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A method is presented for determining the population, 4 { , the alignment moments, 4 &%}

and 4 {9, and the orientaion moments, 4 {!} and 4

?i} , for a ground state distribution of

diatomic molecules probed by 1 + 1 laser induced fluorescence. General expresssions are
developed for all rotational branches as a function of the rotational quantum number for
excitation with linearly, circularly, or elliptically polarized light. Specific expressions are
evaluated for the case in which the emission is unresolved and collected independent of its
polarization and for the case in which the emission is unresolved but is analyzed with a
polarizer. When the emission is collected independent of its polarization, the real polarization
moments, 4 (¥}, cannot be independently determined and only the apparent moments, 4 £}
(app), can be measured, explicit expressions for the apparent moments in terms of the real
moments are presented. However, for the case in which the excitation light is created by
passing linearly polarized light through a quarter-wave plate and the emitted light is analyzed
with a quarter-wave plate and a linear polarizer, the real alignment and orientation moments

can be independently determined.

1. INTRODUCTION

This paper presents the theory required to determine the
population, alignment, and orientation of an ensemble of
molecules using 1+ 1 laser induced fluorescence (LIF)
(one photon absorbed and one photon emitted). The align-
ment locates the molecular plane of rotation, while the orien-
tation describes the net helicity of the angular momentum
vector J. In the |JM ) representation, the alignment is deter-
mined by the probability of the molecule being in sublevels
Mor — M asopposed tosublevels M ' or — M. Orientation
implies that the molecule has a greater probability of being in
sublevel M as opposed to sublevel — M. Thus, alignment
refers to the even moments of the M distribution, orientation
to the odd moments.

This paper treats the most general case: detection of
population, alignment, and orientation with LIF in which
both the absorption and emission are polarization analyzed
and resolved. This can be achieved by passing narrow band-
width, linearly polarized laser light through a quarter-wave
plate and analyzing the emitted light with a quarter-wave
plate, a linear polarizer (such as a calcite prism or a sheet
polarizer), and a monochromator. When employing a single
experimental geometry, elliptically polarized light is re-
quired to determine independently the multiple orientation
moments and polarized detection is required to determine
independently the multiple alignment moments.

Experimentally, analyzing the fluorescence with a
quarter-wave plate, a polarizer, and a monochromator is
very difficult. Consequently, we also treat the more common
case in which the probe light is polarized but the fluores-
cence is collected independently of both its wavelength and
polarization. Removal of the monochromator reduces the
number of orientation moments that we measure indepen-
dently, but removal of the quarter-wave plate and the polar-
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ization analyzer greatly affects our ability to measure the
real polarization moments, 4% . Without polarization
analysis of the fluorescence, we can only measure the appar-
ent moments, 4 !} (app), which are known combinations of
a greater number of real moments, A ,{]’2 .

There are two important excitation—detection geome-
tries (see Fig. 1): In case I, the coaxial geometry, the excita-
tion light propagates along the — z axis and the detector is
situated along the y axis. In case II, the mutually orthogonal
geometry, the laser propagates along the — x axis, while the
detector is situated along the y axis. These two geometries
measure different moments. For a system with near-cylin-
drical symmetry, the axis of near-cylindrical symmetry is
always designated as the z axis, and case I geometry is useful
for measuring the orientation about z, (4 £} ), and for sens-
ing the alignment in the x—y plane, (A ?i ). However, case I1
geometry is very sensitive to the alignment about the z axis,
4 f,zi ). We present the results for these two cases, but we
give the general formulas for any excitation—detection geom-
etry as well as specific formulas for excitation and detection
along the —z, — x, and y axes, called cases A, B, and C,
respectively.

The formulas in this paper are a direct extension of those
in our previous papers’-? (hereafter denoted as KSZ1 and
KSZ2) for determining the population, orientation, and
alignment of the ground state using two-photon nonreson-
ant excitation with elliptically polarized light. The tech-
niques developed in these papers are applicable to atoms,
diatomics molecules, and symmetric top polyatomic mol-
cules; generalization to asymmetric top molecules is
straightforward. Several groups®>~ have worked on develop-
ing the formalism required to measure the population and
polarization of the ground state using LIF. The most rel-
evant work may be that of Bain and McCaffery.® They clear-
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ly showed that with a fixed excitation—detection geometry
one cannot independently measure the multiple orientation
moments when using circularly and linearly polarized exci-
tation of a single rotational line. They also showed that mul-
tiple alignment moments cannot be determined by using lin-
early polarized excitation and restricting oneself either to
varying the polarization of the excitation light or to analyz-
ing the polarization of the fluroescence from a single rotation
line. Bain and McCaffery® assume that the fluorescence is
wavelength resolved. None of the previous work®* consid-
ers the additional information that can be obtained when
using elliptically polarized light, multiple rotational
branches (except Dixon®), or covariation of excitation po-
larization and fluorescence polarization analysis. It is these
three techniques which allow us to overcome the problems
identified by Bain and McCaffery.®

1. ABSORPTION PROBABILITY FOR ELLIPTICALLY
POLARIZED LIGHT

The only difference between calculating the two-photon
nonresonant absorption probability and the 1 4+ 1 LIF inten-
sity is that in the former case the first photon excites the
molecule to a virtual state, while in the latter case the first
photon places the molecule in a real state. Consequently, we
can readily convert the equations in Table II of KSZ2 for use
in LIF by removing the sums over the quantum numbers of
the excited state and adding a term for depolarization of the
excited state. Consequently, for a molecule excited from the
ground state (J;,A;) to the excited state (J,,A,) and fluores-
cing back down to the final state (J,,A,), we write

I=C(det)n(J;) Y

k.q.J,
X [PH (T AT AT A0 A8 ()
+ PP VAN A4 (D)), (D
where

P;’i (Ji’AiJe’Ae,Jf,Af;Q)
LA CATACAT AT
kqskq

X(—1® 6';2 (kgsk g3 )
XS(Ji:AnJe’Ae’Jf’Af)h(kd’ka’k’Ji’Je’Jf) (2)

and k=0,1,2,3,4; ¢4=0,1,2,3,4 but ¢g<k; k, =0,1,2; k,
=0,1,2. The terms in Egs. (1) and (2) are as follows:
C(det) is the detection sensitivity constant; 7(J;) is the rota-
tional population in the ground electronic state; P} are the
moments of the line strength; 4 {} are the moments of the
ground state angular momentum distribution for level J;
(see Sec. IV of KSZ2); b *(J,) are the reduced matrix ele-
ments of the spherical tensor angular momentum operators;
g4(J;) and g*(J, ) are the hyperfine and spin depolarization
factors for the ground and excited states; €5 (k,k,;8),, ) is
the geometric factor; S(J;,A,,J,,A..J,A/) is the product of
reduced matrix elements of the dipole moments operator;
and h(k,.k,,kJ;,J.J;) contains the angular momentum
coupling terms. The importance and meanings of these
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TABLE L. Nomenclature for the LIF transition strength formula.

