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Introduction

LTRAVIOLET (UV) Raman and predissociative fluorescence

spectroscopyhave become well-establishedtechniquesfor ob-
taining major and minor species concentration and temperature
measurements in flames.! Advantages of UV over visible excita-
tion include increased scattering cross sections and high laser pulse
energy. However, experimental complexity is also increased, espe-
cially with respect to optical filtering. Interference bandpass filters,
centered around a particular Raman wavelength, have been used
successfully for two-dimensional visible Raman imaging of a sin-
gle molecular species,>? but such filters degrade in performance
moving from visible to UV wavelengths. Typical UV interference
bandpass filter specifications include passband transmittances of
20% for bandwidths of 26 nm, with transmittance dropping to 12%
for 12-nm bandwidths* As a result, a spectrometer is used almost
exclusively with UV Raman to provide spectral separation while
still offering adequate detection efficiency. An additional benefit of
the spectrometer is that it offers the capability of simultaneously
measuring the Raman signals from several molecular species.
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By the use of spectrometers, instantaneous multispecies UV
Raman measurements, containing one dimensionally resolved
(linewise) spatial information, have been demonstrated>® The
linewise UV Raman technique, using the 248-nm KrF excimer laser,
has been extensively used to probe diluted, swirled,? or lifted’
hydrogen jet diffusion flames and has even been used in inves-
tigations of an oil-fired furnace burner,'® an optically accessible
spark ignition engine,'® and an optically accessible rocket engine.'!
In general these research efforts use some form of filtering to re-
duce the intensity of Rayleigh and Mie scattered light entering the
spectrometer, and hence, stray light interference with the relatively
weak Raman signals is reduced. Such filtering consists of either
a liquid butyl acetate filter,>!*!! with a 10-mm path length pro-
viding about three orders of magnitude attenuation at 248 nm, or
one or more interference negative-bandpass(notch) filters,”'* each
one attenuating the Rayleigh and Mie scattering by approximately
two orders of magnitude. Both the liquid and notch filters attenu-
ate the Raman signals lying close in wavelength to the Rayleigh
line, i.e., the O, and CO, vibrational Q branches and the H, ro-
tational O and S branches. The liquid filter also absorbs all wave-
lengths shorter than 248 nm, which includes the Raman anti-Stokes
signals.

If the stray light performance of the imaging spectrographusedin
a UV Raman system were improved, then less filtering would be re-
quired, thereby allowing better detection efficiency at wavelengths
close to the Rayleigh wavelength and even allowing anti-Stokes
wavelength detection for systems where butyl acetate filters would
no longer be required. One way to improve the stray light perfor-
mance of a spectrograph is to use holographically ruled gratings.
Overall stray light of a holographic grating is up to a factor of 10
less than for a mechanicallyruled gratingand has no preferred direc-
tion; it radiatesdiffusely through 2 sr,rather than being highernear
the diffraction orders as for mechanically ruled gratings.!*!> How-
ever, holographicallyruled gratings have relatively poor diffraction
efficiency, especially in the UV, compared to mechanically ruled
gratings. By ion etching a holographically ruled grating’s curved
grooves into triangular grooves, efficiency is greatly improved, but
the etching process roughens the grooves’ surface, thereby degrad-
ing stray light performance.In general all of the previous UV Raman
investigations have used either mechanically ruled or ion-etched
holographicallyruled gratings, but there exists an attractive grating
alternative.

Holographicallyruled gratings can receivenear-triangulargroove
shapes without ion etching through the Sheridon recording
method.'*!* Thus high efficiency and low stray light are simultane-
ously obtained in a Sheridon holographically ruled grating. These
gratings are not widespread because the typical visible wavelengths
used in their creation, coupled with the index of refraction of the
photoresistused to create the grooves, limits the optimum efficiency
wavelength, or blaze wavelength, to a maximum of 250 nm. Yet
for 248-nm KrF excimer laser spectroscopy this is an ideal blaze
wavelength. This Technical Note shows an experimental compar-
ison, using UV Raman and fluorescence spectroscopy, between a
mechanically ruled and a Sheridon holographicallyruled grating to
demonstratethe superiorstray light performance of the latter grating

type.

Experimental

The multispecies, linewise Raman/fluorescenceimages shown in
Fig. 1 are obtained from a slightly lean, propane-O, flame produced
overa Hencken burner. The output from a Lambda-Physik COMPex
150T narrowband, tunable KrF excimer laser is focused into the
flame using a 2-m focal length lens, producing a beam waist of
~1 mm diameter. The laser is tuned to 248.395 nm to minimize the
production of either OH or O, fluorescence!>!® Several O, and OH
transitions are within the tuning range of the KrF laser, and 248.395
nm does not fall directly on any of these transitions. However, about
5% of the laser’s output ranges from 248 to 249 nm, resulting in
broadband O, or OH excitation and subsequent fluorescence.

