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The paper presents and analyzes analytic equations which in terms of polarization moments
describe the crossing signals of magnetic sublevels in a zero magnetic field (Hanle effect) of
dispersion form under linearly polarized excitation in the case of extremely weak pumping (linear
response of the system) during Q and P, R-type transitions in diatomic molecules with high values
of angular momentum J» 1. The case of efficient optical pumping by devastation is discussed, in
which there is manifested a superposition Hanle signal of dispersion form of the ground and
excited states related to an optical transition. The paper gives the results of experiments
conducted on **K , molecules during X '2," — B 'I1, excitation with the 632.8-nm line of a He-Ne
laser and '**Te, molecules during X0 ;' ~40 ;' excitation with the 488.0 and 514.5-nm lines of an
Ar* laser. From the signals of dispersion form obtained, the signs of the Lande factors of the

combined states have been determined.

INTRQDUCTION

The magnetic moments of diatomic molecules are de-
termined not only by the orbital and intrinsic moments of the
electrons and nuclei, but also by the molecular rotation (see
for example Refs. 1 and 2). A rigorous calculation of the
magnetic moment for a specific electronic-vibrational-rota-
tional (EVR) level is possible only in the case of pure Hund-
type coupling.' Thus for a-type coupling, the value 1, of
the projection of the magnetic moment on the direction of
the external magnetic field B is’

(A425) (A4 3) M
Pem=— P +1)
where A and I are the projections of the orbital and spin
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angular momenta of the electrons on the molecular axis, M’
is the magnetic quantum number of angular momentum J ',
g, is the Lande factor, u, is the Bohr magneton; the energy
changein field Bis AW, = — u,B. Using Eq. (1), McClin-
tock et al.* calculated the Lande factor for the EVR level of
Na, (B'N,, v' =10, J' = 12) with A =1, £ =0, which
leadstog, = — 1/J'(J’' + 1). This state was used in Ref. 4
to conduct the first experiment on the Hanle effect for di-
atomic molecules by means of laser-induced fluorescence,
and thus the lifetime was determined. The equations for
Hund coupling types b and c are given in Ref. 5. However,
for states in which A = X = 0 or the projection of the total
angular momentumis {} = 0, equations of type (1) .give zero
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FIG. 1. Calculated Hanle signals of dispersion form in di-
atomic molecules for a linear response.
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and the magnetic moment is determined by the rotational
motion of the molecule.® In the majority of cases, it is diffi-
cult to predict in advance not only the value but also the sign
of the Lande factor, and therefore, the chief sources of infor-
mation in this case are experiments, which have been few in
number. References 7 and 8 studied the BO ;} states of *°Se,
with © = 0. In Ref. 6, the method of radio-frequency reso-
nance in molecular beams was used to determine the mag-
netic moments of X '3} states for alkali dimers Li,, Na,,
K,, Rb,, and Cs, without selection according to the VR lev-
els v*,.J.". Moreovet, for Li, (X '2} ), it was also determined
that the direction of the magnetic moment coincides with
angular momentum J (the Lande factor will be assumed
positive in this case). Brooks et al.® concluded that the con-
tribution of nuclear rotation was decisive. To determine the
magnetic moment of an individual VR level (a”, v",J ") of
the ground electronic state a”, we recently® ! used nonlin-
ear variants of methods of interference of magnetic sublevels
during laser optical pumping: beat resonance for
1%Te, (X0}, 6.53),° Hanle effect,'’ and quantum beats in a
transition process'’ for *K, (X 'Z,", 1, 73). However, the
sign of the Lande factor was not determined in these experi-
ments.

One of the possibilities of determination of the sign of g
is given by the Hanle effect, which consists in depolarization
of fluorescence by an external magnetic field.'” However, in
the traditional geometry of the experiment (Fig. 1), involv-
ing measurement of the degree of linear polarization
Py, — 1)/ + 1,), where I, is the intensity of fluores-
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cence polarized parallel or perpendicular to vector E of the
exciting light, the dependence on magnetic field B is a Lor-
entzian form
P, O)r3
P,,(B)-—: T3+ 4g*Bh gt ° (2)

and therefore, ifformation on the sign of the magnetic mo-
ment is fost. Here I, is the aligntnent relaxation rate.'* Asis
well known,? the sign of the Lande factor is usually mea-
sured in a Hanle signal of dispersion form by recording the
intensities polarized at an angle of + 45° to vector E (i.e.,
a = + 45°in the diagram of Fig. 1). Then
I,—1 2mg BP, (O)/h

Pue (B) =TT, =TI 1 i B0 * ()

Signals of such form were recorded, for example, in Ref.
7 for the 8°Se, B-X band.