J; = Rotational quantum number of the “initial”/ground state
apart from nuclear spin
= Rotational quantum number of the “excited’/one photon state
apart from nuclear spin
Jr = Rotational quantum number of the “final”/lower state apart
from nuclear spin

A, = Orbital angular momentum quantum number of the initial
state

A, = Orbital angular momentum quantum number of the excited
state

A, = Orbital angular momentum quanturn number of the final state

k, = The rank for the square of the first (absorbed) photon

ky = The rank for the square of the second (detected) photon

k = The rank for the ground state distribution

q = The component for the ground state distribution

Q = Angles describing the geometry of the laser beam with respect
to the coordinate system for the moments of the ground state
distribution

6.,4.,x, = Euler angles which rotate the lab into the probe/absorption
frame

6,,84,xs = Euler angles which rotate the lab into the detector frame
d k »(8) = The reduced rotation matrix element of angle 8

B, = The vector along which the probe light is linearly polarized be-
fore passing through the probe’s quarter-wave plate.

B, = The vector parallel the major axis of the linear polarization of
the detector

B. = Angle of the probe laser linear polarization vector with respect
to the major axis of the probe’s quarter-wave plate

B = Angle of between the major axis of the quarter-wave plate and
the linear polarizer of the detector

A, = Angle of the major axis of the probe’s quarter-wave plate with

respect to one of the three lab axis.

A, = Angle of the major axis of the quarter-wave plate of the detector
with respect to one of the three lab axis.

= Total angular momentum quantum number of the ground state
including nuclear spin.

= Total angular momentum quantum number of the excited state
including nuclear spin.

= Nuclear spin quantum number

= Electronic spin quantum number

= Total angular momentum quantum number apart from spin of
the ground state for Hund’s case (b) molecules.

= Total angular momentum quantum number apart from spin of
the excited state for Hund’s case (b) molecules.

ZzL~ m

=

terms are discussed in KSZ1. We note that the values of J,
A,, J;, and A are subject to the usual dipole selection rules
which are contained in S(J;,A;,J., A JpAf).

The brackets, { }, around the ranks of the tensors in
Egs. (1) and (2) indicate that we are employing the Hertel-
Stoll” normalization for the spherical tensor operators. This
forces all the 4 {} to be real. This normalization also re-
duces the number of detectable moments because often we
can measure only the real or imaginary parts of the complex
moments, A ’; - The transformation is straightforward:

T =(—1D1[2-6,]"*Re[TP]; g0, (3)
T = (=121 Im[TP]; ¢>0, (4a)
T =o0. (4b)
The restrictions upon the use of Egs. (3) and (4) are out-

lined in the Appendix of KSZ2.
The definitions of all the terms in Eqs. (1) and (2) are
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explicitly given in Table I and are identical to those derived
in KSZ1 and KSZ2 except the J,. has been replaced by J, and
A, by A, because the sum over excited state quantum
numbers has been removed. The general formula for the geo-
metric term, €{°(k,,k,;Q, ), for LIF is the same as that
given in Table II of KSZ2, but the computed values are quite
different because in LIF the two photons propagate along
different directions, while in two-photon nonresonant ab-
sorption they are identical. The derivation of the equations
for the geometric factor for the general case and for the spe-
cial cases are given in the Appendix.

Ill. THE GEOMETRIC FACTOR AND THE SPECIAL
GEOMETRIES

We present the equations for the geometric factor in
order that we may identify the angles which specify the po-
larizations of the excitation light and of the fluorescence
which is transmitted by the polarization analyzer. For all
geometries:

e;k)(kd!ka;ﬂhb) - z (— l)ka—kd—7(2k+ 1)1/2

k, k, k
><(m qg—m —)
X E k(B,,Jab)E X (8,,1ab), (5)
where

E%(Blab) = > edxdt  (—0) % EL (B, det/abs),
ry
(6a)

E % (Bdet/abs) = [e*V@eP]%, (1,6,4) are the Euler an-
gles which rotate the lab into the detector/absorption
frames; d X, ( — ) is a reduced rotation matrix element; 8,
and B, are the ellipticities of the absorbed photons and the
detected photons which are transmitted by the polarization
analyzer. Equations (5) and (6a) merely couple the electric
field vectors of the absorbed and emitted photons. First, E
is a spherical tensor element of the cross product of the elec-
tric field vector, ¢!, with its complex conjugate, e* (see
KSZ2 for an explanation upon the calculation of this com-
plex conjugate). Second, Eq. (5) couples together the E £ for
the absorbed and detected photons; note that the summation
in Eq. (5) over m is a summation over all the components of
the E ¥. To calculate the geometric factor in the Hertel-Stoll
normalization, Eq. (5) is substituted into Eqgs. (3) and (4).

For all cases, the Euler angles specify the position of the
major axis of the ellipticity of the light relative to the fixed
laboratory reference frame (see Fig. 1). Therefore, the Euler
angles (4,,9,,Y,) give the position of the major axis of the
quarter-wave plate which prepares the absorbed photon,
while (¢#,,6,,v,) describe the position of the quarter-wave
plate in the detector. Note that the emitted light passes first
through a quarter-wave plate, then a linear polarizer before
reaching the detector.

In the general case (case A) the light propagates along
the — z, ( — z,) axis and the major axis of the quarter-wave
plate lies along x, (x,;). We assume that the absorption light

TABLE II. The laser induced fluorescence transition probability for non-
coincident lab and detector frames where the detection geometry is general.

I=Cdetyn(J)) 3 [P (JLAJ AL A4 ()

kat,
+ P (JATLA LI AMA R ()]
P:’;}: (',i’AiY‘,e’Ag yJ/,Af;ﬂ)

= b*(J,)g"(J)g*(J.) k}; [(= DPE (kyky; Q)

X S(UnAid oA T n A Bk g K g K W T ),
where k = 0,1,2,3,4; ¢ = 0,1,2,3,4, but g<k; k, =0,1,2; k, =0,1,2.
AWX (1) = c({IMANE | TMADY/ [ (LMANPTMA,)
€4 (kkyifha) = (= 12— 8,0]1" Re[€F, (kak,iy )] 40
€5 (Kprk,i Q) = (— D) 2 Im[ ¥, (kyk,i )]s g0

€1 (kgpk i) = 3 (= D 772k 4 1)
k, k& k
><( 4 ¢ )E',:;‘(lab)E:"_,,,(lab)
m gq—m —gq

Ek(lab) = ; edk  (— @)e™E% (det)
E%(det) = [e*" @ "]
n(J;) = population of level J;
bk("i) = c(k)-l{[("iMiAilJzI‘,iMlAl)]k/z}/(‘,i”‘,(k)“',i)
F, F, k)?
— 2 i i
g*(J,.)-—z;(zp,H) [J, J 1]

