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We analyze the effectiveness of various practical implementations of time-dependent pump—probe and tran-
sient grating polarization-selective experiments. A variety of optical arrangements are analyzed in the Jones
matrix calculus framework. The optical arrangements that permit the correct determination of the time-
dependent orientational and excited-state population dynamics are delineated. It is shown that magic angle
transient grating experiments yield pure population dynamics under certain conditions only. The effectiveness
of spectrally resolved magic angle pump—probe and transient grating experiments that use a monochromator
are shown to be dependent on the position of an analyzing polarizer along the experimental beam path relative
to various other optical elements. The spectrally resolved experiments will measure pure population dynamics
only if a polarizer is placed immediately after the sample. The effectiveness of experiments measuring orien-
tational dynamics by separately measuring the probe signal with its polarization parallel and perpendicular to
the pump polarization is not constrained by the conditions imposed on the magic angle experiments. © 2005

Optical Society of America
OCIS codes: 320.7150, 320.7100.

1. INTRODUCTION

The use of polarization-selective techniques is common in
many time-resolved optical spectroscopy experiments.
These include pump-probe anisotropy experiments to
study orientational dynamics of molecular systems.l_3
Transient grating experiments, related in nature to
pump—probe experiments, are also used for such
studies.*® Experiments, both pump—probe and transient
grating, that recover excited-state population lifetime dy-
namics independently of orientational relaxation contri-
butions are also routinely performed in a so-called magic
angle configuration.®” These experiments have in com-
mon the careful manipulation of the polarizations of the
interacting optical pulses and polarization-selective de-
tection of the signal. The theoretical aspects of polariza-
tion experiments are well developed and chronicled.?®?
However, the theoretical studies do not take into account
the many complications that arise from the practical
implementations of the detection schemes. Optical ele-
ments, for example, simple metallic mirrors, polarizers,
wave plates, and diffraction gratings, need to be placed
along the path of the light beams. These optical elements
inevitably affect the polarization of the light beams in-
volved in the experiments.

Until recently, the bulk of polarization spectroscopy ex-
periments had been performed in the visible or UV spec-
tral region to study electronic transitions. It is only re-
cently, with the development and refinement of intense
infrared ultrafast laser sources, that similar polarization
experiments have been performed on molecular vibra-
tions. Ultrafast spectroscopy of vibrational systems has to
take into consideration the 0-1 as well as the 1-2 vibra-
tional transition. Hence frequency resolving the signal
with a monochromator before detection is often done to
separate the 0-1 and 1-2 transition contributions.!**
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Spectrally resolved pump-probe experiments are also
useful in the visible-UV to isolate the signal from a par-
ticular species. The addition of a monochromator results
in certain somewhat subtle issues of what is actually be-
ing observed in a given experiment. For instance, diffrac-
tion gratings in monochromators affect the polarization of
the light fields. The placement of polarizers along the op-
tical path relative to other optical elements alters the fi-
nal measurement of the signal.

Although the literature on the theoretical aspects of po-
larization spectroscopy is rich, literature regarding the
consistent practical implementation of these experiments
is lacking. In this paper we use the Jones matrix
formulism'®!6 to analyze some relevant optical setups for
polarization-selective spectroscopy. The Jones matrix for-
malism has been used to analyze linear and circular di-
chroism spectroscopy”’18 and optical Kerr effect
experiments.’” We use a similar approach and consider
the effect of other polarization-selective optical elements
on the experimental observables. It is shown that fre-
quently the simplest implementation of polarization spec-
troscopy can lead to erroneous results. In Section 2 we de-
scribe the Jones matrices for the optical elements and the
signal generation and detection that are relevant for vari-
ous experiments. In Section 3 we analyze the signals mea-
sured in a magic angle configuration in pump—probe and
transient grating experiments in various experimental
setups. In Section 4 we consider experiments that mea-
sure orientational anisotropy decay. We summarize the
results of our analysis in Section 5.

