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A specialized experimental configuration was developed to allow for more-
accurate characterization of the spontaneous Raman scattering properties in anisotropic
materials. This need stems from the challenges, arising from the complexity of light
propagation, in obtaining accurate measurements of the angular dependence of the Raman

scattering cross section in birefringent materials. The nonlinear optical material KH,PO4

(KDP) is used as a model medium. This study is motivated by the need to improve our
understanding and management of transverse stimulated Raman scattering in KDP crystals
and its deuterated analog, DKDP, typically used for frequency conversion and polarization
control in large-aperture laser systems. Key to this experimental platform is the use of high-
quality spherical samples that enable one to measure the Raman scattering cross section in
a wide range of geometries using only a single sample. The effect of polarization rotation
of both the pump light and the collected Raman signal must be carefully considered in data
analysis and can give rise to artifacts, which can, in part, be mitigated by reducing the input

and collection cone angles.
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I INTRODUCTION

The study of the Raman scattering properties in materials, first discovered by C. V.

Raman using sunlight and complementary filters,! has become a key characterization tool
that is directly related to technologically important photonic applications. Raman
spectroscopy took a long leap forward with the invention of the laser because a wider range

of excitation wavelengths could probe additional electronic transitions and vibronic

states.2>3 The importance of nonlinear Raman scattering processes such as stimulated
Raman scattering (SRS) emerged with the integration of optically anisotropic materials
(such as crystals for frequency conversion or polarization control) into high-intensity laser
systems. SRS is now a well understood process that is directly related to the spontaneous
Raman scattering cross section of the material at the equivalent excitation geometry.
Although the SRS process has found important applications in laser sciences, including the
development of Raman lasers and Raman amplifiers, it can also be a parasitic process that
causes loss of gain or laser power. As will be discussed in more detail in the next section,
accurate characterization of the spontaneous Raman scattering cross section (and therefore
the understanding and prediction of the SRS gain) in anisotropic materials can be
challenging. This problem is addressed using a new flexible approach to measuring the
spontaneous Raman scattering cross section for a wide range of excitation/scattering
geometries using a spherical sample(s) of the material(s) of interest.

Potassium dihydrogen phosphate (KDP) and its deuterated analog (DKDP) can be

grown to large sizes and are therefore uniquely suitable for a variety of applications in

large-aperture inertial confinement fusion (ICF) laser systems, 0 including frequency

conversion, polarization control, and beam smoothing. In such laser systems, the large



aperture of the optical elements (1/2-m scale) and the long pulse durations (>1 ns) make
the generation of parasitic transverse stimulated Raman scattering (TSRS) in KDP and

DKDP crystals a recognized problem that prevents or limits their use at higher laser

fluences, especially at shorter laser wavelengths.” TSRS is associated with energy loss of
the propagating beam and its transfer into the transverse direction (parallel to the optic’s

surface), exposing adjacent components, such as its holding frame, to intense light and

ultimately damaging the optical element itself.8 Increasing the beam energy with
polarization control for such lasers requires careful consideration of the design of the
optical elements, including reducing the risk for TSRS-induced damage.

Spontaneous Raman scattering is an experimentally measurable quantity, from

which the Raman polarizability tensor of vibrational modes of interest can be determined
using the theoretically expected formulation based on symmetry as a guide.? Given this
tensor, the Raman scattering cross section, in principle, can be estimated at any orientation,
and the corresponding gain coefficient can be calculated. Past experimental work has
suggested that the Raman polarizability tensor for the 915-cm~! internal mode of PO,
(which has the highest cross section and dominates the SRS process) deviates from the
totally symmetric theoretical model. Efforts to develop an empirical description of the
Raman tensor based on direct measurements have provided an approximation for the off-
diagonal elements, but its precise form remains incomplete!0 and measurements for the
Raman scattering cross section are limited! ! while existing measurements of the Raman
gain coefficient vary.12 An accurate Raman polarizability tensor would enable (1) an

improved understanding of TSRS for various crystal-cut configurations to guide the design

of KDP-based optical elements that provide minimum TSRS gain, (2) the estimation of



beam energy limits in ICF laser designs, and (3) the optimization of hardware designs and
operational conditions.