I

Jo J k)?
g"(M)=§:(ZJi+1)’{N N S] g

S(-’nAnJuAquvAf) = |(JeAe”’m'|JiAi)lzi(JfA/”'m”JeAe)P
(LA |POIAY) = (ba/3) V2R M= A0 20, + 1)V2(20, + 1)'?
X (=D (I(Il —Z AzlA,)
LA|PWAND* = (= D= (AP |1,A,)
h(ky ko kedJedr)
= (=D 2k, + 1) (2K, + 1) (2k+ 1D ]2

1 g

J Lk ¢ /
[1‘ 1‘ J"’} J. 1
ik, Kk, k

For ¢(k) and v(k) see Table IV of KSZ2

For 4 1% (J;) see Table V of KSZ2

For b*(J,) see Table VI of KSZ2

The depolarization factors g*(J;) and g*(N,) appearing in this table are
valid for molecule with Hund’s case (b) g, coupling, but the former is also
valid for Hund’s case (a) coupling. For Hund’s case (b) 55 see Ref. 9.
[{(JoA,|{F"]|7,A ) |? is proportional to the Hénl-London factors so for al-
most all transition, these reduced matrix elements need not be calculated
since they are reported in the literature.

is linearly polarized along a vector ﬁa before passing
through the quarter-wave plate. B, is defined as the angle
between B, and x,. We assume that the emitted light is
passed through a linear polarizer after propagating through
the quarter-wave plate and that the major axis of the linear
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polarizer lies along a vector ﬁd. B4 is defined as the angle
between B, and x,. Note that both 8, and B, are positive
when the quarter-wave plates are rotated in a counterclock-
wise direction (see Fig. 1). For the general case, propagation
along — z, or — z,, the equations in Table III for E ¥ (case
A,det/abs) are employed along with Eq. (6a) and the ap-
propriate Euler angles.
For case I geometry, the light is propagating along the
— z axis of the lab frame and ellipticity is created using a
quarter-wave plate whose major axis lies in the laboratory x—
y plane. Let A, be defined as the angle between the major
axis of the quarter-wave plate and the x axis of the lab frame.
Note when 8, = 0°, A, describes the direction of linear po-
larization for the absorbed photons. The detected photons
propagate along the y direction of the lab frame and pass
through a quarter-wave plate whose major axis lies in the
laboratory x—z plane. Let A, be defined as the angles be-
tween the major axis of the quarter-wave plate and the z axis
of the lab frame (see Fig. 1). Hence, for case I geometry, Eq.
(6a) and the E ’q‘ (case A, det/abs) are employed along with
Euler angles of (0°,0°, — A,) and ( —90°,90°180° — A,).
Alternatively, one uses the simplified equations given in Ta-
ble III (see the Appendix of KSZ2 for the derivations):

E’;:(lab) = E%(case A,lab);
E!(lab) = EX(case C,lab) (caseI). (6b)

For case II geometry, the light is propagating along the

— x axis of the lab frame and ellipticity is created using a
quarter-wave plate whose major axis lies is the laboratory y—
zplane. Let A be defined as the angle between the major axis
of the quarter-wave plate and the z axis of the lab frame. The

Photo- Photo-
detector detector
Case | é
hy ﬁa
L4 gd
Linear
A Polarizer
§d=maior axis > -
I
Quarter—
wave
Plate

zd=ma]or axis

Y¥g oy
Ya
Linearly f z,z,

Polarized -—
Light zﬁ&\j/\ 24
hy SS<O N5 B,

P el e bS
Probe 4 Xa

Quarter-wave
Plate
Xg= major axis
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TABLE IIL E* for light propagating or detected along the — z (case A),
~ x (case B), and y (case C) axes.

E'q‘(case A, lab) = (cos gA — i sin qA)E’; (case A,det/abs)
E §(case B, 1ab) = [cos(gn/2) + isin(gn/2)] ¥ d% (— &)
g
X [cos(g'm/2) — isin(g'w/2)|E% (case B,det/abs)

E (case Clab) = D dj (A)E% (case C,det/abs)
7

The electric field vector cross products, E X (det/abs), for light prepared
with a quarter-wave plate

EX Case A Case B Case C
E? — 143 — 143 — 113
E', 0 ( 4+ 1/2)sin 28 (~i/2)sin 28
E} (—1/2)sin28 0 0

E%, (1/2)cos28 (—1/2)sin’ B (1/2)sin’ B
E%, 0 0 0

E} (—1/46)  (1/Y6)(3cos? B—1)  (1/Y6)(3 cos? B— 1)

detected photons propagate along the y direction of the lab
photon and pass through a quarter-wave plate whose major
axis lies in the laboratory x~z plane. Let A, be defined as the
angles between the major axis of the wave plate and the z axis
of the lab frame (see Fig. 1). As a result, for case II geome-
try, Eq. (6a) and the E ’q‘ (case A, det/abs) are employed
along with Euler angles, (0°90°180°—A,) and
( —90°,90°180° — A,). Alternatively, one uses the simpli-
fied equations given in Table III:

Case |l

FIG. 1. The reference frames, an-
gles, and electric field vector Carte-
sian components specific to: (a) case
I geometry and (b) case II geome-
try.
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El=(1ab) = E *(case B,lab);
EX(lab) = E¥(case C, 1ab) (caseII). (6¢)

Table III also includes some very simple equations for
the E : (lab) which do not contain reduced matrix elements
for two common experimental situations: (1) the light is
linearly polarized; (2) the light is elliptically polarized but
A = 0°. To calculate the E £ (det) for unpolarized detection,
we average over 8, =0 and 90" E ’q‘ (unpolarized,det)

= [E§(B=0"det) + E ;(8=90"det)1/2.

IV. THE UNREDUCED MOMENTS

In general, the rotational populations 7(J;) and the de-
tection sensitivity constant C(det) are unknown so we ab-
sorb these quantities into the polarization moments are re-
write Eq. (1) as follows:

I=3 [P¥ (VA A0l ()

k,qu
+ P (LA A e ()], @)
where
Kk
ag’i ) =A.{;i} (J)n(J;)C(det), (8)
A8 I)/a0 I =a} J)/al (), (9)
a$% (J,) = n(J;,)C(det), (10)
AP U) =1 (11)
- 0.16
gf~~izos — 0.8 \(d)
. o 7 1 =,
oN @ rC Y v <8 (@)
2 4 _._ p Branch = I / ,:\. "]
2 R s ;‘..;"’ ° S \\ <
0 = -10t -0.12¢ o~
oo o.2f TN 0.2
| | ../,, =3
Ena (b) Ems 0 I N :’O:_é i )
= = N @ = ol
T2t 0 y “;'v -t <;§:\
X [ 3 AN
-0.3 \,_\ "4:/ o N
S L -0.2
0% AT R N 03 0
s O -7 T //' ) Y N 3
\E_G -°1¢§ o %‘3 o
= [ @ = ® = N
a ™ s '\,‘\‘4-
-0.12f s
o %0 180 o 90 180 0 %0 180

A, (degrees)
FIG. 2. The moments of the line strength factors P for case I geometry
vs the angle of linear polarization A, for the three principal absorption rota-
tional branches of J; = 20 at 8, = 0° in the LIF of CN (23-?3-23). We
have assumed that the fluorescence is not dispersed and is collected inde-
pendent of its polarization and that the CN has Hund’s case (b) 4, coupling
(Ref. 13) in both the ground and excited states. The higher order moments
have been normalized with respect to the zeroth moment.