In the present work, the device of polarization moments
is used to analyze the type of signals of dispersion form
P, (B) for an arbitrary angle a and Q and P, R-type transi-
tions in diatomic molecules with large angular momenta
J> 1. In order to determine the sign of the Lande factor of
the ground state, the dispersion shape of a nonlinear Hanle
signal is analyzed in the case where the signal from the
ground state is superimposed on the Hanle contour of the
excited level (such an effect was first recorded in Ref. 14 for
signals of Lorentzian shape). The results of an experiment
involving determination of the sign of the Lande fctor of the
ground electronic state of potassium K, (X 'Z," ) and tel-
lurium '*°Te, (X0 ") dimers are presented.
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DISPERSION FORM OF THE HANLE SIGNAL OF DIATOMIC
MOLECULES DURING WEAK EXCITATION

Let the radiation exciting the (a”,v,J ;) = (a',v5.J 3 ),
optical transition (or, in abbreviated form, a - b) be directed
along the X axis (Fig. 1) and linearly polarized parallel to
the Y axis. We will follow the intensity of fluorescence I, on
the (a,v},J ) - (a",v2,J ) transition, or b—c, linearly po-
larized at an angle a to vector E||Y. The discussion will be
conducted in terms of polarization moments (PM) 13,15 with
the use of asymptotic equations in the case J— co. 16 The
equation for intensity is

1.=<—1)“;:\‘2K+ 1059, S (—1)? FoF, (a), 4
0
where ®§ (a) is a function introduced in Ref. 15; f '5 is the
PM of the excited state of rank X and projection Q; C 3z, are
Clebsch-Gordan coefficients; A =J, —J . In our case,
K=0 and 2, and ®%=—1J3, &)= —1/30,
%, = (1/2y5)e*""*>® are nonzero.

The Q transition (J, = J 2.). The fg values are deter-
mined by the Dyakonov function during absorption and, in
the case where the light field does not change the population
of the ground EVR level (a”, v, J ), from which the ab-
sorption takes place, can be written in the form

] 1 Iy 1 1y 1 Ty
0 — — gl ¢ L ] 2 _ T gl
=1 T, for = 15 T, for 14= 5ve Iz T 22 Po-

These equations follow directly from Eq. (2) of Ref. 11.
Here ¢ is the PM of the ground state of zero rank, corre-
sponding to the particle concentration in thealevel, T, is
the absorption rate, and T, is the rate of population relaxa-
tion. Substitution for £ in Eq. (4) gives

Pegdr 1 1 1 /Ty cos a + 2Q sin 2«
’ig)‘—“'a_[’éﬁ"i' 15T, +5 (e )]'
0.49 sin 2a (5

1 .
(T34 4Q%) (3;;: + -"5—[“:) +0.2I'; cos2a

#o=

Here the frequency Q = g, Bu,/f. For diatomic molecules
with J> 1, apparently, the approximation r,=I,=Tis
‘permissible; for Te, (40 .F), this is shown in Ref. 17. Then
Eq. (5) becomes simplified:

2 -IL; sin 2a

. (6)

PO = o
2(1 + AF) -+ cos 2a

1t is evident that the dependence of the degree of polar-
ization on /T has a dispersion form. For the usually select-
ed angle a = 45° we obtain

Qr

iF 4/sz=,1'2 N

Equation (7) is shown by curve | in Fig. 1; the extrema
are located at /T = + 0.5, and the corresponding values
of the degree of polarization are + 0.25. However, these
power values are not the highest ones. Determination of ab-
solute extrema of P2 from the two variables @ and £/ r
from Eq. (6) gives the value of the angle a,;, = (1/2)arc-
cos| — 1/(2+v3)]=52.8° and /T = +312/
4= + 0465, with P2 = + 0.2588. Thus from the stand-
point of obtaining the highest values of the degree of polar-
ization, the optimum angle for Q-type transitions is not

(0) —
P-ls") -
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a =45, buta,, = + 52.77°. Itis true that the gain in signal
amplitude obtained is small, of the order of 3.5% of the max-
imum; the Hanle contour is shown in Fig. 1 (curve 2).

