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- 1.0 INTRODUCTION

Progress 1s reported for the past year of an interdisciplinary ’

program to innovate wmodern diagnostic techniques applicable to f‘

combustion and plasma flows. Re:2arch topics include: (1) digital ?

flowfield imaging, including temporally and spatially resolved species §

and temperature imaging using planar laser-induced fluorescence (PLIF); i

(2) quantitative particle imaging in spray flames using planar Mie :f

scattering (PMS); (3) quantitative velocity and pressure imaging using A

variations of PLIF; (4) advanced solid-state camera/computer systems for -
high-speed and high-resolution recording, processing and display of flow

image data; (5) fiber optic absorption/fluorescence sensors employing ;'

tunable UV, visible and IR laser sources for species measurements; (6) E

laser wavelength modulation spectroscopy, using rapid-scanning UV, i

visible and IR laser sources, for absorptfon and fluorescence :

measurements of specles, temperature and absorption 1lineshapes; (7) ?

plasma dlagnostics utilizing laser-induced fluorescence and wavelength 3

modulation techniques; (8) 1laser interactions with plasmas and ;
combustion gases; and (9) investigation of other new diagnostic

concepts. ;
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2.0 PROJECT SUMMARIES

Included in this section are summaries of progress in each of seven
project areas. In most cases, each project summary contains the fol-
lowing subsections: (a) Introduction; (b) Scientific Merit; (c) Status
Report; (d) Publications and Presentations; (e) Personnel. Additional
descriptions of this work may be found in the cited publications and in

our previous annual scientific reports.

2.1 Digital Flowfield Imaging

Introduction

The utility of flow visualization as a diagnostic in studies of
fluid mechanics and combustion 1s well established. Until recently,
however, most visualization techniques have been qualitative and based
on line-of-sight approaches poorly suited for flows with three-dimen-
sional characteristics. With the recent development of laser-based light
scattering techniques, it has become possible to obtain spatially and
temporally resolved quantitative records of flow properties throughout a
plane (and ultimately throughout a volume) using sheet illumination and
a scattering technique such as Raman, fluorescence or Mie scattering.
Such multipoint measurements essentially provide "images” of the flow-
field property being monitored; as these images can be recorded on
modern solid-state array detectors, coupled to a computer for analysis
and display, we call this approach "Digital Flowfield Imaging." Work
along these 1lines is now In progress at Stanford, Yale, SRI, Sandia
(Livermore) and the Aeropropulsion Lab at Wright Field. As examples of
the capability of these new methods, in our Iaboratofy at Stanford we
have made instantaneous (8 nsec), multiple-point (104 points) measure-
ments of several species (OH, NO, 0,, CH, C, and Na) in a variety of
laboratory flames using planar laser-induced fluorescence (PLIF), and we
have recently initiated work to provide simultaneous particle size and
spacing measurements in spray flames using planar (PMS). The sensitivity

demonstrated thus far for molecular species is in the 10's of ppm range,

"with spatial resolution typically much better than 1 mm. Of equal

importance, we have recently demonstrated a variation of PLIF which
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yields temperature, and another variation which should enable
simultaneous measurements of pressure and velocity (see Section 2.2)
without particle seeding. These new techniques provide significant
advances in measurement capability with potential scientific impact
extending well beyond the field of combustion for which the methods were
originally developed.

Scientific Merit

Digital flowfield imaging has the potential to stimulate signifi-
cant scientific advances in several fields, including fluid mechanics,
combustion and plasma sciences. Our research also contributes to the
advancement of related technologies, such as lasers and image pro-
cessing, and it adds to the fundamental data bases for spectroscopy and
reaction kinetics of high temperature gases and plasmas. The Stanford
program has made unique, pioneering contributions to flowfield imaging,
particularly with regard to conceiving and demonstrating new sensing
strategies for the flowfield quantities of interest, and in designing
and implementing new intensified camera systems which incorporate recent
advances in intensifiers and array detectors interfaced with laboratory

microcomputers,

Status Report

Our work on flowfield imaging has been detailed in a series of
papers and reports (see list at end of this section), and so here we
focus only on recent activities. For convenience and clarity we provide
separate status reports on: Species Imaging, Temperature Imaging, Spray

Flame Imaging, and System Improvements.

(a) Species Imaging

Previously we have applied PLIF to visualize OH, Na, NO and I, in
several flows. Recently we have worked to develop measurement capability
for 0y, Cy and CH, as we discuss briefly below. Molecular oxygen is a
critical species in many combustion studies, but is usually considered

to be inaccessible by optical techniques as it absorbs strongly only in
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the UV below 200 nm. In addition, fluorescence is known to be weak owing

to strong predissociation effects. Two factors may mitigate this conven-
tional viewpoint: (1) the recent development of high energy, tunable UV
and VUV laser sources, particularly excimer and Raman-shifted excimer
lasers; and (2) the fact that the absorption transitions of interest in
characterizing high temperature gas systems may be much stronger than
the (separate) transitions appropriate for monitoring 0, at atmospheric

conditions.

Over the past year we performed a literature survey to familiarize
ourselves with relevant past work, and we developed computer codes to
allow prediction of 0, absorption and fluorescence spectra as a function
of temperature and of excitation wavelength., The calculations are com-
plex and will not be described here, but in summary we found that either
an ArF excimer laser at 193 nm or Raman-shifted ArF at 179 nm should be
well suited for detecting 02 over a3 range of temperatures, Subsequently,
we moved to the laboratory and are now ready to report our initial
results., Figure 1 provides a sample instantaneous (10 nsec) 0, image
obtained in a fuel-rich CH4/air flame. We believe this 1is the first
digital image of 0, obtained by any method fn any flowfield. Owing to
the broad importance of 0, in aerodynamics and combustion, we regard
this as a particularly i{mportant accomplishment. Further work to improve
this technique is in progress, and at the same time we are {nvesti-
gating, by computer calculations with our 02 spectroscopy program,
candidate schemes for visualizing temperature, pressure and velocity

based on 02 fluorescence.

Our interest in imaging CH and C, stems from their potential for in
monitoring the instantaneous flame position and thickness in gaseous
diffusion flames and in burning fuel sprays. The status of the work is
that we have just obtained our first 2-D images of CH and C, in a
variety of gaseous and spray flames, The work is being written up for
presentation at the forthcoming Western States combustion meeting.

(b) Temperature Imaging

Temperature is a parameter of obvious importance in characterizing
reaciing flowfields, and hence a scheme for quantitative imaging of

-
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temperature would have broad application in combustion and plasma-
related research. An ideal temperature visualization scheme would be
sensitive, easy to calihbrate, and would involve, for simplicity, only a
single laser source. Although laser-induced fluorescence has been demon-
strated for single-point temperature measurements, and very recently (by
Svanberg et al., in Sweden, and Cattolica, at Sandia) for multiple-point
measurements, these workers have employed two laser sources and, as a
result, were only able to work in steady flames. Here we report a PLIF
scheme which offers several advantages, including the use of only one

laser source.

