30 (0% © gl +
X.x
M, \? . ,
+ 2i0s () 3 K (0 @ 1)
N, ) xx

_I‘p( II:J' ,)2 SEAXK (0% @ VS — (Tx— iQos) [, (6.1a)

J” X.K

@5 = —T, AT {00 @) + 2ios I AT (00 @ ¢} +
X, =

X, »’

M, \? -
+ Fp( i, ) DV @ Y — (v —iqor) 9 +
7] XK
+ PJ’J'CxaKKBqug + x:ﬁxoaqo. (616)

OTH ypaBHeHHs 06061a0T HCNOJb30BAHHBIE pAHEe NOAXO0Ab AJA ONMHCAHHA
ONTHYECKOR HAaKauKH aTOMOB u MoJiekya [134, 138, 152, 153, 154]. [lepsui
yjeH B 060MX ypaBHEHHAX OMHCbIBAeT MOTJolleHHe cBeTa co cKopocTthio [y,
NpHBOASALEE K BOBHHKHOBEHHIO BHICTDAHBAHHS H ODHEHTalUHH MOJEKYJ KakK
B OCHOBHOM, T4K H BO36GYXKIEHHOM COCTORHHH, BTOPOH — BAHAHHE AMHAMHUE-
ckoro lllrtapkagpdekta, npHBoAALLero K CABHIY YacTOTHI NMEPEeXoAa Ha BeJH-
YHHY @s, KOTOPasi OTJAHYAETCSA OT HYJIA NIPH HECOBNA/JeHHH UEHTPA JHHHH BO3-
GyXAeHusi ¢ UeHTPOM NMHHH nornowenus [152, 153, 156, 157], Tpetni — BH-
HYX/[EHHOe WCNycKaHHe cBerTa. UeTBepTHl UJieH ONHCHBAaeT pejiaKcallHio
MOJISIPH3AIIHOHANX MOMEHTOB CO CKOPOCTAMH I'x, Y« H BJIHSHHE Ha HHX BHELl-
Hero MaruuTHoro nosas. [lpeanochesHee cnaraemoe B YypaBHeHuu (6.16)
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OndchbiBaeT HMewllHe, KaK MpaBH/JIO, He60.flbl.l.lyl0 BEPOATHOCTb, HO BCE XKe
[IPpHCYTCTBYIOLILHE oﬁpamue CIIOHTAaHHble Iepexoibl, a nocjeiHee — IIepeHOC
3aceJEeHHOCTH Ha HHXKHHH YpoBeHb OT TepMocraTa

Kosdppuunento “F**, wpXK mpXe KAXK w C. yunThiBaloT CcOxpane-
HHE YIJOBOrO MOMEHTA NPH ONTHYECKOM nepexode H HMEIOT BHI,
ne.n; K J
KFXY. _ J Xr.(_ 1)X+l X 11 ] , (6.2)
Mk v )
» IERTCAS S 2 | G T . 1 1
y.A.i/. _ (=D 7' X% (— l)J J+4{4” X” xﬂ}{” ] X}, (6.3)
2 [, A L A WA L
s JrJ
Coo= (= W=l (6.4)

rae
— (22 4+ 1)(26 + 1).. . ]ve

XK’ X X’ X .
Kosduunents A% u *F, K noayuatotes n3 *A%, KF*™ nepemenoii me-
cramu J'' 1 J' B BolpaxeHusx (6.2) u (6.3). Bennunusl B GHrypHux ckobkax

ecTb 6j- u 9f-cumBoabl. HenpueoauMoe TeH30pHOE NPOH3BEAEHHE ONpe/leIeRo
KaK

(0 3 [ = chdn (6.5)

®opMy.abl, MO3BOJSIOLIHE PACCUHTHIBATL 3HAUEHHS KOMIOHEHT TeHsopa [bi-
KOHOBA (Dg‘ LS PA3JHUYHBIX N0 PH3AUHHA H HAMpaBJeHHH PACIPOCTPAHEHHA
JIa3epHOro Jyua, rnosayyeHsl B pa6otax [45, 48]. Beauuunu ['; U os onucs-
BAlOT AHHAMMUECKYI YaCTb BEPOSITHOCTH ONTHYECKOro nepexoga [152, 153]

r, = %( LAY (),

(6.6)
os = Vp. | REM IR

" i (@) doy;

1% 1 (1}

3pech (fld]j{”) — npuBenennbiil MaTpHuHbI 3JieMEHT Nepexoaa J,— Jt',
(cM. pHC. 2), o, — 4acTOTa JNa3ePHOro HU3.Jy4eHHs], HMEIOLLEro CHEeKTPaibHY O
NJAOTHOCTb HHTEHCHBHOCTH [ (®,), ¢ — PE30HAHCHAS YaCTOTA Nepexoaa.

HMugyurpyemas JAyyom HaKaukn ¢bnyopecueHUHMs ¢ NOJAsSpH3auHed, onu-
coiBaeMoit Tensopom ®f, npu nepexone b—c Mosexyab ¢ yposus (a, v’, J')
Ha vpoBeHn(a”, U, J.) (cM. pHC. 2), HMeeT HHTEHCHBHOCTL [45]

e 3T } 2 (— 10750 6.7)
K=o

Koraa J’, /'~ 100, pewenne cuctemn (6.1) scrpeuyaer onpene.ieHHbie
TPYAHOCTH H3-3a OOJbIIOrO KOJHYECTBA CBA3aHHBIX ypaBHeHHd. Tak kak
O0SK<<2), 0<u <2/, a — K<< Q<<K, —x<Cg=<{x, Hx obliee KOJIHUYECTBO
PaBHO (2]’+1) + (2J7+ 1)% Tipu peweHun cToab 6GOJBUIOA CHCTEMBI NipH
sHauenusx napametpoB I /['x, I'J/y., @s/I's, ofy<1 MoxHO paznarath
9%, fQ B PSIA DO CTeneHaM 3THX napameTpos. XOoTs TAKOH MoAxod, Kak npa-
BHJIO, HE NAeT BO3MOMXHOCTH NOJVUYHTL AOCTATOYHO TOYHOE ONMHCAHHE CHrHa-
J0B, OH OY€Hb NOJE3EH, TAK KAK NO3BOAAET NPHATH K OOO3DUMBIM AHANHTH-
YECKHM CBAI3SM MEXAV PAacCUHThIBaeMbiMH BesHuHHAMH. [Ipu 6osbwIux 3Ha-
YEeHHSIX MapameTpoB cHcTemy ypabHeHuii (6.1) cieayeT pewraTb 4HHCJEHHO.
B 3Tom cayuae, ¢ vyeTom TOTO, YTO Ha HabG O AAEMbI CHIHAA JIyOpeCLeHUHH

1
I
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(6.7) HenocpeaCTBEHHO BJHSIOT JHLIb fQK panra K={2, MOXHO OrpaHHuYHuTDH
KOJHUECTBO BKJIOYAeMbIX B DAacCCMOTPEHHe HNOJSAPH3ALUHOHHBIX MOMEHTOB.
Tax, npu I')/Tx, Tu/1e 0s/Tk, @/y«~ 10, pelureHue nodyvyaercs AOCTATOYHO
TOYHBIM TPH yuyeTe B cHcTeMe ypaBHeHHi# (6.1) momeHTOB paHra K, »x<C10
[88]. Bosree meraslbHO METOAMKA YHCJIEHHOTO pELIEHHsI CHCTEMbl YpaBHEHHH
(6.1) paccmorpena B paboTe [88].

OcCTaHOBHMCSl HA MPOSIBJEHHH AHHAMHUYECKOro wWTapK-xhdekra B npouecc
ONTHYECKOH HaKaukH MoJseKyh. Hanbosiee HHTEpPECHO 3TO BJAHAHHE MPOSABIA-
eTcs NpH BO3OYXKAEHHH MOJIEKYJl CBETOM JIHHefiHOH mnossipu3auud. B Mone.an
IHTIOJIbHBIX OCUH.IASATOPOB T3KOE BJIHAHHE paccMOTpeHO B paGote [ 158, 159].
B sTOM cayuyae noa AeficTBHeM AHHAMHYECKOro LWITApK-3PdeKTa NPOHCXOAHT
nepexojl CO3AaHHOTO CBETOM BbICTPAHBAHHSA B OPHEHTALHIO, YTO BbLI3HIBAET
NOABJIEHHE BO (PNYOPECHEeHUHH OTJHYHOH OT HYJs UHPKYJAAPHOH noaspuia-
LUHH H3JYYEHHS. )

Jas npHMepa paccMOTpPHM TIOTJ/IOlleHHe Ha nepexofe Jo=1—>J, = 2.
[TycTb BekTOp cBeTOBO BOJiHb E M BHeulHee MarHHTHoOe nose B opToroHasn-
Hel. [TpeanonioxuM, xak 370 uacTo HMeeT Mecto B gumepax [160], uto 'y =
=I'>»I',227«=7. Toraa nox nefAcTBHeM NHHAMHUYECKOTrO WTapK-xpdekTa B
OCHOBHO’W COCTORAHHH MOJI€KYJbl BO3HHKAeT npononbuaﬂ KOMIMOHEHTA OpHeH-

TaUMH @, BO BTOPOM NPHOJHXKEHHH, pasnaras ¢ NO MajoMy napameTpy,
noayuaem [ 155]

Va2 ol, (OF™
~ 08 ¢ ¥ ded.

