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The possibilities of producing optical orientation and alignment in high-lying (thermally
unpopulated) vibrational-rotational (VR) leveis of the ground electronic state of diatomic
maolecules through’populating them in spontaneous emission are considered. In this work a
description and numerical modeling of the anticipated signals in fluorescence excited from high-
lying levels by a probing beam in the presence of an external magnetic field (the Hanle effect and
quantum beats in the kinetics of the transition process) are presented. The different types of
transitions and states of polarization of the radiation are considered. An estimate of the attainable
population of high-lying VR levels through fluorescence for alkali dimers in gases is made.

INTRODUCTION

Let radiation give rise to the electronic—vibrational-ro-
tational (EVR) transition (J " —J') in a diatomic molecule
with resolved vibrational-rotational (VR) structure (Fig.
1).IfT /A 2 1, where T'; is the absorption rate, 7 is the rate
of nonradiative relaxation in the system of VR levels of the
ground term @”, then optical alignment and orientation'” of
the level J* by emptying can be produced; and the Hanle
effect” and quantum beats*® are observed. At the same time
another form of optical pumping by populating is possible:
during emission of the resonance fluorescence series from
the level J' of the excited term ' high-lying levels of VR
levels of the state @” are populated. One such transition
J'—J{ withrate T, ,, is shown in Fig. 1: The value of ).;-
depends on the Franck-Condon factor and the strength of
the electronic transition.'” In the spontaneous pracess to the
level J ¢ polarization moments (PM) are transferred from
the upper level: population @ 3, orientation @ !, alignment
i 5 and others.!! The high-lying VR levels v, J | turn out
to be optically aligned or oriented, whereupon the lifetime
7,=,7, ' is determined by the relaxation rate ,y. of the
carresponding PM. In the general case |y, =y, this time
must exceed the lifetime during optical pumping emptying,
because the latter is the order of (y. + I'p) ~'. Characteris-
tics of the radiation (intensity, polarization) in the cycle J {
—J | =J 7 (the dashed lines of Fig. 1) contain data about
the relaxation” and magnetic constants of the levels J7,
‘which is important for modeling processes in gaseous lasers
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and diatomic molecules.'? Research is underway for the pos-
sibilities of applying new methods, for example SRS spec-
troscopy, to homonuclear molecules. '

The present work is devoted to describing and numeri-
cally modeling the anticipated signals during optical pump-
ing by populating both for the steady-state and pulsed exci-
tation in the presence of an external magnetic field (the
Hanle effect and quantum beats). An estimate is given of the
magnitudes of the signals under actual experimental condi-
tions for alkali dimers.

KINETIC EQUATIONS

During excitation let the approximation of broad line
excitation (BLA) be satisfied.'® We write the equation of
motion of the PM ,p 7 of levels J |, taking into account the
fact that J*, J'> 1,'® in the following form*

—(ata =t + T, findgp = 1% N
Here w, is the frequency of the Zeeman splitting of the J{'
level, and the term with T .. describes its population by

rp rJ'J;’
spontaneous transitions in the cycle ¢ 5 —f§ — @2 Itis
assumed that nonradiative relaxation does not lead to popu-
lating the J{ state, because it is sufficiently highly excited

and in the limits of kT'it is surrounded thermally by unpopu-
lated VR levels. The steady-state solution of Eq. (1) is

x‘f;*—'/.’,‘r_,rJfl'/(l’{x —lgay). (2)
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We determine the PM of the excited level f; entering in
Eq. (2) from' h15

_(I'K—-iQQ)fg+F5=0. (3)

in which the pumping tensor can be written (without consid-
ering the induced transitions I'p € [x)by @ (Ref.5)

I 4 ~ X
Fy=T, oD}
]
T2 1 o . K X
2K +1 2 VX F1C04 lxuom.vcxg—qm‘po-! (e)-
X

4

toy=(--1)*

Here &% _, (e) is a function introduced by Dyakonov'' for
the state of polarization of the exciting light e, Clgisa
Clebsch-Gordan coefficient, and A =J' —J".