In this manuscript, we first present a brief introduction to the challenges of
accurately measuring the Raman cross section in optically anisotropic materials such as
KDP. Details on the experimental geometry that lead to polarization rotation and introduce
artifacts in the collected data are described. We further discuss the effects of the finite cone
angle of both the pump light and the signal collection and sample misalignment, all of
which lead to measurement errors that introduce discrepancies with theoretical predictions
or between equivalent experimental configurations. Next, we present the experimental
system and the alignment protocols developed for anisotropic spherical samples. The
subsequent section discusses specific experimental configurations used to measure the
Raman scattering cross section as a function of rotational angle along a predetermined axis
to probe parameters such as crystal orientation, excitation laser beam polarization, or
Raman scattering polarization. Finally, we demonstrate how this method can be used to
experimentally determine the directions of maximum TSRS gain for specific KDP crystal

plate orientations of interest.

IL. EXPERIMENTAL CONFIGURATION
It has been previously demonstrated that a higher Raman signal collection

efficiency is achieved by using spherical cells (when measuring liquid materials) compared
to tetragonal cells.]3 A spherical geometry also benefits solid-state samples as illustrated
in Figs. 1(a) and 1(b). Specifically, the collection solid angle of the signal generated at a

point F (the focal point of the laser excitation beam at the center of the sphere) for the same



external collection aperture (A) is higher using a spherical sample (€2;) compared to that
of a tetragonal sample (Q2,, where Q, < () because there is no refraction at the interface

of a sphere for rays originating from the center of the sphere. Data acquisition is further
complicated for optically anisotropic samples exhibiting more than one refractive index.
Both the source point of the signal collection system and the collection solid angle will
vary for each polarization that experiences a different index of refraction, as depicted in
Fig. 1(c). As a result, with the exception of selected cases, there is an inherent experimental
error when measuring the Raman signal as a function of polarization and crystal orientation
in tetragonal samples. This problem is significantly reduced for rays originating from the
center of the sphere and therefore propagating orthogonally to the sphere surface. Spherical

crystal samples have been used for wave propagation, phase matching, and refractive index

measurements of various crystals.14_16

The advantages of using spherical samples for Raman scattering cross-section
measurements include the added ability to measure the Raman scattering signal in any
geometry using a single sample. This measurement allows one to determine the Raman
cross section as a function of rotational angle. A particular case example is related to
understanding the angular distribution of the TSRS gain in a crystal plate, because the gain
is proportional to the spontaneous Raman scattering cross section at each angular
orientation. Furthermore, such measurements can be used to develop a more-accurate
description of the Raman polarizability tensor, which in turn can allow calculation of the
Raman cross section and TSRS beam propagation at any orientation.

Based on the considerations discussed above, we developed an experimental

Raman scattering spectroscopy system (Fig. 2) that utilizes spherical crystal samples and



facilitates the measurement of the angular dependence of the spontaneous Raman scattering
cross section in directions orthogonal to beam propagation for any specific crystal
orientation of interest. The orientation of the optic axis (OA) of the KDP sample sphere is
controlled by two programmable rotation stages. Custom vacuum chucks, installed in the
open aperture of the rotation stages, are used to “hold” and rotate the sphere. Any position
on the sphere (47 steradians) can be reached with a combination of, at most, three stage
moves. Each rotation stage is mounted on a right-angle bracket riding on two stacked linear
stages. They provide additional vertical and horizontal alignment capabilities in the
x—y plane to overlap both the sphere center and the excitation laser beam focus with the
source point for the signal collection optics.