(Po (6.8)

ToT ke BO3OYXKAAIOIWHKA CBET CBA3bIBAET cp(', C HENOCPEACTBEHHO BJHSOUIEH
HAa CHIHAaJa H3Jy4YeHHs NPONOJbHOH OpPHEHTaUHeHd BO3OYXKAEHHOrO ypOBHA
fl _ I'p 1 @ = Ve oly (O
o = — 7= Yo = Y, 3
r v3 324 I VA4 405,

(6.9)

B sTOoM cayuae npH HaGJIIOAEHHH C KOHLA BEKTOPA MAarHHTHOrO NMoAs BO3HH-
KaeT H3JyyeHHe LMPKYIADHON noaspu3aund. Tak, pa3HoCTh HHTEHCHBHOCTEH
¢hayopecleHHH, TIOJASPH30BaHHONH no mnpaBoMy (r) W JaeBoMy ([) kpyry
(puc. 21) na nepexoge Jp» =2 > J. =1, pasHa

3
Ir_IINV_‘%f(lh

a Ha nepexoje .I[, —9J, =

Ir Il V3_6 fo
Y1066 HAPAAY C NPOA0ILHOK BO3HHKA/A H NIONEepeuHas OPHEeHTAUHUsI MOJIEKY-
JASpHOro aHcaMOnas, T. €. KOMIOHEHTA ¢k, Heo6X0aHMO, UuTO6H YroJl Mex-
1y E-BekTopoM cBmeTa ¥ MarHuTHHM noJieM B ortanuasacs ot 0 u n/2 [155].

Jast cocTosHHI ¢ 6OAbIIAM 3HAYEHHEM YrJ0BOro MoMeHuTa 3ddexT npo-
IBJSIETCS] MeHee BbIpaXKeHHO W B mpeaesie J/—-oo Hcuesaer [155]. Oanako
BAHsAHHE 3 (eKTa MOXKET BCe K€ OCTaBaThCsl 3aMETHHM TaKXe MpPH 3Haue-
HHH J’~20 u Gosaee [155]. Tax, Ha pHc. 21 npHBeneHa paccuUTaHHas Ha
9BM 3aBHCHMOCTL CcTeMeHH UMPKYASAPHOH mnoaspusauun C OT BeJAHUHHE
wy-/y And Xopouwo HccaenoBaHHoro nepexofa (Jo=18)—(Jp = 17— (J. =
= 16) B mMoaeky.ie Na, npH Bo36yxaeHun auunen 632,8 um He—Ne nasepa
[162]. B pacuerax nonaranoch Y,=7=0,3 Mkc™', I'x=T=83,3 Mrc~!, I'; - =
=0,83 Mkc™!, as-/o;. =—1. BuaHo, uTO, B clyuae Koraa 3Hadenve I',=w,
BCETO B HECKOJIbKO Pa3 MpeBbIllIaeT BEJIHUYHHY CKOPOCTH PEJ3aKCAllMd B OCHOB-
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HOM COCTOSIHHM Y, BO3HHKAaeT CTeNeHb UHPKYJIAPHOCTH H3JNYYEHHS, NpeBui-
waipowas 0,01, yTo 3KCNePHMEHTAJBHO A0/KHO ObiThb HANAEXHO H3MEepHMO.

Hakoneuw, caeayer KOCHYThCS BONPOCAa O BO3MOXKHOCTH PeajiH30BaTk B
3KcnepHMeHTe 3aMeTHoe (o cpaBHeHHio ¢ ;) 3HauyeHHe 1WITAPKOBCKOro CABH-
ra w,. U3 onpeneneaun I', H ©, noayvyaem

i (h};] d(l’f
(w; — @) i (@)

Ecau npuuate, uto dopMa JHHHH BO30YXK/IEHHS JOpeHLleBa C LEHTPOM Ha
4acToTe w; H NOJVIUHPHHOA Aw., TO noJyvyaeM

W, 0 —wy

(6.10)

@,
]‘_

Fp AML
Has rayccoBoro KOHTypa B0306YK/1€HHS Pe3y/lbTaT YHCJIEHHOrO HHTErpHpOBa-
nusi (6.10) [156] npueenen na puc.22. Ha OCHOBAHHH H3JIOXKEHHBIX pe3YJib-
TaToOB MOXHO CleJlaTbh BHIBO/, UTO CHTVAlULHA, KOTla w, H l‘ BE€JIHYHHBI OHOTO
nopaakKa, BnoJiHe peaJibHa.

z .
Ul

° \gs /1)
<k
0,010
2 -
0,005 . : , ,
7 2 3 Wy~ O
Ao,
' _2~
2 * oy
Puc. 21. lloseaenue cTeneHH wuHp- Prc. 22. 3aBHcHMOCTE  BeAHUMHB
KyaspioctH C mpH JHHefiHo To- lg (0s/T'y) or orrowenns (wo—
AsprsopaHHOM Bo3Gyxpenns. [lpn @g) (Awg)~', rae obosnauenns co-
pacuere 7 nunar?noczh: I‘! —Tp= OTBETCTBYIOT KOHTYpY i(w)=
=ws=0,3 Mxc~'; —TIy=uws= il 2
gl_a MEC; 31__1-’:.’0,.:3'0 igexp [—Q—ﬂn]'}.ﬁmﬁl
MEC™

[MoaAmTOXHM OCHOBHBIE OCOGEHHOCTH ABJEHHA Nepexola BHICTPAaHBAHHA
B OPHEHTALlHIO M0/ AeficTBHEM AHHaMHYecKoro 3¢dekra llltapka:

a) ABsseTcs BHIPAXKEHHO HesHHeiHbIM 3(deKkToM, TaK Kak ero Hab.lo-
faeMO€ nposAB/ieHHE — BOIHHKHOBEHHE LHPKYAAPHOH noaspH3alHH dayopec-
LeHNHH — KyOHUeCKH 3aBHCHT OT HHTEHCHBHOCTH B036GyxjeHHs, cm. (6.9);

6) sddexr HMeeT KBAHTOBYIO NPHPOLY, MOCKOJLKY HCYe3aeT NPH nepe-
X0/le K KJ1aCCHYeCKOMY mnpezesy GOJbIIHX yTJIOBHX MOMEHTOB;

B) NPOABJAETCSH TOJLKO NPH HAJHYHH BHELIHEro MarHHTHOrO NoJf, Kak
970 BHAHO H3 (6.8).

B cayyae />>1 aas psina 3aau MOXKHO HCMOJ/IB30BATh YNPOWEHHYIO CH-
CTeMY ypaBHEeHHH MABHMKeHHA NO/JAPH3ALHOHHBIX MOMEHTOB. YTIpOIleHHe 3a-
KJI04aeTcs B nepexoje K KJaccHuyeckomy mnpeaeay J—+oco B KoxppHuHeHTax
C/IOXKEeHHs yrJjosoro MoMeHTa B d¢opmyaax (6.2)—(6.4). B pesyabrare
aCHMINITOTHYECKOro mepexoaa noayyaercs [40, 156]

hipbls _Liglls 0, Cu==1,
(6.11)
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rae A=J"—J” w cucrema ypaBHeuui (6.1) ynpowaercs:
Wb = Ty 31 K8 (0% @000 —

Xx
— KS¥K (0% 00K NE Tk — iQuy )0, (6.12a)
XK’ ’
dy = —Tp ST (0N 2 ) 4 T TSR0 ) iy —
X X.K

—(yx— ‘.f/“)l")ap;;c + Iy s-Bkxdo 4bpg + 7";6%0540- (6.126)

3aech GaKTHUeCKH QHTYPHPYIOT Te Ke K/JaCCHUYECKHE NOJIPH3AUHOHHDBIE MO-
MEeHTHI, BBeAeHHbie B (3.7). B cacTeme ypaBueHHit (6.12) ucuesnu caaraemuie,
NpONOPLHOHAAbHbIE ®,. YPaBHEHHs N03BoAAIOT [161] KoOHCTpyHpoBaTh Tpa-
(pruueckHe H306paXKeHHs pacnpeleieHHss MOMEHTOB, NPHBeJEHHblE HA puC. 4,
5,810, 13 u 16.