The strategy which we employ is to seed the flow uniformly with a
non-reactive tracer species such as NO. Assuming linear (non-saturated)
excitation using a spectrally broad (greater than the absorption line-
width) pump laser, with broadband fluorescence detection and a uniform
laser intensity distribution, the fluorescence intensity emanating from
a point in the flowfield i1s given simply by

Ip=Cny f, A/(A+Q)=cCXx f /T (1)

B
where C represents a group of known quantities, ngy is the number density
of the absorber 1, fvj is the temperature-dependent Boltzmann fraction
in the absorbing state (v,j), and A/A+Q is the photon yield (fraction of
absorbed photons re-emitted into the detection bandwidth). For present
purposes we assume that the Einstein coefficient for spontaneous emis-
sion, A, 18 much smaller than the electronic quench rate, Q, and that Q
may be represented by no V', where n is the total number density, o is
an effective cross-section and v is the mean molecular speed propor-
tional to TI/Z; thus A/A+Q = A/no v . Under conditions where o may be
regarded as a constant, and using the symbol X; for the mole fraction of
i (1.e., ni/n), we obtain Eq. (1), Thus if the mole fraction of 1 is
fixed the fluorescence intensity Ip is a known function of temperature

alone.

This approach for temperature visualization (see Fig. 2) has the

fmportant advantage of requiring a single excitation wavelength (and

-6-
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hence a single laser). The sensitivity of the fluorescence signal to

temperature depends on the quantity fvj/ /T, and hence the lower
level quantum states v,j (vibration, rotation) may be chosen to
optimize the signal in the temperature region of interest. Calibration
may be achieved simply if the temperature is known at any flowfield
point or region. Alternatively, if the function fvj/ /T has a peak value
within the temperature range present in the flowfield, then the calibra-
tion factor follows directly from the maximum signal observed. This
method is limited, however, to flowfields where the double-valued nature
of fvj/ YT versus T introduces no ambiguity. In general, corrections are
needed to account for nonuniform laser illumination, nonuniform pixel

responsivity and background 1ight levels,

A sample result showing the temperature contours obtained with a
single laser shot (8 nsec) in a rod-stabilized flame 1is presented in
Fig. 3. Here premixed CH, and air at atmospheric pressure flow verti-
cally over a 1.5 mm diameter horizontal rod, resulting in a roughly V-
shaped flame stabilized by the rod. The fuel lean (equivalence ratio
= 0.6) mixture is seeded with approximately 2000 ppm of NO, which may
be regarded as non-reactive for these conditions. A vertical sheet k
(3 cm x 0.2 mm) of laser light near A = 225.6 nm, produced by mixing the :
frequency—-doubled output of a Nd:YAG~pumped dye laser with the
residual 1.06 uym beam, 1is used to excite a single 1line 1in the
AZtt(v=0) « XZHI/Z(V-O) NO band. The digital images of the fluores-
cence intensity, emanating from a 10 mm x 10 mm region, were
processed to yleld the temperature contours shown In Fig. 3. For this
case, obtained using the Q;(22) 1ine which has a peak in the function
fvj/ /T at 740K, the calibration was achieved by searching for the
maximum signal (present on both sides of the rod) and setting the tem-
perature at these locations at 740K. Again, use of different v,j states

allows some flexibility in emphasizing different temperature regimes.

The work described above has recently been published (see publica- :
tion 12 in the 1list at the end of this section). Current work with

temperature imaging is directed toward refining the experimental set-up

and procedures for this constant mole fraction approach, extending its
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application to other flows, and also to investigating the sensitivity of
the NO quench rate to combustion gas composition at high temperatures.

(c) Spray Flame Imaging

During the past year we initiated work to establish PLIF and planar
Mie scattering (PMS) techniques in evaporating and burning fuel sprays.
We regard this combined development of PLIF and PMS as a logical exten-
sion of our past effort on digital flow imaging. Further, the develop-

ment of such capability for measurements in two-phase flows is critical

. v =y

for studies in practical combustors and for fundamental research on
) droplet and solid propellant combustion. This work is jointly sponsored
by AFOSR and ONR.

Thus far we have: (1) completed assembly of a small-scale spray
combustion facility; (2) set up a laser sheet illumination arrangement
and made preliminary photographic and digital imaging wmeasurements of
Mie scattering to characterize our spray flame; (3) performed Mie scat-
tering calculations to aid in the interpretation of the PMS measure-
ments; and (4) performed initial imaging experiments of OH, CH and C, in
the spray burner facility.

A schematic diagram of the approach and some representative PMS and
PLIF results for a burning spray are shown in Fig. 4. The fuel was n-
i heptane, flowing at a rate of about 0.2 gallons/hr from an air-atomizing
siphon nozzle (Delevan), and the size of the region imaged was about
8 cm x 8 cm. In addition to the OH image shown, we also have obtained
: image data for CH and Cye To our knowledge, these are the first species
images obtained in spray flames. The laser source for the OH imaging was
a Nd:YAG-pumped dye laser providing 10 nsec bursts of tunable radiation
near 285 nm, used to excite individual rovibronic transitions in the
(1,0) band of OH (2¢ « 21). Pulsed illumination, freezing the flow for
the PMS imaging of the spray, was provided by the same Nd:YAG-pumped dye
laser operating near 590 nm.

The significance of this initial work is to confirm the feasibility
of PLIF and PMS recording in spray flames. With regard to PMS imaging
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for characterizing the spray, it should be noted that the droplet
spacing (and hence density) is derived immediately from the locations of
illuminated pixels. The next step is to demonstrate that the intensity
of scattered light, imaged onto a single pixel, can be used to infer the
size of the droplet imaged, and work to investigate this possibility is
now in progress. Our goal is to establish the capability for simultan-
eous PMS droplet characterization and PLIF measurements of key species
and temperature in burning sprays. Such new capability should enable

important advances in spray combustion research.

(d) System Improvements

A major activity during the past year has been to begin assembly of
two second-generation solid-state camera systems and a facility for
processing image data. In our early work on digital iImaging we were
forced to design and assemble a one-of~-a-kind intensified camera and
display system, using components drawn from a number of commercial
sources and solving a number of interfacing and software problems on our
own. This system was suitable for demonstrating feasibility of PLIF
imaging in a variety of reacting flows, but it also had several defi-
clencies and was not well suited for adoption by user-oriented
researchers interested in acquiring similar capability. With the award
of a DOD equipment grant for 1984/85, we were able to begin to upgrade
our system and to capitalize on the improved performance, availability

and compatibility of commercial sub-systems,

A schematic diagram of our planned image acquisition and processing
facility is shown in Fig. 5. Items not yet delivered or specified are
indicated with asterisks. The facility is housed in the High Temperature
Gasdynamics Laboratory (HTGL) at Stanford with the VAX-750 located i{n
the HTGL computer center and the three camera systems, located in sepa-~
rate laboratory rooms, will be linked via an Ethernet. The VAX-750 will
also eventually be linked via Stanford's own network (S.U. Net) to other

computers and image processing facilities on campus.
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For purposes of this discussion, we consider the facility to

consist of three components: detector arrays; dedicated microcomputers
for camera control, data acquisition and preprocessing of data; and the
central image processing computer. Key characteristics of these comp~-

onents and arguments for the specific items selected are given below.

The selection of the VAX-750 as the image processing computer was
prompted primarily by arguments of cost, compatibility with other com-~
puters on campus, and availability of peripherals and software for image
processing, display and output. We were able to acquire a complete new
VAX-750 system for only $60,000, and to this we plan to add an array
processor for fast, efficient processing of image data. The large number
of VAX systems on campus including several used for image processing
applications will result in shared expertise and software and a guaran-
teed connection to the S.U. Network. Other research groups active in
combustion research and flow imaging, including nearby Sandia Laborator-
ies (Livermore) also employ VAX systems, and we expect to benefit from

exchanges of information and software from these groups as well.