For lineatly polarized (LP) excitation the vector Ejz
(Fig. 1), when ¢=0, and the degree of alignment P,
= @ 2/,@3;foraQ transition (J' =J" =J7) PQ =12/5,
and for a transition of the P, R type (J'=J" + 1, Jy
=J'+1) PAR= —1/5. For circularly polarized (CP)
excitation it is feasible to excite along the Z axis and to speak
about the degree of orientation C,, = @ o/ @ 5 which for
J'.J"> 1differs from zero for transitions of the P,R typeand
equals C,, = + 1/2. Here alignment also arises, the degree
of which is 1/10. It is assumed that all the values obtained
agree with the corresponding characteristics of the upper
level J'.

We compare these values with the quantities attained
by optical alignment of the lower level upon emptying it.!?
Numerical solutions of the corresponding equations for the
PM according to the algorithm described in Ref. 15 give the

FIG. 1. Scheme of the construction and record-
ing of optical pumping for fluorescence populat-
ing. On the right is shown the geometry of the
experiment, excitation, and recording of the ki-
netics of the transition process.

ratios @ & /@ § given in Fig. 2. It is evident that PM of high
rank x > 2 also appear, for example @ ¢ and @ ¢ for LP. From
a comparison with the classical description, one is able to
obtain the limiting value @ 3/@ 5 = — 172 (Q transition)
for T'p/y> 1, which exceeds the quantity ot/ 9o =2/5
for pumping by populating but only for very large values of
I',/y (for experimental conditions' T,/y<10 and
lp2/@3| <0.275). For P,R-transitions with F'p/y>1 the
limit |@ 2/@ 3| = 1. For CP pumping (P,R transitions) the
orientation @ o /@ § and the alignment coincide and change
sign near I'p/y = 2.

We describe the pumping arising iy the level J7 by

L ' r_J; ¥

means of a probing beam in the cycle @ 5 —, & - Izqaj,‘
(dashed lines in the scheme of Fig. 1). The intensity of the
radiation of a given polarization e’ is"’

I(e") ~(—1)* SVIE F1 ¢80 3 (1) 81595 @), (5)
;3 7
where A’ = J | — J 7. Here | f§ are also obtained from Eqgs.

(3) and (4); however, one substitutes the known @7 in-
stead of @ ; in Eq. (4).

* THEHANLE EFFECT

One method of detecting optical alignment or orienta-
tion is level crossing in a zero magnetic field or the Hanle
effect.!’ We obtain the form of the expected signals by using
Egs. (1)-(5) and assuming identical decay rates of the dif-
ferent PM.

Q transitions, LP excitation. Let the pumping beam E,
be directed along the X axis and polarized along the Y axis

FIG. 2. pi/9y PM rank x (denoted by
numbers) vs x = I ,/y for optical emptying of
the level J . On theleft is LP pumping (the solid
lines are Q excitation, the dashed are P.R excita-
tion), on the right is CP pumping (PR excita-
tion).
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(Fig. 1), the magnetic field BJ|OZ, and the probing beam
E,,, which produces transitions J | —J {, be polarized ei-
ther along OY(E,, ||E,) or along OX(E,, LE,). In the sec-
ond case the probing beam must propagate along the Y or Z
axis. The coefficients in Egs. (3) and (4) equal F}
=Tppu/3, Fo=— Tppo/1s, F7p = — T,p5/5 6.
The degree of linear polarization of the radiation for the
transition J|—Jj, traditionally  described by
P= (I, — 1,)/U, + 1) (Fig. 1), is given by the expression

Pl 5y 4 ), (20 £ ), (6)

where the + sign corresponds to E,, ||E, and the — signto
E;,lE,, and
Tp Tyl e
GETET

B= TG T G (0 407

b = T GPe T
. (I‘,.II‘PI‘J,_,.I, (Pl — 4Py — 41 — 4179%) l
e GITF 400 (P F &89 G+ dwl)