B 3TOM MecTe BO3HHKAeT BONPOC: HAYHHASA C KAKHX 3HAYEHHH KBAHTOBbLIX
yucesa J’, J” yraoBoit MOMEHT MOXHO CUHTATh AOCTATOYHO GOJBIUHM, 4TOOHI
NOJIb30BATHCH ACHMINTOTHYECKHMH ypaBHeHHsaMH (6.12)? OTBeT B 3HayHTeb-
HO# CTeMeHH 3aBHUCHT OT TOTO, KAKOH THIT MOJEKyJspHoro nepexoga — P, Q
Han R — paccmatpuBath. OueHKY KadyecTBA aCHMITOTHUECKOro NMPHOIHAKE-
HHSL MOXHO [POBOJHThL, CPAaBHHBAs pacCUUTAHHble 3HayeHHA HabJroaaeMoro
CHUrHaJja, HalnpUMep, CTENeHH MOJAPH3ALUHH H3/Y4YeHHS, HCIOAb3ysl TOUHbIE H
acuMnToTHYecKHe ypaBHendsd. Ouedku [11, 33, 88] noxkaswsawoT, 4TO AJA
JIOCTHXXEHHA TOYHOCTH PacyeTa CPaBHHMOH C BO3MOXHOCTBIO 3KCIepHMeHTa
(AP~ 107*) K Kaaccuyeckomy npegeny J—oo MoxHO nepefitu ansa RP-, PR,
QQ-tHnoB nepexonoB npu J~20, a aas PP-, 1 RR-nepexoaoB TobKO mnpH
J~100. [dna 60osiee KOHKPETHOrO OTBETAa Ha BONPOC O BO3MOXHOCTH HCMOJb-
30BaHHSI aCHMIITOTHYECKHX ypPaBHEHHH HeOGXOAHMO KaX[YIO CHTYaHHIO aHa-
JH3HPOBATh B OTAEJLHOCTH.

B sakaiwouenne csienyer NOAYEPKHYTb, UTO CHCTeMa ypaBHeHHA (6.1),
a aas />>1 ee acuMnTtoTHueckHil npenea (6.12) BK/I0OYAIOT, NO-BHAHMOMY,
Bce OCHOBHBbie 3(¢eKThbl, KOTOpble cJeAyeT NPHHATH BO BHHMaHHE C Y4ETOM
ONpPaBAAHHHX A/l IIHPOKONOJOCHOIO BO36YyXXKAeHHS NPHOJHXKEHHA. YpaBHe-
HHSA NO3BOJIAIOT ONMHCHIBATL PACCMOTPEHHble B NpeJbLIAYLHX pa3jenax CHIrHa-
Jibi HHTEHCHBHOCTH H MNOJAPH3AUHH (JyOopeclUeHIHH, HX KHHETHKY, HHTep-
(bepeHUHOHHBe fIBJAGHHS THMA CHTHAJIOB nepecedeHHs ypOBHel, KBaHTOBBIX
OHeHHA H mapaMeTpHYECKHX Pe30HAHCOB, a TAKXEe CHTHaJK, PerdcTpHpye-
Mble METOJaMH 10./11PH3aLHOHHO CIIEKTPOCKOIHH,

7. A pyrue meroan. HM3noxeHHHH N0 CHX NOpP MaTepHal HMeN B CBOed
OCHOBE CO3aHHE aHH3OTPONHOTO pacnpejeJieliHss yrJAOBHIX MOMEHTOB HEMO-
CPEICTBEHHO NPH MOTJIOLIEHHH J1a3epHOro cBeTa. B TO ke BpeMs H3BeCTHbI,
npHYeM B pfje cJydyaeB JOCTATOYHO JABHO, APYrue CnOcOOH BHCTPaHBAHH:A
160 OPHEHTALHH YIJIOBOrO MOMEHTA ABYXaTOMHHX MoJjexyn. Hekotopsie n3
HHX, TAKHE, KaK (JyopeclleHTHOe 3acesleHHe BhICOKOJIeKAlLHX VpOoBHeR 1100
celeKTHBHasa no M’ dortoaHccounauns, HMEIOT MHOro obliero ¢ yxe
H3JI0XEHHBIM MeToAoM. TIpHHUHNHANBLHO HHYI0 OCHOBY HMeEET NOJRPH3aLHA
YIJ0BOrO MOMEHTA NIPH CTOJNIKHOBEHHSX C APYTHMH 4acTHUAMH B rasax aH6o
C MOBEPXHOCTbIO, @ TAKXKe NoJ AeACTBHEM BHEWIHEro HeoJAHOPOAHOTO MArHHT-
Horo 1160 3ekTpHyeckoro noss. OAHAKO H 37ech JOCTATOUYHO MHOTO OOUIHX
MOMEHTOB C ONTHUYECKOH HaKayKoi. B kauecTBe HHAHKATOpa CO3AAHHOA aHH-
30TPONHH MOMEHTOB J HepeAKO HCMOJIb3YIOTCA NOJIAPH3AUHOHHbIE XapaKTe-
PHCTHKH BO30YXKAeHHOMH nasepom ¢ayopecueHuuH. las onucanus pacnpene-
nedHd J Henoab3yeTcs H3J0XKEeHHBH annapaT MYJbTHIONbHBIX MOMEHTOB HJH
HM MPONOPUHOHAIBHBX K03 dHUHeHTOB. HHXe OyAYT pacCMOTpPeHH, XOTa H
MOCTaTOYHO KOPOTKO, HEKOTODbIE HAEH H NPHJIOXKEHMsS PA3JHYHHX NOAXOAOB
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CO3aHHA TNOJAPDH30BAHHbLIX MOJIEKYJ, B TOM 4HC/J€ HE CBA3AHHbLIX CO CBETO-
BbIM BO3J€HCTBHEM.

7.1. PayopeclueHTHOe 3aceneHHe Hapaly c ONTHYECKHM «OIy-
CTOILEHHEM» B MOJIeKYa1aX, KAaK H B aTOMax, PHC. |, MOXHO OCYIeCTBUTL Ofl-
THYECKYIO HAKauKy «3aceneHueM» (Tepmunosnorus Xsnnepa [7]) uepes dayo-

pecuenuuio B uuknae J"— J'— J; (puc. 23). 3necb ocobbiii HHTepec npex-
CTaBJseT CO3JaHHE OPHEHTALHUH H BHICTPAHBAHHA HA TEPMHUECKH HE 3aceJieH-

HbIX, BbLICOKOJIEXALUHX YPOBHSAX U, Jl OCHOBHOT'QO 3JICKTPOHHOI'O COCTOSAHHA.

B crnouTaunom npouecce J'—-J, Ha ypoBeHb J, nepeHoCATCA ¢ BepXHEro
ypoBHsi /' co3naHHble HA HeM MNOJAPH3aUHOHHblIE MOMEHTb. TaKHM 06pa3om,

cocTOsiHHe U, J; SBASETCA ONTHYECKH BBHICTPOEHHBIM JHGO OPHEHTHPOBAH-

HbiM C BpEMeHeM JKH3HH T, = ;Yx, OINpEAEAAEMbHM CKOPOCThIO peaKcalHi
k3

COOTBETCTBYIOLLETO MO.I5I PH3AUHOHHOTO MOMEHTA (.
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Puc. 23. CxeMa co3maHHf u pe- Puc. 24. a— HacenennocTn 1, BHCOKOJEXAIHX
THCTPaOHH ONTHYECKOA HaKadYKH 7,
«33CeNieHAe M>»

yposHeli Ko B mpouecce HEAYHHPOBAHHON Aa3zepoM
¢ayopecnenuun. 6 — Bansirne ontudeckoro onycro-
wernsa [ 164]

H3 ckasaHHoro noHsITHO, 4TO B ONpefe IEHHOM CMHC/E TAKOro POAa 11po-
UecC MpaKTHUYECKH BCEr/la HMEET MeCTO, OCYLIECTBJASCh Yepe3 Pe3OHaHCHYIo
CePHIO (BJIYOPECUEHUHH C BEPOSTHOCTBIO COOTBETCTBYIOWHX PAAHALHOHHbBIX
npoueccos. B 3TOM cMBIcJIe IpoLece HHOTAa Ha3bBAOT «dpaHK-KOHIOHOBCKOM
Hakaukofi» [208]. [Tpo6siemoft 3aech siBAsieTcs, BO-N€PBHX, CO3AaTh A0CTa-
TOYHYIO KOHUEHTPAaiUHIO {JIYOPEeCUEHTHO 3aCeJEHHBIX COCTOAHHNA n - W, BO-

BTOPbIX, 06€CNeyHTh HX JeTeKTHpoBaHHe. [Tocaennee MOXKeT OCYIeCTBARTLCS
C TIOMOLLbIO BTOPOTO UHKAZ GayopecieHuHH, J; — J'l —J; (cM. puc. 23), Bo3-
6yxaaemoit NMpoGHEM ay4oM I',, APYrofi 4acTOTH. DTO OAMH M3 METOA0SB
9KCNePHMEHTOB CIMEKTPOCKONHH MOAYJISILHH HACEJEeHHOCTH THIIA «METKH HHK-
HETro ypoBHs», npeajoxenHoro Kamuuckum, LUlasnosbim u ap.; cM. 06 3ToM
[77, 96, 163].

i Queumb, KaKylo 9acCTb MOJIEKYJ YyJaeTcs <«llepeKayaTb» Ha YPOBEHb
U, 1, MOXHO H3 COOTHOILUEHHS KOHCTAHT kJ~ = nonFJ,J;/BIF,v, rae I o

1

1Y — PEJAKCAUHOHHbIE KOHCTAHTbl BEDXHHX H HHXHHX ypoBHed. [Tpumep pac-
ueta [164] npusenex na puc. 24, a aaa numMepoB kaaus K; B KajHeBux napax
NpH napamerpax, GAM3KHX K faHHuimM B Tabn. III. Bmawo, uto yBeJIHUeHHe
TeMIepaTypel Napos, a 3HAYHT, OOwel KoHUueHTpauuH K, aHwb go onpee-
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JIEHHOTO npejeda yBE€JAHUYHBAaeET fZJ", TAK KakK BO3pacTaeT poOJib TylaUHX

1

coyaapenuit K;(B'Il.) + K [54]. YBeanuenne MOWHOCTH Hakauku [, Takxe
MMeeT OrpaHHYEHHE M3-3a BO3DaCTaHHUA HeJTHHEAHOCTH npouecca y=TI,/y
[165] npu omycTolIEHHH HHXKHErO YPOBHS, CM. KDHBYIO Ha pHC. 24, 6.