A 100-mW solid-state diode-pumped laser at 532 nm was used as the excitation
beam, and an adjustable wave plate was used to select the polarization state. Polarization-
independent laser-line mirrors were used to minimize intensity variations for different
polarizations, but a polarizer was still installed immediately before the lens used to focus
the excitation beam at the center of the crystal sphere. An adjustable aperture (iris) was
placed immediately before the collection lens used to collect and collimate the Raman
signal in an orthogonal direction. An analyzer was placed in the collimated space, and a
final lens was used to match the 4.1 f number of the imaging spectrometer
(Horiba iHR320). A liquid nitrogen—cooled charge-coupled device (Horiba Symphony II)
was used to record the signal. All polarizers, along with the wave plate, were mounted in
programmable rotation stages for precise alignment and automation. The optics in the
horizontal plane were duplicated, and a flipper mirror and periscope were added to produce

a second ““vertical” arm, in which the excitation beam is incident on the sphere vertically.



This flexible experimental configuration can be used to probe a wide variety of excitation
and Raman scattering geometries with minor modifications. Three specific system

configurations used to acquire data are described next.

A. Raman spectroscopy as a function of polarization state and/or crystal orientation

The simplest configurations involve adjusting only one component (a rotation
stage) at a time. Two case examples are depicted in Fig. 3. Note that the laboratory
coordinates are defined by lower-case italicized letters x, y, and z, while upper-case letters
X, Y, and Z designate crystal axes. Two angles are defined with respect to the laboratory
coordinate system: the azimuthal angle, ¢, for rotation about the y axis and measured from
the z axis and the polar angle, 6, measured from the y axis. Therefore, in this work, when
the optic axis (crystal Z axis) is aligned parallel to the laboratory z axis, the polar angle
6= 90° and the azimuthal angle ¢ = 0°. In general, the crystal X (or Y) axis or its projection
onto the azimuthal plane is defined arbitrarily with respect to the laboratory z axis.
However, for experiments where the crystal principle axes must be known, the crystal X
axis (or its projection) is initially placed along the laboratory z axis, where, ¢=0°is
defined (see Sec. III). Figure 3(a) depicts the study of the Raman scattering signal for fixed
excitation and analyzer polarization states while rotating the azimuthal angle ¢@. The
excitation laser is incident horizontally. The OA of the sample is positioned at a
predetermined angle @ using the sample’s programmable rotation stages and the sphere
alignment procedure discussed in the next section. Various measurements were performed
using this arrangement such as rotating the sphere about the laboratory z axis while the

crystal OA is aligned along it (8= 90°), which enables one to test the symmetry between



the crystal X and Y axes. The Raman polarizability tensor can be explored for consistency
when in addition to data acquired at = 90°, the OA is positioned perpendicular to both
the excitation beam and the plane of rotation (€= 0°).

Figure 3(b) depicts the configuration in which the pump laser is incident vertically.
The analyzer is rotated through 360° (denoted as £, where = 0° is parallel to the laboratory
y axis), providing information about the polarization state of the Raman scattering signal
for a specific pump polarization and various OA positions defined by angles ¢ and 6. An
analogous experiment could be conducted by selecting a specific signal polarization and
measuring its strength as the pump polarization is varied. These measurements can be used
to better understand the impact of polarization rotation experienced by the excitation beam
and/or the generated spontaneous Raman scattering signal. Such data can also provide
information related to the TSRS gain for crystal orientations that are relevant to specific

applications such as polarization rotation or frequency conversion.

B. Effective detector rotation about the sphere for a specific pump polarization

and crystal orientation

The vertical excitation arm in the experimental setup enables measurements for a
fixed excitation configuration, which effectively rotates the detector about the sphere. This
capability was achieved by simultaneously rotating the sphere (and therefore the optics
axis) and the polarization of the pump laser about the vertical (excitation) axis, while the
relative position between the sphere orientation and the laser polarization was kept fixed.
Figure 4 depicts the arrangement where the pump polarization is fixed at 45° with respect

to the projection of the OA of the crystal in the horizontal plane, while the Raman scattering



signal is measured as a function of azimuthal angle (¢). For visualization, examples of ¢ =
0°, 20°, and 45° are shown in Fig. 4. This configuration enables one to directly measure
the angular dependence of the Raman strength at relevant crystal cuts and laser pump
configurations. The directions of peak Raman signal, and therefore the anticipated

maximum TSRS gain, can be directly measured.