Our goals for the solid-state cameras were to improve performance
and ease of operation., Key performance parameters are noise level,
spatial resolution and repetition (framing) rate. We opted for two
separate systems, one with low noise and high spatial resolution, and
one with programmable framing rate capability. (We call the former the
High Resolution/High Dynamic Range System and the latter the Programm-
able High Speed System.) The virtues of the low noise system are evident
in Fig. 6 which plots signal-to-noise ratio versus input photons per
pixel (i.e., the “"signal™) for five separate arrays: intensified and
unintensified Reticon arrays, ([(100 x 100) or (128 x 128)]; two cooled
CCD arrays (Thomson, 384 x 576), one with a standard amplifier and one
with a special low-noise amplifier; and a commercially available, high-
framing-rate solid-state camera sold by Spin-Physics. The dashed line is
the theoretical performance 1limit set by shot noigse statistics. The
right-hand boundary of the curves (at 2.5 x lO5 photons/pixel for the
Reticon array and 1.0 x 10 for the Thomson CCD array) are saturation

levels beyond which the system becomes nonlinear.
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Fig. 6. Signal/noise ratio versus illumination (in photons/pixel)
for four array cameras.

We see that the High Resolution/High Dynamic Range System (based on
the Thomson CCD with a “"standard” amplifier) offers superior S/N over
the Programmable High Speed System (based on an intensified Reticon 128
x 128) for light levels above 200 photons per pixel, The curves plotted
are a reminder that if we seek a high S/N to enable detection of small
changes in flowfield properties, 1t will be necessary to perform experi-
ments with light levels near their saturation values. At saturation, the
cooled CCD will yileld a maximum S/N of 1000 while the intensified
Reticon and Spin-Physics cameras are limited to about 100, with the
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Spin-Physics camera requiring a substantially higher illumination level

to reach its maximum S/N. We regard the improved performance of the Hi
Res/Hi Dynamic Range System as critical for many experiments, for
example in turbulence studies where it may be essential to detect small
changes in signal 1level. As can be seen in Fig. 6, the CCD system
equipped with a custom low-noise amplifier actually outperforms the
intensified Reticon at all light levels, and it 18 unintensified, which

offers significant cost and operational advantages. The Spin-Physics
system is seen to have consistently inferior performance over the {llu-
mination level range of interest. The CCD array cryogenics system and
camera controller were purchased as a packaged system from Photometrics

and are now undergoing set-up and testing in our laboratory.

In addition to the S/N advantages of the CCD system, the array
architecture and camera controller appear to offer important advantages
for analog processing (averaging) of pixel groups, and “"scrolling”™ and
“tracking™ of data between exposed and unexposed pixels for fast, burst-
mode recording of multiple exposures on a single frame. In this mode of
operation, the array acts much like a role of electronic film capable of
storing several images. (Actually, the architecture is a double array,
384 x 576 + 384 x 576, which provides capacity for “"buffer” storage of
data.) In contrasting a CCD-hased system to an intensified Reticon
system the primary disadvantages are: the need to interface the CCD
camera to 1its dedicated microcomputer, since this has not been done
previously; the lack of ultraviolet sensitivity with CCD detectors; and
the low framing rate (~10 sec/frame) required to achieve ultra-low-noise

performance with the CCD system.

At the present time we are working on the problem of interfacing
the CCD camera to the IBM PC/AT microcomputer, and we are carrying out
tests to characterize the performance of the camera system. We believe
this work 1s of interest to several groups, and so our results are being
written up for distribution as a technical report. To provide the CCD
system with ultraviolet viewing capability, we are investigating coating
the detector with a material that absorbs ultraviolet radiation and

reemits fluorescence radiation in the visible; such materfals are known
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as “waveshifters™. As an alternative, we are investigating recently
developed virtual-phase arrays which appear to be sensitive to v
wavelengths as low as 160 nm.

Our decision to proceed in parallel with a programmable high-gpeed
intensified Reticon camera (128 x 128) was based in part on our previous
experience with such an array and the improved availability of packaged
system components from Microtex, a vendor which has produced buffer ;E
memory and camera controller system components for us in the past. ‘
Microtex now markets a complete system (including everything in the
dashed box in Fig. 5 labeled Programmable High Speed System), which
relies heavily on our experience at Stanford. The system components .
acquired from Microtex are similar to those now on order by (or deliv-
ered to) other groups at Volvo, UTRC, GM Research Labs and Yale Uni- "
versity, and will enable programmable trade-offs between framing rate .
and the number of pixels up to a rate of 2 kHz,

With regard to the dedicated microcomputers for each camera, we've

PA-Ar-an - N NG N

opted for the new DEC Micro-Vax with the Programmable High Speed System,
since Microtex will be basing its newest system on that computer, and .
we 've selected the IBM PC/AT because of its high performance/cost
figure, the expected wide availability of peripherals and software for

AT

the machine, and the potential for cooperation with Photometrics to

develop a packaged, advanced performance camera system interfaced with

the PC/AT. '-

Finally, we should note one other system improvement made during E

the past year, namely the installation and testing of our new 250 Hz

excimer-pumped dye laser system which will serve as a high-repetition- :

rate source for imaging. We found that the laser system delfvered met ;.'

our specifications for power and repetition rate, but the beam quality :
was not suitable for laser sgheet illumination work. Accordingly, we

recently installed unstable resonator optics on the excimer, and this .

change seems to produce the desired uniform sheet beam at 308 nm. In '.;
order to generate satisfactory sheet beams at 193 nm (ArF), needed for

our work on 0, imaging, we employ specially coated mirrors and lenses ’ M

external to the laser, -,

X
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2.2 Velocity and Pressure Imaging

Introduction
K Velocity measurements provide essential input for many fundamental
)
N and applied fluid mechanics studies. At present, hot wire anemometry and

laser Doppler anemometry are the most commonly used techniques. Both
methods have advantages and disadvantages, but in particular they are
\ single-point diagnostics. Clearly, a technique yielding simultaneous
multiple-point velocity data would represent a significant diagnostics
contribution and could stimulate important advances in many areas

involving fluid flow.

Our effort in this area was prompted in part by our success in
imaging species at multiple points in a flow (see Section 2.1) and the
growing recognition that combinations of flowfield quantities (e.g.,
species, temperature and velocity) may eventually be needed to test
‘ advanced flow models. Accordingly, in 1982 we initiated a new effort to

“image velocity”™, i.e. to measure velocity at a large number of

) - -

spatially resolved flowfield points leading to a computer display of
velocity. Recently, within the past six months, we have conceived three

important improvements in our velocity imaging scheme: one idea promises

s s e @ &

to enable simultaneous imaging'of pressure, with great significance for
. supersonic flow studies; the second idea will allow improved velocity
resolution; and the third idea concerns the possible use of 0, as the
: molecular velocity indicator, thereby eliminating the need to use
corrosive or toxic tracer species. We continue to believe that this
general area of research holds still-untapped promise for diagnostics

advances.

Scientific Merit

The importance of velocity as a fluid flow parameter is obvious, and

, so innovation of an improved velocity diagnostic offers broad potential
for improved scientific understanding of fluid flows. A successful

diagnostic for combined pressure and velocity imaging would represent a

sufficiently large advance in measurement capability as to enable first-
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time observations of various flow phenomena and possible discovery of
unexpected features. The Stanford effort 1is currently the forefront
activity on fluorescence-based velocity imaging in the world. To our

knowledge there have been no previous imaging measurements of pressure.