T, Tolp (11T — i) ’

(N

Here w,, §,, and () are the Larmor frequencies for J 7, J |,
and J'. The form of the Hanle signal is given in Fig. 3 for
N=0, =T, w0/y>0,/,T. Curves I and 4 demon-
strate the signal of the lower level J{ for a scale ,/,y ~1,
where the magnetism of the upper state is unimportant and
the width of the contour is determined only by the ratio
g7/,v and correspond ta the expressions

. 2+ 4(01a1)*
p¢ (EPL ] LP)-—:—:}WF, (8)

2
PO(Ey, 1 B =T pits (9)
Curves 2 and 5 in Fig. 3 refer toascaleof ,/, '~ 1, in

which the Hanle effect of the excited level J | appears (the

effect of the ground state is already completely developed

and does not appear in this scale) and has a Lorentzian shape
; +0.5

P =Trr@nn (10)

where the + or — referto E;, ||E, (curve 2) or E, | 1E,

(curve §).

Curves 3 (Ep, ||E,) and 6 (E,, 1E,;) in Fig. 3 demon-
strate the superposed Hanle signals of the levels J | and J{
for which @,/,y = 15Q,/,T. Such a relation is real, for ex-
ample, for B-X transitions of alkali dimers Na, and K,.” Itis
evident that at first the narrower Hanle effect of the state J |/
appears and then J|. For studying the Hanle effect of the
level J | the geometry of the experiment with E, | LE, is best,
because the maximum signal amplitude is greater (1/2 in-
stead of 1/6); and, in addition, the signals of the ground and
excited states have different signs and therefore are separat-
ed from one another better. It is interesting to note that the
minimum value of P2, determined by curve 6, js less than the
limit P2 = — 0,5 for curves 4 and 5 in Fig. 3.

P.R transition, LP excitation. In this case the coeffi-
cients F}, in Eqs. (3) and (4) equal, F} =T ,¢3/3, F§
=[,¢0/30, F* , =T,9)J2/20/3, and the expression
analogous to Eq. (6) has the form

, 1
PP ¥ = (B3t #2)i(97s £ %) an
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Here again we consider the case ,/,¥> /T (Fig. 3), Fo;
the ratio @,/,¥~1 (curves 7 and 4) we obtain

: 4 2 1)

PE Y (B N B)= 5378 " (12)
: —(f)?

PP R (Bp | )= 39 (oshriF (13)

The expressions differ from Egs. (8) and (9) by the
smaller signal amplitude. For the ratio £2,/,I ~ 1 the effect
of the excited state (curves 2 and J) appears

19

Rz (14)
with amplitude 1/9, which is less than the value 1/7 for J,
J "> 1 for the isotropic lower level.'® At the same time, for
the Q transition the amplitude of the effect [Eq. (10) ] coin-
cides with 1/2 for the isotropic lower state, which is easy to
understand from the classical description.''” The super-
posed signal for @,/,y =500,/3,T" is shown in Fig. 3
(curves 3 and 6).

" P.R transitions, CP excitation. We consider the case of
CP excitation in both cycles and with observation directed
along the X axis (Fig. 1); B||OZ. We choose at first the case
of right-handed polarized (rtransition) R typein the cycles
J*=J', J{—J| and denote them by (R 1,7) and (R 1,7),,
respectively. Then, according to Eq. (3) Fg =T,@g/3,
F'i,=j:r,.¢g/6ﬁ, Fi,= —T,pp/60, F2,

=T @ 8J6/120. The expression for the degree of circular-
ity C=(, —1,)/U, + I,), where I, are the components
of theintensity polarized either right-handed or left-handed;
in the assumption of an R-type transition J|—>J3, T
=Ty =T, 0,=9, 7, =7 has the form

98 (1 + pa) + 14 (13 + 114)
128v; 4 98pg + 5 (129 + 17 + prg) -+ 14180 °

For each substitution R<>P or rel in any of the three
cycles the signs in Eq. (15) in front of g, with even i are
reversed. The designations in Eq. (15) are the following:

