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The optical magnetic birefringence (Faraday) technique that can be used to study the anisotropy distributions
of the angular momenta of photofragments produced in molecular photodissociation is compared theoretically
and experimentally with the magnetic dichroism technique. The frame independent tensor form of the general
expression describing the difference between an initial and a final polarization matrix of a probe light beam
passing through the photofragment vapor is presented and analyzed. The procedure of detection of the
photofragment electron orientation and alignment angular distributions by Doppler spectroscopy using each
of the techniques is studied theoretically. The angular independent anisotropy orientation and alignment
parameters describing photodissociation dynamics that can be determined from these studies are presented.
It is shown that in principle each of the techniques can give the same information about the photodissociation
dynamics; however, the birefringence technique has an undeniable advantage since it leads to an increase in
accuracy of the experimental data. Both magnetic birefringence and magnetic dichroism techniques were
used experimentally to study the spin orientation of ground state Rb atoms produced in photodissociation of
RbI at 266 nm by circularly polarized laser light. The experiment was not of the Doppler spectroscopy type,
but use of different85Rb and87Rb isotopes in the dissociation cell and in the probe light source allows detection
of the oriented atomic photofragments separately by each of the techniques. Obtained experimental results
are in agreement with the theoretical predictions. Contribution of the orientation of the Rb hyperfine structure
energy states to the observed signals were also studied and treated theoretically. The initial degree of the
electron spin orientation of the Rb atoms produced in the reaction was found to bePe ) 0.11( 0.02.

I. Introduction
Vector correlations in molecular photodissociation have lately

attracted considerable interest since they can provide very
detailed and important information about the dynamics of half-
collision processes.1 Several types of the correlations have been
under study. One of these is a correlation between the
polarization vectore of the dissociation light and the recoil
directionk of the fragments that gives rise to the anisotropic
angular distributions of the photofragments in space.2 Another
correlation occurs between the vectore and the distribution
among the relative population of magnetic sublevelsm corre-
sponding to the projection of the angular momentumj of a
photofragment on the space-fixedZ axis resulting in anisotropic
distributions of the vectorsj in space.3 Usually these distribu-
tions can be described by their three main polarization mo-
menta: population (m independent), orientation (m selection),
and alignment (|m| selection). Population is proportional to the
total population of the magnetic sublevels, orientation is
proportional to the mean magnetic dipole momentum of the
fragments ensemble, and alignment is proportional to the mean
quadrupole momentum of the fragments ensemble.4 Other and
more complicated types of correlations have also been under
study and can lead to higher order polarization moments of the
photofragments.5 It has been shown6 that investigations of the
photofragment polarization moments can provide detailed and
important information about photodissociation dynamics, in-
cluding the symmetry and shape of excited molecular surfaces,
knowledge about reaction channels, nonadiabatic interactions,
interference effects, and more.
Investigations of polarized nonfluorescing photofragments

have usually employed polarized laser photolysis combined with

detection-polarized laser-probing techniques to characterize the
anisotropy of the reaction products. Several different detection
techniques including one-photon and multiphoton laser-induced
fluorescence (LIF) techniques, the resonance enhanced mul-
tiphoton ionization (REMPI) technique, and the ion imaging
technique have been suggested and used.7,8 An experimental
technique consisting of measurement of the output polarization
of a probe light that is in resonance with the photofragment
absorption line was employed in our group to study polarized
alkali and thallium atoms.9 In order to discriminate orientation
and alignment of the atomic fragments from background, we
modulated them by applying a small external magnetic field
and thus obtained sensitivity that is comparable with that
provided by the one-photon LIF technique. An important
advantage of one-photon detection schemes compare to mul-
tiphoton schemes is in their relative facility in extracting
dynamical information from the experimental data because
corresponding theoretical expressions are simpler.
The detection techniques mentioned above explore magnetic

optical dichroism of the photofragment vapor and result in real
optical transitions from the fragment states under study. A
disadvantage of this detection technique is that the interaction
between the probe light and the fragments can saturate the
transition and thus perturb the initial distribution among the
relative population of magnetic sublevels. Usually the small
polarization signal under study has to be detected in the presence
of a large absorption signal coming from the unpolarized part
of the photofragments. Moreover, the concentration of produced
photofragments for the resonance techniques should be kept at
sufficiently a low level to prevent effects of thick optical layer
for the probe light (see, e.g., ref 9). All these effects can reduce
the experimentally achieved signal-to-noise ratio and sophisticate
much the experimental situation.
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An alternative for the resonance detection schemes of
polarized photofragments is the paramagnetic Faraday rotation
technique that explores the photofragment magnetic optical
birefringence of the vapor and is based on the fact that the
gyrotropic component of the atomic/molecular polarisability
causes the electric field of the probe off-resonant light wave to
be rotated by a certain angle after the light passed through
polarized vapor. The effect is known from optical pumping
experiments;10,11 its theoretical treatment based on the density
matrix formalism was done for the case of thin optical layer by
Laloë and Cohen-Tannoudji12 and generalized for the case of
thick optical layer by Kupriyanov et al.13 The paramagnetic
Faraday rotation technique found important application in
molecular and solid state spectroscopy14 but was never used to
detect and analyze polarized photofragments.
The purpose of this work is to study theoretically how the

paramagnetic Faraday rotation technique can be used in pho-
todissociation experiments, to detect experimentally polarized
atomic photofragments using this technique and to compare the
experimental results obtained on the same atoms using resonance
and off-sequence detection schemes. Only one-photon absorp-
tion schemes are under study. The irreducible components of
the density matrices (state multipoles representation)4 are used
throughout the paper both for the light and for the photofragment
ensembles. It is shown that application of the paramagnetic
Faraday rotation technique to the field of molecular photodis-
sociation can be very hopeful because it provides an investigator
with a relatively simple, nonperturbing detection technique that
is quite compatible with a VUV laser as a probe beam source.
The organization of the paper is as follows. In section II

general theoretical expressions for the density matrix of a probe
light passed through polarized atomic vapor are transformed to
a frame-independent state multipoles representation and then
analyzed. Necessary conditions to determine absorption and
dispersion cross sections containing information about photo-
dissociation dynamics are studied. In section III the particular
cases of detection procedure are described. There are presented
and discussed expressions for absorption cross sections and
orientation and alignment cross sections in the case of direct
photodissociation both for resonant and off-resonant detection
schemes. In section IV the results of experimental studies of
spin-oriented Rb atoms produced in photodissociation of RbI
molecules by circularly polarized light are presented. The
detection of the oriented Rb atoms were provided in both
resonance and off-resonance schemes as a function of RbI
concentration. The initial degree of orientation of the Rb atoms
was also determined. The results obtained by both techniques
are compared and discussed.