2. FORMALISM

The Jones matrix calculus is a useful representation
for the mathematical manipulation of polarized light. A
light field E; propagating along the z axis can be written
as
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Ei(ﬁi) =A,; exp(-iwt)[X exp(ip)cos 0, +y sin 6;], (1)

where A; is the complex amplitude of the light field, £ and
y are unit vectors that represent the light-field polariza-
tion direction, 6; is the angle of polarization of the light
field from the x axis, and ¢ denotes the relative phase
shift between the two polarization components. The light
field as described in Eq. (1) can also be represented by a
vector with polarization-direction unit vectors £ and y as
the basis set:

Ei(ﬁi) _ |:exp(i¢)cos BL]. @

sin 6,

For brevity we have suppressed the oscillatory term
exp(—iwt) in Eq. (2). Amplitude term A; is also omitted
because we are interested only in the relative amplitudes
of the polarization components rather than in the abso-
lute amplitudes. Without any loss of generality we define
the direction along the x axis as the direction of the polar-
ization of the pump pulse(s) in the pump—probe and tran-
sient grating experiments. The x-axis and y-axis direc-
tions are termed parallel () and perpendicular (L),
respectively. Another common convention can be used
when we consider the reflection or diffraction from sur-
faces. S and P polarization, respectively, represent the po-
larization perpendicular and parallel to the plane of inci-
dent and reflection (or diffraction). On an optical table,
mirrors and gratings are usually placed in such as way
that the surfaces are perpendicular to the laser table. In
this case, assuming that the polarization of the pump
pulse(s) is parallel to the laser table, the x axis and the
parallel () axis correspond to P polarization and the y
axis and the perpendicular (L) axis correspond to S polar-
ization. These are the conventions that are used for this
paper, and they are depicted in Fig. 1.

In the Jones matrix calculus, optical elements such as
polarizers, wave plates, and mirrors are represented by

y,L,8

/
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Fig. 1. Axis system and conventions used to describe the pump-
and probe-pulse polarization. The propagation direction is along
the z axis. The polarization of the pump pulse(s) is along the x
axis, which is also termed the parallel () axis. Angle 6 of the
probe-beam polarization or polarizer settings is referenced from
the x axis.
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operator matrices. These operator matrices transform the
light-field vectors in the same manner that the optical el-
ements transform the light fields’ polarization.
Polarizers are used extensively in polarization-selective
experiments. The matrix operator for a polarizer set at
angle 6 from the x—z plane (Fig. 1) can be described by

cos?6  cos fsin

P(o) = (3)

cos fsin §  sin? ¢

Metallic mirrors are a mainstay of optical experiments.
Metallic mirrors are not ideal reflectors. On reflection, S
and P polarization, in general, acquire different phase
shifts.?’ The relative phase shift 6 between S and P polar-
ization can be considerable. For a single reflection from a
silver mirror at 45° incident angle, this value is estimated
to be 2.6° and 26° at 5 um and 500 nm, respectively.?!
Furthermore, commercially available metallic mirrors of-
ten come with dielectric or oxide coatings over the metal
surfaces for protective and reflection-enhancing purposes.
Such coatings contribute to the phase-shift difference be-
tween S and P polarization. Relative phase shift § that is
imparted to the light field by reflecting or diffracting from
a metallic surface is described by the matrix operator

exp(id) 0
M=[ 0 1}. (4)

In general, for a linearly polarized light field impinging
upon a metal mirror surface the reflected light will be el-
liptical if the incident polarization is not strictly S or P.
Here we are taking the reflectivity for S and P polariza-
tion to be identical. In practice, the reflectivities are quite
similar but not identical. (For a silver mirror at 500 nm
with a 45° incident angle the reflectivities are ~98% and
~96% for S and P polarization, respectively; there is neg-
ligible difference at 5 um). The influence of the difference
in reflectivity is discussed below.

Polarization-selective optics are defined here as optical
elements that have a different transmittance or reflec-
tance for different polarizations of the incident light field.
For example, a diffraction grating has a diffraction effi-
ciency that depends on whether the incident light is P or
S polarized.?? For instance, a 120 groove/mm diffraction
grating blazed for 4 um wavelength light has a 1.5 times
better diffraction efficiency for P polarization than for S
polarization for 4 um light. The effect of the difference in
efficiency is represented by

a 0
T= 0 ﬂ s (5)

