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The device of polarization moments is used to analyze the expected signals of the Hanle effect of
the vibrational-rotational (VR ) level of the ground electronic state of dimers during its laser
emptying. All the types of molecular transitions allowed for dimers are considered. It is shown
that the shape of the Hanle signal for states with a small angular momentum differs qualitatively
from the signal shape for states with a high value of angular momentum. Moreover, asJ "
decreases, the shape of the Hanle signal becomes more complex; this makes it possible to hope for
the study of such VR characteristics of the level as the rate of relaxation of high-rank polarization
moments. It was found that the types of transitions @ 1Ql, P 1P| and P 1R | are the most
convenient for studying the magnetic and relaxation characteristics of VR levels of the ground

state of dimers at low values of J .

Along with the study of atoms, the Hanle effect (strong
depolarization of scattered light by an external magnetic
field') is used quite extensively also in the study of vibration-
al-rotational (VR) levels v', J' of electronically excited
states of dimers. The method makes it possible to study var-
ious characteristics of a state, such as the g factor and radia-
tive lifetime,” or the rate and cross section of collisional
relaxation.>®

When the rate of absorption of laser light I'p, becomes
comparable to the relaxation rate ¥, of the lower level of a
transition, i.e., to the rate of VR relaxation of the v”, J * level
of the ground electronic state of dimers, optical pumping by
emptying is produced. The VR level of the ground electronic
state becomes optically pumped.” Moteover, in contrast to
atoms, an open process takes place in molecules® when the
molecule which has absorbed light has a low probability of
returning to the original VR level as a result of the next
radiative decay. Such a situation is due to the large number
of allowed VR transitions in the spectrum of laser-induced
fluorescence (LIF) of the molecule.® When optical pumping
of molecules takes place in an external magnetic field, there
is manifested the Hanle effect of both the excited VR level
and the VR level of the ground electronic state of the mole-
cule.'® For a number of molecular states, the Hanle signal
from the excited level turns out to be considerably broader
than the signal from the ground level.'' Such a situation
makes it possible, in experimentally obtained Hanle profiles,
to separate the contribution of the ground and excited VR
levels and as a result, to determine the magnetic moments
and rates of relaxation in the ground electronic state of the
molecule (see, for example, Refs. 10 and 12).

Thus, far the analysis of the shape of a nonlinear Hanle
signal has been made in the asymptotic limit of high angular
momenta.'>'* This model has also been used for treating
experimental results (see, for example, Ref. 15). This ap-
proach is justified to some degree by the fact that in many
cases, the VR levels of dimers coupled by an optical transi-
tion have values of rotational quantum number J> 10.'" At
the same time, the convergence of the degree of polarization
to the classical limit of high angular momenta as the quan-
tum number J increases in the case of optical pumping of
molecules isstrongly dependent on the type of optical transi-
tions. Thus, fortransitionsoftypes@ 191 (J " =J ' =J "= J7{
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=J"), RtPL (J"=J'=J"+1-J"+2) and P1R|
(J*"—-J'=J" —1=J 7 =J" —2),in the absence of an ex-
ternal magnetic field, the limit of high angular merenta is
reached as early asJ ¥ ~ 10. However, for transitions of types
PIPLJ" =0 =0" —1=d7=J") and RIR)
(J*=J'=J" 4+ 1=J7 =J"), the asymptotic limit is not
reached until J * ~ 100.”-'

It is necessary, therefore, to perfortti an analysis of ex-
pected signals of the Hanle effect of the ground state of
dimers for VR levels with a low value of angular momentum.
For different types of molecular transitions, such signals can
be calculated by means of polarization moments (PM)."”
The equations of motion of PM for states with an arbitrary
value of angular momentum are given in Ref. 18. We will
write them in the compact form'®
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Here ¢ ; and /', are the PM for the ground and excited lev-
els,w = g"puy H /fiand Q = g'pp H /#i are the frequencies of
Zeeman splitting of the J ” and J ' states under action of the
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FIG. 1. Geometry of transverse and longitudinal recordings of the Hanle
signal.