II. General Expressions for Probe Light Density Matrix
in State Multipoles Representation

2.1. Definitions. We describe an arbitrarily polarized probe
light with initial intensity I0 passing successively through an
optically active photofragments vapor and an analyzer and then
falling on a detector as it is shown in Figure 1. In the following
the atomic vapor will be discussed, but the obtained results will
be also valid for paramagnetic molecular vapor. We will be
interested in the polarization and intensityI of the output light.
The photofragments are assumed to have ground and excited
states total angular momentajg andje and theirZ projectionsµ
andm respectively and described by the density matrix elements
Fµµ′
jg , andFmm′

je . The off-diagonal over thejg, je values density
matrix elements can be neglected in the low-intensity light
approximation that is used in this paper. The irreducible
components of the ground state density matrix (state multipoles)

are defined as follows:4,11

The irreducible components of the excited state density matrix
are defined in a like manner. The operatorTKQ(jj ) in (1) is an
irreducible tensor:

whereCjgµKQ
jgµ′ are Clebsch-Gordan coefficients,K is a rank of

the tensor operator, andQ is its component along theZ axis.
The symbolΠXY... here and everywhere below denotesΠXY... )
[(2X + 1)(2Y+ 1)...]1/2. The density matrix component in (1)
relating toK ) 0 is proportional to the total population of the
Zeeman atomic sublevel, while the components relating toK
) 1 andK ) 2 (orientation and alignment) are proportional to
the cyclic components of the mean dipole angular momentum
〈j(1)Q〉 and to quadrupole angular momentum〈j(2)Q〉 of the atomic
ensemble, relatively.4

The polarization matrix of the monochromatic light propagat-
ing along theZ axis can be introduced as follows15

where εX, εY are amplitudes of the electric field Cartesian
components of the light and angular brackets denote time
averaging. The intensity of the lightI obeys usual expression
I ) Tr(π). Using standard cyclic components of the electric
field vector:

the matrixπ can be written in the cyclic basis:

Figure 1. Experimental geometries. (1) General geometry of the probe
light propagating through the absorption cell. (2) Geometry of
production and detection of the photofragments orientation. The
dissociation light is circularly polarized and directed under the small
angle to theZ axis. The probe light beam propagates through the cell
along Z axis. (3) Geometry of production and detection of the
photofragments alignment. The dissociation light is linearly polarized
alongY axis. The probe light beam propagates through the cell along
theZ axis.

FjgKQ ) Tr[F̂jgT̂KQ(jgjg)] (1)

T̂KQ(jgjg) ) ∑
µ,µ′

ΠK

Πjg

CjgµKQ
jgµ′ |jgµ′〉〈jgµ|

π ) (〈εXε*X〉 〈εXε*Y〉
〈εYε*X〉 〈εYε*Y〉 ) (2)

ε0 ) εZ, ε(1 ) -
εX ( iεY

x2
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The matrixπ in (2) can be also rewritten in the following form

whereS1, S2, andS3 are Stokes parameters of the light.15 The
particular cases (a)S1 ) +1/-1,S2 ) 0,S3 ) 0; (b)S1 ) 0,S2
) +1/-1,S3 ) 0; (c)S1 ) 0,S2 ) 0,S3 ) +1/-1 correspond
to (a) the light is linearly polarized alongX/Yaxes; (b) the light
is linearly polarized on the 45°/135° angle to theX axis; (c) the
light is right/left-hand circularly polarized, respectively. The
Stokes parameters are very important because they can easily
be measured experimentally.
The irreducible components of the light polarization matrix

in (2), (3) are defined as follows:4,11

Due to the symmetry properties of the Clebsch-Gordan
coefficients, the indexK in (5) is limited to the valuesK ) 0,
1, 2, and theΦKQ matrix elements corresponding to (4) can be
expressed in terms of the light Stokes parameters as follows:

The definition in (5) is not restricted to the caseq1, q2 ) (1
described above when the light propagates in theZ direction
but can also be used for an arbitrary direction of light
propagation and polarization. The expressions for the compo-
nents of the density matrixΦKQ for some particular cases are
given in refs 6e and 17.
Application of the irreducible density matrix representation

both for the light and for the photofragments has an undeniable
advantage because it allows one to write frame independent
tensor equations for experimentally measured quantities, to more
easy solve these equations and analyze the obtained results.
2.2. Polarization of the Resonant and Off-Resonant Light

Passed through Optically Active Vapor. Following the results
of Cohen-Tannoudji and Laloe¨12 a general expression describ-
ing the difference between the initialπl and the final π
polarization matrices in (2) of monochromatic light passed
through polarized photofragment vapor along theZ axis in the
first order on the light intensity and on the optical thickness of
the vapor can be written as follows:

where [...] and [...]+ are the commutator and anticommutator,
respectively. The functionsGA andGD describe absorption and
dispersion properties of the vapor. The functionGA is Hermi-
tian, while the functionGD is anti-Hermitian. When the atomic
density is homogeneous within the vapor lengthl, the functions
GA andGD can be written as follows

where ω is the light frequency,ω0 is an atomic transition
resonance frequency,N is the atomic concentration,ei is a light
polarization unit vector,d is a photofragment optical transition
electric dipole moment,v is a relative photofragment recoil
velocity, k is a light wave vector, andΓ is a natural rate of
spontaneous decay of the photofragment excited state.
Writing the expression (8) we assume that the photofragment

density matrix elementsFµ,µ′
jg (v,t) with different Z-projections

µ, µ′ of the angular momentumjg have differentv-dependencies
according to the recent theoretical and experimental results.5

The state multipole representation for both photofragment and
light density matrices ((1) and (5)) can be used to transform
(7) and (8) to the tensor form. By combining (7) and (8) and
applying the transformations (1) and (5) it is found after using
the properties of 3- j and 6- j symbols16 that the difference
between the initial and final light polarization matrices can be
written as:

whereLA ) [1 + (-1)K+K0+k]/2; LD ) [1 - (-1)K+K0+k]/2, the
terms [ΦK0

0 X Ak(ω)]KQ, [ΦK0

0 X Dk(ω)]KQ in (9) denote tensor
products,16 andAkq(ω) andDkq(ω) are irreducible absorption
and dispersion cross sections respectively:

The irreducible tensorsΦKQ
0 and ΦKQ in (9) are initial and

residual light polarization matrices. The indicesK0, Q0 andK,
Q relate to the initial and residual light polarization, respectively,
while the indicesk, q relate to the photofragment polarization,
all the indices being integer.
The general expressions (9)-(11) describe the change of the

probe light polarization matrices due to absorption and disper-
sion properties of the atomic vapor. The term containing the
absorption cross sectionAkq(ω) in (9) describes the influence
of magnetic optical dichroism of the photofragment vapor on
the transmitted light polarization. According to (9) this effect
can occur only if the sum of the indicesK, K0 andk areeVen
numbers because only in this case does the coefficientLA differ
from zero. The term containing the dispersion cross section
Dkq(ω) describes the influence of the magnetic optical birefrin-
gence of the photofragment vapor on the transmitted light
polarization. This effect can occur only if the sum of the indices

πq1q2
) 〈ε-q1

ε*-q2〉; q1,q2 ) (1 (3)

π ) I
2(1+ S1 S2 - iS3
S2 + iS3 1- S1 ) (4)

ΦKQ )
1

I
∑
q1q2

(-1)1+q1C1q11q2

KQ 〈ε*-q1εq2〉 )

1

I
∑
q1q2

(-1)1+K+q2C1-q11q2
KQ 〈ε-q1

ε*-q2〉 (5)

Φ00 ) 1

x3
; Φ10 )

S3

x2
; Φ20 ) 1

x6
;

Φ22 + Φ2-2 ) -S1; Φ22 - Φ2-2 ) -iS2 (6)

π - πI ) -[GA,πI]+ - i[GD,πI] (7)

GA ) 1
2
(G+ G+); GD ) 1

2
(G- G+) (8)

G≡ [Gω(t)] ij ) 2πNωl
pc ∫ d3 v

Tr[Fjg(v,t),[(e*i d)(ejd)]]

-i(ω - ω0 - kv) + Γ/2

I(ω)ΦKQ - I0ΦKQ
0 ) (-1)jg+je+K3I0Nl∑

K0,k

ΠK0kjg
×

{k 1 1
je jg jg}{K0 k K

1 1 1}[LA[ΦK0

0 X Ak(ω)]KQ +

iLD[ΦK0

0 X Dk(ω)]KQ] (9)

[ΦK0

0 X Ak(ω)]KQ ) ∑
Q0,q

CK0Q0kq
KQ ΦK0Q0

0 Akq(ω)

Akq(ω) ) C∫ d3 v Fkq
jg (v)Γ/2

(ω - ω0 - kv)2 + Γ2

4

(10)