III. SPHERE MANUFACTURE AND ALIGNMENT

The use of high-quality spherical samples, in terms of both sphericity and surface
polish, is of paramount importance to this experimental configuration. While techniques
for producing polished spheres are known by those skilled in the art of optics
manufacturing, they have been difficult to extend to temperature-sensitive, hygroscopic,
and anisotropic materials such as KDP.

Early samples of nonlinear materials used to measure various properties were

spheroidal, 14 although with time both conventional 16 and more—complicated1 7 techniques
have been employed to manufacture crystals spheres 3 to 10 mm in size. Samples utilized
in this work were fabricated using standard optical manufacturing processes with the
additional consideration required for handling KDP-specific material properties. The
fabrication process started with the procurement of unpolished cubes of KDP and DKDP
(of various deuteration levels) that were slowly ground down to a spherical shape 30 mm
or 50 mm in diameter (see Fig. 5) using a nonaqueous slurry, involving PSF-5cSt silicone
as the carrier fluid and aluminum oxide as the abrasive. The radius of curvature of each
ground sphere was measured with a micrometer and was found to be uniform within less

than 1 pm peak-to-valley. Xylene was used subsequently to clean the sphere. Each sphere



was then polished using the same carrier fluid but with finer diamond compounds than the
abrasive. The anisotropy of crystals like KDP extends beyond its optical properties to its
mechanical properties, so it was necessary to pay close attention to the material removal
rate along the different crystal axes. Great care was taken to maintain all equipment and
slurries at constant room temperature and humidity so as not to shock the thermally
sensitive crystals.

Sphere alignment in the experimental system is crucial to the accuracy of a Raman
scattering measurement. A misalignment of the OA of more than 0.5 mrad will produce
the effect of the OA precessing about the center of the sphere and contribute experimental
artifacts in the data. To achieve precise sphere alignment, we used the birefringence of
uniaxial crystals to develop alignment protocols based on laser beam propagation along the
crystal OA. Basic alignment was performed by minimizing the beam separation from
double refraction in both the retroreflection and the forward-propagating beam that occurs
when polarized light experiences different indices of refraction. For precision alignment,
an analyzer was inserted downstream of the sphere, the polarized alignment beam diameter
was expanded from 1 mm to about 1 c¢cm, and the transmitted light was imaged onto a
camera. Isogyre patterns were used to align the OA along the pump beam to less than
1 mrad. Figure 6(a) shows the classic Maltese cross isogyre produced when a sample is
placed between crossed polarizers and divergent light propagates along the OA. The
concentric isogyres shown in Fig. 6(d) appear when the sample is aligned with its OA
perpendicular to the propagating light.

The direction of the crystal X (or Y) axis was subsequently determined by using

the profile of the Raman scattering spectrum for identification. Specifically, with the optic
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axis aligned vertically (along laboratory y axis), the pump laser and the analyzer
polarization were set horizontally. Raman spectra were collected while varying the
azimuthal angle, ¢, and compared to spectra obtained under identical excitation geometry
from a cube sample that was cut along the XYZ crystal axis. Figure 7(a) shows three
different Raman spectra obtained at various sphere positions, and one spectrum (red)
matches the spectrum measured along the X axis of the cube (black). We therefore
determine that at this sphere orientation, the X (or Y) crystal axis is along the beam
propagation path while the Raman signal collection is along the Y (or X) axis and
(re)defined the ¢ = 0°. The spectrum of interest found along the KDP crystal X axis was
verified using two additional right rectangular prism samples.