where o? and p? are, respectively, the efficiencies of
transmittance-reflectance for the parallel and perpen-
dicular components of the light fields at the intensity
level. This operator can also be applied to other
polarization-selective optics such as beam splitters.
Interaction of the light field with the sample under
study can be treated within the framework of diagram-
matic perturbation theory. In this context, pump—probe
and transient grating spectroscopies are similar experi-
ments that can be described in terms of third-order non-
linear polarization processes.23 In a transient grating ex-
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periment, two pump pulses with directional vectors k;
and ko that are coincident in time interact with the
sample. After a delay 7, a third pulse, in the direction ks,
interacts with the sample and creates a signal light field
that propagates in the k,=-k;+ky+ks direction. In a
more physically intuitive description, the two pump
pulses produce an optical interference pattern that ex-
cites the sample with a spatial distribution of excitation
that mimics the interference pattern. Where there is ex-
citation (fringe peaks), the sample’s optical susceptibility
is different from that at positions where there is no exci-
tation. The spatially periodic variation in the susceptibil-
ity acts as a diffraction grating that diffracts a portion of
the probe pulse. The diffracted portion decays in a man-
ner determined by the population and orientational dy-
namics of the sample. The first-order diffraction of the
probe pulse from the grating is the transient grating sig-
nal’s light field. The detected signal is the absolute value
squared of the signal field.

In a pump—probe experiment, a pump pulse creates ex-
cited states, resulting in a reduction in the ground-state
population (a bleach). After a delay 7, a probe pulse’s
transmission is measured. In comparison to the transmis-
sion with no pump, the probe’s transmission is modified
by the reduction in absorption that arises from the
bleaching and amplification of the probe by simulated
emission from the excited states. Although the ground-
state and excited-state dynamics are not necessarily the
same,'? for our purposes here it is sufficient to take the
time dependence of the two contributions to the signal to
be identical. None of the issues addressed below is
changed if the ground-state and excited-state dynamics
differ. This transient change in transmission of the probe
pulse in a pump—probe experiment can be viewed as a sig-
nal field created by the interactions of the pump and
probe pulses with the sample propagating in the k,=
-k;+k;+k;, direction, where k; and ky in this case are
the directional vectors of the pump and the probe pulses,
respectively. Following the sample, the signal is collinear
with the probe pulse. The probe pulse acts as a local os-
cillator field and heterodynes with the signal field to yield
the pump—probe signal.?>?* The heterodyne detected na-
ture of the signal in a pump—probe experiment is elabo-
rated on a few paragraphs below. We henceforth treat the
transient grating and pump—probe signal fields similarly,
as both arising from the third-order material polarization
of the sample.

We assume in this analysis that both orientational and
population dynamics are slow compared with the pulse
duration of the interacting light fields, permitting the use
of delta functions to model the interacting light fields.
With the pump pulse(s) having parallel polarization, the
resultant signal field polarization, as a function of the po-
larization of the probe-pulse polarization, is

E(1,0,) = S(DE,(6,), (6)

where S(7) is the sample signal matrix that generates sig-
nal field E‘Si(r, 6,) immediately after the sample, given an
incident probe field Epi(epi). Epi(ﬂpi) is the initial probe
field immediately before the sample. Within the diagram-
matic perturbation theory framework, E'pi(ﬁpi) is un-
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changed by the sample. E(7, 6;) and E;(6,;) are the sig-
nal and the probe fields, respectively, that emerge from
the sample before the influence of any subsequent optical
elements. 7 is the delay between the pump pulse(s) and
the probe pulse. An equality sign is used in Eq. (6) instead
of a proportionality sign to simplify the notation because
we are interested in the relative amplitudes of the polar-
ization components of the signal field, not in the absolute
amplitude. Sample signal matrix S(7) can be written as

s _ R”(T) 0 7
@=1 R.(0| (7)

where R|(7) and R (7) are the orientational response
functions for the parallel and perpendicular components,
respectively:

R((7)=3[1+2Cy(n]P(n), ®)

R.(9=3[1-2Cyn]P(. )

P(7) describes the excited-state population relaxation,
and the orientational relaxation Co(7)=(Py(u(t)-(0))) is
represented by the orientation autocorrelation function
for the second-order Legendre polynomial (P,) of the tran-
sitional dipole moment unit vector.®® Cast in the lan-
guage of diagrammatic perturbation theory, R, and R,
are, respectively, the third-order nonlinear tensorial po-
larization elements Ryxxx and Ryyxx.