Dkq(ω) ) C∫ d3 v Fkq
jg (v)‚(ω - ω0 - kv)

(ω - ω0 - kv)2 + Γ2

4

(11)

C)
4πω|〈jg|d|je〉|2

3pcΠjg
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K, K0, and k are odd numbers because only in this case the
coefficientLD in (9) differs from zero. The irreducible cross
sectionsAkq(ω) andDkq(ω) ((10) and (11)) are experimentally
measured quantities that can be used to obtain the photofragment
density matrix elementsFkq

jg(v), which contain all information
about the photodissociation dynamics.5c

Applying (9)-(11) to analyze the photofragments’ polariza-
tion, one should have in mind that in any choice of laboratory
frame the full set of cross section components (10), (11)
corresponding to all possible projectionsq, (i.e.q ) 0, (1 for
k ) 1 andq ) 0, (1, (2 for k ) 2) must be expected to
contribute simultaneously under most experimental conditions;
moreover, each of these cross sections will have a specific
dependence on the probe light frequencyω. These are the
results of intrinsic correlations in the decaying molecules.5 This
property of the photodissociation process complicates interpreta-
tion of experimental results compared to typical conditions of
optical pumping experiments11 where an appropriate choice of
laboratory frame can significantly reduce the number of the
atomic density matrix elements. It will be shown later that the
full number of independent anisotropy parameters that is
necessary to describe the angular dependence of photofragment
orientation and alignment produced in direct photodissociation
is equal to seven (three for the orientation and four for the
alignment). Another peculiar property of the photodissociation
experiment is that the absorption and dispersion profiles (10)
and (11) are usually not of the Gaussian type shape and depend
on the photodissociation dynamics.
In the next section (9)-(11) will be used to describe the

procedures used to detect of photofragment’s polarization
momenta using some typical experimental geometries, and
resonant detection schemes will be compared with off-resonant
ones.

III. Particular Cases of the Detection Procedure

3.1. No Analyzer in Front of the Photodetector: Orienta-
tion and Alignment Detection. We will describe the general
case of the photodissociation experiment and assume that the
following photofragment irreducible density matrix elements
differ from zero

whereFkq
jg ) ( - 1)q(Fk-q

jg )*.4 The density matrix elements (12)
are assumed to be functions of the recoil velocityv and the
corresponding cross sections (10), (11) are assumed to differ
from zero. The alignmentF2q

jg can be produced, for instance, if
linearly polarized photodissociation light is used, while both
orientation and alignment,F1q

jg , F2q
jg , can be produced with

circularly polarized photodissociation light (see, e.g., ref 4).
Orientation and alignment parametersP0, A0 can be constructed
by combining the matrix elements (12) in the usual way.18Now
we analyze some particular cases of (9) and the possibility of
separate experimental determination of the cross section ele-
ments (10), (11).
We first consider the experimental geometry where there is

no polarization analyzerP2 in front of the photodetector (see
Figure 1) and thus full residual light intensityI(ω) is detected.
This experimental geometry was recently used, for instance, by
North and Hall1h in their vector correlation studies of NCCN
photodissociation. Using the conditionK, Q ) 0 in (9), one
can obtain that due to the symmetry properties of the Clebsch-
Gordan coefficients the other indices must obey the conditions
K0 ) k; Q0 ) -q. Using (5) it can be shown that the
photofragment orientation (k) 1) can be detected only by using

circularly polarized probe light, while the photofragment align-
ment (k) 2) can be detected by using either arbitrarily polarized
or unpolarized light. Only the absorption cross sectionsAkq
(10) give a contribution to the signal (here and further we omit
the argumentω in all expressions for brevity). Using (6) and
properties of the 3- j and 6- j coefficients16 (9) can be
transformed to

where the term (ΦK0

0 ‚AK0) denotes the scalar product:

The expression (13) describes absorption of the monochromatic
probe light by arbitrarily polarized photofragments. All cross
section elements (10) can be in principle determined by varying
direction and polarization of the probe light. The same type of
expression describes, under some restrictions, the one-photon
LIF signal and the 1+ n photon REMPI signal. In the limiting
case (kv)2 . Γ2/4 that is routine for the direct dissociation
process and for a sharp photofragment velocity distribution the
integral overv in (10) can be easily evaluated. If then one writes
(13) in the light frame, it becomes analogous to the well-known
expression for the absorption intensity in the polarized Doppler
spectroscopy theory (see, e.g. (1) in ref 7f).
3.2. Detection of the Photofragment Orientation with the

Analyzer in Front of the Photodetector. Second, we consider
the experimental geometry where the analyzerP2 in front of
the photodetector (see Figure 1) selects the polarization of the
transmitted light. This experimental geometry was used to study
oriented and aligned Tl(2P3/2) and oriented Rb(2S1/2) photofrag-
ments in ref 9 and will be analyzed in two following sections
in more detail. Determination of photofragment orientation and
alignment cross-sections will be described using resonance and
off-resonance detection techniques separately.
If photofragment’s orientationF1q

jg is determined by the
resonance detection technique, either theK0 ) 1 or K ) 1
component of the light polarization matrix must differ from zero
(see (9)). Let the initially unpolarized probe light beam be
directed along theZ axis. Then the initial light polarization
matrix elements are as follows:

Magnetic circular dichroism of the photofragment vapor results
in partial circular polarization of the transmitted light that can
be determined by the circular analyzer (P2 in Figure 1) in front
of the photodetector. Substituting (14) into (9) and combining
(2)-(5), the expression for the Stokes parameterS3 in (4) of
the transmitted light can be written using (6) as

where I+,I- are intensities of right- and left-hand circularly
polarized output light respectvely. The intensityI in (15) can
be obtained from (13) and (14):

F00
jg , F10

jg , F1(1
jg , F20

jg , F2(1
jg , F2(2

jg (12)

I - I0 ) (-1)jg+je 3I0Nlπjg∑
K0

{K0 1 1
je jg jg}(ΦK0

0 ‚AK0) (13)

(ΦK0

0 ‚AK0) ) ∑
Q0

(-1)Q0ΦK0Q0

0 AK0-Q0

Φ00
0 ) 1/x3, Φ1Q

0 ) 0, Φ20
0 ) 1/x6, Φ2(1

0 ) 0,

Φ2(2
0 ) 0 (14)

S3 )
I+ - I-
I+ + I-

) (-1)jg+je3Πjg
Nl{1 1 1

je jg jg}A10x2
I0
I

(15)

I ) I0[1- Nl(A00 - (-1)jg+je3Πjg {2 1 1
je jg jg}A20x6)] (16)
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It can be seen from (15) that probe light propagating along the
Z axis together with a circular polarization analyzer in front of
the photodetector can be used to determine the longitudinal cross
sectionA10 but is not sensitive to the transverse cross section
A1(1. The latter can be determined using the light propagating
perpendicularly to theZ axis.
If the photofragment’s orientation is determined by the off-

resonance detection technique, the sum of theK0 andK light
matrix ranks must be even. The initial probe light can be
linearly polarized and propagate in theZ direction. Magnetic
optical birefringence of the vapor results in rotation of the light
polarization vectore by an angleθ that can be determined by
a linear analyzer in front of the photodetector. Assuming the
initial polarization vector of the light to be parallel to theY
axis, the relationship between the Stokes parameterS2 of the
residual light and the angleθ can be written asS2 ) sin 2θ.
The polarization matrix elements of the initial light are as
follows:

By combining (2), (5), (6), (9), and (17), the Stokes parameter
S2 of the transmitted light can be written as

where I45, I-45 are intensities of the residual light linearly
polarized on(45° to theY axis, respectively. Note that (18)
has the same form as the (15) if one changes the dispersion
cross sectionD10 to the absorption one and that the light
propagating along theZ axis is sensitive to the longitudinal (q
) 0) component of the orientation cross section only.
3.3. Detection of the Photofragment Alignment with the