P, R transitions (J, =J” + 1). We will consider the
fluorescence during P, R-type transitions in the cycle
J?~Jy-J In this case, A= + 1in Eq. (4). The rela-
tionship between the nanzero PM of the upper state f & and
lower state @O is expressed'' as f§ =(T,/3T,)¢y,
fi=(T,/30T,)@g and f%, = T,po/(T, F2i0)10V6.
The intensity is .

182 B = (18/3) + (13/6) — (1/VE) Re (137 (*+2%))

= (T ,8/3) {1/3T + 1/60T; + (T's cos 2a + 20 sin 2a)/20 (T3 + 4Q%)].

(8)
The expression for the degree of linear polarization
PR inthecase Iy =T(=Tis

Q

2T sin 2a
7(1-{—4%—;—)—}-(:052«: ®

The optimum value of angle  can be found, as in the
case of Q transitions, as a, = (1/2) arccos{ —1/

(7 + 4v3)] =47.1° corresponds. Hence for P, R-type transi-
tions, the Hanle contour for the optimum angle @,,, is practi-
cally indistinguishable from the contour for a = 45° [Fig. 1,
curve 3)].

For J» 1, using the classical representation, one can
construct the pattern of spatial distribution of angular mo-
menta J, of the excited state (for more details see below)
which clearly illustrates the essence of the Hanle effect. The
representations for P, R transitions are shownin Fig. 1 (bot-
tom right); they correspond to the values /T = 0and 1/2.
This form of spatial distribution of angular momenta is due
to the fact that for P, R-type transitions in the classical mod-
el, the oscillating dipole is rigidly connected to the internu-
clear axis of the molecule and rotates together with it about
J.18 1t is evident that the distribution of angular momenta J,
rotates about B in a direction dependent on the sign of the
Lande factor.

PRR)

MANIFESTATION OF THE HANLE DISPERSION SIGNAL OF
THE GROUND STATE

We will turn to the case in which one cannot neglect the
coherence of the ground state, arising during the emptying of
the latter during absorption @ — b, if the absorptionrate ', is
comparable to the rate y of population by nonradiative pro-
cesses. The effect is achieved during laser optical pumping'®
and makes it possible to observe the Hanle effect of the
ground state’® for Q transitions to Nay(X 'zh),
K,(X'%,") and (Ref. 20) for the P, R transitions of
Te,(X0," ). In these studies, Hanle signals of Lorentzian
form were recorded. We will follow the manifestation of the
superposition Hanle signal of dispersion form from the
ground and excited states (an analysis of the situation for
circularly polarized excitation is given in Ref. 21). Now in
the ground state there are not only the PM ¢ ¢ (population),
but also moments @ of higher ranks x(x being an even
number for the excitation scheme of Fig. 1). To find the PM
of the excited state f* which determine the fluorescence in-
tensity in accordance with Eq. (4), it is necessary to solve
the system of equations of motion for f 5 and @ ;. In many
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cases, for the open (according to Ret. 18) cycle ot opucal
pumping of diatomic molecules, use may be made of a mode!
of the so-called completely open system, when as a result of
nonradiative relaxation, states adjacent to the initial level
("2, J.), supply only the population, and the reverse
spontaneous transitions b—a are neglected. Equations in
such form are given in Ref. 9; here they are written in the
asymptotic limit J— oo, as in Ref. 16, where their structure
and numerical solution algorithm are also analyzed. For
steady-state excitation conditions, we have

K et KK’ K’ . K_
1‘;(2 ODq'Pq—K,O, ODO'IO')," Tg—iQQ)fp=0, W
g

Y lI r . .
rp ( >, ;Dsfg - ;q" ;Dq'?;’) —(tx— lqwa) :Pz + /.’;5‘0 =)

{7 $
, 2’ 41
apyet s/ 0
o= 1) V 2 +1
5% 1 4 X0 4 % X
X 3 VIR €, uC58 i P O J
X (10)

In Egs. (10), induced transitions have been taken into
account and A =J}, —J 7. It is clear that the problem of
determining the dependence of the observed quantities 1,
and P, on field B contains a large number of parameters. We
though it desirable to show in Fig. 2 the results of calcula-
tions for the parameters occurring in experiments during Q

transitions to K, (Refs. 10 and 14) and P, R transitions to .