The concept receiving our primary attention, which is based on the
velocity mndulation (Doppler shift) of molecular absorption 1lines,
offers prospects for a significant improvement over conventional laser
Doppler (particle seeding) anemometry for supersonic flows, flows near
surfaces (boundary layers) and flows with high acceleration or decelera-
tion where particle lag is a serious problem. Furthermore, multiple-
point recording of velocity, and subsequent evaluation of velocity
gradients, offers prospects of yielding images of vorticity, a fundamen-

tal flowfield variable of growing importance in current fluid mechanics

modeling. Extension of our velocity imaging concept to 0, would be a

significant scientific achievement, owing both to the scientific
challenges which must be overcome and to the large increase 1in the

utility of velocity imaging which would result.

Status Report

During this last year, work has proceeded on two separate
approaches. The first method, for which work has now been completed,
involves "marking” specific elements of the flow using laser-excited
phosphorescence of biacetyl vapor. Subsequent motion of the marked
elements is observed on our intensified photodiode array. A variation of
this scheme 1involving laser-induced formation of sulfur particulates
(which can be tracked by Mie scattering) has also been investigated.
Both of these projects are now completed and have been described fully
in publications (see publications 3, 4 and 8 in list below) and so will

not be discussed further here.

Our second scheme, and the one which we believe has the greatest
promise, is based on the Doppler effect and Involves monitoring the
broadband fluorescence from a sheet-illuminated flow using a solid-state
array detector. The flow is8 seeded with a tracer species and a narrow-

linewidth cw laser source 1s used to excite a specific wavelength within
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a single absorption line of the tracer species. The fluorescence from a

given flowfield point mirrors the absorption occurring there, which for
a uniformly seeded flow may depend primarily on the position of the
lagser wavelength within the absorption lineshape. Since the apparent
laser frequency shifts with fluid velocity due to the Doppler effect,
the amount of absorption (and hence fluorescence) is & measure of
velocity. lodine (I,) vapor has been used in the work thus far (because
it conveniently absorbs the light at visible wavelengths of tunable art
and cw dye lasers), although the method 1s quite general and we have
hopes of extending our work to 0, (see below). Velocity measurements in
Iz-seeded, low temperature flows have now been demonstrated for both
supersonic and subsonic cases, using somewhat different procedures.
Details of the apparatus, procedures and results are available in publi-
cations 1,2,5,6 and 7 cited below.

A sketch of the arrangement and typical results for velocity in the
centerplane of a subsonic nitrogen round jet are shown in Fig. 1. (Note
that the numbering of figures is separate for each major section of this
report.) I, is seeded into the flow at a trace level of about 300 ppm. A
sheet of cw single mode Art-laser light, tuned to a frequency in the
wing of the overlapping P(13)/R(15) lines of I, ((43,0) band at 514.5
nm), 1is incident at an angle of 45° to the jet centerline. An
intensified photodiode array (100 x 100) camera, imaging the plane of
{1lumination, records the broadband fluorescence emanating from each of
the 10% imaged locations. The fluorescence signal from each point {s
proportional to the amount of light absorbed at that point, which in
turn depends on the extent of the local velocity-induced Doppler shift
of the absorption line relative to the fixed laser frequency (see Fig.
2).

In our initial work, we utilized a single laser frequency and two
angles of illumination (to determine two independent velocity compo-
nents), but recently we have implemented an important {mprovement based
on a two-frequency strategy (see Fig. 2). In brief, we utilize an
acousto-optic device to convert the single-mode laser output to two

discrete laser frequencies separated by 100 MHz. With this scheme,
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simple differences in the signals from forward and counterpropagating
sheets (at a single angle), normalized by the difference in the mean
(unshifted) signals at the two frequencies, lead directly to the veloc~-
fty component for that angle. This scheme is self-calibrating and elimi-

nates the previous requirement to know (by external calibrations) the
absorption lineshape function. Of at least equal importance, this new
scheme also yields a value for the slope of the absorption linme, and
this can be a strong function of pressure, thereby opening up the possi-
bility of simultaneous imaging of velocity and pressure. This develop-
ment could be especially important for supersonic flow studies. Details
of this improved approach are given in a recent paper (number S on the
11st below). Figure 3 shows a calculated plot of the normalized slope of
the lineshape function which illustrates the expected sensitivity of

this measurable quantity to pressure.
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Fig. 3. The function g/(dg/dv) computed from broadening parameters
is only weakly temperature dependent and can be used as a
calibration curve for pressure measurements. These curves
were calculated for a laser frequency fixed at the point of
maximum slope for a background pressure of 35 Torr. The
35-Torr point is reproduced by the fluorescence values
measured in the flow.
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It should be noted that the present scheme uses four camera frames,

one for each of four sheets of light, i.e. forward and counterpropa-

gating sheets at each of two angles (% 45° relative to the jet axis) in

the centerplane, to allow determination of the velocity vector in the
centerplane of the flow. Although the time required to complete the four
measurements 1is currently about 0.4 seconds, much shorter measurement
times are feasible. The sensitivity of the method, currently a few m/s,
indicates the capability of the 4-beam technique to probe a variety of
low and high Mach number flowfields. The simplicity of the scheme
should lend itself to fast on-line data processing. The excellent
spatial resolution which can be achieved is an intrinsic feature of
laser~induced fluorescence techniques. Current work is being directed
toward simplifying the experimental set-up, improving temporal reso-
lution, and testing our strategy for simultaneously inferring pressure

from the two-frequency velocity data.

Very recently, as part of planning a research program on supersonic
combustion, we've begun to investigate the possibility of performing our
imaging velocimetry with molecular oxygen. If an 0, velocimetry scheme
could be developed, of course, this would considerably expand the oppor-
tunities to employ velocity imaging 1in aerodynamics and combustion
research, owing to the high levels of 0, naturally present in many flows
of interest. Elimination of seeding trace levels of toxic or corrosive
species, such as 1odine, would simplify experiments considerably. But
oxygen has two other, less obvious but perhaps even more critical
advantages, which result from the fact that the 0, absorption linewidths
are large (owing to the effect of predissociation in the excited B state
of the Shumann-Runge system) and constant. The first advantage is that
large linewidths allow measurements of large Doppler shifts and hence
large velocities needed for supersonic flows. The second advantage,
which accrues from the constancy of the linewidth and hence lineshape,
is that the velocity determination is independent of the gas composition
and thermodynamic state. Once we realized these attractive features of
using 0;, we turned our attention to solving what we regard as the

critical problem, namely the generation of suitably line-narrowed




tunable radiation in the UV to excite 0, fluorescence. Our research has
yielded an encouraging result, which 18 that these are two candidate
laser systems with the proper characteristics which could be assembled
from commercially available components. Schematics of the proposed

systems are shown below in Fig. 4.

Both of these systems are unique and are, to our knowledge not
presently available in any laboratory. Scheme I relies on a 4-step
process terminating in an excimer amplifier. We project that this system
would have a high energy per pulse (30-50 mj), a linewidth of about 1
GHz, and would operate at repetition rates up to 250 Hz. A potential
shortcoming is that the laser would tune over only 0.5 nm, but this
gshould be adequate for 02 measurements. Scheme II is also a multi-step
laser system, comprised of commercially available components. This
scheme 1s more expensive but also has much greater versatility in that
it can produce twe or more simultaneously tunable output wavelengths.
Thus this system would have broadly useful {maging capability for our
laboratory, and would provide us with important opportunities for other
new research. For the specific purpose of 0, velocimetry imaging,
however, it is expected to have less energy per pulse than Scheme 1. We
plan to include both of these unique laser systems as key elements in

our forthcoming DOD URIP proposal.