PP, 13

_ 112 — 2MQuy — 1Q?
MEFOP (T e
_ 1 IS 1 ke o
BTy MM Rerer e
1P — 6l — 2
METF ) (A T A
T2 — 8lle, — 4728
BETET Y (0 4eD
1172 — 3T, — 2,79°
BT+ 6r )
1
BE ey
. T — Qu,
BETEHU e
. 13T — Quy
BETETFA G e

n=

(16)

Equation (15) simplifies for w,/,¥> /T, where for
,/,7~ 1 the magnetism of the upper levels does not appear
28 4 11907/ 7* + 49wtiyy*
c=3‘-’+141w%/n‘:’+67w}lm"' an
If in the transitions J " =J', J  —J | one makes an odd
number of substitutions R«<>Por r—/, the expression has the
form

=7 4 Twinir®) (0ia1)?

C =TT Bar i+ 6Tl (18)
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The form of the signals of Eqs. (17) and (18) are shown
in Fig. 3 (curves I and 4); in the case of Eq. (18) the ampli-
tude of the signal from level J | is ~0.75, i.e., vety large.
Curves 2 and 5 describe the signal from the level J | for the
ratio 1/ ~ 1, and curves 3 and 6 forw/,y = 50§}/3F. The
value of C for curves 2 and 5 for w, = 0 equals + 5/7 in
agreement with the known result for J ", J'» 1.1e

The cases considered (for Q transitions withJ ", J'> 1
the orientation does riot arise) describe the anticipated form
of the crossing signals for all the basic variations of polariza-
tion states and types of transitions.

THE KINETICS OF THE TRANSITION PROCESS

One can obtain direct information about rates of the
reaction ,p, for PM @ ? by the known dynamical meth-
od.'* 1 PumpingJ ” —J * with pulses of duration At <€,y ; 'in
the presence of an external magnetic field enables one to
observe the effects of quantum beats (QB) between the mag-
netic sublevels M 7 of the state J | In the background of the
decay of the intensity 7, for £ > 0 (Fig. 1) oscillations appear
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FIG. 3. The level-ctossing sig-
nals.

with frequency gw, or QB (we assume I";, > ,7,.). We de-
scribe the QB in a magnetic field B||OZ for pulsed pumping
(by populating) when I', = G8(¢). For LP excitation
E,||Ep, ||OY for I = 0 one obtains from Eqs. (1)-(5)

If (Ep, | Ep) =66 (e % 4 26718 6% cos 2uyt),
1 (Ep, || Ep) =26 (™% 4 2e77),
157 (Ep, | Ep) =26 (1460 4 61 4 3670 o8 2uyt),
150" (Epy || Ep) = 3G (Te™™ 4 em1¥).
(19)
ForE,lE,,||OX wehavel,(E,,1E;) = I,(E,, ||Ep),
and I,(Ep, LE,) differs from I, (E,, ||[E,) by a minus sign in
the term with cos 2w t.

For CP pumping in the same notation as that of Egs.
(15)-(18)

TPy, Ne=1(R, )= (20)

G (42670 4 42677 cos wyt + 1,567 M 4.5¢70¢ o5 2ugt),
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TPy, Mm=I{R}, )=
G (7 0, 26071 — (.75 coa 20 t).

For an odd number of substitutions R«>P or r—/in the
cycles of excitation for J(PL,1), = I(R1,r); Eq. (21) is ap-
plicable, but for I{Pl,7), = I(R1,]), Eq. (20) is applicable,
where the sign before the term with e ~ "' is changed. An
even number of such substitutions preserves Egs. (20) and
(21). 1t is evident that in Eg. (21), unlike Eq. (20), the
decay of the orientation ,@ | does not appear.