external magnetic field H (g”, g’ are the corresponding Lan-
dé factors, and pu, is the Bohr magneton),
M,, =2a+1)(2b+ 1), and the expressions in braces
are the 6j and 9j symbols. The constant 5 8,96, is the rate
of isotropic_relaxation of the population of the rotational
levelJ ", T istherateof decay of the PM,and 5 T, - isthe
rate of reverse spontaneous transitions. The coefficients
K4 ¥K" and *F 7% differ from "4 ** and *F** in that the first
pair represents stimulated emission of light, and the second
pair represents absorption. To obtain the numerical value of
K4 XK and *F7¥, it is necessary to use Egs. (2) and (3),
respectively, in which J' and J ” change places. The tensor
@™ (¢) describes the polarization of light,' and
{9 g ' }§ denotes an irreducible tensor product.

The intensity of LIF with polarization ¢' on the (v,
J*) = (o}, J ) transition is determined by the PM f* and
can be obtained in accordance with the equation’’

1(e)= 1‘,(—1)““’1’E_:n;-'r {;, ;, ;fl,} 2(—1)“/51»59 ). (5)
x ?

In general, the system (la), (1b) contains
(2J* + 1) 4+ (2J' + 1)? coupled equations. A successful
solution by computer makes it necessary to use the symme-
try properties of these equations, which are analyzed in Refs.
14, 16, and 20.

We will begin the analysis of the dependence of the de-
greeof polarization Z =1 —I3)/(I] + I5)ontheexter-
nal magnetic field in the presence of the nonlinear Hanle
effect with the traditional geometry of observation along the
magnetic field (Fig. 1). Figure 2 shows the dependence on
the magnitude of the dimensionless parameter w/y for dif-
ferent values of the angular-momentum quantum number
J*. All possible types of molecular transitions are consid-
ered. In the computer calculation, the following numerical
values of the molecular constants were assumed: 7,
=y=03 psec”!, T,=100 psec™', T,,; =0,
T'y = T'>y,T,. Weconsidered the case in which the Hanle
profile of the low level was substantially narrower than that
of the excited level, i.e., w/y» N/T. The accepted relation-
ships of the molecular constants were close to the actual ones
for a whole series of homonuclear diatomic molecules.'' For
comparison, Fig. 2 also shows a curve corresponding to a
stafewith a very large value of angular momentum, obtained
in the asymptotic approximationJ * — co.'* In this case, only
the PM of rank x%<10, K<2 was taken into account in the
calcnlation. With the accepted values of the molecular con-
stants, this ensures that the values of :# are obtained with a
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relative error of the numerical calculation <0.0001. Thereis
no point in this case in taking into account a large quantity of
PM of the excited state J ', since the equations for ¢ § and /7§
at the values of the molecular constants employed are sepa-
rated and can be solved successively.

In the curves abtained, for the nonlinear Hanle signal,
there appears a series of characteristics which are qualita-
tively new in comparison with the previously studied limit
J " - B.'3?222 1y particular, for transitions of the Q 1Q! type,
the Hanle effect of the ground state for the level withJ* =
has the opposite sign in comparison with states with a differ-
ent value of J*, i.e., it results, not in repolarization, but in
depolarization of LIF (Fig. 2). Further, for transitions of
the P1P| and P1R| types for states with a small angular
momentum, in contrast to states with J" — 0, a narrow
structure of the signal is clearly manifested at low values of
the parameter w/y. For Q1Q| transitions in the limit
J " - w0, such a structure was previously interpreted as the
manifestation of a PM of rank x>4.722* It may be postulated
that in this situation the strycture is also due to the same
causes. Note that with the selected calculation parameters
for the curve corresponding to the transition type P 1R| and
to the value J * = 2, the amplitude of the predicted structure
is very substantial and reaches the value AZ > 0.09. At the
same time, for transitions of the P 1R | type, the additional
structure has maximum amplitude for mean values of quan-

FIG. 2. Hanle effect of the ground state of dimers during observation
along the magnetic field for the situation w/y>» /T, (a) @10,
J'=1-20,2—-33-LE(PIPLI =1~ —,2-43-2(c)
PIR,L,J"=1-2,2-1,3——; (d) RIR}, 1" =1-1, 2-3,
I~ o0 () RIPLI" =1 — - 0,2—-3,3-- L.
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tum number J* (Fig: 2). As a result of the appearance of
structure in the Hanle signal for P tPLand P 1R | transitions,
the degree of polarization % may even change sign, depend-
ing on w/7y.