The Raman spectrum changes gradually as the sphere rotates and it can be difficult
to identify the exact angle at which the Raman spectrum matches that found along the
KDP-cube X axis. Using the same configuration (OA vertical; pump laser and analyzer
polarization horizontal), this process was further refined by monitoring the Raman
scattering signal of the totally symmetric mode (915 cm!) integrated over 100 cm~! about
the peak (860 to 960 cm~1) as a function of the azimuthal angle ¢ [Fig. 7(b)]. The Raman
spectrum which matches the KDP X-axis spectrum is found at the valley of the sine curve,
while the other two spectra shown in Fig. 7(a) correspond to the peak and at the inflection
points (middle) of the sine curve. The signal intensity is easily fit to a sine curve, so the

minimum of the curve, and therefore the crystal X axis, is identified as some angle ¢,. In
Fig. 7(b), the X axis is located at the azimuthal position ¢, = 65°. For most experiments,

the sample sphere is rotated so that the crystal X axis is initially oriented along the

laboratory z axis (and ¢= 0°).
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IV.  POLARIZATION-INDUCED EFFECTS

The polarization state of a propagating beam inside an anisotropic material can
rotate as a function of propagation length inside the material and the orientation of the OA.
The same is true for the Raman signal generated inside the material. This situation is further
complicated when one considers the convergence and divergence of focused pump light
and scattered Raman signal, respectively. Such polarization rotation arises for most rays
except those propagating parallel to the crystal OA, or those whose polarization lies either
in the plane or perpendicular to the plane formed by the OA and the ray’s k vector
(propagation direction). The electric-field vector of polarized light in a uniaxial crystal is
split into two mutually perpendicular field components associated with the ordinary (o)
and the extraordinary (e) indices of refraction. The o component of the electric field is

always perpendicular to the OA, and the refractive index, n,, it experiences is a constant

independent of propagation direction. The e ray of the electric field lies in a plane that

contains the OA. Its refractive index, n (@), varies with the ray propagation angle & with

respect to the OA where n/ (0 =0°)=n,. We briefly explore two cases where the ray

propagates either parallel or at an angle to the OA.

Figure 8(a) depicts beam propagation along the OA (laboratory z axis) with vertically
polarized light (along the laboratory y axis). The polarization of rays 1 and 2 lies in the plane
of the OA and their k£ vectors, and therefore they experience the extraordinary index of
refraction. The polarization of ray 3 is perpendicular to the plane of the OA and its k vector
and experiences only the ordinary index of refraction. Ray 4 presents the general case where
the polarization is a superposition of o and e components. All the o components will have

the same index, n,, but the e components have a varying index n'y(6). The variation in
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effective index of refraction experienced by different rays has two consequences. First, the
varying indices of refraction result in rays with different focal planes and lead to an extended
focal volume. This problem can, in principle, be mitigated by reducing the angle of the cone
of rays. The second issue arises because rays, with the exception of those polarized in the
laboratory x—z or y—z (and the crystal X—Z or Y-Z) planes, must be decomposed into o and
e components according to the plane of the & vector and the OA direction, as illustrated by
ray 4. As these two components propagate, they accumulate differential phase and the
combined polarization state changes. The Maltese cross isogyre shown in Fig. 6(a) is a
consequence of this effect and the concomitant polarization rotation. Rays, whose
polarization states are not changed, are blocked by the analyzer, thereby creating dark bands
or patterns. Therefore there is a collection of mixed polarizations at the focal plane. In
Fig. 8(b) the OA is positioned far from the cone of rays propagating along the laboratory
z axis, where all four rays (1-4) lie approximately in a similar plane containing the OA and
the k vector. All four rays must be decomposed into o and e components of similar

magnitude and with a similar index difference between n, and n,; therefore the polarization

diversity between the rays in the cone is reduced.

To summarize the two examples discussed above, for a measurement of scattering
along a generalized input and output configuration, both a focal-plane shift and change of
polarization state always exist to some degree. They can produce experimental artifacts in
the measured values, because for each ray in the cone of either input or output light, these
effects arise depending on the magnitude of the decomposition of the o and e rays and the
varying index of refraction experienced by the propagating ray as determined by the angle

of each ray with respect to the OA. The physics described is valid for all cone angles, even
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though the effect is reduced as the cone angle decreases. This experimental investigation
has shown that such scattering measurements should always use the smallest cone angle