Analyzer in Front of the Photodetector. If photofragment
alignmentF2q

jg is determined by the resonance detection tech-
nique, the sum of theK0 andK matrix ranks must be even (see
(9)). Let the initially unpolarized probe light beam propagate
along theZ axis as in ref 9. Then the magnetic linear dichroism
of the photofragment vapor results in partial linear polarization
of the transmitted light that can be determined by a linear
analyzer in front of the photodetector. The polarization matrix
elements of the initial light are shown in (14).
Substituting (14) into (9), the expressions for the residual light

matrix elementsΦ2(2 can be obtained. Then the degree of linear
polarization of the transmitted light can be written as

whereIX,IYare intensities of the residual light linearly polarized
along theX andY axes, respectively. It can be seen from (19)
that determination of the Stokes parametersS1 can be used to
study the transverse component of the alignment cross section
A22 and that the procedure is not sensitive to other cross sections
A20, A21.
If photofragment alignment is determined by the off-

resonance detection technique, either theK0 ) 1 or K ) 1
component of the light polarization matrix must differ from zero,
and therefore either the initial light must be circularly polarized
or the analyzer in front of the photodetector must be a circular
one. Let us describe the experimental geometry where the initial
probe light beam is circularly polarized and propagates along

theZ axis. The polarization matrix elements of the initial light
are as follows:

The optical birefringence of the vapor changes the initial circular
polarization of the light to elliptical polarization with general
axes directed on the(45° to the alignment axis that can be
detected measuring the Stokes parameterS2 of the light by using
a linear analyzer. Substituting (20) into (9), the expressions
for the residual light matrix elementsΦ2(2 can be obtained.
Then the Stokes parameterS2 of the transmitted light can be
written as

It is seen again that the described experimental geometry is
sensitive only to the transverse alignment elementsD22 and that
the only difference between (19) and (21) is that the former
contains the absorption while the latter the dispersion cross
section. The expressions (15), (18), (19), and (21) describe the
results of application of resonance and off-resonance techniques
to measure orientation and alignment photodissociation cross
sections.
It should also be noted that the expression for the light

intensity I (16) contains the population and alignment cross
sectionsA00, A20 that are also to be determined from the
experiment. The terms containing these cross sections (or the
second one only) can be neglected in (16) compared to unity if
total absorption of the light by the photofragments, or their
alignment, is small. It can be shown using (4) and (9) that all
cross sections can be determined as a function of frequencyω
combining the results of several experiments when the light
propagates through the vapor in different directions.
If the probe light is not monochromatic, (10), (11) should be

integrated over the frequencyω using a spectral profile of the
incident light I0 ) I0(ω). If the spectral width of the profile
I0(ω) is larger that the spectral width of the photofragment
absorption cross section (10) the integral overω can be written
in the form:

whereJA ) πI0(ω0) and the angular brackets mean averaging
over the recoil angles. The averaged expression for the
dispersion cross section (11) can also be simplified in the case
of large detunings|ω - ω0| . |kv| and can be written as

where

The expressions (13), (15), (18), (19), and (21) containing
the cross sections (10) and (11) presented above are general
and do not depend on where the polarized photofragments come
from. The explicit forms of the absorption and dispersion cross
sections (10), (11) differ from each other for different types of
the photoprocesses according to the photofragment density
matrix angular dependence. The widely used way to treat the

Φ00
0 ) 1/x3, Φ1Q

0 ) 0, Φ20
0 ) 1/x6, Φ2(1

0 ) 0,

Φ2(2
0 ) 1/2 (17)

S2 )
I45 - I-45
I45 + I-45

) (-1)jg+je3Πjg
Nl{1 1 1

je jg jg}D10

x2
I0
I

(18)

S1 )
IX - IY
IX + IY

) (-1)jg+je+13Πjg
Nl{2 1 1

je jg jg}I0I Re(A22)
(19)

Φ00
0 ) 1/x3, Φ10

0 ) 1/x2, Φ1(1
0 ) 0,

Φ20
0 ) 1/x6, Φ2(1

0 ) 0, Φ2(2
0 ) 0 (20)

S2 )
I45 - I-45
I45 + I-45

) (-1)jg+je+13Πjg
Nl{2 1 1

je jg jg}I0I Re(D22)

(21)

Ahkq )∫ Akq(ω) I0(ω) dω ≈ C JA 〈Fkq
jg 〉 (22)

Dh kq )∫ Dkq(ω) I0(ω) dω ≈ C JD 〈Fkq
jg 〉 (23)

JD )∫ I0(ω)

(ω - ω0)
dω
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vector correlation phenomenon is to expend the photofragment
density matrix over the bipolar harmonics and then determine
the bipolar momentsbQ

K(k,S) that contain the information about
the dissociation dynamics.5a,7f However in the next section of
this article we use another approach presenting the explicit
angular dependence of the photofragment density matrixFkq

j

(ϑ,æ) from the detailed quantum mechanical theory5c in terms
of orientation and alignmentanisotropy parameters. Only the
case of direct photodissociation within the condition of validity
of axial recoil approximation will be discussed. The advantage
of this approach is that the anisotropy parameters have clear
physical meaning and relate directly to the different photodis-
sociation mechanisms.
3.4. Absorption and Dispersion Cross Sections V-De-

pendencies. In some interval of the relative recoil impulsesp
the photofragment density matrix elements can be presented in
the form

whereσkq
j (æ,ϑ) is a differential cross section for one-photon

fragmentation of a molecule to a fragment with total electron
momentumj, æ andϑ are photodissociation recoil polar angles;
p is a relative photofragment recoil impulse,σj00 is the zero-
rank excitation matrix integrated over total recoil solid angle,
and f(p) is a photofragment distribution over the modulus of
their relative recoil impulsep that can be approximated by a
Gaussian function centered atp ) p013

where the parameters0
2 is related to the width of the parent

molecules Bolzmann impulse distribution. The absorption and
dispersion cross sections (10) and (11) are calculated and
presented below for several particular cases as functions of the
light frequencyω. The light was supposed to propagate along
the Z axis. The cross sections were calculated using the
following values of the parametersΓ, kV0, s0

2 related to the
detection of polarized ground state Rb atoms produced in
photodissociation of RbI at 266 nm in bulk conditions that were
experimentally studied in this work:Γ ≈ 36 MHz,kV0≈ 7600
MHz, (p0/s0)2 ≈ 10.
3.4.1. Zeroth-Order Cross Sections. The differential cross

section of the zero-order for one-photon fragmentation can be
written in the following famous form2

whereâ0 is anisotropy parameter.
If circularly polarized or unpolarized dissociation light

propagates in theZ direction for pure parallel transitions,â0
stands for the limiting valueâ0 ) -1 that gives∼sin2 ϑ angular
distribution while for pure perpendicular transitionsâ0 stands
for â0 ) 1/2 that gives∼(1 + cos2 ϑ) angular distribution. If
linearly polarized along theZ axis light, for pure parallel
transitionsâ0 stands for the valueâ0 ) 2 that gives∼cos2 ϑ
angular distribution while for pure perpendicular transitionsâ0
stands forâ0 ) -1 that gives∼sin2 ϑ angular distribution. The
corresponding well-known1,2 absorption cross sectionsA00 are
shown in Figure 2 as function of the relative frequency detuning
x) (ω - ω0)/kV0. Only absorption zeroth-order cross sections
(10) differ from zero.