Detectors used for optical experiments measure the in-
tensity of the impinging signal. For a pump—probe experi-
ment we can view the measurement made by the detector
as the heterodyne detection of the signal field (E:f), with
the probe beam providing the local oscillator field (Epf).ZS
Esf and Epf are, respectively, the final signal and probe
fields after they have passed through all optical elements
that come after the sample. Then the detected signal is®

Spp=2Re(Ey - E. (10)

In contrast, the signal from a transient grating experi-
ment is usually homodyne detected. The outgoing signal
propagates in a unique direction, and it does not overlap
the probe pulse spatially. Then the transient grating sig-
nal is the absolute square of the signal field:

Ste=Ey -Eq. (11)

3. MAGIC ANGLE EXPERIMENTS TO
MEASURE POPULATION-RELAXATION
DYNAMICS

One common use of polarization-selective spectroscopy is
to study population dynamics following electronic or vi-
brational excitation of a sample of molecules that are also
undergoing orientational relaxation. In a pump—probe ex-
periment, if the probe pulse polarization is at the magic
angle 6,,,=54.7°, the resultant probe signal as a function
of delay time 7 will not contain contributions from orien-
tational dynamics, provided that the experiment is prop-
erly implemented. The time-dependent signal is purely
due to the excited-population-state lifetime'™ or possibly
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Table 1. Implementations That May Give Population-Only Dynamics for Pump-Probe
and Transient Grating (TG) Experiments
Population Only®
Optical Pump- Transient
Case Operator” Signal Field, E Probe Field, E ¢ Probe Grating
1E,(6,.) Ry (7)cos b, €0S Opa
k\Yma

A R | (7)sin 6, | sin 6, Y N

exp(i )R (7)coS Oy exp(i5)cos Oy,
B MEk(ema) . . Y N

R (7)sin 6, sin 6,
s . €0S Opa [ cos Oma
¢ PlOn)E(6ina) (R, cos? O, + R | sin? 0,,) sin 6. in 0. v v
exp(id)cos O, exp(id)cos Oy,
D MP(0n)Ei(6ns) (R cos® Oy + R, sin® O,,,) . v %
sin 0ma sin Hma
€0S Opa . . €08 Oy

E  Pl0n)ME,(6n,)  [exp(id)Rcos® O, + R, sin® ﬂma][sin Gma] [exp(i 6)cos” O, + sin® Hma][ sin Hma] N N

aR(7)cos Oy @08 Oma
F TEk(Hma) . . N N

BR | (7)sin 6, Bsin 6,

a exp(id)cos O, aexp(id)cos 6,
G TMP(0,)Ei(6na) (R, cos? f,,+ R, sin® oma)[ . * ‘ Y Y
:B sin 0ma ﬁ sin ema
€0S Opa . . €08 Oy
H P(0n)TME, (6, [aexp(id)R, cos® O, + R, sin® ema][sin 0ma:| [ exp(i 8)cos? O, + Bsin® Bma][sin 0ma] N N
€0S Oy . . €0S Oy

1 P(ama)Ek(aN) (RH cos 0N cos ema +RJ_ s eN sin 0ma)|:sin 0ma:| (COS HN cos Hma +sin 0N sin Hma)|:sin 0m3:| N N

“For the probe field, Ex=E,;. For the signal field, E;=E;=SE,;, with S defined in Eq. (7).

by, yes; N, no.

to other processes, such as photochemistry,12 that can af-
fect the population of excited states. In practice, to per-
form the experiments one needs to place various optical
elements along the beam path. These elements, as we
show below, may or may not affect the polarization-
sensitive signal measured. In this section we consider
various cases that are likely to be encountered in setting
up pump-probe or transient grating magic angle experi-
ments. We analyze the experiments performed to deter-
mine whether they are indeed magic angle experiments
that yield only population dynamics without contribu-
tions from orientational dynamics.

We consider various possible placements of optics. Col-
umn 2 of Table 1 lists the operators in the sequence of
their placement (first element at the right) along the path
of the signal after the sample cell for the various cases.
Cases A-H are for a probe beam with its polarization
fixed at the magic angle. In case I we consider instead a

probe polarized at an angle other than the magic angle.
For all cases A-I to be discussed, we assume that the im-
pinging probe field is linearly polarized, i.e., that ¢=0° in
Eq. (2). We can ensure linear polarization by placing the
polarizer (or half-wave plate) that is used to control the
probe polarization immediately before the sample. The
forms for final polarization of the signal and probe beams
are evaluated and listed in columns 3 and 4, respectively,
of Table 1. The heterodyne (pump-probe) and homodyne
(transient grating) signals are evaluated in accordance
with Egs. (10) and (11), respectively. From the resultant
expressions, we deduce whether the signal contains only
excited-state population dynamics without an orienta-
tional dynamics component in it.