We would like to mention briefly another recent idea, based on the
same general scheme of Doppler-based velocity imaging, which we believe
holds promise and deserves further work. In brief, the idea 1s to trade
off the number of measurement points (pixels) to enable improved tem-
poral and velocity resolution. The proposed scheme, incorporating the
same self-calibrating, four-laser-beam strategy, 1is shown schematically
in Fig. 5 for a single detector element. Rather than alternating the
four laser sheets rather slowly, as we do currently, we plan to switch
the sheets at very high speeds (hopefully 1 MHz) using opto-acoustic
modulators and to use analog signal processing of special multi-element
high=bandwidth photomultipliers. As an example, we could use a 9-element
PMT (giving 9 “pixels”), with each PMT element connected to its own

dedicated tuned-filter for analog averaging. A computer would perform
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an A/D conversion at prescribed points on the output waveform of each
filter circuit and carry out the needed algebraic manipulations to
recover velocity and pressure. Our expectation fg that this scheme will
lead to substantially improved velocity and temporal resolution in our
measurements while still retaining multiple-point capability for deter-

mining gradients, more in line with the needs of turbulence research,
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2.3 Fiber Optic Absorption/Fluorescence Sensors

Introduction

Optical fibers and fiber bundles provide new opportunities for
optical diagnostics research and applications. As part of this program,
we have in past years made use of optical fibers for transmitting laser
light between laboratories and in the construction of intrusive laser
absorption/fluorescence probes for species measurements. The recent
appearance of relatively inexpensive coherent fiber bundles, suitable
for transmitting images, and the apparent (just announced) commercial
availability of {infrared-transmitting fibers, has encouraged us to
initiate new work in this area. Here we summarize our recent work as
well as our ideas for new research. In the long term, we are confident
that optical fibers will provide the vehicle whereby many sophisticated
spectroscopy techniques, proven only under idealized laboratory condi-

tions, can be extended to real-world applications.

We have three new research projects under consideration: (1) an
investigation of optical fiber bundles for use with PLIF in internal
flow applications; (2) an 1investigation of 1infrared fiber sensors
utilizing tunable infrared diode laser sources; and (3) an investigation
of fiber optic absorption/fluorescence sensors for detecting hot metal

atoms or oxides.,

The motivation for a PLIF diagnostic useful in internal flows
follows directly from the importance of extending modern optical tech-
niques to practical combustion devices, which generally have very
limited optical access. And of course, if possible, we would like to

have multiple-point measurements as provided by PLIF rather than single-
point measurements.

Our interest in exploring infrared-transmitting fibers results from
our considerable experience with tunable infrared lasers and the convic-
tion that there are a variety of important measurements which could be
made with these lasers, particularly in high pressure and temperature
environments, 1if it were possible to locate them remotely from the

experiment of interest,
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Our third proposed project is motivated by the potential utility of
sensing metal atoms or oxides in hot exhaust streams as an indicator of
material degradation in gas turbine combustion systems. Such measure-
ments might be made, for example, using a tunable diode (visible) 1light
source located remotely from the exhaust, in which case the fiber acts
only as a conduit of 1light between the source and the sensor. Both this
and the previous project have in common the potential advantage of
enabling measurements at multiple locations using only a single source
and relatively simple multiplexing ideas.

Scientific Merit

This research seeks to enable the application of spectroscopy-based
schemes for remote measurements of gaseous properties in reacting flows.
Such schemes are critically needed for flows with poor optical access or
where the test environment precludes local placement of a laser source.
Our approach 1is unique in that it seeks to combine recently developed
tunable laser sources with novel absorption or fluorescence probes. The
resulting diagnostics should be well suited to meet a variety of practi-
cal measurement requirements and hence have the potential for signifi-
cant impact on various scientific and engineering aspects of combustion
and propulsion. In addition, our work should contribute substantially to

the fundamental spectroscopic data base for high temperature gases.

Status Report

Current effort on this topic involves preliminary planning for the
proposed new activities and completion of research projects on remote
sensing of NCO and CH in shock tube kinetics and spectroscopy experi-
ments., Other past activities have been published (see 1list below) and

hence will not be discussed here.

With regard to project planning, we have conducted a complete survey
to identify manufacturers of coherent fiber bundles (for imaging) and of
infrared-transmitting fibers. In summary, suitable imaging fiber bundles
are now available from several manufacturers, but only one company

(Galileo) 1s now willing to deliver (on a test basis) Infrared fibers.
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Also, we have conducted an unsuccessful survey of manufacturers of

visible diode lasers, in the hope of finding a source of wavelength
tunable solid~state lasers for use at visible wavelengths appropriate
for absorption measurements of metal atoms and metal oxide molecules. It
appears that the technology for such lasers is still a few years away;
once available, however, these lasers should be relatively cheap and

will open up a variety of practical opportunities for sensors in combus-
tion systems.

Our major activity during this past year has been to complete
measurements of NCO and CH spectral and kinetic parameters using a fiber
optic absorption technique to probe these species in a shock tube. Both
of these projects have been described in detail in publications (see
publications 7-10) in 1list below) and so only highlights will be pre-
sented here. The species NCO has been proposed, on theoretical grounds,
as a combustion intermediate of some importance in connection with the
chemistry of nitrogen species in combustion. Until now, however, NCO has
not been detected in a high temperature system. In our work we have:
investigated the electronic absorption spectrum of NCO (B ¢« X and A « X
bands), found an optimum wavelength for detection, modified our art-
pumped cw ring dye laser to operate at this near-UV wavelength (440 nm,
A +« X band), installed a 65 meter optical fiber 1ink between the laser
and the shock tube 1lab, and performed incident shock wave tests to
evaluate the spectral absorption parameters of NCO at high temperature.
Our measurements of CH were carried out with the same optical arrange-
ments, but with the dye laser set to 431 nm, and represent the first

laser-based studies of CH spectroscopy and kinetics in a shock tube,

A schematic of the experiment and typical results are shown in Figs.
1 and 2., The laser source was a ring dye laser (Spectra-Physics 380A)
operating on stilbene (S3) dye and pumped by the UV lines (1.9 W, all
1ines) of an Ar' laser (Spectra-Physics 171-18). The output of the laser
was amplitude stabilized (Coherent 307 Nolse Eater), yielding power
levels of 5-10 mW at the input of the 65 meter fiber 1ink (200 micron
fused silica fiber, Superguide).

-36=-

¥ L N A R e N S A TR ERE ey -
\, C & ‘-- u' ‘--(' .l'?)_.q' li' " ~‘~‘.- “‘..‘ KA,

" ™,
N 4

» (l

.
!

o WY




*1988T ?4p pajed0] L[2j0wdl ® Bufsn JUBTOTJJa00 uofidiosqe Terldads QPN Jjo sIuawsinsesw aqni Yooys 71 °B14

SUNIVYIANIL HOIH LV SHILIWVUVA TWULIIdS 40 NOILYNIWILIQ SINAYNI 3nDINHOIL ©
SIUNLWVYIAHIL HIIH LV OON 40 NOILVA¥3ISEO 1SHI4 @

G3LVYLISNOWIQ ¥ISYT JTINIS HLIM SNOILVIOT INIWIUNSYIW I1dILTIMW o
SW3LSAS ITILSOH NI
SIN3WIUNSYIW ILOW3Y 04 SIJUNOS YISV 40 ISN SITBYNI NI J11d0 ¥3IGIS o

401Jv4 ONIN3IGYOYS GNY HLIN3ULS .zohk._.:umc

OON ¥3JNI O1 Q3SN NOILAYOSEY FUNLVYIAWIL HOIH luawpadx3 aqny xooys

0} yu|7 ando-1aqy4

08v'otvd SOt
Y T
]
" “r 90 . q LndLno o
KN 2 0ENL =} W .
o
& gV L
wn
S |
3 n
an an;w 140 y3ad
< x
('gevy W jant
0 v M NOOHS WN Ohl = v
WIL3NVAEVE 19104 = d Hasv
d T —HH "R

0JN 40 SY3LIWVYVd TVYLIIdS JUNSVIW
AT310W3Y OL NIT J11d0-Y¥3814 40 3ISN WNISSIIINS

. e cara-a- . eow . - e ey
XX Y X ke -




A L4 DA AN g Tad by 3 B 5 20 20 A RS AR A Pl S R A & &
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A= 431.1 nm T2 = 2839 K
Q1 (7) + Qyq(7) Lines Py = 0.22 atm

f: Mixture: CH,/Ar (5/95)

Fig. 2. Remote laser absorption measurements of CH in a
- shock tube. The ring dye laser, operating single
L axial mode at 431.1 nm, is located 65 m from the
r. shock tube.