Raman and Rayleighscattering are collectedat right angles to the
laser beam using a 50-mm-diam, 250-mm-focal-length (f/5) fused
silica air-spaced doublet, and a second identical lens set focuses the
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collected light onto the entrance slit of an imaging spectrograph.
The spectrographis oriented so that the entrance slit’s long dimen-
sion is parallel to the laser beam, thus imaging several millimeters
down the laser beam path. A gated, intensified charge-coupled de-
vice (CCD) camera is used to provide the images. No optical filters
are used to facilitate the assessment of relative stray light perfor-
mance between grating types. Ideally, a comparison between two
gratings should be made in the same spectrograph.The presentcom-
parison uses two separate spectrographs, however, because neither
was equipped with both Sheridon holographic and mechanically
ruled gratings on a single turret. Thus, the two parts in Fig. 1 corre-
spond to exactly the same experimental conditions except that two
different,but similar, spectrographsare used, with one spectrograph
containinga mechanicallyruled grating and one containinga Sheri-
don holographic grating. Both spectrographs have Czerny-Turner
configurations and are equipped with toroidal mirrors to provide
good off-axis focusing.

Results

Figure 1a shows a linewise image using a 1200-groove/mm me-
chanically ruled grating, blazed for 250 nm. The grating efficiency
(its reflectivity in first order with respect to aluminum’s reflectivity)
ranges from 60 to 80% going from 240 to 270 nm, based on man-
ufacturer’s data (specified for light polarized parallel to the grat-
ing grooves). The grating is mounted in a Chromex 250IS imag-
ing spectrograph, which has a 250-mm front focal length and a
330-mm back focal length, resulting in an internal magnification
of 1.32. The edge of the postflame zone is imaged so that the
bottom of Fig. 1a corresponds to room air surrounding the flame
and the top corresponds to a position within the postflame zone.
Temperatures vary from 300 K at the bottom of Fig. 1a up to a
flame temperature of ~3000 K. Thus, the Rayleigh signal is ap-

3.4 ~ e 10000 '20,000" 30,000 40,000
2 £
£ T 3 1
£ £ 3 g
o 4 RAYLEIGH %
& 3
7] &
2 3 3
§ ;
4
-3.11
L) 1
a) 2354 267.1

b) 0,RAMAN N, RAMAN

Fig.1 Single-pulse,linewise UV Raman/fluorescence images at bound-
ary between propane-O, flame and air, where O, emission lines shown
are the result of (0 «— 6) and (2 — 7) excitationby the broadband compo-
nent of the laser; top, grayscale for signal in A/D counts: a) spectrograph
with mechanically ruled grating and 1.32 internal magnification and
b) spectrograph with Sheridon holographic grating and 1.00 internal
magnification.

proximately 10 times stronger in the bottom half of Fig. 1a, for
room air, as compared to the top half, for the postflame zone. This
order of magnitude increase in the Rayleigh signal causes the ap-
parent widening (bottom half in Fig. 1a) of the region where stray
light saturates the CCD. Stray light interference swamps the rela-
tively weak Raman signals at the bottom of Fig. 1a and even inter-
feres with the stronger O, fluorescence emission bands occurring
in the flame imaged in the upper part of Fig. la. For the (B — X)
(v =0<«v"=6)and (2 < 7) O, Schumann-Runge transitionsex-
cited by the laser’s broadband output, the subsequent fluorescence
emission bands that lie in the bandwidth of Fig. 1a are as follows:
the (0 — 5)(2 — 6) pairfrom 239.2to 240.8 nm, the (0 — 6)(2 — 7)
pair from 247.7 to 249.4 nm, the (0 — 7)(2 — 8) pair from 256.7 to
258.5nm, and the (0 — 8)(2 — 9) pair from 266.3t0 268.2 nm. Only
the (0 — 8)(2 — 9) emission bands, in the upper right of Fig. 1a,
areresolvedfrom the intense Rayleigh scattering, with its artificially
wide linewidth caused by the relatively poor stray light performance
of the grating coupled with the gain and saturation characteristics
of the intensified CCD. The gain of the camera’s intensifier must
be turned down from its maximum setting to allow even the O,
(0— 8)(2 — 9) emission bands to be detected within the limits of
the CCD because they sit on top of a relatively strong background
pedestal caused by 248-nm stray light that is present everywhere in
the image of Fig. 1a. At this low gain setting, the O, Stokes Raman
Q branch and the N, Stokes Raman Q branch are both below the
noise floor of the intensified CCD and cannot be detectedin a single
pulse.