A population-dynamics-only signal will occur solely
when the detected signal contains the terms of the paral-
lel and perpendicular orientational response functions in
the form
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S(7) o R”(T)Cos2 Opa + R | (7)sin® Oma=R(7) + 2R | (7) < P(7).
(12)

This form ensures that the two response functions [Eqs.
(8) and (9)] are in the exact ratio such that the orienta-
tional contributions are canceled out. It does not matter
whether the right-hand side of the first line of Eq. (12) is
multiplied by a constant or raised to a power. Only popu-
lation dynamics will be measured, so long as the result
contains exactly this form and no other terms contain R,
and R | . The presence or absence of the term in this form
is listed as a Y (yes) or N (no) entry in the last two col-
umns of Table 1 for the pump—probe and transient grat-
ing experiments.

To obtain the results discussed below, we use Table 1 in
the following manner: The columns labeled Signal Field

and Probe Field give the forms for the final fields (E¢ and
E,p after the initial fields (Ey and E;) have passed
through all relevant optical elements. The fields are given
as column vectors. We obtain the final signal field and
probe field by operating the string of operators, one for
pi» with
E4=SE,; [see Eq. (7)]. Then the pump—probe and tran-
sient grating signals are given by Eqgs. (10) and (11). The
last two columns in Table 1 tell whether the signals pro-
duced in fact are magic angle signals that give only the
population dynamics, that is, where the signals meet the
condition given in relation (12).

each optical element, on the initial fields, E‘si and E

Case A
Case A occurs if there are no optics between the sample
and the detector; i.e., only the identity operator,

10
=1, 1] (13)

operates on the initial fields. The measured pump—probe
signal as a function of delay 7 is

SPP(T) o RH(T)COSZ 0ma +RL(T)Sin2 ama’ (14)

which gives a signal containing purely population dynam-
ics [relation (12)].

For a transient grating experiment, the homodyne de-
tection yields a signal

Spa() « R A(1)cos? O, + R %(D)sin? 6, (15)

As can be seen, the resultant value is not relation (12)
multiplied by a constant or raised to a power. Hence a ho-
modyne detected transient grating signal produced from a
probe (third) pulse that is set at the magic angle from the
pump (first and second) pulses does not yield a purely
population-dynamics signal in the simplest situation in
which there are no other optical elements after the
sample.

Case B
In practice, mirrors are needed to direct the signal from
the sample to the detector. Reflection from a metal mirror
introduces a phase shift that is different for S and P po-
larization. Because a magic angle probe pulse produces
signal pulses (transmitted signal for pump—probe and dif-
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fracted signal pulse for a transient grating) that are nei-
ther purely S nor purely P polarized, the reflection from
the metallic surface will result in elliptically polarized
light. In the signal and probe fields given in Table 1 the
ellipticity appears as the phase factor, exp(i5). For the
pump—probe experiment the scalar product of the com-
plex conjugate of the signal field and the probe field is
taken [Eq. (10)], and the phase factors are eliminated. For
the transient grating experiment the scalar product of the
complex conjugate of the signal field and the signal field is
taken [Eq. (11)], and again the phase factors are elimi-
nated. The results show that the phase shifts introduced
by a mirror or a number of mirrors have no effect on the
nature of the signal. Both pump—probe (heterodyne) and
transient grating (homodyne) experiments give the same
result as does case A.

Case C
We next consider a polarizer set at magic angle 6,,, im-
mediately after the sample, with no mirrors or other op-
tical elements after the sample other than the polarizer.
The resultant final signal field after the signal has gone
through the polarizer is

Esfz P(gma)E'si(Ty ema) = (RH cos® Oma + R | sin® Hma)

€08 g
x{ ] (16)

sin O,

The polarizer has no effect on the probe pulse, as the
probe pulse is already polarized at the magic angle. The
resultant heterodyne signal [Eq. (10)] is Spp
« (R, cos? O, +R | sin? 6,,), the desired population dy-
namics. The transient grating signal [Eq. (11)] is

STG(T) & [RH(T)COS2 Hma +RL(T)Sin2 ama]z- (17)

When a polarizer is placed at the magic angle after the
sample, the transient grating signal yields pure popula-
tion dynamics, in contrast to the results for case A. Ob-
serve that in the signal field of relation (16), the
orientational-dynamics-free term [relation (12)] is already
formed and falls outside the polarization vector. Hence
any subsequent distortion and manipulation of the polar-
ization of the signal field will not affect the orientational-
dynamics-free term. This useful fact will manifest itself
again in case D as well as in others that we are consider-
ing.

