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The limiting values of the degree of linear polarization of fluorescence in diatomic molecules,
brought about by the Hanle effect of the ground state under conditions of optical detuning, is
studied. Using classical representations as well as polarization moments, the physical reasons for
exceeding the degree of polarization, above the maximum under weak light excitations of P- and

R-type transitions with P = 1/7, have been discovered.

1. INTRODUCTION

In the first works of Hanle' it was already known thata
decrease in the degree of linear polarization of resonance
fluorescence in atoms occurs on superposition of an external
magnetic field H, perpendicular to the E vector of the excit-
ing radiation (the Hanle effect), caused by the precession of
damping oscillators about H. This results in a depolarizing
action of the magnetic field, transverse to E, as opposed to
the repolarizing action of the longitudinal field H||E in the
presence of hyperfine structure (for example Ref. 2). The
above is true for a response linear, with respect to the light
field, of an ensemble of particles under weak light excitation,
when one can assume that the distribution of angular mo-
menta of the ground state remains isotropic. If this is not the
case, we are congsidering optical pumping, in particular opti-
cal detuning of the ground state,® where one can observe the
Hanle effect of the ground state.* An interesting case, assum-
ing a graphic classical interpretation, is laser optical detun-
ing by destruction of diatomic molecules with large angular
momenta, according to Fig. 1 (Refs. 5~7). This effect leads
to a decrease in the degree of polarization of fluorescence
b — c. The transverse magnetic field, under specific condi-
tions, is capable of again raising the degree of polarization
due to partial destruction of detuning on precession of the
moments of the lower state about H, making it possible to
observe, in the fluorescence, the Hanle effect of the ground
state in diatomic molecules. Such an effect was discovered
and studied in Refs. 8-11. In this case'® it was discovered
that for P- and R-type transitions (J'=J" 4 1), the field
HLE not only restores the degree of polarization of fluores-
cence in Te, vapor to the maximum possible value, P = 1/7,
in linear response as J — co, but also leads to values larger
than 1/7. The recorded effect of repolarizing of the trans-
verse field during optical detuning, which partially compen-
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sates the depolarizing influence of the molecule’s intrinsic
rotation, is considered in the present paper in'a graphic clas-
sical model of rotating oscillators and with the aid of polar-
ized moments.

CLASSICAL TREATMENT

Let a linearly polarized (E||X) laser beam, directed
along Y [Fig. 2(a) ], excite a resonance transitiona — b ata
rate I', in a molecule (Fig. 1). On optical pumping by de-
struction one can assume that due to the large number of
resolved transitions to the initial vibrational-rotational level
vy, J o fromy;, J;, by radiative methods, an insignificantly
small portion of the molecules rotate, and their detuning is
determined by the fact that the rate of absorption T, com-.
pensates with the rate of nonradiative relaxation y between
the crowded v”, J * sublevels, i.e., I', ~y. Here we will ne-
glect the induced transitions b — a, assuming that the over-
all rate of decay I of the b state is much greater than r,.

‘We will proceed from the classical representation of os-
cillating dipoles p, which in the case of P- or R-type transi-
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FIG. 1. Diagram of optical pumping.
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FIG. 2. a—diagram of excitation and observation of fluorescence, b—
distribtuion of angular momenta J, (J,9) in the absence of a magnetic
field @, = 0 and for a large field w, /¥> 1.

tions are located in the rotational plane of the internuclear
axis and rotate together with the molecule, remaining per-
pendicular to the angular momentum vector J. We will write
down the balance equation, following Refs. 7, 9, and 10, for
the concentration density n, (J,p) of the molecules in the
state g with angular momentum J, (6,p) [Fig. 2(a)], as-
suming that the molecule’s period of intrinsic rotation is
miuch less than the characteristic tifrie for all relaxation pro-
ceses

ny (8 §)=—Tpna (8, 9) C3* (3, )
on (9, ») . n

a9

Here the first term of the right-hand side describes the
absorption, C¥* = (1 — sin?$ cosp)/2 is the coefficient of
the angular probability dependence of P and R absorption
for the geometry in Fig. 2(a).? The terms A, and yn, are the
number of events in units of population and destruction time
for the a level. The last term describes the precession of an-
gular momenta in the magnetic field with frequency
w, = g,uoH /i, where g, is the Lande g factor, p, is the
Bohr magneton. It is assumed that the precession in the ex-
cited b state can be neglected, i.e., w, €I'. The intensity 7, of
the filuorescence b — ¢ (Fig. 1), linearly polarized along the
axis i = X or Y, is expressed by