HucleHHO® MOJe/IHDOBAHHE OXKHIAEMbIX CHFHANOB XaHJ€ H KBaHTOBbIX
OMEeHHH TpH ONTHYECKOH HaKauke «3acesieHHeM» MNpHBeaeno B [164]. [an
cnaboit Hakaukd I',/y <] monyuaroTCa AOCTATOUHO ITPOCTHIE BLIPAXKEHHS, OMNH-
CbiBalolHe OXHAaeMblit curiaa Xanae. Hanpumep, ecan npo6unii ayy E;, B
unkae J, —J, noasapu3zoBaH opToroHanbHo BekTopy E, B unkae J”—J (cwm.
puc. 23), ans Qf-nepexona creneHb JHHEHHOH NOJsPH3AUMH Ha Macuitabe
OJJ"/l'Y"' I

—4 (Q’J"/l\’)g
PE, | E) = — —"" | 7.
Q(p_L p) I+ 8 (@ -1y7)? (7.1
Iy
® - — 4acTOTa NpeueccHH YpoBHA J;. Kak cieayer H3 (7.1), curHan umeer

‘/I
60abUIYI0 aMIAHTYAY, paBHyto 1/2.

Hrak, obcyxaaeMblil cnocob HAKAUKH «3ace/leHHeM» NIDH pelleHHH Npood-
JeM perdHcTPaLHH MO3BOAAET BKAOUKRTL B PACCMOTPEHHE BHICOKOAXKAllHe KO-
JebaTeabHO-BpallaTebHble YPOBHH. M X MardHeTtHam MoXeT OO6HapyXHBaTb
BeChbMa WHTEPECHVIO MPUPOAY H3-3a OGJAH3OCTH AHCCOLUHALMOHHOIO npenena,
cM., Hanpumep, pacuetn aass HE DF, TF B [166]. MoxHo npordosuposats
ocyuiecTBIeHHe NoA00HbIX IKCIIEPUMEHTOB B OaHKallieM OyayuieM.

7.2. PoTtoanccournauusa H poToHoHH3auUHA [lpouecc do-
TOAHCCOUHALHH MPOHCXOAHT NPH BO30YyKAEHHH MOJIEKYJ B HEKOTOPOE COCTON -
HHEe ¢ MOCJeAVIOUIHM CMOHTAHHBIM PacHagoM Ha COCTaBJflowHe atoMbl. Tak
KaK BEPOATHOCTh OTOAHCCOLHKALHH B COTJIACHH C H3JI0XKEHHBbIM B pa3ae.e 2.3
33BUCHT OT Vraa Mexay E-BeKTOPOM HHHUHMpYIOUlero CBeTa W AHNOJbHBIM
MOMEHTOM nepexola d, oCTaBlWIHeCH HEPa3pylUEHHBIMH MOJIEKYJH MOTYT B
TOH HJM HHOWM Mepe 0Ka3aThCs MOASPU3OBAHHLIMU, Bnepsbie Takod# sxkcnepH-
MeHT npeadoxen B [167] u 3atem ocyuwectsien [ 168—170] eute B «gosaazep-
Hylo» 2py [lemeiproM W ApP. Ha TpOCTeHlleM MOJEKYJSpPHOM oObekTe —
Hone H;. ABTopbl BBe.H TEPMHH «CeleKTHBHAs (POTOAHCCOUHALHS», HMES B
BHIY CEJEKTHBHOCTb NPOLECCA 110 HANlpaBJIeHHsiM YTI0BOrO MoMeHTa. DddekT

BhicTpauBaHus H, B OCHOBHOM 3.€KTPOHHOM COCTOSIHHH C BpAllATe.lbHbIMH
YHcaaMu <C2 1eTEeKTHPOBAJCH METOJOM MArHHTHOFO PEe30HAHCa MEX1Y 3e-
€MaHOBCKHMH [OJYDOBHAMH CBEPXTOHKOH CTPYKTYPbl B MACHHTHOM I[10.1€
(50—115)-107* T'c. PernctpupoBasiocb H3MeHEHHE YHCJAA HOHOB, VIEpPHKH-
BaeMbIX B PaJMOUYACTOTHBIX JOBYIIKAX (3a ux paspaborky JlemeabTy np-
cvikneHa Hobenesckas npemus no ¢usuke 3a 1989 r.). B skcnepumentax
noiyvuena wudopmauus o dakropax JlaHJe W KOHCTAHTax CBEPNTOHKOIO
B3aumoneicTBs Hs.

HMaeq u TeopeTHueckoe onWcaHue peaiM3allii BHICTPAUBAHHA HelTpaib-
HBIX MOJIEKYA coaepxkartca B pabotax bepcona o Jluna [171], 3enpa [172],
JIuura u ¥Yuacoua [173). M3 kaaccHueckoro paccCMOTpPEHHS CJA€AVeT, 4TO pac-
npegesienHe MOMEHTOB MOJEKVJ, OCTaBLIHXCA HEPACMABUIHMHCS, HanpHMep,
nocae AeHCTBHA 1MIIEAHO MOAAPH3IOBAHHOrO J1A3€PHOFQ HMIYy/bca, 32aBHCHT
OT THMa nepexoja: 1/ NEPreHAHKYJIAPHOTO nepexoaa, (cMm. puc. 3, 8), pac-
npepenexde 6Go.lec H3OTPOMHO, ¥eM A/f napadneibHoro (cM. puc. 3, 6).
YenewHslfi 5KCMEPHMEHT TAKOro poaa peafinsoBan jge PpuzoM, MapTHHOM
v ap. [174]. Monekyasol IBr B nyuke, OcTaBillHeCss HEPA3PYLIEHHbIMH NPH JIHC-
COUHAUNH B pPe3y.bTaTe BO3AEACTBHS JTHHEHHO NOJSPH30BAHHOIO H3JAVUEHHA
Nd—HAT-na3epa, 0Kka3aaHCb ONTHUYECKH BhicTpoeHHBIMH. Tak Kak ¢.ayopec-
UCHUHSA [POHCXOAHT uepe3 napa.tieabHeifl mepexog (P, R)-tHna (o
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puc. 3, 6), cO31aeTCA NOAQKKHTENHHOE BbICTPAUBAHUE YIIOBOrO MOMEHTA, MO-
N106HO pHC. 4a, OTCIOAA NJIOCKOCTL NPEHMYLIECTBEHHOrO BPALUEHHS MOJEKY.Ibl
opToroHanabHa cBeroBomy BekTopy E. JokasaTenbcTBOM cayxuna obGHapy-
AEHHAR 3aBHCHMOCTb XEMHOJIOMHHECLEHUHH SKCHMEDPHHX MoJekya Xe'l
AH60 Xe'Br, ABnAOWHXCA NPOAYKTaMH peakuku IBr ¢ opToroHanbHuiM ato-
MapHbIM NMYy4YkoM MeTacTabHabHoro Xe', or yraa Mexay E # oTHocuTeabHO
CKOPOCTbIO peareHToB. Pe3y/inTaTbl NO3BONAIOT A€1aTb BAXHBLIA AJA MOHH-
MaHHSl MeXaHH3Ma (POPMHPOBAHHS IKCHMePa BBIBOA, YTO CEYEHHE PEeaKIHH
MaKCHMaJbHO, ecaH Xe' HaleTaeT napadebHO MJIOCKOCTH MOJIEKYJsiPHOTO
BPallleHUs .