Figure 1b shows the same flame, same location, now imaged
using a spectrometer equipped with a 1200-groove/mm Sheridon
holographically ruled grating, blazed for 250 nm. The grating effi-
ciency ranges from 70 to 80% from 200 to 270 nm, based on the
manufacturer’s data (specificied for light polarized 45 deg to the
grating grooves). The grating is mounted in an Acton 300IS imag-
ing spectrograph, which has 300-mm front and back focal lengths,
which produces an internal magnification of one. The reduced in-
ternal magnification of the Acton spectrograph compared to the
Chromex allows a longer portion of the laser to be imaged: an in-
crease from 6.2 to 8.4 mm. The Rayleigh scattering stray light is
significantly suppressed relative to the mechanically ruled grating,
which allows the gain of the camera to be increased up to its max-
imum setting. As a result, both the room air O, and N, Stokes
vibrational Raman bands are apparent in Fig. 1b, as compared to
their absence in Fig. 1a. This is because at their physical locations
on the CCD there does not coexist appreciable amounts of 248-nm
stray light, as was the case in Fig. 1a where 248-nm stray light in-
terference is spread not just in the saturated regions of the CCD
(appearing white in Fig. 1a) but also throughout Fig. 1a in intensi-
ties at or higher than the Raman signal intensities. For Fig. 1b, the
0, and N, Raman Stokes Q branches are clearly seen, with the N,
Stokes Q branchdisappearingin the N,-deficient propane-O, flame.
The O, (0 — 5)(2 — 6) and (0 — 7)(2 — 8) fluorescence emission
bands [again caused by (0 <— 6)(2 < 7) excitation from the broad-
band laser output] are also spectrally resolved from the 248-nm
Rayleigh scattering. These bands are relatively strong compared
to the O, Raman Stokes Q branch because the 3000 K tempera-
ture of this propane-O, flame provides high population fractions
for both the v” =6 and 7 vibration levels. This increases the O,
fluorescence, even tuning away from an O, excitation transition,
compared to other UV works that investigated lower temperature
air-fed flames where the O, Raman Stokes Q branch is dominant
over the O, (0— 7)(2 — 8) fluorescence emission band in flame
zones !

Conclusion

A comparison has been made of the near-diffraction order stray
light performance between a mechanically ruled grating and a
Sheridon holographically ruled and blazed grating when they are
applied to UV laser combustion diagnostics. The present compar-
ison is only qualitative because two spectrographs were used due
to equipment limitations. Because of the inherent groove smooth-
ness in the holographic Sheridon grating, it is superiorin stray light
performance to the classically ruled grating. The limitation of the
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Sheridon grating to a maximum blaze wavelength of 250 nm, al-
though precludingits use in visible Raman systems, does not hinder
its application to UV Raman or fluorescence spectroscopy because
maximum grating efficiency is desirable around 250 nm. Using a
Sheridon grating in a spectrograph used for UV laser combustion
diagnostics reduces or eliminates the need for Rayleigh/Mie scat-
tering filtering and thus provides more sensitivity in detecting Ra-
man or fluorescence signals lying close in wavelength to the laser
line.
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I. Introduction

IEZOELECTRIC elements can be used as sensors or actua-

tors in applications such as shape control, active damping, and
acousticnoisesuppressionofa wide class of structures. The effective
use of these systems requires accurate electromechanical models to
simulate the interaction between the structure and the piezoelectric
elements. The literature addressesthe modeling of piezoelectricele-
ments either bonded or embedded to several differenttypes of struc-
tures. The piezoelectric actuation of beams was treated in depth by
Crawley and Anderson' and Crawley and de Luis.? Several other
formulations were also developed for the modeling of plates** and
general shells.> Most of the electromechanical models proposed in
the literature are based on linear analyses.

The piezoelectric elements are usually mounted to the top and
bottom surfaces of a structural element and may induce in-plane
extension, bending, and localized shear deformations in structural
elements.’ If both elements are actuators and shear deformation is
neglected, the in-phase actuation produces in-plane deformations,
whereas out-of-phase actuation produces bending. If one of the
piezoelectric elements is used as an actuator while the second one
is used as a sensor, or if a single piezoelectric actuator is mounted
on a surface, the actuation always results in combined in-plane and
bending stresses.

The in-plane stresses may have a significant influence on the me-
chanical behavior of plates. Initial and/or residual stresses affect the
flexural stiffnessand in turn the dynamicand stability characteristics
of laminated plates.” The initial and/or residual stresses in a plate
may result from a combination of boundary constraints with exter-
nal applied loads and environmental effects. Almeida and Hansen®
showed that, with proper design, thermal residual stresses caused
by the curing process can be tailored to enhance the mechanical be-
havior of composite plates. Rammerstorfer’ determined optimum
fields of residual stresses that maximize the first natural frequency
and buckling load of plates.

Piezoelectric elements provide great flexibility in inducing in-
plane stress fields because the distribution and magnitude of the
in-plane stresses can be easily controlled by varying the voltages
applied to each actuator. The objective of this work is to investigate
the effectiveness of using piezoelectricelements to control the flex-
ural stiffness of composite plates by inducing in-plane stresses. A
finite elementapproachis used to model laminated plates with piezo-
electric actuators and/or sensors placed at arbitrary portions of the
plate. The analysis assumes ideal linear theory for the piezoelectric
actuation and includes stress-stiffness effects. In the case of plates
without membrane-bendingcoupling, the in-plane problem and the
bending problemmay be independentlysolved from two subsequent
linear analyses. The numeric results on the shape control of lami-
nated plates with piezoelectricactuators demonstratethatevenif the
plateis unconstrainedthe piezoelectricallyinducedin-planestresses
may significantly affect the mechanical behavior of the plate.

II. Problem Formulation

Consider a laminated plate with piezoelectric elements symmet-
rically bonded to the top and bottom surfaces at arbitrary positions.
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