Case D
A more realistic setup than case C is the placement of the
polarizer (adjusted to the magic angle) immediately after
the sample and followed by mirrors to direct the signal or
probe beams or both to the detector. Again, we consider
the ellipticity resulting from reflections off the metallic
mirrors. The analysis shows that the result is the same as
in case C. From Table 1, signal and probe fields contain
phase factors that vanish when the scalar product be-
tween a field and a complex-conjugate field is taken. Both
the pump-probe and transient grating experiments give
orientational-dynamics-free signals. This is to be ex-
pected, as was pointed out for case C, because any ma-
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nipulation of the polarization after the analyzing polar-
izer does not affect the orientational-dynamics-free term
in the signal.

In light of the analysis of cases B-D, it should be
pointed out that in some reports in the literature in which
transient grating experiments are employed there is no
attempt to draw a difference, as far as the we can tell, be-
tween a transient grating experiment that is performed
with or without an analyzing polarizer adjusted to the
magic angle.“’5

Case E

Although the situations described for cases C and D per-
mit the use of a magic angle transient grating experi-
ment, it is important to consider the effect of placing one
or more mirrors after the sample but before a polarizer
set at the magic angle for both the transient grating and
pump—probe experiments. As can be seen from the expres-
sions listed in Table 1, neither pump—probe nor transient
grating signals give pure population dynamics. One or
more mirrors introduce a phase shift, §, between the two
polarization components of the fields. The pump-probe
signal is given by

Spp(7) * R(7)(1+2cos ) + 2R | (7)(cos 6+2). (18)

Depending on the value of §, the relative contributions of
R (7) and R | (7) to the measured signal vary.

To illustrate how the measured pump-probe signal de-
viates from the magic angle condition as a function of el-
lipticity, we define a quantity @ that is the absolute value
of the ratio of the orientational-dynamics amplitude to
the population-dynamics-only amplitude. For instance,
the @ values for the measurement of pure R(7) signal and
pure R | (7) signal [Egs. (8) and (9)] are 0.8 and 0.4, respec-
tively, whereas a signal that is due to pure population dy-
namics has a @ =0 value. @ is plotted in Fig. 2 as a func-
tion of phase shift 8. For a phase shift of nearly 180°, the

1.6

12

C 08F
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Fig. 2. @ is the absolute value of the ratio of the amplitude of
the orientational-dynamics component to the amplitude of the
population-dynamics component that is measured in a pump-—
probe experiment under the conditions presented for case E. @,
calculated from relation (18), is plotted as a function of &, the
phase shift introduced between the S and P components by re-
flection from one or several mirrors. A signal time dependence
that arises from purely population dynamics occurs for @=0.
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Q value is 1.6. In this situation the measured signal con-
tains twice the orientational dynamics component than in
a nonmagic angle experiment, which just measures R;(7).
The phase-shift value mentioned in Section 2 for a single
reflection from a silver surface of a beam in the visible is
6=26° at 500 nm. In this case it takes only four or five
mirrors before a supposedly magic angle experiment is
degraded to the point that a signal is obtained with simi-
lar orientational-dynamics contamination as in an experi-
ment measuring only R | (7). At mid-infrared wavelengths
the problem is less serious but may still give a measur-
able difference, depending on the population relaxation
P(7) and orientational relaxation Cy(7).

The transient grating signal for this case is described
by the equation

Srg(7) = RHZ(T) + 4R¢2(7') +4cos SR(DR (7). (19)

As can be seen, the transient grating signal also does not
measure solely the population dynamics.