B psize apyrHx 3KCIEepHMEHTOB 1eTeKTHPOBAJH HE MOJIEKYJH, a aToMap-
Hble NPOAYKTHl. Tak, JIuHr u ¥Yuacou [173], aHanusupys yrsaoBoe pacnpea.-
JeHHe TNpOAVKTOB QoTtopacnaga nydka moJsexkya IBr, a umenHo atomos
Br(*P;..,2), NOATBEpAUIH npeacKazaHue teopun. B paborax Bacworuuckoro
[175, 176] na npumepe Moaekya Csl u TIBr nokasaHo, uTo coxpaHeHHe yrJio-
BOrO MOMeHTa B npouecce GOTOAHCCOLHAUHH C NOMOLUBIO UHPKYJAPHO NOJs-
PH30BAHHOTO CBeTa NPUBOAUT K OpPHEHTAUHH OOPa3yIOIIMXCA aTOMOB, KOTO-
pas NposBJsieTcst yepe3 MArHHTHBI De30HAHC aTOMApHBIX NMpoAyKToB. CKa-
3aHHOe BEpDHO, €CJH BpPeMA XXH3HH MOJIEKYJ ibl B HEYCTOHYHBOM COCTOSHHA,
yepe3 KoTopoe uaetT HGOTOAHCCOLHAUNS, MHOTO MeHblUE BPEMEHH CBA3H 3J€K-
TPOHHOTO MOMEHTA MOJIEKY.1bl ¢ HX BpalleHHeM, H CO3JaHHAs B BO36yXJeH-
HOM COCTOSIHHH ODHEHTalIHAl NPAKTHUECKH 6Ge3 MoTeps nepegaeTcs aToMam.

Pa3zsuBas naeto, npeasoxennvio ewe B 1968 r. Ban Bpantom 1 3enpom
[177], paa aBTOpOB, CcM., B yacTHocTH, [5, 178, 179], uccaenosanu nonspu-
3aiHI0 GayOopecUeHLHH aTOMOB, BO30YXKAEHHbIX B npouecce HoToAHCCOLHA-
UMK ABYNATOMHBIX MoJjekyJ. B pabore [179) npuBeaeH KkBaHTOBOMexaHHue-
CKHH pacyeT MOoJAPH3AUHOHHBIX CBOWCTB (rayopecueHlUnd $oTodparMenToB.
PesyabTarnl sxcnepumeHToB Ha Ca, NOATBEPAHJH HEOOXOAHMOCThL yueTa Ko-
repeHTHbIX 3P (HeKTOB, BO3HHKAIOIUHX NPH KBAHTOBOH HHTeP(EPEHLHH aMIIJIH-
TYy[ pacnajfa Ha pazjH4Hbie MarHHTHbIE NOAYPOBHH PParMeHTOB Ha TOM OC-
HOBAaHUH, YTO H3MEpPEHHOe 3HavyeHHe noaspr3auHl '‘P—'S-nepexona Ca, pas-
Hoe 0,64, okasanoch 6JHXKe K 3HaueHHO (0,78, MOTYYEHHOMY C YUeTOM Kore-
PEHTHOCTH, HeXeJH K KJacCHYeCKOMY pacueTy, aawowemy 0,14.

B npouecce $horonoHH3alUHH TAaKXKE MOXHO OXHAATb YACTHYHOTO Bhi-
CTPaHBAHHS 06pa3yroLIHXCS HOHOB, NPHUYeM CTeNeHb TaKOro BbICTPAaHBAaHHSA
JOJIXKHA TOJHOCTBIO OTNPENEAsThCA OTHOCHTENbHOH BEPOATHOCTbIO aJbTepHa-
THBHBIX KaHa/l0B HOHH3aUHH. MHAEKAaTOpPOM TakKoOro BLICTPAHBAHHA MOXeT
ABJATHCA NMOJIAPH3ALHS (PJIyOpECUEHIHH MOJEeKYJAPHOro HoHa. Tako# sKcne-
DHMEHT ycleumHo BHNOMHMAK Ha HoHe N, Tloaskodd, 3eup u ap. [180].
IMpouecc poTononn3saunu monekyn azora N, (X'Zg) — Ny (B2Z]) + e (Eq,,
Es) MOXeT MPOMCXORKTDH yepes mapajjenphbifi (0,) M NePHeHAHKYASPHDbiH

() nepexonni. M3 Bupaxenns (3.14) u ta6a. Il caeayer, uro gns ¢oro-
HOHH3ALHH N0 KaHaJy o,, Korja o6a AHNOJbHBIX MOMEHTA JI€XaT B MJOCKOC-
TH BpAlleHHs MOJIeKYJb H He3aBHCHMBI, (£),=45° cTeneHb NOJsSpPH3aLUHH
P=1/7. 1na HoHH3aUHH uepe3 m,-niepexon B cayuae (P, R)|-BuicBeunsauus
Ear=(E)xp=45°, mas Q{—(E>xq=90°, uto B cpeasem paer P= —I1/13.
Hrak, HabaoaaeMasn nonsipH3auus M3JyuyeHHs] HOHA

Pow=({—r)(7+13r)"", (7.2)

rae r = Dy/Dg— OTHOWEHHE CHJ COOTBETCTBYIOLWMX KaHaNOB (OTOHOHH3A-
LHH, T. €. Py, 32BHCHT TOJIbKO OT r. ABTOpH [ 180] HCNO/MB30Ba M HOHH3ALHIO
CHHXPOTPOHHBIM H3JydyeHHeM A =450—660 A, uTo COOTBETCTBOBAJIO SHEPTHH
dotona ot 18,75 3B (nopor) + 0,7 3B no npumepno 27 3B. Mamepennnie 3na-
yeHHs P, H3MeHsinHch cooTBeTcTBeHHO oT 0,052 n0 NpHMepPHO BABOE MeHb-
wero 3HaueHus, a orHowenns Di/D;— ot 0,4 10 0,7.
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73. CTONKHOBEeHHA OPHEHTHPOBAHHBIX 4acCTHIL 31€Ch Mbl
HauWHaeM paccMOTpeHHe cnoco6OB CO3JaHHA AHH3OTPONHH B CHCTEME YIJo-
BBIX MOMEHTOB OCHOBHOTO COCTOSIHHS MOJIEKYJI, He CBA3AHHBLIX C NPAMbBIM BO3-
AeiicTBHEM CBeTa Ha MOJeKyJbl. PaccMOTpHM CHTyalHIO, KOrAa ras mpei-
ctasaser cobofi cMech MOJIEKYJIAPHOH H aTOMHOH KOMIOHEHTHI, IPHYEM yCJ0-
BHA CMEUHAJbHO CO3/aHbl TAKHMH, YTOOb 3pdEKTHBHO OCYLILECTBHTL ONTHY=-
CKYI0 OpHeHTalUHo atomoB. Torga u3 cooOpakeHHit COXPAHEHHN CTHHA TNPH
MOJIEKY 1S PHO-aTOMHBIX PeaKUHSAX CJeAYeT OKHAATb, YTO BO3HHKAET MOJAApil-
3a1Hs TAKKe MOJIEKY 1 PHOH KOMIOHEHTH,

PaccMoTpuM BHauaJle TPaAHUHOHHYIO AJA ONTHYECKOH HAaKaukKH atoMoB
B cmuicae Kactaiepa [2, 21] cucTemy: ONTHYECKH OPHEHTHPOBAHHBIH L1104~
HOM aTom A B 6ydeproit cpee HHepTHOro raza B. B mjesounbix atomax us-3a
CBEPXTOHKOTO B3aHMOJEHCTBHSA OPHEHTHPOBAHBI TaKKe CMHHbI axep. OaHako
B TaKO# cpeje BCEraa NMpHCYTCTBYET MPHMeCh LUEJOYHbIX AHMepoB A, B aHA-
MarHuTHOM 'E-coctonnuu. CylUIecTBYIOT ABAa OCHOBHBIX CTOJKHOBHTEILHBIX
MeXaHH3Ma, KOTOPhie NPHBOAAT K MEepeHOCY OPHeHTALHH OT aToMa A K JauMe-
py A,: a) co3anaHHe H paspyluleHHe MOJIEKY/ B TPOAHBIX CTOJNKHOBEHHAX A +
+ A+ B==A,+B: 6) peakuns o6Mena atom — aumep A+ A,==A, + A,

3aBHCHMOCTb KOHCTAHT AHCCOLHALHH Ry H PeKOMOHHALHHA Ry B PEaKUHH
(a) or onTHyeckoi nossApH3auny aTOMOB A Gblaa npenckasana BepHxaimosm
[181] u Kactaepom [182], satem npoaemoHcTpupoBasa B paGorax [183,
184]. 3aBHCHMOCTD CBA3aHA C TEM OYEBHAHLIM GAKTOM, YTO TOJALKO aTOMBI C
NPOTHBOMOJIOXKHBIMH 3JIEKTPOHHBIMH CMHHAMH MOIYyT PeKOMOHHHPOBaTh B
moaekyay A, (XZy), orciona kr = ki (1 — S?), e S — cTeneHb 3J€KTPOH-
HOH cnHH-noAsipH3aunu atoMos. BecbMa yno6HHM HHAHKATOPOM BO3HHKHO-
BEHHS JHMEpOB fBJIAeTCS KHHeTHKa HHAYIHPOBAHHOM JlazepoM MOJIeKyJsp-
HOM (JyopecleHIIHH MOCJe BK/JOYeHHS MarHHTHOTO pe30HaHca, paspyulaio-
1L[ET0 NOAAPH3AINIO aTOMOB, cM. paboTy XyGepa u BeGepa [ 185]) aas cmecu
Na—Na,.