In both the NCO and CH studies the quantity measured was the frac-
tional absorption following shock-wave production of the species. Varia-
tions in the absorption as a function of laser wavelength for a fixed
level of NCO, as shown in Fig. 1 (for T=1430K, P=0.6 atm), enable deter-
mination of the relevant Voigt parameter A and subsequently the colli-
sion-broadened linewidth for NCO broadened by Ar. The absolute absorp-
4 tion, together with the known level of NCO present, leads to a value for
« the electronic oscillator strength., (Details of thie work appear in
| publication 7 below.) A sample data trace for CH absorption in shock
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heated CH4/Ar mixtures is shown in Fig. 2. This record illustrates the

sensitivity of the method to detect ppm levels of CH as needed for
fundamental studies of hydrocarbon pyrolysis and oxidation kinetics.

The significance of this work is threefold: (1) we have establighed
a new method for quantitatively monitoring NCO and CH, and have made the
first laser-based measurements of NCO and CH in a high temperature shock
tube system; (2) we have determined oscillator strength and collision-
broadening parameters for NCO and CH; and (3) we have demonstrated the
utility of fiber optic links for sensitive, quantitative species mea-
surements at locations removed from the laser source. The latter accomp-
lishment suggests the potential of using expensive and sensitive laser
sources for measurements at several locations, thereby increasing the
utility factor of such systems and enabling sharing of facilities
between different experiments and research groups. Furthermore, we have
demonstrated the unique capability of combined shock tube ~ laser exper-~
iments for quantitative measurements of fundamental spectroscopic param-
eters in high temperature gases. This approach should enable important
contributions to the scientific data base for combustion gases and

plasmas.
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2.4 Laser Wavelength Modulation Spectroscopy

Introduction

Recent improvements in tuning rates of narrow-linewidth laser
sources offer opportunities for establishing a new class of diagnostic
techniques based on wavelength modulation spectroscopy concepts laser
wavelength modulation spectroscopy refers to laser absorption or laser-
induced fluorescence measurements carried out with a rapid-tuning single
mode laser. In essence this method involves quickly scanning a tunable

cw laser across one or more 1solated absorption transitions and
recording the spectrally resolved absorption line profile using either
absorption or fluorescence detection. The method is generally applicable
to both infrared and UV/visible transitions, and it {8 particularly
attractive for measurements in combustion gases and plasmas.

A primary advantage of wavelength modulation is that it provides a
simple means of discriminating against continuum extinction and lumi-
nosity effects, which can seriously hinder conventional laser absorption
or fluorescence measurements in two-phase combustion flows and high-
luminosity plasmas. Moreover, recording the fully resolved absorption
line eliminates the need for uncertain linewidth assumptions in con-
verting measured absorption (or fluorescence) to species concentration
or temperature. Previously iIn our laboratory, in AFOSR-sponsored work,
we demonstrated the utility of the wavelength modulation concept for
combustion measurements involving infrared~active species using a com-
mercially available rapid-tuning infrared diode laser.

Unfortunately, rapid-tuning dye 1lasers, needed for accessing a
variety of important radical species which absorb in the near UV and
visible, are not commercially available. Recognizing the importance of
such a capability, we developed (under AFOSR support) a novel and simple
modification to a commercial ring dye laser which increases the scan
repetition rate by three orders of magnitude (from about 4 Hz to 4 kHz)

1

for short scans (up to 5 cm * = 150 GHz), and we have recently incorpor-

ated intracavity frequency doubling into the dye laser to permit access
to UV wavelengths. Operation in the UV is critical for access to a
variety of important combustion and plasma species.
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Scientific Merit

Our laboratory now has unique capability and experience with fast-
tuning lasers (UV, visible and IR) and wavelength modulation spectros-
copy. This capability provides several opportunities for pioneering
contributions to combustion and plasma diagnostics research. In connec-
tion with combustors where particulates or droplets are present, wave-
length-modulation techniques can be applied to discriminate between the
gaseous absorption or fluorescence of interest and interfering continuum
extinction. For plasma flows which may be highly luminous, wavelength
modulation should provide a means of distinguishing the spectrally
varying signal of interest from the intense continuum background. In
unsteady flows or in devices where transient phenomena are of interest,
fast measurements of fully-resolved absorption or fluorescence lines can
be used for time-resolved determinations of species and temperature.
Finally, the significance of fast-scanning capability for fundamental
spectroscopic measurements should be mnoted, For example, we have
recently demonstrated, for the first time in any laboratory, the feasi-
bility of recording fully resolved absorption lines in shock tube flows.
Such experiments provide unique capability for obtaining a variety of
fundamental high~temperature data including important quantities such as
collision linewidths, oscillator strengths and heats of formation; these
parameters are needed to enable quantitative absorption and fluorescence

measurements of species in combustion and plasma flows.

Status Report

The dye laser modification which enables fast-tuning laser wave-
length modulation spectroscopy has been described previously (see publi-

cations 1 and 6 below). We have utilized this new laser system in two

novel experiments, one conducted with a shock tube (see publication 6)

and one in a flame (see publication 5). Here, for purposes of {llus-
trating the unique capabflities of the laser, we show very recent
results obtained in shock tube experiments. In these experiments, the
laser was used to record fully resolved absorption line profiles of OH

over a range of post-shock conditfons. In brief, the center frequency of
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the repetitively scanning laser was set on a known UV line of OH, and
the beam was passed through the shock tube to enable recording of
absorption 1line profiles behind 1incident shock waves. Mixtures of
Hy/0,/Ar were shock heated to provide relatively constant levels of OH
at known conditions. These experiments provide the first fully resolved,
radical species absorption spectra recorded in a shock tube, and they
can be used to infer fundamental parameters, such as collision~broadened
linewidths, about which very little is known at high temperatures. A
schematic diagram of the experiment is shown in Fig. 1, and a sample

data trace is shown in Fig. 2.

Figure 3 provides a preliminary plot of the rotational quantum
number dependence of the Argon-broadened linewidth of OH at 2000K,
extracted from data traces similar to that shown in Fig. 2. These are
the first directly determined data for this fundamental quantity. Figure
4 provides a plot of the temperature dependence of the collision line-
width for a specific rotational transition. The practical implication of
the work 1s that it will enable more quantitative species measurements

of OH (by absorption or fluorescence) in combustion systems.