Te, (Refs. 9 and 20), and a description of the experiment in
the present study. In both cases, the width of the Hanle con-
tour of the excited state was greater than that of the ground
state, i.e., g, /v <€g,/T. PM with x<10, K<2 were consid-
ered in the calculations.

It is evident from Fig. 2 that the shape of the superposi-
tion Hanle signal substantially depends on whether the
Lande factors of the combining states g, and g, have the
same or different signs [ their values, 1X 107> (Ref. 10) and
1.9 10~*, corresponded to (X '2.;", 1, 73) and (B m,, 8,
73) for K, 1. In the case of different signs, the superposition

FIG. 2. Superposition Hanle signals of dispersion form (a = 45°) calcu-
lated from Eqs. (9) and (10). Curves 1 and 2—for the Q transition with
different and same signs of g, and g,: ¥, = 3 X 10° sec™!, [, =3x10°
sec™!, T',, = 86.2 10°sec™". Curves 3 and 4—for P, R transitions with
different and same signs of g, and g,; 7, =2x10° sec™},
F, =15.4x10°sec™", [, = 3< 10’ sec™". Curve 5 corresponds to graph
1in Fig. 1.
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of the excited state [Fig. 2 (curves 1 and 5) ]. If the signs of
g, and g, are the same, the extrema in dispersion structure
from the ground and excited states are of opposite signs
[Fig. 2 (curve2) ). For P, R-type transitions, a similar situa-
tion is observed. The smaller relative amplitude of the addi-
tional structure arising from the ground state [Fig. 2 {curve
4) ] was chiefly due to a lower value of the optical pumping
parameter ', /y used in the calculations. A slight distur-
bance of the monotonicity of the signal increase for different
signs of g, and g, [with values of 1.68>10™* (Ref. 9) and
0.54 % 10~* (Ref. 17)] on curve 3 is explained by the fact
that the ratio g,/ to g, /T is greater than for curve 1. Natu-
rally, if the value of g, /T is negligibly small in comparison
with g, /7, the structure related to the ground state will also
show up when the signs of g, and g, are different.

Since the solution of Egs. (10) is fairly complex, it is of
interest to represent graphically the spatial distribution of
the angular momenta of the ensemble in the presence of an
external magnetic field (Fig. 3). The distribution was ob-
tained by computer with the use of a plotter, the method
described in Ref. 22 being employed. This involved a change
from the representation of the distribution of angular mo-
menta by means of PM to the representation of classical
probability density.?>~2 Figure 3 shows the case of P, R-type
transitions which was realized in the experiment conducted
in the present work: the signs of the g, and g, states were the.
same. It is evident that the angular momenta of the lower
state are optically aligned primarily along the vector E of the
exciting light. When the field B is applied along the Z axis,
the distribution turns, and the anisotropy in the XY plane
decreases. At the same time, the anisotropy in the excited
state increases (elongation of the toroid along the X axis),
and this corresponds to the manifestation of the Hanle signal
of the ground state. This is due to the fact’>?’ that when the
Hanle effect from the ground state has already been mani-

fested, and it is not yet noticeable from the excited state [ Fig.

3(condition 3)], the polarization P, surpasses the value
P = 4 attained in the limit of weak excitation, i.e., the distri-
bution anisotropy is greater than in Fig. 2 for B = 0. In the
presence of even higher fields, the distribution of the excited
state [Fig. 3 (condition 4) ] up to complete anisotropy in the
XY plane at the bottom and top [ Fig. 3 (condition 5) 1.

EXPERIMENT

The above discussion shows that the Hanle superposi-
tion signal of the ground and excited states of dispersion
shape makes it possible to determine the signs of the magnet-
ic moments of the combitting states. The experiment was
aimed at obtaining such signals for the **K, and ''*Fe, mole-
cules.

The experimental arrangement is similar to the one
used previously in Refs. 9, 10, and 20. The beam of an argon
laser (of type LGN-402) or helium-neon laser (of type LG-
38) was directed into a cell containing saturated vapor of
tellurium or potassium. The cell was placed between the
poles of an electromagnet and connected to a vacuum sys-
tem. Fluorescence is observed along the magnetic field in
accordance with the diagram shown in Fig. ; this is accom-
plished by means of a tilting mirror placed between the mag-
net poles. The resonance series line convenient for recording
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is isolated by a DFS-12 monochromator (0.5 nm/mm). The
entrance slit of the DFS-12 is split heightwise into two parts,
in front of which are placed polaroids at an angle of 45° and
— 45°to E (Fig. 1). The corresponding portions of the exit
slit are connected by means of light guides to two FEU-79
photomnltipliers operating in the photon-counting mode.
Thus single-electron pulses build up via two channels simul-
taneously, and their number determines the intensity 7 _ .