uka pabor [186—192] BuinosHeH B Tex e cMecsiX, HO MO TAK HA3bi-
BAeMOli METOJHKE <«ONTHYECKONl HAKAYKH MOJIEKY] yepe3 aTOMHO-AHMEpHbIH
o6MeH», CBA3aHHOII ¢ eTeKTHpOBaKHeM cHrHaJja IMP naMepoB, opHeHTalHA
fllep KOTOPLIX co3aaercs B peakuHax (a)  (6) ¢ yyacTHeM ONTHYECKH OPH-
€HTHPOBAHHLIX aTOMOB. Fl3MeHeHHe OPHEHTALHH SiAEPHBIX CNHHOB AHMEpPOB
B CBOW ouepelb uyeped o6paTHbIe peakuHH pacnafa H o6MeHa NPHBOAMT K
H3MEHEeHHIO OPHEHTAlHH LIEJOYHBIX aTOMOB A, UTO H JIETEKTHPYETCA MO H3Me-
HeHHIO MPOMYCKaHHA Pe30HaHCHOro cBeTa HakaukH. CJ0KHOCTD MexaHu3Ma
3/1€Ch KOMIEHCHPYETCS MPOCTOTOM 3KCNEePHMEHTa, N0 CYTH, CTAHAAPTHOTO A4
onTHYecKo# opueHTauun atomoB [6—10]). TTo wupuue FIMP-curnana onpe-
HeneHbl KOHCTaHThl peakiuuit (a) u (6) aas Cs, u Rb, [186, 187], Na, [188],
K. [1839]. B paGorax [190, 191] c BHCOKOH TOYHOCTBHIO H3IMEPEHH 3IHAYEHHS
MarHATHBIX MOMEHTOB fi[lep B LUEJOYHBLIX AHMepax. 3TO MO3BOJHJO onpeae-
JHTb Pa3sHOCTb KOHCTAHT MAarHHTHOro sKpaHHpopanus o(A)—a(A;) Mexav
aTOMaMH H AHMepaMH (XHMHUYECKH# CABHT), YTO, B CBOIO o4Yepelb, MO3BOJIH-
JIO OUIEHHTHL TMOCTOSHHHIE CMHH-BPAlLATE/IbHOTO CBEPXTOHKOrO B3aHMOAEHCT-
BHs c, caenys Hy,=chl], rae c=3g,B,106(A)—oc(4,)], granepuniii g-paxtop,
B, — BpamaTteasbHas konctanta. OTMeTHM, 4t0o ecan aas *Na, B [100] u ans
I, B [206] MeTonoM pesoHaHca moJydeHbl 3HAYKHTEALHO Gosee TOUHBIE 3HAYe-
HHs ¢ (cM. Taba. IV), to pesyabtatu no K,, Rb,, Cs, u3 [191], necmoTpsi Ha
3HAYHTeJbHbIE NOTPElIHOCTH, ABJSITCA €AHHCTBEHHBIMH 10 HACTOSLIEro Bpe-
MEeHH.

Onpeneserrbie OCHOBAHHA MPeANOJiaraTh BO3HHKHOBEHHE M0/5 PH30BaH-
HBIX MOJEKYJ Nai0T pPe3yJbTaThl HelaBHO BBIMOJHEHHHX KapTOWKHHBIM H
Knementoerum [192, 193] uccaenoBanmuii 0 cOXpaHEHHH NMPOEKUHH CNHHA
(npaBuno BurHepa) B peakuusix cnHHOBOro o6MeHa H XeMOHOHH3ALHH MpPH
CTO/JIKHOBEHHSX CMHH-MOJSPH30BAHHBIX METacTabH/bHBIX aTOMOB TeJHA
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He'(2°S,) u neona Ne'(3P.) ¢ napamaruutuHbiMH Mosekyaamu O, (3Z;) u
NO(*II,;2). K cnui-noaspH30BaHHbIM NPOAYKTaM NMPHBOAKT TaKkKe peakuHs
XeMOHOHH3ALLHH NPH COyAapeHHH He ¢ nHaMarHHTHBLIMH MOJIEKYJ/IAMH, HANpH-
mep, ¢ Bogopoaom H, [194], koraa no onpeaesieHnbiM KaHanam peakuuH
cosaatores HOoHbt Hi. Oanako B ynoMsHyThIX M HM NOAOGHBIX CAyuasx je-
TEKTHPOBAIHCH JIHIIbL CHTHAIB MATHHTHOrO PE30HAHCA HA ATOMAX MPH OTCYT-
CTBHH MPAMbBIX SKCNEPHMEHTANbHBIX AAHHBIX 110 NOJIAPHIAUHH MOJIEKYIAPHBIX
TPOAYKTOB.

74. BoictTpanBaHue W OpHeHTauud B nyukax. Koraa ny-
YOK MOJIEKYJ HCMbITHIBAeT paccesiHHe Ha APYrHX 4acTHUAX, HANpHMep, aTo-
Max, B MpolleauIem My4ke «HHXKe N0 TeYEHHIO» MOXKEeT BOIHHKHYTb BhICTPaH-
BaHHe yr/i0BbiX MOMeHTOB (puc. 25). CTOAKHOBHTE/IbHBINI MEXAHH3M noJyye-
HHSl «[10/19PH30BAHHOrO» NYYKa ABYXATOMHBIX MOJIEKYJ GblJ NpPeasioxeH ewie
B 1938 r. Foprepom [195]. TlosiBaenue BhiCTPaHBaHHA B npocTeiiliedi Moaenu

o O

- —10
DR | °%|@ P
(@] @ % __ Puc. 25. Bucrpausanue
7 @ o @) d: Z  MOMeKyAspHOrO nyuka
(@) (:t) NpH coyaapeHHH co cde-
] PHUECKH-CHMMETPHUHLIMH

= ST qacTHEAMH

CBA32aHO C aHH30TPOMHEH MeXKMOJEeKYASPHOro NOTEHIHA/a NPH CTOJKHOBEHH-
X, H3-332 Yero ceyeHHe PACCeAsHHS MOJEKYJbl 3aBHCHT OT OPHEHTAlHH ee
MOMeHTa J OTHOCHTE.bHO B3aHMHOH CKOPOCTH V. CTAJKHBAaWUIHXCA NapTHe-
puB, HMes HaHGoabLILYIO BeaHunHy npu J||v,. Ecain HMeTs B BHAY, Hanpumep,
ucreuenne ctpyu Na/Na, [196], To o6a paccmoTpeHtbix B pasaene 7.3 npo-
necca (a) u (6) neACTBYVIOT COBMECTHO, 3aCTABJAS MJOCKOCTH BpalleHHs MO-
JeKyJ1 BHICTPAHBATLCH B HAanpasJeHHH NOTOKA, T. €. «BJ10J1b TeYeHHA» OTHOC!-
TeJbHO C(PEPHYECKH CHMMETPHYHBLIX aTOMOB. MOMXHO rOBOPHTh, YTO CO31aHO
OTPHLATEJIBHOE BHICTPAHBAHHE MOMEHTOB OCHOBHOIO cocTosiHus J, noaobHoe
NnpeACTaBJeHHOMY HA PHC. 5, O, I/le OCbI0 CHMMETDHH pacnpejeieHHs siBaser-
Cfl HampasJeHHe noToka z. U3 ckaszanHoro B pasjene 4 cjeayer, uTo OAHHM
H3 METOIOB JIeTeKTHPOBAHHA 3(peKTa AB/AAeTCH YMEeHblIeHHe CTeNeHH MoJf-
pusaunu dayopecuerunn P, ecau moa [y B (3.14) noHMMaTh MoAfpH3AUHIO
B1OJb MyH4Ka, a noa /, — BAoJAb Bo36ykAaloulero sasepuoro ayda. [Ipu 3tom
P 3aBHCHT OT XapaKTePH3VIOUHX BbICTPAMBAHHE MEPBbIX TPEX YETHLIX MY.Jlb-
THNOJMIBHBIX MOMeHTOB paHra 0,2 w 4. Takoit cnocob6 geTeKTHpoOBaHHA Obla
npeanoxen H ocyuwectsiedn Cuuxa u 3enpom c corpyauHkamu [196] c uc-

noaszosannenm (BUI, —X'=3) -dpayopecuenunn (Q4Q})-tuna B Na,, 8036yx-

Aennod Ar -na3epom (488,0 um). O6HapyxeHo ymeHbilenne P ot 0,48 no 0,44
C pocTOM JaBJeHHs B MeyH. Ba)kHO OTMeTHTb, YTO 3]eCh Ja3epHbIii ayy He
CO371aeT HEeJHHeHOro BLICTpaHBAHHSA OCHOBHOIO COCTOSIHHS, @ JIHIWIL HCMOJb-
3yeTcsi A5 ee HHAHKALHH, T. e. Z0JXKeH ABAAThLCA NpoOHBIM ayuom. U menno
poct 3(ppexTa c pocTOM AaB/eHHS MOATBEPHKAAeT ero «CTOJNKHOBHTEJAbHYIO»
npupoay. HanomuuMm, 4TO npH BHICTPAHBAHHH H3-3a HEJHHEHHOro norJjoiie-
HHS, KaK Jerko puieth H3 (4.5), (4.6) u puc. 6, P yBeaHuuBaercs ¢ pocToM
NaBJIeHHA, TAK KaK yMeHbinaeTcs napametp y=I',/y n3-3a pocra y.