The important conclusion to be drawn from our work on laser wave-
length modulation spectroscopy is that these new techniques, in conjunc-
tion with shock tube methods, clearly enable new opportunities for
fundamental and applied research on spectral and thermochemical proper-

ties of high temperature gases.
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2.5 Plasma Diagnostics for Energy Conversion Research

Introduction

An emerging element of our overall program is research on plasma
diagnostics which will be of subsequent use in fundamental research on
plasmas and 1in studies of various plasma-related energy conversion
schemes.

Primary motivation for this work arises from renewed interest in
advanced space power and propulsion systems which may involve plasmas.
Among the systems under consideration are thermionic converters and MHD
generators for electrical power generation, MPD thrusters and beamed
laser energy for propulsion, and direct production (in space) of high-
power laser radiation for beamed energy. Considerable research will be
needed before optimum systems for space utilization are identified,
developed and placed in service, and we believe that advanced diagnos-
tics will play an important role in such research. Furthermore, the
initiation of work on plasma diagnostics forms a logical, efficient

extension of our current program,

Scientific Merit

This research seeks to provide new diagnostic methods for use in
studies of plasma properties and plasma phenomena. The two primary
techniques which we are pursuing, namely PLIF imaging and wavelength
modulation absorption/fluorescence, are novel and will provide unique
capabilities for measurements in ionized gases. We intend to coordinate
this work closely with other OSR-sponsored work on plasma sciences
underway 1in our laboratory, and we expect the scientific merit and

relevance of the work to be enhanced by these interactions.

Status Report

This research is still in an early stage and our work has consisted
primarily of literature reviews, paper studies of candidate diagnostic
techniques and plasma facility assembly. On the basis of this background

work, we have narrowed our selection of diagnostics topics to three
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approaches: (1) quantitative visualization (imaging) of plasmas using
PLIF, i.e. simultaneous multiple-point laser-induced fluorescence meas-
urements of plasma parameters such as species concentration (including
ions and electrons), temperature and electric field strength; (2) wave-
length modulation spectroscopy using laser absorption and/or fluor-
escence; and (3) other laser scattering concepts. To put our work in
focus, we are particularly interested in techniques which have promise
for measurements with high spatial resolution, for example near elec-
trodes and boundaries where discharge and erosion phenomena are of
importance, and in finding new, improved methods for quantities such as
temperature, electron number density, ion species concentrations and
electric field strength.

A block diasgram indicating the laser systems to be employed, the
techniques of interest, and the plasma systems to be studied, is given
in Fig. 1. Two of the three laser systems indicated, providing tunable
cw dye laser radiation (280-700 nm, with some gaps) and tunable pulsed
dye laser radiation (220-900 nm), are already on hand. We also plan to
provide new capability to access tunable vacuum ultraviolet (VUV) wave-
lengths by adding a Raman shifter (cell of Hy at high pressure) to our
pulsed dye 1laser. This addition will allow access to the absorption/
fluorescence spectra of a variety of atomic species of importance in

plasma and electrode phenomena studies.

We plan to conduct research in two widely separate plasma regimes:
low-pressure discharges and high-pressure, inductively heated plasmas.
The low pressure facility is now complete except for the microwave power
supply. In brief, the viewing chamber 1s a stainless steel box, with
windows on all four sides, and electrodes mounted on removable top and
bottom plates. The chamber 1s coupled to an inlet gas manifold, for
varying the input gas composition and flow rate, and to a vacuum pump.
We have paid particular attention to optical access so that we will be
able to demonstrate the ability to measure with high spatial resolution

near gurfaces (electrodes) and with high temporal resolution in tran-

sient discharges.
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Fig. 1 Laser Systems and Techniques for Plasma Diagnostics Research,

F N MR

With regard to the high-pressure facility, we have conducted prelim-
inary work with a low power (10 kW) induction-heating power supply
acquired on surplus. This system provides nearly ideal optical access
for diagnostics studies and, subsequently, research on a variety of
plasma sciences topics (e.g., plasma processing, for powders and gases;

laser-plasma 1{interactions and energy transfer; and non-equilibrium

KAs

. aspects of plasmas). It now appears, however, that this induction-heated

torch has finsufficient power to generate interesting plasma conditions,

and further work along this line must await purchase of a higher power
plasma generator. Funding of such a system will be included as part of

our forthcoming DoD URIP proposal.

avaa. A4

The status of our work on plasma diagnostics 18 that we have
reviewed a variety of candidate measurement ideas, leading to the three
categories of techniques noted above, and one student is now proceeding
5 with category (1), namely planar laser-induced fluorescence (PLIF)
h plasma measurements. A schematic diagram of the planned approach, and a
11sting of some key attributes, is given in Fig. 2. Our plan, once a
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suitable plasma torch 1is available, is to set-up a PLIF system and
establish procedures for monitoring the properties of interest: {on
concentrations, temperature and electron number density. As an example,
our plan for electron density (“e) is to make use of the known
relationship between the Stark-broadened absorption lineshape function
and Nge We intend to excite three (or more) different wavelengths within
a specific absorption line (see Fig. 2), and to use the ratio of the
resulting LIF signals (at each flowfield point or pixel) to establish
the width and shift of the 1line, and hence n

e
Some calculations to select optimum wavelength positions within a line,

as well as possibly T.

and to select suitable species and transitions, will be needed to guide
the experiments. In most respects, the experimental PLIF arrangement

will be similar to that employed in our combustion research.

There is of course a requirement to match the wavelengths of the
exciting laser system with the absorption spectra of molecules of inter-
est, and so our initial experiments will be influenced by the tunable
laser sources currently in our laboratory. More specifically, we plan to
utilize both our tunable cw dye laser (which can provide narrow-
linewidth output in the ranges A = 280-310 nm, 340-345 nm and about 500-
700 nm) and our tunable pulsed dye laser (broadband output in the range
A = 220-900 nm) as laser sources in PLIF experiments. In addition, we
plan to acquire a Raman shifter, to be pumped by either our pulsed dye
laser or our excimer laser itself, which will provide access to wave-
lengths in the VUV. A curve based on preliminary calculations of output
pulse energy versus wavelength is shown in Fig. 3. Note that we expect
to be able to reach all wavelengths down to about 160 nm with a pulse
energy of at least 1 microjoule. Using fixed-frequency excimer lines we
can generate higher pulse energies at discrete wavelengths. The values
shown correspond to the specifications of our excimer and excimer-pumped
dye laser. We are presently carrying out a survey of absorption spectra
of relevant compounds which fall in this spectral region. Further liter-
ature searches regarding spectra of relevant neutral and ionized atoms

and molecules will be carried out as part of this research.
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produced by Raman shifting Lambda-Physik EMG 203
excimer laser; and continuous wavelengths produced
by Raman shifting F2002 pulsed dye laser.

The second category of techniques to be explored is wavelength
modulation spectroscopy. Our ideas here are less well defined, but in
brief we wish to explore the utility, for plasmas, of the same
approaches we are currently establishing for combustion measurements.
The wavelength regions we can access with our fast-tuning cw UV/visible
and IR laser systems are somewhat limited, and so one of our first
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activities 18 to become more familiar with the absorption/fluorescence
spectra of the speclies accessible in our plasma torch or low pressure
plasma facilties. Once these plasma facilities are operational, we will
conduct an absorption-based spectral survey of the plasma to identify
suitable spectral features which can be used in our work to establish
measurement strategies. Our hope 1is that fully resolved fluorescence
measurements will yleld, through the apparent linewidths or line shifts,
information on plasma properties such as electron concentration or
temperature, in addition to the 1local species concentration for the

absorbing neutrals and ions.