Case F

In case F and in the next few cases we consider the inclu-
sion of optics in the experimental setup that does not
have the same effect on S and P polarizations. Such optics
are, for example, a diffraction grating and a beam splitter.
In many situations, one conducts wavelength-selective ex-
periments by passing the signal through a monochro-
mator. Ultrafast spectroscopy of vibrational systems uses
pulses with broad bandwidths that span the 0-1 as well
as the 1-2 transition. Hence frequency-resolved detection
of the signal is often used to separate the 0-1 and 1-2
transitions.'* One can achieve frequency resolution fol-
lowing broadband pumping by sending the signal and
probe beams through a monochromator before the detec-
tor. The polarization-selective optics in this case is a dif-
fraction grating in the monochromator. Diffraction grat-
ings, in general, diffract the S and P polarization of the
incident light with different efficiencies. The resultant
pump—probe signal is

Spp(7) = &®R|(7)cos? Oy, + B2R | (7)sin? O,,,
= CUZRH(T) + 2,32RL(T) (20)

[see Eq. (5)]. Unless a=p, i.e., unless the diffraction grat-
ing has equal diffraction efficiency for both polarizations,
the resultant signal will not reflect the population-only
dynamics that is obtained from a magic angle experiment
in the absence of a monochromator. It is theoretically pos-
sible to adjust incoming probe angle 6, to compensate for
the efficiency discrepancy by satisfying the relation

2a” cos® 6, = B? sin® 6,. (21)

Generally, the efficiency difference for the two polariza-
tions is a function of wavelength, and the angle would
need to be determined and adjusted for each wavelength.
This compensation scheme will not be applicable if an ar-
ray detector (CCD or IR array) is used to detect the signal
simultaneously over a broad spectral range. For the tran-
sient grating experiment, the signal does not contain
solely population dynamics. In the absence of the mono-
chromator (case A), the transient grating experiment with
the probe at the magic angle does not measure population



Tan et al.

dynamics only. Adding a monochromator does not improve
the situation, and there is no angle 6, that fixes the prob-
lem, even for a single detection frequency. The need for
care in making measurements through a monochromator
has not always been recognized.u

Case G
We can eliminate the problems encountered in case F by
placing a polarizer set at the magic angle immediately af-
ter the sample. We also include the effects of reflections
off metallic mirrors in this case. The resultant heterodyne
signal gives pure population dynamics:

Spp(7) = (R, cos? O, + R | sin? 6,,,)(a? cos® 6,,,

+B2sin? 6,,,). (22)

Similarly, the transient grating signal contains only the
relevant population-dynamics component. This is in ac-
cord with case C, in which it was shown that changes in
the polarization of the signal light field after the polarizer
do not affect the nature of the signal. If mirrors are in-
cluded in the setup, as they are in the calculation, it is
necessary to place the polarizer immediately after the
sample before any mirrors to prevent occurrence of the
problem delineated in case E.

Case H
To complete the discussion of the polarization-selective
optics, we considered placing the polarizer after the
monochromator. As can be seen for this case from Table 1,
for both the pump-probe and transient grating experi-
ments the resultant signals do not give pure population
dynamics.

Case I

We include here one more situation that might be miscon-
strued to be the equivalent of a true magic angle experi-
ment. We consider the case in which the probe’s polariza-
tion is set at an angle 6y other than the magic angle but a
polarizer placed after the sample is set at the magic
angle. This case is similar to the situation in case C, ex-
cept for the incoming probe polarization. It can be seen
from the entires in Table 1 that the resultant signals do
not yield solely population dynamics. Therefore setting
the analyzing polarizer to the magic angle does not guar-
antee magic angle detection. However, we note here as an
academic exercise that, given an analyzing polarizer set
at an angle 6, there will be a probe polarization angle 6y
that yields that magic angle condition if the following con-
dition is satisfied:

tan 6y, tan Oy =2. (23)

4. POLARIZATION-SELECTIVE
EXPERIMENTS TO MEASURE
ORIENTATIONAL DYNAMICS

One of the most useful applications of polarization spec-
troscopy is the measurement of molecular orientational
dynamics in liquids. The orientational dynamics are ob-
tained from two sets of experiments that determine R(7)
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and R, (7) separately. Then the orientational correlation
function for a dipole transition, Cy(7), is related to Ry(7)
and R | (7) by the expression

2 R(n-R (7
ey =2
5 R(7+2R (1)

(24)
Measuring Ry(7) and R (7) can also provide the
population-only dynamics according to relation (12). One
way to determine R (7) and R (7) is to use a probe pulse
with a polarization at angle 6,; other than parallel or per-
pendicular (usually 45°). An analyzing polarizer before
the detector set at angle 6,=0° [90°] will select the paral-
lel [perpendicular] component and measure R(7) [R (7)]
only.® The question arises as to whether the position of
the polarizer along the optical path will affect the nature
of the signal that is detected. Consider the situation like
that of case H in Section 2. To measure R(7) we set the
analyzing polarizer at 6,=0°. The resultant signal field is