Here, the al*} are the unreduced moments which are the
ones that an experimentalist will determine from fitting the
LIF intensities to the line strengths, P{*} . Equations (8)-
(11) allow the determination of the reduced moments
A% 748% (J,) and the rotational population n(J;) from
the reduced moments.

V. DETERMINATION OF ALIGNMENT WITH
UNPOLARIZED DETECTION

For linearly polarized excitation along an arbitrary di-
rection there are 14 alignment moments which can be deter-
mined, 4 I} (J;) with k = 2,4. Unfortunately, in order to
measure independently all the moments we would need to
vary the propagation direction of the excitation light. By
restricting the electric field vector of the excitation light to a
single plane of space, the P g’i (J;) lose their strict indepen-
dence. This is apparent in Fig. 2 where P fl’i vs 4, is plotted
for the LIF of the B 22X *Z* states of CN for case I geome-
try; the corresponding plots for case II geometry are shown
in Fig. 3.

For case I geometry, note the similarity (same shape to
within a constant) of the plots for (k,9) =(2,2—),
(4,2 — ), and (4,4 — ). In addition, for case I geometry, the
plots for (k,q) = (2,0 + ), (4,4 +), (4,2 + ),and (4,0 +)
look like a linear combination of the plots for (k,q)

— 0.4 =
r—t s
8 el ::;_'; L ,/-f’ - 01;:-.\
. .
o # N
—
(a) 2y F O 9
2® 4F - pBranch o = |t -3
—a =s 3 ~
-=R (@
| -0.8 -0.2}
o — ;
0.9F L /‘/,\4\ 0.2F
ot RN ~ o
2 )\ N
— —~ e AN S Ry,
O+ b 2+ e+ =
28 © [ Bl B
— Py e —_— NS
oy Ly <. N
o © / i s \'\\"
7 —o2} h ’
-03F . 02 0.2 (h)
S
n T )
/.""\_ 0.3
| P S
2 N,
/- |
(=) "
~% W
) i
< N~
o NN
A
e
-0.2 N
i i =
80 180 0 80 180

4, (degrees)

FIG. 3. The moments of the line strength factors P{* for case Il geometry
vs the angle of linear polarization A, for the three principal absorption rota-
tional branches of J; = 20 at B, = 0 in the LIF of CN (*2-23-23). We
have assumed that the fluorescence is not dispersed and is collected inde-
pendent of its polarization and that the CN has Hund’s case (b) 4, coupling
(Ref. 13) in both the ground and excited states. The higher order moments
have been normalized with respect to the zeroth moment.
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= (0,0 4+ ) and (2,2 + ); in fact, for unpolarized detection,

) 354 (J,.,A,J,,A{;m,Pﬁﬁ (i Aidp, A ), P32 (J,A L),
AsQ), and P8 (J,AJ,A5Q) are equal to a weighted
sum of P (J,A.J,A;Q) and PP (J,ALJnA50).
Hence, for a fixed propagation direction, we can no longer
independently determine the real moments, ag’g (J;), but
only the apparent moments, ag’i (J;) (app). These apparent
moments are simple sums of real moments (see the Appen-
dix of KSZ2):

P (I, J;5Q) (dep)

= 2 c(k,g.k ',q',J,.,Je,Jf)P‘{I,"j':} (JnJe:Jf;Q)(ind);
k'.q

(12a)
hence
I= ,;, [PE (J,A0d AT A ) at (J,,7,) (app)
Lol
+P¥ (AT AT A5 Qa2 (9,,5,) (app) ],
(12b)
where

A% ) @pp) = ¥ ek kgl J)ATE (L),
k'\q
(12¢)
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The expansion coefficients c¢(k',q',k.,q,J;,J,,J;) in Eq.
(12a) are specific to each geometry, to each rotational
branch, and to linearly polarized light (8, = 0°). Equation
(12b) is derived by substituting Eq. (12a) into Eq. (7) and
grouping the afl’i_z as prescribed by Eq. (12c). The expansion
coefficients are projections of the Pg’g (J;) (dep) onto the
Pg’i (J;) (ind) where (ind) indicates the line strengths of
the designated apparent moments and (dep) indicates a line
strength of a moment which has not been designated as an
apparent moment and is being expressed as the weighted
sum of the Pfl’i (ind).

The coefficients can be derived numerically by using a
linear least squares fit to Eq. (12a) or analytically by multi-
plying both sides of Eq. (12a) by P,{,"g and integrating over
the planes in which the electric field vectors rotate [see Eq.
(A24) of KSZ2]. For LIF the analytical method is not use-
ful [unlike the analytical method for 2 + » REMPI given in
Eq. (A24) of KSZ2] because the the parts of e{® which
depend on A cannot be separated from the parts which de-
pend on k, and k,. Hence, Eq. (12a) has been numerically
solved to derive the coefficients presented in Table IV.

It is important to note that although 4 =1,
A ({,"i (app) # 1. We also note that all the experimentally de-
termined reduced apparent moments, 4%} (app), have

qt
been normalized by 4 £ (app) [see Eq. (9)]. Consequent-

TABLE IV. The apparent moments as a function of the reduced moments of the ground state distribution for
J = 20 for a heteronuclear diatomic molecule (CN) with case (b) coupling and 7 = 1 undergoing 22-?3-23
LIF with unresolved emission. Note that the definitions of two of the apparent orientation moments,
A f,°l (app) and 4 ﬂ (app) (casel) or4 f)’l (app) (case IT), are identical to the corresponding apparent align-
ment moments. The definitions for A5 (app) (case I) and 4 1} (app) (case II) apply only for alignment
measurements. The definitions for 4 {'} (app) (case I) and 4 {'} (app) (case II) apply only for orientation
measurements.