For R 1R| and R 1P} molecular transitions, the Hanle
signal of the J " level exhibits no additional structure and has
a small amplitude (Fig. 2).

It was assumed in the calculations that PM of different
ranks undergo relaxation at the same rates y,, = 7, 'k =T.
For states of dimers with high values of J" and J', this as-
sumption has been confirmed experimentally. > How-
ever, in the case of low values of /' and J *, this situation can
change. At the same time, since the structure of the nonlin-
ear ‘Hanle signal is sensitive to changes in the ratio v,/
Yo 22?* molecular transitions of the P 1R | type may turn out
to be the most convenient for determining this ratio for levels
with a low value of J ".

The ratio w/y> Q/T used in the calculation of the
curves in Fig. 2 may fail to hold in many cases. In particular,
for absorption in the band of dimers 3. — T with Hund’s cou-
pling type-a, the Landé factor of the J ' level can be obtained
asg’ = 1/[J'(J' + 1)].” Then for states with small angular
momenta, the reverse relationiship may prove to apply, i.e.,
w/y <Q/T. Thelatter inequality also holds when the excited

state of the molecule is long-lived,?’ for example, the transi- '

tions in the X—B band of J,. In this case, because of the mag-
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FIG. 3. Hanle effect of the ground state of dimers during observation
across the magnetic field for the situation ‘o/y<SY/T, (a) Q'Qi,
J"=1-12-33- e (B)PIPLI"=1-42-23— —~x;(c)
PiRI, J"=1—2,2—4 3——c: (d) R1IR, J"=1=1,2-3,
3——em; () RIPLI"=1-1,2~3,3——o.
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netic destruction of coherence in the excited state of the mol-
ecule during longitudinal observation, the degree of
polarization of LIF falls to zero, and as a result; the Hanle
effect of the ground state in this geometry cannot be ob-
served. To record the Hanle signal in the ground state in the
case w/y <1/, one can study the degree of polarization of
LIF & = (I, — I,)/U, + I,) during observation across the
external magnetic field (Fig. 1).%" Figure 3 shows numeri-
cally modeled curves of expected signals of the nonlinear
Hanle effect for different types of molecular transitions and
different numerical values of angular momentum quantum
number J *. The following numerical values of the molecular
constants were assumed in the calculation: y. = y=0J3
usec,”' [x=T=100 psec,”' T, =100 pesec, ™!
r,, =00,g =10,g" = 1073 Tocalculate the curves for
J" - o, a method developed earlier'**’ was used, and only
PM with x<8, K<6 were included in the system of Egs.
(1a), (1b). This ensures an accuracy of calculation of 7 of
the order of 0.0003, which is completely satisfactory for
comparing the expected signals. It follows from Fig. 3 thatin
transverse observation and with the selected values of molec-
ular constants, the additional structure of the Hanle signal is
not matifested for any type of transitions. The expected sig-
nal amplitude is large only for @ 1Q1 and P 1R | transitions,
and only for states with a small quantum number J . It is
interestingtonotethatforthe P tPL, P tR },and Q 1Q 1 transi-
tioits, the shape of the Hanle curve for small vilues differs
qualitatively from the shape of the curves for states with
J" = 0.

Analysis of the curves of Figs. 2 and 3 sugpests that
apart from the dependenice on the relationships betweeti w/y
atid /T, thetransitiontypes @ 1Q4, P 1PL, and P 1R | arethe
most cofivenient for studyitg the VR levels of the ground
state of the molecule at small values of J *. In addition, the
shape of the Hanle curves may differ qualitatively in the
casesJ * ~1andJ* — o [n many cases, asJ " decreases, the
Harile cutve becoties more complex and therefore thore ifi-
formative, which makes it possible to hope that such charac-

teristics of the VR level as the relaxation rates of high-rank

PM will be studied.
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