3.4.2. First-Order (Orientation) Cross Sections. As shown
in (10), (11), (15), and (18), both resonance and off-resonance
orientation detection schemes where the probe light beam
propagates along theZ axis lead to signals that depend on the
diagonal orientation cross sectionσ10

j , where j is the total
photofragment angular momentum. According to the results
of the ref 5c, the components of the differential orientation cross
sectionσ1q

j (æ,ϑ) can be described by three anisotropy param-
eters that are independent of the anglesæ, ϑ and from each
other. These parameters can be defined as follows

wherefK(q,q′) are photodissociationdynamical functions.5c,6d,e
The dynamical functions are a result of the detailed quantum
mechanical treatment and contain all the information of the
transition dipole moments and fragmentation dynamics. In the
high-j limit approximation (semiclassical limit), these functions
can be presented as linear combinations of the well-known
bipolar moments5a (see Appendix). The “diagonal” dynamical
functions for whichq ) q′ are real, while the “off-diagonal”
functions for whichq* q′ can be complex. The first anisotropy
parameterR1 describes the orientation of the photofragments
coming from an incoherent pure perpendicular optical transition
in the dissociating molecule, while two others describe the
orientation of the photofragments coming from coherent super-
position of a parallel and a perpendicular transition.
We will study the experimental geometry shown in Figure

1b when dissociation and probe beams propagate at a small
angle to each other in opposite directions along theZ axis. For
left-hand circularly polarized light propagating in the-Z
direction, thek ) 1, q ) 0 component of the differential
orientation cross section can be written as follows:5c

Fkq
j (p) ) (2πp)3f(p)

σkq
j (æ,ϑ)
Πjσj00

(24)

f(p) ≈ 1

p0
2x2πs0

2
e-(p-p0)2/2s02 (25)

σ00
j (æ,ϑ) )

σ0

4π
[1 + â0P2(cosϑ)] (26)

Figure 2. Absorption cross sectionsA00 versus relative probe laser
frequency detuningx. (1) The photofragments produced via pure
perpendicular optical transitions in the dissociating molecules (â0 )
1/2). (2) The photofragments produced via pure parallel optical
transitions in the dissociating molecules (â0 ) 1). (3) Isotropic case
(â0 ) 0).

R1 )
f1(1,1)

f0(0,0)+ 2f0(1,1)
(27a)

γ1 )
2Re[f1(1,0)]

f0(0,0)+ 2f0(1,1)
(27b)

γ′1 )
2Im[f1(1,0)]

f0(0,0)+ 2f0(1,1)
(27c)
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The anisotropy parametersR1 and γ1 have clear physical
meaning, being two different components of the standard
photofragment orientation parameter under the condition of
circularly polarized dissociation light. These parameters are
related to the molecular frame componentsj| andj⊥ of the total
photofragment angular momentumj, respectively, while the
componentj| is parallel and the componentj⊥ is perpendicular
to the recoil direction:

where angle brackets mean averaging over the recoil anglesæ,
ϑ and the lower indexZ corresponds to theZ projection of the
vectorsj| and j⊥ in the laboratory frame.
Only the sum of the anisotropy parameters (R1 + γ1) can be

determined if the experimental procedure does not provide the
selection of the photofragment orientation over the recoil
directions. Both parametersR1 andγ1 can be either positive
or negative. Their values are estimated below for the case when
only one photofragment carries the angular momentumj
different from zero and when the nonadiabatic interactions are
negligible. The parameterR1 has its extrema if perpendicular
transitions dominate in the photoprocesses: [R1]ext ) m/2[j(j
+ 1)]1/2, wherem is the quantum number of the photofragment
magnetic sublevel populated in the photoprocesses. This
parameter goes to zero for largej values; it is mainly responsible,
for instance, for the results of the experiments.9 The parameter
γ1 has its extrema when the parallel and perpendicular transitions
are of the same intensity: [γ1]ext ) (1/4. It was shown in ref
19 that the coherent excitation of ICN molecules leads to strong
orientation of CN fragments reported in ref 20. The third
parameterγ′1 cannot be determined in the “parallel” experi-
mental geometry described above (see Figure 1)5c but can be
determined by measuring off-diagonal cross section elements
(A11 or D11) using probe light directed perpendicular to theZ
axis.
Absorption (A10) and dispersion (D10) orientation cross

sections calculated using (10), (11), (24), (25), and (28a) are
shown in Figures 3 and 4 versus relative probe light frequency
detuningx separately for each of the two terms in (28a). The
contribution from the first (incoherent) term is given by curve
1, while the contribution due to the second (coherent) term is
given by curve 2 in both figures. Similar relationships have
recently been reported elsewhere.13 It can be seen from Figures
3 and 4 that the relationships corresponding to the coherent and
to the incoherent excitation of the molecules are quite different
from each other, which gives the possibility to study they
separately. The existence of two absorption maxima on the
relationship 1 in Figure 3 and two dispersion contours on the
relationship 1 in Figure 4 has a simple physical explanation:
the photofragment angular distribution∼cos2 ϑ (28a) leads to
production of two groups of the photofragments moving in
opposite directions along the probe light beam (Z axis), which
give their main contributions to the cross sections (10), (11) at
two different frequency detunings.
3.4.3. Second-Order (Alignment) Cross Sections. In order

to define alignment parameter, we first consider nonpolarized
light propagating along theZ axis. Then using the results of

ref 5c the diagonal cross sectionσ20
j (æ,ϑ) can be presented as

follows

The s2, R2, γ2, and η2 are angular independent alignment
anisotropy parameters:

σ10
j (æ,ϑ) )

3x3σ0

4π [R1 cos
2
ϑ +

γ1

2
sin2 ϑ] (28a)

σ0 ) 4π2ω
3c

[f0(0,0)+ 2f0(1,1)]

R1 )
〈(j|)z〉

xj(j + 1)
; γ1 )

〈(j⊥)z〉

xj(j + 1)
(28b)

Figure 3. Absorption orientation cross sectionsA10 versus relative
probe laser frequency detuningx ) (ω - ω0)/kV0. The dissociation
light is circularly polarized, and the photofragment total angular
momentum is equal toj ) 1/2. (1) Photofragments orientation produced
via incoherent excitation of the molecule. The anisotropy parameter
R1 is equal to 1/(2x3). (2) Photofragments orientation produced via
coherent excitation of the molecule. The anisotropy parameterγ1 is
equal to1/4.

Figure 4. Dispersion orientation cross sectionsD10 versus relative
probe laser frequency detuningx ) (ω ) ω0)/kV0. The dissociation
light is circularly polarized. (1) Photofragments orientation produced
via incoherent excitation of the molecule by circularly polarized light.
(2) Photofragments orientation produced via coherent excitation of the
molecule by circularly polarized light. The values of the anisotropy
parametersR1 andγ1 are the same as in Figure 3.