Finally, and on a more speculative basis, we wish to explore laser-
based scattering techniques for plasma measurements. As a first example,
we would like to pursue a novel concept for determining the electron
number density via measurements of the plasma frequency, the 1latter
being a characteristic local frequency of the plasma which is a known
function of the electron number density,., Our idea, which is untested, is
to cross two lasers at a point, and to vary the laser frequency differ-

ence until it matches the plasma frequency. At this point the plasma

will be excited and should exhibit, we hope, enhanced scattering of

light at one of the incident wavelengths. The scattered light, present
only when the separation in laser frequencies matches the plasma fre-
quency, is simply an indicator of when the matching condition is satis-
fied. The frequency itself will be inferred from simple etalon traces of
the laser and hence should be very precise. Although this idea 1s in a
preliminary stage, it illustrates the type of new approach we would like
to take in this work. A second idea would be to utilize depolarization
effects present in plasmas to perform a cross-polarization form of
Rayleigh scattering to infer plasma properties such as the electric
field strength.

Publications and Presentations

None
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2.6 LASER INTERACTIONS WITH PLASMAS AND COMBUSTION GASES

Introduction

We wish to begin to combine our diagnostics research with research
on laser-material interactions, and accordingly we have given considera-
tion to possible studies of 1laser interactions with plasmas, solid
surfaces, particle (or droplet) clouds, and combustible gases. Each of
these areas pose scientifically interesting research problems, relevant
to the broad field of energy conversion, and would benefit from the
application of diagnostic capabilities available in our Laboratory. We
feel that we are in a particularly good position to perform research on
laser-plasma interactions and on interactions of tunable lasers with
fuel-oxidizer systems for ignition of combustible mixtures or perturba-
tion (energy addition or chemical changes) of already burned gases. The

latter area is often described as photo-enhanced combustion.

Status Report

Work thus far has consisted of planning possible projects and doing
the necessary literature studies to assess the current status of these
areas. On the basis of this work, indicated in the Introduction, we have
narrowed our consideration to two topics: interactions of lasers with

combustion gas systems, and studies of laser-produced plasmas.

Our plans for laser-combustion gas studies are not thought through
in detail but are motivated by the following considerations. We believe
that tunable lasers offer new opportunities for stimulating and con-
trolling chemical reactions in combustible systems, Basic research
possibilities range from fundamental studies of chemical kinetics
(including ignition) to questions of beamed energy transfer to combus-
tion media (for propulsion applications or safety/damage studies). With
regard to chemical kinetics, for example, we believe that 1laser
photolysis, using a tunable excimer laser together with shock wave
heating, offers exciting prospects for a unique new approach to studying

reactions of reactive radical species at high temperature. The basic

idea is to shock heat gases and then trigger specific chemical reactions
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in the high temperature gases using tuned-laser photolysis. In the area
of radiative coupling to combustible media, there are interesting funda-
mental and practical questions as to whether tuned laser radiation could
(by influencing the temperature or radical concentrations) be used for
improved control of combustion phenomena, for example in damping of
oscillatory behavior or in enhancing ignition or flame stabilization in
difficult flows (e.g., supersonic combustion). Finally, we note the need
for fundamental studies of radiative absorption coefficients at very
high intensity levels, in high temperature gases, where non-linear
absorption phenomena will become important. We believe our laboratory
facilities and past experience with laser diagnostics and chemical
kinetics provide unique prospects for research in this general area of

laser interactions.

Our thinking on laser interactions with plasmas, for either pro-
duction or perturbation of a plasma, is further along. Based on a review
of current literature, we believe that the generation of plasmas using
resonant laser excitation may provide a new and efficient method for
creating, maintaining and heating plasmas. A schematic diagram high-
lighting this idea and 1its attributes 1s shown in Fig. 1. The method
also provides a means of studying fundamental microscopic collisional
and radiative processes 1involved in plasma production and needed 1in
modeling plasma behavior in a wide range of applications. Our literature
review suggests that limited experimental work has been devoted to the
study of this new class of dense plasma production which provides, for
example, extremely rapid heating rates. The fast changes in free elec-
tron temperature achievable create the possibility of providing an
intense source of high frequency (short wavelength) radiation. Addition-
ally, the superelastic laser energy conversion has several potential
advantages over 1inverse bremsstrahlung interactions as a means for

coupling laser energy into a plasma.

Our plan is to design experiments which will identify and quantify
important collisional and radiative interactions present when a gaseous
medium is subjected to a sudden pulse of intense laser radiation tuned

to the resonance transition of an atomic species. Precise monitoring of
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PLASMA GENERATION BY RESONANCE LASER EXCITATION

Intense pulses of resonance laser radiation provide a
new, efficient wmethod for creating, maintaining and
heating plasmas

Jonization Limit Subsequent Ionization By:
— Superelastic Collisions
- Multiphoton Processes
-— Laser Penning Ionization

Resonance Level

A Intense Laser Radiation
Laser > Saturates Resonance Level

Ground Level

ENERGY LEVEL DIAGRAM OF
IONIZATION PROCESS

Superelastic 1laser energy conversion presents several
advantages over inverse bremsstrahlung plasma heating

Extremely rapid plasma heating is relevant to development
of x-ray lasers

Resonance excitation is well suited for studies of funda-
mental microscopic collisional and radiative processes in
plasmas

Technique relevant to production of plasma guid channels,
needed to transport charged particle beams in future
particle-beam fusion reactors

Overview of concept of plasma excitation using resonance
laser radfation.
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the time-dependent behavior of the bound states of the atom, beginning
with the saturation in the lower levels and extending through fonization
burn out, will provide an understanding of the fundamental physical
processes taking place in these laser-excited plasmas. Species of
interest will be atomic sodium, argon or hydrogen, heated in a static
cell, or in a flowing system using either microwave heating or our
induction-heated plasma torch. Laser sources will include a tunable
pulsed dye laser for excitation and both a tunable cw and pulsed dye
laser for fluorescence-based detection of the atomic states and plasma

parameters.

We believe that fundamental experiments of this type offer potential
not only for basic research on laser-plasma dynamics but also for possi-
ble applications of lasers for selective nonequilibrium plasma control

in future energy conversion schemes.

Publications and Presentations

None
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2.7 Bew Techniques and Topics

The major goal of the Stanford Program has been the innovation of
modern laser-based diagnostic techniques appropriate for the character-
ization of reacting flows and plasmas. This program is viewed as a
multi-year effort, and as such we focus a portion of our effort each
year on the preliminary investigation of new techniques. New ideas
receiving attention during the past year have included: (1) 2-d visual-
ization (imaging) of pressure and vorticity; (2) 2-d visualization of
CO, H and O concentrations using two-photon fluorescence; (3) laser-
excited chemistry of high temperature gases and plasmas; (4) laser
energy transfer in high temperature gases and plasmas by linear and non-
linear absorption; and (5) new approaches for instantaneous recording of
particle sizes in a plane (2-d particle sizing by intensity). The more
promising of these activities have been 1incorporated into our current
research or will form the basis for new research to be included in our

next proposal.

Areas in which we are currently considering exploratory research
include the following: (1) digital and optical processing of 2-d (and 3-
d) visualization data sets; (2) alternatives to PLIF for plasma diagnos-
tics, such as polarization-sensitive phenomena; (3) further study of
non-linear, multi-photon approaches for PLIF imaging; (4) laser-surface
interactions; (5) PLIF strategies for new species, such as fuel vapor,

€0, and H,0; and (6) diagnostics needs for supersonic combustion.
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