IlpaMbIM noaTBEPXKAEHHEM CO31aHHOTO B MYYKe BHICTPAHBAHHA ABJAET-
Cfl ero npeleccHs B MarHHTHOM noJe, HaGJo1aBuancs no HiMeHeHusam dayo-
pecueHunH B paGote Puccepa u ap. [197], a Henasno takke [lyamanom u
lFepui6axom Ha I, [208]. ABTopst [208] HOPMHPYIOT K CPAaBHHMbLIM YCJIOBHAM
H 060611a10T pe3ybTaThl HCC/A€AOBaHHi B npeabaywHx paborax na Na,
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[182, 196, 197], Li, [207], 1, [208] B cBepXx3ByKOBOj CTpye HHEPTHOrO rasa.
MoKHO 3aKJI0YHTb, YTO yaauHbil Beibop ¢akrtopa nopobus (npousseaenHe
JaBJeHHs HACHILIEHHBIX NapOB HCTOYHHKA HA AHAMETp COIIa) MO3BOJASET 10-

GHTbCS 3HAUMTEJBLHON CTeNEeHH BLICTPaHBAHHsA (BNJOTL 40 Py/ps B npexeJax
ot —0,3 a0 —0,4). Ha naw B3rasa yaauHbiM A5l TAKOTO POJAA MeXaHH3Ma
BLICTPAHBAHHA ABJAETCA TEPMHH «CAMOBLICTPAHBAHHE B NyYKax», BBEACHHBII
M. I1. Yaiikoii B paGore [ 198], rae npoanaauznpoBaHo, Kakum o6paszom ca-
MOBLICTPaHBAHHE BbBI3BA/I0 HEOXKH/AAHHbIE AJf aBTOPOB 3Kcnepumenta [199]
ocobeHHOCTH B cHrHane Xanae nyuka NO,.

JIpyruM HCTOYHHKOM BHICTPAHBAHHA B MYyYKe MOXET BJAATLCH CaMm npo-
necc (POPMHPOBAHHA MYYKa, HanpHMeEp, B CONJe NPH HCTEYEHHH CBEPX3BYKO-
BO/i CTPyH. DTOT npouecc Heeaenoad B [196, 197] u TakxKe onpeneasieTcs
NpoH3BeACHHEM JaBJeHHA HA AHaMeTp consa (MacwTabHbif 3aKOH).

B nocjeaHee BpeMsi 10BOJbHO HHTEHCHBHO HCC/IeAYeTCA BO3HHKHOBEHHE
BbICTPAHBAHHS H OPHEHTAUHH NPH CTOJKHOBEHHAX C MOBEPXHOCTbIO KPHCTA.1-
Ja, cM., Hanpumep, [ 131, 200], rae 3uu, Kymeasb u 3eHp H3IMEPHAH BeJHUHHY
MYJbTHNOJBHBIX MOMEHTOB Y€THOrO paira x=2 n 4 (Npoo/IbHOE BHICTPAHBA-
HHE), a TakxKe HeyeTHOro paHra x=1 H 3 (OpHeHTAalLHA), BO3HHKUIHE B MOJle-
KyJax a30Ta NPH paccesiHHH CBePX3BYKOBOro myuyka N, Ha 4HCTOM KpHCTahje
cepeGpa Ag (111). [JerekTHpoBaHHe aHH3OTPONHH YI/IOBbIX MOMEHTOB MPOH3-
BOJHJIOCH YPE3BHYANHO YYBCTBHTE/bHBIM METOLOM Pe30HAHCHO YCHJEeHHOM
mHorogoTorHof nonnsaunk (REMPI). Ilpu ucnosnb3osakuu npocrefieii spe-
MA-NPOJIETHON TeXHHKH 06pa30BaBIUHECHs HOHBI CEJEKTHPYWTCA MO Macce i
PerHcTpHPYIOTCH B Kamepe cOOpa HOHOB C MOYTH CTOMPOLEHTHON 3PHeKTHB-
HOCTbIO NPH OTCYTCTBHH (ona. [Ipo6aema HapseueHHss HHPOPMALHH 06 aHH-
30TPONHH MOMeHTOB H3 AaHHbX m-+n REMPI pacemorpena B [202, 203]
H Ap. ABTOpPBI HCNOJb30BAJH ABYX(OTOHHLI PE3OHAHC H YeThlpexPOTOHHYIO
Houuzaukio (2+4 REMPI) ¢ spamenneM nmjaoCKOCTH NOJAAPH3AUHH AHOGO H3-
MEHeHHEeM 3JIJHNTHYHOCTH BO36Yy:KAawllero aasepHoro uiayuenus. O6uapy-
JKeHa BBICOKAs CTeneHb OTPHLATEbHOrO BLICTPAHBAHHS YIrJAOBBIX MOMEHTOB
N. ¢ J=14 OTHOCHTEJIbHO HOPMaJH K NOBEPXHOCTH H3-3a AHH3O0TPONHH Ieii-
cTBylowHX cua. Ocobbiii HHTepec npeacTasiseT oOHAPYKeHHE OPHeHTAlHH
(KHpPaJBLHOCTH), YKa3HBaOULee HA HaJHuHe 3(p(PeKTOB THNA «NOBEPXHOCTHO-
ro Tpenusi»>. Pe3yabTaThl N0 BO3HHKHOBEHHIO BHICTPAHBAHHA BPALLATEbHBIX
COCTOSIHHI1 B pe3yabTaTe Heynpyroro paccesuus monekysn NO Ha kpucrade
Pt (111) coaepxurcs B [201].

Kpome paccMOTpeHHBIX CTOJKHOBHTEJIbHBLIX MEXaHH3MOB CO3/1aHHA aHM-
30TPONHH MOMEHTOB, NPHMEHAIOTCA HCTOPHYECKH CaMble DPAHHHe MeTOAbI, Ho-
NobL3ylolHe AeACTBHE BHEUIHEro MArHHTHOrO H 3JeKTpHueckoro notef. Cka-
3aHHOe OTHOCHTCA H K H3BecTHOMY MeTony Llltepua — 'epanaxa na 3ape kpai-
TOBOH MEeXaHHKH, NO3BOJAIOUIEMY «OTHHALTPOBATLY NYUOK C ONIPeAeNeHHBIMH
HanpaBJeHHAMH MarHHTHBIX MOMEHTOB. BO3MOKHOCTH MeTONa pacIiHPH/IHCH
C HCMOJIb30BAHHEM MAarHHTHOTO pe3oHaHca, B TOM YHCJe B MoJsekynaax. B pa-
G6otax Pam3es Ouan onpejesieHbl MarHHTHbIE MOMEHTHI, @ H3 QOPMbI JHHHH
Pe30HAHCAa — KOHCTAHTH CBEPXTOHKOro B3aumoiedcTBHs aas H. u wenous-
HbIX AHMepoB, cM. [27, 132] u taba. IV. CBoaky AaHHBIX MO APYrHM MoOJe-
KyJaM MOXHO HaiiTH B pa6ote [35]. K HelocTaTkaM MeTo1a caeayeT oTHec-
TH CJOXKHOCTb YCTAHOBKH, HEAOCTATOYHYI YYBCTBHTENbHOCTH H OTCYTCTBHE
CEeJIEKIIHH N0 KoJe6aTeJbHO-BPallaTeNbHbBIM COCTOSHHAM, MO3TOMY OCHOBHOE
HanpaB/ieHHe HCC/eO0BAHHH CBA3aHO C 3aMEHON MArHWTa ONTHYeCcKHM (Ja-
3epHBIM) Cnoco6OM NONAPH3ALUKH MOJIEKY.JI; CM. TPHMepH B pasaeJe 5.

PacnpocTpanenHbM cnoco6oM fiBASETCHS OPHEHTAUHA MOJEKYA B Myuykax
C NMoMOUIbI0 BHElIHer0 GOKYCHPYIOLLEro 3/JeKTPHUYECKOTr0o MOoJs CMeUHa bHOM
(rexkcanoabHOf) KoHHrypaunH, cM. 06 Haee H npHHuunax [204].