possible to avoid such polarization effects.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The Raman scattering signal of the totally symmetric mode (915 cm™1) integrated
over 100 cm~! about the peak (860 to 960 cm~1) as a function of the azimuthal angle, @, is
shown in Fig. 9. The OA was aligned in the azimuthal (horizontal) plane, and for ¢ = 0°,
the OA was oriented along the laboratory z axis. Data were acquired for the full 360°
rotation of the azimuthal angle, using the configuration depicted in Fig. 3(a). The excitation
beam propagated along the horizontal laboratory z axis, while the Raman signal was
measured at an orthogonal direction along the horizontal laboratory x axis. Three sets of
data were acquired as the angle 8 of the OA was varied from the initial position of 90° (in
the plane of rotation), to 31°, to 0° (perpendicular to the azimuthal plane). The polarization
of both the excitation laser and the analyzer were perpendicular to the azimuthal plane for
all data in Fig. 9. The integrated Raman scattering signal measured as a function of ¢
exhibits periodic features that arise from the finite input and output solid angles. The
distinct valleys observed in the profile acquired at = 90° (blue curve) arise from
polarization-induced effects described in Sec. IV. The width and depth at ¢ = 90° and 270°
are greater than at ¢ = 180°, because the strength of polarization-induced effects is different
when the optic axis is parallel to the Raman signal collection direction or the excitation

beam, respectively. These features also depend on the laser beam size and the signal
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collection solid angle. More details on this effect and its implications for the evaluation of
the Raman scattering tensor will be presented in future work.

Figure 10 shows the integrated Raman scattering intensity as a function of the
analyzer angle using the configuration depicted in Fig. 3(b), where the OA is oriented at
6= 60° and its projection onto the azimuthal plane is set to ¢=90°. Furthermore, the crystal
X axis lies in the plane of the OA and the collection direction (so the projection of X axis
onto the azimuthal plane is also placed along the laboratory x axis). The orientation of the
laser polarization with respect to the x axis was adjusted in 45° increments given by angle
a=-45°,0°, 45°, and 90°. The polar plot in Fig. 10 shows the 915-cm~! mode integrated
Raman signal strength as a function of analyzer position, . Here = 0° designates the
scatter signal polarization parallel to the pump laser propagation direction (y axis). The
Raman signal is always the strongest at the peak of the two lobes (£ = ~90° and ~270°),
even though the strength of the signal varies with «.

Detector rotation about the crystal sphere was effectively achieved by
simultaneously rotating the sphere (and therefore the OA) and the pump polarization so
that the angle between them is fixed. The experimental data were acquired using the
vertical arm with the OA positioned in the horizontal plane (6= 90°). As depicted in Fig. 4,
the pump polarization was fixed at +45° with respect to the OA at all times. Figure 11
shows that in this configuration, the direction of the peak spontaneous Raman signal, and
therefore the maximum TSRS gain, will be vertically polarized (with respect to the
azimuthal plane). The horizontally polarized Raman scattering signal is very weak for all
angles. This result demonstrates the ability to directly measure the angular dependence of

the spontaneous Raman scattering signal of a specific crystal cut.
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VI. CONCLUSIONS

A new flexible experimental setup has been developed and tested to measure the
spontaneous Raman scattering for any crystal cut, pump polarization, and scattering signal
direction and polarization, making it particularly well suited for studies of anisotropic
solid-state materials. Experimental data are presented using a polished 30-mm-diam sphere
of KDP. This setup enables a more precise measurement of the Raman scattering cross

section of a crystal once the Raman scattering signal is normalized to a precise value of a

known material. 11 This system will help improve predictive capabilities in order to
minimize TSRS-induced effects in large-aperture laser systems by enabling direct
measurement to obtain information regarding the optimal crystal cut and crystal-mounting

configuration.
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FIGURE CAPTIONS
FIG. 1. Schematics depicting the collection solid angle of the Raman signal for the
same external aperture (A) in isotropic materials for (a) a spherical sample

compared to (b) that of a tetragonal sample and (c) for anisotropic materials.

FIG. 2. Schematic depiction of (a) the sample holder and (b) the Raman scattering
spectroscopy system utilizing high-quality spherical samples to measure the Raman

scattering signal orthogonal to the laser excitation beam.