R aexp(id)R (7)cos 6,
Ey=P(6,=0°)TME(7,6,) = { : 4,

0
(25)
and the resultant probe field is
- a exp(id)cos by
Ey=P(6,=0°)TME(r,0,,) = . .
(26)

Both heterodyne (pump—probe) and homodyne (transient
grating) detection of the signal yields a clean measure-
ment of the time dependence of R|(7). The same holds true
for the measurement of the time dependence of R | () with
the analyzing polarizer set at 6,=90°. It is important to
recognize that, for the pump—probe experiment, R|(7) and
R | (7) are multiplied by the time-independent constants
a2 cos? 0, and B2 cos? 0, respectively [Eq. (5)]. To use Eq.
(24) we normalize out these factors by measuring the am-
plitudes of the probe with the detector in the absence of a
signal with the polarizer set to parallel and to perpen-
dicular. The required amplitudes can be measured either
with the pump blocked or with delay 7 set before 7=0. For
transient grating experiments, RHZ(T) and R ¢2( 7) are mea-
sured. Then the square root of these quantities must be
taken before we use Eq. (24).

For the detection to be clean, the optical elements be-
fore the polarizer cannot mix the parallel and perpendicu-
lar components of the light field. This condition is equiva-
lent to the statement that the off-diagonal elements of the
operator matrices involved must be zero. This condition is
fulfilled for the analyzing polarizer adjusted to 6,=0°,
90°, the angles needed to detect R (7) and R (7), respec-
tively. The same condition of having only diagonal ele-
ments also guarantees that the operator matrix of the
analyzing polarizers adjusted to 64,=0°, 90°, P(6,=0°),
and P(6,=90°) commutes with the operators M and T,
which similarly have only diagonal elements. Therefore,
to obtain the correct time dependence of R(7) or R | (7) we
can place the polarizer anywhere along the beam path.
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Optics such as mirrors or a diffraction grating, placed be-
fore or after the polarizer, will not change the measured
time dependence.

5. CONCLUDING REMARKS

Using Jones matrix calculus, we have analyzed the type
of signal measured by polarization spectroscopies for vari-
ous realistic experimental situations. The polarization
spectroscopies analyzed are pump—probe and transient
grating experiments designed to recover both the orienta-
tional and the population dynamics of a sample. For
magic angle experiments, a transient grating experiment
will yield a pure population-dynamics signal only if there
is an analyzing polarizer placed immediately after the
sample set at the magic angle. Without the analyzing po-
larizer, the signal will be contaminated by contributions
from orientational dynamics. Such is not the case for
magic angle pump-probe experiments in which an ana-
lyzing polarizer after the sample is not required if there
are no polarization-selective optics, such as a diffraction
grating, between the sample and the detector. However,
for a pump-probe experiment with polarization-selective
optics in the optical path following the sample, an analyz-
ing polarizer at the magic angle must be used, and it is
essential that the polarizer be placed immediately after
the sample. For experiments that measure orientational
relaxation as well as population relaxation by separately
measuring the orientational response function R)(7) and
R | (1), the requirements are not so stringent. The position
along the beam path of the analyzing polarizer following
the sample is not critical for obtaining clean measure-
ments of the time dependence of Ry(7) and R | (7).

We have provided a straightforward and rigorous
framework in which to analyze and determine how effec-
tive a particular implementation of a polarization-
selective spectroscopy experiment is for measuring the
desired quantity. Although we have treated only certain
specific experimental situations, the method is general.
The forms of the Jones matrices that have been presented
for various optical components can be used to investigate
any combination of optical components. For example,
while we determined the influence of the phase shift be-
tween S and P polarization that is introduced by reflec-
tion from a mirror, we did not explicitly consider the fact
that mirrors do not reflect S and P polarization identi-
cally. If there are many mirrors in the optical path, the
difference in reflectivity can become significant. The dif-
ference in mirror reflectivity can be treated by use of the
T matrix [Eq. (5)] for polarization-selective optical ele-
ments. The approach presented here will help experimen-
talists to avoid the types of pitfall that have been illus-
trated above.
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