7 ®

1,..—_5 K ng (8, 9) C358 (9, ¢) C1! (8, o) sin 9a¥dy, (2)

+ kg — 1y (3 §) —uy

00
where C%(3,9) = CP(0p), Cl(de) = (1 —sin’*}
X sin’@)/2 (see Ref. 2).
Let the magnetic field be absent, H=0. For
R (d,p) =0, from Eq. (1) we obtain

S " S— (3)
S Ty

The form of the distribution for I', /¥ ~ 3 is illustrated
in Fig. 2(b). It is obvious that the momenta J, (@) prefer-
entially detune along the E vector of the exciting radiation.
We will now consider how the degree of polarization varies
for such a distribution in comparison to an isotropic distri-
bution
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for fluorescence observed along the Z axis. Among the ab-
sorbing oscillators that rotate about J, (&,¢), p is smaller
than those that rotate in the XY and XZ planes. Oscillators
rotating in the YZ plane, perpendicular to E, dominate and,
therefore, do not experience absorption. Recall that the
probability of absorption is proportional to (E - p)?. It is
easy to see that having undergone absorption, they will pro-
vide a large contribution to I, [Fig. 2(a)], and will not
contribute to Iy, since they are perpendicular to the X axis.
From Eq. (4) it is clear that this leads to a decrease in the
degree of polarization P as compared to P = 1/7 for an iso-
tropic distribution; this was observed experimentally in Ref.
10. An analytical expression for P as a function of ', /7, in
the absence of a magnetic field, i.e., @ = 0, can be obtained
from Egs. (2)-(4) in the form

OB ( — () s (3280 b7 arctanh CH=B ., (5

(b® — 4b 4 3b-1) arctanh (b-1) —p2 4 5

‘whereb? =1+ y/T,.

Let us now consider a magnetic field H||Z of such
strength that w,/y> 1, and @, /y<1. This means that the
anisotropy of the distribution J, (8,p) in the XY plane dis-
appears [Fig. 2(b)], but at the same time tHe precession of
the angular momenta J,, (8,¢) of the excited state, as before,
can be neglected. This is possible when g, /¥»g, /T, which is
satisfied, for example, in the vapor of the diatomic molecules
Te,, Se,, K;, Na, etc.,>! where the Hanle contour of the
ground state is much narrower than that of the excited state.

In Fig. 2(b) it is obvious that in this case the angular
momenta J, || Z remain discriminant, i.e., the number of ab-
sorbing oscillators rotating in the XY plane decreases. And

. such oscillators, being excited primarily along E||.X due to

rapid rotation, are equally likely to emit the [, component,
polarized along E, as well as the orthogonally polarized
componerit Iy, thereby transfering excitation from /, to I
By the way, this rotation is determined by the value of
PPR (g = 0) = 1/7, in the classical limit of linear response
for Pand R transitions, as opposed to P9 (@ =0) = 1/2,
in the model of stationary oscillators for Q transitions
(J " =J'). Consequently, as is the case in Fig. 2(b) forw, /
51, the decrease ift the number of oscillators pl.Z must lead
to values of the degree of polarization PPR (w, /3> 1, 0,/
I'¢1) > 1/7. This qualitative picture is confirmed by the an-
alytical expression
PEF (013> 1, /T <€)

(a* + 28 +a™) arctan ao-!—a? —35—

(26° — 4a + 2671) arctan o-! — ¢ 4 15_4 !