σ20
j (æ,ϑ) )

x5σ0

4π
V(j){P2(cosϑ)[s2 + R2P2(cosϑ)] +

3
2

γ2 sin
2
ϑ cos2 ϑ + 3

8
η2 sin

4
ϑ} (29)

where V(j) ) 5[ j(j + 1)

(2j + 3)(2j - 1)]1/2
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The anisotropy parameterss2, R2 describe the photofragment
alignment produced by noncoherent optical transitions in the
dissociating molecule. The parameters2 (30a) is responsible
for the alignment component that does not depend on the angles
æ, ϑ in the molecular frame and vanishes after averaging the
photofragment alignment over theæ,ϑ. Besides, it is seen from
(29) that this component gives contribution to the alignment
angular distribution in the laboratory frame. The parameters
R2, γ2, η2 (28b,c,d) are responsible for the alignment components
that depend on the anglesæ, ϑ both in the molecular and in the
laboratory frame. These parameters have clear physical meaning
being components of standard diagonal alignment parameter18

of the photofragments coming from three different dissociation
mechanisms. These are incoherent perpendicular and parallel
optical transition in the dissociating molecule (30b), coherent
superposition of a parallel and a perpendicular transition (30c),
and coherent superposition of two perpendicular transitions
(30d), respectively. For instance,

where angled brackets mean averaging over the recoil angles
æ, ϑ. Only the sum of the anisotropy parameters (R2 + γ2 +
η2) can be determined in a non-Doppler type experiment. The
values of these parameters can be estimated for the case when
only one photofragment carries the angular momentumj
different from zero and the nonadiabatic interactions are
negligible. These areR2 ) 1/5 for the parallelΣ f Σ transition
in the molecule,R2 ) [3m2 - j(j + 1)]/10j(j + 1), η2 ) 3/10 for
the perpendicularΣ f Π transition, andγ2 ) 3/10[j(j + 1)]1/2

for the same intensities of the parallel and perpendicular
transitions. As shown in (10), (11), (19), and (21), both
resonance and off-resonance alignment detection schemes where
the probe light beam propagates along theZ axis lead to signals
that depend on the real part of the alignment cross section Re-
[σj22(æ,ϑ)]. Let the polarization vector of linearly polarized
dissociation light be parallel to theYaxis of the laboratory frame
and probe beam be parallel to theZ axis as shown in Figure
1c. Then using the results of ref 5c the cross sectionσj22(æ,ϑ)
can be presented as follows:

Absorption (Re[A22]) and dispersion (Re[D22]) alignment cross
sections calculated using (10), (11), (24), (25), and (31) are
shown in Figures 5 and 6 versus relative probe light frequency
deturningx separately for each of the three terms in (29). The
contribution from the first (incoherent) term is given by curve
1 while the contributions from two coherent terms are given
by curves 2 and 3. Figures 5 and 6 show that all three
anisotropy parameters in (30) can be determined in the described
experimental scheme.

Figure 5. Absorption alignment cross sections Re[A22] versus relative
probe laser frequency detuningx ) (ω - ω0)/kV0. The dissociation
light is linearly polarized, and the photofragment total angular
momentum is equal toj ) 1. (1) Photofragments alignment produced
via incoherent excitation of the molecule. The anisotropy parameter
R2 is equal to1/5. (2) Photofragments alignment produced via coherent
superposition of a parallel and a perpendicular transition. The
anisotropy parameterγ2 is equal to 3/(10x2). (3) Photofragments
alignment produced via coherent superposition of two perpendicular
transitions. The anisotropy parameterη2 is equal to3/10.

Figure 6. Dispersion orientation cross sections Re[D22] versus relative
probe laser frequency detuningx ) (ω - ω0)/kV0. Dissociation light
is linearly polarized, and the photofragment total angular momentum
is equal toj ) 1. (1) Photofragments alignment produced via incoherent
excitation of the molecule. (2) Photofragments alignment produced
via coherent superposition of a parallel and a perpendicular transition.
(3) Photofragments alignment produced via coherent superposition of
two perpendicular transitions. The anisotropy alignment parameters
R2, γ2, andη2 are the same as in Figure 5.

s2 ) V(j)-1
f2(0,0)+ 2f2(1,1)

f0(0,0)+ 2f0(1,1)
(30a)

R2 ) V(j)-1
f2(1,1)- f2(0,0)

f0(0,0)+ 2f0(1,1)
(30b)

γ2 ) 2x3V(j)-1 Re[f2(1,0)]

f0(0,0)+ 2f0(1,1)
(30c)

η2 ) x6V(j)-1 f2(1,-1)
f0(0,0)+ 2f0(1,1)

(30d)

R2 )
〈(3 jz

2 - j2)R〉
j(j + 1)

σ22
j (æ,ϑ) )

x30σ0

16π
V(j)e2iæ{sin2 ϑ[s2 +

R2[(1 - cos 2æ)P2(cosϑ) + cos 2æ]] -

γ2 sin
2
ϑ[cos2 ϑ(1- cos 2æ) + i sin 2æ] +

η2

4
[(1 + cos2 ϑ) sin2 ϑ + (1+ cos2 ϑ)2 cos 2æ -

4i cos2 ϑ sin 2æ]} (31)
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It should be noted however that the parameters in (30) do
not give a full description of the dissociation dynamics
responsible for photofragments alignment because there should
be in principle two other parametersγ′2, η′2 related to imagi-
nary parts of the dynamical functionsf2(1,0) andf2(1,-1) (see
(30c,d)), which do not appear in (31). The former parameters
would arise if elliptically polarized dissociation light could
discussed while the latter can be neglected for the processes of
direct photodissociation because in this case the dynamical
functionsf2(1,-1) are shown to be real.5c

The results presented above show that in principle the
paramagnetic Faraday rotation technique can provide the same
information about photodissociation dynamics as the resonance
dichroism technic. Besides, use of the paramagnetic Faraday
rotation technique to study the photodissociation dynamics can
be very hopeful from experimental point of view because the
contribution from the photofragments orientation and alignment
to the signal are usually a small fraction of the probe light total
absorption by the photofragments.3,9 Comparatively large
absorption decreases the accuracy of the measurements and can
easily break the conditions of thin optical layer that can
complicate the interpretation of the experimental results. More,
the saturation of the photofragment resonance optical transitions
can be easily achieved under the conditions of the one-photon
detection scheme that can complicate much the interpretation
of the experimental results. It is seen from Figures 4-6 that
extremum points of the dispersion signals are relatively far from
resonance, which can increase the accuracy of the experiments
and simplify their interpretation. In the following section the
results of experimental studies of spin-oriented Rb atoms
produced in photodissociation of RbI molecules by circularly
polarized light are presented by both in-resonance and off-
resonance schemes.

IV. Experimental Studies of Spin-Oriented Rb Atoms
Produced in Photodissociation of RbI

The experiments were carried out in order to detect and study
the polarized photofragments at the same experimental condi-
tions alternatively with resonant and off-resonant detection
schemes and to compare the obtained results with each other
and with the theoretical predictions presented above.
We studied oriented ground state 52S1/2 Rb atomic photo-

fragments in photodissociation of RbI at 266 nm in the following
reaction where the iodine atoms produced in their metastable
state:

It is well-known21,22that covalent excited states of alkali halides,
correlating with a ground state2S1/2 alkali atom and a2Pj halide
atom, are typical example of Hund casec that is defined by a
projectionΩ of the total molecular angular momentumJ on an
internuclear axis and by symmetry quantum numbersσ ) (
for Ω ) 0σ terms. Figure 7 shows qualitatively X1Σ+ ionic
ground state and the covalent excited states of the RbI molecule
as well as dissociation and probe channels. The absorption
spectrum of RbI in the 250-330 nm region consists of two
bands relating to two possible photodissociation channels that
lead to the following pairs of atoms: Rb(52S1/2) + I(5 2P3/2)
and Rb(52S1/2) + I(5 2P1/2).22 In our experiments at 266 nm,
only the second excited molecular state was populated from
the ground state and the second pair of the atoms arises (32).
In this photodissociation channel the electronic molecular energy
levels are not split by the van der Waals interaction at large

internuclear distances that can increase Coriolis type nonadia-
batic coupling and interference effects in the decaying molecule.
4.1. Experimental Procedure. There are two optical

transitions of different symmetry from the molecular ground
state to the second excited state with approximately equal
intensities: X 1Σ0