FIG. 3. Configurations for measurement of orthogonal geometries between the
pump beam and Raman scattering signal as a function of (a) azimuthal rotation, ¢,
and (b) analyzer position, £, while all other variables remain constant. The laser
excitation is along the horizontal and vertical axes in (a) and (b), respectively. As
shown in (a), the X and Y axes of uniaxial crystals are interchangeable when the

optic axis (OA) is aligned along the z axis in the laboratory frame (azimuthal angle,

$=0°).

FIG. 4. A configuration with effective detector rotation about the sphere facilitates
measurement of the angular dependence of the Raman signal under specific
excitation conditions by simultaneously rotating the OA and the pump polarization
at a fixed angle. Three different angular positions of ¢ are depicted in (a), (b) and
(c¢). The pump laser beam is incident vertically, and the Raman scattering is detected

in a direction orthogonal to the laboratory y—z plane.
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FIG. 5. (a) A cube of KDP was ground and polished into (b) a sphere, viewed here
between crossed polarizers to demonstrate isogyres, which are the dark bands that
correspond to directions of transmission through the crystal where the polarization

state of the propagating rays is unchanged.

FIG. 6. A linearly polarized divergent beam produces isogyres when an anisotropic
sample is viewed through an analyzer. (a) A well-aligned Maltese cross pattern,
(b)a 1.8-mrad horizontal rotation, (c) a 3.6-mrad horizontal rotation, and
(d) concentric rings are produced when the alignment beam propagates (a) along or
(d) perpendicular to the OA of the crystal sphere. Fringe shifts are visible at the
right edge in (b) and (c). Rings in (d) have a slight ellipticity because of the

birefringence of the material. Circles and cross-hairs are used to guide the eye.

FIG. 7. The pump laser and the analyzer are both horizontally polarized while the
KDP sphere (OA aligned vertically) is rotated as a function of the azimuthal angle.
(a) The Raman spectra at various sphere positions are compared with the Raman
spectrum acquired along the crystal X axis of a KDP cube. (b) The Raman
scattering signal of the symmetric 915-cm~! mode is integrated (between 860 to
960 cm~!) and plotted as a function of the azimuthal angle ¢. The crystal X-axis

position corresponds to the angle with the minimum signal.

FIG. 8. The propagation of a cone of vertically polarized rays (a) along the OA and

(b) in a direction far from the OA is shown. In general, each ray must be decomposed

to the ordinary (o) and extraordinary (e) components according to the plane defined by

the OA and the ray direction (shown as shaded planes in the two drawings). In (a) the
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rays 1 and 2 experience the extraordinary refractive index, ray 3 experiences the

ordinary refractive index, and ray 4 experiences a combination of n, and n, and must

be decomposed into o and e components. In (b) the OA is far from the center of the

cone of rays, and all four rays are decomposed into o and e components.

FIG. 9. The integrated spontaneous Raman scattering signal of the totally symmetric
PO, internal mode is measured as a function of the azimuthal angle for three different
orientations of the OA (8= 0°, 31°, 90°). The definition of the initial azimuthal angle,
¢ = 0° requires the excitation light to propagate parallel to the projection of the OA

onto the horizontal (azimuthal) plane of rotation.

FIG. 10. The normalized integrated intensity of the 915 cm-1 spontaneous Raman
scattering line as a function of the analyzer transmission axis  was measured using
the vertical arm of the setup. The optic axis was oriented at €= 60° and is projection
onto the azimuthal plane was at ¢ =90° (i.e. parallel to the Raman signal collection
direction). The excitation laser polarization was set at four different angles, o, with
respect to the projection of the OA on the azimuthal plane. The red dot near the

origin representing data for & = 0° can be difficult to notice.

FIG. 11. The transverse spontaneous Raman signal was measured for the
configuration in which the pump laser propagates perpendicularly to the OA and
the pump polarization is fixed at 45° with respect to the OA. There is little scatter
polarized in the plane of the pump polarization (analyzer horizontal); most of it is

polarized in a perpendicular direction.
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