(21)

ESTIMATE OF THE CONCENTRATION FOR PUMPING

Until now it has been assumed that in both cycles (Fig.
1) the PM of the lower level does not change, i.e., I'p/7, €1,
T /7. €1 (linear response). Let us consider a more com-
plex casewhere I'n/7, 2 linthecycleJ " —»J'andinthelevel
“ the light field produccs PM ¢ ; of different rank and cou-
ples with the PM /' § of the level J'. Such an emptying of the
ground state of diatomic molecules was studied in Refs. 1-5,
15, 17, 18, and 20. Instead of by Eq. (1) the system is de-
scribed by a system of coupled kinetic equations, which take
into account the effect of the strong light field. The system
was solved by us numerically with the use of an algorithm for
J',J " = «," and with the assumption 7,, and g are identical
forJ'andJ". The PM @ (to x = 10) and f§ (to K = 2)
were determined for the steady-state solution for specific
T'»/7. from which by Egs. (2)~(5) ¢,/ were found as-
suming the light field was weak in the cycle Ji-Jq.

An example of the computer calculation of the Hanle
signal is given in Fig. 3 (curve 7) for the Q transition for LP
excitation. The PM @ ; of even rank produced in thelevel J 7,
are transferred by light to J ', and after spontaneous decay to
J 7 affect the signal in the cycle J ' =J | —J 7. This broadens
the signal, decreases its amplitude, and gives rise to the ap-
pearance of nonmonotonic structure connected with the
complex effect of the PM of both levels ¢ 7 and (@ 7 of rank
x=4and x = 6. The PM @ and ,@ ] have different signs
andthe ¢ ; (B), unlikethe@ ¢ (B) are not broadened by the
light field, because Tp <7

We estimate which part of the equilibrium populatlon

q: o of the starting level J * one can pump into the level Ju.
For T'p/y <1, Tp,/,y €1 there follows from Egs. (2)-(4)

IPI‘ . oF (22)
a 20
l’,;n:—vwr

0.06¢
LY :
- 0.0 ": 4
SEFQ "g 7.2
g;.
g.0er R 06
0 600 T,%
5 10
hy 7y

FIG. 4. Population of level , 3J i with respect to the equilibrium popula-
tion of the level @ J * vs thc parameter T,./r (1) and computation of the
concentration n,.(T) = @, for "Ko(X'2} ) (2).
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The discussed computations enable one to establish i
which measure the emptying of level J“ is by the mixing
process for pumping into J { [Fig. 4 curve 7). 1t is eviden
that increasing I'; is effective only nly upto adefinite limit, after
which (for T',/y210) \@go/ @o increases only insignifi-
cantly.

For increasing ,@{ the largest total concentration of
molecules [A,] is advantageous. For example, however, in
vapors of alkali metals the concentratlon of dimers [A,]
grows with increasing temperature?’; but the relaxation
rates 7, and I increase, because of co]hsnons with atoms A
(the predominant component in the vapor), because

=y tiV8, T= Pap +Qv,0,, (23)

where o and Q are effective cross sections, N, is the concen-
tration of atoms, ¥, is connected with the noncollisional re-
laxation because of the thermal motion (pass through) of
the molecules through the beam.! We estimate @ § in the
example of well-radiated dimers of potassium in potassium
vapor. The quantity ¢ § was computed for v* = 1,J" =73
for the total concentration of [K,] from Ref. 21 with consi-
deration of the distribution over VR levels for a given tem-
perature, and with ¥ and T from Eq. (23). We took
Yo=4X10° sec™' T,=10° sec”™!, o(K,+K)
=3.3%10"* ¢cm?'® I'=86.3x10% sec™',} Q(X; +K)
= 6.4%107" cm®* The values of T, were determined

in Ref. 23; and one might choose completely the transition
with T,,. =0.05,. Substitution of these quantities into
Eq. (22) leads to the dependence of @3 shown in Flg 4
(curve 2), which for T=570 K has a maximum ,p =17
% 107 em 3. If one goes the way of increasing I, using a
laser with high spectral power, then ,p § increases, but with
this it is necessary to take into account saturation, because of
emptying [Fig. 4 (curve 1)].
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