+ f 0+ and X 1Σ0
+ f 1.22 The value of

anisotropy parameterâ0 reported by Su and Riley23 is as
follows: â0 ) 0.54. Spin-oriented ground state Rb atoms
produced in the reaction (30) were already observed elsewhere9c

when only the resonance detection technique was used.
In our experimental procedure and data analysis, we mainly

followed the theoretical expressions (15), (16), (22), and (23)
but there were also some important differences. Firstly, from
the experimental point of view the direct following of (15) was
not convenient because led to large experimental errors due to
necessity of subtraction of two large valuesI+ andI- from each
other. To avoid this problem, we combined pulsed dissociation
light with continuous probe light and modulated the observed
signals by applying an external magnetic field. This gave us a
possibility to detect the difference (15) directly after each laser
pulse. Secondly, in the interpretation of the experimental results
presented below, we fixed the orientation signals by the intensity
of the absorbedlight given by the two last terms in (16) but
not by the intensity of thetransmittedlight given by the whole
expression. This approach was convenient because allowed us
to determine the degree of orientation of the photofragments
directly from the resonance experimental signals. We also used
not only the collinear directions of the dissociation and probe
light beams described in the section 3 but also another
experimental geometry when the probe beam was perpendicular
to the dissociation beam as shown in Figure 8.
The experimental procedure we used in principle allows us

to extract all information about the photofragment orientation
and alignment from the one-laser pulse with sensitivity that is
comparable with that provided by the one-photon LIF technique.
The procedure is shown in Figure 8 and is similar to that
described elsewhere.9c An absorption quartz cell containing RbI
vapors at a pressure of 10-2-10-3 Torr was illuminated by
pulsed circularly polarized laser radiation at 266 nm that
propagated perpendicularly to the direction of the permanent
magnetic field H) 50 A/m. The dissociation light was
generated as the fourth harmonic of a Q-switched Nd:YAG laser
at 1064 nm with a pulse duration ofτ ) 10 ns and repetition
rate of 10 Hz. The circular polarization of the dissociation light
was produced by using a prism linear polarizer and a quartz
quarter-wave plate that provide a polarization degree of about

RbI(1Σ0+) + hν(266 nm)f Rb(52S1/2) + I(5 2P1/2) (32)

Figure 7. Potential curves of RbI molecule.22
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95%. Purified isotopically reached85Rb127I salt containing more
that 90% of the85Rb isotope was used in the cell.
The mean angular momenta of the atoms processed around

the magnetic fieldH0 as shown in Figure 8 caused oscillating
optical circular dichroism/magnetic optical birefringence of the
vapor for the probe light whose frequency was in the vicinity
of the atomic absorption lines frequency. The optical circular
dichroism/magnetic optical birefringence signal was detected
by a probe resonance Rb D1 line at 794.8 nm from an
electrodeless radio frequency (rf) discharge rubidium lamp
operating in a continuous regime. The probe beam propagated
perpendicularly to the magnetic fieldH0, and its direction could
be varied from antiparallel to perpendicular to the dissociation
beam as shown in Figure 8. The probe beam passed succes-
sively through the polarizerP1, the cell, and then the polarization
analyzer P2 onto a photodetector. In the case when the
photofragments orientation was detected by the resonance
circular dichroism technique, the same85Rb isotope was used
both in the cell and in the rf discharge lamp, the initial probe
light was unpolarized (no polarizer P1 was used), and the
analyzer P2 was a circular one consisting of a mica quarter-
wave plate and a linear dichroic polaroid. In the case when
the photofragments orientation was detected by the paramagnetic
Faraday rotation technique, the rf lamp contained the87Rb
isotope while the cell contained the85Rb isotope, and both
polarizer P1 and analyser P2 were linear dichroic polaroids with
their axes directed 45° to each other. The hyperfine structure
lines of 85Rb and87Rb isotopes are known to be shifted from
each other (see Figure 8), which provides a convenient way for
the off-resonant detection of oriented Rb atoms.11 The output
from the photodetector was accumulated by a digital oscil-
loscope connected with a computer. The schematic setup is
shown in Figure 9.
4.2. Experimental Results. Typical experimental signals

corresponding to the off-resonance Faraday detection technique
are shown in Figure 10, curves 1 and 2. The moment of the
laser shot corresponds to the timet ) 0. The signals are the
average of the 20 laser pulses. The rapid decrease of the signal
just after the laser shot is mainly a result of the probe light
absorption by the Rb atoms produced in the cell. The main
reason for this absorption was a partial overlap of the probe
and absorption atomic lines. Then the absorption decreases

slowly due to the recombination of the atoms by collisions with
the walls and with the molecules in the cell volume. There are
dumping oscillations on the bottom of the signals that are caused
by the free precession of the atomic angular momentum around
the external magnetic field discussed above. The experimental
signals obtained by the resonance detection technique were
similar to those presented in Figure 10 (see ref 9c) but had a
several times higher ratio between the population step and the
oscillation amplitude. Moreover, the orientation signals obtained
by the Faraday detection technique could be observed in the
much larger pressure range of the molecular vapor than that by
the dichroism detection technique.
Signals 1 and 2 in Figure 10 were obtained when the

dissociation light was right and left-hand circular polarized,
respectively. It can be seen from Figure 10 that the difference
between the phases of these two signals is equal toπ. Signal
3 in Figure 10 is the difference of signals 1 and 2. This signal
has pure orientation nature as does not contain the “population
step” that exists in signals 1 and 2. The orientation signal
amplitude decreased with time mainly due to the depolarization
collisions of the ground state Rb atoms with the RbI molecules
in the cell volume. The orientation signals detected by both
resonance and off-resonance techniques were fitted as follows

whereU0 is the “population step”,ω0 is a precession frequency

Figure 8. Experimental procedure.

Figure 9. Experimental setup.

Figure 10. Typical experimental signals obtained by the Faraday
detection technique. The signals 1 and 2 were obtained using the right-
and left-hand circularly polarized dissociation light, respectively. The
signal 3 (orientation signal) is the difference between the signals 1 and
2.

Uor(t)

U0
) Aexp sin(ω0t + φ) exp(-γ0t) (33)
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of the ground state Rb hpf angular momenta around the external
magnetic fieldH0, and the amplitudeAexp, phaseφ, and
relaxation rateγ0 are fitting parameters. Then the amplitudes
Aexp was extrapolated to the zero-dissociation light intensity in
order to eliminate the influence of the photofragment thick
optical layer and molecular transition saturation effects on the
measured atomic orientation.
The experiments were carried out in two different geometries

when the probe light beam was either perpendicular or almost
parallel to the dissociation laser beam. With both in-resonance
and off-resonance detection techniques, the amplitudes of the
orientation signals were found to depend on the relative direction
of the probe beam compared to that of the dissociation beam.
The experimental results presented in Figure 10 were observed
when the probe beam passed through the cell perpendicularly
to the dissociation beam. This geometry will be referred below
as the perpendicular detection scheme. The orientation signals
detected in this scheme were about two times larger than that
detected in the parallel scheme when the probe beam was
transmitted at a small angle (about 5°) toward the dissociation
beam. The amplitudes of the orientation signals determined
by the resonance technique behaved antipathetically relative to
the amplitudes of the signals detected by the Faraday tech-
nique: the orientation signals detected in the parallel detection
scheme were about three time larger than that in the perpen-
dicular detection scheme.
The amplitudes of the orientation signalsAexp obtained by

the Faraday and resonance detection techniques and normalized
to the corresponding “population steps” are shown versus the
RbI concentration in Figure 11. Curves 1 and 2 in this figure
relate to the perpendicular and parallel Faraday detection
schemes, respectively, while curve 3 corresponds to the
resonance parallel detection scheme. Figure 11 evidently
manifests the great advantage of using nonresonance schemes
to detect photofragments orientation at relatively high molecular
concentrations.
4.3. Discussion.The observed dependence of the orientation