(6)

where a> = 1 + 4r/T,. Equation (6) is obtained from Egs.
(2)-(4) by averaging over the angle ¢ in Eq. (3), due to the
rapid precession of J, (8,¢) about H. The maximum value
for the degree is obtained from Eq. (6) asI',/y — o and is
equal to PPR (w,/y>l,w,/T«¢l) =15 arctan 1 —1
=0.1781.
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DESCRIPTION USING POLARIZED MOMENTS

We will now trace how the effect of transverse repolari-
zation is associated with the creastion of pumping of the
polarized moments (PM) of the ground state @ ; by light
and their connection with PM of the excited state /g (X and
x are the ranks of the tensors, Q and g are their projec-
tions™1?). The kinetic equations for @ 7 and f§ 1%'* is writ-
ten in the limit's as J — o in a symmetric form, which is
convenient for computer calculation

jg=T, (E Wi — EQ ',;ug;fg,’) —(Bg— 10wy 1§,
xg K7

(7a)

BT (00 — TP band it (T0)

s
]

where we introduce the notation

24! -1 — -

Py A N X0 210 orx ;

D} =(—1) l/_ 5T V2K LG aC0w0C Tymgr 1y Pyt (©)-
X

(8)

Here C%, are Clebsch-Gordon coefficients,
A =J}; —J 2, and the tensor ¢} (e) was presented in Refs. 4
and 13 for various directions of the unit polarization vector e
of the pumping light. In Eq. (7) the induced transitions
b — a are taken into account.

Remember that the PM of the X, x = O rank character-
ize the population density (in the given normalization they
coincide with the concentration), and in the X, x = 2 rank
they characterize detuning. In the geometry of Fig. 2(a),
only PM of the even rank can be created. Under conditions
of nonlinear optical pumping (here detuning), PM of the
ground state with x = 0 are created.

The intensity of the radiation at the b — ¢ transition
with polarization, characterized by the vector e', in the limit
asJ — oo, is expressed as'’®

I(e')~(—1)" ; ¥VIE 1 €% 2;3, (—1)1g2%g (&), (9

where A'=J; —J .
The expression for the degree of polarization in the ge-
ometry described in Fig. 2(a), for Pand R transitions, has
the form
6 2) 10
If the same conditions exist as in the classical Eq. (6),
i.e., @, /r>1andw, /T <1, then theexternal field &/ destroys
all the transverse components of detuning of the lower state
@ with g#0, but does not influence the moments /%, ,, and
Eq, (10) in this limit can be written via the moments @ g
- 4062/ 4 3pkich
P 3 P =TT S e

(10)

(11)

Note that under weak excitation, when I', /¥<1, only
PM of zero rank are present in the lower state and the degree
of polarization is equal to the classical value 1/7. If this is not
the case, i.e., optical pumping of the a level occurs, then the
resulting moments @ ; may be calculated using a computer,
to solve the system (7).'° The results of the calculation are
presented in Fig. 3 for the input @ } and @ ¢ t0 Eq. (11). We
assumed that T, /¥ = 10/3, @, =0 and T = 10%. It was
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found that in view of the structure of the system of equations,
the solution for f§<* already converges, if we account for the
PM with X, x<6 in Eq. (7). In view of the properties of
Clebsch-Gordan coefficients, only the f5<? affect the inten-
sity of the light [Eq. (9)], therefore, the system falls off,
assuming @ T »8 = 0. Also the corresponding relative values
of the PM of the upper state as a function of w, /¥ are pre-
sented in Fig. 3, which demonstrate the Hanle effect of the
ground state a. It is obvious that the values entering into the
numerator of Eg. (10), Re f3/f3, begin to exceed the classi-
cal limit of weak excitation withincreasing @,/7, at the same
time as the values of f2/f5 entering into the denominator
remain less than this limit for weak excitation. This also
causes the degree of polarization to exceed the limit value of
1/7.

If we determine, as is sometimes done,* the degree of
polarization Py relative to the overall intensity of fluores-
cence

Ig—1y

oo Jx=lr (12)
Al oy oy

- then P turns out to be directly proportional to Re f3//3

angd is not associated with the longitudinal detuning /3. For
Pand R transitions

pP® =Y Ry, (13)

The corresponding expression in terms of @ 5 and @ 3
has the form

7— 10vi/gh + 3biek
PP (w1, wil K1) =—75 f&?/xo -

and exceeds the limit of weak excitation, equal to 1/10.