Case I geometry

AP (app) =4 4015043 — 00814 —0.1134%) — 00874 (Pbranch)
AL (app) =42 — 05394 —0.10345 400924 +0.10045 (Qbranch)
AP (app) =4 +011745 —00674 —0.0854% —0.06545 (R branch)
A (app) =412 4012948 — 043841 — 017744 — 00854 (Pbranch)
A (app) =412 +002748 040245 — 013045 —0.049 45 (Qbranch)
A (app) =AY 101454 03624 —0.148450 —0.071 45 (R branch)
AP (app) =4 —0.16141 —04274¢ (Pbranch)
A3 (app) =42 —0.146 4 — 038541 (Qbranch)
A2 (app) =4 — 0132419 — 03504 (R branch)
ALY (app) =48] —021443 —0.166 45 (Pbranch)
A§7? (app) =45} — 0464453 — 036045 (Qbranch)
A8 (app) =48] —0.198 482 —0.1534 8 (R branch)
Case II geometry

AL (app) =4 40187432 —0.171 4 —00924{ — 00534 (Pbranch)
A (app) =4 — 0633452 —0.176 452 4001841 — 001445 (Q branch)
A5 (app) =45} +0.148 452 —0.1274 — 007141 — 00424 (R branch)
A5 (app) =48} +0763 45 — 02934 — 04134 — 032045 (Pbranch)
A8 (app) = A +061342 — 020245 —03574 — 02854 (Q branch)
A (app) =45} +0.789 452 —02474Y — 03454 — 02674 (R branch)
AP (app) =AP —03424 — 03014 (Pbranch)
A (app) =4 — 030941 —02724 (Q branch)
A2 (app) =4 — 02804 — 02474 (R branch)
A1 (app) =41} — 026243 —0.068 41 (Pbranch)
A (app) =41} — 0568452 — 014740 {Qbranch)
A (app) =41 — 02424 —0.063 48 (R branch)
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ly, when a theoretician calculates the apparent moments of
an ensemble using the equations in Table IV, the apparent
moments need to be normalized by the theoretically comput-
ed 4> (app) before being compared to the experimentally
determined 4 (¥ (app)/4 { (app).

In order to measure the apparent moments, the LIF in-
tensity is recorded at several polarizations of the excitation
laser (A, ); the fluorescence is collected independent of its
polarization; and the positions of both the detector and the
laser propagation axes are fixed. The apparent moments can
then be calculated using a linear least squares fit:

I(A,.J.,J,) =P# (A, J,,7,)a% (app) (J,,7,), (13a)

g
where
n=0-n,,, (13b)
(k,g) =(0,0+),(2,2—),(2,2+) (casel), (13c)

(kg) = (0,0 +),(2,1 —=),(2,0+) (caseIl). (13d)

Here a vector is indicated by boldface, and the rectangular
array is denoted by a bold face symbol with a tilde. The
horizontal variables are the ranks and components of the
moments of the lines strength, while the vertical variables
are the polarization angles and rotational branches [see Egs.
(23a)—(23d) of KSZ2]. The subscript on A, indicates the
measurement number. When determining apparent mo-
ments, each rotational line is analyzed separately; therefore,
each measurement is done at a unique A, . In Eq. (13b) n,,,
equals the number of polarization angles employed. For the
remainder of this paper we will use this matrix notation.

The choice of apparent moments is not unique; for ex-
ample, for case I geometry, one could calculate an
ai? (app) instead of an ai? (app). We have chosen the
aé’i (app) which have the most distinctive P g’i in order to
facilitate the measurement of the three aﬁ’i (app).

The ranks and components of the apparent moments are
different for the two special geometries. When determining
the apparent moments, we are trying to fit the data, which
typically consist of many measurements, to only three pa-
rameters, the population and the two alignment moments.
As a result, for this overdetermined system, we should ob-
tain a small value of y° (see Ref. 7). Here y? is a quantifica-
tion of the goodness of the fit of the experimental data to Egs.
(13a). By comparing these accurate apparent moments for
different rotational branches, we can determine the sizes of
the different real moments which constitute the apparent
moments. Furthermore, we emphasize that a measurement
of the intensity at just two polarization settings does not
allow the determination of the apparent moments. Three
measurements are required to calculate the three polariza-
tion moments, but many measurements are required in order
to obtain meaningful values of y°.

Looking at the plot of P({,Oi vs A, in Figs. 2 and 3, one is
struck by the fact that the monopole line strength is depen-
dent on the probe’s polarization. Hence, as is well known,*
even when doing LIF on an isotropic, unpolarized sample,
the intensity of emitted light will vary with A,. This is be-
cause the excitation creates a polarized ensemble in the excit-
ed state and the emission from the anisotropic ensemble is
viewed along one direction. If one collected all the fluores-

7363

cence (one-photon absorption spectroscopy), performed
multiphoton ionization (see Fig. 3 of KSZ1), or used a po-
larization analyzer before the detector, then P would be
independent of A,.

Vi. DETERMINATION OF ORIENTATION WITH
UNPOLARIZED DETECTION

For elliptically polarized excitation along an arbitrary
direction, there are ten orientation moments that can be de-
termined: the 4 ¥ (J,) with k = 1,3. Once we restrict our-
selves to a single rotational branch, a single propagation di-
rection, a single A, and unpolarized detection along a fixed
axis, we can measure only the apparent orientation moments
because the P<{;k¢) (J;) have lost their strict independence.
This can be seen in Fig. 4 where Pﬁ’i vs 3, is plotted for the
LIF ofthe B 22-X 2Z* states of CN for case I geometry. The
corresponding plots for case 11 geometry are shown in Fig. S.

For case I, note the similarity of the plots for
(k,q) = (1,0+), (3,0 + ), and (3,2 + ). In addition, the
moments with even ranks look quite similar. The case I plots
for (k,q) = (2,0 + ), (44 + ), (4,2 4+ ), and (4,0 4+ ) look
like a linear combination of the plots for (k,q) = (0,0 4+ )
and (2,2 + ). Note that since A, =0°, the case I line
strengths for (k,q) = (2,2 —), (4,2 — ), and (4,4 — ) are
zero. Consequently, under the aforementioned conditions,
we can determine only apparent moments, aé’i (/;) (app).
These apparent moments include both alignment
(k=0,2,4) and orientation (k = 1,3) moments because
both types contribute to the LIF signal when probing with
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FIG. 4. The moments of the line strength factors P{* for case I geometry
vs the ellipticity of the radiation £, for the three principal absorption rota-
tional branches of J, = 20 at A, = 0" in the LIF of CN (*=-*2-2%). We
have assumed that the fluorescence is not dispersed and is collected inde-
pendent of its polarization and that the CN has Hund’s case (b) 4, coupling
(Ref. 13) in both the ground and excited states. The higher order moments
have been normalized with respect to the zeroth moment.
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FIG. 5. The moments of the line strength factors Pé"l for case II geometry
vs the ellipticity of the radiation B, for the three principal absorption rota-
tional branches of J; = 20 at A, = 0° in the LIF of CN (’2-*3-23). We
have assumed that the fluorescence is not dispersed and is collected inde-
pendent of its polarization and that the CN has Hund’s case (b) ,, coupling
(Ref. 13) in both the ground and excited states. The higher order moments
have been normalized with respect to the zeroth moment.

elliptically polarized light. We will refer to apparent mo-
ments for orientation experiments as ‘“‘the apparent orienta-
tion moments,” but this does not imply that only orientation
moments (k = 1,3) are being measured.