K coxanenHio, A5 ABYXaTOMHBIX MOJIEKY.] AaXe OrPOMHBIE, NPAKTHYO-
CKH HeNOCTHIKHMBIE 3HAYCHHR 3J1eKTPHUECKOro MOJS NMPHBOAAT JIHIIL K He-
3HAYHTEbHOH OPHEHTAUHH. 3aTO METON BecbMa YCMEllHO MPHMEHAeTCH K
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NOJAPHLIM MOJIEKY/JIaM THMA CHMMETPHYHOrO BOJIYKA OCOGEHHO yCmeulHo K
TakuM, kak metHaragoredsl CH,F, ..., CH,l, xnopodpopm CHCI; u um no-
f00Hble, a B mocJeaHee BpeMmsi K GoJlee LIHPOKOMY KJAacCy MHOFOATOMHBIX
MoJeKyJ, cM. o gertandax [209] u coaeprkallHecs TaM CCHIJIKH.

8. 3akmwovenne. [Ipeacrasiennbiii 0630p B OCHOBHOM COAEPKHT pac-
CMOTPEHHe MEeTOA0B CO3/laHHA H AeTeKTHPOBAHHA MOJAPH3ALHH YIJOBBIX MO-
MEHTOB NPOCTHIX MOJIEKYJ, @ TAK)Ke BONPOCOB KOrePeHTHOCTH H HHTepdepeH-
LIHH MArHHTHBLIX NOAYPOBHEH B 3THX cHcreMax. OcHoBHOM, Hanbosee oueBH-
HOH H mporpecHpyiolleii 06,1acTbio, TpeOyolled cCO3JaHHA NOJAPH3OBAHHbBIX
MOJIeKy.l, fIBJAeTC H3y4YeHHe POJIH NPOCTPAHCTBEHHOH OPHEHTAILIHH YacTHL
H HX VIJOBBIX MOMEHTOB NPH HEYNPYTHX CTOJKHOBEHHAX, B «MOJYCTOJKHOBE-
HHAX» B npouecce GOTOAHCCOUHALHH H 0CO6EHHO B CTOJKHOBEHHAX, IPHBOA-
LIHX K XHMHUECKOi peakuHH. OpHeHTHPOBAHHbIE IYUKH PEAreHTOB NO3BOJAIOT
B NPAMbBIX IKCNIEPHMEHTaX BbIACHHTDH BJHSAHHEe npocTpaHeTBeHHOro («sterics)
¢akTopa Ha BepOATHOCTb PeaKLHH H HA YIJIOBOe pacnpejelieHHe NMPOAYKTOB.
Poab onTHYeCKHX MeTD10B 3/leCh CBOAHTCH KAK K NPHrOTOBJEHHIO MOJASAPH3O0-
BaHHbLIX PEareHTOB C CeJeKlHell no KoeGaTeJbHOMY H BpallaTeJbHOMY YPOB-
HI0, TAK H K TECTHPOBAHHIO NOJAAPH3ALHH H YIJIOBOro pacnpeeneHus npoay«-
ToB peakuuu. OAHH H3 NMepBLIX YCMELIHbIX IKCNEPHMEHTOB TAKOro poaa Hai-
aoxeH B pabore [205]. das noayuenHs WHGOPMAUHH O MPOCTPAHCTBEHHOH
JAHHAMHKE COYAapeHHHA MOXKHO HCMOJb30BATh HE TOJbKO NYYKH, HO H pac-
CMOTpeHHbie B 0630pe MeTO/bl Ja3epPHOH ONTHYECKOH OPHEHTAUHH B oObeMe.
MOXHO 0XHAATL PACIIHPEHHS HCCJIeOBAHHMA, CBA3aHHBIX C POJBIO BHICTPAH-
BaHHA H OPHEHTALHH MPH B3aHMOJAEHCTBHH MyYKa MOJEKYJ C MOBEPXHOCTbIO
1131, 200, 201]. TTpu3HakoM MNOsBJAEHHS HOBOH MOAOTPACAH XHMHUYECKOH IH-
HAMHKH, NIOCBALIEHHON paccMaTpHBaeMbiM npobaeMam, siBJAsieTCs TMepBOe pa-
Goyee copellaHHe MO JHHAMHYECKOH cTepeoXHMHH B HosOpe 1986 r. (Mepy-
CaJHM), @ TaKXe CHMNO3HYM (apajieeBcKoro obuiecTsa Mo noviAspH3aiHoH-
HbM 3¢ ¢eKTaM B PeaKTHBHBIX CTOJKHOBeHHsix B nekaGpe 1988 r. (®PI),
MaTepHaJbl KOTOPHIX MOXKHO HafiTH B H3AaHHAX, colepauux paborn [210]
u [211]. B nepcnekTHBe MOXHO NPEACTAaBHTh HEKHA «HAEaJbHBIfi» CTepeo-
JHHAMHYECKHH 3KCMEePHMEHT, B KOTOPOM CO3/al0TCA OPHEHTHPOBAHHbIC B 3a-
JaHHBIX COCTOSIHHAX pPeareHThi, a PerHcTPHPyeTcA pacnpejleieHHe Mo BHYT-
PeHHHM cTeneHsm cBOGOALI, MO yrjaMm pa3fera, a TakxkKe OPHEeHTAUHA npo-
JAYKTOB, MPHYEM NpPH Heo6GXOAHMOCTH B pea ibHOM MacuiTabe BpeMeHH.

MeHee nonynspHLIM SABJAETCH NPHMEHEHHe ONTHYECKOH MNOJAPH3aLHH
MOJIEKYJl H KOTepeHTHbX PPeKToB AAs CTPYKTYPHHIX Hccaeposarufi. Ha
Hall B3TJS[, 3/1echk CYLIECTBYIOT He B NOJHON Mepe OleHeHHbie BO3MOMXHOCTIH,
cBA3aHHBIE, B MEPBYIO ouepelb, ¢ TOH HHpopmauued, KOTopas MOXeT GuiTb
nojiydeHa H3 3HaueHHA ¢aktopoB Jlanae. Ilpene3anonnbie, cHCTEMaTH3HpO-
BaHHble MO KoJieGaTesibHbiM H BpallaTeJbHBIM YPOBHAM 3HaueHHA $akTOpoB
Jlanae Kak OCHOBHBLIX, TAK H 3J]€KTPOHHO-BO3GYX/JEHHBIX COCTOAHHA MOryT
OBTb TOJYYEHB H3 3IKCNEePHMEHTOB MO HHTepdepeHUHH KOrepeHTHHX Noj-
ypoBHe# (mepeceveHHe ypoBHefl, KBAHTOBbie OHeHHSA, NMapaMeTPHYECKHe pu-
3oHaHChl). UX BeaHuHHA M 3HAK ABJAIOTCA YPE3BHYAMHO YYBCTBHTEJLHLIM
HHIHKATOPOM BHYTPHMOJ/IEKYJAPHBIX B3aHMOMAEHCTBHA Pa3JHYHOH MPHPOALL
[29], BH3BaHHHX BpameHHEM JABYXaTOMHOH MOJEKyaAn JHO60 CnHH-OpPOH-
TanbHBIM B3auMmojeficTBHeM. B nepBom curyuae, Hanpumep, dpaxkrtop Jlaune
'Z-cocTOAHHA MOXeT OuiTh B pAjie cjyyaeB NMPAMO BhPa)KeH uepe3 BeJHUYHHY
A-ynBOoeHHS B3aHMOJAeACTBYIOLIErO C HAM JOCTaTO4HO yaanenHoro 'Il-repma
COOTBETCTBylOLLefi CHMMeTPHH. B3aHMoneicTBHe MEXAY TepMaMH 3aMeTHO
BJHAET Ha g-hakTop TakikKe AJA MApaMarHHTHHIX COCTOSHHA ¢ GO/bIIHMH
yraoBeiMH MomeHtTamMH (2100), coGcTBeHHBIi MAarHeTH3M KOTOPBIX O4YeHb
mas. CpaBHenne H3MepeHHbIX GakTOpoB JlaHae C TEOPETHUYECKHM PacueToM
MOXe T MO3BOJIHTh NO-HOBOMY B3rAfiHYTh Ha PAL CTAapuiX npo6./eM, CBA3AHHKX
C H3y4eHHeM BHYTPHMOJIEKYAAPHbX nepTypOauui.
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M Hakowell, He caeayeT 3a6biBaTh, UTO ¢ «HechepPHYECKHM» pacripee.ie-

HHEM VIJOBbIX MOMEHTOB MOJICKYJISPHOrO ra3a CTaJKHBaeTcsl MPaKTHYECKH
KaXAbli cneKTpocKonueT. [1pH 3Tom, ecsiH HCNOAb30BaTh J1a3ePHbIE HCTOYHH-
KH BO306YX/1€HHA, TO HeJnHelHble 3()(eKThl, B YaCTHOCTH ONTHYECKas MOJfA-
pPH3amHsl HHKHETro YPOBHs,— SABJIEHHE OTHIOAb He pelkoe, H yMeHHe ero olle-
HHTb H yuecTb MOXKEeT 0Ka3aTbcd HeOOXOAHMbIM.
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