We will now determine, whether or not the Hanle effect
of the ground state always causes the degree of polarization
to exceed its weak excitation limit. For comparison we will
consider a Q type transition.

The degree of polarization P9 is expressed in terms of
the PM of the excited state as

— V& Re 131§
11—

For w,/y>»1 and w, /T <1, the expression in terms of
PM of the ground state has the form

7 — 10p3/98 g 1
PO (w11, 0T <) = 14-20(‘}P»;).’:;f:34-;-3§3?7;‘6 =2 (16

(14)

PO — (15)

i.e., the Hanle effect of the lower level is independent of the
nonlinearity parameter T', /7, the degree of polarization is
restored to an accuracy of 1/2, which coincides with the
limit of weak excitation. Such a result is completely under-
standable in the classical model. Actually the precession
about H of the angular momenta J, and of the dipole mo-
ments p of the transition, parallel to them, eliminates the
anisotropy of the distribution p in the XY plane [Fig. 2(a) ],
and this, when determining the degree of polarization, in
accordance with Eq. (4), is equivalent to excitation of an
ensemble of particles with isotropically distributed angular
momenta.

The varjation in PM and P'© with an increasein o, /¥

M. P. Auzinsh and R. S. Ferber 8



0.9/ -
<o 0.05+ ' o1 f ‘3/—_;:——-:
NS A S Pl
xS - 2 ~
D~ —— 1 t p———p ’ikq 0‘= 1 1 1 J 1
—005L ‘ 6§ w/fy g-01t z 5, “"4/ ’/ 4 FIG. 3. Calculated dependences on the parameter @, /y for
e 7 q,/ polarized moments (PM) of the ground state @ 5 /¢ § (1-—P,
- -02 :\ N R; '—Q transition) and ¢ §/@% (2—P, R; 2—Q transi-
-010 L —— tion), for PM of the excited state Re 3/ (3—P, R; ¥—Q
37 transition) and f2/f3 (4—P,R; 4—Q transition), for the
degree of polarization P (5—P,R; 5—Q transition). Line 6
denotes the maximum possible P value for Pand R transi-
PL e o tions. The dashed line denotes the corresponding values in
ous- 5’ the limit of weak light excitation.
0.35
0.20F b,
ol
0.1 ! L 1 | I
2 g w,/}’

is shown in Fig. 3 (curves 1'-5'). It is obvious that singly the
values Ref2/f2 and f2/f3 (in contrast to the case of P-and
R transitions), in absolute value, remain less than the linear
limit. Their behavior, of course, is governed by the variable
dependence of p 5 /9 % and w, /7, compare curves 1', 2’ and
1,2.

However, if we use the definition of the degree of polar-
ization from Eqg. (12), then P = ( —2J6/3)Ref3/f5,
and as curve 3 of Fig. 3 indicates, the values of P2 (0,/
>1, w, /T'€1) remain less than the linear limit of 2/5. The
relation between P {2 and @ § has the form
14 — 209}/78 -+ beb/el

B —5

So, only in the case of Pand R transitions, in a situation
where the Harle effect for an optically detuned ground state
has already come into play, via destruction, and for an excit-
ed state where the effect has not yet developed, do the values
for the degree of polatization exceed the weak excitation
limit, equal to 1/7. This results in the unique simultaneous
action of precession of the detuned angular momenta of the
ground state J, about the magnetic field H and rotation of
the dipole moments p about J, . For the case of Q transitions,
where there is no rotation of p about J, since p||J,, the de-
gree of polarization does not exceed the limit of weak excita-
tion. But since the anisotropy of the distribution of angular
momenta J, remains, the agreement between the values of
the degree of polarization for @, /7> 1 and those in the limit

(17

PO (w11, wT K1) =
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of weak excitation, equal to 1/2, should be cotisidered excep-
tional. This is confirmed by the fact that under such condi-
tions, the degree of polarization P {2, defined according to
Eq. (12), remains less than its own limitihg value of 2/5,
under weak excitation.
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