The apparent orientation moments are once again sim-
ple sums of real moments; the expansion coefficients [see
Eq. (12b)] are derived in the Appendix and given in Table
IV. Note that the apparent orientation moments have differ-
ent defintions from the apparent alignment moments (see
Table IV). To fit the data from an experiment of LIF intensi-
ty vs B,, Eq. (13a) can be employed to calculate the reduced
apparent orientation moments. However, when using Eq.
(13a) to determine orientation: (k,g) = (0,0 + ), (1,0 + ),
and (2,2 + ) for case I and (k,9) = (0,0+), (1,1 +),
(2,0 4 ) for case II. Note, for case I, 4} contributes to
A (app) and, for case I, 4 {2} contributes very strongly
to A 2} (app); hence, even when the ensemble being probed
has only limited angular momentum anisotropy, it is very
likely that none of the apparent orientation moments are
zero. For example, in case I geometry, if there is cylindrical
symmetry about the z axis, 4 ﬂ =0, but 4 ({,ﬂ #0, hence
A (app) #0.

Alternatively, if a({,"i is known, the best way to analyze
scans of intensity vs ellipticity is to examine at the difference
between pairs of intensity measurements taken at 4+ 8, and
to subtract the two intensities in order to calculate a “delta
intensity”, AI(B,) = I( + B,) — I( — B,)]/2, whichisin-
dependent of the alignment since all the alignment moments
have line strength which are identical at 4+ £3,:

AN(B,J.JT,) =P (B,.J,.0.)a (app) (J,.J,),

(14a)

where
n=0-n,,, (14b)
(kig) =(1,0+) (casel), (14c)
(k) = (1,14 ) (casell). (14d)

To obtain the orientation moments from Eq. (14a), Eq. (9)
is subsequently employed. Once again, the multiple mea-
surements will permit a meaningful error analysis of the ex-
periment. This is not equivalent to just taking data at 8,
= + 45°. When detecting orientation moments with unre-
solved fluorescence, measurements on the P and R branches
serve as a check because they have orientation line strengths
of nearly equal magnitude but of opposite sign. Measure-
ments on the Q branch are rarely useful since the corre-
sponding orientation line strengths are very small.

Vil. DETECTION OF POLARIZATION FOR LIF WITH A
AA=+1TRANSITION

The detection of alignment and orientation using unpo-
larized fluorescence is quite similar for LIF of the [I->2+
states as compared to LIF of the 22->2* states when we
assume all states have Hund’s case (b) coupling. We use the
same set of apparent moments, but the c(k ',q',k,q,J;,J. ) are
slightly different [see Eq. (13)]. In Table V, we present the
apparent moments for 2[I-*% transitions for the case in
which both the ground and excited states obey Hund’s case
(b) coupling.

The formulas to calculate the line strength are the same
except for S(J;,A;,J,,A,,J:A,), the product of the Honl-
London factors connecting the ground state with excited
state and the excited state with the final state. The alignment
and orienation line strengths for AA = 4 1 transitions have
nearly identical shapes but different magnitudes (factor of
1/2102.0) than those for AA = O transition. Not only are all
the equations presented in this paper valid for AA= + 1
transition (except the specific expansion coefficient for the
apparent moments), but Figs. 2-7 give a reasonable good
insight into how the line strength for AA = 4 1 transitions
vary with probe laser polarization.

Most multiplet II states only exhibit Hund’s case (b)
coupling for very high rotational states. Hence, to calculate
accurate line strengths, the wave functions for a state with
intermediate coupling must be employed. In general, to cal-
culate the line strengths, a detailed knowledge of the fine
structure energy level splittings of all rotational states is re-
quired.'® However for *II states, we need only to know a
single constant,!! ¥ =4 /B (called A in Refs. 11 and 12) in
order to calculate the wave functions of all the rotational
states. For a 2I1-23 or a 22211 transition, once the Y value is
known, it is  straightforward to  calculate
S A JesA I A L) since the Honl-London factors can be
readily evaluated."’
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TABLE V. The apparent moments as a function of the reduced moments of the ground state distribution for
J = 20 for a heteronuclear diatomic molecule (NO) with case (b) coupling and I = 1 undergoing 2[1->3-T1
LIF with unresolved emission. Note that the definitions of two of the apparent orientation moments, A

(app) and A {2} (app)(caseI) or 4} (app) (case II), are identical to the corresponding apparent alignment
moments. The definitions for 4} (app)(caseI) and 4 ¥} (app) (case IT) apply only for alignment measure-
ments. The definitions for 4 ({,‘l (app) (case I) and 4 Pl (app)(case II) apply only for orientation measure-

ments.

Case | geometry

AL (app) = AL 40334450 —0.021 45 +003141 +0.0314%% (R branch)
A (app) =A%) — 04534 — 003045 —00794% —0.0664( (Qbranch)
A (app) = AL +0301432 —00174% +0021 4% +00224 (R branch)
A (app) = A — 0085452 +023545" 100864 400374 (Pbranch)
A (app) =42 — 00234 +021545 +0.0874 +004245 (Qbranch)
A2 (app) = A2 — 01004 40196459 +0.071 4% 400314 (R branch)
A (app) =42 +008845% 102334 (Pbranch)
A2 (app) =42 +008045 102124 (Qbranch)
AP (app) =4 400734 401944 (R branch)
A8 (app) =487 4009248 007145 (Pbranch)
A5 (app) =4} 4030645 4023748 (Qbranch)
A (app) =48} +0.083 48 4006548 (R branch)
Case II geometry

AL (app) =4 4036842 +006148 +001748 000545 (Pbranch)
A (app) = A — 0516452 — 013445 —00644{ —003545% (Q branch)
AL (app) =4 4032848 +0.04345 +001145 +00034% (R branch)
AP (app) =4 +047042 4012548 1019548 015445 (Pbranch)
ALY (app) =AY +0.548 4% +0.132457 +0.1854 +0.143 4 (@ branch)
A (app) =48} +0451 452 +010345) +016245 +0.12745 (R branch)
A (app) =4 101874 +0.1654 (Pbranch)
A (app) =42 101704 +0.1504 (Qbranch)
A (app) =4 +0.156 4 10137418 (R branch)
A (app) =41 +0.11348 4002941 (Pbranch)
A1 (app) = A} +037548) +0.0974() (Qbranch)
At (app) =41} 1010248} +0.026 4 (R branch)