In the **K, molecule, the 632.8-nm laser line effectively
excitesa Q-type EVR transition (X '2.*,1,73) - (B'11,, 8,
73); the VR numbers were identified in accordance with
Ref. 27. The Hanle signal of dispersion shape on the 9, line
of the resonance series is shown in Fig. 4 for two cases of
pumping: weak (T, <¥) and strong (I, 2 7). In the first
case, the experimental data are satisfactorily approximated
by Eq. (7); solid curve 1 corresponds to 7,, = 11.6 nsec
(Ref. 14) and to the value of the Landefactor 1/7;(J} + 1)

=1.9x107%

In the second case, the ratio I',/y was increased by
raising the laser power and lowering 7 from 503 to 453 K;
this reduces the relaxation rate ¥ owing to the collisions of
K, with potassium atoms. Curve 2 of Fig. 4 clearly shows an
appreciable narrowing of the signal caused by the superposi-
tion of the Hanle effect of the upper and lower states, but
with no additional structure (hereinafter the dotted lines
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FIG. 3. Graphical representations of the spatial distribution
of angular momenta of the ground (bottom) and excited
(top) states in the presence of an external magnetic field
B||Z. The ratios w/y, and 03/T . are respectively equal to:
1—zero, 2—1 and 0.05, 3—2.6 and 0.11, 4—10 and 0.46, 5—
infinity; the probability density at the top contains the factor
/7.

connect only the experimental points). Comparison with
curves 1 and 5 of Fig. 2 makes it possible to state that the
signs of Lande factors g, and g, of the ground and excited
states are opposite. And, since g, is caused by the orbital
angular momentum of the electron in the 11I state [see Eq.
(1) l,i.e, is negative, g, is positive and due to the rotation of
the nuclei. This conclusion is consistent with the result of the
measurement of the sign of g, for Li, (X 'S;" ) in Ref. 6; see
also Ref. 28.

In the *°Te, molecule, two EVR transitions in the

AO [ -XO . band were studied, namely, the (X0, 6,
52)—~(40,f, 11, 53) transition during excitation with the
514.5-nm laser line and the (X0, 1, 132)~ (40}, 11,
131) transition excited with the 488.0-nm line. The identifi-
cation of the transitions is given here in accordance with the
data of Ref. 29. The experimental conditions (7T = 600 K,
[Te,] = 210" cm™?) were chosen such that according to
Ref. 20, F, /7R 1, and the manifestation of the nonlinear
Hanle signal of the lower EVR level is visible. The results of
the experiment are demonstrated by curves 3 and 4 in Fig. 4.
1t is evident from the large-scale structure of the graphs,
which reflects mainly the shape of the Hanle contours of the
excited levels, that the magnetic moments for (40}, 11,
53) and (40}, 11, 131) have different signs; this, by analo-
gy with Ref. 8 for Se,, indicates the presence of perturbations
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in the 4O ;F state of '**Te,. Moreover, the sign of the Lande
factor for (11, 131) is the same a$ for K,(B'IL,), i.e., nega-
tive, and for (11, 53), positive. Of interest is the establish-
ment of the sign of the magnetic moment of the ground stdte
Te, (X0, ), for which the absolute value ofthe Lande factor
was determined in Ref. 9 as g, = (1.68 £ 0.05) X 10~4.
Since curve 3 in Fig. 4 clearly shows a narrow (halfwidth of
the order of 0.005 T) dispersion-form structure, the signs of
the magnetic moments for (X0, 1, 131) and (40} 11,
131) are the same. This follows from a comparison with cal-
culated curve 4 in Fig. 2. Herice, the Lande factor of the
X0, state of Te, is negative. This conclusion is consistent
with the sign, which gives the approximate equation®’
g, = — 4B /A", where B" is the rotational constant, and
94 * = 1975 cm™ ! is the splitting between the X0, term
and the higher-lying term X 1+ for the tellurium dimer.
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FIG. 4. Experimentally recorded Hanle signals of dispersion form for
3K, and '**Te,.
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