signal amplitude on the relatie directions of the probe and
dissociation beams can be understood by taking into consider-
ation the contributions to the signals of two rubidium hyperfine
ground state energy levels. The quantum mechanical observ-
ables describing the orientation of the ground state Rb atoms
are the components of mean total atomic angular momentum
〈F〉( )〈I 〉( +〈S〉( for upper (〈〉+) and lower (〈〉-) hpf sublevel,

respectively. HereS and I are electronic and nuclear spin
operators,S) 1/2, andF( ) I (1/2, whereI ) 5/2 is the nuclear
spin. The initial hpf orientation vectors〈F〉+ and 〈F〉- of the
Rb atoms just after the laser pulse were directed along theZ
axis antiparallel to each other. The hyperfineg-factors related
to the F+ and F- sublevels have the same values but opposite
signs, and thus the orientation vectors〈F〉+ and〈F〉- precessed
around the external magnetic fieldH0 with the same frequency
ω0 but in opposite directions. The total orientation signal
oscillated, while the orientation vectors〈F〉+ and〈F〉- precessed
around the magnetic fieldH0 having its extrema when the
orientation vectors were directed along the probe beam. This
signal was a sum of the signals from the F( hpf sublevels and
depended on the selection rules for dipole optical transitions,
on the directions of the〈F〉( orientation vectors, and on the
intensities of the hpf components in the probe light atomic line.
The expression describing the orientation signal amplitudeAth

in the case of the resonance and off-resonance technique and
for the parallel and perpendicular detection schemes can be
obtained on the basis of (15), (16), (18), (22), and (23) and the
transformation properties of rotationD-functions.16 We assume
that the hpf structure of the Rb(52P) excited states is unresolved
and write expression for the amplitude of the orientation signal
at the transitions2S1/2 f 2P as follows:

where the upper and lower signs (() relate to the parallel and
perpendicular detection schemes, respectively,I ) 5/2 is a
nuclear atomic spin;Pe ) 〈SZ〉/S is an initial spin orientation
degree of thejg ) S ) 1/2 atoms; je ) 1/2, 3/2 are the total
electronic angular momenta of the atomic2P excited state;
J+
n andJ-

n wheren ) A, D are the functions introduced in (22)
and (23) and written for the hpf components of the probe light
line at the F+ f j andF- f j transitions, respectively. The
orientation degreePe used in (34) is proportional to the
orientation parameter4 as follows: Pe ) ((j + 1)/j)1/2O1.
In the case of the resonance detection technique the functions

J+
A,J-

A in (34) are always positive, and therefore the orientation
signal has its maximum for the parallel detection scheme when
the hpf orientation vectors〈F〉+ and 〈F〉- are antiparallel to
each other. The intensities of the hpt components of the probe
line at 794.8 nm from the resonance rf lamp can be assumed to
be approximately the same. Then for the case of the85Rb D1
resonance line (je ) 1/2), (34) leads to the following ratio of the
orientation signals in the perpendicular and parallel detection
schemes: [A(perp)/A(parall)]theory= 9/19. The experimentally
observed ratio was found to be [A(perp)/A(parall)]exp ) 0.3(
0.2, which is in agreement with the theoretical prediction within
experimental errors.
In the case of the off-resonance detection technique the

integrals J+
D,J-

D in (34) can be either positive or negative
depending on the position of the probe light line relative to the
center of the dispersion cross section profile (see Figure 4). It
can be seen from Figures 4 and 8 that when the hpf structure
lines of the87Rb isotope are used to detect the85Rb isotope
photofragments the integralsJ+

D and J-
D have opposite signs.

Thus, according to the (33) the amplitude of the Faraday signal
is larger in the perpendicular detection scheme and has its
maximum when the hpf orientation vectors〈F〉+ and 〈F〉- are
parallel to each other, which is in agreement with the observed
experimental results.

Figure 11. Amplitudes of the orientation signals obtained by using
different detection techniques versus RbI concentration. The amplitudes
are fixed by total absorption of the light by the photofragments.

Ath

U0
)
11/4- je(je + 1)

(I + 1)J+
A + I J-

A[(I + 1)(2I + 3)

3(2I + 1)
J+
n (

I(2I - 1)

3(2I + 1)
J-
n ] Pe exp(-γ0t) (34)
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The experimental signals detected in the present work by the
resonance technique were similar to those reported elsewhere9c

but have a better signal-to-noise ratio because the detection
channel was improved. The initial spin orientation degreePe
was determined using the amplitudeAexp of the experimental
orientation signal (33) and the theoretical expression (34). The
initial spin orientation degreePe of the Rb(5S) atoms produced
in the dissociation reaction (32) was found to bePe ) 0.11(
0.02. This value is about twice as small as our previous result
for the same reactionPe ) 0.20( 0.02 reported in ref 9c. This
disagreement was found to be a result of a wrong fitting
procedure under poor signal-to-noise conditions of the exper-
iment.9c

It can be seen from (34) that the experimental results obtained
by the Faraday detection technique and presented in Figure 11
cannot be used alone to determine the photofragment orientation
degreePe because the normalization factorU0 for this procedure
should be taken from the resonance detection measurement. The
conditions of our experiment were not favorable for such
complex measurements because the probe light discharge Rb
lamps we used had different spectral characteristics. Therefore
we did not measure the photofragment orientation degree for
the Faraday technique signals.
The orientation degree of the Rb photofragmentsPe is the

only parameter in (34) containing the information about
photodissociation dynamics. The experiment described above
was not of the Doppler spectroscopy type. Thus the orientation
degree determined in the present work is proportional to the
sum of the orientation anisotropy parametersPe ) x3 (R1 +
γ1) (see (27a,b)) extrapolated to the moment of the laser pulse.
The Doppler spectroscopy type experiments are now in progress
in our laboratory and will be used to determine the parameters
R1 andγ1 separately.

V. Conclusion

This paper presents the results of theoretical and experimental
studies of two different detection techniques that were used to
investigate the angular momentum anisotropy distributions of
the photofragments produced in molecular photodissociation:
the magnetic dichroism and magnetic birefringence techniques.
The frame independent tensor form of the general expression
describing the difference between the initial and the final
polarization matrix of the probe light beam passing through the
photofragment vapor is presented.
The procedures of detection of the photofragment angular

momentum anisotropy distribution by each of the techniques
are compared and discussed. Three orientation and five
alignment anisotropy parameters are presented that can be
determined from these studies. It is shown that in principle
each of the techniques can give the same information about the
photodissociation dynamics; besides, the birefringence technique
has certain experimental advantage allowing a reduction of the
influence of isotropic absorption of the probe beam and a
decrease of the saturation effects.
Experiments have been carried out to study the spin orienta-

tion of ground state Rb atoms produced in photodissociation of
RbI at 266 nm by each of the techniques. The experimental
results show that the off-resonance birefringence technique
allows detection of the photofragment orientation in a much
wider concentration region of the parent molecules and with a
better signal-to-noise ratio. The contribution from the orientated
Rb hpf energy states to the observed signals were studied and
treated theoretically. The initial degree of electron spin orienta-
tion of the Rb atoms produced in the reaction was found to be
Pe ) 0.11 ( 0.02, which is an improvement to the result
published elsewhere.9c
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Appendix: Relationship between the Anisotropy
Parameters and the Bipolar Moments

The general relationship between the semiclassical bipolar
moments5a and the dynamical functions is given in expression
B6 of ref 5c. This relationship depends not only on the
photodissociation dynamics but also on the polarization of the
dissociation light. Here we restrict ourselves to three lowest
photofragment polarization momentak ) 0, 1, 2 and describe
the case of linearly polarized light with the polarization vector
along the space-fixedZ axis. After renormalization of expres-
sion B6 from ref 5c in order to satisfy the conditionb0

0(0,0))
1, the nonzero bipolar moments in terms of the anisotropy
parameters (27) and (30) are presented in the Table A1.
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