VIil. CORRELATIONS WITH VELOCITY

When the probe laser direction is fixed, the line
strengths are no longer independent, and hence the deter-
mination of the bipolar harmonics between the velocity and
polarization (line shape analysis) as described by Dixon®
and Houston® is no longer possible. If the laser propagation
direction is fixed and the fluorescence is collected without
polarization filtering, then only apparent alignment mo-

delta scan”, P,{I'i vsA,and A, atf, =0°and B, = 0°. This
is shown for the LIF of the B 22X 23 states of CN for case
I geometry. Experimentally, a double delta scan is acquired
by measuring the LIF intensity vs A, at various A,. Note
that we need only to vary A, between 0° and 45° in order to
span the space. We can directly use a linear least squares fit
to Eq. (7) to determine the real moments:

— p (k}
ments, apparent velocity moments, and apparent bipolar 1(4,.J:0.) =RBg% (A, 0. 0.)a 3 (), (15a)
moments can be detected. The determination of these appar- ~ where
ent moments is postponed for future publication. n=0-n_., (15b)

(k,Q) = (0!0 + ))(292 - ))(2,0 + )1(2,2 + )
(4’4 - )’(4’2 - (’(4’0 + )’(4,2 + ))(4’4 + )
(15¢)

IX. DETECTION OF ALIGNMENT WITH POLARIZED
DETECTION

In order to determine the real alignment moments in-
stead of the apparent alignment moments, we must vary the
propagation direction of the probe beam,> vary the position
of the detector over all of space, or polarization analyze the
polarization of the emitted photons. Experimental consider-

(case I),

(k’q) = (0’0+ ),(2,1 - ),(2’0+ ),(2’2 + )

(4’3 - )(491 - ):(490 + )’(4y2 + )’(4’4+ )
(case IT). (15d)

In general, measurements at n,,, polarization angles

ation almost always makes the last choice preferable. Since
we are interested only in varying A, while keeping 8, con-
stant, we simultaneously rotate the detector quarter-wave
plate and the linear polarizer while keeping their major axes
parallel. Figure 6 depicts the line strengths for a “double

need to be taken, but if both a parallel and a perpendicular
rotational branch can be probed, (for example, a Pand a Q
branch), then measurements at only »,,,/2 polarizations
need be recorded. By varying the polarization of the detec-
tor, we can measure nine alignment moments as opposed to
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FIG. 6. “A double delta scan”: The moments of the line strength factors
P& for case I geometry vs the angles of linear polarization of the probe
light A, and the emitted light A, for the three principal absorption rota-
tional branches of J; = 20at 8, = 0°and B, = 0°in the LIF of CN (*=-22~
23). We have assumed that the fluorescence is not dispersed and that the
CN has Hund’s case (b) g, coupling (Ref. 13) in both the ground and excit-
ed states. The higher order moments have been normalized with respect to
the zeroth moment.

the three apparent moments that can be measured using un-
polarized detection [see Eq. (13)]. The additional polariza-
tion moments can then be obtained by varying both the exci-
tation and detection probe. This allows a more precise
characterization of the anisotropy in the angular momentum
distribution.

X.DETECTION OF ORIENTATION WITH POLARIZED
DETECTION

For orientation, the analogue of the double delta scan is
the “double beta scan”. In order to independently measure
multiple orientations with a fixed detector and probe direc-
tions, one can record the LIF intensity vs 3, at several B, at
fixed A, and fixed A,. This is accomplished by rotating the
detector quarter-wave plate while keeping the linear polariz-
er of the detector fixed with its major axis along z. Figure 7
depicts the line strengths for a double beta scan, P g’g vs B,
and B, at A, =0° and A, = 0" for the LIF of the B?3~
X 23+ states of CN for case I geometry. To determine the
orientations, we carry out a linear least squares fit of “delta
intensity” vs 8, and 8, where

AIB,.By) = [I(+B,) —I(—B.)]/2,

AL(A,JT,) =BY (A,.J,0.)a (1), (16a)
where

n=0-n_,, (16b)

(kg) = (1,0+),(3,0+),(3,2+) (casel), (16c)
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FIG. 7. “A double beta scan’: The moments of the line strength factors
P for Case I geometry vs the ellipticities of the radiation of the probe
light B, and the emitted light 8, for the three principal absorption rota-
tional branches of J, = 20at A, = 0°and A, = 0°in the LIF of CN (®°Z-23-
23). We have assumed that the fluorescence is not dispersed and that the
CN has Hund’s case (b) g; coupling (Ref. 13) in both the ground and excit-
ed states. The higher order moments have been normalized with respect to
the zeroth moment.

(k,g) = (1,1 +),(3,1+),(33+) (casell). (16d)

Additional orientation moments can be detected if A,
#0°and A, #0°": for case I the additional moments are 4 {
and 4 ¥ for the case II geometry the additional moments
are A", 45}, and 4 }} . When doing a double beta scan,
n.,, different ellipticities need to be employed since data
from more than one branch are, in general, not useful (see
discussion in Sec. VI). In comparing Eqgs. (14) and (16), we
note that varying the excitation and detection polarization
ellipticity allows the determination of three orientation mo-
ments with k£ = 1,3 instead of one apparent orientation mo-
ment.

XI. DETECTION OF ALIGNMENT WITH MAGIC ANGLES

Sometimes it is impossible to scan the polarization of
either the probed laser or the detection analyzer because the
ensemble being probed is not stable for a reasonable period of
time. Then one is forced to take measurements at just two
polarizations with a device which rapidly switches (flips)
the linear polarization or rapidly switches elliptical polariza-
tion from left circularly polarized light to right circularly
polarized light (for example, using a photoelastic modula-
tor). Unfortunately, this sort of measurement never permits
determination of y* thus preventing a meaningful error anal-
ysis because only two distinct measurements are being em-
ployed to determine two parameters, the population and one
apparent polarization moment. Repeating these two mea-
surements many times reduces the variance in the data, o2,
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but does not give an indication as to how well the system is
being modeled by the two parameters. A measure of the
goodness of the fit of the model to the data, y°, can be ob-
tained only from multiple independent measurements of
LIF at several polarizations of the excitation light.
There are three ways to do magic angle measurements:
(1) flip the polarization of the probe; (2) flip the polariza-
tion of the detection analyzer; and (3) flip alternately the
polarization of the probe and the polarization of the detec-
J

{IA) —1(8,) [P¥ (A /P (A ]}

7367

tion analyzer. We will look only at the first case since this is
the one which is most commonly implemented.

For unpolarized detection and a fixed probe and detec-
tion direction, we are sensitive only to two polarization mo-
ments. We can make measurements 7(A,) and I(A,) at two
incident linear polarizations, A, and A,, for which one of the
two polarization moments is zero (or nearly zero) at both
angles. Comparing the two intensities with the known line
strengths, we can calculate the polarization moments:

WL BPD) = o a) — PeO (B [P T (/P T (AT (172)
4 (app) = [I(A)—Iiﬁz)]—am} E:pp) [PA) —P "°}(A2)], (17)
a®® (app)-[PY (A —PH (AD]
where
PR =P, PP=P%; A =05 A,=90" (casel), (17c)
PH =p, PO=pF; A=05 A,=90" (casell), (17d)
PR =pB, PO =p& 4P PP, A =~45 A=~ —45 (casel), (17e)
pH =p, pio= Pf°} —AZ PP, A= ~45 A=~ —45 (casell). (176)

Here P is used to account for any contributions to the
intensity from ai® (app) and from other known polariza-
tion moments. In Eqs. (17c) and (17d), data are being re-
corded at magic angles so there are no contributions to the
intensity from polarization moments other than the one be-
ing measured and a{® (app); in Eqs. (17e) and (17f), all
polarization moments contribute to the intensity.

The exact angles to use in Egs. (17¢) and (17f) depend
onJ; and J,. With the help of the equations given in Table I,
one calculates the line strength of P{} or P{# vs A, tofind
the polarization at which p{¥ =0 or P{¥ =0. These are
the A, which we would like to use to determine A4 ; 2 or

A3 Some fast polarization switches (such as a photoelas-
t1c modulator operating alternatively as a zero-wave plate
and a half-wave plate) can rotate linearly polarized light by
an arbitrary angle. For this case, A; = A(magic angle 1) and
A, = A (magic angle 2), hence Pﬁ (A=~ +45) =
thus P{Y% (A= ~ +£45°) =P (A=~ +45°).

P [P{O} (A, )+P{°} (Az)] — [P({,"} (A)—P {o} (A, )]

I

However, some fast polarization switchers can rotate
the linear polarization only by 90°; consequently, we can em-
ploy the magic angles in Egs. (17¢) or (17f) only if the
magic angles occur at A, = + 45°. Thus, we must settle for
doing experiments slightly away from the magic angles when
determining 4 2 or4 ™ . A, = 4 45°are usually close to
the magic angles and are, obv10usly, 90° apart.

Note that Eq. (17b) is not equivalent to the more famil-
iar formula for determining the polarization:

= [I(|]) —I(L) ]/[I(||) + I(1)]. Here Pis assumed to be
proportmnal to A2 in case I geometry and 4 {¥ in case II
geometry. This assumption is true only if all the fluorescence
is collected (one photon absorption spectroscopy) or if a
polarizer is used on the detector to insure that P is inde-
pendent of the polarization of the probe (see Fig. 6). Even
when these conditions are fulfilled, the constants which re-
late the degree of polarization P to the real polarization mo-
ments, 4 {2 or 4 (¥, are functions of J; and J, :

(18a)

valid only if the polarization ratio was measured at the magic
angles, A =0°, + 90°. It is emphasized that reporting the
degree of polarization is an inferior method of presenting
data because it does not reduce the data to the expectation
values of angular momentum operators.

Equations (17a)-(17f) determine all the apparent mo-

A{k}
(app) = [PED (A — PR (A)N] —P [P (A) +P"‘} 4]’
I
where
(kg) =(2,24+); A =05 A,=90° (casel),
(18b)
(k) =(20+); A =05 A,=90 (casell).
- (18¢c)

Note that depending upon how I(]|) and I(1) are defined,
A, =0, +£90°and A, = 0°, + 90°. However, Eq. (18a) is

ments and consequently enable the experimentalist to record
a single spectrum at one polarization and correct the mea-
sured intensities for the line strengths as a function of J; and
J, as well as for any polarization effects. At a given A,:
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al® (J,J,A,) = [I<J.-,J,,A.,)

;a{k}P{k} (JH"e’Aa)]/
]

PO (1 J..A,), (192)

where
(kg) =(2,2+),(2,2—) casel, (19b)
(k,g) = (2,04 ),(2,1 —) casell. (19¢)

The experimentalist should choose A, to minimize the
contribution of the alignment to Eq. (19a). For example, in
case I geometry, if the a{? is much smaller than ¢{? or in
case II geometry, if the am is much smaller than af,’l , then
A, should be set at ~45°. The condition for case II geometry
is always true when the system has cylindrical symmetry
about the z axis.

The major problem with magic angle formulas is the
lack of a meaningful error analysis. This can be overcome by
checking the alignment moments with measurements at oth-
er pairs of linear polarizations (which can be 90° apart) and
calculating one of the two apparent alignment moments as-
suming the other is known. To analyze this type of experi-
ment, Eqgs. (17a) and (17b) are used in conjunction with the
following definition:

PiA) =P (&) —4L

In Egs. (17a), (17b), and (20), 4 &} (app) is the apparent
alignhment moment which is be1ng checked, while

{" 2 . (app) is the apparent alignment moment which is as-
sumed to be known.

&2 (app)PL3 (M), (20)

Xil. DETECTION OF ORIENTATION WITH MAGIC
ANGLES

The determination of the orientation using magic angles
is quite straightforward because “delta intensity” AI(B,)
= [I( + B,) — I( — B,)]/2 depends only on the orienta-
tion moments since the alignment moments have equal line
strengths at 4 8, and — B,:

A{k} (app) (I(Ba)_l(_ﬂa))

IB,)y+1I(—8,)
PO (B + A% (app)P LY (B
X P{k} (B ’
(21a)
where
(k) =(1,04+); (k'\¢)=1(22—) (casel),
(21b)
(k) =(1,14); (k'g)=(21—) (casell).
(21c)

Normally, the experimentalist would choose to carry out the
experiment with left and right circularly polarized light
(B= 4 45°)if 4 {2 is zero or has been measured. Alterna-
tively, one can perform the experiment at the ellipticities for
which P(" }(B,) is zero. Some fast polarization switches
(such as photoelastic modulators) allow measurements at
any ellipticity, not just with circularly polarized light. In
fact, for meaningful error analysis, the measurement of ori-
entation should be performed with several pairs of elliptici-
ties. Note that for LIF with spatially resolved detection, the
degree of circular polarization, = [I(+8,)
—I(—B,)])/[1(+ B,) + I( — B,) ], reported alone, is of
limited meaning because it does not account for the fact that
the line strength depends on J; and J, nor does it correct for
the alignment. However, by substituting the degree of circu-
lar polarization, C(J,,J, ), for the first term in Eq. (21a) and
setting B, = 45°, we can convert the information in the de-
gree of circular polarization into the expectation value of
angular momentum operators:

AM (J,J,)(app)
=CWJ,J,) [P (J,J..B, =45/
P& (0.8, =45)], (22)

where (k,q) = (1,0 + ) and 4 (app) = O for case I and
(k,q) = (1,1 + ) and 4 {* (app) = O for case II.
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